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Solar energy and other clean energy are emerging and grow-
ing rapidly in the globe nowadays. Solar energy with less
carbon emission is renewable and clean energy for our living
environment. Solar energy can be converted to electricity in
photovoltaic (PV) devices, solar cells, or solar thermal/elec-
tric power plants.

It is a current trend that solar energy becomes the impor-
tant renewable energy. This special issue addresses the role
of the development of solar energy. The themes include dye-
sensitized solar cells (DSSCs), organic solar cells (OSCs),
copper indium gallium diselenide (CIGS), zinc, crystalline
silicon solar cells, light-emitting diode (LED), semiconductor
sensors, photovoltaic generation system (PVGS), solar cell
applications, solar cell, and LED development trend. From
60 submissions, 33 papers are published in this special issue.
Each paper was reviewed by at least two reviewers and revised
according to review comments.

Dye-Sensitized Solar Cells (DSSCs). The design of light-
absorbent sensitizers with sustainable and environment-
friendly material is one of the key issues for the future

development of dye-sensitized solar cells (DSSCs). In this
work, a series of organic sensitizers incorporating alkoxy-
substituted triphenylamine (tpa) donors and binary 𝜋-con-
jugated bridges were investigated using density functional
theory (DFT) and time-dependent DFT (TD-DFT). Molec-
ular geometry, electronic structure, and optical absorption
spectra are analyzed in the gas phase, chloroform, and
dimethylformamide (DMF) solutions. In S. Wei et al.’s paper,
the authors show that properly choosing the heteroaromatic
atoms and/or adding one more alkoxy-substituted tpa group
can finely adjust the molecular orbital energy. In H. J.
Jo et al.’s paper, a new multicarbazole based organic dye
(C2A1, C2S1A1) with a twisted structure was designed and
synthesized, and the corresponding dye (C1A1) without the
twisted structure was synthesized for comparison.They were
successfully applied in dyesensitized solar cells (DSSCs).
The results showed that the nonplanar structure of C2A1
and C2S1A1 can efficiently retard the dye aggregation and
charge recombination. TiO

2
compact layers are used in dye-

sensitized solar cells (DSSCs) to prevent charge recombina-
tion between the electrolyte and the transparent conductive
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substrate (indium tin oxide, ITO; fluorine-doped tin oxide,
FTO). In H. C. Chang et al.’s paper, the authors presented
that thin TiO

2
compact layers are deposited onto ITO/glass

bymeans of radio frequency (rf)magnetron sputtering, using
deposition parameters that ensure greater photocatalytic
activity and increased DSSC conversion efficiency. The pho-
toinduced decomposition of methylene blue (MB) and the
photoinduced hydrophilicity of the TiO

2
thin films are also

investigated. In H.-C. Chang et al.’s paper, the authors pre-
sented that a series of compact TiO

2
layers are prepared using

radio frequency (rf) reactivemagnetron sputtering.The films
are characterized using X-ray diffraction (XRD), atomic force
microscopy (AFM), scanning electron microscopy (SEM),
and UV-Vis spectroscopy. The results show that when the
Ar/O2/N2 flow rates are 36 : 18 : 9, the photoinduced decom-
position of methylene blue and photoinduced hydrophilicity
are enhanced. After annealing at 450∘C in an atmosphere
ambient for 30min, the compact TiO

2
layers exhibit higher

optical transmittance.

Organic Solar Cells (OSCs). In Z. Wang et al.’s paper, the
authors investigated ITO-free semitransparent organic
solar cells (OSCs) based on MoO

3
/Ag anodes with poly(3-

hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl
ester films as the active layer. In M. Ito et al.’s paper, the
authors presented that organic thin film solar cells (OTFSCs)
were fabricated with blended active layers of poly[[4,8-
bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b]dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thi-
ophenediyl]] (PTB7)/[6,6]-phenyl-C71-butyric (PC71BM).
The performances of active layers are prepared in chlorob-
enzene (CB) with different additives of 1-chloronaphthalene
(CN) and 1,8-Diiodooctane (DIO) by a wet process with spin
coating technique.

Copper Indium Gallium Diselenide (CIGS). In C.-H. Huang
and D.-C. Wen’s paper, the authors presented a dense chal-
copyrite CIGS film with a thickness of about 1.5-1.6 𝜇m, with
large grains (∼1.2 𝜇m) and no cracking or peeling is obtained
after selenizing at a temperature of 550∘C, an Ar pressure
of 300 Torr, a heating rate of 60∘C/min, and a soaking time
of 20min. By adequate design of the stacked precursor and
controlling the annealing parameters, single-stage annealing
of the solid Se-coated In/Cu-Ga bilayer precursor is simpli-
fied for the fabrication of fully crystallized chalcopyrite CIGS
absorber layers with good crystallization and large grains.
CIGS polycrystalline thin films were successfully fabricated
by one-step cathodic electrodeposition on Mo-coated glass.
In R.-W. You et al.’s paper, the authors applied a galvanometry
mode with three-electrode potentiostatic systems to produce
a constant concentration electroplating solution, which were
composed of CuCl

2
, InCl

3
, GaCl

3
, and SeO

2
. Then these as-

electrodeposited films were annealed in argon atmosphere
and characterized by X-ray diffraction. The results revealed
that annealing treatment significantly improved the crys-
tallinity of electrodeposited films and formedCIGS chalcopy-
rite structure, but at low applied deposition voltage (−950mV
versus SCE) there appeared second phase.

Zinc. Zinc aluminum alloy nanowire was fabricated by
the vacuum die casting. Zinc aluminum alloy was melted,
injected into nanomold under a hydraulic pressure, and solid-
ified as nanowire shape. In C.-G. Kuo et al.’s paper, the authors
presented that zinc aluminum oxide nanowire array was pro-
duced using the thermal oxidation method and designed for
the photoelectrode application. 1.5 wt% zinc fluoride (ZnF

2
)

was mixed with zinc oxide powder to form the F-doped ZnO
(FZO) composition. In F.-H. Wang et al.’s paper, the authors
show that usingH

2
-plasma-treated andHCl-etched FZO thin

films as transparent electrodes would improve the efficiency
of the fabricated thin film solar cells. In P.W. Chi et al.’s paper,
the authors presented the microstructure morphology and
UV photoirradiation coupling effects of the 𝑐-axis-oriented
zinc oxide (ZnO) columnar films. Highly aligned 𝑐-axis-
oriented films have been deposited onto glass substrates
at room temperature by radio-frequency (RF) magnetron
sputtering without introducing any oxygen source under
different sputtering powers ranging from 50 to 150W.

Crystalline Silicon Solar Cells. In C.-T. Li et al.’s paper, the
authors presented demonstration of the performance
improvement of p-type single-crystalline silicon (sc-Si) solar
cells resulting from front surface passivation by a thin
amorphous silicon (a-Si) film deposited prior to phosphorus
diffusion. The conversion efficiency was improved for
the sample with a-Si film of ∼5 nm thickness deposited
on the front surface prior to high-temperature phosphorus
diffusion, with respect to the samples with a-Si film deposited
on the front surface after phosphorus diffusion. For the
textured solar cell, the surface was much rougher than that
of the plain glass, which also contributes to the improvement
of the efficiency. In S. J. Moon et al.’s paper, the authors
presented block shaped light trapping structure for the first
time by wet etching of the glass substrate, which enables the
high efficiency thin film solar cell with the aid of the good
step coverage deposition. Nanocrystalline diamond (NCD)
films are promisingmaterials for widespread applications due
to their outstanding characteristics of chemical, physical, and
highly smooth surface. In C. R. Lin et al.’s paper, the authors
presented that the electrical property and photoconductivity
of the fabricated devices were tested for UV detection
application. It was found that the NCD films possessed high
sp3 fraction of 68.6%, low surface roughness of 9.6 nm, and
good hydrophobicity, as deposited under working pressure
of 40 Torr. Also, the NCD/Au structure annealed at 500∘C
exhibited a good ohmic contact characteristic, high detection
efficiency, and fast response to UV irradiation in air ambient.

Light-Emitting Diode (LED). In J.-C. Wang’s paper, the
authors used thermal performance experiments with the illu-
mination-analysis method and window program (vapour
chamber thermal module, VCTM V1.0) to investigate and
analyze the high-power LED (Hi-LED) lighting thermal
module, in order to achieve the best solution of the fin param-
eters under the natural convection.The computing core of the
VCTM program employs the theoretical thermal resistance
analytical approach with iterative convergence stated in this
study to obtain a numerical solution. Results showed that the



International Journal of Photoenergy 3

best geometry of thermal module is 4.4mm fin thickness,
9.4mm fin pitch, and 37mm fin height with the LED
junction temperature of 58.8∘C. In K.-Y. Peng and D.-H.
Wei’s paper, the authors presented a single-monolayered
hexagonal self-assembled photonic crystal (PC) pattern fab-
ricated onto polyethylene terephthalate (PET) films by using
simple nanosphere lithography (NSL) method which has
been demonstrated in this research work. The patterned
nanostructures acted as a scattering medium to extract the
trapped photons from substrate mode of optical-electronic
device for improving the overall external quantum efficiency
of the organic light-emitting diodes (OLEDs).

Semiconductor Sensors. The potentiostatic deposition and
pulse electrodeposition (PED) processes were used to deposit
the (Bi,Sb)

2−xTe3+x-based materials. Field-emission scanning
electron microscope and energy dispersive spectrometers
were used to analyze the compositions of the deposited
(Bi,Sb)

2−xTe3+x-based materials. In C.-G. Kuo et al.’s paper
“Growth of Anodic Aluminum Oxide Templates and the
Application in Fabrication of the BiSbTe-Based Thermoelec-
tric Nanowires,” the authors found that optimal deposition
parameter of the PED process the AAOnanotube arrays were
used as the templates to deposit the (Bi,Sb)

2−xTe3+x-based
thermoelectric nanowires.

In C.-G. Kuo et al.’s paper “Fabrication of a Miniature
Zinc Aluminum Oxide Nanowire Array Gas Sensor and
Application for Environmental Monitoring”, the authors pre-
sented that a miniature n-type semiconductor gas sensor was
fabricated successfully using zinc aluminum oxide nanowire
array and applied to sense oxygen.Thepresent study provided
a novel method to produce zinc aluminum alloy nanowire
80 nm in diameter by the vacuum die casting technique and
then obtain zinc aluminum oxide nanowire array using the
thermal oxidation technique. In S.-C. Hung et al.’s paper,
the authors presented a novel technique which can more
efficiently fabricate different spans of nanobeams on the
same substrate. It requires less time to prepare specimen
and further shortens the process of aligning, clamping, and
testing. Also, the authors probe into the elastic deformation
properties of clamped freestanding GaN nanobeams with
different spans.

In C.-H. Hsu et al.’s paper, the authors presented white
light source. An yttrium aluminum garnet (YAG) phos-
phor incorporated zinc oxide (ZnO) (ZnO : YAG) film is
deposited on a silicon substrate by ultrasonic spray pyrol-
ysis to form a nanostructure diode. A nanoflower con-
sisting of a hexagonal nanopetal is formed on the sur-
faces of the silicon substrate. A white broad band at the
room temperature photoluminescence ranging from 420 to
650 nm for the ZnO : YAG/silicon nanostructure diode was
observed. Diamond-based antireflective (AR) coatings were
fabricated using a spin coating of diamond suspension at
room temperature as nucleation enhancement procedure and
microwave plasma enhanced chemical vapour deposition.
Various working pressures were used to investigate their
effect on the optical characterization of the as-deposited
diamond films. Scanning electron microscopy (SEM) and
atomic forced microscopy (AFM) were employed to analyze

the surface properties of the diamond films. Raman spectra
and transmission electron microscopy (TEM) also were used
for analysis of the microstructure of the films. In C.-R.
Lin et al.’s paper, the authors showed that working pressure
had a significant effect on thickness, surface roughness, and
wettability of the as-deposited diamond films.

Photovoltaic Generation System (PVGS). A large PV array
(several MW) may incur several operation problems, for
example, low power quality and reverse power. In Y.-Y.
Hong et al.’s paper, the authors presented a method to
reconfigure the distribution feeders in order to prevent
the injection of reverse power into a substation connected
to the transmission level. Moreover, a two-stage algorithm
is developed, in which the uncertain bus loads and PV
powers are clustered by fuzzy-c-means to gain representative
scenarios; optimal reconfiguration is then achieved by a
novel mean-variance-based particle swarm optimization. In
Y.-K. Wu et al.’s paper, an experimental database of solar
power output, solar irradiance, air, and module temperature
data has been utilized. It includes data from the Green
Energy Office Building in Malaysia, the Taichung Thermal
Plant of Taipower, and National Penghu University. Based on
the historical PV power and weather data provided in the
experiment, all factors that influence photovoltaic-generated
energy are discussed. Moreover, five types of forecasting
moduleswere developed andutilized to predict the one-hour-
ahead PV output. They include the ARIMA, SVM, ANN,
ANFIS, and the combination models using GA algorithm.
The maximum allowable photovoltaic generation system
(PVGS) installation capacity is obtained by executing load
flow analysis without violating the voltage magnitude and
voltage variation ratio limits. However, the estimated power
generation of PVGS is applied to know its impact on the
power system according to the hourly solar irradiation and
temperature. In C.-T. Hsu et al.’s paper, the authors presented
that the cost-benefit analysis of payback years (PBY) and net
present value (NPV) method is derived considering the cash
flow from utilities annual fuel and loss saving, the operation
and maintenance (O&M) cost, and the capital investment
cost. The power network in Kiribati (PUB DNST) is selected
for study in C.-T. Hsu et al.’s paper.

Solar Cell Applications. In Y.-L. Chen et al.’s paper “On-Road
Driver Monitoring System Based on a Solar-Powered In-
Vehicle Embedded Platform,” the authors presented an on-
road driver monitoring system, which is implemented on a
stand-alone in-vehicle embedded system and driven by effec-
tive solar cells. The driver monitoring function is performed
by an efficient eye detection technique. Through the driver’s
eye movements captured from the camera, the attention
states of the driver can be determined and any fatigue
states can be avoided. This driver monitoring technique is
implemented on a low-power embedded in-vehicle platform.
In Y.-L. Chen et al.’s paper “Experimental Investigation on
Thermoelectric Chiller Driven by Solar Cell,” the authors
presented experimental explorations on cooling performance
of thermoelectric chillers being driven by solar cells, as well as
comparison results to the performance being driven by fixed
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direct current. Solar energy is clear and limitless and can be
collected by solar cells. In T.-C.Hung et al.’s paper, the authors
presented that the study is to collect energy on the waste
heat from air produced by solar ventilation systems. This
heat used for electricity generation by an organic Rankine
cycle (ORC) system was implemented.The advantages of this
method include the use of existing building’s wall, and it
also provides the region of energy scarcity for reference. In
X. Qin et al.’s paper, the authors took West Lushan highway
low-carbon service area in Jiangxi Province of China as
the case study, and the advantages, technical principles, and
application methods of solar energy technology for highway
service area including solar photoelectric technology and
solar water heating technology were discussed based on the
analysis of characteristics of highway low-carbon service area.
In H. Wang’s paper, the authors presented a novel modular
system combining cooling, heating, and power generation
(CCHP). This modular CCHP system can simultaneously
provide 10 kW electricity, −15∼5∘C coolant, and 60∘C hot
water to meet the requirements of cooling, heating, and
electricity in a general family or other fields.

Solar Cell and LED Development Trend. In C.-G. Kuo and
C.-C. Chang’s paper “Building Professional Competencies
Indices in the Solar Energy Industry for the Engineering
Education Curriculum,” the authors presented professional
competency indices and their subindices as needed by the
solar energy industry, to establish a basis for development
of the engineering education curriculum.Themethodologies
adopted by the study are literature analysis, expert advisories,
and focus groups. In C.-G. Kuo et al.’s paper “Constructing
Employability Indicators for Enhancing the Effectiveness of
Engineering Education for the Solar Industry,” the authors
presented a set of employability indicators that capture
the competency requirements and performance expectations
that solar energy enterprises have of their employees. In the
qualitative component of the study, 12 administrators and
32 engineers in the industry were interviewed, and meetings
with focus groups were conducted to formulate a question-
naire for a survey of Taiwanese solar energy companies
for the confirmation and prioritisation of the employability
indicators. In Y.-S. Su and H.-C. Chang’s paper “Bridging
Photonics and Optoelectronics Curriculum for the Solar
Photovoltaic and LED Industries,” the authors presented
the study and collected the current 103 course programs
from all optoelectronics-related departments in 36 Taiwanese
colleges and universities and sorted these curriculums by
three domains of education objectives theory.This theoretical
framework was verified on the basis of samples from 150
Taiwanese industrial experts and 354 optoelectronics-related
undergraduates and postgraduates.

In Y.-S. Su’s paper “Competing in the Global LED Indus-
try: The Case of Taiwan”, the author found that Taiwanese
LED companies specialize and achieve an optimal efficiency
by vertically disintegrating across the upstream, midstream,
and downstream sectors in the value chains. Taiwanese LED
companies create economies of scale and economies of scope
through a complete industrial value chain.

These papers represent an exciting, insightful observation
into the state-of-the-art as well as emerging future topics
in this important interdisciplinary field. We hope that this
special issue would attract a major attention of the peers.
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A lot of research works have been made concerning highway service area or solar technology and acquired great achievements.
However, unfortunately, few works have been made combining the two topics together of highway service areas and solar energy
saving to make a systemic research on solar technology application for highway service area. In this paper, taking West Lushan
highway low-carbon service area in Jiangxi Province of China as the case study, the advantages, technical principles, and application
methods of solar energy technology for highway service area including solar photoelectric technology and solar water heating
technology were discussed based on the analysis of characteristics of highway low-carbon service area; the system types, operation
mode, and installing tilt angle of the two kinds of solar systems suitable for highway service areas were confirmed. It was proved
that the reduction of the cost by electricity savings of solar system was huge. Taking the investment of the solar systems into
account, the payback period of solar photoelectric systems and solar water heating systems was calculated. The economic effect
of the solar systems in West Lushan highway service area during the effective operation periods was also calculated and proved
very considerable.

1. Introduction

As the renewable and clean energy, solar energy will not
cause environmental pollution that is produced by traditional
energy like coal, oil, and other fossil fuels during the using
process. Development and utilization of green energy are one
of the most important energy saving measures. During the
past 30 years, many developed industrial countries and some
developing countries have attached great importance to the
development of solar technology and solar technology has
been widely promoted and used in residential areas.The pace
of research and application of solar energy in Europe is also
very fast and the use of solar heat is more extensive, involving
power generation, domestic hot water, heating, local heating
water, and so forth. More than 90% of the solar heat is used
for residential areas in the EU [1].

China began to use solar energy early in the 1970s,
achieving good results in the beacon lights. In the 1990s, solar

photovoltaic technology began to be used in road lighting
and signals and solar water heating system entered the rural
residential areas under the support of China government
by the late 20th century. In the 21st century, solar photo-
voltaic technology has been greatly promoted by the growing
attention of government and the improvement of solar cell
production technology, meanwhile solar energy applications
field also expanded gradually.

Nowadays, solar technology is gradually extended to
highway traffic field with the introduction of new traffic
lighting devices like solar traffic lights, solar orientation
lights, solar street lamps, and so forth. However, few solar
energy technologies have been used in highway service area
in China. As the basic infrastructure serving for vehicles
and passengers, the overall function of highway service area
determines the quality and efficiency and the economic
benefits of the service. Because of the far location away
from urban areas, generally highway service areas have
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few external energy sources to use, while also consuming
more energy. It is relatively closed and independent system.
The closeness and independence of highway service area
determines its dependence and pressure on resources and
environment. The application of solar technology in the
construction of highway service area could not only alle-
viate the scarcity of resources, reduce energy consumption,
and improve efficiency of resource and energy, but also
reduce environmental pollution,maintain ecological balance,
improve highway operational efficiency, and optimize the
service quality.

The extensive researches on highway service area began
aboard in the early 1990s. American Association of State
Highway and Transportation (AASHTO) published the third
edition of “expressway service construction guide” in 2001,
which stressed the application of green building technol-
ogy from the aspects of domestic sewage, garbage, and so
forth. The studies in the field of highway service facilities
in Japan defined the planning layout, architectural forms,
design principles, and so on comprehensively, clearly, and in
detail. According to “Japan Highway Design Manual” of 1980
version, the design essentials of service rest facilities were
defined.The technical standards and designmethods of high-
way new rest facilities are made in “Japanese highway design
essentials” in 1991 from more comprehensive aspects. The
researches on highway service area were launched relatively
late in China. The function, size, and technical requirements
of service facilities were simply regulated in “Technical
Standards of Highway Construction (JTG B01-2003)” [2],
without involving the energy saving technology. Hui and Liu
[3] analyzed the space size and parking capacity of highway
rest facilities according to the field survey data and theoretical
calculations for Shenda Highway service area in Northeast
China. Luo [4]made a study in the function, location, spacing
control, and architectural design requirements of highway
service. Wu [5] proposed the biological disposal method
of highway service area sewerage for vegetation watering
and toilet flushing. Yang [6] discussed the economic effects
of biological contact oxidation treatment technology using
highway service area sewage disposal. It could be seen that the
researches on highway service area in China focused mainly
on the layout and scale of the facilities, the operation way,
water supply and sewage treatment, and so forth but few on
energy saving technology.

In the meanwhile, many researches were made on the
economic effect assessment of solar technology. Maria and
Marano [7] discussed the economic analysis methods of
solar photovoltaic systemsunder different climatic conditions
and pointed out that the economic analysis methods were
related to local policy as well as technical level and climatic
conditions. Schröder andReddemann [8]made an analysis in
the economic influence of hot water consumption and energy
efficiency on solar collectors in different months and climatic
conditions in terms of the German federal government’s
economic conditions. Zilla and Abraham [9] proved that
the economic effects became better with the increase of
useful life period, fuel prices, and market demand based
on the establishment of a model for the economic practi-
cability of solar hot water systems and also concluded that

the effect of series solar collectors is better than that of parallel
collectors. Hawlader et al. [10] made the economic evaluation
for solar heating water system by using different variables
and concluded that the designed collector area is 1000m2
for best payback period and internal rate of return. Yi [11]
made an analysis in the energy consumption constitution and
energy saving way for residential building. It can be seen that
solar technology brings very considerable economic benefits
as well as reducing environmental pollution.

In summary, a lot of research works have been made
related to the two fields of highway service area and solar
technology and acquired great achievement. However, unfor-
tunately, few works were made combining the two topics
together of highway services and solar energy saving to make
a systemic research on solar technology in green highway
service area due to the design and construction of the service
mainly undertaken by the transport authorities, coupled
with the faraway location of the service and its subordinate
position in the highway system. In this context, it is quite
necessary and urgent for launching the research on solar
technology and economic effects of highway service area to
promote low-carbon highway service area development and
guide solar engineering practice.

2. Objectives

Themain objectives of this paper were as follows:

(1) confirming the applicability and advantages of solar
technology for highway service;

(2) choosing the suitable type and the best tilt angle of
solar photovoltaic system for highway service area
based on the location and local climate conditions;

(3) choosing the suitable operation type of solar water
heating system, suitable type, and the best installing
angle of collectors for highway service area;

(4) calculating the economic effects and environmental
effects of solar technologies on highway service area.

3. Methods

3.1. The General Situation of Low-Carbon Highway Service
Area. In recent years, with the development of green trans-
portation ideas in China the concept of low-carbon highway
service area has been proposed and people are increasingly
concerned about the comfort and green level of the service
area. Low-carbon highway services generally refer to the
services which integrate various measures throughout the
entire life cycle of planning, designing, construction, opera-
tion, and management to maximize saving resources, protect
environment, reduce pollution, and provide people with a
safe, healthy, comfortable, and efficient highway service area
based on the principle of the virtuous circle of ecosystem in
design conception and construction practice. Some highway
service areas have begun to employ different energy saving
technologies to try establishing low-carbon service areas in
China. Green building and clean energy technologies have
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Figure 1: The aerial view of Lushan highway service area.
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Figure 2: The diagrammatic sketch of solar photoelectric technol-
ogy.

been used in a small number of service areas and achieved
good effects [12].

In this paper, utilization technologies and methods of
solar photoelectric and water heating technology for highway
service area were analyzed according to the natural geo-
graphical and climatic conditions ofWest Lushan scenic area,
which would achieve effective operational cost reductions
and good energy saving effects.

West Lushan highway is located in northern Lushan
Scenic Area in Jiangxi Province of China, with the extremely
rich and natural landscape resources along and it is the
highway with the highest environmental protection require-
ments in Jiangxi as seen in Figure 1. The location of West
Lushan highway service area is in the southern region and has
rich solar energy resources with 4494.35MJ/m2 (horizontal)
annual radiation and 1700.7 sunshine hours. In the construc-
tion of West Lushan service area, solar energy technologies
are fully made in use in order to maximize energy savings
and environment protection.

3.2. Solar Photoelectric Technology for Highway Service Area

3.2.1. Technical Principles and Constitution. Solar photoelec-
tric technology is based on the photoelectric effect, through
the using of solar cells to convert solar energy directly
into electricity, as shown in Figure 2. There are two main
types of solar photovoltaic systems: independent photovoltaic
power generation and grid-connected photovoltaic power
generation.

Photovoltaic power generation system consists of three
major components of solar panels, controller, and inverter.
Solar panel is the core part of the system and its role is to
convert solar radiation to electrical energy stored in batteries
or generated. Solar controller is to control the working status
of the entire system andmake an overcharge or overdischarge
protection for battery [13]. The role of the inverter is to

convert DC (direct current) solar power into AC (alternating
current) power, directly transmitting 12VDC, 24VDC, and
48VDC solar energy to provide 220VAC electrical power
[14].

3.2.2. Advantages of Solar Photovoltaic (PV) System for
Highway Service Area. They are as follows

(1) small size, light weight, and small occupational space
like building integrated photovoltaic (BIPV);

(2) long useful life period: the life of PV systems can reach
20 to 50 years;

(3) zero pollution emissions: PV consumes no fuel with
no noise and no pollution to the service area;

(4) power generation without water: PV systems can be
applied for highway service area in the uninhabited
areas.

3.2.3. The Selection of Solar Photovoltaic System Type for
Highway Service Area. Highway service area is usually to
use independent photovoltaic systems, with the appropriate
choice of voltage levels and the number of phases in accor-
dance with electricity requirements, as shown in Table 1 [15].

3.2.4.The Determination of the Tilt Angle of Solar Photovoltaic
Systems forHighway Service Area. In the photovoltaic system,
the solar radiation received by PV arrays differs according to
its tilt angle. For a fixed PV array, if the designed inclined
plane is not rational, there may be a waste of more solar mod-
ules to meet the power or causes of the unreasonable capacity
of battery, which makes the cost of the entire system higher.
For determining the best angle of PV arrays, the nature of
the load, local weather, and geographical conditions should
be taken into account. There are three kinds of load of PV
systems including balanced, seasonal, and temporary load.
Balanced load refers to the daily electricity for production
and life. Air conditioning is the seasonal load and temporary
load is generally for the unexpected emergency electrical
events. In general, the tilt angle of PV system is determined
by application amount of the balanced load and the specific
load condition should also be considered.The basic principle
is to reach the best tilt angle, reduce the instability of the solar
radiation throughout the year, and make the solar radiation
amount more evenly for the entire year received by inclined
planes.

Research [15] has showed that the designed installing tilt
angle of photovoltaic panels equals the local latitude ± 15∘.
Considering the average amount of electricity use throughout
the year, the tilt angle = local latitude; considering the amount
of electricity use in summer months (April to September),
the tilt angle = local latitude − 15∘; considering the amount of
electricity use in winter months (October to March), the tilt
angle = local latitude + 15∘. And the specific azimuth and tilt
angle should be considered together for the actual situation
of the buildings in service areas.



4 International Journal of Photoenergy

Table 1: Design and selection of solar photovoltaic system.

System type Type of
current

Whether it has
the energy

storage device
Application scope

Stand-alone
photovoltaic
system

Direct current (DC)

Yes
Remote areas with no power, DC power load
equipment, and high power continuity requirements for
power supply

No
Remote areas with no power, DC power load
equipment, and no continuity requirements for power
supply

Alternating current (AC)

Yes
Remote areas with no power, AC power load
equipment, and high power continuity requirements for
power supply

No
Remote areas with no power, AC power load
equipment, and no continuity requirements for power
supply

3.3. Solar Water Heating Technology for Highway Service Area

3.3.1. Technical Principles and Characteristics. Solar heating
water system is the system converting solar radiation into
thermal energy to heat water and delivering to each user and
typically includes a solar collector, heat storage, circulation
pumps, pipe connections, brackets, and other components.
The system constitutional diagram is shown in Figure 3.

There are three types of solar water heating system includ-
ing natural circulation systems, DC systems, and forced
circulation system. According to the presence or absence
of heat exchanger, solar water heating systems are divided
into two types of direct and indirect systems. According
to hot water providing range, solar water heating systems
are divided into three types of centralized heating water
systems, centralized-decentralized heating water systems and
decentralized water heating systems.

3.3.2. The Selection of Solar Water Heating Systems for Service.
Separation system is preferred from architectural aesthetic
considerations; indirect system is preferred from water sani-
tation considerations; from water and energy saving consid-
erations, the insulation measures must be taken into account
according to the different forms of buildings.

Solar heating water system operation mode generally is
determined by the user basic conditions, the relative needs
of the user, the installation location of collector and storage
tank, and other factors [16]. The recommended mode is
shown in Table 2. The type of collector is based on the
operation time of solar heating water system, the minimum
temperature, and other factors.

By the comparison of flat plate collector and evacuated
tubular collector, it can be seen that the economical efficiency,
operation environment, useful life period, and stability of
evacuated tube collector are all better than those of flat plate
solar collector. Therefore all-glass evacuated tube collector
is preferred for highway service. Solar water heating system
should be installed in residential buildings, shower room,
kitchen, and other building roofs or exterior for providing
hot water for the service areas. The area of solar collector

Water pipe

Overflow
pipe

Insulate pipe

Shower
nozzle Regulating valve

Evacuated
tubes

Stainless
water tank

Exhaust

Carriage

Figure 3: The constitutional diagram of solar heating water system.

should also be designed based on the demand of hot water.
When collector is installed on the roof, the designed tilt angle
of collector is based on local solar elevation angle and the
general criterion for the optimum tilt angle of solar collector
is the local latitude plus 10 degrees [16].

4. Results

4.1. The Application of Solar Photovoltaic Technology for
Highway Service Area

4.1.1. Location and System Selection. The solar photovoltaic
systems in West Lushan service were installed on the North-
east logistics building floor roof terrace, with the capacity
of 20.24 kWp, medium-sized photovoltaic systems. In terms
of the natural and geographical conditions and the demand
for electricity of West Lushan service area, the independent
DC with energy storage device solar photovoltaic power
generation system was chosen as seen in Figures 5 and 6.
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Table 2: The comparison of recommended operating mode of solar heating water system for highway service area.

Operating conditions Operating mode
Natural circulation Direct circulation Forced circulation

Instability water pressure Available Unavailable (1) Available
Insufficient power supply Available Unavailable (2) Unavailable (3)
Instant hot water Unavailable Available Unavailable
The relative installation location of collector and storage tank

High collector Unavailable Available Available
High storage tank Available Available Available

Operating temperature
Above 0∘C Available Available Available
Below 0∘C Available with antifreezing measures

(1) Available with thermostat control pump.
(2) Available with thermostatic valve.
(3) Available with DC pump under photoelectric cell.

Figure 4: The solar panels of solar photovoltaic systems in West
Lushan highway service area.

4.1.2. The Determination of Solar Panel Type and Installing
Angle. The model of solar panel was S-220D (230Wp), a
total of 88 with a 220V, 100A solar controller as well as
a 220VDC/220VAC 5 kVA separate inverter, which could
meet the power supply for 3 consecutive rainy days as shown
in Figure 4.

Considering the average amount of electricity use
throughout the year, the tilt angle equalled the local latitude.
The local latitude of West Lushan was 28.67 degrees, so the
tilt angle was set as 28 degrees.

4.2. The Application of Solar Water Heating Technology for
Highway Service Area

4.2.1. Selection of System Type and Installing Angle. Solar
water heating systems were installed in the buildings of West
Lushan highway service area for hand washing, showers, and
other hot water needs like LushanWest Visitor Centre, dining
lounge, logistics building, service stations, and maintenance
station.

The direct system was chosen and the control mode was
set with three modes of constant temperature control, dif-
ference temperature control, and timing control by freedom

Figure 5: The solar controller of solar photovoltaic systems in West
Lushan highway service area.

Figure 6: Solar photovoltaic power generation storage batteries of
solar photovoltaic systems in West Lushan highway service area.

choice. The operation mode was forced circulation and the
collector type was evacuated tubular collector based on the
comparison analysis of flat plate collector and evacuated
tubular collector for highway service area, as illustrated in
Table 3.

According to the local solar elevation angle, the tilt angle
of solar collector was the local latitude plus 10 degrees, which
was 38 degrees.
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Table 3: The comparison of flat plate collector and evacuated tubular collector for highway service area.

Features Flat plate solar
collector

Evacuated tubular
solar collector

System efficiency About 50% (summer)
About 20% (winter)

About 50% (summer)
About 40% (winter)

Useful life period 5 years 15 years
Operation temperature Above 0∘C Above −40∘C
Manufacturing cost Low Low

Key component efficiency Fast heat absorption
and fast heat release

Fast heat absorption
and slow heat release

Efficiency in wet or rainy day Low High

Table 4: List of installed solar collectors in West Lushan highway service area.

Installation location Visitor centre Dining lounge Logistics building Service station Maintenance station Total
Number of collectors 64 24 48 24 1 161
Size (each piece) 15 × Φ47 × 1500mm
Collecting area (m2) 120 45 90 45 1.875 301.875

4.2.2. The Solar Collector Installation Condition. The solar
collector installation condition in West Lushan highway
service area was shown in Table 4.

4.3. Economic Effects Analysis of Solar Energy Technology in
West Lushan Highway Low-Carbon Service

4.3.1. The Power Generation Capacity of Solar Photovoltaic
System. We can get the power generation capacity of solar
photovoltaic system in West Lushan highway low-carbon
service according to the following formula [17]:

𝐺
𝑝V = 𝐴𝑐 ⋅ 𝐽𝑟 ⋅ 𝑇 ⋅ 𝑛𝑏 ⋅ 𝑛𝑠, (1)

where 𝐴
𝑐
is the effective area of photovoltaic cells m2, 𝐽

𝑟
is

the solar radiation intensity under the best tilt angle per year
kw/m2, 𝑇 is the effective hours of sunshine per year h, 𝑛

𝑏
is

the component efficiency, and 𝑛
𝑠
is the system efficiency.

The parameters of solar water photovoltaic system in
West Lushan service were as follows: the effective area of
photovoltaic cells was about 140m2 in terms of the capacity
of 20.24 kWp; the solar radiation intensity per year under
the best tilt angle 28 degrees in West Lushan district was
1330 kw/m2; The effective hours of sunshine per year was
1700.7; the component efficiency of silicon battery was gen-
erally set 15%; and the system efficiency was generally set
75%.

So the power generation capacity of solar photovoltaic
system per year in West Lushan highway low-carbon service
was 35625.41 kW⋅h.

4.3.2. Energy Saving Capacity of Solar Water Heating System.
The total collecting area of solar water heating system in

West Lushan highway service area was 301.875m2, which was
calculated in terms of the following formula:

Δ𝑄save = 𝐴𝑐 ⋅ 𝐽𝑡 ⋅ (1 − 𝜂𝑐) ⋅ 𝜂𝑐𝑑, (2)

where 𝐴
𝑐
is the solar collecting area of direct system m2, 𝐽

𝑡
is

the solar radiation of collecting surface per year MJ/m2, 𝜂
𝑐
is

the heat loss of pipeline and water tank, 𝜂
𝑐𝑑

is the thermal
efficiency in full daytime of solar collector %, and 𝑑 is the
number of days.

The parameters of solar water heating system in West
Lushan service were as follows: the total solar collecting area
in the service 𝐴

𝑐
was 301.875m2, solar radiation per year 𝐽

𝑡

was 4494.35MJ/m2, set 𝜂
𝑐
was 0.1, and set 𝜂

𝑐𝑑
was 0.5.

So the amount of saving energy of solar water heating
system in West Lushan service per year was 610530MJ.

If the energywas generated by electricity heating, the con-
suming electricity was determined in terms of the following
formula:

𝐺 =

Δ𝑄save
𝑛
𝑑
𝑞
0

, (3)

where 𝑛
𝑑
is the efficiency of electricity heating and 𝑞

0
is the

calorific value of electricity kJ/kW⋅h.
Generally, 𝑛

𝑑
is 0.9 and 𝑞

0
is 3595 kJ/kW⋅h.

So the electricity saving by the energy saving of solar
water heating system per year is 188697.26 kW⋅h.

4.3.3. Economic Profit of Solar Energy Technology in West
LushanHighway Low-Carbon Service. Taking the investment
of the solar water heating systems into account, the payback
period of the investment of solar system was calculated
according to the following formula:

𝑇 =

𝑦

𝑛
0

, (4)
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where 𝑌 is the investment of the system and 𝑛
0
is the cost

saving of the system.
According to the current electricity price of 0.60

RMB/kW⋅h in Jiangxi Province, the reduction of the cost
by electricity savings of solar photovoltaic system in West
Lushan highway service area was 21.38 thousand RMB per
year. The cost of solar photovoltaic system per square meter
was around 1300 RMB, so the total investment of solar
photovoltaic system was 182 thousand RMB. Therefore, the
payback period of the investment of solar photovoltaic system
was 8.5 years. As we know the useful life period of solar
photovoltaic system was at least 25 years, so economic profits
of solar photovoltaic system were relatively high.

Taking 25 years as the effective operation period, the
economic profit of the solar photovoltaic system in West
Lushan highway service area would reach 352.5 thousand
RMB.

The reduction of the cost by electricity savings of solar
water heating system in West Lushan highway service area
was 113.22 thousand RMB according to the current elec-
tricity price of 0.60 RMB/kW⋅h in Jiangxi Province. Because
one piece of solar evacuated tubular collector was about
4000 RMB, the total investment of 161 pieces of solar evac-
uated tubular collector was 644 thousand RMB. Therefore,
the payback period of the investment of solar water heating
system was 5.69 years. As we know the useful life period of
solar photovoltaic system was at least 15 years, so economic
profits of solar photovoltaic system were very high.

Taking 15 years as the operation period, the economic
profit of the solar photovoltaic system in West Lushan
highway service area would reach 1.05 million RMB.

4.4. Environmental Benefits Analysis of Solar Energy Technol-
ogy inWest Lushan Highway Low-Carbon Service. The statis-
tics from National Development and Reform Commission of
China reveals that every saving of 1 kwh electricity equaled
the consumption of 0.4 kg standard coal and also equaled
a decrease of standard coal combustion producing 0.997 kg
carbon dioxide (CO

2
), 0.03 kg sulfur dioxide (SO

2
), 0.015 kg

nitrogen oxides (NO
𝑥
), 0.272 kg smoke, and other pollutants.

The energy saving of the solar technology inWest Lushan
highway service area equaled the reduction of 89.73 tons
standard coal, also 233.65 tons CO

2
, 6.73 tons SO

2
, 3.36 tons

NO
𝑥
, and 61.02 tons smoke. It could be seen that the solar

technology of West Lushan highway service area would
make great contributions to the reduction of environment
pollution.

5. Conclusion

(1) The closeness and independence of highway service area
determined its dependence and pressure on resources and
environment.The application of solar technology for highway
service area could not only reduce energy consumption and
improve energy efficiency, but also reduce air pollution and
protect ecological environment.

(2) Solar photovoltaic (PV) system was quite suitable for
highway service area based on its advantages of small size

and occupational room, long useful life period, zero pollution
emissions, and generation of power without water.

(3) Based on the comparison analysis of solar photovoltaic
systems and the natural and geographical conditions of West
Lushan in Jiangxi Province, independent photovoltaic system
with energy storage device was chosen for West Lushan
highway service. And considering the average amount of
electricity use throughout the year, the tilt angle of solar panel
equalled the local latitude, set as 28 degrees according to the
local latitude of West Lushan of 28.67 degrees.

(4) It was proved that evacuated tubular collector and the
operation mode of forced circulation were preferred forWest
Lushan highway service area by the comparison analysis.The
selection of designed tilt angle of collector was based on local
solar elevation angle and the tilt angle of solar collector in
West Lushan highway service area was the local latitude plus
10 degrees, which was 38 degrees.

(5) The power generation capacity of solar photovoltaic
system per year in West Lushan highway low-carbon service
was 35625.41 kW⋅h by calculation analysis. The reduction of
the cost by electricity savings of solar photovoltaic system
in West Lushan highway service area was 21.38 thousand
RMB per year according to the current electricity price of
0.60 RMB/kW⋅h in Jiangxi Province.

Taking the investment of the solar water heating systems
into account, the payback period of the investment of solar
photovoltaic system was 8.5 years.

Taking 25 years as the effective operation period, the
economic benefits of the solar photovoltaic system in West
Lushan highway service area would reach 352.5 thousand
RMB.

(6) The electricity saving by the saving energy of solar
water heating system per year was 188697.26 kW⋅h. The
reduction of the cost by electricity savings of solar water
heating system in West Lushan highway service area was
113.22 thousand RMB per year.

Taking the investment into account, the payback period
of the investment of solarwater heating systemwas 5.69 years.

Taking 15 years as the operation period, the economic
effect of the solar photovoltaic system in West Lushan
highway service area would reach 1.05 million RMB.

(7) The energy saving of the solar technology in West
Lushan highway service area equalled the reduction of
89.73 tons standard coal, also 233.65 tons CO

2
, 6.73 tons SO

2
,

3.36 tons NO
𝑥
, and 61.02 tons smoke. It could be seen that the

solar technology of West Lushan highway service area would
make great contributions to the reduction of environment
pollution.
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The objective of this study is to collect energy on the waste heat from air produced by solar ventilation systems. This heat used
for electricity generation by an organic Rankine cycle (ORC) system was implemented. The advantages of this method include the
use of existing building’s wall, and it also provides the region of energy scarcity for reference. This is also an innovative method,
and the results will contribute to the efforts made toward improving the design of solar ventilation in the field of solar thermal
engineering. In addition, ORC system would help generate electricity and build a low-carbon building. This study considered
several critical parameters such as length of the airflow channel, intensity of solar radiation, pattern of the absorber plate, stagnant
air layer, and operating conditions.The simulation results show that the highest outlet temperature and heat collecting efficiency of
solar ventilation system are about 120∘C and 60%, respectively.Themeasured ORC efficiency of the systemwas 6.2%.The proposed
method is feasible for the waste heat from air produced by ventilation systems.

1. Introduction

Thedevelopment of the economy and society on a global scale
has been accompanied by energy crises and environment
pollution, which have become two major problems world-
wide. Therefore, the application of renewable energies (solar
energy, wind energy, and geothermal energy) in electricity
generation is becoming increasingly crucial. In addition,
power generation in which the organic Rankine cycle (ORC)
is used to recover low-grade energy sources has attracted
considerable attention. In recent years, Hung et al. [1, 2] have
extensively studied the development and applications of ORC
electrical generating systems.

Among these sources, geothermal and solar energy are
typically used in converting low-grade heat into power and
in other applications [3–8]. Wang et al. [3, 6] designed a
low-temperature solar Rankine system. Both evacuated solar
collectors and the flat-plate solar collectors are used in this
experimental system.Hettiarachchi et al. [4] presented a cost-
effective optimal design criterion for organic Rankine power

cycles using low-temperature geothermal heat sources. Karel-
las et al. [7] reported that a heat recovery system could be
used to increase the efficiency of the cement plant and, thus,
contributes to the emissions reduction when using a typical
cement production procedure. Wang et al. [8] investigated
the performance of a low-temperature solar Rankine cycle
system using working fluid R245fa. The experimental results
indicated that the highest heat-collecting efficiency of a flat-
plate collector is approximately 50%. Hung [9] investigated
a maximum work output from various combinations of
thermodynamic cycles from a viewpoint of the cycle systems.
The study shows that the series-type triple cycle exhibits
no significant difference as compared with the combined
cycle. Hung et al. [10] analyzed parametrically and compared
the efficiencies of ORCs using cryogens such as benzene,
ammonia, R11, R12, R134a, and R113 as working fluids.

According to the statistical data, air conditioning takes
about 40% of electricity demand for building.Therefore, nat-
ural ventilation has received considerable attention because
it reduces heat gain and induces natural cooling or heating
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Figure 1: Schematic diagram of the ventilation in building combined with ORC system.

in both commercial and residential buildings and pro-
vides potential benefits regarding operational costs, energy
requirements, and carbon dioxide emission.

The objective of this study is to collect the waste heat
from air produced by ventilation systems. The waste heat
was used for electricity generation in which an ORC system
was implemented, as shown in Figure 1. This method also
served the purpose of combining the waste heat produced
by ventilation system with an ORC system to facilitate the
creation of a reasonable indoor environment characterized
by human thermal comfort, energy efficiency, and environ-
mental friendliness and to construct a low-carbon building.
The advantages of this method include the use of existing
building’s wall, and it also provides the region of energy
scarcity for reference. This is an innovative method, and the
results will contribute to the efforts made toward improving
the design of solar ventilation in the field of solar thermal
engineering.Thus far, relatively little research in this area has
been conducted.

A wide variety of natural ventilation systems are pre-
sented in the literatures. Solar wind towers [11], Trombe
walls [12], and solar chimneys [13] are examples. Zhai et
al. [14] proposed that active solar systems can be used
to enhance the ventilation performance of solar chimneys.
The main configurations and integrated renewable energy
systems based on solar chimneys were investigated. El-
Sawi et al. [15] investigated the chevron pattern of fold
structure produced using a recently developed continuous
folding technique. Arce et al. [16] experimentally investigated
the thermal performance of a solar chimney for natural
ventilation.The experimental model was implemented under
full-scale and real meteorological conditions, to compare
the experimental results with simulation results. Yadav and
Bhagoria [17] presented a detailed review of the literature that
involves the application of CFD in the design of solar air
heaters. The solar chimney concept used for improving the
natural ventilation of rooms was analytically and numerically
studied [18]. The present study considered several geometri-
cal parameters such as chimney inlet size and width, which
are considered to have a significant effect on space ventilation.
CFD modelling techniques were used to assess the effects of

inclination angle, double glazing, and low-emissivity finishes
on the induced ventilation rate [19]. Hu et al. [20] investigated
a simple-structure mechanical ventilation solar air collector
(MV-SAC) with internal baffles. A numerical model was
developed in the present study to predict solar air collector
internal flow and heat transfer characteristics. Tian and Zhao
[21] and Alkilani et al. [22] reported that various types
of thermal energy storage systems are also reviewed and
discussed, including sensible heat storage, latent heat storage,
chemical storage, and cascaded storage.

In this study, we applied experiments and CFD to solve
problem of solar storage wall combined with the organic
Rankine cycle. The fluid flow and heat transfer of this solar
storage wall were analyzed numerically, and the results were
validated based on the experimental data. Subsequently the
parameters, such as the thickness of the air gap, the operating
conditions, and height of flow, that clearly influence collector
efficiency were analyzed.These results provide a reference for
the future design and optimization of solar storage wall.

2. Experimental Analysis

In this section, we present the details of the experiments and
performance analysis conducted in this study.

2.1. Solar Simulator. Factors such as time, season, and
weather cause the experimental results to become unstable.
Therefore, we constructed a solar simulator that can provide
stable energy on an absorber plate, as shown in Figure 2(a).
The spectral range of the solar simulator was visible light,
the wavelength of which 500–600 nm, and the distributed
heat flux was between 780 and 820W/m2, as shown in
Figure 2(c). The measured results indicate that the variation
in the maximal heat flux at various locations was less than
50W/m2 and that the solar simulator produced uniform heat
flux.

2.2. Experimental Setup. The collector module consisted of
glass, an absorber plate, an airflow channel, a stagnant air
layer, insulation, and an aluminum collector frame used to
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Figure 2: Distribution of heat flux on glazing for solar simulator.
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Figure 3: Schematic diagram of the experimental setup and view of the solar chimney.

install the components, as shown in Figure 3(a).The absorber
plate was 1.6m high, 0.6m wide, and 0.08m thick; the
stagnant air layer was 0.18m deep; and the glass cover was
0.004m thick. To collect sufficient solar radiation, the surface
of the absorber plate was painted black. The purpose of
using a glass cover and a stagnant air layer was to decrease
convection heat losses from the absorber plate. The surface
of the aluminum collector frame was insulated to achieve
minimal heat loss.The insulation was protected using a fiber-
glass wool envelope.

The air inlet to the chimney was located at the bottom of
solar storage wall and the air outlet was located at the top.

Inlet airflow was collimated by employing a laminated array
to provide the velocity component in the x-direction only.
The inlet and outlet cross-section were maintained equal and
constant (𝐴 in = 𝐴out = 0.002m2) to reduce the pressure
loss in the inlet and outlet areas. Before conducting the
performance tests, both the thermocouples and flow meters
used were calibrated to ensure accurate measurements. The
collectors, based on their respective settings, were tested for
leaks under the operating pressure.

2.3. Instrumentation. The variables measured in this experi-
ment included the inlet and outlet air temperature, ambient
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temperature, and the solar radiation and mass flow rate of
the air. The collector was instrumented with three T-type
thermocouples (𝐻 = 0.15, 0.75, and 1.55m) for measuring
the temperatures in each component. The airflow rate was
calculated using the measured air velocity and the known
duct area. The data acquisition system consisted of a data
logger, which was connected to a personal computer through
an RS232 serial port. The locations of each sensor are shown
in Figure 3(b).

2.4. Performance Analysis. The useful energy gained using
the solar ventilation system can be expressed as [23]

𝑄
𝑢
= 𝑚𝐶

𝑝
(𝑇out − 𝑇in) , (1)

and the following heat balance equation expresses the ther-
mal performance of a collector under steady-state conditions:

𝑄
𝑢
= 𝐴𝐹
𝑅
[𝐼(𝜏𝛼)

𝑐
− 𝑈
𝐿
(𝑇
𝑖
− 𝑇amb.)] , (2)

where 𝐹
𝑅
is the collector heat removal factor and 𝑈

𝐿
is the

top loss coefficient, which is dependent on temperature and
wind speed. A measure of collector performance is collector
efficiency, defined as the ratio of useful heat gain over any
time period to the incident solar radiation over the same
period. Thus, the efficiency equation is written as follows:

𝜂
𝑐
=

𝑄
𝑢

𝐼𝐴

. (3)

From (1) and (3), the collector efficiency can be expressed as
follows:

𝜂
𝑐
= 𝑚𝐶

𝑝

(𝑇out − 𝑇in)

𝐼𝐴

. (4)

The general test procedure involves determining𝑄
𝑢
using

(1) and measuring 𝐼, 𝑇
𝑖
, and 𝑇amb. by operating the collector

under nearly steady-state conditions in test facilities.

3. Numerical Analysis

In this study, commercial CFD code ANSYS FLUENT [24]
software was used as to perform the numerical calculations.
CFD is a simulation tool that uses powerful computer and
appliedmathematics tomodel fluid-flow situations to predict
heat.

3.1. Governing Equation. In the ventilation system, the study
used rectangle pipe flow, and the hydraulic diameter, 𝐷

ℎ
=

4A/P, was calculated by four times the ratio of the cross-
section flow area divided by the wetted perimeter, P, of the
pipe. The Reynolds number, Re = 𝜌V𝐷

ℎ
/𝜇, was greater than

2300. Therefore, the standard k-𝜀 equation was adopted in
the chimney region. The flow phenomenon that occurs in a
ventilation channel is governed by the continuity, momen-
tum, and energy equations involved in the steady-state regime
which can be written as follows [17].

Continuity equation:

𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
) = 0. (5)

Momentum equation:

𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
𝑢
𝑗
) = −

𝜕𝑃

𝜕𝑥
𝑖

+

𝜕

𝜕𝑥
𝑗

[𝜇(

𝜕𝑢
𝑖

𝜕𝑥
𝑗

+

𝜕𝑢
𝑗

𝜕𝑥
𝑖

)]

+

𝜕

𝜕𝑥
𝑗

(−𝜌𝑢


𝑖
𝑢


𝑗
) .

(6)

Energy equation:

𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
𝑇) =

𝜕

𝜕𝑥
𝑗

[(Γ + Γ
𝑡
)

𝜕𝑇

𝜕𝑥
𝑗

] , (7)

Γ =

𝜇

Pr
, Γ

𝑡
=

𝜇
𝑡

Pr
𝑡

, (8)

where Γ, Γ
𝑡
, and Pr are the molecular thermal diffusivity, tur-

bulent thermal diffusivity, and Prandtl number, respectively.
𝜇
𝑡
in (8) is the turbulent viscosity.
The discrete ordinates (DO) model was chosen for con-

ducting the simulation of radiation heat transfer. This was
achieved by coupling radiative transfer equation (RTE) and
the convective energy equation [25]. Solar ray tracing was
used to calculate radiation effects produced by the sun’s
rays that irradiate the computational domain. The solar load
model’s ray tracing algorithm was used to predict the direct
illumination energy source that results from incident solar
radiation.

3.2. Geometric Modeling and Meshing. The complete geome-
try of the system is divided into three sections: the entrance,
test, and exit sections. The 3D domain used for CFD analysis
was set up to have a height of 1.9m, width of 0.6m, and
a depth of 0.04m. The depth of the stagnant air layer and
airflow is 0.18m and 0.02m, respectively. To reduce the
burden of computational time and memory space on the
computer, the system under consideration was assumed to
have a symmetric plane.

The 3D computational domain of the solar ventilation
system was created and meshed according to its actual size
by using Gambit [26] software. A uniform mesh comprising
extremely fine mesh near the wall was used to resolve the
laminar sublayer as shown in Figure 4.The nearest grid point
to the wall was carefully adjusted to place it in the linear
region and thereby ensure that the nondimensional wall
distance 𝑦+ was less than 3.0. The total grid number was
determined to be 1,525,068 cells after the grid independence
was investigated.

3.3. Boundary Conditions and Material Properties. Uniform
air velocity was introduced at the inlet while a constant pres-
surewas applied at the outlet.The systemunder consideration
was assumed to have a symmetric plane. In addition, the
collector frame was assumed to be adiabatic. The heat loss
from the back plate and the glass to the surroundings was
considered, and no-slip boundary condition was assigned to
the walls in contact with the fluid in the model.

The properties of the working fluid (air), absorber plate
(aluminum), and glass material were assumed to remain con-
stant. The glass and absorber plate were homogeneous and
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Table 1: Thermophysical properties of working fluid (air) and absorber plate (aluminum) for computational analysis.

Properties Working fluid (air) Absorber plate (aluminum) Glass
Density, 𝜌(kg/m3) Incompressible ideal glass 2719 2500
Specific heat, 𝐶

𝑝
(J/kg-K) 1006.43 871 750

Viscosity, 𝜇 (N/m2) 1.7894 × 10−5 — —
Thermal conductivity, 𝑘 (W/m-K) 0.0242 202.4 1.4
Absorptivity, 𝛼 — 0.9 0.12
Emissivity, 𝜀 — 0.4 0.9

Pressure outlet

Symmetry

X
Z

Velocity-inlet

Wind

Solar radiation

Adiabatic

hw

Tamb.

Figure 4: Computational model and boundary conditions.

isotropic. The thermal conductivity of the frame, absorber
plate, and glass was temperature independent. The thermo-
physical properties of the working fluid, glass, and absorber
plate are listed in Table 1. Because the flow velocity in the
ventilation system and the decrease in pressurewere relatively
small, the air was considered as incompressible fluid, and the
density was assumed to be approximately that of ideal gas,
considering the thermal expansion effect.

After establishing all the relevant settings, ANSYS FLU-
ENT performed the calculation in an iterative manner until
a sufficient tolerance, defined by the user, was achieved. The
convergence criterion of 10−6 represents the residuals in the
continuity equation; 10−3 for the residuals of the velocity
components and 10−6 for the residuals of the energy were
assumed.

3.4. Validation of the Computation Fluid Dynamics Results.
We investigated the feasibility of solar ventilation in natu-
ral convection and compared the measured and calculated
results. The results of solar simulator show that the uniform
heat flux can be assumed as 800W/m2. The heat transfer
coefficient of the wind and temperature of ambience were
assumed to be 20W/m2-K and 30∘C, respectively. The error
of the temperature between theCFDand experimental results
is given by

𝜁 =






𝑇CFD − 𝑇Exp.







𝑇Exp. − 𝑇amb.
× 100%. (9)

Figure 5 shows the air temperature comparison between
measured and calculated results under free convection. It
shows that the deviation of the solutions obtained using CFD
simulations was generally within the acceptable range, in
which the inlet air velocity is 0.45m/s.This proves that CFD is
an effective tool for predicting the behavior and performance
of a ventilation system. The flow field and temperature
distribution in the computational domain are shown in
Figure 6. The computed temperature variation behavior was
clearly within reasonable accuracy. The simulation results
also indicated that the temperature of the air increased as the
airflow height increased.

In this study, the maximal temperature and mass flow
rate were determined using various lengths of airflow under
ideal conditions for the proposed system. Figure 7 shows
the temperature and mass flow rate for various lengths of
airflow under ideal conditions. It is clearly seen that the
disparity of temperature between the ideal (Figure 5) and
actualmeasurements (Figure 7) was approximately 40∘C.The
main reason is that actual measurements have energy loss.
The analysis results for the parameters that clearly influence
collector efficiency, such as the thickness of the air gap,
the operating conditions, and height of flow, are presented
and considered to be references for the future design and
optimization of solar ventilation systems which are provided
in the following section.

4. Results and Discussion

The accuracy of the calculated numerical results was
accepted. Therefore, the experiment and simulation were
applied to obtain optimal geometric design. CFD provides
numerical advantages over experiment-based approaches,
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such as the substantial reduction in human labor and work
time and the costs of materials. This study investigated the
influence of various lengths of airflow, operating conditions
of the inlet, the energy of heat flux, the type of absorber used
for achieving efficiency, and the width of the air layer.

4.1. Natural Convection and Forced Convection. According to
the results described in Section 3.4, the performance of waste
heat recoverywas not significant because of the lowmass flow
rate of the system. Therefore, the potential enhancement of
mass flow rate was investigated by changing the velocity of
the air inlet. A fan was installed at the air inlet to facilitate
heat circulation. The following velocities at the air inlet were
used, that is, 1, 1.5, 2, 3, 4, 5, and 6m/s. Figure 8 shows the
effect of the mass flow rate on the outlet temperature and on
the efficiency of the ventilation system, which were measured
experimentally. The outlet temperature clearly decreased as
the mass flow rate increased, and the efficiency increased
at a decreasing rate. The results clearly indicate that forced
convection is more efficient than natural convection.

The measurement results and CFD simulation, in which
forced convection (𝑉in = 2m/s) was used, are shown in
Figure 9. The results obtained using the CFD approach were
similar to the experimental results, indicating that CFD can
be used for predicting the behavior and performance of a
ventilation system in which forced convection is involved.
The results indicate that exit temperature decreased because
the temperature of the airflow channel was not uniform at the
same elevation, as shown in Figure 10.

The longer the residence time in the airflow channel, the
smaller the temperature difference between the aluminum
and the air. Thus, the heat transferred to the air via the
aluminum is reduced. If the air does not very smoothly flow
in and out through the flow channel, it may cause a high
percentage of heat returned to the environment by way of
thermal radiation.

4.2. Actual Test of Natural Convection. The experimental
study was conducted on the Penghu Islands. The Penghu
Island of Taiwan was located at 23∘2817 latitude north and
119∘3045 longitudewest. Figure 11 shows a photo of the solar
ventilation system. The angle and length of airflow were 15∘
and 4m for solar ventilation system, respectively. The time
step for data collection was set as 1min. The maximal glass,
absorber plate, airflow channel, and plywood temperature
were obtained at a height of 1.55m, as shown in Figure 3(b).
Figure 12(a) shows that the maximal temperature values were
obtained approximately at noon. It is obvious that the overall
changing trend with time of the temperature follows that
of the solar radiation. At about 11:15, the solar radiation
was blanked. However, the temperature will not be affected
immediately, because the system still provides energy. The
results also indicated that the air temperature difference
between the exit and the inlet was approximately 50∘C. The
velocity of the ambience and the air of airflow channel is
shown in Figure 12(b). The velocity of ambience was greater
than that of airflow channel.

4.3. Length of the Airflow Channel. Regarding heat transfer,
a large absorber area may result in a substantial increase
in temperature during solar ventilation. Therefore, potential
enhancement of heat removal was investigated by the chang-
ing length of airflow and solar radiation, and Vin was assumed
to be 2m/s. Five airflow channel lengths were used for heat
transfer analysis: 0.8, 1.6, 2.4, 3.2, and 4.0m. Figure 13(a)
shows the effect of the airflow length and solar radiation on
the outlet temperature by CFD simulation. Clearly, the outlet
temperature increased when the airflow length increased.
However, the change was not obvious when the height
exceeded approximately 3.5m. Therefore, an optimal length
of approximately 3.5–4m can be selected.

Furthermore, the intensity of solar radiation depends on
the orientation of the solar ventilation system, the day of
the year, and the hour of the day, among other working
conditions. Therefore, this study investigated the effect of
solar radiation, and the results are shown in Figure 13(a).
The outlet temperature was increased by approximately 4%
when the solar radiation increased as 200W/m2. Figure 13(b)
shows the effect of the airflow length and solar radiation
on the efficiency by CFD simulation. It shows that the
efficiency in energy collection decreased when the airflow
length increased.

4.4. Pattern of the Absorber Plate. The convective heat trans-
fer rate in the airflow channel can be augmented by increasing
the heat transfer surface area and increasing the turbulence
inside the channel. This study investigated the effect of
various types of absorber plates which are inexpensive and
common. Figure 14 shows that three independent sets of
experiments were conducted to investigate the performance
of both the flat and rectangular tubes; the cross-section was
6 × 2 and 10 × 1 cm, respectively.

Figure 15(a) shows the difference between inlet air tem-
perature of the solar ventilation and outlet air temperature of
the solar ventilation for various patterns of the absorber plate.
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It shows that the temperature produced in Case I was clearly
higher than that in Cases II and III. The main reason for
this result is that the heat transfer surface area was increased,
for the temperature difference of Case III exceeds Case II
when the mass flow rate is higher than about 0.008 kg/s. The
main reason is that the material is different between Cases
II and III. The effect of material is more significant than
that of heat transfer surface. The efficiency for three types
of collectors is shown in Figure 15(b). The efficiency of three
various absorber plates increased when the mass flow rate
increased. It also shows that Case I absorber plate was more
efficient than those used in Cases II and III. The optimal
design and control range of the solar thermal collector were
approximately 2-3m/s for effective ORC waste heat recovery.

4.5. Stagnant Air Layer and Operating Conditions. Heat loss
occurs in the air space between the glazing and absorber plate

0

10

20

30

40

50

60

70

293
303
313
323
333
343
353
363
373
383
393

0 0.005 0.01 0.015 0.02

O
ut

le
t t

em
pe

ra
tu

re
 (K

)

Mass flow rate (kg/s)

Temperature, natural convection
Temperature, forced convection
Efficiency, natural convection
Efficiency, forced convection

Effi
ci

en
cy

 (%
)

Figure 8: Outlet temperature and efficiency of the collector versus
mass flow rate at 𝑇

𝑖
= 𝑇amb. = 20∘C.

through convection and conduction back the atmosphere. To
reduce the heat loss of the absorber plate, the influence of
various widths of the stagnant air layer and the associated
heat transfer coefficient of wind on thermal performance
was investigated. Five air layer widths were used in the CFD
simulation: 0.3, 0.8, 1.8, 2.8, and 3.8 cm. The heat transfer
coefficients were 10, 20, and 30W/m2-K, respectively.

The various air layer widths and wind velocity are shown
in Figure 16. The change in loss heat was not obvious when
the heat transfer coefficient of wind was lower than approxi-
mately 20W/m2-K. In addition, the heat loss of the absorber
plate was not obvious when the air layer width was higher
than that of 2m. The main reason for these results is that the
effective buoyancy force driven by the air density difference
between the glass and absorber plate airflow channel was
disrupted when the width of the air layer was too thin.
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The overall effects of the width and heat transfer coefficient
of wind on the outlet temperature were not obvious and
exhibited 3% variation.

4.6. Economic Assessment of ORC Combined with the Solar
Storage Wall. In this section, we investigated the economic
assessment for solar storage wall combined with the organic
Rankine cycle, as shown in Figure 1. Figure 17 illustrates
the thermodynamic process described above. A theoretical
Rankine cycle consists of the following processes:

1 → 2: compression (working fluid feed pump);
2 → 3: heat supply (solar ventilation system);
3 → 4: expansion (expander);
4 → 5: heat rejection (condenser).

At the same time, the process 3 → 4a which appeared in
Figure 17 is the ideal isentropic expansion process. Although
this process cannot be reached during real operation, it is an
evaluation criterion of the real expansion process. For the
Rankine cycle system utilizing R245fa, the efficiency of the
ORC is written as follows:

𝜂
𝑅
=

𝑤
34
+ 𝑤
12

𝑞
23

, (10)

where 𝑤
34

is the power output obtained from the expander,
𝑤
12
is power consumed by the feed pump, and 𝑞

23
is the heat

quantity absorbed by R245fa from solar collector. The power
generation efficiency of the system is written as follows:

𝜂sys = 𝜂
𝑐
× 𝜂
𝑅
. (11)

From above, result indicates that the highest outlet tem-
perature and efficiency of air collected were approximately
100∘C and 60% (with 4m length of air channel and absorber
plate of Case I). In this study, heat exchanger’s performance
was assumed as 80%, and the temperature of hot water

Table 2: Energy and outputs of the experimental cycle.

Properties Working fluid (air)
Area of collector, m2 48 (8m × 6m)
Solar radiation, kW/m2 0.80
Efficiency of collector, 𝜂

𝑐
60%

Energy, kWh/day (8 hours/day) 184.3
Efficiency of Rankine cycle, 𝜂

𝑅
6.2%

Power generated, kWh/day 11.43

was approximately 80∘C. Figure 17 shows the schematic T-S
diagram of the low-temperature Rankine cycle system, and
the efficiency of ORC was 6.2%. The assessment for ORC
combined with the solar storage wall is shown in Table 2. For
this study, the area of collector for building was assumed to
have awidth of 6mandheight of 8m.The result indicates that
the effective system efficiency for thermal to power is about
3.7% with the power generation of about 11.43 kWh per day.
If the future wall structure can be modified with appropriate
design, its cost is expected to be lower than current type. The
proposed method is feasible for the solar heat collected by
air ventilation systems, and the heat was used for electricity
generation in a system incorporated with ORC.

5. Conclusions

An innovative application of ORC systems combined with
solar ventilation was investigated and an experimental pro-
totype was designed, constructed, and tested in this study.
Experiments and CFD simulations were used to investigate
the performance of the proposed solar ventilation system.The
results are summarized as follows.

(1) The deviation of the solutions obtained using CFD
simulations was generally within the acceptable
range, which proves that CFD is a qualified tool for
predicting the behavior and performance of a venti-
lation system.

(2) The thermal performance and outlet temperature of
air, when a slight forced convection was supplement-
ed, were superior to those produced when a pure nat-
ural convection was considered.

(3) An optimal configuration of a solar ventilation system
has a stagnant air layer of 2 cm, an air channel length
of 4m, and an absorber plate of Case I, and the
optimal range of air inlet for thermal performance of
a collector is approximately 2-3m/s.

(4) The proposed method is feasible for the solar heat
collected by air ventilation systems, and the heat was
used for electricity generation in a system incorpo-
rated with ORC.

Highlights

(i) Numerical and experimental methodologies are
treated.
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Figure 11: Photo of the solar chimney.

(ii) An innovative concept of combining the waste heat of
ventilation with ORC system is introduced.

(iii) Various types of solar ventilation system are dis-
cussed.

Nomenclature

𝐴: Area (m2)
𝐶
𝑝
: Specific heat (J/kg-K)

𝐷
ℎ
: Hydraulic diameter of duct (m)

𝐹
𝑅
: Collector heat removal factor

𝐻: Height of absorber plate (m)
ℎ: Enthalpy (kJ/kg-K), heat transfer

coefficient (W/m2-K)
𝐼: Intensity of solar radiation (W/m2)
𝑘: Thermal conductivity (W/m2-K)
Pr: Prandtl number
𝑚: Mass flow rate (kg/s)
𝑃: Wetted perimeter
𝑄
𝑢
: Useful energy gain (W)

𝑇: Temperature (K)
𝑈
𝐿
: Top loss coefficient

V: Velocity (m/s)
𝑤: Power (kW).

Greek Symbols

𝛼: Absorptivity
(𝜏𝛼)
𝑒
: Effective transmittance-absorptance product

𝜌: Density of material
𝜀: Emissivity
𝜇: Viscosity
𝜇
𝑡
: Turbulent viscosity

Γ: Molecular thermal diffusivity
Γ
𝑡
: Turbulent thermal diffusivity

𝜂: Thermal efficiency
𝜂
𝑐
: Collection efficiency of the solar collector

𝜂
𝑅
: Rankine cycle efficiency

𝜂
𝑠
: Overall efficiency of the system

Δ: Different
𝜉: Error of temperature.

Subscript

amb.: Ambient
c: Solar ventilation
in: Inlet
out: Outlet
R: Rankine cycle
w: Wind
t: Turbulent.
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The gap between learning courses and practical demands has existed in Taiwanese solar photovoltaic and LED industries; therefore,
this study attempts to analyze the existing curriculum design of universities. This study collected the current 103 course programs
from all optoelectronics-related departments in Taiwanese 36 colleges and universities and sorted these curriculums by three
domains of education objectives theory. This theoretical framework was verified on the basis of samples from 150 Taiwanese
industrial experts and 354 optoelectronics-related undergraduates and postgraduates.We found that the levels of correlation among
the independent variables including cognitive, affective, and skill-based domains and the dependent variable employability are all
positively related to each other. We also found the currently curriculum design in Taiwanese universities rarely fit into theory of
education objectives from the results of multiple regression analysis. Industrial and student’s group also have few consistent ideas
on courses within the curriculum. Finally in order to bridge the gap between learning and practical application, the study provides
an idea on curriculum design and suggests that curriculum review should be executed by industrial experts to confirm the courses
related to the employability.

1. Introduction

Climate change and energy shortage is one of the world’s
greatest challenges of the 21st century. Most countries treat
renewable energy and energy conservation as the infrastruc-
tures for their sustainable development of the environment.
Furthermore, the top priority of their national technology
is the enhancements of low-carbon energy. In recent years,
Taiwan has also followed this trend, investing plenty of assets
into the solar photovoltaic and LED industries and constantly
expanding production capacity. The integration of whole
supply chains has matured.

However, like other export-oriented industries the cost
of production, product yield, and employees’ professional
ability still affect the development of these two industries.
The most common complaint from many local CEO’s and
managers is the insufficient professional ability of both the
undergraduates and postgraduates from the universities, and
that this is the primary reason for lagging behind the United
States and Germany [1, 2].

Therefore, this study used the educational theory frame-
work from Bloom and his colleagues to examine the existing
curriculum design from undergraduate and postgraduate
programs. Hoping the defects of the current curriculum
design could be discovered. Next, the study attempted to
formulate a better course program that will lead industrial
requirements and photoelectric department’s curriculum [3–
6].

2. Literature Review

The theory of education objectives has been established by
Bloom since 1956 [7]. Cognitive domain was the initial
concept he devoted. Educational objectives are the goals
set by educational establishments, which concentrates on
people’s studies. He emphasizes that, within the contents
of the curriculum of courses, lecturers have to achieve
their teaching mission and students have to realize the
learning goals synchronously. The checkpoints or exams
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include knowledge, skills, and abilities or attitudes after
completing the assigned course [8]. After few years, affective
and skill-based domain were came up by Krathwohl and
Bloom [9]. Therefore, cognitive, affective, and skill-based
(also called psychomotor) are three domains in their theory.
The following is a summary of the three domains within
education theory and education objectives.

(i) Cognitive Domain

Objective Scope. Encompasses memory, thinking, recogni-
tion, application, and so forth about people, events, and
things.

Objective Hierarchy. Krathwohl and Bloom [9] divide the
cognitive domain into “basic knowledge memory” division
and “intelligence and skills” division [7]. Basic knowledge
memory refers to the memory of various forms of infor-
mation, where such information tends to have a standard
answer. However, “intelligence and skills” division empha-
sizes thinking abilities of criticalness, introspection, and
problem-solving.

In addition, themajor hierarchies in the cognitive domain
are divided into six levels, the sequential order is remember,
understand, apply, analyze, evaluate, and create [10].

(1) Remember: to remember a host of information in
the teaching process, it often requires the learner
to memorize the important information from the
content of the textbook.

(2) Comprehension: this determines the meaning of the
teaching information, including verbal, written, and
graphic.

(3) Application: to apply the learned knowledge in a new
scenario.

(4) Analysis: to analyze the elements thatmake up knowl-
edge or information, bringing a clearer hierarchy
correlation.

(5) Evaluation: to render a value judgment based on
specific standards.

(6) Synthesis: to streamline all elements in one to form
innovative or comprehensive works.

(ii) Affective Domain

Objective Scope. Encompasses attitude, emotion, and appre-
ciation of the teaching objectives, beliefs, and the like.

Objective Hierarchy. The affective is a form of mental state
or emotional tendency, together with positive and negative
reactions.Therefore, the affective domain ismostly abstract in
expression of the means of educational objectives. Krathwohl
and Bloom [9] divided affective domain into five levels,
where the classification is a continuous and spiral structure.
The lower levels indicate simplistic, tangible, and unique
behaviors. The higher levels contain the more common,
abstract, and generalized behaviors. The meanings of the five
levels are described as follows [11].

(1) Receiving: to show concern for specific matters or
activities.

(2) Responding: to react to matters by a form of partici-
pation.

(3) Valuing: to express approval or opposition to specific
matters through positive or negative attitudes.

(4) Organizing: the ability to organize and determine
importance when faced with multiple values that
require judgment.

(5) Characterizing: the students handle the matter based
on the values they have learned and also internalize
the behavior into their personal characteristics.

(iii) Skill-Based Domain

Objective Scope. It focuses on the visible movements or
behaviors.

Objective Hierarchy. Krathwohl [11] had not designed the
objective hierarchy for the skill-based domain in 1969.
However many scholars proposed an objective hierarchy.
For example, since 1966, Simpson did divide the skill-based
domain into seven levels including perception, set, guided
response, mechanism, complex over-response, adaptation,
and origination [12, 13]. Later on 2000, Anderson et al.
[10] issued a revision of Bloom’s taxonomy of educational
objectives and included the skill-based domain in this book.

In addition, the Taiwanese scholars [14] collected litera-
ture and experts’ opinions; they thought that “employability”
is an effective ability to join work matters. They also found
that the interpretation model formulated effectively inter-
prets the relationship between solar enterprises’ expectations
and students’ employability. Furthermore, some scholars
emphasized that employability has to combine knowledge,
skills, and attitudes together and then assist people to learn or
work continually [1, 15, 16].This study sorts the characteristics
from literature into Table 1.

3. Methodology

Based on the above, the following research framework
(Figure 1) is proposed and the causal relationship between
each domain of educational objectives theory and employa-
bility is hypothesized. The theory of education objectives of
Bloom and Krathwohl [7, 10, 11], which includes cognitive,
affective, and skill-based domains, is employed in the current
study as independent variables. Employability [10, 14, 15] is
used as a dependent variable.

3.1. Research Design and Methodology. This study collected
the current 103 course programs from all optoelectronics-
related departments in Taiwanese 36 colleges and univer-
sities and asked about the level of importance related to
employability for respondents. Based on the course content
and program goal, this study sorted these curriculums by
three domains of education objectives theory [7, 10, 11].
Multiple linear regression analysis was employed to test the
capability of each course program to predict employability.
It is worth noting that some courses have one more property
and cross domains simultaneously, and some names of course
are approximate.
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Table 1: Three dimensions of employability.

Knowledge Skill Attitude
The use of mathematical
logic Work independently Physical and mental traits Frustration tolerance

Language expression Use of technology Adapt to the changes Interpersonal social skills
Cultural learning Solve the problem Emotional management Teamwork
Obtain and use of
information Creativity and critical thinking Responsibility Communication and coordination

Know and understand
multiculturalism Decision Active learning Respect and mutual trust

Career planning Participation in public affairs

Theory of 
education
objectives

Cognitive domain

Affective domain

Skill-based domain

Employability

Figure 1: Framework of study.

The study initially implemented the expert interview
method [17] and invited professionals from universities, Tai-
wan’s solar optoelectronics industry, and the LED industry.
By relying on expert interviews (November 2013, 10 experts),
the study was able to sort the trends and human resource
planning along with the demands of the solar optoelectronics
and LED industry for the future. Most of the experts thought
the disparity between university course programs and career
demand is a wide gap. Experts emphasized prototype pro-
duction, patent application [18], foreign language, and oral
expressiveness as the foundations for employability; however
the weighing of pure academy courses is too much on
common curriculum design.

Next, a cross-sectional, descriptive, and inferential
research study design was used in the current study.
Purposive sampling techniques were employed, focusing
on Taiwanese solar optoelectronics and LED industries.
The contacts (including telephone numbers and email
addresses) were obtained from respective firms’ websites,
as well as through personal relationships. Following initial
contact and agreement, the questionnaire was sent via email.
Frequent follow-up calls were made after one week if the
questionnaire was not returned. Inclusion criteria included
(1) college/university students; (2) industry operators.
Each participant supplied written consent after being fully
informed of the study and completed the self-administered
questionnaire at his or her convenience.

To assess content validity, three experts from expert
interviewing completed and scored the first draft of the
questionnaire. A 5-point Likert scale was used for this
process (1 = strongly unacceptable (delete), 2 = unacceptable
(significantly revise), 3 = acceptable (partial amendment

needed), 4 = acceptable (detail needs amending), and 5 =
acceptable (no amendment)). All questions obtained scores
of 4 or 5 after amendments were made, leading us to consider
the questionnaire possessed acceptable content validity.

A total of 371 questionnaires were distributed to col-
lege/university students at optoelectronics-related depart-
ments, and 354 were retrieved (95.4%); after removing
16 nonvalid questionnaires, 338 were available for analysis
(Table 2). The schools were represented from all over Tai-
wan Island, including National Taiwan University (Taipei),
National Taiwan Normal University (Taipei), Ming Chuan
University (Taipei), Yuan Ze University (ChungLi), Chung
Hwa University (HsinChu), and Nan Tai University of
Technology (Tainan). Meanwhile, 163 questionnaires were
distributed to industry senior staff and 150 were returned
(92.0%) from the LED, solar optoelectronics, and general
industries (Table 3). The total number of questionnaires
returned was 504.

4. Research Findings

The study divided the sample data into two segments,
comprised of the college/university students and the industry
operators. The tools and methods of statistical analysis
used included sample demographic data, reliability analysis,
product-moment correlation analysis, and multiple regres-
sion analysis and performed with SPSS 20.0.

4.1. Reliability Analysis. A Cronbach’s 𝛼 value was used to
measure reliability and inner consistency within the same
dimension. According to Anastasi [19] and McKinley et al.
[20], a value between 0.7 and 0.98 can be judged as having
high reliability, while a value under 0.6 is unacceptable for
exploratory research. In this study, the scores were in the
range of 0.939 to 0.961 (Table 4) for the universities sample
and 0.884 to 0.976 (Table 5) for the industries sample.

4.2. Product-Moment Correlation Analysis. Coefficient of
correlation was used to express the correlation direction and
level of two variables. 0.6 to 1.00 are highly correlated; 0.40
to .59 are intermediately correlated; and under 0.40 is low
correlation. The study adopted product-moment correlation
𝑟 to analyze the level of correlation of two variables belonging
to the same tendency scale or equal measurement scale.
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Table 2: Demographic data from universities respondents.

Variable Scale Number %

Gender Male 257 76%
Female 81 24%

University National 124 36.7%
Private 214 63.3%

School
Normal University 234 69.2%
University of Science and Technology 92 27.2%
University of Education 12 3.6%

Grade

Freshman 5 1.5%
Sophomore 119 35.2%
Junior 156 46.2%
Senior 47 12.1%
Postpone 17 5%

Department

Electrical engineering 217 64.2%
Dep. of Chemical and Materials Engineering 6 1.8%
Dep. of Electro-Optical Science and Technology 108 32%
Dep. of Environmental Engineering 1 0.3%
Other 6 1.8%

Table 3: Demographic data from industries respondents.

Variable Scale Number %

Gender Male 134 89.3%
Female 16 1.7%

Age

25–35 75 50%
36–45 48 32%
46–55 22 14.7%
Older then 56 5 3.3%

Job title
Person in charge 3 2%
Department Manager 16 10.7%
Other 131 87.3%

Type of company
Small- and medium-sized enterprises
(less than capital 8,000 ten thousand) 57 38%

Large enterprises
(more than capital 8,000 ten thousand) 93 62%

Industry
Solar photovoltaic 85 56.7%
LED/lighting 11 7.3%
Other related 54 36%

Table 4: Reliability analysis—universities sample.

Dimensions Number Cronbach’s 𝛼 Mean
Cognitive 43 .955 3.89
Affective 25 .961 3.845
Skill-based 26 .956 3.836
Employability 15 .939 4.224
Overall reliability 119 .982 3.907

In the college/university segment (Table 6), the levels of
correlation among the four domains of cognitive, affective,
skill-based, and employability are all positively associated

Table 5: Reliability analysis—industry sample.

Dimensions Number Cronbach’s 𝛼 Mean
Cognitive 43 .947 4.541
Affective 25 .930 4.500
Skill-based 26 .884 4.483
Employability 15 .925 4.450
Overall reliability 119 .976 4.505

with each other. The level of correlation shows intermedi-
ate and high correlation. Cognitive is highly correlated to



International Journal of Photoenergy 5

Table 6: Correlation analysis—universities sample.

Dimensions Mean s.d. Cognitive Affective Skill-based Employability
Cognitive 3.89 .473 1
Affective 3.84 .530 .817 1
Skill-based 3.84 .623 .709 .760 1
Employability 4.22 .581 .481 .501 .466 1

Table 7: Correlation analysis—industry sample.

Dimensions Mean s.d. Cognitive Affective Skill-based Employability
Cognitive 4.555 .4581 1
Affective 4.5 .4435 .937 1
Skill-based 4.483 .4274 .884 .896 1
Employability 4.449 .5316 .522 .513 .482 1

affective (0.817) and the skill-based (0.709) domain individ-
ually. This variable also shows intermediate correlation to
employability (0.481). Affective is highly correlated to skill-
based (0.760) and intermediate correlation to employability
(0.501). The skill-based domain also shows intermediate
correlation to employability (0.466). The findings indicate
a certain level of correlations among the four domains.
Namely, the hypothesis of this study, the causal relationship
between educational goal of curriculum and employability,
was supported in the university segment.

In the industry segment (Table 7), the levels of corre-
lation among the four domains of cognitive, skill-based,
affective, and employability are also positively associated
to each other with highly significant correlation. Cogni-
tive is highly correlated to affective (0.937) and the skill-
based (0.884) domain individually. This variable also shows
intermediate correlation to employability (0.522). Affective
is highly correlated to skill-based (0.896) and intermediately
correlated to employability (0.513).The skilled-based domain
also shows intermediate correlation to employability (0.482).
The findings indicate a certain level of correlations among
the four domains. Namely, the hypothesis of this study, the
causal relationship between educational goal of curriculum
and employability, was supported in the industry segment.

5. Multiple Regression Analysis

Multiple regression was employed to account for (predict)
the variance in an interval dependent based on linear com-
binations of interval, dichotomous, or dummy independent
variables. Multiple regression can establish that a set of IVs
explains a proportion of the variance in a DV at a significant
level (through a significance test of 𝑅2) and can establish the
relative predictive importance of independent variables by
comparing beta weights [21].

The multiple regression equation takes the form 𝑦 =
𝑏
1
𝑋
1
+ 𝑏
2
𝑋
2
+ ⋅ ⋅ ⋅ + 𝑏

𝑛
𝑋
𝑛
+ 𝜀. The 𝑏’s are the regression

coefficients, representing the amount the dependent variable
𝑦 changes when the corresponding independent variable
changes by 1 unit. The 𝜀 is the constant (so called “residual”),
where the regression line intercepts the 𝑦-axis, representing

the amount the dependent 𝑦 will be when all the indepen-
dent variables are zero. The standardized versions of the 𝑏
coefficients are the beta weights, and the ratio of the beta
coefficients is the ratio of the relative predictive power of the
independent variables. Associated with multiple regressions
is 𝑅2, the multiple correlations, which is the percentage of the
variance in the dependent variable, explained collectively by
all of the independent variables.

Multiple linear regression attempts to model the rela-
tionship between two or more explanatory variables and a
response variable by fitting a linear equation into observed
data [21, 22].The estimates (𝑏 coefficients,𝐹 test, and adjusted
𝑅
2) can be used to construct a prediction equation and

generate predicted scores of a variable for further analysis.
The𝑃 value in regression analysis decidedwhether the correct
or causal relationship was established. Generally, the value
of (.05) is an accepted point to reject the null hypothesis.
It can say with a 95% probability of being correct that the
variable is having some effect, assuming themodel is specified
correctly with a 𝑃 value of 5%; namely, the lower the 𝑃 value
in the result of regression analysis, the higher the correction
of assuming the model [22].

5.1. Multiple Regression Analysis on Various Curriculum
Domains to Employability. First, the demographic data, such
as gender, university type, school, grade, and department,
were employed from the university segment as independent
variables, while employability was set as a dependent variable.
Results (see Table 8) indicate that the demographic data
accounted for 7.8% of the variance in employability (𝑅2 =
0.072, 𝐹 = 5.143, 𝑃 < 0.001). Evaluation of the regression
coefficients indicates that gender (𝑏 = 0.185, 𝑃 < 0.005),
university type (𝑏 = 0.273, 𝑃 < 0.001), school (𝑏 = −0.234,
𝑃 < 0.01), and department (𝑏 = −0.100, 𝑃 < 0.1) were the
statistically significant components of model 1. However, the
grade of university sample showed no significance for mode
1.

Second, the demographic data and cognitive domain
from education objectives theory were employed from the
university segment as independent variables, while employ-
ability was set as a dependent variable. Results (see Table 8)
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Table 8: Multiple regression analysis—three-domain curriculum on employability (university sample).

Variable Employability
𝛽 estimate (standard error) 𝛽 estimate (standard error) 𝛽 estimate (standard error) 𝛽 estimate (standard error)

Gender .185 (.072)∗ .167 (.061)∗∗ .167 (.061)∗∗ .180 (.063)∗

University type .273 (.074)∗∗∗ .041 (.066) .044 (.066) .083 (.067)
School studying −.234 (.073)∗∗ −.260 (.062)∗∗∗ −.262 (.062)∗∗∗ −.261 (.064)∗∗∗

Grade .011 (.042) .003 (.035) −.001 (.035) .006 (.036)
Department −.100 (.036)+ −.108 (.031)∗∗∗ −.115 (.030)∗∗∗ −.128 (.031)∗∗∗

Cognitive .269 (.100)+ .274 (.096)+ .125 (.067)+

Affective .317 (.097)∗∗ .352 (.087)∗∗∗

Skill-based .629 (.060)∗∗∗

𝑅
2 .072 .342 .335 .302

Adjusted 𝑅2 .058 .326 .321 .290
𝐹 5.143∗∗∗ 21.404∗∗∗ 23.788∗∗∗ 23.909∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

indicate that the cognitive domain accounted for 34.2% of
the variance in employability (𝑅2 = 0.342, 𝐹 = 21.404,
𝑃 < 0.001). Evaluation of the regression coefficients indicates
that gender (𝑏 = 0.167, 𝑃 < 0.01), school (𝑏 = −0.260,
𝑃 < 0.001), department (𝑏 = −0.109, 𝑃 < 0.001), and
cognitive (𝑏 = 0.269,𝑃 < 0.1) were the statistically significant
components of model 2. However, the university type and
grade from the university sample showed no significance for
mode 2.

Third, the demographic data and cognitive and affective
domain from education objectives theory were employed
from the university segment as independent variables, while
employability was set as a dependent variable. Results (see
Table 8) indicate that the affective domain accounted for
33.5% of the variance in employability (𝑅2 = 0.335, 𝐹 =
23.788, 𝑃 < 0.001). Evaluation of the regression coefficients
indicate that gender (𝑏 = 0.167, 𝑃 < 0.01), school (𝑏 =
−0.262, 𝑃 < 0.001), department (𝑏 = −0.115, 𝑃 < 0.001),
cognitive (𝑏 = 0.274, 𝑃 < 0.1), and affective (𝑏 = 0.317, 𝑃 <
0.01) were the statistically significant components of model
3. However, the university type and grade from university
sample showed no significance for mode 3.

Fourth, the demographic data and three domains from
education objectives theory were employed from the univer-
sity segment as independent variables, while employability
was set as a dependent variable. Results (see Table 8) indicate
that the skill-based accounted for 30.2% of the variance in
employability (𝑅2 = 0.302, 𝐹 = 23.7909, 𝑃 < 0.001).
Evaluation of the regression coefficients indicates that gender
(𝑏 = 0.180, 𝑃 < 0.05), school (𝑏 = −0.261, 𝑃 < 0.001),
department (𝑏 = −0.128, 𝑃 < 0.001), cognitive (𝑏 = 0.125,
𝑃 < 0.1), affective (𝑏 = 0.352, 𝑃 < 0.001), and skill-based
(𝑏 = 0.629, 𝑃 < 0.001) were the statistically significant
components of model 4. However, the university type and
grade from university sample still showed no significance for
mode 4.

Therefore, the hypothesis, the causal relationship between
each domain of educational objectives theory and employ-
ability were supported by the results of multiple regression
analysis from the university segment. In the manifestation of

the coefficients, gender, university type, school, and depart-
ment from the demographic data was associated with the
variable employability.

In addition, the demographic data, such as gender, age,
business type, and industry type were employed from the
industry segment as independent variables, while employa-
bility was set as a dependent variable. Results (see Table 9)
indicate that the demographic data accounted for 5.7% of
the variance in employability (𝑅2 = 0.056, 𝐹 = 1.739).
Evaluation of the regression coefficients indicate that business
type (𝑏 = −0.231, 𝑃 < 0.05) and industry type (𝑏 = 0.059,
𝑃 < 0.05) were the statistically significant components of
model 1. However, gender, age, and title from industry sample
show no significance for mode 1.

Second, the demographic data and cognitive domain
from education objectives theory were employed from the
industry segment as independent variables, while employa-
bility was set as a dependent variable. Results (see Table 9)
indicate that the cognitive domain accounted for 32.3% of
the variance in employability (𝑅2 = 0.323, 𝐹 = 11.351, 𝑃 <
0.001). Evaluation of the regression coefficients indicates that
business type (𝑏 = −0.170, 𝑃 < 0.1), industry type (𝑏 = 0.06,
𝑃 < 0.01), and cognitive (𝑏 = 0.630, 𝑃 < 0.001) were
the statistically significant components of model 2. However,
gender, age, and title from the industry sample showed no
significance for mode 2.

Third, the demographic data and cognitive and affective
domain from education objectives theory were employed
from the industry segment as independent variables, while
employability was set as a dependent variable. Results (see
Table 9) indicate that the affective domain accounted for
32.4% of the variance in employability (𝑅2 = 0.324, 𝐹 =
9.722, 𝑃 < 0.001). Evaluation of the regression coefficients
indicate that business type (𝑏 = −0.174, 𝑃 < 0.1), industry
type (𝑏 = 0.058, 𝑃 < 0.05), and cognitive (𝑏 = 0.506,
𝑃 < 0.05) were the statistically significant components of
model 3. However, gender, age, title, and affective domain
from the industry sample showed no significance for mode
3.
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Table 9: Multiple regression analysis—three-domain curriculum on employability (industry sample).

Variable Employability
𝛽 estimate (standard error) 𝛽 estimate (standard error) 𝛽 estimate (standard error) 𝛽 estimate (standard error)

Gender −.030 (.143) .084 (.122) .072 (.125) .071 (.126)
Age .009 (.057) .069 (.050) .070 (.050) .070 (.050)
Title −.076 (.090) −.003 (.077) .000 (.077) .000 (.080)
Business type −.231 (.107)∗ −.170 (.092)+ −.174 (.092)+ −.174 (.093)+

Industry type .059 (.026)∗ .060 (.022)∗∗ .058 (.023)∗ .058 (.023)∗

Cognitive .630 (.084)∗∗∗ .506 (.246)∗ .505 (.261)+

Affective .133 (.249) .132 (.271)
Skill-based .003 (.211)
𝑅
2 .057 .323 .324 .324

Adjusted 𝑅2 .024 .294 .291 .286
𝐹 1.739 11.351∗∗∗ 9.722∗∗∗ 8.447∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

Fourth, the demographic data and three domains from
education objectives theorywere employed from the industry
segment as independent variables, while employability was
set as a dependent variable. Results (see Table 9) indicate
that skill-based accounted for 32.4% of the variance in
employability (𝑅2 = 0.324, 𝐹 = 8.447, 𝑃 < 0.001). Evaluation
of the regression coefficients indicates that business type (𝑏 =
−0.174, 𝑃 < 0.1), industry (𝑏 = 0.058, 𝑃 < 0.05), and
cognitive (𝑏 = 0.505,𝑃 < 0.1) were the statistically significant
components of model 4. However, gender, age, title, affective,
and skill-based from the industry sample still showed no
significance for mode 4.

Therefore, the hypothesis, the causal relationship between
cognitive domain and employability, is supported by the
results of multiple regression analysis from the industry
university segment. Both the affective and skill-based domain
of educational objectives theory have no association with
employability in this study. In the manifestation of the
coefficients, the business type and industry type from the
demographic data were associated with the variable employ-
ability.

5.2. Multiple Regression Analysis on Courses with Cognitive
Domain to Employability. Results (see Table 10) show that the
course program in cognitive domain accounted for 70.4% of
the variance in employability (𝑅2 = 0.704, 𝐹 = 6.721, 𝑃 <
0.001), with a significant interpretability from the university
segment. Evaluation of the regression coefficients indicates
that there were only 13 courses, LED Engineering Introduc-
tion (𝑏 = 0.128, 𝑃 < 0.05), Solar Energy System Application
Introduction (𝑏 = 0.162, 𝑃 < 0.01), Semiconductor Memory
(𝑏 = −0.097, 𝑃 < 0.05), Optoelectronics Engineering
Introduction (𝑏 = −0.108, 𝑃 < 0.05), Optoelectronics
Technology Introduction (𝑏 = 0.135, 𝑃 < 0.05), Energy
Engineering Introduction (𝑏 = −01.67, 𝑃 < 0.05), New
Energy Introduction (𝑏 = 0.113, 𝑃 < 0.05), Electromagnetic
Optics (𝑏 = 0.243, 𝑃 < 0.001), Electronics (𝑏 = 0.146,
𝑃 < 0.01), Physics of Semiconductor Devices (𝑏 = 0.201,
𝑃 < 0.001), Semiconductor Sense Devices (𝑏 = 0.111, 𝑃 <
0.1), Polymer Material and Devices (𝑏 = −0.135, 𝑃 < 0.1),

and Calculated Optoelectronic Devices (𝑏 = 0.018, 𝑃 < 0.05)
that were statistically significant components of the model.

Results (see Table 11) show that the course program in
cognitive domain accounted for 61.5% of the variance in
employability (𝑅2 = 0.615, 𝐹 = 3.937, 𝑃 < 0.001), with a
significant interpretability from the industry segment. Eval-
uation of the regression coefficients indicate that there were
only 8 courses, Solar Energy SystemApplication Introduction
(𝑏 = 0.225, 𝑃 < 0.05), Semiconductor Memory (𝑏 =
−0.451, 𝑃 < 0.05), Optoelectronics Technology Introduction
(𝑏 = 0.230, 𝑃 < 0.1), Recent Optoelectronics (𝑏 = 0.222,
𝑃 < 0.1), Lighting Engineering Introduction (𝑏 = 0.426,
𝑃 < 0.05), Optoelectronics Introduction (𝑏 = 0.321, 𝑃 <
0.05), Material of Organic Optic (𝑏 = −0.399, 𝑃 < 0.1), and
Subject of Optoelectronic Engineering (𝑏 = 0.825, 𝑃 < 0.05)
that were statistically significant components of the model.
Thus, industry and students group have a consistent idea on
3 courses within the course program in cognitive domain.

5.3. Multiple Regression Analysis on Skill-Based Domain
Course to Employability. Results (see Table 12) show that the
course program in skilled-based domain accounted for 69.3%
of the variance in employability (𝑅2 = 0.693, 𝐹 = 7.97,
𝑃 < 0.001), with a significant interpretability from the
university segment. Evaluation of the regression coefficients
indicate that there were only 10 courses within 35 courses,
Design of Solar Power and Lighting (𝑏 = 0.120, 𝑃 < 0.05),
Optoelectronic Nanometer Structure (𝑏 = 0.135, 𝑃 < 0.05),
Optoelectronic Circuit Application (𝑏 = 0.154, 𝑃 < 0.1),
Solar Energy Technical (𝑏 = −0.092, 𝑃 < 0.1), Process
of Semiconductor Devices (𝑏 = −0.152, 𝑃 < 0.1), Opto-
electronic Storage Technical (𝑏 = 0.135, 𝑃 < 0.01), Semicon-
ductor Circuit Package (𝑏 = 0.151, 𝑃 < 0.01), Optoelectronic
Testing (𝑏 = −0.055, 𝑃 < 0.05), Optoelectronic Interference
(𝑏 = 0.015, 𝑃 < 0.05), and Light-Spot Testing (𝑏 = 0.002,
𝑃 < 0.01) that were statistically significant components of
the model.

Results (see Table 13) show that the course program in
skilled-based domain accounted for 59.6% of the variance
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Table 10: Multiple regression analysis—cognitive domain curricu-
lum on employability (university sample).

Program name Employability
𝛽 estimate

(standard error)
LED Engineering Introduction .128 (.051)∗

LED Lighting Application Introduction −.070 (.051)
Solar Power System Introduction .162 (.056)∗∗

Battery of Solar Power Introduction −.120 (.073)
Theory of semiconductor luminous .027 (.055)
Semiconductor Memory −.097 (.048)∗

FPD Introduction .017 (.055)
Optoelectronics Engineering Introduction −.108 (.048)∗

Optoelectronics Technical Introduction .039 (.055)
Optoelectronics Technology Introduction .135 (.054)∗

Energy Engineering Introduction −.167 (.052)∗

Theory of Optoelectronics Instrument −.059 (.055)
Recent Optoelectronics Introduction .061 (.055)
Fourier Optics Introduction −.070 (.053)
New Energy Introduction .113 (.046)∗

Lighting Engineering Introduction −.033 (.052)
Optoelectronics −.037 (.051)
Wave Optic .013 (.049)
Semiconductor Laser .082 (.062)
Semiconductor Optic .069 (.061)
Electromagnetics Optic .243 (.058)∗∗∗

Optoelectronics System .045 (.055)
Optoelectronics Introduction .074 (.050)
Innovation of Optoelectronics .025 (.048)
Geometrical Optic −.017 (.046)
Electronics .146 (.045)∗∗

Electric Circuitry −.071 (.045)
Physics of Semiconductor Devices .201 (.053)∗∗∗

Semiconductor Light Emitting Devices −.034 (.056)
Semiconductor Sense Devices .111 (.062)+

Optoelectronics Devices −.061 (.061)
Optoelectronic Materials −.002 (.045)
Optoelectronic Materials and Physical .027 (.045)
Semiconductor Optic and optical fiber .012 (.054)
Advanced Optoelectronic Materials .049 (.059)
Organic Optic and Semiconductor −.043 (.053)
Material of Organic Optic −.025 (.052)
Energy Material .017 (.051)
Polymer Material and Devices −.136 (.048)+

High frequency Semiconductor Devices −.057 (.047)
Subject of Optoelectronic Engineering .159 (.053)
Subject of Electrical Engineering −.042 (.045)
Calculate of Optoelectronic Devices .018 (.052)∗

𝑅
2 .704

Adjusted 𝑅2 .496
𝐹 6.721∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

Table 11: Multiple regression analysis—cognitive domain curricu-
lum on employability (industry sample).

Course name Employment
𝛽 estimate

(standard error)
LED Engineering Introduction −.100 (.173)
LED Lighting Application Introduction −.038 (.161)
Solar Power System Introduction .225 (.096)∗

Battery of Solar Power Introduction .034 (.100)
Theory of semiconductor luminous .102 (.112)
Semiconductor Memory −.451 (.150)∗

FPD Introduction .068 (.127)
Optoelectronics Engineering Introduction .005 (.062)
Optoelectronics Technical Introduction .230 (.121)+

Optoelectronics Technology Introduction .172 (.120)
Energy Engineering Introduction .015 (.131)
Theory of Optoelectronics Instrument −.413 (.359)
Recent Optoelectronics Introduction .222 (.127)+

Fourier Optics Introduction .014 (.106)
New Energy Introduction −.090 (.129)
Lighting Engineering Introduction .426 (.125)∗∗

Optoelectronics −.095 (.155)
Wave Optic −.031 (.121)
Semiconductor Laser −.028 (.128)
Semiconductor Optic −.160 (.113)
Electromagnetics Optic .131 (.142)
Optoelectronics System −.114 (.097)
Optoelectronics Introduction .321 (.139)∗

Innovation of Optoelectronics −.168 (.400)
Geometrical Optic −.009 (.260)
Electronics −.022 (.180)
Electric Circuitry −.053 (.115)
Physics of Semiconductor Devices .005 (.116)
Semiconductor Light Emitting Devices .132 (.386)
Semiconductor Sense Devices −.245 (.357)
Optoelectronics Devices .154 (.243)
Optoelectronic Materials −.059 (.159)
Optoelectronic Materials and Physical .035 (.248)
Semiconductor Optic and optical fiber .223 (.163)
Advanced Optoelectronic Materials .016 (.240)
Organic Optic and Semiconductor −.117 (.365)
Material of Organic Optic −.399 (.220)+

Energy Material .197 (.328)
Polymer Material and Devices −.036 (.160)
High frequency Semiconductor Devices .030 (.181)
Subject of Optoelectronic Engineering .825 (.344)∗

Subject of Electrical Engineering −.095 (.300)
Calculate of Optoelectronic Devices −.057 (.104)
𝑅
2 .615

Adjusted 𝑅2 .459
𝐹 3.937∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.
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Table 12: Multiple regression analysis—skill-based curriculum on
employability (university sample).

Course name Employment
𝛽 estimate

(standard error)
Design of LED Driving Circuit .042 (.053)
Design of Solar power and Lighting .120 (.050)∗

Semiconductor Sensor .002 (.057)
Design of Optoelectronic Devices .001 (.056)
Optoelectronic Nanometer Structure .135 (.061)∗

Optoelectronic Circuit Application .154 (.054)+

Design of Optoelectronic Film .050 (.055)
Design of Lighting and Optoelectronic .021 (.050)
Solar Optoelectronic Technical .057 (.045)
Solar Energy Technical −.092 (.050)+

Process of Semiconductor Devices −.152 (.054)+

Semiconductor Package Testing and Practice −.009 (.057)
Semiconductor Design Control .084 (.056)
Semiconductor Wafer Science and Technical .028 (.057)
Semiconductor Lighting Application .026 (.057)
Optoelectronic Interaction Technical −.078 (.060)
Optoelectronic Sense Technical .000 (.061)
Optoelectronic Storage Technical .135 (.052)∗∗

Computer aide Optoelectronic System Analysis −.060 (.056)
Semiconductor Circuit Package −.151 (.057)∗∗

Semiconductor Circuit Process .157 (.056)
Film Engineering −.006 (.057)
Semiconductor Testing −.056 (.050)
Semiconductor and MEMS Testing .019 (.056)
Optoelectronic Engineering Testing .054 (.051)
Optoelectronic Devices and Testing −.032 (.057)
Optoelectronic Testing −.055 (.056)∗

Optoelectronic Translate and Driving −.128 (.050)
Optoelectronic Interference .015 (.055)∗

Optoelectronic Testing .097 (.048)
Light-Spot Testing .002 (.050)∗∗

Advanced photonics Testing .151 (.059)
Introduction to Optics Testing −.019 (.047)
Optomechatronic Integration Engineering .074 (.049)
Electronic Practice .050 (.040)
𝑅
2 .693

Adjusted 𝑅2 .480
𝐹 7.97∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

in employability (𝑅2 = 0.596, 𝐹 = 4.813, 𝑃 < 0.001),
with a significant interpretability from the industry segment.
Evaluation of the regression coefficients indicates that there
were only 13 courses within 35 courses, Semiconductor
Sensor (𝑏 = 0.439, 𝑃 < 0.1), Design of Optoelectronic
Devices (𝑏 = 0.175, 𝑃 < 0.1), Optoelectronic Nanometer

Table 13: Multiple regression analysis—skilled-based domain cur-
riculum on employability (industry sample).

Course name Employment
𝛽 estimate

(standard error)
Design of LED Driving Circuit −.077 (.088)
Design of Solar power and Lighting .167 (.129)
Semiconductor Sensor .439 (.261)+

Design of Optoelectronic Devices .175 (.100)+

Optoelectronic Nanometer Structure −.837 (.444)+

Optoelectronic Circuit Application −.104 (.133)
Design of Optoelectronic Film .178 (.291)
Design of Lighting and Optoelectronic −.101 (.111)
Solar Optoelectronic Technical .201 (.204)
Solar Energy Technical .156 (.082)+

Process of Semiconductor Devices .195 (.104)+

Semiconductor Package Testing and Practice −.083 (.088)
Semiconductor Design Control −.032 (.058)
Semiconductor Wafer Science and Technical −.132 (.074)+

Semiconductor Lighting Application −.078 (.130)
Optoelectronic Interaction Technical −.075 (.255)
Optoelectronic Sense Technical −.700 (.392)
Optoelectronic Storage Technical −.053 (.087)
Computer aide Optoelectronic System Analysis .159 (.083)+

Semiconductor Circuit Package −.157 (.084)+

Semiconductor Circuit Process −.034 (.113)
Film Engineering −.090 (.107)
Semiconductor Testing −.129 (.100)
Semiconductor and MEMS Testing .133 (.065)+

Optoelectronic Engineering Testing .067 (.065)
Optoelectronic Devices and Testing .194 (.243)
Optoelectronic Testing −.148 (.077)+

Optoelectronic Translate and Driving −.049 (.073)
Optoelectronic Interference .190 (.059)∗∗

Optoelectronic Testing .225 (.302)
Light-Spot Testing .034 (.115)
Advanced photonics Testing 1.040 (.485)∗

Introduction to Optics Testing .008 (.084)
Optomechatronic Integration Engineering −.236 (.303)
Electronic Practice .215 (.118)+

𝑅
2 .596

Adjusted 𝑅2 .472
𝐹 4.813∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

Structure (𝑏 = −0.837, 𝑃 < 0.1), Solar Energy Technical (𝑏 =
0.156, 𝑃 < 0.1), Semiconductor Wafer Science and Technical
(𝑏 = −0.132, 𝑃 < 0.1), Computer Aide Optoelectronic
System Analysis (𝑏 = 0.159, 𝑃 < 0.01), Semiconductor
Circuit Package (𝑏 = −0.157, 𝑃 < 0.1), Semiconductor
and MEMS Testing (𝑏 = 0.133, 𝑃 < 0.1), Optoelectronic
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Table 14: Multiple regression analysis—affective domain curricu-
lum on employability (university sample).

Course name Employment
𝛽 estimate

(standard error)
Industrial Safety −.074 (.040)+

Semiconductor Industrial Japanese −.077 (.034)∗

Semiconductor Industrial English .053 (.032)
Energy Saving −.115 (.051)∗

Communication and Co-ordination; −.045 (.047)
Teamwork .082 (.046)+

Environment Protection .032 (.040)
Industrial sustainable development .097 (.043)∗

Optoelectronic and Energy Industry .022 (.049)
Optoelectronic and Industry .184 (.045)∗∗∗

Tread of Optoelectronic Development .005 (.052)
Analysis Industrial and Competition .078 (.050)
Production and Operation Management .052 (.048)
Marketing Management .192 (.044)∗∗∗

Knowledge Management −.029 (.052)
Financial Management .112 (.059)
High-Tech Marketing Management −.156 (.057)∗∗

Project Management .124 (.058)∗

New Energy System and Management −.066 (.050)
Forensic and Safety Management −.110 (.053)∗

Low-Carbon Energy Technology .039 (.057)+

Technology Forecasting and Evaluation −.094 (.053)+

Technology Law and IP Protection .162 (.046)∗

Energy Cost Analysis .141 (.059)∗

Intellectual Property Rights −.008 (.057)
The Standard of Green Purchasing .002 (.049)
𝑅
2 .700

Adjusted 𝑅2 .491
𝐹 11.52∗∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

Testing (𝑏 = −0.148, 𝑃 < 0.1), Optoelectronic Interference
(𝑏 = 0.190, 𝑃 < 0.01), Advanced Photonics Testing (𝑏 = 1.04,
𝑃 < 0.05), and Electronic Practice (𝑏 = 0.215, 𝑃 < 0.1)
that were statistically significant components of the model.
Thus, industry and students group have a consistent idea on
7 courses within the course program in skilled-based domain.

5.4. Multiple Regression Analysis on Affective Domain Course
to Employability. Results (see Table 14) show that the course
program in affective domain accounted for 70.0% of the
variance in employability (𝑅2 = 0.700, 𝐹 = 11.52, 𝑃 <
0.001), with a significant interpretability from the university
segment. Evaluation of the regression coefficients indicate
that there were 14 courses within 26 courses including
Optoelectronic and Industry (𝑏 = 0.184, 𝑃 < 0.001) and
Marketing Management (𝑏 = 0.192, 𝑃 < 0.001) that were

Table 15: Multiple regression analysis—affective domain curricu-
lum on employability (industry sample).

Course name Employment
𝛽 estimate

(standard error)
Industrial Safety −.018 (.087)
Semiconductor Industrial Japanese −.213 (.072)∗

Semiconductor Industrial English −.031 (.096)
Energy Saving .019 (.073)
Communication and Co-ordination; .117 (.092)
Teamwork .045 (.105)
Environment Protection .011 (.059)
Industrial sustainable development .424 (.126)∗

Optoelectronic and Energy Industry −.109 (.072)
Optoelectronic and Industry −.319 (.128)∗

The Tread of Optoelectronic Development .245 (.085)∗∗

The Analysis Industrial and Competition .240 (.106)∗

Production and Operation Management .030 (.062)
Marketing Management −.111 (.130)
Knowledge Management −.114 (.095)
Financial Management .075 (.103)
High-Tech Marketing Management .056 (.061)
Project Management −.042 (.063)
New Energy System and Management .081 (.051)
Forensic and Safety Management .112 (.045)∗

Low-Carbon Energy Technology −.008 (.096)
Technology Forecasting and Evaluation −.030 (.071)
Technology Law and IP Protection .113 (.065)+

Energy Cost Analysis .017 (.079)
Intellectual Property Rights −.053 (.075)
The Standard of Green Purchasing .061 (.085)
𝑅
2 .524

Adjusted 𝑅2 .424
𝐹 5.214∗∗

Note: +𝑃 < 0.100, ∗𝑃 < 0.050, ∗∗𝑃 < 0.010, and ∗∗∗𝑃 < 0.001.

statistically significant components of the model. Results
(see Table 15) show that the course program in affective
domain accounted for 52.4% of the variance in employability
(𝑅2 = 0.524, 𝐹 = 5.214, 𝑃 < 0.01), with a significant
interpretability from the industry segment. Evaluation of
the regression coefficients indicate that there were only 7
courses within 26 courses including Tread of Optoelectronic
Development (𝑏 = 0.245, 𝑃 < 0.01) and Technology
Law and IP Protection (𝑏 = 0.113, 𝑃 < 0.1) that were
statistically significant components of themodel. In addition,
industry and students group have a consistent idea on 5
courses within the course program in this domain. There are
Semiconductor Industrial Japanese, Industrial Sustainable
Development, Optoelectronic and Industry, Forensic and
Safety Management, and Technology Law and IP Protection.
This finding is also consistent with experts’ suggestions while
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proceeding the expert interview method; patent application
and foreign language are the foundations for employability.

From the results of multiple regression analysis, this
study found the currently curriculum design in Taiwanese
universities rarely fit into theory of education objectives of
Bloom and Krathwohl [7, 10, 11], which includes cognitive,
affective, and skill-based domains. Industry and students
group also have few consistent ideas on courses within the
course program. Therefore, the study attempted to provide
an idea on curriculum design for the optoelectronics depart-
ment according to the statistical results in order to bridge the
gap between learning and practical application. First when
professors design curriculum, the theory of education objec-
tives of Bloom and Krathwohl should be followed in either
domain. Second, if it is possible, expert interview method
or expert review should be processed on that curriculum
to make sure the courses related to the employability are
instructional.

6. Conclusion

The study’s findings can be used as critical indicators in
developing optoelectronics-related school/department cur-
riculum for colleges and universities. By relying on industry
operators from the solar optoelectronics and LED industries
in selecting a curriculum that caters to what the industries
need, one is able to recommend to universities how to develop
better curriculum planning. Finer curriculum planning at
universities aligns the students’ school curriculum to better
meet the needs of industry, helping to shorten the industry’s
developmental training period. It also bridges the student
to being able to directly tackle the workplace in the future.
Only when a consensus on curriculum planning is reached
between industry and the academic sector can the content
of the teaching curriculum be bridged with industry needs,
thus helping to bridge the gap between learning and practical
application.
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We demonstrate the performance improvement of p-type single-crystalline silicon (sc-Si) solar cells resulting from front surface
passivation by a thin amorphous silicon (a-Si) filmdeposited prior to phosphorus diffusion.The conversion efficiencywas improved
for the sample with an a-Si film of ∼5 nm thickness deposited on the front surface prior to high-temperature phosphorus diffusion,
with respect to the samples with an a-Si film deposited on the front surface after phosphorus diffusion. The improvement in
conversion efficiency is 0.4% absolute with respect to a-Si film passivated cells, that is, the cells with an a-Si film deposited on
the front surface after phosphorus diffusion. The new technique provided a 0.5% improvement in conversion efficiency compared
to the cells without a-Si passivation. Such performance improvements result from reduced surface recombination as well as lowered
contact resistance, the latter of which induces a high fill factor of the solar cell.

1. Introduction

Because of long-term stability and relatively high light-to-
electricity conversion, crystalline silicon (c-Si) solar cells
have dominated the photovoltaic market for quite a while.
Commercially, p-type silicon substrates are used as a com-
mon photovoltaic (PV) material and occupy a large majority
of the PV market sales. Today, many research groups are
focusing on various techniques for producing high efficiency
p-type c-Si solar cells, while paying attention to the issue
of cost reduction commensurate with a mass-production
process. With this aim, many techniques for manufacturing
silicon solar cells have been developed, including selective
emitter solar cells [1–3], buried contact solar cells [4], surface
passivated solar cells [5–8], back-side contact solar cells [9,
10], and heterojunction with intrinsic thin layer (HIT) solar
cells [11–14].

In the PV industry, front surface passivation is quite
an important technique and has been applied to improve
silicon solar cells for a long time. A thermal oxide layer

has been considered a good candidate material for reducing
surface dangling bonds [15], while amorphous silicon nitride
with hydrogen, that is, SiNx:H, has proven a good surface
passivating counterpart [16, 17]. Hydrogen-rich amorphous
silicon (a-Si:H), on the other hand, has been a well-known
surface passivating material [5–8]. In the latter application,
a-Si:H passivates the front surface of a phosphorus diffused
silicon solar cell mainly owing to the annihilation of surface
dangling bonds by hydrogen atoms originally residing in
the a-Si:H layer. Even without hydrogen-passivation effect
as stated above, a polysilicon film deposited at 620∘C upon
the surfaces of a phosphorus diffused silicon wafer in an
LPCVD chamber proved to increase the open-circuit voltage
(𝑉oc). From a lifetime test, the polysilicon film was believed
to passivate the surface of the solar cell [18]. This LPCVD
technique proved to improve the conversion efficiency by
∼0.3% absolute with respect to conventional cells.

In this study, we present a different technique in which
a thin a-Si film is deposited onto a p-type substrate prior
to the phosphorus diffusion process and later turns into a
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Figure 1: Process flow diagram for three groups of solar cells
fabricated in this study. A, B, and C denote, respectively, the main
fabrication steps for the three different groups.

polysilicon film after the phosphorus diffusion process. The
polysilicon exhibits a peak dopant concentration, inducing a
lower contact resistance and henceforth a higher fill factor.

In section two, three groups of solar cell samples are
introduced for comparison. Group A refers to reference
cells following a standard industrial production sequence
and group B represents the polysilicon passivated solar cells
obtained by the new technique, while group C consists of a-
Si passivated solar cells with an a-Si film deposited after the
phosphorus diffusion. The performances of the three groups
of solar cells are compared in section three. A discussion is
also given. Then section four concludes this paper.

2. Sample Preparation

We have used three groups of solar-grade p-type silicon
wafers in this study for fabrication of solar cells following
a standard process. The fabrication was performed mostly
in a mass-production line situated at Aide Solar, a cell
manufacturer in China. For all experiments in the fabrica-
tion, the silicon substrates were (100)-oriented sc-Si p-type
Czochralski (Cz)wafers with resistivity in the range 1–3Ω-cm
and with an average thickness of ∼190𝜇m. The solar wafers
were pseudosquare and had a dimension of 156 × 156mm2.

Figure 1 shows the three processes for the solar cell
fabrication without showing the wafer cleaning procedures
though. The wafers were divided into three groups. Group
A followed fabrication steps of a standard manufacturing

Ag electrode

ARC
poly-Si (N+ emitter)
c-Si (N emitter)

P-type wafer

BSF
Al electrode

Figure 2: Cross-sectional sketch of the solar cell in group B.

process that starts with a basic cleaning, followed by tex-
turization, POCl

3
diffusion, edge isolation, phosphorus glass

removal, deposition of antireflection coating (ARC), metal-
lization on both sides, and then cofiring. These procedures
are described in more detail as follows. In the first step, these
wafers were cleaned and then dipped in an alkaline solution
with IPA additive to form a pyramid-like surface on both
sides. After being cleaned and dried, the wafers were placed
back to back in pair on a quartz boat and loaded into a
high-temperature phosphorus diffusion furnace with POCl

3

as a source to form an emitter with a sheet resistance of ∼
70Ω/square on the front side. Edge isolation was performed
by plasma etching to ensure that the front-side emitter was
electrically isolated from the back side. The phosphorous
glass (PSG) was afterwards removed by a dilutedHF solution.
A SiNx film of ∼82 nm thickness used as an antireflection
coating (ARC) on the front surface of the cell was deposited
at 450∘C by plasma enhanced chemical vapor deposition
(PECVD) system, followed by screen printing of aluminum
paste (plus silver busbar paste) on the back surface and
silver paste on the front surface in a 3-busbar H-shaped grid
pattern. Finally, the two-side printed contacts were cofired in
a belt furnace.

Wafers in group B followed the same process as that
for group A except that the wafers were deposited to form
an a-Si:H film of ∼5 nm (4.8 nm, more correctly) thickness
on the front surface prior to the phosphorus diffusion. The
a-Si:H film was deposited by PECVD at 285∘C. This step
was conducted at the CNMSN (Center for Nanotechnology,
Material Science andMicrosystems) located atNational Tsing
Hua University. This step is a key requirement in optimizing
the performance of solar cells in this study.Thereafter, wafers
in groups B followed the steps of a standard process as
stated for group A, that is, POCl

3
diffusion, edge isolation,

deposition of ARC, metallization on both sides, and cofiring.
A cross-sectional sketch of the device of this group is shown
in Figure 2.

Wafers in groups C also followed the same process as that
for group A except that a ∼5 nm a-Si:H film was deposited
on front sides of these wafers after PSG removal. Deposition
of the a-Si:H films was done by PECVD at CNMSN. The
difference between groups C and B resides in the order of
the a-Si deposition process in the fabrication sequence. For
a-Si:H passivated solar cells, process C is a common method
to form surface passivation layer. Wafers in groups A were
considered as a reference, while wafers in both groups of A
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Table 1: Electrical characteristics of solar cell parameters measured under the standard test condition (25∘C, AM 1.5G).The average and best
efficiencies obtained in the measurement are shown for each group of solar cells. Series resistances and shunt resistances for the best cell and
the average are also shown.

𝑉oc (V) 𝐽sc (mA/cm2) F.F. (%) 𝐸ff (%) Rs (Ω) Rsh (Ω)

(A) Standard cell Average 0.623 36.19 77.55 18.01 ± 0.063 0.0056 40.23
Best 0.625 36.26 77.70 18.07 0.0051 41.11

(B) Solar cell with poly-Si film Average 0.630 36.46 79.15 18.51 ± 0.082 0.0038 54.13
Best 0.631 36.57 79.24 18.61 0.0035 56.76

(C) Solar cell with a-Si film Average 0.629 36.32 77.79 18.11 ± 0.125 0.0045 43.20
Best 0.631 36.37 78.32 18.29 0.0041 44.65

and C were compared with group B in this study. Note that
wafers of groups A and B were diffused at the same time in
the samequartz boat, with almost an identical sheet resistance
of 70∼80Ω/square formed. Wafers of group C were diffused
earlier in the same production line, having a sheet resistance
in the range of 70∼80Ω/square.

3. Results and Discussion

3.1. Conversion Efficiency Improvement. The conversion effi-
ciencies of the solar cells were measured with a solar sim-
ulator and an IV test equipment under the standard test
condition of AM 1.5G illumination (100mW/cm2) at 25∘C.
Table 1 presents the average and best experimental data of𝑉oc,
𝐽sc, and F.F. and conversion efficiency (𝐸ff) for solar cells of
groups A, B, and C, respectively. There, values for the series
resistance Rs and the shunt resistance Rsh are also shown.The
solar cells in groups A, B, and C are, respectively, standard
solar cells, the solar cells with poly-Si films, and the solar
cells with a-Si films. Each group contains 15 samples. Note
that the poly-Si of group-B cells was formed in the high-
temperature diffusion process by crystallization of the a-Si
film that was deposited prior to the diffusion and that the a-Si
films of group-C cells were deposited onto the wafers after the
diffusion process. On average, 𝑉oc of the standard solar cells
(i.e., the reference cells) is 0.623V, 𝐽sc is 36.19mA/cm2, and
F.F. is 77.55%, and the efficiency is 18.01% (with the standard
deviation 𝛿 = 0.063%). The solar cells with poly-Si films have
an average efficiency of 18.51% (with 𝛿 = 0.082%) while the
solar cells with a-Si films have an average efficiency of 18.11%
(with 𝛿 = 0.125%). The best cell of group B has 𝑉oc = 0.631 V
and 𝐽sc = 36.57mA/cm2 and a fill factor of 79.24% and an
efficiency of 18.61%. Notably, this test cell has an efficiency
improvement over the standard cell by 0.54% (absolute) and
over the cell on group C by 0.32% (absolute).

3.2. Crystallization. In order to observe the crystallization
property of silicon films deposited by PECVD followed by
a high-temperature diffusion process, we deposited silicon
films with a thickness of 133 nm on two quartz substrates.
Then, only one of them was loaded into a high-temperature
furnace at 833∘C. Figure 3 shows the Raman spectra of silicon
films with and without going through a high-temperature
process, respectively. A broad transverse optic (TO) peak
around 480 cm−1 in the Raman spectrum of the silicon film
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Figure 3: Raman spectra of silicon films with and without going
through a high-temperature process, respectively.

deposited by PECVD at 285∘Cwithout going through a high-
temperature process, corresponding to amorphous silicon
phase, is observed [19, 20]. The sharp TO peak around
520 cm−1 was obtained in the Raman spectrum of the silicon
film deposited by PECVD at 285∘C and subsequently going
through a high-temperature process. The sharp TO peak
around 520 cm−1 corresponds to a crystalline phase with a
grain size larger than 10 nm [20, 21]. This result makes us
believe that a high-temperature diffusion process rendered
the original a-Si film crystallized to form a poly-Si film on
the substrate. This was also confirmed by the work in high-
temperature diffusion process [22].

In order to verify the thickness uniformity of the sili-
con films, we used two polished (100) sc-Si substrates and
deposited silicon films with a thickness of ∼5 nm on the two
substrates. One of them was loaded into a high-temperature
diffusion furnace with POCl

3
as a doping source at 833∘C fol-

lowed by phosphorous glass (PSG) removal.The two samples
were measured by transmission electron microscopy (TEM).
Figure 4 shows the TEM cross-sectional images for the films
at the a-Si/sc-Si and poly-Si/sc-Si interfaces, respectively.The
figure shows the thickness uniformity of both silicon films.
As shown by the TEM cross-sectional images in Figure 4, the
thickness of the poly-Si film formed by a high-temperature



4 International Journal of Photoenergy

(a)

4.8nm

(a)

(b)

3.7nm

3.9nm

3.7nm

(b)

Figure 4: Cross-sectional TEM images of (a) the a-Si film deposited by PECVD and (b) the poly-Si film formed by crystallization of a-Si after
going through a high-temperature diffusion process.

diffusion process was reduced from 4.8 nm to 3.8 ± 0.1 nm
owing to the PSG removal for this sample.

3.3. Open-Circuit Voltage Improvement. Open-circuit voltage
is inversely related to the saturation current 𝐽

𝑜
in accordance

with [23]

𝑉oc =
𝑘𝑇

𝑞

ln [1 +
𝐽sc
𝐽
𝑜

] . (1)

Theoretically, 𝐽
𝑜
can be expressed in a simplified formula as
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(2)

where 𝐽
𝑜
is total saturation current density, 𝐽ob and 𝐽oe are the

p-base and n-emitter contribution to the reverse saturation
current density, (𝐷

𝑛
, 𝐿
𝑛
) and (𝐷

𝑝
, 𝐿
𝑝
) are the diffusivity

and diffusion length of the minority carriers in the base and
emitter, respectively, 𝑊

𝑃
and 𝑊

𝑁
are the base and emitter

widths beyond the junction edges, and 𝑆
𝑛
and 𝑆

𝑝
are the

surface recombination velocities, respectively, at the front
side of the emitter and at the back side of the base [23].
Because all three groups of wafers considered here can be
assumed to have the same amount of bulk defects and the
same junction width, the transport behaviors of their minor-
ity carriers differ as a result of different surface conditions.
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Figure 5: Comparison of dark log I-V plots of the standard cell (◼),
solar cell with an a-Si film (Δ), and solar cell with a poly-Si film (I).

From (2), a better surface passivation and henceforth a lower
front surface recombination velocity 𝑆

𝑛
reduce 𝐽

𝑜
.

We measured the dark current-voltage characteristics of
the three aforementioned groups of solar cells, obtaining the
results in Figure 5. It can be seen that a lower saturation
current density 𝐽

𝑜
is induced by surface passivation through

either a-Si or poly-silicon, with respect to the case of the stan-
dard sample (i.e., the sample without silicon film deposited).
This is an important evidence for the reduced surface defect
density by using the a-Si or poly-Si film. Therefore, in our
study we can verify that the surface recombination can be
reduced by forming a poly-Si film or an a-Si film [5, 18]. It
is apparent from (1) that the major benefit of reduced front
surface recombination is the increase in open-circuit voltage
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𝑉oc which results from reduction of the saturation current 𝐽
𝑜
.

This is confirmed by higher 𝑉oc for cells of groups B and C
than for cells of group A in Table 1.

Surface passivation effect can also be pinpointed by
carrier lifetime measurement of the samples. Figure 6 shows
the effective lifetimes of the samples in groups A, B, and
C measured by the microwave photoconductivity decay
technique (with themachine SEMILABWT-2000).The three
groups were all diffused samples without ARC deposition.
Note that the samples in group A are samples without a-Si
film; those in group B are samples with an about 4 nm poly-Si
film and those in groupC are samples with an about 5 nm a-Si
film. An average effective lifetimewas obtained from 16-point
data measured for each sample, with each group including 15
samples. The effective lifetimes were 4.24, 15.30, and 14.22 𝜇s,
respectively, for groups A, B, and C. The standard deviations
for the three groups A, B, and C were, respectively, 1.09, 4.20,
and 4.94 𝜇s. According to the Shockley-Read-Hall theory, the
surface recombination rate is proportional to the density of
the surface states. Because the bulk lifetimes of these samples
used in the studywere about the same, the increase in effective
lifetime as measured was attributed to a reduction in surface
recombination velocity [24].

In this study, we used silicon films with a ∼5 nm thickness
for surface passivation. The thickness of silicon films needs
to be limited to avoid absorption of light by the silicon film
in the UV-blue range [25, 26]. We believe that the a-Si and
poly-Si films with a ∼5 nm thickness are beneficial to the con-
version efficiency for the following additional reasons. First, a
thinner silicon filmavoids the hindrance of electron transport
which results from unsaturated bonds, grain boundaries, and
other defects which act as recombination centers. Secondly,
hydrogen atoms in the silicon nitride AR coating can more
easily move across a thinner silicon film toward the Si film/c-
Si interface and accordingly passivate the interfacial defects.

To further clarify the passivation effect, the internal quan-
tum efficiency (IQE) was measured and shown in Figure 7
as a function of the optical wavelength ranging from 300
to 1100 nm for the three groups of solar cells. The spectral
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Figure 7: Internal quantum efficiency for a standard solar cell (-◼-),
a solar cell with ∼4 nm poly-silicon film (-I-), and a solar cell with
∼5 nm amorphous-silicon film (-Δ-).

responses for the three groups of solar cells are an indication
of surface passivation by a-Si and poly-Si films. As shown,
there is a major difference in IQE at wavelengths of 300∼
600 nm between the film passivated cells and the standard
cells, indicating an improvement in short-wavelength IQE by
the poly-Si film with respect to the standard cells. Passivation
by a-Si film can be also observed at the shorter wavelengths.
And this has been reflected by the dark I-V characteristics
shown in Figure 5 as well as the lifetime data shown in
Figure 6. In summary, the surface passivation by both silicon
films results in an improved performance in IQE as well as in
open-circuit voltage.

3.4. Fill Factor Improvement. The diffusion profiles in the
emitters of the standard cell, the cell with ∼5 nm amorphous-
silicon film, and the cell with ∼4 nm poly-silicon film were
analyzed by spreading resistance profile (SRP) technique.
These samples were diffused in the same diffusion furnace.
Figure 8 indicates that junction depths of all the cell samples
were around 0.4 𝜇m. The sample with a-Si film and the
standard solar cell sample have an identical phosphorus
concentration profile because the a-Si film was deposited on
the as-diffused sample (see the dotted and the dashed curves).
However, there exists a narrow peak on the concentration
profile of the poly-Si film deposited sample. Such a peak
was formed by the low activation energy of the phosphorus
impurities in a-Si. This can be explained as follows. Diffusion
of phosphorus at a high temperature in a-Si was carried
out by migration through a large number of vacancies in a-
Si in a high-temperature environment [27]. The activation
energy of the phosphorus diffusion in a-Si is lower than that
in sc-Si. Thus, in the process of POCl

3
diffusion after a-Si

deposition, more phosphorus atoms diffuse into the a-Si film
than into the sc-Si substrate, leading to a higher phosphorus
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(I), and a cell with a-Si film (Δ) obtained under the standard test
condition.

concentration in the a-Si film (which was later transformed
into a poly-Si film during the high-temperature process) than
in the sc-Si region.The high phosphorus concentration in the
poly-silicon film forms a low-contact resistance and therefore
enhances the fill factor.

Figure 9 shows the measured I-V curves for the three
different solar cells under the standard test condition. Obvi-
ously, the solar cells with a poly-silicon film and with an a-
Si film outperform the standard solar cell. It appears that
surface passivation by poly-silicon film and a-Si film reduces
the surface defects and thus improves𝑉oc.The solar cells with

polysilicon film presented the best efficiency among the three
different solar cells. It is not only because the reduced surface
recombination in solar cell with a polysilicon film improves
𝑉oc, but also because the low-contact resistance improves the
FF. The latter is evident from the data shown in Table 1.

It should be noted that the ARC (which is a silicon nitride
film) is supposed to be a passivation layer as well. However,
the ARC was deposited at the temperature of 450∘C, making
a large part of hydrogen atoms diffuse out and henceforth
weakening the passivation effect. To date, some cell manu-
facturers have lowered the ARC deposition temperature to
400∘C with a view to enhancing the passivation effect. The
passivation effect resulting from the hydrogen atoms that
reside in the ARC and are supposed to fix the dangling bonds
at the surface of the silicon wafer is still limited. We have
measured the lifetimes of diffused wafers with and without
an ARC and found that the increase in lifetime with an
ARC is only incremental. Therefore, it may be considered
that the passivation results mostly from the thin silicon film,
especially the poly-Si film.

The a-Si:H film deposited after phosphorous diffusion
contributes many hydrogen atoms for fixing the dangling
bonds and thereof upgrades the lifetime, as indicated in
Figure 6 for the case without ARC. On the other hand, the
poly-Si film for the case of group B cells is found to improve
the lifetime without the hydrogen atoms for passivation.
However, such passivation is believed to come from the
heavily doped poly-Si layer as mentioned in Section 3.4.
The heavy doping in such a layer induces a strong field,
rejecting photogenerated holes and henceforth reducing the
electron/hole recombination at the surface. And because the
poly-Si film is so thin that there is not much photogenerated
carriers in there, optical response at short wavelengths is not
weakened. It is noted that the passivation from a-Si film for
the case of group C cells remains at the ARC deposition
temperature, 450∘C, although the a-Si loses some of its
hydrogen atoms at such a temperature.

4. Conclusions

We have presented a new approach to increase the open-
circuit voltage (𝑉oc), the fill-factor (FF), and henceforth the
conversion efficiencies of the solar cells by depositing an a-Si
film prior to the standard diffusion process. The conversion
efficiency was improved by 0.5% absolute with respect to
the standard solar cell, in the case that the POCl

3
diffusion

process was treated after the deposition of a-Si film on the
front side of a solar cell. The improvement in conversion
efficiency was 0.4% absolute with respect to the cells with a-Si
deposition after the POCl

3
diffusion process. Raman spectra

of the silicon film with a high-temperature diffusion process
indicate that an a-Si film became a poly-Si film. Dark I-V
characteristics and the effective lifetimes of three groups of
samples (i.e., standard solar cells, the solar cells with a-Si
films, and the solar cells with poly-silicon films) demonstrate
the surface passivation effect induced by the poly-silicon film
on the surface of solar cell. The measurements indicate that
the decrease of surface defect density and the reduction of
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recombination rate can be achieved by a poly-silicon film.
The spectral responses of internal quantum efficiency in the
short wavelength range also shows the improvement due to
reduced surface recombination rates on the front surface of
the cell. Spreading resistance profile of the poly-Si deposited
solar cells can explain the increase in the fill factor of the solar
cell.Therefore, the high-temperature POCl

3
diffusion process

after the deposition of an a-Si film on the front sides of a
silicon solar cell proves to be an effective means in obtaining
performance-improved silicon solar cells.
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A single-monolayered hexagonal self-assembled photonic crystal (PC) pattern fabricated onto polyethylene terephthalate (PET)
films by using simple nanosphere lithography (NSL) method has been demonstrated in this research work. The patterned
nanostructures acted as a scattering medium to extract the trapped photons from substrate mode of optical-electronic device
for improving the overall external quantum efficiency of the organic light-emitting diodes (OLEDs). With an optimum latex
concentration, the distribution of self-assembled polystyrene (PS) nanosphere patterns on PET films can be easily controlled by
adjusting the rotation speed of spin-coater. After attaching the PS nanosphere array brightness enhancement film (BEF) sheet as a
photonic crystal pattern onto the device, the luminous intensity of OLEDs in the normal viewing direction is 161% higher than the
one without any BEF attachment.The electroluminescent (EL) spectrum of OLEDs with PS patterned BEF attachment also showed
minor color offset and superior color stabilization characteristics, and thus it possessed the potential applications in all kinds of
display technology and solid-state optical-electronic devices.

1. Introduction

Organic light-emitting diode is one of the optical-electronic
devices for the various applications not only in general illu-
mination but also for consumer displays due to the probable
advantages of excellent EL performances, good flexibility,
light weight, better durability, low power consumption, and
convenient fabrication.Therefore, the OLEDs seem to be one
of the potential candidates for the next-generation emissive
display technology [1–5]. However, many research articles
have reported that almost 70∼80% of the photons generated
inside the organic layers is confined in the OLEDs caused
by three major factors: (1) the total internal reflection (TIR)
occurred at the glass/air interface and organic layers/sub-
strate (substrate and waveguiding mode); (2) the reflec-
tion loss is due to the refractive index mismatch between
interfaces (Fresnel loss); (3) the emitted light is lost due to
absorption and plasmonic dissipation of the metal electrode

(absorption and SP mode) [6–9]. For the reduction of the
waveguiding mode of the organic layers, various methods
such as introducing textured surface, inserting low-index
materials, and fabricating patterned nanostructures into the
device have been proposed [10–13]. But the light extracted
from organic layers still suffers from the light confinement
of the device substrate. Using light-coupling structures onto
the surface of device can help extract light suffering from the
TIR at glass substrate/air interface, thus increasing the total
external quantum efficiency (EQE) [14, 15]. Many researches
have proposed different ways to extract the trapped light in
the substrate mode, including rough or textured substrate
surface, microlens array (MLA) film, diffusive particles, and
silica colloidal gel [14–16]. It is worth mentioning that, due
to the limitation of the standard photolithography technique,
the used microlens with diameters near the wavelength of
the emitted light from the OLEDs cannot be made. In
the presented work, we introduced a facile and effective
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Figure 1:The schematic diagrams of (a) the fabrication procedures for (b) the preparation of single-monolayered self-assembled polystyrenes
(PS) arrays, and then (c) the brightness enhancement film (BEF) and its application attached onto organic light-emitting diodes (OLEDs)
devices.

fabrication method named as nanosphere lithography for the
production of periodic particle array surfaces with nanom-
eter-scale features. NSL was firstly reported by the research
work of Hulteen and Van Duyne [17] and has been widely
employed in the area of two- and three-dimensional (2D
and 3D) micro/nanostructures patterning, such as quantum
dots, nanowires, nanomesh, antireflection structure (ARS),
and 3D inverse-opal photonic crystals [18–23]. Compared
to those traditional sophisticated lithographic methods, NSL
has shown a great many advantages that include a simple
nanofabrication technique, an inexpensive route for the pat-
terning of long-range periodic nanostructure arrays in a
large scale area, and high throughput. Methods for the dep-
osition of PS nanosphere solution onto desired substrates
include electrophoretic deposition, electrochemical deposi-
tion, Langmuir-Blodgett- (L-B-) like technique, drop-coat-
ing, and spin-coating which we utilized spin-coating in our
present research work [24–28].

Here, we demonstrated an unsophisticated way to effec-
tively extract the trapped photons in the glass substrate to
the outer media by attaching the PS nanosphere patterned
brightness enhancement film (BEF) onto the OLEDs surface.
Owing to the large increase of light extraction from trapped
photons, the total luminous intensity enhancement for the
device with a single-monolayered nanospheres arrangement
patterned film attachment in the normal direction shows a
great improvement of 161% when compared to the traditional
indium tin oxide (ITO) based OLEDs without any BEF sheet
attachment. The OLEDs attached with PS patterned BEF
also possessed potential application in flat panel consumer

display technology due to the minor color offset and good
color stabilization properties in different viewing angles
[29].

2. Experimental Procedure

Figure 1 shows the schematic diagrams of the fabrication pro-
cess for the preparation of a single-monolayered PS array BEF
and its application in OLED devices. At first, the methanol
solution mixing with a surfactant Triton X-100 (400 : 1 in
volume) is prepared to dilute the purchased PS beads. Then
the surfactant-free nanometer-scale polystyrenes with latex
colloids (Bangs Laboratories Inc., ∼10 wt% in water, PS mean
diameters: ranging from 200 to 800 nm) were further diluted
by the above-mentioned methanol solution in ultrasonic
bath. Those as-prepared diluted PS nanospheres with latex
solution were spun-coated onto clean PET substrates by the
spin-coater as shown in Figure 1(a). The distribution of a
single-monolayered self-assembled PS nanosphere arrays can
be easily controlled by adjusting the rotation speed of spin-
coater as shown in Figure 1(b). The period of the hexagonal
patterns is determined by the initial diameter of PS beads and
attaching the PS nanosphere array BEF sheet as a photonic
crystal pattern onto theOLED device as shown in Figure 1(c).
The product information and experimental details for the PS
nanospheres with the periodicity ranging from 200 to 800 nm
are listed in Table 1.

Thecommonly used techniques for fabricating theOLEDs
are separated into two major types, including dry and
wet-chemical processes. The wet-chemical process includes
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Table 1: The product information and experimental details are for the PS nanosphere with different periodicities.

Diameter of PS balls (nm) Product number
Content of solid PS
in stock solution

(%)

Solution proportion
(methanol : PS latex)

Concentration of PS
beads in prepared

solution (%)
Spin speed (rpm)

200
PS02N

10.0 2 : 1 3.33 2000
300 10.0 1 : 1.5 6.00 1400
400 9.7 1 : 1.5 5.82 1100
500

PS03N

10.1 1 : 2 6.73 800
600 10.5 1 : 2 7.00 600
700 9.9 1 : 2 6.60 500
800 10.1 1 : 2 6.73 400

Al (150nm)

ITO glass

𝛼-NPD (30nm)

BAlq (30nm)

LiF (1nm)

PEDOT : PSS (40nm)

CDBP : 3% FIrpic (40nm)
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Figure 2: (a) The diagram is for the OLEDs device structure, and (b) the chemical structures of the molecules employed in the presented
research work.

the spin-coating and inkjet-printing methods, which is
suitable for the fabrication of the polymer OLEDs [30, 31].
However, the dry process (vacuum evaporation deposition)
applied in our work is mainly used to fabricate the small
molecule OLEDs [15]. In the parts of the blue phosphorescent
OLED fabrication process, the FIrpic-based light-emitting
diode was made onto an ITO coated glass substrate (ITO
film thickness: 200 nm, sheet resistance: 10Ω/◻). Prior to
the organic layers evaporation process, the ITO glass was
thoroughly cleaned with acetone, isopropyl alcohol, ethanol,
and deionized water in sequence and then treated with an
UV-ozone cleaner.Themultilayers structure for theOLEDs is
depicted in Figure 2(a).The 40 nm thick poly(3,4-ethylenedi-
oxythiophene) : poly(4-styrenesulfonate) (PEDOT : PSS) thin
films were spun onto the ITO coated glass to reduce the pos-
sibility of electrical shorts. The organic layers were continu-
ously deposited onto the substrates in an ultrahigh vacuum
(around 5 × 10−6 torr) by thermal evaporation deposition
system. The hole-transporting layer (N,N-diphenyl-N,N-
bis(1-naphthyl)-(1,1-biphenyl)-4,4-diamine, 𝛼-NPD), blue
emissive layer (CDBP : 3% FIrpic), electron-transporting,

and hole-blocking layer (aluminum (III) bis(2-methyl-8-
quninolinato)-4-phenylphenolate, BAlq) were sequentially
evaporated onto the substrates. Then LiF and thick Al were
set as the opaque cathode for the OLED device. The detailed
device structure is composed of ITO (200 nm)/PEDDT : PSS
(40 nm)/𝛼-NPD (30 nm)/CDBP : 3% FIrpic (40 nm)/BAlq
(40 nm)/LiF (1 nm)/Al (150 nm). Figure 2(b) shows the mole-
cule structures of 𝛼-NPD, CDBP, FIrpic, and BAlq, respec-
tively. The surface morphology was observed by field emis-
sion scanning electron microscope (FESEM, Hitachi S-
4800). In order to prepare the SEM specimens, the dilute
PS nanosphere latex was spun-coated on the flat PET film
thus forming a single-layered close-packed PS array at first.
Then the as-prepared samples were put into a vacuum
sputtering system to deposit 5 nm Au film. The conductivity
of those samples is increased and the point discharge effect
would be decreased. Finally, those above-mentioned SEM
samples were cut into two pieces for the preparation of the
SEM cross-sectional analysis. The EL spectrum, current-
voltage characteristics, and luminance for optical-electronic
devices were examined by a measuring system consisting of
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Table 2: The distribution results for the self-assembled PS nanosphere patterns at different spin speed conditions.

Diameter of PS balls (nm) Concentration
(methanol : PS latex) Spin speed (rpm) Corresponding image Results

400 1 : 2 2000 Figure 3(a)
Random arranged PS
patterns with obvious
defects

400 1 : 2 500 Figure 3(b) Single- or multilayered PS
balls stacking

400 1 : 2 1100 Figures 3(c) and 3(d) Single-layered and
close-packed PS patterns

a spectrophotometer (Minolta CS-1000) connecting with a
computer and a power supply unit (Keithley model 2400) to
drive the OLEDs.The angular dependence of the EL intensity
was measured by putting the OLEDs device vertically on the
center of the rotation stage.

3. Results and Discussion

In the typical spin-coating process, the PS balls followed
the lowest energy level rule of self-assembly and rearranged
onto any kinds of the substrates freely till the solution
was dried. Following the lowest energy level rule of self-
assembly, a single-monolayered hexagonal closed-packed
structure with uniform distribution is formed onto the PET
films after few minutes. The period of this hexagonal pattern
was determined by the diameter values of PS nanospheres.
Since the assembly process occurs during the drying step,
two parameters including the colloid latex concentration
and rotation speed of spin-coater both play a main role in
achieving the monolayer hexagonal and closed-packed PS
patterns over the large areas. With a specified latex con-
centration, the distribution of PS nanosphere patterns on
PET films can be easily controlled by simply adjusting the
rotation speed. Figures 3(a)–3(c) show the SEM images for
400 nm PS nanospheres spun-coated at different rotation
speed conditions after the self-assembly process. The rapid
evaporation and stronger centrifugal force occurred at a spin
speed of 2000 rpm resulting in the obvious empty space
between nanoparticle islands because there is no enough time
for those PS nanospheres rearranging into well-ordered 2D
islands as shown in Figure 3(a). On the other hand, if the
spin speed was reduced to a lower value such as 500 rpm,
the slow evaporation rate and weak centrifugal force would
lead the consequence into randomly distributed single- or
multilayered PS balls stacking as shown in Figure 3(b).
Figure 3(c) shows that a single-monolayered close-packed PS
pattern formed onto PET sheet in a large area can be achieved
by tuning the rotation speed of spin-coater to a proper value,
such as 1100 rpm for 400 nm PS nanospheres in the presented
work. Figure 3(d) shows the enlarged SEM image of a single-
layered close-packed 400 nm period PS nanosphere patterns
enlarged from Figure 3(c), and the inset image is the cor-
responding cross-sectional morphology. Figure 3 also shows
the SEM images for (e) 200 and (f) 800 nm PS nanospheres
arrays spun-coated at rotation speed of 2000 and 400 rpm,

respectively. The distribution results for self-assembled PS
nanosphere patterns with 400 nmperiodicity at different spin
speed parameters are summarized and listed in Table 2.

The emission peak for the used OLED device in the
presented work is located at the wavelength of 466 nm and
with a subpeak at 497 nm as shown in Figure 4(a), which
agreed with the work reported by Tokito et al. [32]. The turn-
on voltage and the saturated current efficiency of the OLED
device at the current density of 10mA/cm2 are 8.7 V and
7.0 cd/A, respectively, as shown in Figure 4(b).

The schematic diagram as depicted in Figure 5(a) illus-
trated that most of the emitted light generated from the
organic layer was confined in the device because of the
waveguiding effect and substrate mode. In general, less than
one-third of the generated photons can escape from emitting
devices in typical OLEDs. One-third of these photons are
guided in the glass substrate and the others are trapped in
the organic layers. The photons trapped in the glass substrate
can be further coupled out when applying a patterned BEF
sheet attached onto OLEDs as shown in Figure 5(a). Using
the coupling equation can help to understand the coupling
of light in the optical-electronic device. The diffraction angle
(𝜃
𝑏
) for the light trapped in the substrate is calculated by

2𝜋

𝜆
0

𝑛
𝑏
sin 𝜃
𝑏
± 𝑚

2𝜋

Λ

= 𝑘glass =
2𝜋

𝜆
0

𝑛
𝑏
, (1)

where 𝑚 = 1 (the diffraction order), 𝑘glass is the propagation
constant in the glass, 𝑛

𝑏
= 1.52 for a typical BK7 glass,

𝜆
0
= 466 nm, and Λ = 400 nm (the periodicity of the

PS nanospheres) in this case. 𝜃
𝑏
is 13.6∘ smaller than the

refraction angle in the air (𝜃 = 20.9∘, calculated by Snell’s law)
demonstrating the trapped photons can escape from glass
to air. The insets in Figure 5(b) show the optical images of
OLEDs with and without 2D PS nanosphere patterned film
attachment. It reveals that the overall luminous intensity of
OLED device with 2D PS photonic crystal patterned film
attachment is higher than the referenced device. The PS
patterned film acted as a BEF to help in extracting trapped
photons in the glass/air interface to the outside. The lumi-
nous enhancement of OLED devices attached with 2D pho-
tonic crystal patterned films of various nanosphere diameters
(from 200 to 800 nm) is also shown in Figure 5(b). It can
be seen that the luminous enhancement is increased with
the decrease of the PS nanosphere diameter values for
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Figure 3: SEM images are for the 400 nm period PS nanospheres distribution at spin speed of (a) 2000 rpm, (b) 500 rpm, and (c) 1100 rpm,
respectively. (d) The enlarged SEM image is from (c) for a single-monolayered nanosphere array patterns with hexagonal close-packed
uniform distribution and the inset image is the corresponding cross-sectional morphology. SEM images are for PS nanospheres arrays with
(e) 200 and (f) 800 nm periodicity at spin speed of 2000 and 400 rpm, respectively.

the photonic crystal patterns with the periodicity of 400–
800 nm. According to the diffraction term (2𝜋/Λ) as shown
in the grating coupling equation, the PS balls with 400 nm
diameter (e.g., Λ = 400 nm) show the greatest luminous
enhancement efficiency and the total luminous enhancement
for the device with applying PS nanosphere arrangement
patterned film attachment shows a great improvement of 61%
when compared to the traditional ITO-OLEDs without any

BEF attachment owing to the large increase of light extraction
from trapped photons. The luminance enhancement factor
then drops as the PS diameters in the range between 200
and 300 nm. The results can be concluded into two reasons:
(1) the scattering effect of the PS ball pattern is decreased
because the diameter values of the PS are smaller than
the wavelength of visible light; (2) the diffraction term
(2𝜋/Λ) is increasing as the PS diameters decrease; therefore,
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Figure 4: (a) EL spectrum of the OLED device. (b) J-V characteristic and current efficiency versus current density of the OLED device.
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Figure 5: (a) Light extraction of trapped photons in glass substrate and organic layer of bottom emission OLED and (b) luminous
enhancement of OLED devices attached with 2D photonic crystal pattern structures of various nanosphere diameters ranging from 200
to 800 nm.
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Figure 6: (a) Luminance versus current density and (b) the luminous intensity as a function of viewing angle for the OLED device with and
without PS patterned BEF attachment. The EL spectrum for the OLED device (c) without and (d) with attaching 2D PS array patterned films
(diameter: 400 nm).

the calculated diffraction angle would be negative, hence
lowering the scattering effect caused by the PS nanosphere
patterns.

We further measured the emission light at different view-
ing angle (VA) to confirm the light extraction enhancement
efficiency. Figure 6(a) shows the luminance values for the
OLEDs with and without PS nanosphere patterned BEF sheet
attachment under 30mA/cm2 operating current density in
normal viewing angle that are about 3050 and 1900 cd/m2,
respectively. The brightness improvement is about 60.5%,
which is in good agreement with the result of luminous

enhancement for 400 nm PS patterned BEF sheet attaching
ontoOLEDs as shown in Figure 5(b).The luminance intensity
of device as a function of viewing angle with a constant
current injection (60mA/cm2) is shown in Figure 6(b). The
luminance intensity of device without PS patterned BEF
attachment drops as the viewing angle increases. When we
applied a patterned BEF sheet onto OLEDs, the angular
emission pattern was broadened and the luminance intensity
was also increased. Figure 6(c) shows the normalized EL
spectrum for OLEDs without attaching PS patterned BEF
sheet. The normalized intensity in the wavelength of 497 nm
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was changed from 0.741 (VA = 0∘) to 0.849 (VA = 50∘). It
revealed an obvious color offset property in the wavelength
of 497 nm at different viewing direction. But the color offset
phenomenon can be minimized after applying the PS pat-
terned BEF as shown in Figure 6(d).Thenormalized intensity
was slightly shifted from 0.799 (VA = 0∘) to 0.771 (VA = 50∘).
The reason for the minor color offset of the OLEDs attached
with PS BEF sheet is attributed to the omnidirectional light
harvesting enhancement, which is consistent with the result
as shown in Figure 6(b). The emission spectrum also shows
that there is almost no wavelength shift when utilizing such a
PS patterned BEF attachment, which performs excellent color
stabilization characteristics. The results can be confirmed by
the Commission Internationale de L’Eclairage coordinates
(CIE 1931) and the corresponding CIE coordinates calculated
from the EL spectrum for OLEDs without and with PS
patterned BEF attachment are (0.1635, 0.2798) and (0.1619,
0.2776), respectively.

4. Conclusions

In summary, using an external patterned BEF sheet to
efficiently improve the total OLED’s luminous efficiency has
been successfully demonstrated by a facile NSL technique
in the presented research work. With a specified latex con-
centration, the distribution of PS arrays on PET films can
be easily controlled by only adjusting the rotation speed of
spin-coater. The luminous intensity of OLEDs with attaching
PS patterned sheet in the normal viewing direction is 161%
higher than the one without any BEF attachment. The pre-
sented experimental results indicated that the trapped pho-
tons are further coupled out from the substrate mode, thus
increasing the light extraction efficiency. The EL spectrum
of OLEDs with PS patterned BEF attachment shows minor
color offset and outstanding color stabilization property that
possess potential future applications in all kinds of optical-
electronic display devices and solid-state lighting technology.
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This study presents the microstructure morphology and UV photoirradiation coupling effects of the c-axis-oriented zinc oxide
(ZnO) columnar films. Highly aligned c-axis-oriented films have been deposited onto glass substrates at room temperature by
radio-frequency (RF) magnetron sputtering without introducing any oxygen source under different sputtering powers ranging
from 50 to 150W. Self-assembled ZnO columnar structures that were successfully obtained belong to wurtzite structure, and the
corresponding columnar structures and crystalline orientation were confirmed by the FE-SEM and XRD, respectively. All the ZnO
columnar films exhibit good transparency with a visible light averaged transmittance over 82%. According to water contact angle
(CA) measurement, ZnO columnar films exhibit hydrophobic behavior. After exposing to photoirradiation under ultraviolet (UV)
environment, all the ZnO samples showed remarkable transition from hydrophobic to superhydrophilic surfaces and could return
to their original hydrophobicity after being placed in the dark. It is demonstrated that the controllable wettability of ZnO columnar
films under changing between theUVphotoirradiation and dark storage is due to the surface charges accumulation and discharging
processes. As a result, this study could provide important applications for many fields such as ZnO-based hybrid sensors/solar cells
functional devices with photoirradiation disinfection surfaces accompanied with reversible wettability switches.

1. Introduction

Self-cleaning is a special mechanism of surface property; it
relates with the chemical composition and surface morphol-
ogy. It has been focused for many potential applications, such
as environmental cleanup [1, 2] and optoelectronic devices
[3–5]. The photocatalytic behavior, in which the coating
reacts with daylight to decompose dirt and hydrophilic
action, in which water spreads on the surface, cleans up the
dirt without any traces of water. Therefore, those two actions
have quite important roles in self-cleaning effect [6–10]. Solar
energy represents a probable renewable energy that includes
visible and ultraviolet regions which is an important factor of
driving photocatalytic process due to its high efficiency, low
cost, and stability. However, oxide-based hybrid self-cleaning
nanodevices have deeply potential of all renewable energies
[11, 12].

The lotus leaves demonstrate high water contact angle,
as high as 160∘ due to their particular surface nanoscale
structures [13–17]. Thus, the surface roughness plays an
important role in wettability of bulk solid materials, and the
hydrophobic materials are usually prepared by modifying
surface with low surface energy for forming nanostructures.
The multifunctional ZnO compound with the lowest surface
free energy of the most densely packed (0002) planes in the
wurtzite structure can easily form nanoscale products, which
is also a good choice for self-cleaning coating.

The control of wettability transition for several special
materials from hydrophilic to hydrophobic could via optical,
mechanical, and chemical modifications [18–23]. Recently,
several metal oxide semiconductors such as TiO

2
, V
2
O
5,
and

ZnO have been widely explored and controlled with exhibit-
ing switchable wettability from hydrophilic to hydrophobic
via different external factors such as pH value, exposure to
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light-induced irradiation, electric field, and heat treatment
and then stored in different environment processes. Among
them, the light irradiation is especially attractive because of
its flexible on- and off-switching, remote control, and other
advantages for potential industrial applications. This special
property has attracted much focused attention due to its
great advantages in applications such as self-cleaning device,
antifogging glass, smart window, and construction materials
just only controlled by reversible-switching wettability [24,
25].

ZnO and TiO
2
are general materials for photocatalysts

among the above metal oxides; both of them react under
ultraviolet (UV) light due to their large band gaps of 3.37
and 3.2 ev [26, 27], respectively, and their wettability could
be modified significantly by irradiation with UV light [28,
29]. Among these two materials, ZnO can easily form
nanostructure. There are many reports about a reversible
light-controlled hydrophobic/hydrophilic process for ZnO-
based thin film and nanostructures [30–32]. ZnO has direct
wide band gap (3.37 ev) and high exciton binding energy
(60mev) and is optically transparent for visible light. It is
therefore an expected material for many novel applications
such as piezoelectric transducers, transparent thin film tran-
sistors, chemical gas sensors or biosensors [33–35], solar
cells, and UV detectors [36–38]. According to the above
functionalities, ZnO can provide a hydrophobic surface,
which may be transformed into hydrophilic surface by UV
irradiation, which coexists with intrinsic semiconductor
properties and a particular surface morphology [39–44]. As
for the surface chemical property of ZnO compound, the
tunable and reversible wettability was explained to be the
competition results between desorption and adsorption of
organic chains and hydroxyl groups rearrangement on the
material surface. However, the ZnO nanostructures have
highly developed surface properties and are expected to
exhibit more advanced controllable wettability including a
quickly hydrophilic/hydrophobic switch with tunable con-
tact angles. There are many kinds of shapes, sizes and
arrangements of ZnO nanostructures, including nanorods,
nanopillars, nanowires, nanoneedles, and nanobelts. Many
current scientific articles have been reported on different
nanostructures, which were generally used to enhance the
wetting effects on ZnO films, and some of them obtained the
superhydrophobic surface.

In this research work, we investigated the self-cleaning
properties of highly c-axis-orientedZnO thin films, deposited
at room temperature by radio-frequency (RF) sputtering sys-
tem. The surface morphology and grain size were controlled
by varying sputtering power conditions.The transparency for
all highly c-axis-oriented ZnO thin films ranging from 50 to
150Wwas alsomeasured.The surface wettability of ZnO thin
films was examined by water contact angle measurements.
The switchable wettability was investigated by changing the
conditions of UV photoirradiation exposure and dark room
storage. This research work not only extends the scope
of potential applications for c-axis-oriented ZnO columnar
films, but also provides a profound understanding of UV
modulated wettability of ZnO (0002) columnar films.

2. Experimental Procedures

A radio-frequency (RF) magnetron sputtering system was
employed to deposit the ZnO thin films onto D263T glass
substrates, and all the substrates were placed parallel to the
ZnO ceramic target. ZnO target is composed of 99.99%
purely pressed ZnO powder, and the size is of 0.075m
diameter and 0.006m thickness. All the substrates were
rinsed in deionized water, ultrasonically cleaned in ethanol
and acetone to remove organic contamination, then dried
in hot air before they load into the vacuum chamber. The
sputtering chamber was pumped down to a base pressure
of 3 × 10−7 torr. Argon was filled into sputtering chamber
sequentially with the low working pressure of 5 × 10−3 torr.
The ZnO thin films were deposited with different RF powers
in the range of 50, 75, 100, and 150W at a fixed deposition
time of 30 mins. The crystalline structure of ZnO thin films
was characterized by X-ray diffraction (XRD, PANalytical
X’Pert PRO MRD) with Cu K

𝛼
radiation (𝜆 = 1.54 Å) in

the range of 2𝜃 = 20–60∘. The surface morphology of ZnO
thin films was observed by field emission scanning electron
microscopy (FE-SEM, JEOL JSM-6500F).The surface topog-
raphy and roughness values of ZnO thin films were further
analyzed by the atomic force microscope (AFM, DI NS3a).
The optical transmittance was recorded by using a UV-
Vis-NIR spectrophotometer (MP100-ME). The wettability of
ZnO thin films was estimated from the contact angle 𝜃 of
water droplets onto each ZnO sample surface (Pentad FTA
125). After completing the UV photoirradiation, the water
contact angle was measured on the irradiated surface by
using a water droplet (∼3 𝜇L) and with a digital camera to
record the droplet photos. The UV photoirradiation onto
ZnO thin films was conducted by 1520mW/cm2 mercury arc
lamp (HAMAMATSU-Deuterium L2D2) with a wavelength
of 365 nm, and all the ZnO samples were stored in air ambient
after UV photoirradiation.

3. Results and Discussion

3.1. Crystalline Structure and Corresponding Preferred Orien-
tation. Figure 1 shows the X-ray diffraction patterns for the
ZnO thin films deposited onto glass substrates with different
RF powers ranging from 50 to 150W at a fixed deposition
time of 30mins, respectively. The XRD patterns show that all
the samples exhibit only a strong peak located at 2𝜃 = 34.5∘,
which corresponds to the ZnO (0002) plane (JCPDS Card:
361451), indicating that highly aligned c-axis-oriented ZnO
film possesses a hexagonal wurtzite structure.The intensity of
(0002) diffraction peak increased with increasing RF power,
which is due to the increase of total film thickness and
improvement of film crystallinity with increasing RF power.
It can be understood that when the c-axis-oriented ZnO
films have greater film thickness, the diffraction intensity
raised from the (0002) plane will be stronger. The similar
phenomenon of the effect of deposition power on ZnO
polycrystalline thin films was reported elsewhere [45, 46].
The strong signal intensity of the (0002) diffraction peak
from the (0002) plane is due to the lowest surface energy of
the (0002) basal plane in ZnO phase, leading to a preferred
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Figure 1: XRD patterns for the ZnO thin films deposited onto glass
substrates at room temperature with RF deposition powers in the
range of 50, 75, 100, and 150W at a fixed deposition time of 30mins,
respectively.

orientation perpendicular to (0001) plane.Therefore the ZnO
films have been successfully deposited onto glass substrates
at room temperature, and the crystalline quality degree of c-
axis orientation could be controlled under optimum growth
conditions.

3.2. Top View and Cross-Sectional View Microstructures and
Corresponding Wettability Images. The top view SEM images
for the ZnO thin films deposited onto glass substrates at room
temperature with different RF powers ranged from 50 to
150W as shown in Figures 2(a)–2(d). Figures 2(a)–2(d) show
two different types of grain structures denoted by nanograin
and submicrograin cases. The different grain structure was
caused by different RF powers during the deposition process.
The nanograin structure of ZnO thin films can be observed at
lower RF powers (50 and 75W) as shown in Figures 2(a)-2(b).
On the other hand, the submicrograin could be observed at
higher deposition power of 150W as shown in Figure 2(d).
When the deposition power is 100W, the mixed nanograin
and submicrograin structures of ZnO phases coexist in the
microstructure as shown in Figure 2(c). Above results could
be attributed to high plasma energy bombardment in which,
leading to the grain transformation, themicrostructure of the
ZnO thin films could be controlled by the deposition power. It
can be understood that, with increasing deposition power, the
nanograins with multiple domains coalesce and connect to
each other to conjoin into a big grain as shown in Figure 2(d).
It also can be observed that apertures, which can trap air
inside, present onto the surface of ZnO thin films.

The corresponding images for surface water contact angle
measurement are shown in Figures 2(e)–2(h), respectively.
The surface water contact angle (CA, 𝜃) values are 71.3∘, 90.6∘,
91.8∘, and 71.6∘ for each ZnO sample deposited at 50, 75, 100,
and 150W, respectively. The ZnO samples show hydrophilic
wetting at the depositing power of 50W, which is due to

the fact that smooth surface and smaller grain size get fewer
apertures that cannot provide the trapping of air as shown in
Figure 2(e). While increasing depositing power up to 100W,
the nanograin structure surface shows hydrophobic behavior,
which is because large grain size and more apertures provide
more trapping of air that reduces the contact area between
water and smooth surface as shown in Figure 2(g). The small
contact angle is observed from Figure 2(h), which is due to
grain transformation from nanograin to submicrograin.This
transformation caused the CA to decrease which was due to
the less apertures formed at the depositing power of 150W
[47], and the contact angle (𝜃) was denoted as the interface
angle measured between the liquid and solid surface.

The thickness values as a function of the ZnO thin
films deposited onto glass substrates at room temperature
with different RF powers ranged from 50 to 150W and are
shown in Figure 3(a). Figures 3(b) and 3(c) are the cross-
sectional micrographs of the ZnO thin films deposited at RF
powers of 50 and 150W, respectively.Themeasured thickness
values for ZnO thin films by cross-sectional SEM images
were 65, 104, 301, and 337 nm which corresponded to the
deposition powers of 50, 75, 100, and 150W, respectively. The
thickness of ZnO thin films deposited onto glass substrates
is increased with increasing the RF power. Figures 3(b) and
3(c) showed the highly textured ZnO films perpendicular to
(0001) plane. Typical self-assembled columnar structure of
the ZnO films perpendicular to the glass substrate and with
a hillock surface morphology was observed. Figures 3(b) and
3(c) also confirmed that thickness value of the ZnO films at
the deposition power of 50W was about 65 nm and at the
deposition power of 150W was 337 nm, respectively.

Shown in Figures 4(a)–4(h) are the three-dimensional
(3D) and the corresponded two-dimensional (2D) AFM
micrographs (1 𝜇m × 1 𝜇m). The surface topography images
in either 2D or 3D images show the surface roughness of ZnO
thin films increased with increasing the deposition power.
The average surface roughness values (root mean square,
RMS) of the ZnO thin films increase with increasing the
deposition power.The average RMS values are 1.7 nm, 1.6 nm,
3.3 nm, and 5.6 nm for each ZnO sample deposited at 50,
75, 100, and 150W, respectively. Above results indicated that
the high c-axis orientation ZnO (0002) thin films could
provide the nanoscale surface roughness to demonstrate
aperture formation which can trap the air. This kind of
ZnO nanostructures could also provide nanometer-scale
smoothness topography for suitable subsequent deposition of
any top-electrode material onto its surface to function as a
potential future sensing nanodevice [37].

Figures 5(a)–5(c) are the schematic diagram illustrations
of the different types, showing the state of water droplet onto
various surfaces of the ZnO thin films. Figure 5(a) is the
smooth surface structure with hydrophilic wetting property
for the ZnO thin films deposited at the lower powers of 50
and 75W, respectively, which is denoted as nanograin type.
When the deposition power of the ZnO thin films is increased
to 100W, the grain growth begins to form apertures that
could provide the trapped air, which is denoted by a mixed
nanograin and submicrograin type as shown in Figure 5(b).
At the highest deposition power of 150W for the ZnO thin
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Figure 2: Top view SEM images for the ZnO thin films with deposition powers of (a) 50, (b) 75, (c) 100, and (d) 150W, respectively. The
contact angle images for different ZnO thin films corresponded to the right side denoted by (e), (f), (g), and (h), respectively.

films, the formation of submicrograin microstructure gives
more opportunity for the water droplet to contact with the
surface area of the ZnO thin films, which is denoted by
submicrograin type as shown in Figure 5(c).

In order to understand the wetting behavior of the
ZnO thin films, we consider the typical Cassie-Baxter’s (CB)
equation that can be explained in this research work [48].

In the typical CB equation, the drops are suspended onto
a hydrophobic surface with air trapped underneath as an
incomplete filling and the equilibrium contact angle (CA, 𝜃)
of a drop onto a nanostructure film can be described as

cos 𝜃 = 𝑓
1
cos 𝜃 + 𝑓

2
, (1)
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Figure 3: (a) The thickness values as a function of the ZnO thin films with different RF powers ranged from 50 to 150W. (b) and (c) are the
cross-sectional micrographs for the ZnO thin films deposited at the RF powers of 50 and 150W, respectively.

where𝑓
1
and𝑓
2
are the area fractions of liquid-solid interface

and liquid-air interface, respectively. As for 𝑓
1
+ 𝑓
2
= 1, (1)

can be converted to

cos 𝜃 = 𝑓
1
(cos 𝜃 + 1) − 1, (2)

where 𝜃 is a constant that represents the CA on a smooth
surface and 𝜃 is the CA on a rough surface. Based on (2), it
can be understood that 𝜃 increases with decreasing the area
fraction of liquid-solid interface (𝑓

1
), and the surface fraction

will make a significant contribution to CA. It is demonstrated
that surface hydrophobicity improves when there is more air
trapped between the liquid and solid surface exhibiting a
larger CA as schematically shown in Figure 5(b). Therefore,
more air is trapped between the water droplet and the surface
of ZnO thin films. The CA of ZnO thin films will be much
larger due to the fact that it prevents complete wetting of the
surface.We have also explored themorphology and grain size
effect on the controllable wettability of highly 𝑐-axis-oriented
ZnO (0002) thin films, and the proposed mechanism was
used to explain the related phenomena.

3.3. Optical Transmittance Measurement. Figure 6 shows the
transparency of the ZnO thin films deposited onto glass sub-
strates at room temperature with different RF powers ranging

from 50 to 150W.The oscillating property of spectrum is due
to the formation of uniform and smooth surface for ZnO thin
films, and it can be indicated to lead less light scattering [49].
As a result, all the highly c-axis-oriented ZnO columnar films
deposited at room temperature with RF powers of 50, 75, 100,
and 150W have good transparency and exhibit a visible light-
averaged transmittance over 82%. For the functional oxide-
based coatings of self-disinfection glass or smart window
combined with the hybrid devices such as sensors and solar
cells, this high transmittance plays an important role in the
particular industrial products application.

3.4. Surface Wettability Switching for Self-Disinfection Caused
by UV Photoirradiation. According to the above results, the
highly c-axis-oriented ZnO columnar film deposited at RF
power of 100W shows the best hydrophobicity. In order to
change the wettability transition of the ZnO thin films, which
was deposited onto glass substrate at RF power of 100W at
first, and then it was put under an ultraviolet (UV) light
of wavelength 365 nm, which could provide larger photon
energy than the intrinsic band gap (3.37 ev) of the ZnO
phase. The relationship between the UV photoirradiation
times varied from 1 to 60mins and water contact angle (CA)
for the ZnO thin films deposited at 100W as shown in



6 International Journal of Photoenergy

12

0.8
0.6

0.4
0.2

H
ei

gh
t (

nm
)

W
idth (𝜇m)

(a)

12nm

0.0 1.0
Height sensor (𝜇m)

(b)

H
ei

gh
t (

nm
)

6

0.8
0.6

0.4
0.2

W
idth (𝜇m)

(c)

6nm

−6nm

0.0 1.0
Height sensor (𝜇m)

(d)

H
ei

gh
t (

nm
)

50

0.8
0.6

0.4
0.2

W
idth (𝜇m)

(e)

50nm

0.0
Height sensor

1.0
(𝜇m)

(f)

H
ei

gh
t (

nm
)

40

0.8
0.6

0.4
0.2

W
idth (𝜇m)

(g)

40nm

0.0 1.0

Height sensor (𝜇m)

(h)

50 75 100 125 150

1

2

3

4

5

6

Ro
ug

hn
es

s (
nm

)

Power (W)

(i)

Figure 4: Atomic force microscope (AFM) 3D images for the ZnO thin films with different RF powers of (a) 50, (c) 75, (e) 100, and (g) 150W;
(b), (d), (f), and (h) are the corresponding 2D surface images for (a), (c), (e), and (g) forms, respectively. The scanning size of all domain
images was fixed at 1 × 1 𝜇m2. (i) The surface roughness values as a function of the ZnO thin films with different deposition powers ranged
from 50 to 150W.

Figure 7. Inset showed the corresponding water CA images
accompanied with the measured values for the ZnO (0002)
columnar film. The ZnO sample deposited at RF power of
100Wwas repeatedly measured after being stored in the dark
for one day for reversing the initial wettability state. The CA
values of ZnO columnar film decreased significantly with
increasing the UV photoirradiation time, and the surface
wettability was switched from hydrophobic to hydrophilic
state. The CA value of ZnO columnar film deposited at RF
power of 100W changed from 91.8∘ to 14.1∘ after 60mins
of UV irradiation. The rapid decrease of CA value of ZnO
phase can be attributed to the photocatalytic behavior caused
by the accumulation of positive surface charges by pho-
toelectron emission. The switching of wettability transition
can also be explained by the following mechanism: via UV

photoirradiation by photon energy, higher than or equal to
the band gap of ZnO phase, the electrons (e−) in the valence
band are excited to the conduction band. At the same time,
the same number of holes (h+) generated in valence band.

ZnO + 2ℎV → 2h+ + 2e− (3)

Some of the holes react with lattice oxygen (O2−) or
surface oxygen atoms to form surface oxygen vacancies O1−,
while some of the electrons react with lattice metal ions
(Zn2+) to form Zn2+ defective sites, as listed in the following
equations:

O2− + h+ → O1− (surface trapped hole) (4)
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Zn2+ + e− → Zn+ (surface trapped electron) (5)

O1− + h+ → 1
2

O
2
(gas) + VO (oxygen vacancy) (6)

The water molecules and oxygen may compete with each
other to dissociatively be absorbed on the defective sites. The
surface trapped electrons (Zn+) tend to react with oxygen
molecules adsorbed on the surface as follows:

Zn +O
2
→ Zn2+ +O2− (7)

At the same time, the water molecules may act in concert
with oxygen vacancy sites (VO), which cause the dissocia-
tive adsorption of the water molecules onto the ZnO film
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Figure 7: Time dependence of water contact angles (CAs) for the
ZnO thin films deposited at 100W under ultraviolet (UV) photoir-
radiation with the light wavelength of 365 nm. Inset showed the
corresponding water CA images accompanied with the measured
values of the ZnO (0002) columnar films.

surface. The defective sites are kinetically more favorable for
hydrophilic hydroxyl groups (OH−) adsorption than oxygen
adsorption. In general, the oxygen adsorption is favorable
in thermodynamic behavior; therefore, when the UV light
irradiated ZnO film was moved to dark conditions, the
oxygen atoms could gradually replace the hydroxyl groups
which made the surface come back to its initial state (without
UV photoirradiation) and return its original hydrophobicity.
This behavior provides a foundation for photoresponse and
the fraction structure enhances CA value. So the UV pho-
toirradiation can modify the chemical and physical surface
states of the ZnO columnar film, in turn switching its
wettability. This is helpful in the research field focused
on controllable switching behavior from superhydrophilicity
(contact angle CA< 15∘) to hydrophobicity that can be used in
many potential devices such as biosensors, microfluidic tools,
intelligent membranes, and the encapsulation of biocompat-
ibility/bioinertness in vivo biodevices [50–52].

The relationship between the time of storing in the dark
varied from 10 to 600mins and water CA values for the ZnO
thin films deposited at 100W as shown in Figure 8. Inset
showed the corresponding water CA images accompanied
with the measured values for the ZnO (0002) columnar film.
The recovery time for the ZnO columnar film stored in
the dark took about 10 hours to reach the initial/original
water contact angle. The recovery behavior of the initial
wettability is due to the surface discharging from the ZnO
(0002) columnar film.The recovery behavior of hydrophobic
surface from theZnOcolumnar film is due to the replacement
of adsorbed hydroxyl groups with oxygen molecules onto
ZnO columnar film surface. After adsorbing hydroxyl groups
under UV photoirradiation, the ZnO surface turns back
to an unstable surface state. When the oxygen adsorption
is preferred and strongly bonded on defective sites, the
adsorbed hydroxyl groups on the defective sites could replace
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oxygen molecules within the ZnO film stored in the dark
environment. Above results demonstrate that the surface
charge is strongly influenced by the UV photoirradiation.

4. Conclusions

Highly c-axis-oriented ZnO (0002) columnar films have been
successfully deposited onto glass substrates at room tem-
perature by radio-frequency magnetron sputtering system.
All the ZnO columnar films exhibited good crystallinity
and had good visible-averaged transparency (over 82%),
and all the ZnO films showed hydrophobic behavior. The
wettability of the ZnO columnar film could be switched from
hydrophobic (∼92∘) to superhydrophilic (∼14∘) during the
UV photoirradiation process. The rapid transition of contact
angle (CA) value for ZnO columnar film can be attributed
to the photocatalytic behavior caused by the accumulation of
positive surface charges via photoelectron emission. A simple
method is presented here for controlling the CA value and
switching wettability of ZnO phase only by the RF deposition
power and inducing UV light photoirradiation, respectively.
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CIGS polycrystalline thin films were successfully fabricated by one-step cathodic electrodeposition on Mo-coated glass. In
this study, we applied a galvanometry mode with three-electrode potentiostatic systems to produce a constant concentration
electroplating solution,whichwere composed ofCuCl

2
, InCl

3
, GaCl

3
, and SeO

2
.Then these as-electrodeposited filmswere annealed

in argon atmosphere and characterized by X-ray diffraction. The results revealed that annealing treatment significantly improved
the crystallinity of electrodeposited films and formed CIGS chalcopyrite structure, but at low applied deposition voltage (−950mV
versus SCE) there appeared second phase. The cross-section morphology revealed that applied voltage at −1350mV versus SCE
has uniform deposition, and higher applied voltage made grain more unobvious. The deposition rate and current density are
proportional to deposition potential, and hydrogen was generated apparently when applying potential beyond −1750mV versus
SCE. It was found that the CIGS compound did not match exact stoichiometry of Cu : In : Ga : Se = 1 :𝑥 : (1 − 𝑥) : 2. This result
suggests the possibility of controlling the property of thin films by varying the applied potential during electrodeposition.

1. Introduction

CuInSe
2
(CIS) and Cu(In, Ga)Se

2
(CIGS) to be candidate

materials as absorber material for the thin film photovoltaic
device are popular because of high optical absorption and
direct band gap. We present that the optimum band gap for
solar cell is 1.45 eV. But 𝐸

𝑔
of CuInSe

2
film is near 1.02 eV

at room temperature, not exactly located within the best
operation area. CIGS cells offer a tunable direct band gap by
adjusting the ratio of In to Ga to maximize the absorption of
the solar spectrum.To addGawith appropriate concentration
to CIS material could form CuIn

𝑥
Ga
1−𝑥

Se
2
and adjust the

band gap ranges from 1.02 eV (pure CuInSe
2
) to 1.68 eV (pure

CuGaSe
2
) [1]. This property could be utilized to fabricate

multijunction devices for increasing efficiency. Taking CIGS
film as an absorber can apparently cause efficiencies of up to
19.5% on a laboratory scale. CIGS cells also have the highest

absorption coefficient of any thin film (𝛼 > 105 cm−1),
which allows for greater than 99% of the incoming photons
to be absorbed within the first micron of the material. Cost
would be down because of low material requirement. It is
estimated that the theoretical efficiency could reach 25%
to 30%. After mass production the cost would probably
be about US$0.03/W. In sum, a CIGS modules device will
have great competition potential for solar energy in the
future.

There are different techniques to prepare the CIGS
absorber layer including both physical and chemical meth-
ods. The main concern for CIGS solar cell is to develop a
low-cost and large-scale production technology. It is desirable
technically to form the concerned thin film by a simple,
safe, and inexpensive procedure. Many researches have
reported the fabrication of CIGS by different approaches [2–
16]. Xu et al. reported that applying a novel single source
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three-stage evaporation process to fabricate CIGS thin film
solar cells with a power conversion efficiency of 10.6%.
This technique enables the deposition of CIGS thin films
using a conventional one-source-at-a-time evaporator and
device quality films are formed in situ without seleniza-
tion [3]. Chen et al. reported one-step fabrication of the
chalcopyrite CIGS absorber layer without excess Se supply
during/after deposition or postselenization treatments with
an efficiency of 10.14% by using pulse DC sputtering route
[9]. Later, Chen et al. discussed the characteristics of one-step
sputtered CIGS films including compositional, structural,
optical, morphological, and electrical properties. For the
device fabrication, the authors claimed thatMo back contacts
dominated the growth behavior of CIGS films deposited
at high temperature [10]. Duchatelet et al. presented new
advances on an atmospheric-based deposition process for
Cu(In, Ga)Se

2
with an efficiency of 12.4%. The electrodepo-

sition consisted of a Cu-In-Ga mixed oxide/hydroxide layer
from an aqueous solution at room temperature, followed by
a thermochemical reduction and selenization. This process
enables the one-step codeposition of the three elements,
from a simple aqueous electrolyte containing nitrate ions
as oxygen precursor, with fast growing rates and precise
control of composition [11]. Wang et al. reported a novel
approach for the fabrication of chalcopyrite CuInxGa1−𝑥Se2
thin film solar cells by inkjet printing with a power con-
version efficiency of 5.04%. The authors claimed that inkjet
printing in atmospheric environment offers an opportunity
for the direct patterning of absorber materials at large
scale. Moreover, inkjet printing increases the raw material
utilization ratio compared to more wasteful vacuum-based
deposition techniques [12].The techniques for the deposition
of the CIGS layer can be either vacuum or solution-based
methods [13–15]. Although the cell efficiencies obtained from
CIGS layer fabricated by the vacuum methods were higher,
the cheap and convenient solution-based approaches still
attract a lot of research interest as a potential alternative
[16].

Among various solution-based methods, electrodeposi-
tion is a potentially suitable preparationmethod for obtaining
the low-cost CIGS layer. One-step electrodeposition, espe-
cially, has the most various advantages for high throughput
and large-area fabrication, because of its low processing cost,
the fact that there is no vacuum system needed, its high
deposition speed, the fact that there is no use of toxic gases,
its low operation temperature, and its simple operation steps.
The whole process involves electrodeposition of precursor
films of Cu-In-Ga-Se alloy and subsequent recrystallization
by thermal annealing at high temperature. The most impor-
tant part is to optimize deposition parameters and conditions
to offer the prospect of achieving stoichiometry. The main
emphasis and purpose of this paper focused on details
of one-step electrodeposition process. It took depositions’
potentials to be process parameters. The goal of this work
was to study the effect of the different deposition conditions
and treatments used on the structural and morphologi-
cal properties of CIGS in order to find out the trend of
obtaining high quality precursor layers. Grain growth during
annealing was observed. The mechanism of film growth

Table 1: Bath composition that used to prepare precursor CIGS thin
films by electrodeposition. All chemicals were dissolved in a solution
of pH 2 with DI water.

Bath composition (mM)
Cu2+ In3+ Ga3+ Se4+ LiCl

Fixed 12 3.75 6.81 10.8 250

and influence of hydrogen generated at cathode are also
discussed.

2. Experimental Details

2.1. Thin Film Preparation. One-step electrodeposition was
carried out potentiostatically in an aqueous solution contain-
ing CuCl

2
, InCl

3
, GaCl

3
, SeO
2
, and LiCl; the concentration

of each electrolyte is shown in Table 1. No stirring was
employed during deposition in first cases; then follow-up
cases are under stirring with the velocity using a magnetic
bar to improve the uniformity of the deposited sample during
deposition (to protect the sample from a bubble generated
under the electrolyte solution).The solution temperature was
under room temperature without heating and recirculation.
Diluted HCl was added drop by drop to adjust the pH of the
solution to be between 1.9 and 2.0. It used a classical three-
electrode potential static device with platinum (Pt) coated
titanium gauze as an auxiliary electrode. Saturated calomel
electrode (SCE) is to be a reference for measurement of
the local potential of the cathode. The working electrode
was a 1-𝜇m thick Mo film on a glass substrate (with active
deposition area of 1.0 cm2) deposited by DC sputtering on
soda-lime glass. Ultrasonic cleaner cleaned the specimens
with deionized water and acetone. Then they were dried in
flowing air. The electrodeposition was controlled using an
EG&G Mod. 263 Potentiostat/Galvanostat. To minimize the
experimental error, electrodeposition was conducted under
the same conditions (concentration of the electrolyte, pH of
solution, supporting electrolyte, sample size, and magnetic
stirring), except for applied bias. The applied potential was
varied from −1950mV to −950mV versus SCE [17]. During
electrodepositing the current variation was recorded. After
electrodeposition precursor thin films were annealed in a
tube furnace for 1 hour in Ar atmosphere at 400∘C to form
CIGS without oxidation and to improve their crystalline
properties.

2.2. Thin Film Characterization. The specimens are char-
acterized X-ray diffraction (XRD) by X-ray Diffractometer
Rigaku using Cu K

𝛼
radiation (𝜆 = 1.54 Å) to confirm the

formation and crystallization of the quaternary compound.
The data obtained by XRD was compared with JCPDS file
cards in order to determine the phases of the films. The field
emission scanning electron microscopy (FESEM) images
were used to demonstrate the surface morphology. EDX was
done to define compound stoichiometry. The roughness of
sample surfaces was detected by atomic force microscopy
(AFM).
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Figure 1: Polarization curve was conducted to determine the
reduction potentials of each element (scan rate = 1mV/s).
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Figure 2: I-T curve of thin films under different potentials (a)
−1950mV, (b) −1750mV, (c) −1550mV, (d) −1350mV, (e) −1150mV,
and (f) −950mV.

3. Results and Discussion

The anions of Cu2+, In3+, Ga2+, and HSeO
3

− are believed to
exist in the solution. There are reduction reactions which are
shown as follows [18, 19]. The optimum reduction potentials
of each element listed after chemical formula are standard
reduction potentials:

Cu2+ + 2e− → Cu 𝐸
0
= +0.337V (1)

In3+ + 3e− → In 𝐸
0
= −0.343V (2)

Ga3+ + 3e− → Ga 𝐸
0
= −0.529V (3)

HSeO
3

−
+ 5H+ + 4e− → Se + 3H

2
O 𝐸

0
= +0.740V

(4)

Polarization curve was conducted as in Figure 1. The
deviation of these reaction potentials from the theoretically
expected values was caused by various factors, such as the
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Figure 3: XRD pattern of thin film deposited under potentials
−1350mV versus SCE for (a) as-annealing and (b) annealing under
Ar atmosphere.
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Figure 4: XRD pattern of thin films deposited under potentials (a)
−950mV, (b) −1150mV, (c) −1350mV, (d) −1550mV, (e) −1750mV,
and (f) −1950mV.

concentration of the electrolyte, pH of the solution, used
substrate size, supporting electrolyte, and the absence or
presence of magnetic stirring [20–23]. Based on theory and
[17], the most applicable potential to codeposit these four
components should be located between −950mV versus SCE
and −1950mV versus SCE.

After a round of experiments without stirring, it was
found that at higher bias (over −1750mV versus SCE) a
great deal of hydrogen was produced in 10 seconds. Figure 2
shows the i-t curves under different potentials. The current
density of low bias (below −1350mV versus SCE) would tend
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Figure 5: EDS results of CIGS thin films deposited under different potential (normalized to Cu = 1) and its relative surface morphology.

to stabilize and made i-t curves horizontal, but for high
ones the values of current density were raised with time.
Observing the surface after experiments, some areas had
no film deposition because of seethe or bubbles adherence.
And when presented in aqueous deposition baths, In and Ga
deposition efficiencies are limited by H+ reduction, which
cause composition inhomogeneity and pinholes in the film
and hence limit the cell efficiencies [18]. To eliminate the
effect of hydrogen generation, thereafter electrodeposition
was performed by stirring with a magnetic bar.

Figure 3 shows the representative XRD pattern for sto-
ichiometry CIGS samples, annealed and as-annealed, pre-
pared at −1350mV versus SCE. In the as-deposited sample,
pattern just showed a peak at 2𝜃 = 28.7∘ and the preferred
formation of compound is not formed. Furthermore, the
uniformity of the thin film is not good without magnetic
stirring being used in the deposition procedure. After anneal-
ing the sample (400∘C, 1 hours, Ar ambient), the quaternary
compound, CIGS, is dominantly formed to be chalcopyrite
structure in the deposited film. Sharp peaks at 2𝜃 = 26.9∘,
44.7∘, and 53.0∘ corresponding to the diffraction of the (112),
(220), and (312) planes were formed. The 2𝜃 value for (112)
plane changed from 28.7∘ to 26.9∘.The phenomenon could be
due to the facts that the residual stress would exist in the thin
film during electrodeposition processes. The residual stress
might lead to lattice anisotropic deformation.The diffraction

peak shifted from high to low degree indicated that the lattice
spaces increased after annealing. Furthermore, it suggested
that the residual stress may be responsible for tensile stress.
Figure 4 presents XRD patterns of the samples and thus heat
treated after electrodeposition by different deposition poten-
tials. Formation of themain phase of chalcopyrite structure is
observed in all samples except −1950mV one, which had only
one preferred orientation at 2𝜃 = 26.9∘. However, in cases
of potentials −950mV and −1150mV, there appeared another
peak at 2𝜃 = 37.5∘. But the peak disappeared when applied
potential was beyond −1350mV. It suggested that would have
been a secondary phase at lower electrodeposition bias. The
peak of secondary phase corresponded to (203) plane of Cu-
In alloyed film that annealed to be crystallized to provide the
C
11
In
9
phase (stable up to 320∘C) [18].The small positive shift

in 2𝜃 value of (112) peak indicated the incorporation ofGa and
In sites and hence a decrease in lattice parameter [24].

Figure 5 shows the EDX compositional analysis data,
which are normalized to Cu = 1, of the precursor films
prepared by electrodeposition at different potentials and
corresponded morphologies of top view by SEM. It notes
that samples at which −950mV and −1150mV were applied
are excluded because they did not detect Ga element in
thin film. Surface morphology revealed a dendrite surface
affected by the electrolyte concentration and duration of
deposition which is due to limited ion concentration [18].
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Figure 6: (a) SEM image and corresponding compositionalmapping of (b) Cu, (c) In, (d)Ga, and (e) Se of theCIGS filmprepared at−1350mV
via electrodeposition.

When electrodeposition process begins, a compact thin film
comprising metal elements is formed on the substrate. Based
on our group’s previous experimental results, it showed that
the electrochemical kinetic behavior of the CIGS thin film is
strongly influenced by the structure of the electrical double
layer existing between the substrate and the electrolyte with
different concentrations of Ga3+. With an increase in the
electrodeposition time, the kinetic behavior of this electrode-
position system was gradually dominated by the diffusion
process rather than the charge-transfer process [25]. In this
study, we also observed similar kinetic behavior. With time
increasing, the diffusion-controlled reaction gradually domi-
nated themechanism of the electrodeposition of CIGS layers.

The limitation of the electrolyte concentration reaches the
substrate, which ions consumed and deposited CIGS. Then,
the dendrite structure appeared on the surface [26]. From the
SEM images, it could be observed that when more potential
was applied, the dendrite size decreased and surface porosity
increased. This indicated that the number of nucleation sites
in the case of lower deposition potentials is less than that
of the higher one. It means that the coalescence of the ele-
ments occurs in fewer nucleated sites. Compositional analysis
showed that stoichiometry of specimen prepared at –1550mV
was the closest to ratio with Cu : In : Ga : Se = 1 : (1 − x) : x : 2.
It seems the applied potential and compound stoichiometry
are independent, and composition of In, Ga, and Se had
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Figure 7: FE-SEM morphology cross-section of thin films deposition at potentials (a) −1350mV, (b) −1550mV, (c) −1750mV, and (d)
−1950mV versus SCE.
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Figure 8: Average height measure by AFM for thin films deposited under potential −1350mV with different time and its relative surface
morphology of AFM image.
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Table 2: Roughnessmeasured byAFM for CIGS thin films prepared
at electrodeposition potential of −1350mV.

Electrodeposition time (s) 20 40 60
Roughness average (Ra) 0.0483 0.2516 0.1906
Roughness root mean
square (RMS) 0.0606 0.2960 0.2601

Average height maximum 0.2354 0.7289 1.5423
Height maximum 0.4706 1.5879 3.2496
Unit: 𝜇m.

same trend with potential when normalized to Cu = 1. To
investigate the elemental distribution of CIGS film prepared
at −1350mV via electrodeposition, it was examined by SEM
equipped with EDX. The compositional mapping of Cu, In,
Ga, and Se exhibited uniform distribution of each element as
shown in Figure 6, indicating that no second phases existed
on the surface of film.

Figure 7 shows the morphology of the cross-section. As
mentioned in the last paragraph, the deposition is limited
by the electrolyte concentration that reaches the substrate.
At lower applied potential, the metal ions in the bath were
consumed slower and diffused more sufficiently than with
higher applied potential conduction. Deposit film prepared
at −1350mV was uniform and orderly. The bottom part
of −1550mV cross-section is dense and compact, but with
deposition time increasing, the follow-up deposit would
become less smooth because of the effect of point discharge
and diffusion. Even at −1750mV and −1950mV samples,
some areas of Mo substrate were rarely deposited and some
areas had masses of deposition. Table 2 shows the roughness
compared with different deposition time measured by AFM.
The roughness root mean square (RMS) and roughness
average (Ra) values varied significantly between 20 seconds
and 40 seconds; after 40 seconds the roughness varied
slightly. It suggested that a large number of atoms did not
generate and deposit on substrate surface at initial stage (from
0 to 20 seconds). When certain area of substrate surface
had covered the early deposits, it would get advantages to
enhance mass transfer process progress with short diffusion
distance and high electrical potential gradients. Then the
surface would become coarse in this stage (after 40 seconds).
Figure 8 shows images and plots of the surface average height.
The AFM was used to study the nucleation and development
of roughness of the growth of CIGS film.The curve indicated
that the roughness increased with deposition time. It was
the evidence to explain the surface of thin film deposition
influenced by point discharge and diffusion. At first, metal
ions at cathode vicinity were depleted in the beginning, but
ions cannot supply deposition on time completely. Some
areas that had deposits would get advantages, such as short
distance for diffusion and high electrical potential gradients
due to high charge density. These effects enhanced mass
transfer process progress at these knobby parts; then the
surface would not worsen uniformly with time. To avoid this
behavior, deposition potential, operation time, and stirring
should be considered as control parameters. The theoretical

thickness of the electrodeposited CIGS layer is determined
by the following relationship [27]: d = (j⋅Mt)/(n⋅F⋅p), where j
is the current density (mA/cm2), M is the molecular weight
of CIGS (for CuIn

0.5
Ga
0.5
Se
2
is 315.18 g), t is the time for

which the current is passed, p is the density of CIGS, F
is the Faraday constant (96500C), and n is the number
of electrons transferred. Based on this equation, one could
evaluate the deposited thickness of the CIGS material which
was controlled.

4. Conclusions

One-step cathodic electrodeposition of CIGS thin films
has been prepared, and the XRD patterns show that
annealing treatment improved the crystallization of
electrodeposited films and formed CIGS chalcopyrite
structure, and at low applied deposition voltage (below
−1150mV versus SCE) there appeared the second phase
of Cu-In alloys. The morphology of cross-section
displayed that applied voltage at −1350mV versus SCE
has uniform deposition. Ga element could not be detected
by EDX when deposition potential is below −1150mV
versus SCE. It was found that the compound did not
match exact stoichiometry of Cu : In : Ga : Se = 1 : x : (1 −
x) : 2. Varying the applied potentials during electrodeposition
could control the properties and compounds of CIGS thin
film, but the effect was restricted. It should therefore be
operated in coordination with electrolyte concentration
adjustment in solution to achieve a more ideal composition.
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Diamond-based antireflective (AR) coatings were fabricated using a spin coating of diamond suspension at room temperature as
nucleation enhancement procedure andmicrowave plasma enhanced chemical vapour deposition. Various working pressures were
used to investigate their effect on the optical characterization of the as-deposited diamond films. Scanning electron microscopy
(SEM) and atomic forcedmicroscopy (AFM) were employed to analyze the surface properties of the diamond films. Raman spectra
and transmission electron microscopy (TEM) also were used for analysis of the microstructure of the films. The results showed
that working pressure had a significant effect on thickness, surface roughness, and wettability of the as-deposited diamond films.
Deposited under 35 Torr or working pressure, the film possessed a low surface roughness of 13.8 nm and fine diamond grain sizes of
35 nm. Reflectance measurements of the films also were carried out using UV-Vis spectrometer and revealed a low reflectance value
of the diamond films. The achievement demonstrated feasibility of the proposed spin-coating procedure for large scale production
and thus opens up a prospect application of diamond film as an AR coating in industrial optoelectronic device.

1. Introduction

In last decades, prosperous achievements in material pro-
cessing technologies as well as semiconductor engineering
have opened up a prospect of optoelectronic devices in many
fields such as solar energy, photo detectors, measurement,
medical, and so forth [1–5]. Many efforts have been devoted
aiming at the performance and reliability of the devices
in harsh working conditions. Since the operation of these
device is mainly based on optoelectronic conversion, the
optical characteristics are vital to the fate of the devices,
leading to the demand in high transmittance absorption
layers on various wavelength ranges. Besides the improve-
ment in optical transparency, antireflective (AR) coatings are
also used in most of the aforementioned optical devices to
eliminate light reflection and inhomogeneities on the surface
of the absorption layers. Till now, AR coatings structured by

various transparent layers with distinctive optical refractive
indices are one of the most popular and have attained much
attention owing to their high reflective performance on even
infrared wavelength range of few micrometers [6–8]. These
coatings usually consist of commonly fluoride layers with low
refractive indices and other high refractive indices layers. It
should be noticed here that those fluoridematerials lack good
mechanical and chemical properties which can be seriously
affected by severe environment, resulting in requirement of
protective layers, thus increasing manufacturing cost as well
as performance of the whole optical system.

Diamonds are promising candidates for AR coating
materials owing to their excellent properties including high
hardness, high thermal conductivity, optical transparency,
and high refractive index [9–13]. Few techniques have been
developing to deposit diamond films on various substrate
materials such as physical vapor deposition (PVD), chemical
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Figure 1: Morphology of the as-prepared diamond layers on D263T glass substrate using spin coating with different parameters.

vapor deposition (CVD), and sol-gel methods [14–16]. In this
study, we demonstrate a method to fabricate diamond-based
AR coatings using a spin coating process of nanodiamond
particles (NDPs) suspension on optical glass. This method
is inexpensive, environmental friendly, and relatively easy to
conduct and thus has the feasibility for large scale produc-
tion.

This study aimed to deposit antireflection NPs thin films
on quartz substrates at various working conditions to iden-
tify the properties of the NPs films. The corresponding
microstructure and mechanical and optical properties of
NDPs films were investigated by scanning electron micro-
scope (SEM), atomic force microscopy (AFM), contact angle
goniometry, and optical analysis measurements, respectively.

2. Experimental

Diamond suspension was prepared using NDPs, having 5–
10 nm in size, dispersed in methanol solution (CH

3
OH,

Sigma Aldrich). Various concentrations of the suspension
were used as 0.1, 0.3, and 0.5 wt%. In order to improve the
purity of pristine particles, an acid treatment procedure was
employed using a mixture of nitrite, sulfuric acid, and hydro-
gen peroxide. The details of the purification process were
reported in our previous works [2]. The treated NDPs were
then rinsed in DI water, followed by a recovery step with
centrifugation equipment, and finally evaporated at room
temperature.

The diamond suspensions were prepared dispersion of
purified NDPs in methanol solution for 2 hours with ultra-
sonication enhancement. Spin coating was then employed

Table 1: The spin coating parameters of NDPs films for each factor
and level as defined by the Taguchi experiment design.

Parameters Sample 1 Sample 2 Sample 3
Spin speed (rpm) 2500 3500 5500
Spin time (sec.) 30 30 30
Heat treatment (∘C) 300 300 300
Concentration (wt%) 0.1 0.3 0.5

to disperse NDPs onto quartz substrate. The substrate was
purchased from Mustec Corp., having high luminous trans-
mittance and refractive index of 1.45. In this study, spin
coating procedures were carried out at room temperature,
with parameters shown in Table 1. The nucleated substrates
were used for preparation of diamond films in microwave
plasma enhanced vapour deposition (MPECVD) process. In
all our experiments, the plasma during the diamond growth
was induced by a microwave power of 900W and in mixture
of methane and hydrogen as the precursor gases whose
concentration ratio was 5% CH

4
: 95% H

2
. The working

pressure was varied from 40Torr to 100 Torr (40, 55, 70, 85,
and 100 Torr).

Optical emission spectrometry (OES, B&WTEK
BTC112E) was utilized to on-line monitor the produced car-
bon radicals in plasma under various deposition pressures.
The assessment of the as-deposited diamond films was car-
ried out using field emission scanning electron microscope
(FESEM, LEO 1530), atomic forcemicroscope (Digital instru-
ment D3100), and transmission electron microscope (TEM,
JEOL JEM-2100F). The bonding structure of the films was
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Figure 2: SEM images of (a) quartz substrate spin coated with NDPs and diamond films grown at various working pressures: (b) 35 Torr, (c)
50 Torr, (d) 65 Torr, (e) 80 Torr, and (g) 100 Torr, respectively.

also characterized by X-ray photoelectron spectroscopy
(XPS) and Raman spectrophotometer (Ar laser, wavelength
of 325 nm).

3. Results and Discussion

Figure 1 shows the morphology from the plan view of the
surface of the as-prepared NDPs layers for samples 1, 2,
and 3. The quartz substrates were coated under various
parameters such as spin speed, spin time, heat treatment, and
concentration wt%. The results demonstrated that sample 2
(Figure 1(b)) possessed a relatively high diamond nucleation
density for further CVD diamond film deposition.

The morphology of the as-deposited diamond films was
analyzed by SEM. Figure 2(a) represents the quartz substrate
after spin coating procedure with 0.3 wt% solution of the
NDPs. The homogeneous distribution of the NDPs on the
substrate exhibited a good dispersion of the prepared dia-
mond suspension. It is reported that the diamond growth in
the CH

4
: H
2
plasma was found to be induced by both methyl

radicals and C
2
species. Since the nucleations via C

2
dimer

species are not allowed by nondiamond substrates such as
quartz, the existence of the spin coated diamond particles
on the substrate surface can enhance the diamond growth.
Figures 2(b)–2(e) show the evolution of surface morphology
of the diamond films grown by MPECVD with various
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Figure 3: The dependence of deposition rate and surface roughness of the as-prepared diamond films on the working pressure.
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Figure 4: The Raman spectra of the as-prepared diamond films deposited under working pressure ranged from 35 Torr to 100 Torr.
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Figure 5: (a), (b), and (c) Bright fieldTEM image, corresponding SAEDpattern, and high resolutionTEM images for diamondfilms deposited
at 35 Torr of working pressure.

working pressures. Diamond films grown at 35 Torr exhibited
a smooth morphology with very fine grains less than 50 nm
in size and without any apparent pinholes. The surface
morphology of the diamond films deposited at 100 Torr, as
shown in Figure 2(f), reveals relatively large grain cluster
having size of 100 nm and above.

The effects of working pressure on the deposition rate and
surface roughness of the as-prepared films are demonstrated
in Figure 3. As the deposition pressure increases from 35 to
100 Torr, the average deposition rate which was calculated
based on cross-section SEM images owing to the increase
in produced carbon precursors and surface roughness was
increased from 1.275 to 2.43m/h and from 13.8 to 21.1 nm,
respectively.These confirm the aforementioned trends on the
change of clustered degree and grain size of the diamond
films.

The Raman spectra of the diamond films deposited under
various working pressures are shown in Figure 4. Depositing
under 35 Torr, the diamond peak at 1332 cm−1 (sp3-bonded
carbon phase) of the films is weak and seems to be overlapped
by the disordered band (Dband, sp2-bonded carbon phase) at
around 1350−1, exhibiting the nanometered size of diamond
crystallite size.This overlap can be confirmed throughRaman
spectra analysis conducted with visible wavelength (514 nm).
With the increasing of the deposition pressure, the charac-
teristic peak of diamond gradually sharpens and increases in
intensity indicate the increasing of diamond crystallite size.
Moreover, the relative ratio in intensity between the diamond
peak and theG band (sp2-bonded carbon phase) at 1579 cm−1
reveals the decrease in content of the grain boundary in the
films.

Figure 4(a) shows the plan view TEM image of the
diamond films deposited with working pressure of 35 Torr,
which demonstrates that the films consisted of diamond grain
with nanometered size dispersed in the amorphous carbon
matrix. As shown in Figure 4(b), the corresponding SAED
pattern of the diamond films with sharp rings diffraction
patterns revealed that the diamond grain possessed high
crystallinity, Figure 5.
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Figure 6: Reflection of the diamond films deposited under working
pressure ranged from 35 Torr to 100 Torr.

Figure 6 shows the reflection of the fabricated diamond-
based AR coating on quartz substrate under various deposi-
tion pressures. All the reflection analyses were conducted by a
UV/vis spectrophotometer.The result revealed that diamond
film deposited under 25 Torr possessed quite low reflectance
of 10% and below in visible wavelength range which is feasible
for further antireflective applications in solar cell devices.
Depositing under higher working pressure, both grain sizes
and surface roughness of the films significantly increased,
thus increasing the reflectance.

4. Conclusions

In this study, diamond-based antireflection coating was fab-
ricated using spin coating and microwave plasma enhanced
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chemical vapour deposition. It was shown that spin coating
of 0.3 wt% of NDPs suspension ensured a high nucleation
density and low surface roughness for CVDdiamond growth.
Diamond films deposited under 35 Torr of working pressure
were found to have low surface roughness and the lowest
reflectance of 10% and below at visible wavelength range.The
above results demonstrate that the proposed fabrication pro-
cedures are feasible for large scale production, thus opening
up a prospect application of diamond-based AR coating in
optoelectronic device.
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Nanocrystalline diamond (NCD) films are promisingmaterials for wide-spread applications due to their outstanding characteristics
of chemical, physical, and highly smooth surface. Our present work aimed at the fabrication of high performance diamond-
based UV detector. NCD films were prepared by microwave plasma enhanced chemical vapor deposition process, and then Au
interdigital electrodes were deposited onto the surface of the as-grown NCD film by sputtering technique. Annealing procedures
were conducted at various temperatures to obtain Ohmic contact of NCD/Au structure. The surface morphology, microstructure,
and wettablity of the NCD films were analyzed by scanning electron microscopy, atomic forced microscopy, Raman spectroscopy,
X-ray photoelectron spectroscopy, transmission electron microscopy, and water contact angle measurement, respectively. The
electrical property and photoconductivity of the fabricated devices were tested for UV detection application. It was found that
the NCD films possessed high sp3 fraction of 68.6%, low surface roughness of 9.6 nm, and good hydrophobicity, as deposited
under working pressure of 40 Torr. Also, the NCD/Au structure annealed at 500∘C exhibited a good Ohmic contact characteristic,
high detection efficiency, and fast response to UV irradiation in air ambient. The proposed study indeed demonstrates prospective
applications of NCD films in UV detector, photocatalyst, solar cell, and so on.

1. Introduction

Along with the development of electronics engineering and
nanotechnologies, ultraviolet (UV) sensors have attained
increasing attention in which their applications have flour-
ished over the past decade, including energy, defense, space-
to-space communications, medical treatment, food process-
ing, and water treatment. Till now, several wide-band-gap
materials like GaN, Si, AlN, and ZnO compounds have been
investigated for the uses in UV sensors [1–4]. Aiming at
the aforementioned practical applications, however, many
researches have been devoted to achieve highly efficient and
highly stable operations of the device in harsh environment,
leading to the quest for good performance materials and
functional structures [5–7].

Among the semiconductor materials, diamonds possess
unrivalled characteristics such as good hardness, wear resis-
tivity, high thermal conductivity, high optical transparency,

and chemical inertness [8–12]. As nanoscale structures,
nanodiamonds are considered to possess a wide band-gap
(∼5.5 eV) and large breakdown electric field (∼10MV/cm),
resulting in low leakage current [13]. To date, the synthesis
techniques of nanodiamond materials have been devel-
oped for decades [14–17]. Owing to the above advantages,
nanodiamond materials are indeed a promising candidate
for UV detection applications. The diamond-based devices
with homojunction (including p-n, p-i-m, or p-i-n types),
however, seem to be challenged by inadequate dopant con-
centration in diamond growth processes and a required
low resistivity doping layer which tends to exclude voltage
loss and Joule heat [18]. In addition, orientation-selective
growth of doped diamond films is usually needed for the
production of these devices [19, 20], resulting in a high
cost and thus hindering the feasibility of their applications.
Therefore, we present here the fabrication of nanocrystalline
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Figure 1: SEM images for the diamond films grown at various working pressures under (a) 20 Torr, (b) 40 Torr, (c) 60 Torr, and (d) 80 Torr,
respectively.
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Figure 2: Raman spectra for the diamond films grown at various
working pressures under 40 Torr, 60 Torr, and 80 Torr, respectively.

diamond (NCD) thin film based UV detectors using metal-
semiconductor-metal structure, aiming at higher production
rate and higher quality of the films deposition for improving
the efficiency and repeatability/reproducibility of the devices.
It is of importance to note here that though a postannealing
procedure is found to be necessary for good junctions of

metal electrodes and diamond films, the profound effect of
that procedure on the characteristics of the diamond films as
well as the whole device is not understood well yet.

So far, the growth of NCD films on foreign substrates
is usually performed by chemical vapor deposition (CVD)
equipment using H

2
/CH
4
or Ar/H

2
/CH
4
gas mixtures [15,

21]. The microwave plasma enhanced chemical vapor depo-
sition (MPECVD) technique is well-known to increase the
plasma density and secondary nucleation rate during the dia-
mond growth process and, consequently, ensures high depo-
sition rate and high density of the as-grown diamond films.
In the present work, NCD thin films were grown onto silicon
substrates by the MPECVD equipment at fixed H

2
/CH
4

concentration ratio and under various working pressures.
Subsequently, Au interdigital electrodes (IDE) were coated
onto the as-prepared NCD films using nanolithography and
sputtering techniques, followed by annealing procedures in
vacuumambient at various temperatures in order to obtain an
Ohmic contact for further photodetector investigations. The
as-constructed NCD-based UV detector was characterized
through either photoresponse or repeatability tests.

2. Experimental Procedures

In this work, the fabrication procedures of diamond-based
UV sensor were divided into two stages. In the first stage,
the polished single crystal Si wafer (n-type) with (1 0 0)
crystalline orientation and 15 × 15 × 1mm size was used
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Figure 3: The surface roughness and contact angle values with water for the diamond films grown under various working pressures of 40,
60, and 80 Torr, respectively.

as substrate for NCD deposition. The Si substrates were
successively cleaned in methanol and acetone solutions for
10min, respectively, and then were dried by nitrogen. Prior
to the CVD growth process, the substrates were nucle-
ated for 15min in a suspension of ultradispersed diamond
nanoparticles having size of 5 nm in ethanol, followed by
a thorough rinse in double distilled water. The plasma was
induced under microwave power of 700W without external
heating source, CH

4
/H
2
gas concentration ratio of 8%,

and gas flow rate of 800 sccm (standard cubic centimeter
per minute). The total pressures were controlled at 20,
40, 60, and 80 Torr, respectively. The deposition time in
all of experiments was 2 h. During the CVD deposition
process, the plasma condition was in situ monitored using
an optical electron spectroscopy (OES). The characteristics
of the prepared diamond films were analyzed by field emis-
sion scanning electron microscopy (FE-SEM, Libra-200 FE),
high resolution transmission electronmicroscopy (HR-TEM,
Philips Tecnai F30), atomic force microscopy (AFM, Veeco
Nanoscope 3100), Raman spectroscopy (Renishaw, inVia),
and X-ray photoelectron spectroscopy (XPS).

In the second stage, the nanomask was patterned onto
surface of the as-prepared diamond films by a nanolithog-
raphy procedure with positive photoresistor. Au was then
deposited onto the as-patterned diamond films at room
temperature employing sputtering equipment [22]. Detailed
sputtering parameters were as follows: RF power of 50W,
working pressure of 3mTorr, Ar flow rate of 20 sccm, and

processing time of 8min, respectively. The remaining pho-
toresistor was thoroughly removed by rinsing in acetone for
15min. Finally, in order to obtain the Ohmic contact for UV
detector applications, the diamond/Au structured films were
thermally treated in vacuum ambient for 8min at various
temperatures (300∘C∼500∘C) using rapid thermal annealing
(RTA) equipment. The properties of Au interdigitated elec-
trode pattern with thickness of ∼80 nm on NCD film will
be discussed in following parts. All performance tests of
the fabricated diamond-based UV detectors were conducted
in measurement system equipped with a mercury arc lamp
(26mW/cm2 of power, 365 nm of wavelength) and Keithley
2400 as UV light source and nanoamperometer, respectively.

3. Results and Discussion

Figure 1 shows the surface morphologies for the diamond
films grown on Si substrate at microwave power of 700W,
CH
4
/H
2
concentration ratio of 8%, and deposition pressures

of 20, 40, 60, and 80 Torr, respectively. For the diamond
films grown under 20 Torr, SEM image reveals a discon-
tinuous morphology of the as-grown diamond film which
consists of discrete grains with island-like shape as shown
in Figure 1(a). Figures 1(b)–1(d) indicate that the increase
of working pressure drastically changed the morphology of
diamond films and resulted in the aggregation of diamond
grains. As shown in Figure 1(b), the film grownunder 40 Torr
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Figure 4: (a) Bright field TEM, (b) HR-TEM, and (c) XPS spectra for the diamond film grown at 40 Torr and (d) the corresponding SAED
pattern, respectively.

possesses highly uniform diamond grains having size smaller
than 50 nm with cauliflower-like shape. This suggests a good
performance of our prior pretreatment procedure which has
benefit in high diamond nucleation density on the surface
of Si substrate the surface of the bare Si substrates. Higher
deposition pressure is found to cause the nonuniformity
in diamond grains size observed from the formation of
cluster aggregation, obviously leading to a higher surface
roughness of the as-grown films. As shown in Figure 1(d),
the surface morphology of the film grown at 80 Torr reveals
relatively large grain cluster having submicron scale size
(∼100–200 nm).The formation of the larger grain cluster with
gradual increase in deposition pressure can be interpreted
through the emission of H

𝛼
and the formation of diamond

growth species in the gas phase. At a fixed CH
4
/H
2
concen-

tration ratio, the plasma density increases as a function of
the deposition pressure because of the shortening in mean
free path of radicals owing to the shortening in mean free
path of radicals, and thus induces a higher concentration

of H
𝛼
emission. In plasma CVD diamond growth, the H

𝛼

species have twofold benefits. First, the H
𝛼
reacts with the

carbon gaseous precursors in plasma surrounding and then
produces CH

𝑥
species and C

2
dimers for the growth of sp3

cluster and secondary nucleation [22]. Second, theH
𝛼
species

induce the hydrogen-etching of the produced nondiamond
phase whichmainly consisted in grain boundaries and lead to
the formation of larger grain size. This also can be observed
through the appearance of the small sized diamond grains
around the big cluster as shown in the inset of Figure 1(d). In
addition, the higher plasma density can significantly increase
the plasma temperature as well as the kinetic energy of the
radicals in the gas phase, eventually enhancing the deposition
rate and leading to the formation of the grain cluster in the
diamond films. Therefore, the low deposition pressure may
cause insufficiency of diamond growth species as well as
slow growth rate, inducing discontinuous filmmorphology as
shown in Figure 1(a). It should be noted here, however, that
the exact alteration in grain size of the as-prepared diamond
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Figure 5: (a) Photovoltaic measurement system, (b) SEM images of the fabricated NCD/Au films, and (c), (d) captured photo andOM images
of IDE electrodes on the surface of the NCD film grown at a working pressure of 40 Torr.

films cannot be definitely investigated by SEM technique due
to the limitation in resolution; therefore, further investigation
in the nanostructure is discussed below.

The Raman spectra for the diamond films grown under
working pressures of 40, 60, and 80 Torr are shown in
Figure 2. The spectra for all samples show the typical char-
acteristic peak of NCD films. Under 40 Torr, the diamond
peak at 1332 cm−1 (sp3-bonded carbon phase) is weak and
seems to be overlapped by the disordered band (D band, sp2-
bonded carbon phase) at around 1350−1, indicating a high
fraction of grain boundaries of the films with nanometered
size of diamond crystallite size. As the working pressure
increased, the position of G-band at ∼1580 cm−1 shifted to
the lower Raman shift side demonstrate the increase of
disordering in sp2 structure, This can be explained as result
of the aforementioned hydrogen-etching. Also, the charac-
teristic peak of diamond gradually sharpens and increases in
intensity, indicating the increase of diamond crystallite size.
The increase of plasma temperature as a function of working
pressure can be investigated through the peaks of C–H bonds
(at ∼1140 cm−1) in the grain boundaries and the surface of as-
grown NCD films. The relation of plasma temperature and
the hydrogen incorporation in diamond films which forms
C–H bonds has been reported previously [15].

Figure 3 shows the surface roughness and contact angle
values with water for the as-grown diamond films under
variousworking pressures of 40, 60, and 80 Torr, respectively.
AFM image for the NCD film grown at 40 Torr exhibits
a high smooth surface morphology with very low surface
roughness of 9.6 nm (root-mean-square, rms) as shown in
Figure 3(a). This smooth surface morphology of the as-
deposited NCD film indeed improve NCD/Au junction for
the further constructedUVdetectors. As the deposition pres-
sure increased from 40 to 80 Torr, the surface roughness was
increased to 21.6 nm (5 𝜇m × 5 𝜇m of scanned area). These
results are in good agreement with our shown SEM images
and prove the trends in the change of clustered degree and
grain size of the diamond films. The hydrophobic property
for the grown NCD films on Si substrate was investigated
by contact angle measurements as shown in Figures 3(d)–
3(f). It can be determined that all the as-prepared films
possess highly hydrophobic surface, in which the contact
angles with water are 95∘ above. In addition, further increase
in deposition pressure is found to improve the wettability.
This can be explained by considering surface energy and
the microstructure of the films. The larger diamond grain
and higher surface roughness of NCD films are caused by
the higher working pressure, which not only can robustly
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enhance the hydrophobic property but also can increase the
internal stress of the films, as the typical characteristics of
sp3 phase structure. The observed hydrophobic NCD films
also confirm their prospect in further applications such as
protective layer, bioengineering, and solar cell.

The details in nanostructures for the NCD films grown
under the working pressure of 40 Torr were investigated
by TEM and XPS as shown in Figure 4. Plan-view TEM
image shows that the diamond films consisted of nanosized
nanocrystallite, which uniformly disperse in disorder phase
matrix as shown in Figure 4(a). High-resolution TEM reveals
the obtained diamond grain possesses 30 nm in crystallite
size with round shape in geometry as shown in Figure 4(b).
The above data exhibit both our ideal prior diamond nucle-
ation enhancement stage and high plasma density which
significantly assist the secondary nucleation during diamond
growth. The crystalline structure of the NCD film can be
studied by the selected area electron diffraction (SAED)
pattern as shown in Figure 4(d), indicating that the films
have good polycrystalline structure. Figure 4(c) shows the C-
1s peak of XPS spectra of the NCD film grown at working
pressure of 40 Torr. Owing to overlap phenomena of the
peaks of sp2 and sp3 bonds (at binding energy of 284.5 eV
and 285.3 eV, resp.), the spectra were curve-fitted using the
Gaussian method in the literature [23]. It is calculated that
the film consists of a high sp3 phase fraction of 68.6%.

Figure 5 shows the photos of the patterned Au IDE
electrodes on the surface of the NCD films grown at a
working pressure of 40 Torr. SEM image shows that Au films
were successfully deposited onto the NCD films, having
thickness of 100 nm as shown in the inset of Figure 5(b). The
fabricated Au electrodes have finger-pattern with 30 𝜇m in
width and 150 𝜇m in interspacing. Figures 5(c)-5(d) show
the captured photo and optical microscope image for the
NCD/Au structure films after RTA procedure in vacuum
at 500∘C for 8min. It is observed that the high annealing
temperature has no effect on the surface morphologies of the
structure films.

The electric characteristics of the as-constructed NCD-
based UV detector were investigated by I-V curve measure-
ment as shown in Figure 6. All the measurements were con-
ducted at room temperature with bias voltage ranging from
−5V to 5V.The originatedNCD/Au structure exhibits a poor
junction characteristic with unstable resistance. Annealed at
300∘C and 400∘C, the measured I-V curves of the device also
show a nonlinear behavior. Interestingly, the sheet resistances
of annealed NCD/Au structure seemed to be higher than the
original one.We suggest that this can be elucidated by further
studies in the formation of carbide structure andAu :Hbonds
during the annealing process. From the I-V curves of the
device annealed at 500∘C, the observed linear characteristics
indicate that a high-quality Ohmic contact has been obtained
at the junction area ofNCD andAuwith relatively lowOhmic
resistance. However, it is not unreasonable to notice here that
the thermal treatment may lead to graphitization or disor-
derization of sp3 structure which hampers the photovoltaic
efficiency of the NCD as absorbance layer. Our above data
indeed propose a fabrication technique for obtaining a good
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Figure 7: Photocurrent as a function of timemeasured by switching
on and off UV irradiation on the as-fabricated NCD/Au UV
detector.

performance ofOhmic junction ofNCDandmetal electrodes
which is feasible for not only UV photodetectors but also
future applications in solar cell industry.

The photoresponse efficiency of the as-constructed UV
detector was investigated in dark currents and photocurrents
measured from its repeatability/reproducibility tests using
repeatedly turning UV light on and off. All the tests were
carried out at room temperature and 5V of bias voltage, as
shown in Figure 7. It is found that the detector has quite
a low and stable dark current of ∼0.2mA, even for long
measuring time of 60 s, This indicates a low resistance of
the whole UV detector and thus eliminate thermal stress in
NCD/Au junction which caused by Joule heat. As irradiated
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by UV light, the current increased sharply and endured
during exposure time of 60 s. It can be seen that the response
and decay corresponding to the turning on and off of the UV
irradiation are fast, in which the rise and decay time were
0.8 s and 1.2 s, respectively.Themeasured results also showed
a significant deference of the dark currents and photocurrents
as two orders of magnitude. Indeed, the photoresponse and
stable operation of the device prove the feasibility in UV
sensor applications.

4. Conclusion

In conclusion, a complete fabrication method of nano-
diamond-based UV detector device with high performance
is proposed. The NCD films grown at a working pressure of
40 Torr exhibited high sp3 fraction, low surface roughness,
and good hydrophobicity. The Au electrodes deposited onto
surface of NCD film show Ohmic contact characteristics
after 8min of rapid thermal annealing procedure at 500∘C
in vacuum ambient. The fabricated diamond photodetector
achieves high detection efficiency and fast response to UV
irradiation in air ambient. The proposed method is indeed
cost effective and feasible to large scale production. In addi-
tion, this method also can be applied to other photovoltaic-
based applications such as solar cell, photocatalyst, and X-ray
detection.
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This study presents an on-road driver monitoring system, which is implemented on a stand-alone in-vehicle embedded system and
driven by effective solar cells. The driver monitoring function is performed by an efficient eye detection technique. Through the
driver’s eye movements captured from the camera, the attention states of the driver can be determined and any fatigue states can
be avoided. This driver monitoring technique is implemented on a low-power embedded in-vehicle platform. Besides, this study
also proposed monitoring machinery that can detect the brightness around the car to effectively determine whether this in-vehicle
system is driven by the solar cells or by the vehicle battery. On sunny days, the in-vehicle system can be powered by solar cell in
places without the vehicle battery.While in the evenings or on rainy days, the ambient solar brightness is insufficient, and the system
is powered by the vehicle battery. The proposed system was tested under the conditions that the solar irradiance is 10 to 113W/m2
and solar energy and brightness at 10 to 170. From the testing results, when the outside solar radiation is high, the brightness of
the inside of the car is increased, and the eye detection accuracy can also increase as well. Therefore, this solar powered driver
monitoring system can be efficiently applied to electric cars to save energy consumption and promote the driving safety.

1. Introduction

The economic development has caused large amount of
energy to be consumed, and largely consumption of petro-
chemical inventories, resulting in the energy crisis. To reduce
the petrochemical energy consumption on vehicles, the elec-
tric cars arise. In order to achieve higher endurance driving,
we should care about the car battery power. The in-vehicle
instruments in the electric cars also consume electric energy
and may reduce the energy for car driving. Moreover, there
are many traffic accidents which occur due to the inattentive
and fatigued driving. Thus, an effective monitoring system
for drivers’ attention states is also very important for the
development of electric cars. Therefore, the solar energy can
be adopted to drive the in-vehicle embedded computing
platform to conduct the driver monitoring functions, and
both the electric energy consumption and the driving safety
can be effectively achieved.

Photovoltaic (PV) technology is one of the most impor-
tant renewable sources of energy generation. Since the first
recognition in 1839 [1], there have been many research works
on the performance of PV. However, efficiency improvement
and cost reduction of PV technology still need many efforts.
The solar cells based on crystalline silicon (c-Si) are known
as materials in first generation solar cell [2]. From the points
of view on the cost, performance, and processibility, the
applications of new advanced materials such as amorphous
silicon (a-Si), cadmium telluride (CdTe), and copper indium
gallium diselenide (CIGS) are achieved in the second and
third generations of solar cells. Typical conversion efficiencies
of first generation technologies are currently 15% to 20%,
whereas those of second generation technologies are cur-
rently 7% to 15% [3].

Photovoltaic system can be categorized as stand-alone
photovoltaic system and grid-connected photovoltaic system
[4].The stand-alone systems do not supply power to the grid.
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Such systems may vary widely in size and applications, such
as consumer electronics and remote buildings. Chien et al. [5]
have presented the experimental investigations on absorption
refrigerators driven by solar cells. The system was tested by
the varying solar irradiance ranged from 550 to 700W/m2
as solar energy and 500mL ambient temperature water as
cooling load. After 160minutes, this refrigerator canmaintain
the temperature at 5 to 8∘C. Huang et al. [6] presented a
solar LED street lighting system using constant-power and
dimming control. The test results showed that the power of
18W and 100W LED luminaires can be controlled accurately
with error at 2–5%.

To achieve the monitoring functions of drivers’ fatigue
state, the human body features and actions should be effi-
ciently analyzed. Human body feature sensing and detection
have currently played important roles in many application
areas, such as human surveillance and human-computer
interaction applications [7–9]. In recent research studies,
many human action detection techniques aiming at detecting
different human body parts have been developed for human-
computer interaction applications, such as the whole human
motions [10–12], the faces, and the eye gazes [13–23]. Among
the above-mentioned human body parts, the faces and eye
gazes play the most important roles in interpreting and
understanding a person’s attentions, intentions, and needs
in human communications and interactions, especially for
driver state monitoring. In this sense, tracking of faces and
eye gazes provide necessary information to obtain the car
driver’s attentive states.

Moreover, the computational power and flexibility of
in-vehicle embedded systems have recently increased sig-
nificantly because of the development of system-on-chip
technologies and the advanced computing power of newly
released portable devices.Thus, performing real-time vision-
based eye detection and tracking in driver assistance and
monitoring applications has become feasible on modern
embedded platforms for driver assistance systems.This paper
presents an on-road drivermonitoring system that uses solar-
cell powered in-vehicle embedded platform. The on-road
driver monitoring system could detect driver’s mental state
and determine which system is driven by battery or by solar
cell by brightness of environment.The system could be driven
by solar cell on sunny day which could save finite battery
capacity in vehicle.

This study presents an on-road drivermonitoring system,
which is implemented on an in-vehicle embedded system and
driven by solar cells. The driver monitoring function is per-
formed by an efficient eye detection technique. Through the
driver’s eye movements captured from the camera, the atten-
tive states of the driver can be determined and any fatigue
states can be avoided. This driver monitoring technique is
implemented on a low-power embedded in-vehicle platform.
Besides, this study also proposed monitoring machinery
that can detect the brightness around the car to effectively
determine whether this in-vehicle system is driven by the
solar cells or by vehicle batteries. On sunny days, the in-
vehicle system can be powered by solar cell in places without
the vehicle battery. While in the evenings or on rainy days,

the ambient solar brightness is insufficient, and the system
is powered by the vehicle battery. From the experimental
results, the proposed solar powered drivermonitoring system
demonstrates its efficiency in energy savings and driving
safety for electric cars.

2. Brightness Detection and
Power Source Determination

In the proposed system, we adopt a camera, pyranometer,
and powermeter to obtain information of the solar irradiance
and power generation efficiency of solar cells via analytical
results of the images captured outside the car. First, the
RGB (red, green, and blue) color model of the captured
image sequences of the road environments will be adopted
to compute the brightness value, denoted as V. Then, the
brightness (V) value can be adopted to determine the ambient
brightness conditionswith respect to the strengths of the solar
irradiance. The range of V value is ranged from 0 to 255. The
brightness value can be computed as follows:

𝑉 = max {𝑅, 𝐺, 𝐵} . (1)

Equation (1) indicates the V value is the maximum of
the color values of R, G, and B. We can use the brightness
value as the threshold to determine the strengths of the solar
irradiance. In this way, when the V value is lower than the
threshold, system will conduct two operations: (1) changing
the power source from the solar cell to the vehicle battery;
(2) turning on the infrared light sources to more accurately
detect the fatigue state of the driver. When the V value is
higher than the threshold, the system will then conduct two
operations: (1) changing the power source from the battery to
solar cells; (2) turning off the infrared light sources, because
the ambient lighting condition is sufficient for detecting the
driver’s states. In the proposed system, the threshold of the
brightness is experimentally determined as 130, as depicted
in Figure 14.

3. Driver Monitoring by
Eye Detection Methods

To monitor the driver’s attentive states, their eyesight is
important information. This study presents a classification-
based approach to detect and analyze the drivers’ eyes to
determine their attention states. A fast face and eye detection
process based on boost classification approach is presented to
detect and locate the regions of faces and eyes in the image
sequences captured via a video camera. In this detection
process, we improve and optimize the boost classification
method to provide necessary computational efficiency for
embedded and portable devices.

3.1. Classification-Based Methods. Here each weak classifier
stage is performed by selecting a combinative set of features
being computed based on the integral images, which reflects
integrals over the subregions contained in the region, as
depicted in Figure 1. The features utilized in the proposed
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Figure 1: The integral image.

Table 1: The scaling factors of the resolutions used by the image
pyramids [21].

Level Width Height Scale factor
0 640 480 1
1 320 240 2
2 160 120 4
3 128 96 5
4 80 60 8
5 64 48 10
6 40 30 16
7 32 24 20

system are a variety of Haar-like features [24], which are
reminiscent of Haar wavelets and reflect the human visual
responses, such as linear, center-surround, and diagonal
directional responses, as shown in Figure 2.

In this sense, a boosted cascade of strong classifiers
can be constructed where each stage is a strong classifier
having a suitable threshold 𝜃 for determining whether the
input image comprises target objects, as shown in Figure 3.
Each stage classifier is trained and performed by analyzing
a combination of features obtained from the integral image,
and thus detecting most target objects while screening out
a certain portion of noninterested objects that might be
accepted by previous classifier stages.

3.2. Face Detection. Having the boosting classification tech-
niques, the faces in the grabbed image sequences can be
detected and located via the trained boosted cascade detec-
tors. The proposed system adopts 24 × 24 pixel resolution for
face training patterns.

Because the proposed system is designed mainly for the
interactive user interface applications, the distances between
the camera and the face are mostly within 25 cm to 60 cm.
Therefore, to computationally effectively perform the real-
time face detection by the cascade detectors, the proposed
system adopts the scaling factors of the resolutions for the
image pyramids [21] on the face images, as depicted inTable 1.
The proposed system adopts the scale factors of 2–7 on
the face images to perform fast multiscale detection via the
boosted cascade detectors.

For the purpose of running the system under different
environments with varying ambient lighting conditions, the

histogram equalization is applied on the scaled face images to
obtain uniform gray level distributions, as shown in Figure 4.
Accordingly, the boosted cascade detectors are applied on the
histogram equalized images to detect faces using the Haar-
like features, as depicted in Figure 5.

As a result, after the faces in images are detected, their
positions and sizes are recorded for further face and eye
detection processes. Based on the positions and sizes of the
current detected faces, the searching area for detecting the
faces in the subsequent image frames is performed in the
areas with the two times of the widths and heights of the
current detected faces, and thus the computational costs of
the face detection can be effectively saved in the following
image frames.

3.3. Eye Detection. Having the face positions, the eyes can be
effectively detected based on the interesting regions specified
by the facial areas. Besides, to save the computational costs for
performing real-time detection process of the boosting clas-
sification techniques, the face detection process on the whole
image is only performed in the situation that the eyes have
not been detected in the previous frame. Otherwise, if the
face or eyes have already been detected in the previous frame,
the proposed system will perform the eye detection process
within the adaptive regions of interest (ROIs) according to the
locations and areas of the face and eyes detected in previous
frames.

In this way, the proposed system adopts two types of
regions of interest for eye detection for the two situations: the
face has been detected and the eyes have been detected in the
previous frames [20]. In the first situation, the face has just
been detected in the previous frame as depicted in Figure 6,
and the ROIs for detecting the left eye and the right eye are
determined as follows.

The ROI starting position (𝑋ROI𝐿 , 𝑌ROI𝐿) for detecting the
left eye is obtained by

(𝑋ROI𝐿 , 𝑌ROI𝐿) = (𝑋face +
2

5

𝑊face, 𝑌face +
1

5

𝐻face) . (2)

The ROI starting position (𝑋ROI𝑅 , 𝑌ROI𝑅) for detecting the
right eye is determined by

(𝑋ROI𝑅 , 𝑌ROI𝑅) = (𝑋face, 𝑌face +
1

5

𝐻face) , (3)

where𝑋face and𝑌face denote the x and y coordinate of the top-
left position of the detected face region, respectively; 𝑊face
and𝐻face represent the width and height of the detected face
region, respectively.

Here the width𝑊face and height𝐻face of the eye detection
ROIs are computed by

𝑊ROI =
3

5

𝑊face, 𝐻ROI =
1

3

𝐻face. (4)

In the second situation, the eyes have already been
detected in some previous frames, and then the eyes in the
subsequent frames can be searched and detected based on
their regions in previous frames.
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(a) Basic rectangular features

(b) Center-surround, linear, and diagonal directional features

Figure 2: The Haar-like feature prototypes.
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Figure 3: The cascaded classifier.

Based on the detected eye region that includes the eye
and the eyebrow and the displacement of the users’ eyes, the
ROIs for detecting left and right eyes in the current frames
can be determined by extending the detected eye regions
by two times of their corresponding widths and heights. As
illustrated in Figure 7, the red rectangular regions are the
ROIs for detecting left and right eyes in the current frames,
while the green rectangular regions are the detected eye
regions in the previous frames.

Accordingly, the boosting classifier is applied on the eye
ROIs based on the above-mentioned two types of ROIs to
obtain the left and right eye regions in the image sequences.
Having the eyes’ regions, the proposed system then extracts
the eyeballs and eyelids for further determining of the
user-interactions. To computationally effectively obtain the
positions of the eyeballs, the central regions of detected eye
regions, which mostly contain the eyeballs of interest, are
firstly extracted and transformed to gray-intensity images.
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Figure 4: The histogram equalized facial images.

Figure 5: The example of applying the boosted cascade detectors with the Haar-like features on images.

Then, to extract the eyeball blob pixels from other unin-
teresting object pixels of different illumination features under
various ambient lighting conditions, an effective automatic
thresholding technique is needed to adaptively segment the
salient eyeball blob pixels of interest. Using the properties
of discriminant analysis, our previous research presents an
effective automatic multilevel thresholding technique for
image segmentation [25]. The pixel regions of eyeball blobs
can be appropriately extracted from other uninteresting
objects contained in the detected eye regions. Then, to
locate the eyeball blobs from the extracted bright object
plane, a connected-component extraction process [26] is
performed on the pixel regions of eyeball blobs to label
and locate the connected components of the eyeball blobs.
Locating the connected components reveals the meaningful
features of the position, area, and pattern associated with
each eyeball blob. Figure 8 illustrates the extraction pro-
cess of the eyeball regions in the detected left and right
eye regions. As depicted in Figure 9, after performing the
automatic thresholding and connected-component extrac-
tion processes on the eyeball regions, the eyeball blobs
and their features are obtained for further user interactive
applications.

3.4. Blinking Eyelid Detection. In addition to detecting nor-
mal eye movements, the eye blinking events can also be
adopted as the determination for fatigue detection of the
drivers. To detect blinking events, we need to detect the
blinking eyelids following the recent detected eyes in pre-
vious frames. Having the detected eye regions of the last
previous frames, the blinking eyelids in the current frames
can be determined by referring to the precious regions
of the eyeball blobs. Based on the blinking eye detection
approach presented in [27], this study presents a simplified
and improved method to detect the blinking eyelids. The
blinking eyelid detection process is illustrated in Figure 10.
Firstly, the automatic thresholding process is applied on the
possible eyelid regions, which are obtained by referring to
the previously detected eye regions, to obtain the binary pixel
regions.Then, the eyelid detection process starts by vertically
scanning the first occurring black object pixels along with the
coordinates at 1/4, 1/2, 3/4 widths of the eye regions. We can
obtain three turning points A, B, C, which reflect the features
of the eyelids, as depicted in Figure 10. Accordingly, the slopes
of the feature lines AB and BC are computed, and if the slope
of AB > 0 and the slope of BC ≤ 0, then we can determine
that it is a blinking eyelid.
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ROI of left eye

ROI of right eye

Wface
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Figure 6: Illustration of the ROIs for detecting left and right eyes based on the detected face region [20].

Figure 7: Illustration of the ROIs for detecting left and right eyes based on the detected eye regions.

4. The Experimental Setup

The architecture of the proposed solar-powered on-road
driver monitoring system is shown in Figure 11. In the study,
we use a multicore embedded development platform to
perform the tasks of image capturing, eye detection and
monitoring of driver, and brightness detection for power
source switching. In order to promote the computational
performance of the proposed system, we assign the com-
puting tasks as shown in Figure 12. In this computing archi-
tecture, one CPU core focuses on monitoring the driver’s
state by detecting the eye states from the camera’s video
streams, while the other core is used for detecting ambi-
ent brightness and selecting the suitable power sources.
Figure 13 gives an overview of the experimental car, and the
hardware specifications of the proposed system are depicted
in Table 2.

The software architecture of our proposed solar-powered
driver monitoring system consists of two parts. The first
part includes the face and eye detection module based on
the classification-based methods. This software module will
detect the driver’s face and then will detect eye position
and movements based on face locations. The second part

is the brightness detection module. This module analyzes
the ambient brightness around the vehicle and determines
the system to be powered by solar cells or vehicle batteries.
When the ambient brightness is sufficiently high, the driver
monitoring system is powered by the solar cells; otherwise,
when the ambient brightness is insufficient, the system will
switch to being powered by vehicle batteries. The software
architecture is depicted in Figure 14.

5. Results and Discussion

This section presents the results of the proposed solar-
powered driver monitoring system. The face and eye detec-
tion, fatigue detection, and the brightness detection with
power source switching techniques are implemented on a
TI OMAP4430 dual-core embedded platform. This platform
consists of dual Cortex A9 ARM-based general-purpose
processorwith a 1.0GHz operational speed and 1GBofDDR2
memory for executing the software modules. In this study,
we used one CPU core focusing on monitoring the driver’s
state by detecting the eye states from the RGB color model
of camera’s video streams, while the other core is used for
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Figure 8: Illustration of extracting the eyeball regions in the detected eye regions.

Figure 9: The located eyeballs of the left and right eyes.

detecting ambient brightness and selecting the suitable power
sources. In this way, the computational performance of the
proposed system can be effectively promoted. By releasing
the source code project associated with the softwaremodules,
the proposed techniques can be conveniently distributed
and migrated onto different hardware platforms (such as
different embedded platforms) with various operating sys-
tems (such as Linux, Android, and Windows Mobile). Thus,
the application developers can easily implement and design
many customized driver monitoring systems under different
hardware and software environments.

Since the ambient brightness will affect the eye detection
rate of the driver monitor system. Therefore, this study
evaluates the relations of the ambient brightness with the eye
detection accuracy rates, as can be seen fromFigure 15.When
the brightness ismore than 60, the eye detection accuracy rate
can be greater than 90%.Therefore, if the ambient brightness
is insufficient, the proposed systemwill automatically activate
the infrared lights to promote the eye detection performance
to ensure the high detection rate for monitoring the driver’s
fatigue states.

In our experimental platform, the power of the solar cell is
20W, but it can only support about 18%of its power.However,

the power consumption of the proposed embedded platform
requires about 18W of power. Thus, this study uses six solar
cells connected in parallel to supply the proposed system. As
shown in Figure 16, when the solar irradiance achieves more
than 52W/m2, the total power supply of the solar cells can be
greater than 18W, which is sufficient for the proposed driver
monitor system. In this condition, the brightness becomes
higher than 130, as solar irradiance is about 52W/m2, and
the eye detection accuracy rate can also reach higher than
90%, as depicted in Figure 15. It is shown that eye detection
system can achieve the accuracy rate of above 90% with
brightness value higher than 130, and the solar irradiance in
this situation can achieve above 52W/m2.

Therefore, this study will select 130 as the brightness
threshold to determine whether the system is driven by solar
cells or batteries. When the brightness is higher than 130,
the system will switch to being powered by the solar cells;
otherwise, the system is driven by vehicle batteries.

The frame rate of the vision system is approximately
30 frames per second, and the resolution of each frame of
the RGB color model of captured image sequences is 640
pixels by 480 pixels per frame. An experimental set of several
driving videos captured in various illumination conditions
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Figure 10: Illustration of blinking eyelid detection for fatigue monitoring.
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Figure 11: System architecture.
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Figure 12: Task dispatches of the proposed system on the multicore platform.

Figure 13: Overview of the experimental car.
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Table 2: Specification of driver monitor system.

(a)

Solar cell Camera
Maximum power 20W Category Webcam
Output tolerance ±5% Connection type USB
Maximum power voltage 17.6V USB protocol USB 2.0
Maximum power current 1.14 A USB VID PID 082D
Open circuit voltage 21.6 V UVC support Yes
Short circuit current 1.39A Frame rate (max) 480p@30fps
Maximum system voltage 1000V
Dimension (𝐿 ∗𝑊 ∗ 𝐷) 552 ∗ 352 ∗ 25mm

(b)

TI OMAP4430 embedded platform
ARM CPU ARM Cortex-A9
Memory 1GB
Size (𝐿 ×𝑊) 85mm × 70mm
Operating system Android 4.0.1
Power voltage 5V
Power current 3.6 A
Input power 18W

Camera

Faces
detection

Eyes
detection

Solar cells Vehicle 
battery

Brightness
detection

If

Camera
streaming

Camera
streaming

Face
location

Brightness
data

Yes No

brightness > 130

Figure 14: Software architecture.

and application environments was adopted to evaluate the
system’s face and eye detection for intelligent driver monitor
applications. Figure 17 shows the results of faces and eyes
detection and fatigue state identification. The yellow region
of Figure 17 is the eyes location and the green region is
representing the left-eye and right-eye. The red region of
Figure 17 depicts the fact that fatigue state has been detected.
Figure 18 demonstrates results of the proposed system in
different face angles and illumination conditions.

The proposed systemwas tested under the conditions that
the solar irradiance is 10 to 113W/m2 and solar energy and
brightness at 10 to 170. From the testing results, when the
outside solar radiation is high, the brightness of the inside of

the car is increased, and the eye detection accuracy can also
increase as well.

6. Conclusions

This study has presented an on-road driver monitoring
system, which is implemented on a stand-alone in-vehicle
embedded system and powered by effective solar cells. An
efficient eye detection technique is developed to monitor the
driver’s fatigue states. This driver monitoring technique is
implemented on a low-power embedded in-vehicle platform.
To efficiently switch the appropriate power sources, this study
also proposed monitoring machinery that can detect the
brightness around the car to effectively determine whether
the system is driven by the solar cells or by the vehicle battery.
On sunny days, the in-vehicle system can be powered by
solar cell in places without the vehicle battery. While in the
evenings or on rainy days, the ambient solar brightness is
insufficient, the system is powered by the vehicle battery.
The proposed eye detection system can achieve the accuracy
rate of above 90% with the brightness value higher than 130,
and the solar irradiance in this situation can achieve above
52W/m2.

The proposed system has been tested under the condi-
tions that the solar irradiance is 10 to 113W/m2 and solar
energy and brightness at 10 to 170. From the experimen-
tal results, when the outside solar radiation is high, the
brightness of the inside of the car is increased, and the eye
detection accuracy can also increase as well. Therefore, this
solar powered driver monitoring system can be efficiently
applied on electric cars to save energy consumption and
promote the driving safety.
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Figure 18: The result of evaluate the proposed system capability in different angles.
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A new multicarbazole based organic dye (C2A1, C2S1A1) with a twisted structure was designed and synthesized, and the
corresponding dye (C1A1) without the twisted structure was synthesized for comparison. They were successfully applied in dye-
sensitized solar cells (DSSCs). The results showed that the nonplanar structure of C2A1 and C2S1A1 can efficiently retard the dye
aggregation and charge recombination. The organic dye (C2S1A1) with thiophene units also exhibited a higher molar extinction
coefficient and red-shifted absorption, which leads to an improved light harvesting efficiency. The C2S1A1-sensitized solar cell
produced a solar-to-electricity conversion efficiency of 5.1%, high open circuit voltage (𝑉oc) of 0.69V, and short-circuit photocurrent
density of 10.83mA cm−2 under AM 1.5 irradiation (100mWcm−2) conditions.

1. Introduction

Since the first successful fabrication of sandwich type solar
cells by O’Regan and Grätzel in 1991 [1], the dye-sensitized
solar cells (DSSCs) have received significant attention in both
the academic and industrial fields, owing to their efficiency,
high adaptability, economic feasibility, and relatively less
environmental issues compared with the traditional Si-based
solar cells. ADSSC consists of threemain components: a pho-
toanode, an electrolyte, and a sensitizer. Among these com-
ponents, the sensitizer plays the important role of capturing
the photons and generating the electrons, which are injected
into the conduction band of the semiconductor (e.g., TiO

2
).

Significant research efforts have been made to develop effi-
cient sensitizers to enhance the efficiency of DSSCs. Among
dyes used as sensitizers, the sensitization of nanocrystalline
TiO
2
solar cells with Ru-complex photosensitizers (e.g., N3

and N719) has been intensively studied. As a result, power
conversion efficiencies (PCEs) higher than 11% under AM
1.5 irradiation have been achieved [2–4]. However, metal-
free organic sensitizers have shown PCEs between 6% and
10% [5–9] under the same conditions. Nevertheless, organic

dyes possess many advantages, such as high molar extinction
coefficients (𝜀), ease of customized molecular design for the
desired photophysical and photochemical properties, cost
effectiveness without the need for transition metals, and
in somecases being environmentally friendly. However, one
drawback of organic dyes is that the electron lifetimes (𝜏

𝑒
) of

the DSSCs with organic dyes were shorter than with a Ru dye.
This is due to the charge recombination between the injected
electrons in the TiO

2
electrode and I

3

− ion in the liquid
electrolyte and the aggregation of the dyes on TiO

2
(𝜋-𝜋

stacking). Usually, charge recombination can be decreased by
introducing alkyl side chains into the dye molecule back-
bones [10, 11], and dye aggregation can be restrained viamole-
cular design that changes themolecular structure fromplanar
to nonplanar or twisted [12–14]. Hence, careful design of dyes
containing a twisted structure is a preferred strategy for the
development of high performanceDSSCs [15–17].The attach-
ment of a carbazole unit to the conjugated polymer backbone
can efficiently depress 𝜋-stacking of the polymers in the solid
state [18–21], and such a unit has been introduced to the dye
molecules used in the DSSCs.
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In this study, a new multicarbazole based organic dye
(C2A1 and C2S1A1) with a twisted structure was designed
and synthesized, and the corresponding dye (C1A1) without
the twisted structure was synthesized for comparison. The
results showed that nonplanar molecular structures pre-
vented charge recombination and dye aggregation. Further-
more, the organic dye (C2S1A1) with thiophene units exhib-
ited a higher 𝜀 value and red-shifted absorption band because
of the improved electron extraction paths from the extension
of 𝜋-conjugation. All the aforementioned factors contributed
to an improved light harvesting ability. To verify the strategy,
the photovoltaic performances of the DSSCs containing the
dyes were compared using their current-voltage (I-V)
curves, monochromatic photon-to-current efficiencies, and
impedance spectroscopy (EIS) analysis, which were used to
study the interfacial electron transfer process, light harvesting
efficiency for photons of particular wavelengths, and estimate
𝜏
𝑒
, respectively.

2. Materials and Methods

2.1. Instrumental Analysis. Structural analysis was performed
using the 1H NMR spectra recorded on a Bruker Avance
NMR 400 spectrometer in CDCl

3
and DMSO-𝑑

6
. UV/Vis

spectra were recorded using a CARY5000 UV/Vis/NIR
spectrophotometer. The redox properties were examined by
cyclic voltammetry (CV, model: IviumStat). The electrolyte
solution of 0.1M tetrabutylammonium hexafluorophosphate
(TBAPF

6
) was prepared in freshly dried dimethylformamide

(CHCl
3
) solution. The Ag/AgCl and platinum wire (0.5mm

in diameter) electrodes were used as the reference and
counter electrodes, respectively.

2.2. Synthesis. All the starting materials and solvents were
commercially available and were purchased from Aldrich,
TCI, and Alfa Aesar. They were used without further purifi-
cation. The synthetic procedure of C1A1, C2A2, and C2S1A1
is illustrated in Scheme 1.

2.2.1. Synthesis of 9-Phenyl-9H-carbazole-3-carbaldehyde (1).
9-Phenyl-9H-carbazole (1 g, 8.2mmol) was dissolved in
CHCl

3
(in 20mL) and DMF (1 g, 1.23mmol). Phosphorus

oxychloride (POCl
3
, 1.9 g, 1.23mmol) was carefully added

through a dropping funnel, while the reaction temperature
was maintained below 0∘C. After the complete addition of
POCl

3
, the reaction solution turned red color and was stirred

under reflux for 8 h.The solution was then poured into water,
following which it was neutralized using a sodium hydroxide
(NaOH) solution and extracted using methylene chloride
(CH
2
Cl
2
). The formed precipitate was filtered, dried over

magnesium sulfate (MgSO
4
), and purified using column

chromatography on a silica gel with ethyl acetate/hexane as
the eluent (1 : 3, v/v). The product was obtained as a pale
yellow powder. Yield: (1.3 g, 58.5%). mp 1HNMR (400MHz,
CDCl

3
): 𝛿 10.1 (s, 1H), 8.14 (s, 1H), 7.67–7.63 (m, 3H), 7.38–7.34

(m, 5H), 6.99–5.86 (m, 3H).

2.2.2. Synthesis of 2-Cyano-3-(9-phenyl-9H-carbazol-3-yl)-
acrylic Acid (C1A1). 9-Phenyl-9H-carbazole-3-carbaldehyde
(1) (1 g, 3.68mmol), 2-cyanoacetic acid (0.4 g, 0.48mmol),
and a catalytic amount of piperidine in acetonitrile (CH

3
CN,

30mL) were mixed and heated under reflux for 4 h. After the
solution was cooled to room temperature, it was poured into
ice water. The precipitate was filtered, washed with distilled
water, and dried under vacuum.The product was obtained as
a yellow powder. Yield: (0.5 g, 40.3%). 1H NMR (400MHz,
DMSO-𝑑

6
): 𝛿 8.23 (s, 1H), 8.15–8.13 (m, 4H), 7.71–7.68 (m,

3H), 7.01–6.98 (m, 3H). GC-MS: Calcd. for C
22
H
14
N
2
O
2
m/z:

338.36; foundm/z: 338.11[M+H]+; anal. calcd. for C: 78.09; N:
8.28; H: 4.17; found, C: 79.1; N: 8.16; H: 4.84%.

2.2.3. Synthesis of 9,9-Diphenyl-9H,9H-[3,3]bicarbazolyl
(2). 9-Phenyl-9H-carbazole (5 g, 20.5mmol) was dissolved
in 50mL CHCl

3
, and iron (III) chloride (15 g, 90mmol) was

added through a dropping funnel at room temperature. After
CHCl

3
was removed under vacuum, the reactionmixture was

poured into methanol (CH
3
OH), and the obtained yellow

solid was filtered.The organic phase was washed with ammo-
nia (NH

3
), water, andCH

3
OH.Theproduct was obtained as a

yellow powder. Yield: (4.3 g, 90%). 1H NMR (400MHz,
CDCl

3
): 𝛿 8.44 (d, 2H), 8.23–8.21 (d, 2H), 7.78 (dd, 2H),

7.61–7.53 (m, 8H), 7.50–7.43 (m, 8H), 7.30 (m, 2H).

2.2.4. Synthesis of 9,9-Diphenyl-9H,9H-[3,3]bicarbazolyl-6-
carbaldehyde (3). 9,9-Diphenyl-9H,9H-[3,3]bicarbazolyl
(2) (2 g, 4.12mmol) was dissolved in CHCl

3
(in 20mL) and

DMF (0.4 g, 5mmol), and POCl
3
(0.75 g, 5mmol) was care-

fully added through a dropping funnel, while the reaction
temperature was maintained below 0∘C. After the complete
addition of POCl

3
, the reaction solution turned red color

and was stirred under reflux for 8 h. The mixture was then
poured into water. The solution was neutralized using NaOH
solution and extracted using CH

2
Cl
2
. The formed precipitate

was filtered, dried over MgSO
4
, and purified using column

chromatography on a silica gel with ethyl acetate/hexane as
the eluent (1 : 1, v/v). The product was obtained as a yellow
powder. Yield: (1.3 g, 61.9%). 1H NMR (400MHz, CDCl

3
): 𝛿

9.98 (s, 1H), 8.14 (s, 1H), 7.75–7.67 (m, 8H), 7.59–7.5 (m, 8H),
7.35 (m, 5H).

2.2.5. Synthesis of 2-Cyano-3-(9,9-diphenyl-9H,9H-[3,3]bic-
arbazolyl-6-yl)-acrylic Acid (C2A1). 9,9-Diphenyl-9H,9H-
[3,3]bicarbazolyl-6-carbaldehyde (3) (0.8 g, 1.56mmol), 2-
cyanoacetic acid (0.15 g, 1.71mmol), and a catalytic amount
of piperidine in CH

3
CN (15mL) were mixed and heated

under reflux for 8 h. After the solution was cooled to room
temperature, the mixture was poured into ice water. The
precipitate was filtered, washedwith distilled water, and dried
under vacuum. The product was obtained as a dark yellow
powder. Yield: (0.4 g, 44.4%). 1H NMR (400MHz, DMSO-
𝑑
6
): 𝛿 8.25 (s, 1H), 8.15-8.14 (dd, 4H), 7.84–7.82 (dd, 4H),

7.80–7.78 (m, 4H), 7.61 (d, 4H), 7.40–7.38 (m, 6H). HR-MS
(MARDI): Calcd. for C

40
H
25
N
3
O
2
m/z: 579.19; found m/z:

579 [M+H]+; anal. calcd. for C: 82.88; N: 7.25; H: 4.35;
found, C: 83.64; N: 7.10; H: 4.48%.
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Scheme 1: Synthetic procedure of organic dyes. (i) DMF, POCl
3
, and 1,2-dichloroethane, reflux; (ii) cyanoacetic acid, piperidine, and CH

3
CN,

reflux; (iii) FeCl
3
, CHCl

3
, and RT; (iv) Br

2
and AcOH; and (v) DME, H

2
O, K
2
CO
3
, and 5-formyl-2-thienylboronic acid, reflux.

2.2.6. Synthesis of 6-Bromo-9,9-diphenyl-9H,9H-[3,3]bicar-
bazolyl (4). Bromine (0.7 g, 4.47mmol) was slowly added to
a solution of 9,9-diphenyl-9H,9H-[3,3]bicarbazolyl (1.97 g,
4.1mmol) and acetic acid (10mL) using a syringe. After
stirring themixture at room temperature for 12 h, the reaction
was terminated by adding dilute aqueous NaOH (0.1M).
The reaction mixture was extracted using CH

2
Cl
2
and water.

The organic layer was separated and dried over anhydrous
MgSO

4
. The crude product was purified by recrystallization

using CH
2
Cl
2
and CH

3
OH. The product was obtained as a

red solid. Yield: (1.7 g, 74%). 1H NMR (300MHz, CDCl
3
): 𝛿

8.38–8.34 (d, 2H), 7.78–7.76 (m, 4H), 7.65–7.63 (m, 6H),
7.58–7.56 (d, 4H), 7.52–7.47 (m, 4H), 7.31 (m, 3H).

2.2.7. Synthesis of 5-(9,9-Diphenyl-9H,9H-[3,3]bicarbazolyl-
6-yl)-thiophene-2-carbaldehyde (5). 6-Bromo-9,9-diphenyl-
9H,9H-[3,3]bicarbazolyl (4) (1 g, 1.77mmol) was dissolved
in dimethyl ether (DME, 50mL), water (in 25mL), potassium
carbonate (K

2
CO
3
, 0.6 g, 4.42mmol), and tetrakis(triphenyl-

phosphine)palladium(0) (Pd (PPh
3
)
4
, 0.2 g, 0.18mmol), and

the solution was mixed and heated overnight under reflux.
The reaction mixture was poured into water and then extra-
cted using CH

2
Cl
2
and water. The organic phase was washed

with brine and dried over MgSO
4
. The solvent was removed,

and the product was purified using column chromatography
on a silica gel with CHCl

3
/hexane as the eluent (1 : 3,

v/v). The product was obtained as a yellow powder. Yield:
(0.53 g, 50.4%). 1H NMR (300MHz, CDCl

3
): 𝛿 9.61 (s,

1H), 𝛿 8.35–8.32 (d, 4H), 8.15–8.13 (m, 4H), 7.75–7.72 (d,
2H), 7.54–7.49 (m, 6H), 7.49–7.47 (m, 6H), 7.40–7.36 (m,
3H).

2.2.8. Synthesis of 2-Cyano-3-[5-(9,9-diphenyl-9H,9H-[3,3]-
bicarbazolyl-6-yl)-thiophen-2-yl]-acrylic Acid (C2A1S1). 5-
(9,9-Diphenyl-9H,9H-[3,3]bicarbazolyl-6-yl)-thiophene-
2-carbaldehyde (5) (0.5 g, 0.84mmol), 2-cyanoacetic acid
(0.085 g, 1.0mmol), and a catalytic amount of piperidine
in CH

3
CN (30mL) were mixed and heated under reflux

for 4 h. After the solution was cooled to room temperature,
the mixture was poured into ice water. The precipitate
was filtered, washed with distilled water, and dried under
vacuum. The product was obtained as an orange powder.
Yield: (0.28 g, 50.3%). 1H NMR (400MHz, DMSO-𝑑

6
): 𝛿

8.45 (s, 1H), 8.38–8.35 (d, 2H), 8.23–8.21 (m, 3H), 8.19–8.16
(m, 4H), 7.71–7.69 (d, 2H), 7.56–7.51 (m, 6H), 7.49–7.47
(m, 6H), 7.40–7.36 (m, 3H). HR-MS (MARDI): Calcd. for
C
44
H
27
N
3
O
2
S m/z: 661.18; found m/z: 661.2 [M+H]+; anal.

calcd. for C: 79.86; N: 6.35; S: 4.85; H: 4.11; found, C: 80.15; N:
5.98; S: 4.26; H: 4.97%.

2.3. Fabrication and Characterization of DSSCs. The TiO
2

paste was coated on a precleaned glass substrate containing
fluorine doped tin oxide (FTO, TEC8, Pilkington, 8Ωcm−2,
thickness: 2.3mm) using the doctor-blade coating method
and sintered at 500∘C for 1 h. The other TiO

2
paste was

recoated over the sintered layer usingTiO
2
particles (approxi-

mately 400 nm) as the scattering layer, and the glass substrate
was sintered again at 500∘C for 1 h. The prepared TiO

2
film

was dipped in an aqueous solution of 0.04M titanium tetra-
chloride (TiCl

4
) at 70∘C for 30min. For dye adsorption, the

annealed TiO
2
electrodes were immersed in the dye solution

(0.3mM of dye in ethanol) at room temperature for 24 h.The
dye-adsorbed TiO

2
electrode and platinum counter electrode

were assembled using a 60 𝜇m thick Surlyn (Dupont, 1702)
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Table 1: Electrochemical parameters of organic dyes.

Dye 𝜀max
a/M−1 cm−1 𝜆max

a/nm (Sol) 𝐸
0-0/(eV)

b (abs) 𝐸ox
c (V vs. NHE) 𝐸ox − 𝐸0-0

d (V vs. NHE) HOMO (eV) LUMO (eV)
C1A1 15260 392 2.64 0.84 −1.8 −5.23 −2.59

C2A2 22815 417 2.5 0.68 −1.82 −5.07 −2.57

C2S1A1 26191 442 2.28 0.5 −1.78 −4.89 −2.61

aMaximum absorption and extinction coefficient at maximum absorption of dyes in chloroform solution. b𝐸0-0 (band gap) was determined from intersection
of absorption and emission spectra in chloroform solution. cOxidation potential (𝐸HOMO) of dye was measured using cyclic voltammogram in chloroform
solution. d𝐸HOMO − 𝐸0-0 = 𝐸LUMO.
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Figure 1: Absorption spectra for organic dyes in chloroform
solution.

as the bonding agent. The liquid electrolyte was introduced
through a prepunctured hole on the counter electrode. The
electrolyte comprised 3-propyl-1-methyl-imidazolium iodide
(PMII, 1M), lithium iodide (LiI, 0.2M), iodide (I

2
, 0.05M),

and tert-butylpyridine (TBP, 0.5M) in CH
3
CN/valeronitrile

(85 : 15). The active areas of the dye-adsorbed TiO
2
films

were estimated using a digital microscope camera with image
analysis software (Moticam 1000).

The photovoltaic I-V characteristics of the prepared
DSSCs were measured under 1 sunlight intensity (100mW
cm−2, AM 1.5), which was verified using a standard Si-solar
cell (Keithley 2400, ORIEL, Newport, PVMeasurement Inc.).
The monochromatic incident photon-to-current efficiencies
(IPCEs) were plotted as a function of the wavelength of light
by using an IPCE measurement system (PEC-S20, Peccell
Technologies, Inc.).

3. Results and Discussion

3.1. Electronic Absorption Properties of Organic Dyes. The
UV/Vis absorption spectra of the organic dyes in CHCl

3
are

shown in Figure 1 and the corresponding data are summa-
rized in Table 1. The absorption band at 390–450 nm can
be attributed to the intramolecular charge transfer (ICT)
between the donor and acceptor. The absorption maxima of
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Figure 2: The cyclic voltammetric curves of the dyes in chloroform
containing 0.1M TBAPF

6
as supporting electrolyte at a scan rate of

50mV s−1.

the charge-transfer band in CHCl
3
are at 392, 417, and 442 nm

for C1A1, C2A1, and C2S1A1, respectively. Compared to the
C1A1 dye, the C2A1 and C2S1A1 dyes exhibited red-shifted
absorption at 25 nm and 50 nm, respectively. This shows that
the added carbazole units are beneficial to extend the light
absorption and to increase the electron donating ability in
comparison to a single carbazole unit (C1A1). The 𝜀 values of
the organic dyes are larger than that of the N719 dye, which
indicates that these dyes have good light harvesting ability.

The electrochemical behavior of the organic dyes was
measured by CV, as shown in Figure 2. The detailed data
are listed in Table 1. The highest occupied molecular orbital
(HOMO) levels of these dyeswere 0.84V, 0.68V, and 0.5V for
C1A1, C2A1, and C2S1A1 versus normal hydrogen electrode
(NHE), respectively. The obtained values are more positive
than the I

3

−
/I− redox potential value (0.4 V versus NHE).

This indicates that the oxidized dyes formed after the electron
injection into the conduction band of TiO

2
could accept elec-

trons from the electrolyte thermodynamically. They could
also accept electrons from the LUMO levels that are more
negative than the TiO

2
conduction band. This indicates that

the electrons from the excited LUMO level can be easily
injected onto the photoelectrode and that the oxidized dyes
may be regenerated using the I

3

−
/I− redox couple.
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Figure 3: (a) Current density-voltage characteristics of dye-sensitized solar cells containing organic dyes under illumination using simulated
solar light (AM 1.5, 100mWcm−2). (b) Incident photon-to-current efficiency curves for dye-sensitized solar cells containing organic dyes.

3.2. Photovoltaic Measurements. The photovoltaic perfor-
mances of the DSSCs based on organic dyes were compared
using the variation of flow currentwith the bias voltage, IPCE,
impedance, and electron lifetime analysis. Figure 3(a) shows
the I-V curves of the DSSCs with the different organic dyes,
as summarized in Table 2.

Under the standard global AM 1.5 solar irradiation,
the cells based on C2A1S1 and C2A1 dyes containing two
carbazole units exhibited higher efficiency compared to those
based on the C1A1 dye. The short-circuit current density
(𝐽sc), open circuit voltage (𝑉oc), and overall yield (𝜂) of the
three dyes are in the order of C2S1A1 > C2A1 > C1A1.
This is due to the improved light absorption ability by the
added carbazole units and the existence of twisted structures,
which resulted in an increased current density and inhibited
dye aggregation and charge recombination [22]. The higher
efficiency of theC2S1A1dye can be explained by the increased
electron donating ability and 𝜀 values due to the introduction
of thiophene.The thiophene unit in theC2S1A1 dyemay have
caused strong 𝜋-𝜋 interactions that could be attributed to the
light harvesting efficiency.

In order to rationalize these observations, the spectra
of the monochromatic IPCE of the DSSCs based on the
organic dyes are shown in Figure 3(b). The carbazole-based
sensitizers efficiently converted visible light to photocurrent
across the higher energy region over the wavelength range
of 350–550 nm. A maximum IPCE of 74% was realized at
480 nm for the C2S1A1 dye, while the C2A1 and C1A1 dyes
exhibited a maximum IPCE of 69% and 63% at 440 nm,
respectively. This is probably due to the fact that the C2S1A1
dye has a much broader absorption spectrum whose contri-
butions are expected to enhance the photogenerated current
values.

In addition, EIS was employed to study the electron
recombination in the DSSCs.The EIS measurement is shown

Table 2: Photovoltaic performance of dye-sensitized solar cellsa.

Dyeb 𝐽sc/mA cm−2 𝑉oc/V FF (%) 𝜂/%
C1A1 3.939 0.608 69.84 1.67
C2A1 5.548 0.681 66.04 2.5
C2S1A1 10.83 0.69 67.68 5.1
N719 15.58 0.745 69.66 8.09
aPhotovoltaic performance under AM1.5 irradiation of dye-sensitized solar
cells containing organic dyes based on 3-propyl-1-methyl-imidazolium
iodide (1M), lithium iodide (0.2M), iodide (0.05M), and tert-butylpyridine
(0.5M) in acetonitrile/valeronitrile (85 : 15). bDye bath: chloroform solution
(3 × 10−4M).

in Figure 4, and the data is listed in Table 3. The 𝑅s and 𝑅rec
represent the series resistance and charge-transfer resistance
at the dye/TiO

2
/electrolyte interface, respectively, and 𝑅CE

represents the resistance at the counter electrode. The values
of 𝑅s and 𝑅CE (the first semicircle in the Nyquist plot) were
almost the same for the three dyes because of the same elec-
trode material and same electrolyte used. The 𝑅rec was deter-
mined by the middle semicircle in the Nyquist plot. From
the EIS measurements, the 𝜏

𝑒
, which expresses the electron

recombination between the electrolyte and TiO
2
, was calcu-

lated following a literature procedure [23]. The 𝑅rec for the
dyes C1A1, C2A1, and C2S1A1 was 36.65, 19.71, and 13.84Ω,
respectively. Under illumination, the smaller 𝑅rec values indi-
cated fast charge generation and transport. The calculated 𝜏

𝑒

of C1A1, C2A1, and C2S1A1 was 2.36, 3.52, and 4.7ms,
respectively. Among the dyes, the C2S1A1-based cell had a
longer 𝜏

𝑒
, which led to a lower rate of charge recombination

and thus improved𝑉oc.Therefore, theC2S1A1 dye provided a
much faster electron transport and prolonged 𝜏

𝑒
. The

improved values of 𝐽sc and𝑉oc of the DSSCs with theC2S1A1
dye can bemainly attributed to the improved light harvesting
efficiency.
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Figure 4: (a) Measured dye-sensitized solar cell impedance spectrum at forward bias condition under illumination. (b) Bode-phase plots for
the dye-sensitized solar cells.

Table 3: Performances of mercurochrome and organic dye based
dye-sensitized solar cells and electron transport properties of their
photoanodes as determined by impedance analysis. Cell areas are
0.24 cm2.

Dyes 𝑅
1
(Ω)a 𝑅

2
(Ω)b 𝑅

3
(Ω)c 𝜏

𝑒

d (ms)
C1A1 8.29 6.32 36.65 2.4
C2A1 7.41 5.1 19.71 3.5
C2S1A1 6.97 3.99 13.84 4.7
a
𝑅1 is fluorine doped tin oxide interface resistance.

b
𝑅2 is due to resistance at

interface between counter electrode and electrolyte. c𝑅3 possibly originated
from backward charge transfer from TiO2 to electrolyte and electron
conduction in porous TiO2 film. d𝜏 is lifetime of an electron in dye-sensitized
solar cells.

4. Conclusions

In this study, a new multicarbazole based organic dye (C2A1
and C2S1A1) with a twisted structure was designed and syn-
thesized, and the corresponding dye (C1A1) without twisted
structure was synthesized for comparison. The addition of
carbazole units to the organic dyes is an effective method
to adjust and control the photochemical and electrochemical
properties of the dyes, which determine the charge recombi-
nation and overall energy conversion efficiency. The C2S1A1
dye exhibited the highest PCE of 5.1% with a 𝑉oc of 0.69V
and short-circuit photocurrent density of 10.83mA cm−2.The
increased electron donating ability of the C2S1A1 molecule
provided higher 𝜀 values and a much broader absorption
spectrum.
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The increasing use of solar power as a source of electricity has led to increased interest in forecasting its power output over short-
time horizons. Short-term forecasts are needed for operational planning, switching sources, programming backup, reserve usage,
and peak load matching. However, the output of a photovoltaic (PV) system is influenced by irradiation, cloud cover, and other
weather conditions. These factors make it difficult to conduct short-term PV output forecasting. In this paper, an experimental
database of solar power output, solar irradiance, air, and module temperature data has been utilized. It includes data from the
Green Energy Office Building in Malaysia, the Taichung Thermal Plant of Taipower, and National Penghu University. Based on
the historical PV power and weather data provided in the experiment, all factors that influence photovoltaic-generated energy are
discussed. Moreover, five types of forecasting modules were developed and utilized to predict the one-hour-ahead PV output.They
include the ARIMA, SVM, ANN, ANFIS, and the combination models using GA algorithm. Forecasting results show the high
precision and efficiency of this combination model. Therefore, the proposed model is suitable for ensuring the stable operation of
a photovoltaic generation system.

1. Introduction

Taiwan generally imports more than 97% of its energy; 88%
of all energy is generated by burning fossil fuels. Additionally,
Taiwan’s power grid is mainly a centralized power grid, which
can cause insufficient peak power supply and lacks diversified
energy sources and distributed peak-load auxiliary power.
Growing domestic and foreign environmental awareness
has made the development of clean power increasingly
important. Wind and solar energy are the most common
natural energies. In metropolitan areas with weak winds,
solar energy has become the dominant renewable energy.
Notably, many developed countries have invested heavily in
R&Dandprovided incentives that promote the use and devel-
opment of photovoltaic (PV) systems. During 2000–2013,
the compound growth rate of the global solar cell market
reached 35.5%, indicating that the PV industry is growing
rapidly. However, due to the fact that solar irradiance and
climate factors can influence solar power output, variation

in power generation capacity may be a nonsteady random
process. Additionally, the types and installation locations of
PV panels by users and utilized in local power generation
systems may vary markedly. Hence, PV panels may impact
a power system once integrated into the power grid. To
reduce the uncertainty associated with PV power generation
capacity and to incorporate energy storage systems into
power systems, analyzing and predicting PV power output
have become essential.

Many factors, such as the sun’s elevation angle, atmo-
spheric conditions, hours of sunshine, and the season, affect
solar irradiance. This results in significant randomness in
solar power generation. As meteorology has progressed,
many studies of solar irradiance have applied several mod-
els, such as the clear-sky solar irradiance model [1], for
example, the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) energy model, the
semi-sinusoidal model, and the Collares-Pereira and Rabl
model. These models do not consider variations in surface
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solar irradiance due to complex weather and environmental
effects, typically resulting in large differences between calcu-
lation results and actual values. Additionally, although huge
databases of weather forecasts exist, determining surface
solar irradiance accurately and predicting power output
accurately are difficult tasks. Therefore, one must consider
using artificial intelligence and statistical theory to make
short-term predictions about the amount of power generated
by PV systems.

Among themany solar energy-related studies, the predic-
tion of solar irradiance remains a basis for most predictions
of PV power generation [2–7]. Many solar irradiance fore-
casting models have been developed. These models can be
divided into two main groups: statistical models and NWP
models. Statistical models are based upon the analysis of
historical data.They include time-series models, satellite data
based models, sky images based models, ANN models, and
wavelet analysis basedmodels. NWPmodels are based on the
reproduction of physical phenomenon. From the practical
point of view, different data sources and forecasting tech-
niques vary significantly with the time scope of forecasting.
Generally, statistical models are typically used for the short-
term forecasting, that is, from few minutes to hours. NWP
models results tend to have large error for the very short
horizons. However, the longer-term forecasts will depend
much more heavily on the NWP models. Additionally, cloud
imagery and a hybrid model can improve the results of
forecasting when solar irradiance presents a strong variability
like in many of insular territories.

In Taiwan, a Weather Research and Forecasting (WRF)
based data assimilation systemwas implemented to configure
the operational numerical weather prediction system (NWP)
at Central Weather Bureau (CWB) of Taiwan. The NWP sys-
tem consists of the Advanced Research WRF dynamical core
model and the three-dimensional variational data assimila-
tion (3DVAR) system.The triple nested model domains were
centered over Taiwan Island with horizontal resolution of 45-
, 15-, and 5-km and 45 levels in the vertical. The outermost
domain covered most of the Asian and west Pacific area
in order to better describe the evolution of the subtropical
high over the Pacific Ocean and avoid the dilution from
the lateral boundary problem due to the Tibetan Plateau.
The operational NWP system was running 4 times a day
and provided hourly output up to 84-hr forecast length. The
short wave radiation parameterization chosen is based on the
Goddard shortwave radiation scheme, which is two-stream
multiband scheme that accounts for both diffuse and direct
solar radiation. This scheme provides the downward short
wave radiation flux as used in this study. A standard Monin-
Obukhov similarity theory was applied in the model surface
layer to interpolate the wind field at 10-m AGL.

In recent years, several research works have discussed
direct prediction of PV power output [8–17]. These studies
mainly used various neural network-based prediction tech-
niques [8–10], time-series analysis [11], andhybrid forecasting
models [14–17]. Various hybrid models for the PV power
forecasting have become more popular. For instance, refer-
ence [14] proposed a power forecasting system that combines
three forecastingmodules: two numerical weather prediction

models (one global and one at mesoscale) and an artificial
intelligence based model. Reference [15] proposed a two-
stage method where first the clear-sky model approach is
used to normalize the solar power and then adaptive linear
time-series models are applied for prediction. Reference [17]
combines two well-known methods: the seasonal autore-
gressive integrated moving average method (SARIMA) and
the support vector machines method (SVMs) to predict the
short-term PV power.The aim of those hybridmodels for PV
power forecasting is to benefit from the advantages of each
model and obtain globally optimal forecasting performance.
For instance, several statistical and AI-based methods are
utilized to determine the optimum weight between online
measurements and meteorological forecasts. An accurate
measurement can significantly improve the accuracy of PV
power generation predictions.

There are several differences between renewable energy
forecasting and load forecasting. The load forecasting is
highly dependent on the historical data because load curve is
periodical and seasonal. However, most of renewable energy
output is not periodical; therefore, the input valuables of
the PV forecasting module need not only historical PV
measurement data butweather-related variables, such as solar
irradiance and temperature.

The main objective of this study is to propose a novel
hybrid model for PV power forecasting.The proposed model
combines theARIMA, SVM,ANN, andANFISmethodswith
GA algorithm.The detail about the hybrid forecasting model
is illustrated in the following sections.

2. System Monitoring and Database

In this study, PV power generation systems at three different
locations were considered as our case studies for 1-hour-
ahead prediction of PV output; the locations of PV systems
are Malaysia’s Green Energy Office (GEO) Building, Taiwan’s
Taichung Thermal Power Plant, and an academic building
at the National Penghu University (NPU). Although the
environment in which each building is located differs slightly,
monitoring records for these locations are similar, including
power generation data, atmospheric temperature, solar irra-
diance, andmodule temperature. Table 1 lists the characteris-
tics and related parameters for these three PV systems.

By the end of 2013, the total installed capacity of PV
systems in Taiwan is up to 333.4MW. To encourage solar PV
installations in Taiwan, drive economic growth, and facilitate
the development of the solar PV industry, the Bureau of
Energy, Ministry of Economic Affairs (BOE, MOEA), has
launched the “Million Solar Rooftop Program.” The target of
installed capacity of the PV systems is 6200MW by 2030 in
Taiwan.

In view of abundant agriculture residue, sunshine, and
rainfall, the most significant sources of renewable energy
in Malaysia are biomass, solar, and small-hydropower. Cur-
rently, the installed capacity of renewable energy in Malaysia
stands at less than 1% (55MW) of total power generation
capacity, including 1.5MW of cumulative grid-connected PV
installations. Nevertheless, renewable energy is expected to
grow with the implementation of an FiT scheme, in which
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Table 1: PV database utilized in this study.

Data sources Installed capacity Sampling data Measurement item Total number of data

PTM Green Energy
Office (GEO) Building
Pusat Tenaga Malaysia

45.36 kWp Average values for
15-minute

(i) PV generation
(ii) Atmospheric temperature
(iii) Solar irradiance (W/m2)
(iv) PV module temperature

9009

TaichungThermal
Power Plant 72 kWp Average values for

60-minute

(i) PV generation
(ii) Atmospheric temperature
(iii) Solar irradiance (W/m2)
(iv) PV module temperature

6830

An academic building at
the National Penghu
University (NPU)

70 kWp Average values for
10-minute

(i) PV generation
(ii) Atmospheric temperature
(iii) Solar irradiance (W/m2)
(iv) PV module temperature

17280

individuals can sell the power generated to utility companies
such as TNB and Sabah Electricity Sendirian Berhad (SESB)
at a fixed premium rate for specific period.

Although daily PV output power varies, by observing
time-series characteristics, a regular daily pattern can be
identified. If two similar days with similar solar irradiance
and cloud distribution are compared, the patterns of power
output on those two days should be very similar. However,
due to dramatic variations in cloud cover and the difficulty
in making accurate predictions, the actual curve of PV
power generation is a fundamental waveform with random
fluctuations. For instance, the PV system power output curve
of Malaysia’s GEO Building has large fluctuations, mainly
because data are sampled at 15-minute intervals (Figure 1).
Short-term variations in the amount of solar irradiance
and cloud cover also produce different daily fluctuations
in its power curve. Figure 2 shows time-series data of PV
power generation by the Taichung Thermal Power Plant for
one week in July using a three-dimensional (3-D) graphic
representation. This daily variation curve has a fundamental
curved waveform with some increasing and decreasing ran-
dom fluctuations. Figure 3 compares PV power generation
curves of the Taichung Thermal Power Plant in summer
and winter. The power output in summer (solid line) is
markedly higher than that in winter (dashed line); however,
dramatic fluctuations within a pattern occur in both summer
and winter. Additionally, variation in power output during
roughly 13-14 hours of sunshine generally corresponds to the
variation in solar irradiance (Figure 3). However, when a day
suddenly changes from a sunny day into a rainy day or from a
very cloudy day into a partially cloudy day, irradiance changes
dramatically, resulting in an inaccurate prediction of power
output.Therefore, using hourly weather forecast information,
such as sunny day, cloudy day, rainy day, and average cloud
cover, as input variables for a prediction model can increase
its prediction accuracy for sudden changes in day type.

3. Determination on Input Variables for
the PV Power Forecasting Model

Generally, sufficiently accurate solar irradiance data can
be input into a formula to derive predicted output power.
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Figure 1: Photovoltaic power generation recorded at PTM Green
Energy Office (GEO) Building in Malaysia.

Predicting power output from renewable energies is closely
related toweather forecast predictions. To predict the amount
of solar irradiance or power generated, various environmen-
tal factors, such as solar irradiance, cloud cover, atmospheric
pressure, and temperature, along with the conversion effi-
ciency of PV panels, installation angles, dust on a PV panel,
and other random factors must be considered. All these
factors affect PV system output. Hence, in choosing input
variables for a prediction model, one should consider deter-
ministic factors strongly correlated with power generation.
Additionally, time-series data for PV power generation are
strongly autocorrelated and therefore these historical data
should be the input data of the forecastingmodel. An accurate
prediction of PV power generation must be accompanied
by a stable and detailed monitoring system to record all
related information that may aid in solar energy prediction.
Many large renewable energy systems with a large number
of weather stations and highly stable monitoring systems
exist worldwide. This infrastructure is very important to
predicting PV power output.

One must choose model input variables carefully, as they
are essential to accurate predictions and include weather data
that can affect PV power output. However, these detailed
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Figure 2: Photovoltaic power generation recorded at Taichung
Thermal Power Plant in Taiwan.
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Figure 3: PV power generation curves at Taichung Thermal Power
Plant in different seasons.

data are not recorded by existing systems that monitor
atmospheric data for various PV power generation systems.
For small-capacity PV systems in small areas, typical data
collected are limited to solar irradiance, power output, atmo-
spheric temperature, and module temperature [18]. Notably,
most systems cannot monitor cloud cover accurately. Addi-
tionally, typical meteorological centers usually predict hourly
average cloud cover inaccurately, such that predicting PV
power output accurately becomes extremely difficult. In this
study, correlation analysis of measured data for the selected
PV systems was applied to the three PV systems to identify
variables that are strongly correlated with PV power output.
Figure 4 shows the correlation analysis of power output with
respect to module temperature of the Malaysian PV system.
Analytical results indicate that these two variables, power
output and module temperature, are strongly and positively
correlated.

Figure 5 shows correlation analysis of power output with
respect to solar irradiance for the Malaysian PV system.
Although some data deviate slightly from the straight line
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Figure 4: Correlation analysis of power output with respect to
module temperature at the PTM Green Energy Office (GEO).
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Figure 5: Correlation analysis of power output with respect to solar
irradiance at the PTM Green Energy Office (GEO).

with a correlation coefficient of 1, the overall trend indicates
that these two variables remain strongly correlated.

In this study, correlation coefficients of power output
with respect to the other three external variables for these
three PV systems are calculated (Table 2). Hourly power
output and hourly solar irradiance produce the strongest
correlations, and hourly power output has an extremely weak
correlation with hourly atmospheric temperature. Power
generation module temperature is also strongly correlated
with power output. However, module temperature should
not be utilized as an external variable for a prediction
model because it is unpredictable and weakly correlated
with atmospheric temperature. Furthermore, solar irradiance
can be estimated using a physical model with appropriate
correction. Therefore, solar irradiance in this study is used
as an external variable in the prediction model for PV
power output. Further, the time-series data of power output
are autocorrelated. Table 2 shows correlation coefficients of
independent variables for the three PV systems. Table 2 also
lists the first three correlation coefficients of independent
variables. This study calculates correlation statistics for the
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Table 2: Comparative analysis on correlation coefficients between PV generation and external variables.

Data sources
External variables Independent variable

Solar
irradiance

Module
temperature

Atmospheric
temperature 𝑃(𝑡 − 1) 𝑃(𝑡 − 2) 𝑃(𝑡 − 3)

PTM Green Energy Office (GEO)
Building
Pusat Tenaga Malaysia

0.817 0.75 0.13 0.714 0.399 0.044

TaichungThermal Power Plant 0.978 0.68 0.05 0.786 0.538 0.213
An academic building at the
National Penghu University (NPU) 0.840 0.85 0.18 0.864 0.598 0.279

Note: 𝑃(𝑡 − 1)means one-hour-ahead PV power output.

first three entries and autocorrelations for the first 4–40
entries. Calculation results demonstrate that historical data
with high correlation coefficients are data from the previous
entry and the previous and next entries of the previous two
cycles. These correlation analyses will be a very important
reference when choosing input variables to construct any
prospective model.

4. Description of the Proposed PV Power
Forecasting System

This work utilizes four statistical and artificial intelli-
gence methods, including the autoregressive integrated
moving average (ARIMA) model, least-squares support
vector machines (LS-SVMs) model, artificial neural net-
work (ANN), and adaptive neurofuzzy inference systems
(ANFISs). Furthermore, a novel two-stage model combining
these models with the GA is applied to predict short-term
wind power.

Several approaches exist for time-series modeling. In an
ARIMA model, the future value of a variable is assumed
a linear function of several past observations and random
errors. An ARIMA model has three iterative steps for model
identification, parameter estimation, and diagnostic. The
autocorrelation function (ACF) and the partial ACF (PACF)
of sample data are utilized as basic tools to identify the
best order of the ARIMA model; this involves selecting the
most appropriate lags for the AR and MA parts, as well as
determining whether a variable requires first differencing
to induce stationarity. Once a tentative model is specified,
estimation of model parameters is straightforward, usually
involving the use of a least-squares estimation process. The
last step in model building is diagnostic assessment of model
adequacy. This three-step model construction process is
typically repeated several times until a satisfactory model
is finally selected. This selected model can then be utilized
for prediction purposes. Compared to other forecasting
techniques, the ARIMA time-series model does not require
the meteorological forecast of solar irradiance that is often
complicated. Due to its simplicity, the ARIMA model has
been widely discussed as a statistical model for forecasting
power output from a PV system. An ARIMA model is a
single-variable time-seriesmodel; the basic description of the
ARIMA model is illustrated by the following equation:

𝜙
𝑝
(𝐵)Φ (𝐵

𝑠
) ∇
𝑑
∇
𝐷

𝑠
𝑌
𝑡
= 𝜃
𝑞
(𝐵)Θ (𝐵

𝑠
) 𝑎
𝑡
, (1)

where 𝜙
𝑝
, Φ; 𝜃

𝑞
, Θ are autoregressive and seasonal-moving

average parameters of the ARIMA model, ∇𝑑 and ∇
𝐷

𝑠
are

trend and seasonal difference equations, and 𝐵 is a backshift
operator that defines 𝑌(𝑡 − 1) = 𝐵𝑌(𝑡). By the difference
equations and both ACF and PACF plots, the significant
historical data in certain time lags were chosen as input
variables.

TheANN techniques have been used widely to solve fore-
casting problems. An ANN is a mathematical tool originally
based on the way the human brain processes information.
An ANN, whichmay be considered amultivariate, nonlinear,
and nonparametric method, should be able to model com-
plex nonlinear relationships much better than conventional
linear models. In this work, the multilayer feed-forward
back-propagation network is used as the training algorithm
because it has been the most frequently used method for
training networks of PV power forecasts; furthermore, a
Levenberg-Marquardt approach is applied to train the ANN
model. The accuracy of ANN solutions relies heavily on
chosen input variables. Many methods for identification of
ANN input variables have been developed. Most utilized
correlation analysis is accompanied by heuristics and an
operator’s experience. In this work, significant exogenous
variables and actual measured historical data have been
utilized as input for the ANNmodel.

Fuzzy systems and neural networks are complementary
tools when building intelligent systems; however, fuzzy sys-
tems lack the ability to learn and cannot adjust themselves.
Merging a neural network with a fuzzy system into an inte-
grated system would be a promising approach for building
wind predictionmodels.TheANFIS system, a fuzzy inference
system based on the Sugeno model, incorporates the self-
learning ability of an ANN with the linguistic expression
function of fuzzy inference, whose membership functions
and fuzzy rules are acquired from a large lot of existing data
instead of by experience or intuition. The classical network
structure is a five-layer feed-forward neural network, which
includes a fuzzification layer, rule layer, normalization layer,
defuzzification layer, and a single summation neuron. In this
work, the Gaussian function is the membership function.

A support vector machine (SVM) is a machine learn-
ing algorithm based on statistical learning theory and the
principle of structural risk minimization. Various SVM tech-
nologies have been applied successfully for such purposes
as pattern recognition, nonlinear regression estimation, and
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time-series forecasting. The least-squares support vector
machines LS-SVM is an extension of the standard SVM. Let
(𝑥
𝑖
, 𝑦
𝑖
) be independent data pairs with each 𝑥

𝑖
∈ R𝑛 denoting

a vector belonging to an input space and let each 𝑦
𝑖
∈ R

be its corresponding target value in an output space, where
𝑖 = 1, 2, . . . , 𝑁, and 𝑁 is the number of data pairs. In a
SVM, data are nonlinearly mapped from the input space to
a high dimensional feature space using 𝜙(𝑥). The forecasting
function can be introduced as 𝑓(𝑥) = 𝑤 ⋅ 𝜙(𝑥) + 𝑏, where𝑤 is
the connection weight vector and 𝑏 is bias. The optimization
problem for the standard SVM is represented as

Minimize 1

2

𝑤
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𝑤 + 𝛾
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∑
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𝜁
𝑖

Subject to 𝑦
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𝑇
𝜙 (𝑥
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) + 𝑏] ≥ 1 − 𝜁

𝑖
, 𝜁
𝑖
≥ 0,

(2)

where 𝜁
𝑖
is a slack variable and 𝛾 is a positive real constant

for determining penalties for forecasting errors. The above
formula can be modified for the LS-SVM; the final LS-SVM
model can be represented as

𝑓 (𝑥) =

𝑁

∑

𝑖=1

(𝛼
𝑖
− 𝛼
∗

𝑖
) ⋅ 𝜅 (𝑥

𝑖
, 𝑥) + 𝑏, (3)

where 𝛼
𝑖
and 𝛼

∗

𝑖
are Lagrange multipliers. The Kernel func-

tion, which is an inner product of two 𝜙(𝑥) functions, is
incorporated into computations. This work uses the radial
basis function (RBF) kernel.

Each single prediction model has advantages and dis-
advantages. For instance, some prediction models have a
better response capability for rapid changes in a waveform,
while other models may be better at capturing steady-state
periodical variations. A novel hybrid model combining these
predictionmodels is proposed in this work. It includes a two-
stage forecasting process: in the first stage, the PV power is
predicted individually by four models; then the forecasting
results become the inputs of the second-stage model. In the
second stage, the objective of the proposed second-stage
hybrid forecastingmodel is to assign theweight coefficient for
each first-stage individual model and form the final hybrid
model. In this work, weight coefficients are acquired using
an adaptive GA. This weighted-variable hybrid forecasting
model consisting of 𝑚 prediction models can be denoted as
follows:

𝑓
𝑐
= 𝛼
1
⋅ 𝑓
1
+ 𝛼
2
⋅ 𝑓
2
+ ⋅ ⋅ ⋅ + 𝛼

𝑛
⋅ 𝑓
𝑛
, (4)

where 𝛼
1
+ 𝛼
2
+ ⋅ ⋅ ⋅ + 𝛼

𝑛
= 1 and 𝑛 is the number of

forecasting models. In this work, 𝑛 = 4, indicating that four
first-stage forecasting models are used, that is, the ARIMA,
ANN, ANFIS, and SVMmodels.

The GA in this work, which is based on natural selec-
tion, is a parallel, stochastic, and adaptive search algorithm.
The GA simultaneously optimizes the entire populations of
designs, among which initial populations can be produced
randomly. New populations are produced by such operations
as selection, crossover, and mutation based on the fitness of
the object function, which controls the survival of different

Start

forecasting data

Create the race number

Compute the value in the fitness function

The optimization 
solution

The termination 
condition is satisfied

Yes

No
The mapping 

process

The crossover 
process

The mutation 
process
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Figure 6: Flowchart of the proposed hybrid GA-based model.

samples in offspring and continuously improves the object’s
property in the next generation to generate the best results.
Figure 6 shows the flowchart of the proposed hybrid GA-
based model. Additionally, the complete model block dia-
gram is shown in Figure 7.

Actually, there are many methods to construct the com-
binational forecasting model. For example, the immune
algorithm (IA) can also be utilized, which mimics a basic
immune systemdefending against bacteria, viruses, and other
disease-related organisms. Additionally, the coding structure
for an IA is similar to that of a GA but adds the diversity and
affinity calculation strategy. In this paper, the GAwas utilized
to combine the first-stage forecasting models because it is
routinely used to generate useful solutions to optimization
and search problems, including the forecasting works.

5. Forecasting Results and Discussions

In this study, five prediction models, including four indi-
vidual models and one combination model, are used for a
1-hour-ahead prediction of power output by the three PV
systems. Among these models, the ARIMA model uses a
single input variable, in which the autocorrelation coefficient
of time-series data is used to identify important historical lead
times; the ANN prediction model uses two input variables,
including PV power output with high correlation coefficients
and the anticipated value of hourly solar irradiance; the LS-
SVM and ANFIS prediction models use the previous entry
of PV power output and the current entry of predicted solar
irradiance. Although the LS-SVM and ANFIS models can
use additional input variables, estimation and prediction time
for model parameters will increase. Thus, this study mainly
uses two input variables to reduce the time required for a
prediction. The proposed hybrid prediction model, which is
based on the genetic algorithm, uses evolutionary theory to
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Figure 7: The complete model block diagram for the proposed
forecasting model.
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Figure 8: Forecasting results for PV power at NPU by using ANN
and ANFIS.

estimate the weight of each single prediction model in the
hybrid model; these weights are then used to predict PV
power output during the next hour.

Figures 8, 9, and 10 present prediction results by applying
each prediction model to the PV system installed at NPU.
Due to the length limitation for this paper, only the predicted
power within a certain week in a predicted month is shown.
In this case, the ANFIS and LS-SVM predictions are the most
accurate, and predicted curves fit the actual power output
curve well. However, some peaks and turning points for the
PV output are not predicted accurately. The ARIMA model
generates a relatively less accurate prediction. Particularly,
when the profile of the daily PV curve varies markedly,
fitting the curve with a linear mathematical function is
very difficult. According to anticipated prediction results, the
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Figure 9: Forecasting results for PVpower at NPUby usingARIMA
and SVM.
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Figure 10: Forecasting results for PV power at NPU by using the
hybrid combination model.

prediction PV power time series obtained by the ARIMA
model normally follows the time sequence profile from the
previous cycle. Therefore, values from the previous cycle or
even the previous two cycles are used as input variables for
this model, such that prediction results can exhibit a memory
effect fromprevious cycles. Figure 10 shows prediction results
by the hybrid model using the genetic algorithm. The time-
series data correspond to actual data; however, some incon-
sistencies fail to generate a very accurate result.

The performance of the proposed forecastingmodel must
be evaluated. There are several evaluation criteria for PV
forecasting models, such as mean absolute error (MAE), root
mean square error (RMSE), and others. In this work, the
normalized root mean square error (NRMSE) was utilized
because it can provide the comparative analysis for different
PV installed-capacity cases. It is defined as follows:

NRMSE = 100 ⋅
√

1
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𝑖=1
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𝑖
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2

%,
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Table 3: Comparative analysis on PV power forecasting errors by using different methods.

PV data sources PTM Green Energy
Office (GEO) (%)

TaichungThermal
Power Plant (%)

An academic building at the National
Penghu University (NPU) (%)

Forecasting model
ARIMA 9.52 16.49 13.48
LS-SVM 6.42 4.78 12.03
ANN 7.78 4.75 16.77
ANFIS 7.93 6.82 12.32
Hybrid model 5.64 3.43 6.57
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Figure 11: Forecasting results for PV power at Taichung Thermal
Power Plant by using the hybrid combination model.

where 𝑃install, 𝑃𝑎, 𝑃𝑓 indicate PV installed capacity, actual PV
power output, and PV power forecasting value, respectively,
and 𝑁 is the total number of samples. Table 3 summarized
the forecasting results at three PV systems by using different
forecasting models. It is obvious that the proposed hybrid
model is superior to other traditional statistical or artificial
intelligent methods because its forecasting error is the mini-
mum.

Figure 11 shows the prediction of hourly power output by
the PV system at the Taichung Thermal Power Plant. This
figure presents the predicted value, which is compared with
actual data, and the analyzed time series was taken only for
a certain week in the predicted month. Although the actual
profile of time-series data of PV power output varied greatly
due to varying weather conditions, applying the relatively
more accurate hybrid prediction model still provides a much
more accurate 1-hour-ahead prediction of power output.

6. Conclusions

As the construction scale and capacity of the PV power sys-
tems continue expanding, PV power prediction techniques
can reduce the effect of randomness on PV power output.
In this study, five prediction models were applied for short-
term prediction of power output by three PV systems, and
actual predictions have been performed for these PV systems

in Taiwan and Malaysia. In terms of input variables used
by prediction models, the correlation analyses of related
external variables have been carried out and historical power
output data and solar irradiance intensities are used as
input variables by the prediction models. Analytical results
demonstrate that the hybrid prediction model generates the
most accurate predictions in most cases; however, it still
needs additional and accurate data to monitor the prediction
process for large variations in time-series data of PV power
output. Specifically, the classification of any daily prediction
with respect to theweather forecast data should be performed
first. These data are used to predict weather patterns for that
day. The amount of cloud cover is also an input variable
for the PV prediction model. However, this requires long-
term and precise observational records, and an obvious,
individual exception sample should be excluded prior to
analysis. Furthermore, for yearly predictionmodels, date and
time should also be considered as input variables.
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The aim of this research is to establish a set of employability indicators that capture the competency requirements and performance
expectations that solar energy enterprises have of their employees. In the qualitative component of the study, 12 administrators and
32 engineers in the industry were interviewed, and meetings with focus groups were conducted to formulate a questionnaire for a
survey of Taiwanese solar energy companies for the confirmation and prioritisation of the employability indicators. On the basis of
the results of the quantitative component, an interpretational model relating competence, job performance, working attitude, and
employability for solar corporation recruitment and training purposes as well as for school curricular development was developed.
The interpretation model formulated effectively interprets the relationship between solar enterprises’ expectations and students’
employability. The research contributes a framework for the selection and cultivation of talent, as well as providing a basis for
fundamental development of the solar engineering curriculum.

1. Introduction

The study of employability is a field of complex nature about
which questions are often raised, questions for which there is
not at all times a clear and definitive answer [1]. As pointed
out bymany researchers, employability is closely related to the
competence and performance possibilities demonstrated by
individuals [2–4]. Its ultimate measure is the contribution to
the performance of an enterprise by the employee where the
said performance is the output or production results of the
enterprise. When the employee commands the competence
required by the enterprise then it can be expected that the
employee will demonstrate the performance anticipated by
the enterprise [5]. Such competence can be broken down
into four types: core competence, professional competency,
management competence, and general competence [6]. In
addition, the common core competences needed by staff of all
departments of an enterprise could include customer orien-
tation, teamwork cooperation, profession orientation, active

aggressiveness, and performance orientation [4]. Obviously,
the competence and performance requirements that enter-
prises bring to the attention of their employees have made
employability an issue of concern for all solar enterprises and
every employee.

As pointed out in competence-based theory, the impor-
tant features of solar industry employability are the emphasis
on advancing competence by individuals and, in particular,
a focus on the advancement of competence in long-term
self-career development embarked upon by engineers.There-
fore, this research aims to answer the following questions:
what job performance skills are graduates of universities of
technology from solar energy-related departments required
to demonstrate by employers and how should these skills
be reflected in major student employability indicators? The
major contribution of these indicators in the solar industry
would be for the selection of talent in recruitment and as
a reference for the internal cultivation of talent and for on-
the-job training, while in engineering education, they would
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provide a basis for the planning and design of the solar energy
curriculum, enhancing university students’ employability
[5, 7].

Accordingly, the research focused on what is required for
students who have been employed in the solar industry to
sustain long-term employment there, translating these job
performance requirements of the workplace via qualitative
research methods into employability indicators [8, 9], as well
as confirming the applicability of the employability indicators
through a qualitative survey and analysis [10]. Thus the
purpose of the research was to establish a set of employability
indicators for students contemplating employment in the
solar industry after graduation from universities of technol-
ogy.The aim was that the indicators would represent the per-
formance that solar industry enterprises expected students to
demonstrate in their future job positions in ways that made
the demands of such jobs painfully obvious. From which
starting point, the research desired to establish a competence
and performance interpretation model for the selection of
talent by enterprise recruiters and for reference by internal
solar enterprise talent cultivation planners. With these goals,
the role of and implications for curricular planning in
engineering education take on clearer shape. The research’s
primary contribution to theory is the establishing of an inter-
pretationmodel for the relationship between competence, job
performance, working attitudes, and employability, by means
of the establishment of employability indicators in the solar
industry.

2. Employability

Employability is generally recognised as the ability of a
student to successfully apply for employment after graduation
in a smooth way, to maintain their long-term prospects for
similarly acquired positions and to develop their job careers
favourably over the remainder of their working lives [11]. Cox
and King [12] consider employability to signify a person’s
possession of the ability to acquire skills for the implementa-
tion of required jobs, indicating that employability does not
necessarily mean a person could start working immediately
without further training. Employability can be deemed to be
a special feature of a person’s capability for work and the
desire to maintain his or her attractiveness in the labour
market [13]. Hillage and Pollard [14] assume “employability”
to mean that the individual could self-sufficiently realise
his or her potential for employment in the labour market
and continue to demonstrate self-sufficiency in his or her
work position even when there are limited job resources.
Pool and Sewell [15] believe that employability could be
understood as its embodiment in an individual who possesses
a set of skills, knowledge, and ability to develop satisfactorily
and successfully in the employment market. Rothwell and
Arnold [2] deem from the point of view of an individual’s
employment and career development that employability is
concerned with long-term career development in profes-
sional fields, even to the point of inclusion of the capability to
shift into different professions [16]. In this view, the essence
of employability can even be seen as the capability of an
individual to shift into another profession for employment

after the employment market of the individual’s professional
field is saturated. Hence, employability also emphasises the
possession of a good profession spill-over effect. On the
basis of these definitions, this paper defines employability
in the domain of the solar industry as the embodiment
in an individual of the capability to maintain the ongoing
acquisition of knowledge, skills, and positive attitudes and to
properly translate learning experiences into such forms, so as
to maintain demonstrations of the performances expected by
enterprises on being employed. Persons with high employa-
bility potential can learn fast when they are asked to execute
a task demanded by a job, and they can transform personal
knowledge and skills into the expected job performance
according to the job scenario’s requirements of the solar
industry.

2.1. Diverse Point of View of Employability. Three different
aspects, input, process, and result, afford different views on
employability, contributing to the direction of research.

(i) The input point of view, which sets out from the point
of view of structuralism to explore the composition
of employability, based on competence-based theory,
considers that an individual must possess good com-
petence to be able to demonstrate high performance
on the job. Such researchers as Hafeez and Essmail
[17], Peng [18], and Rae [1] demonstrate this point of
view.
Research results based on competence-based per-
formance theory are emerging [19]. Robbins [20]
assumes that performance measurement based on
competence could include individual job output,
behaviour, and personal characteristics (including
the exhibition of attitudes, self-confidence, indepen-
dence, cooperation, experience, and others related
to superb job performance). Competence-based the-
ory has done well explaining the reference criteria
adopted by modern enterprises for recruitment, so
graduates need to possess the competences required
by the employment market.

(ii) The process point of view, which emphasizes a high
level of association between school curricula and
the employment market, considers it necessary to
reflect enterprise experts’ expectations of students
in curricular design and learning activities. School
subjects should maintain focus on the changes in
practical needs [21]. Rae [1] believes that the students’
experience of learning core subjects should be associ-
ated with enterprises and employability.

(iii) The result point of view, which takes the point of
view of behaviourism and follows resource-based
theory exploring the demonstration of employability,
translates performance standards required by the
working world into the job performances expected
by enterprises, by, for example, the empirical investi-
gation of resource-driven performance conducted by
Fernandes et al. [22].



International Journal of Photoenergy 3

Resource-based theory considers the three elements,
company-critical resources, capabilities and competencies to
be associated concepts [23], where capabilities and compe-
tencies are considered to be interchangeable [24]. The term
capabilities was considered by the Ljungquist [25] study to
have two meanings, one was the ability of a work team to
utilize resources needed in execution of a certain task or
activity; the other was an individual’s tacit knowledge and
organizational memory, which could be incorporated and
applied to job coordination. As pointed out in resource-
based theory, enterprises expect graduates who are devoted
to the workplace to demonstrate good ability in integrative
planning and the disposal of available resources. Therefore
this research took its direction from the result point of view
on employability and emphasized job performance standards
to be decided according to the enterprise workplace’s sur-
roundings, coupled with experts’ judgment, developing the
requirements for students’ employability in solar enterprises.

2.2. Employability Indicators. Employability indicators from
the performance point of view naturally put emphasis on job
performance. So-called job performance can be defined as
the pursuance of special action by a person with the ability
to maintain and conform to the condition, policy, and pro-
cedure given by the organizational environment to effectively
accomplish the job demands [26]. “Job” is considered to be a
certain special appointment in the achievement of a certain
task, while the task is a description of the activity content
of a certain job for an employee [27]. The performance of
an employee can include the two categories of job behaviour
and activity and job result [28]. The former applies to the
job process itself and is assessed mainly by measuring the
activity engaged in and the behaviour demonstrated on the
job by the employee, while the latter assesses the degree of
accomplishment by the employee of a predetermined target.
As pointed out by SPSP [29], job performance needs to
emphasize ACT, which means the following:

A: employees’ effective and timely completion of a job
activity;

C: employees’ competence to do a good job;
T: their possession of tools and techniques.

In respect of employability indicators, Table 1 summarizes
related studies.

In summary of the above, the logical process for the estab-
lishment of draft employability indicators in this research
following the performance point of view is

(1) to define the performance point of view of employa-
bility;

(2) to obtain “diverse points of view on employability;”
(3) to fold in the path of research from the “result point

of view.”

For (1), we took the point of view of Ljungquist [25], SPSP
[29], Chang [5, 30], and Kuo and Sheen [31] and decided
performance-point-of-view employability to be on-the-job

integrated planning, evaluation and judgment, working effi-
ciency, working quality, working spirit, monitoring control,
and working attitude.

Based on the needs of the research, the operational
definitions for each indicator are as shown in Table 2.

3. Methodology

The study adopted field interviews and meetings with focus
groups as its qualitative methods, while a questionnaire
survey provided data for its quantitative methods.

3.1. Field Interviews. The field interviews were conducted
with 12 administrators (see Table 3) from solar enterprises
throughout Taiwan and with 32 of the top-10%, high-
performing workers. All interviews were completed within
a 5-month period. The interview form used in this study
followed Dessler’s methods [32] for the collection of duties
for graduates’ first employment in solar enterprises, where
the STAR specific behavioural events included (1) situation:
the circumstance surrounding an incident; (2) task: the target
generated in response to the demands of the situation; (3)
action: the behaviour exhibited by the person in charge;
and (4) result: the outcome of the action. The Behavioural
Event Interview (BEI) method was applied in translating the
behavioural events into the questionnaire items.

Key points in the STAR-specific behavioural event inter-
view included the listing of each STAR item with emphasis
on the response a good performance worker should exhibit
for each supposed demonstrative behavioural feature, the
degree of improvement through training, the possibility to
make up a performance insufficiency via recruiting new
employees, the capacity standard (certificate requirement)
needed by individuals, and the suggestion for measures when
the individual’s competence is inadequate to demonstrate the
anticipated performance (see Tables 4 and 5).

3.2. Focus Group Method. A group was formed of 12 experts,
amongst whom were a manpower resources consultant and
specialists from industry and academia. Focus group meet-
ings were held with the participation of the consultant, gen-
eral manager, marketing plan manager, manpower resources
department staff representatives, department heads, man-
agers, scholars, and high-performing workers. In the process
of the group’s repeated discussion, the draftquestionnaire that
originally contained 110 questions was modified and com-
bined to formulate the final questionnaire with 37 questions.
The structure of the questionnaire is shown in Table 6.

3.3. Survey Research. Through analysis by the experts of
the focus group, the draft questionnaire was tested for its
reliability and overall validity. Cronbach’s 𝛼 coefficient was
used to examine the internal consistency of responses from
pretest receivers. The content validity of the test was assessed
through the confirmation of the employability indicators by
the focus group and systematic examination of the ques-
tionnaire content to determine whether the questionnaire
did fully reflect the practical behaviours represented by the
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Table 1: Related studies of students’ employability in engineering education.

Experts/institution Employability indicators
Tsai et al. [28] Work attitude and job performance are closely related.

Kagaari [33] Application of skills, responsibilities, challenges, creativity, originality, safety, career development,
adaptation to status quo, technical knowledge at work, and so forth.

MOE [34] The most needed to enhance employability: foreign language ability, job searching and
self-promoting capacity, innovation capability, and leadership capacity.

NTNU [35]
Core employability: working attitude and cooperation capacity favourable for employment,
occupational career planning capacity and aggressive learning to advance, possession of
professional knowledge, and ability to apply them at work.

Peng [18]

(i) Employability is constructed from three elements: capacity, attitude, and confidence.
(ii) Detailed indicators: presentation and communication skills, teamwork cooperation, mother
tongue language capability, stability or stress resistance, professional knowledge and techniques,
basic computer application skills, the ability to explore and solve problems confronted at work,
good working attitudes, strong willingness to continue with studies, high degree of plasticity,
professional ethics and morality, optimism in facing career development prospects, active
dedication to current job, leadership capacity, innovation capacity, the capacity to apply theory to
actual work, professional certificates or related capacities, knowledge of the relevant industrial
environment and its development status, foreign language capacity, full understanding and
planning for self-career development, and possession of job searching and self-promoting
capacity.

NTNU [35]

A 2005 follow-up survey of university graduates after one year of employment found
insufficiencies in employability and concluded the causes to be lack of leadership capacity,
innovation capacity, the capacity to apply theory to actual work, professional certificates or related
capacities, knowledge of the relevant industrial environment and its development status, foreign
language capacity, full understanding and planning for self-career development, and possession of
job searching and self-promoting capacity.

Jaffer et al. [36] Efficiency and quality are the challenges of industry for advanced education.

Kuo et al. [37]

Four common dynamic capabilities in response to external demands: “market-oriented
sensitivity,” “the ability to absorb knowledge,” “social-networking capability,” and “the integrative
ability to communicate and negotiate.” Three special dynamic capabilities required by business
practices: “the capability to identify what drives market growth,” “the capability to develop a good
sense of market-entry timing,” and “the capability to alter/create customers’ needs.”

Chang [30]
Market-oriented sensitivity, the ability to absorb knowledge, social-networking capability, and the
integrative ability to communicate and negotiate are the dynamic capabilities required of IT
entrepreneurs.

employability indicators. Afterwards, Bartlett’s sphericity test
was applied to confirm whether each aspect was near normal
multivariate, and the KMO (Kaiser-Meyer-Olkin)measure of
sampling adequacy was adopted for the factor validity test
to determine whether factor analysis was appropriate or not.
Finally, the major step of content analysis was performed,
conducting oblique rotation for maximum variance of the
factors revealed by the factor analysis with the intent of
assessing the validity of the construction of the questionnaire
and the order of importance of the employability indicators.

Random sampling of small andmedium solar enterprises
in the Taiwan area for the addressing of a survey with
the internet version of the questionnaire was the method
adopted for data collection. After removing repeatedmailings
of the questionnaire returned, a total of 501 valid returns
were received representing a response rate of 50.1%. The
purpose of analysing the data was to understand whether
the employability indicators established by the research could
receive popular recognition from the solar energy industry.

The application of the abovementioned researchmethods
followed the logical procedure listed below, with a research
result being associated with each of the different stages:

(i) literature analysis: to obtain key points for field
interviews;

(ii) focus groupmeetings I: to confirm key points for field
interviews via experts’ points of view;

(iii) behavioural events interview method: to obtain the
draft employability indicators from the performance
point of view;

(iv) focus groupmeetings II: to confirm the draft employ-
ability indicators and the draft questionnaire;

(v) implementation of survey and data analysis. Fol-
lowing this procedure, several meetings were held
during Stage II of the focus group process due to
diverging opinions from experts on the significance
of the employability indicators. It was considered that
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Table 2: The definition of employability indicators in the solar industry.

Indicators Operational definitions

Integrated planning
To do project planning and implementation with the ability to consider the project’s marketability,
executability, and effectiveness, so as to further integrate resources in generating the maximum
value for the company and customers.

Evaluation and
judgment

To execute difficult work with the ability to conduct prior assessments and find the best work
procedures, methods and possible supporting resources within the company.

Working efficiency
To execute work with the capacity for self-adjustment, active acquisition of new knowledge and
techniques, goal-oriented work, advanced completion according to quality requirements, finding
problems, and finding the right person to do the thing right.

Working quality
To ensure that quality is the priority for the completion of work content, with the ability to fully
control each factor in a workflow, with self-inspection exhibiting a high level of quality of work
results.

Working spirit To accept challenging work targets, focus attention, make good use of strategies, manage
resources, and finish job tasks on time.

Monitoring control
To observe cost control and work progress control, put emphasis on process monitoring and
control, eliminate potential interfering factors, and present satisfactory work results to
supervisors.

Working attitude

To be proactive, active, and aggressive without the need for others to urge or remind, have great
ambition and willingness to take on jobs and help colleagues actively, have good relationships
with people stemming from a positive attitude towards others, and exhibit work results surpassing
supervisors’ expectations.

Table 3: Taiwanese solar product manufacturers sampled and interviewed in this study.

Manufacturers’
positions in the
supply chain

Chief products Number of companies
sampled Percentage (%) Number of companies

interviewed (%)

Upper-stream firms Silica materials, silicon
wafer materials 17 13.93 3 (25%)

Mid-stream firms 47 38.51 4 (33.33%)
Solar cells 15 12.30
Solar cell modules 18 14.73
Thin-film solar cell
modules 9 7.38

Dye-sensitized solar cells 3 2.46
Concentrator solar cell
modules 2 1.64

Lower-stream firms 58 47.56 5 (41.67%)
Solar photovoltaic system 39 31.98
Solar photovoltaic
converters 10 8.20

Sales channels/suppliers of
solar photovoltaic products 9 7.38

Total 122 100 12 (100%)
Source: [37, 38].

Table 4: Structure of field interviews with administrators and good performance engineers (form I).

Employability
indicators

Behavioural
feature

Weighted
demon-
stration
(%)

Difficulty Importance Frequency Improvement
via training

Improvement
via recruiting

Certificate
requirement

Competence
deficiency
handling

Situation
Task
Action
Result
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Table 5: Structure of field interviews with administrators and good performance engineers (form II).

Employability
indicators

Behavioural
feature

Weighted
demon-
stration
(%)

Difficulty Importance Frequency Improvement
via training

Improvement
via recruiting

Certificate
requirement

Competence
deficiency
handling

Integrated
planning
Evaluation
and judgment
Working
efficiency
Working
quality
Working
spirit
Monitoring
control
Working
attitude

Table 6: Structure of the employability survey questionnaire.

Construct
Number of
questions for

behavioural event

Employability
indicators from
performance point of
view

Integrated planning 4
Evaluation and
judgment 4

Working efficiency 8
Working quality 4
Working spirit 6
Monitoring control 5
Working attitude 6

such large differences existed in the direct perfor-
mance requirements of solar enterprises in manu-
facturing and services that it was not appropriate
to directly translate the direct performance indica-
tors for employees into requirements for students’
employability. Therefore, the direct performance
requirements for field interviews were transformed
to become indirect requirements so that they could
represent enterprises’ expectations for performance
as they affected employability.

4. Results and Discussion

4.1. Working Attitudes, Competence, Job Performance, and
Employability Form an Interactional Model. The research
used competence-based theory to explore performance stan-
dards expected to be demonstrated through field interviews
with solar industry representatives in order to formulate
seven employability indicators that included working atti-
tude, working efficiency, integrated planning, working spirit,
evaluation and judgment, monitoring control, and working

Competence Job performance 

Working attitude  

The level of employability 
expectation value 

Figure 1: Standard competence, job performance, and working
attitude.

quality. A triangle shaped interpretationmodel can be used to
summarize the research results. This triangle model is jointly
constructed by competence, job performance, and working
attitude, where the combination of the mutually dependent
competence and job performance determines the expected
value of students’ employability in the industry.The concept is
shown in Figure 1. From the results of field interviews, it was
seen that “working attitude” establishes a basis upon which
an employee can fully express his or her competence and
demonstrate the “job performance” expected by the company.
Employability demonstrates consistency between the level
of an individual’s “competence” and “job performance;”
these two also contribute to high employability, in the form
of the individual’s long-term value for the company. The
implications include the following (as in Figure 2).

(i) Working attitude and competence and job perfor-
mance together form an interactional model. The
height of the triangle signifies employability in the
long term for the individual in the enterprise.

(ii) Variation in employability is based on working atti-
tude, and working attitude determines the level
demonstrated in competence and job performance in
the enterprise.
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Working attitude

Competence Job performance
Low

Employability

Figure 2:Work attitude determines the level of competence and job
performance.

(iii) There is interdependence between competence and
job performance, where engineers who possess com-
petence can demonstrate the expected job perfor-
mance in the enterprise.

(iv) As a result of problems in the enterprise’s internal
organizational behaviour, employees with high com-
petence might not necessarily demonstrate high job
performance. However, the possession of a superior
working attitude may compensate for such a condi-
tion.

(v) Working attitude determines the level of competence
and job performance.The possession of an aggressive
working attitude and active learning competence can
help increase job performance. When an individual’s
job performance is not as expected, good working
attitude could enable the individual to pursue a higher
job performance and to improve his/her value for
long-term employment by the enterprise.

4.2. The Contribution of Competence Was Augmented and
the Performance RequirementWasDiminished. From a cross-
comparison of field interview results it was seen that even
if the interviewed objectives were screened in advance, the
interviewees still exhibited for some of the work items
exaggerated opinions of the competencies required. Con-
versely, they also exhibited for some of the enterprises’ job
performance requirements weakened expectations. Possible
reasons for this may include the following.

(i) Enterprises are generally likely to consider students
who are the first to be employed as the ones who are
more likely to execute their jobs with the assistance of
senior supervisors.

(ii) Enterprises usually consider students’ possession of
professional certificates as merely establishing the
minimum level needed to enter the workplace, with
on-the-job training (OJT) more or less still being
needed for students to properly qualify for the job.

(iii) The phenomenon of exaggerated expressions, if not
truly heightened beliefs, in the requirements of com-
petence could be explained from the expectation
theory angle of Chang [5]. The interviewed persons
might expect their opinions to be respected by their
administrators and thus affect the company’s salary
adjustment policy.

4.3. The Questionnaire Had Good Reliability and Validity. In
the qualitative study, reliability of the questionnaire overall,
as measured by Cronbach’s 𝛼, reached a value of 0.927,
indicating that reliability was excellent. The maximum KMO
value was 0.838 while the validity of all factors reached a
medium (KMO > 0.7) level, indicating the questionnaire data
was stable. Meanwhile, the Bartlett value of 869.15 (𝑃 < 0.01)
also indicated each dimension of the data to be near normal
multivariate and suitable for further factor analysis.

Principal component analysis was adopted for the factor
analysis, and Promax with Kaiser normalization was per-
formed. For the employability index eigenvalues >0.7 were
chosen, with factor loadings >0.6. The standard for extracted
factors was that they should contain at least two items for
assessment. The reason for selecting eigenvalues >0.7 was to
ensure that the goodness-of-fit of the factormodel reached an
acceptable level and the adoption of the Kaiser method and
Scree test to find solutions was feasible. In order to ensure the
integrity of the factors, a Scree test was conducted to decide
on the number of factors. The analysis results extracted 18
items and 7 factors with the interpretation capability reaching
80.35% as listed in Table 7.

The purpose of factor analysis was to examine the
construct validity of the questionnaire and to form the basis
for judging the order of importance of the employability
indicators. The application of factor analysis allowed extrac-
tion of common factors between the variables, leaving a less
complicated data structure in the end. Through the finding
of common factors, the conceptual structure of employability
can be said to be confirmed. The factor analysis results
showed the questionnaire itself to be of good validity, and
the ranking of each employability indicator by eigenvalue, in
order of importance from high to low, was integrated plan-
ning, working spirit, monitoring control, working attitude,
evaluation and judgment, working efficiency, and working
quality.

4.4. Description of Statistical Analysis. The valid returns
consisted of responses from 338 males (67.5%), the majority,
and 163 females, while the age distributionwas 26–30 (57.5%),
21–25 (21/25%), and 31–35 (16.25%). Technical duties were the
most represented (71.8%) among the duties surveyed, as listed
in Table 8, while seniority from 3 years to less than 5 years
(41.0%) was most common, as listed in Table 9. Averages and
standard deviations for different categories are shown in the
Table 10.

Observation of the individual average of each employabil-
ity indicator shows the three items: working spirit, evaluation
and judgment, and working quality to be significantly higher.
It is possible that as a result of the fact that a large majority of
the survey respondents had technical duties as their respon-
sibility, these three items were particularly emphasized.

4.5. The Radar Chart Indicates the Level of Employability
Required by Enterprises for Students of Solar Technology. The
purpose of the radar chart is to help understand whether the
questionnaire survey results indicate that enterprises regard
a score of 60 percent for university students’ employability
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Table 7: Employability indicators factor analysis.

Number of
questions Integrated planning Working spirit Monitoring

control Working attitude
Evaluation

and
judgment

Working efficiency Working
quality

A2 0.94
A1 0.93
A3 0.86
A4 0.79
A26 0.83
A25 0.83
A27 0.71
A14 0.87
A28 0.86
A36 0.92
A35 0.89
A8 0.87
A7 0.86
A24 0.81
A12 0.76
A15 0.72
A20 0.94
A33 0.65
Eigenvalue 7.95 1.93 1.21 0.95 0.90 0.78 0.75
Descriptive
variation 44.19% 10.71% 6.70% 5.29% 4.99% 4.33% 4.14%

Accumulative
descriptive
variation
value

44.19% 54.90% 61.60% 66.89% 71.88% 76.21% 80.35%

Factor extraction: principal component analysis.
Rotation method: Promax with Kaiser normalization.

Table 8: Distribution of respondent duties𝑁 = 501.

Valid % Accumulated %
Sales duties 5.1 5.1
Technical duties 71.8 76.9
Management duties 5.1 82.1
Administrative duties 7.7 89.7
Others 10.3 100.0
Total 100.0

Table 9: Distribution of respondent seniority𝑁 = 501.

Valid % Accumulated %
less than 1 year 5.1 5.1
1 year to less than 3 years 20.5 25.6
3 years to less than 5 years 41.0 66.7
5 years to less than 10 years 23.1 89.7
over 10 years 10.3 100.0
Total 100.0

as a generally acceptable level. The degree of employability
expected by solar enterprises, asmeasured by the responses to
the indicator questions in the survey, were plotted according
to the average for each indicator to form the radar chart as
shown in Figure 3. Assuming that the weighted value for each
factor is the same and taking level 5 from the questionnaire
scale as the highest and 1 as the lowest, then a triangle can
be formed between any two factors. The ratio method was
applied to calculate the area of the included angle between
the two factors (Δ) with the equation Δ = (1/2)𝑎𝑏 sin 𝜃,
where 𝑎, 𝑏 represent the 2 arm lengths (e.g., for the Δ1 area
calculation where 𝑎 = 3.26, 𝑏 = 3.84) [11]. Hence, the level
of employability is ∑Δ

𝑖
= 92.20 in comparison to the ideal

value ∑Δ = 150 (i.e., the two arms 𝑎 = 5 and 𝑏 = 5) and so
a value of 61.47% after being expressed as a percentage. This
indicates that the individual enterprise workers who took the
survey considered a score of about 60 to be an acceptable level
for the employability that students of solar technology should
be required to demonstrate.

As indicated by the radar chart analysis of each employ-
ability indicator, the averages obtained from the survey on
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Table 10: Averages and standard deviations of job performance indicators.

Category Indicator Individual
average

Individual
standard
deviation

Average Standard deviation

Employability
indicators from
performance point of
view

Integrated planning 3.26 0.93

3.60 0.57

Working spirit 3.70 0.70
Monitoring control 3.54 0.67
Working attitude 3.60 0.84
Evaluation and
judgment 3.84 0.69

Working efficiency 3.68 0.61
Working quality 3.79 0.68

Integrated planning 3.26

Working quality 3.79Working spirit 3.70

Monitoring control 3.54

Evaluation and judgment 3.84

Δ1

Δ2

Δ2

Δ3

Δ3

Δ4
Δ5

Δ6

Δ7

Δ1

Δ5

Δ6

Working attitude 3.60

Working efficiency 3.68

Total area

Area

12.52

14.13

13.95

14.02

13.10

12.74

11.74

∑ i = 92.20Δ

Zone Δ

Δ4

Δ7

Figure 3: Area of employability expected by individual workers to be demonstrated.

the Likert scale were all over the level of 3 (e.g., 3.26 for
integrated planning). However, from conversions of the radar
chart areas, we see that the industry responders did not hold
very high levels of expectation for students’ performance.
This implies that enterprises require students’ employability
at only the minimum level and emphasize the formation
of employees’ competence and working attitudes after their
entry into the workforce.

5. Conclusions

Theprocedure this study followed to obtain its seven employ-
ability indicators was to take the concept of key performance
indicators (KPI) and infer an application to the employa-
bility of students of universities of technology. The research
process was essentially competence-based and as such was
meant to achieve the goal of estimating competence from
performance.The interpretationmodel, relating competence,
job performance, working attitude, and employability, allows
for effective interpretations of the relationship between enter-
prises’ expectations and students’ employability. In addition,
the fact that the development of the employability indicators
came from the results of field interviews signifies that there is

a correspondence between the employability indicators and
the short life cycle of Taiwanese solar industry products and
the special requirement of the fierce market competition.
Meanwhile, each indicator is also appropriate as the basis
for curricular planning in solar technology departments of
universities in the Taiwan area. In other words, when students
possess the employability items named in this research
then they shall hopefully be more encouraged to brave the
challenge of the ever stricter requirements for long-term
employment in the industry.

As for an immediate practical application, enterprises can
use the employability indicators to develop an “Employability
Assessment Form” that meets the requirement by individual
enterprises for the most objective method of recruiting new
employees possible. The employability indicators can be
further used for planning enterprise-internal training courses
to enhance workers’ employability in the long term.

Performance assessment can be quite difficult for the
industry, which is made up of product manufacturing,
service, and technical service businesses whose knowledge
requirements and business activities can vary largely. As a
result of the depth and broadness of this variation, therefore,
each company may expect students to perform differently.
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A limitation of this research is that it only explored “job
performance” in terms of its direct relationship with work.

The natural follow-up to this study and the development
of the framework are curricular design based on the employa-
bility indicators.The seven employability indicators obtained
from this research allow the matching of job positions in
the solar industry suitable for recent graduates with the
planning of courses that keep curriculum enhancement in
mind as well as employability. The curriculum could include
both the formal curriculum and informal curriculum. The
formal curriculum should have a definite goal structure,
including employment targeted curriculum, practical train-
ing in solar enterprises, and industrial and academic-type
optional courses, while the informal curriculum can be based
on industrial and academic activities, such as topical lec-
tures, field visits to enterprises, and workplace experiencing.
The curriculum should be reviewed periodically by experts
invited directly from industry in order to ensure that the
design of the curriculum corresponds to the requirements
described in the employability indicators.
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ITO-free semitransparent organic solar cells (OSCs) based on MoO
3
/Ag anodes with poly(3-hexylthiophene) and [6,6]-phenyl-

C61-butyric acid methyl ester films as the active layer are investigated in this work. To obtain the optimal transparent (MoO
3
)/Ag

anode, ITO-free reference OSCs are firstly fabricated. The power conversion efficiency (PCE) of 2.71% is obtained for OSCs based
on the optimal MoO

3
(2 nm)/Ag (9 nm) anode, comparable to that of ITO-based reference OSCs (PCE of 2.85%). Then based on

MoO
3
(2 nm)/Ag (9 nm) anode, ITO-free semitransparent OSCs with different thickness combination of Ca and Ag as the cathodes

are investigated. It is observed from our results that OSCs with Ca (15 nm)/Ag (15 nm) cathode have the optimal transparency.
Meanwhile, the PCE of 1.79% and 0.67% is obtained for illumination from the anode and cathode side, respectively, comparable to
that of similar ITO-based semitransparent OSCs (PCE of 1.59% and 0.75% for illumination from the anode and cathode side, resp.)
(Sol. Energy Mater. Sol. Cells, 95, pp. 877–880, 2011). The transparency and PCE of ITO-free semitransparent OSCs can be further
improved by introducing a light couple layer. The developed method is compatible with various substrates, which is instructive for
further research of ITO-free semitransparent OSCs.

1. Introduction

Due to the advantage of low cost, light weight, simple process,
flexibility, and possibility of roll-to-roll mass production [1–
5], organic solar cells (OSCs) have become a highly attractive
research topic over the past decade. With the development
of the research, obvious progress has been made. Recently,
even OSCs with certified power conversion efficiency (PCE)
above 10% have been reported [6], which has approached the
requirement of commercialization.

However, there are still some bottlenecks for commer-
cialization of OSCs. One awkward drawback is that most
organic materials can cover only a fraction of the solar
spectrum, and inefficient light harvest results in the low
photocurrent [7]. One efficient way to enhance broad spectral
absorption of OSCs is the realization of organic tandem
solar cells based on complementary thin absorber materials.
As we all know, the semitransparent electrode [8, 9] or
recombination contact used to connect two subcells is of
vital importance in the fabrication of tandem solar cells.

Meanwhile, semitransparent OSCs make sense from the
aspect of application. For example, these semitransparent
OSCs can be employed as the windows of our houses and
cars, providing electric powerwithout occupying living space.
Thus, various semitransparent electrodes for OSCs have been
developed in recent years [10–12]. It should be noted that
good transparency and high PCE are required simultaneously
for the application of semitransparent OSCs.

Another bottleneck for commercialization of OSCs
stems from the commonly used transparent anode in the
fabrication of OSCs—indium tin oxide (ITO) sputtered
on glass. Although ITO has excellent properties in optical
transparency and electrical conductivity, it is unsuitable for
cheap roll-to-roll fabrication of OSCs, which relies on the
flexible electrodes with low cost. For example, the scarce
indium source and stringent process conditions (usually
sputter) result in high cost for ITO electrode [13]. Meanwhile,
both the brittleness of ITO electrode and high temperature
condition in the fabrication of ITOmake it unsuitable for the
roll-to-roll mass production of OSCs [14]. Thus, more and
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more attention has been focused on alternative transparent
conductive electrodes. Indium-free transparent conducting
oxides (such as Ga-doped ZnO (GZO) and Al-doped ZnO
(AZO)) [15–17], poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) [18, 19], Ag nanowires [14,
20], graphene [13], and carbon nanotubes [21] are used as the
alternative of ITOelectrode.However, althoughGZOorAZO
has a lower cost than ITO, the fabrication of these electrodes
still needs sputter. Although the PEDOT:PSS electrode can
be easily fabricated by solution method, the resistivity of this
electrode is still a little too high [22, 23]. Since the surfaces
of Ag nanowire, graphene, and carbon nanotube electrodes
are usually rough, charge injection into or extraction from
active layer has been restricted [13, 14, 24]. In addition,
complex film processing of these electrodes also makes them
inappropriate for application in large-scale OSCs [13, 14, 24].

On the contrary, a smooth metal thin film (e.g., Ag)
can be easily fabricated by thermal evaporation, compatible
with the mass production process. Moreover, due to their
intrinsic flexibility and high conductivity [24],metal thin film
electrodes are suitable for the flexible substrates in roll-to-roll
mass production of OSCs. Thus, more and more attention is
attracted to this topic. Various transparent metal thin film
electrodes (such as Au [25], Ag [26], Cu [27], Cu/Ni [28],
andMoO

3
/Au/MoO

3
[24]) are reported and employed in the

fabrication of OSCs.
However, in the previous work, semitransparent OSCs

are usually fabricated on ITO electrodes. Here, we have
reported ITO-free semitransparent OSCs based on Ag thin
film anodes. The ITO-free semitransparent OSC has com-
bined the advantages of ITO-free OSCs and semitransparent
OSCs, solving two bottlenecks discussed above for com-
mercialization of OSCs simultaneously. At first, ITO-free
reference OSCs based on (MoO

3
)/Ag anodes are fabricated,

with poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-
butyric acidmethyl ester (PCBM)films as the active layer.The
optimal anode, MoO

3
(2 nm)/Ag (9 nm) anode, is obtained.

The PCE of 2.71% is achieved for corresponding OSCs (also
the highest PCE among all the ITO-free reference OSCs),
comparable to that of ITO-based reference OSCs (PCE of
2.85%). Then based on this MoO

3
(2 nm)/Ag (9 nm) anode,

ITO-free semitransparent OSCs with different thickness
combination of Ca and Ag as the cathodes are fabricated. It
is observed from our results that OSCs with Ca (15 nm)/Ag
(15 nm) cathode have the optimal transparency. Meanwhile,
the PCE of 1.79% (illuminated from the anode side) and
0.67% (illuminated from the cathode side) is obtained for
the corresponding device, comparable to that of similar ITO-
based semitransparent OSCs (PCE of 1.59% and 0.75% for
illumination from the anode and cathode side, resp.) [10, 11].
The result is instructive for further research of ITO-free
semitransparent OSCs.

2. Experimental Details

2.1.Material and Substrate Preparation. P3HTwas purchased
from Rieke Metals Inc., PCBM was purchased from Nano-
C Inc., and 1,2-dichlorobenzene and MoO

3
were provided

from Aldrich Inc. All the materials were used without any
further purification. P3HT and PCBM were dissolved in 1,2-
dichlorobenzene with a concentration of 20mg/mL, respec-
tively. They were mixed in a weight ratio of 1 : 0.8 and stirred
at room temperature for 2 h before use. Glass substrates
were cleaned sequentially with detergent (Decon 90, UK),
deionized water, acetone, and ethanol in an ultrasonic bath
for about 15min.

2.2. ElectrodeDeposition and Characterization. Cleaned glass
substrates were dried with a nitrogen (N

2
) flow and then

transferred into a custom-made multichamber ultrahigh
vacuum evaporation system.The (MoO

3
)/Ag electrodes were

deposited on glass by thermal evaporation at a vacuum
pressure <5×10−4 Pa, with a evaporation rate of 0.02 and
0.1 nm/s forMoO

3
andAg, respectively.The substrates during

deposition were at room temperature. The thicknesses and
evaporation rates of MoO

3
, Ag, Al, and Ca were estimated

in situ with a calibrated quartz crystal monitor.
The spectral transmission and reflectance were recorded

by using an UV-VIS-NIR spectrophotometer (Lambda 950,
Perkin Elmer). Since transmission was measured relative to
air, the reflection of the glass substratewas included.The sheet
resistances of the samples were measured by using a four-
point probe setup. The transmission electron microscope
(TEM) cross-sectional image was taken by a FEI Tecnai G2
F20 S-Twin transmission electron microscope.

2.3. Device Fabrication andMeasurement. After the electrode
deposition, a 10 nm thick MoO

3
layer was first thermally

evaporated onto the substrates as the hole transport layer
with high work function. Then P3HT:PCBM solution was
spin-coated onto the samples at 1000 rpm for 60 s in a
N
2
glove box attached to the vacuum system, followed by

annealing at 150∘C for 10min. Finally, Ca and Ag with
different thicknesses were further deposited on top of the
active layer as the cathode through a metal shadow mask
to finish the ITO-free semitransparent OSCs, resulting in
an active solar cell area of 6mm2. ITO-free and ITO-based
reference OSCs were fabricated in nearly the same procedure
except that they were postannealed after the deposition of
the 70 nm thick Al cathode. Device geometry of ITO-free
reference or ITO-free semitransparent OSCs is illustrated
in Figure 1(a). TEM cross-sectional image of corresponding
ITO-free semitransparent OSCs is shown in Figure 1(b). The
current density-voltage (𝐽-𝑉) characteristics were measured
with a source measurement unit 2400 SMU (Keithley, USA)
and simulated AM 1.5G sun light (San-Ei Electric) in air
without any device encapsulation. The illumination intensity
was kept at 100mW/cm2 through using a Si standard solar
cell calibrated by the National Renewable Energy Laboratory
(NREL).

3. Results and Discussion

To fabricate ITO-free semitransparent OSCs, ITO-free refer-
ence OSCs with Al cathode were firstly investigated so that
we can obtain the optimal transparent Ag thin film anode.
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Figure 1: (a) Device geometry of ITO-free reference or ITO-free semitransparent OSCs based on (MoO
3
)/Ag anodes and (b) TEM cross-

sectional image of ITO-free semitransparent OSCs.
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Figure 2:The PCE of ITO-free reference OSCs fabricated on the (a) Ag or (b) MoO
3
/Ag anodes. For comparison, the PCE of the ITO-based

reference OSC is also shown in (b).The characters A, B, C, D, E, and F on the𝑋 axis of (b) indicateMoO
3
(2 nm)/Ag (7 nm),MoO

3
(2 nm)/Ag

(9 nm), MoO
3
(2 nm)/Ag (11 nm), MoO

3
(10 nm)/Ag (9 nm), MoO

3
(10 nm)/Ag (11 nm), and ITO anode, respectively.

As we all know, the thermally evaporated Ag layer prefers
Volmer-Weber growth, which starts from isolated island [29].
Thus, Ag atoms agglomerate to form isolated clusters at first
when Ag is thermally evaporated on glass substrates. It can
cause surface plasmon resonances with light in the visible
range which significantly reduces the film transparency [30].
With the increase of the Ag film thickness, the percolation
threshold of Ag is reached, which is defined as equivalent
thickness where isolated metal islands start to connect and
form a continuous layer [31]. If the thickness of Ag layer
is over this transition point, the transparency is decreased
with an increased conductivity. Thus the best performance
of OSCs based on Ag thin film anode is generally achieved
close to the percolation threshold, indicating the best trade-
off between increasing conductivity and decreasing trans-
parency.

The PCE of ITO-free referenceOSCs fabricated on the Ag
or MoO

3
/Ag anodes is illustrated in Figures 2(a) and 2(b),

respectively. For comparison, the PCE of the ITO-based
reference OSC is also shown in Figure 2(b). As shown in
Figure 2(a), the PCE of 2.57% is obtained for OSCs based
on Ag (11 nm) anode, the best performance among the
devices fabricated on pure Ag anodes. It may suggest that
the percolation threshold of Ag in our case is approximately
11 nm. Then a MoO

3
interlayer between the Ag layer and

glass substrate is introduced. Since a closed MoO
3
layer is

formed with the approximate thickness of 4 nm [32], two
different thicknesses of MoO

3
(2 nm or 10 nm) are chosen

here. It can be observed from Figure 2 that the introduction
of theMoO

3
interlayer can improve the performance of OSCs

effectively, particularly when the thickness of MoO
3
is 2 nm.

The PCE of OSCs based on MoO
3
(2 nm)/Ag (9 nm) anode

is even enhanced to 2.71% (also the highest PCE among all
the ITO-free reference OSCs), comparable to that of ITO-
based reference OSCs (PCE of 2.85%). Improvement in the
performance of the Ag thin film electrode can be attributed
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Figure 3: 𝐽-𝑉 characteristics of devices MoO
3
(2 nm)/Ag (9 nm)/MoO

3
(10 nm)/P3HT:PCBM/Ca/Ag with different thickness combination

of Ca and Ag as the cathodes when illuminated from the (a) anode side and (b) cathode side. Corresponding dark 𝐽-𝑉 curves are also shown
in (a) for comparison.

Table 1: Photovoltaic performance parameters of ITO-free semitransparent OSCs with different thickness combination of Ca and Ag as the
cathodes illuminated from the anode (bottom) and cathode (top) side.

Ca (nm) Ag (nm) Illumination 𝑉OC (V) 𝐽SC (mA/cm2) FF (%) PCE (%) 𝑅
𝑆
(Ω/cm2) 𝑅Sh (kΩ/cm

2)
10 20 Bottom 0.64 5.03 62.4 2.01 1.2 1.08
10 20 Top 0.60 1.44 64.6 0.56 1.3 5.07
15 15 Bottom 0.64 4.70 59.5 1.79 2.1 1.12
15 15 Top 0.60 1.90 59.3 0.67 1.7 2.31
20 10 Bottom 0.62 0.31 10.1 0.02 / /
20 10 Top / / / / / /

to decreased percolation threshold of Ag by introducing a
MoO
3
interlayer (especially when the MoO

3
layer is thin).

MoO
3
works as a surfactant here to modify the surface of Ag

film.When the thickness ofMoO
3
is 2 nm, the unclosed layer

may create preferred nucleation sites on the glass substrate
to enhance the lateral growth of Ag film and decrease Ag
threshold. The detailed discussion and analysis can be seen
in our previous work [33].

Based on this optimal MoO
3
(2 nm)/Ag (9 nm) anode,

ITO-free semitransparent OSCs are fabricated with different
thickness combination of Ca and Ag as the cathodes. 𝐽-𝑉
characteristics of corresponding OSCs illuminated from the
anode or cathode side are shown in Figures 3(a) and 3(b),
respectively. Dark 𝐽-𝑉 curves are also shown in Figure 3(a)
for comparison. The corresponding photovoltaic parameters
have been summarized in Table 1. As shown in Figure 3(a)
and Table 1, the best performance is obtained for OSCs with

Ca (10 nm)/Ag (20 nm) cathode when illuminated from the
anode side, with an open-circuit voltage (𝑉OC) of 0.64V, a
short-circuit current density (𝐽SC) of 5.03mA/cm2, a fill factor
(FF) of 62.4%, and a PCE of 2.01%. However, when illumi-
nated from the cathode side, a higher 𝐽SC of 1.90mA/cm2 and
a higher PCE of 0.67% are obtained for OSCs based on Ca
(15 nm)/Ag (15 nm) cathode, compared with that of devices
with Ca (10 nm)/Ag (20 nm) cathode. Moreover, a very low
𝐽SC of 0.31mA/cm2 is obtained for OSCs with Ca (20 nm)/Ag
(10 nm) cathode when illuminated from the anode side.

In order to better understand the effect of different
cathodes on the device performance, the cathode-only sam-
ples of Ca (10 nm)/Ag (20 nm), Ca (15 nm)/Ag (15 nm), and
Ca (20 nm)/Ag (10 nm) are fabricated on glass substrates
through the same procedure as the device production and
characterized. The wavelength-dependent transmittance and
reflectance spectra of these samples are shown in Figure 4.
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Figure 4: (a) The wavelength-dependent transmittance spectra with corresponding sheet resistances and (b) the wavelength-dependent
reflectance spectra of Ca (10 nm)/Ag (20 nm), Ca (15 nm)/Ag (15 nm), and Ca (20 nm)/Ag (10 nm) electrodes deposited on glass substrates.

The sheet resistances of these three cathodes are also
depicted in Figure 4(a). As shown in Figure 4(a), a large
sheet resistance of 1.03MΩ/◻ is obtained for Ca (20 nm)/Ag
(10 nm) cathode. This may be caused by that the Ag layer is
still not continuous here, in accordance with the previous
conclusion that the percolation threshold of Ag in our
case is approximately 11 nm. Meanwhile, the discontinuous
Ag layer cannot effectively protect the Ca layer from oxygen
and moisture so that Ca is oxidized, which also increase the
sheet resistance. The poor conductivity of this cathode leads
to a very low 𝐽SC of 0.31mA/cm2 (shown in Table 1).

As shown in Figure 4(a), although both Ca (10 nm)/Ag
(20 nm) and Ca (15 nm)/Ag (15 nm) cathodes show good
conductivity with a low sheet resistance, the transparency
of Ca (15 nm)/Ag (15 nm) cathode is always better than that
of Ca (10 nm)/Ag (20 nm) cathode in the visible and near
infrared spectral range. Thus when illuminated from the
cathode side, as shown in Table 1, a higher 𝐽SC of 1.90mA/cm2
and a higher PCE of 0.67% are obtained for OSCs with
Ca (15 nm)/Ag (15 nm) cathode, compared with that of
Ca (10 nm)/Ag (20 nm) cathode (𝐽SC of 1.44mA/cm2 andPCE
of 0.56%).

However, the situation becomes different when illumi-
nated from the anode side. As shown in Figure 4(b), Ca
(10 nm)/Ag (20 nm) cathode has a stronger reflectance than
Ca (15 nm)/Ag (15 nm) cathode in the nearly entire spectral
range discussed. Thus when illuminated from the anode
side, more light is reflected from the Ca/Ag surface and
arrives at the active layer a second time for OSCs based on
Ca (10 nm)/Ag (20 nm) cathode. It leads to a higher 𝐽SC of
5.03mA/cm2 and a higher PCE of 2.01%, compared with that
of Ca (15 nm)/Ag (15 nm) cathode (𝐽SC of 4.70mA/cm2 and
PCE of 1.79%).

Since good transparency and high PCE should be
achieved simultaneously in the application of semitranspar-
ent OSCs, samples with the same stack as our devices but a
larger area are fabricated. The wavelength-dependent trans-
mittance spectra of corresponding OSCs with different thick-
ness combination of Ca and Ag as the cathodes are shown in
Figure 5. For comparison, the transmittance spectrum of the
stack MoO

3
(2 nm)/Ag (9 nm)/MoO

3
(10 nm)/P3HT:PCBM

(the device without the cathode) is also depicted in Figure 5.
It is observed from Figure 5 that the spectral shapes of
the transmittance curves are similar for four samples. Two
minimums around 500 and 600 nm represent the absorption
peak of P3HT:PCBM. The transparency of OSCs based on
Ca (10 nm)/Ag (20 nm) cathode is the lowest nearly across
the entire spectral range, with a small transparency peak of
16% at 365 nm. It is in agreement with the results shown in
Figure 4. The best transparency is obtained for OSCs with
Ca (15 nm)/Ag (15 nm) cathode, with a maximum of 32% at
690 nm. Meanwhile the performance of this device (PCE of
1.79% and 0.67% for illumination from the anode and cathode
side, resp.) is comparable to that of similar ITO-based semi-
transparent OSCs (PCE of 1.59% and 0.75% for illumination
from the anode and cathode side, resp.) [10, 11]. Thus ITO-
free semitransparent OSCs based on Ca (15 nm)/Ag (15 nm)
cathode are more preferred for the application.

Moreover, the stability has also been investigated for
ITO-free semitransparent OSCs with Ca (15 nm)/Ag (15 nm)
cathode. The unencapsulated OSCs were stored in the glove
box andmeasured in air ambient conditions.The normalized
PCE as a function of time is shown in Figure 6. As shown
in Figure 6, PCE of the device remains 70% of the original
efficiency after 262 h no matter the OSC is illuminated from
the anode or cathode side. It is expected that the better
stability could be obtained for our encapsulated ITO-free
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semitransparent OSCs by avoiding oxidation andmechanical
damage.

4. Conclusions

In this paper, we have firstly demonstrated efficient ITO-
free reference OSCs based on (MoO

3
)/Ag anodes. The PCE

of 2.71% is obtained for OSCs based on the optimal MoO
3

(2 nm)/Ag (9 nm) anode (also the highest PCE among all
the ITO-free reference OSCs), comparable to that of ITO-
based reference OSCs (PCE of 2.85%). Then based on this

MoO
3
(2 nm)/Ag (9 nm) anode, ITO-free semitransparent

OSCs with different thickness combination of Ca and Ag as
the cathodes are fabricated. It combines the advantages of
ITO-free OSCs and semitransparent OSCs simultaneously,
providing away for commercialization ofOSCs. It is observed
from our results that OSCs with Ca (15 nm)/Ag (15 nm)
cathode have the optimal transparency. Meanwhile, the PCE
of 1.79% (illuminated from the anode side) and 0.67%
(illuminated from the cathode side) is obtained, comparable
to that of similar ITO-based semitransparent OSCs (PCE of
1.59% and 0.75% for illumination from the anode and cathode
side, resp.) [10, 11]. Although all the devices are only fabricated
on glass substrates, our method and process can also be
applied to flexible substrates. Meanwhile, the transparency
and PCE of ITO-free semitransparent OSCs can be further
improved by introducing a light couple layer.These results are
instructive for further research of ITO-free semitransparent
OSCs.
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A series of etching experiments on light trapping structure have been carried out by glass etching. The block structure provides
long light traveling path and a constant distance between the cathode and anode electrodes regardless of the block height, which
results in higher efficiency of the block textured solar cell. In terms of etching profile of the glass substrate, the addition of NH

4
F

resulted in the smooth and clean etching profile, and the steep slope of the block was obtained by optimizing the composition of
etching solution. For a higher HF concentration, a more graded slope was obtained and the addition of HNO

3
and NH

4
F provided

steep slope and clean etching profile.The effects of the block textured glass were verified by a comparison of the solar cell efficiency.
For the textured solar cell, the surface was much rougher than that of the plain glass, which also contributes to the improvement of
the efficiency. We accomplished block shaped light trapping structure for the first time by wet etching of the glass substrate, which
enables the high efficiency thin film solar cell with the aid of the good step coverage deposition.

1. Introduction

The demand for renewable energy sources is increasing
and the installation of photovoltaic (PV) systems on roofs
or the facades of buildings in urban areas is expected to
increase. According to the designed concept of esthetics and
practicality, it is desirable for PV systems to blend in with
the buildings and cityscapes [1]. To realize this, considerable
efforts have been made to achieve the low cost of solar
cells [2] and high conversion efficiency. Maximum stabilized
efficiencies of more than 10% could be achieved for the best
modules using the monolithic tandem interconnection of
an hydrogenated amorphous silicon (a-Si:H) junction with
microcrystalline silicon (𝜇c-Si:H) [3].

Texturing is one way of increasing the solar cell efficiency.
Light scattering at textured interfaces is essential for the high
efficiency of thin film solar cells [4, 5]. The a-Si:H solar
cells considered in this paper are widely accepted thin-film
solar cells because (a) silicon is abundant and nontoxic, (b)
the process temperature is low, enabling module production
on flexible and low cost substrates, (c) the technological
capability for large-area deposition exists, such as plasma
enhanced chemical vapor deposition (PECVD), and (d) the
material requirements are low, 1 to 2 𝜇m, due to the high

absorption coefficient compared to crystalline silicon [6–9].
On the other hand, the efficiency of a-Si:H solar cells is
approximately 10%,which is still lower than that of other solar
cells, and texturing is oneway of increasing the efficiency [10].

Reduction of the front surface reflectance, a good back
surface reflector, and texturing are important for achieving
the full benefits of optical absorption enhancement [11, 12]. In
terms of texturing, onemethod involves etching the substrate.
Surface texturing can reduce the light reflectance on the
surface of cells quite efficiently and achieve enhanced light
absorption inside the cells compared to flat surface cells
[13, 14]. A low cost surface texturing method by wet etching
using an alkaline solution is used widely for improving the
short circuit current of the cells [15, 16]. To achieve the
high efficiency, the transmitted light should be trapped in
the solar cells to avoid escaping from the solar cell surfaces
until it is absorbed [17]. Light trapping structures have been
reported such as pyramid structure in crystalline silicon
solar cell [16–20]. However, glass etching was not reported
for the light trapping structure, and even the antireflection
structure by glass etching was reported [21]. Therefore, we
investigated etching characteristics of the glass for the block
structure, which provides a long light traveling path. Block
textured glass was prepared by wet etching a glass substrate
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Figure 1: Suggested block textured thin film solar cell that provides long traveling path of the incident light while keeping the distance between
the cathode and anode constant.

and a-Si:H solar cells were formed on the textured glass.
The block structure as shown in Figure 1 provides a long
light traveling path along the sidewall of the block while
maintaining the distance between the cathode and anode
invariable, regardless of the height of the block which is the
traveling path of the light. Therefore, higher efficiency can be
obtained using a block structure than that of a solar cell on
the conventional plain glass. However, the way to form the
block structure for the light trapping was not reported andwe
succeeded to accomplish a good shape of the block with wet
etching. This light trap structure enhances efficiencies while
keeping reducing layer thickness which contribute to make a
very low cost technology [22, 23].

2. Experiment

For the efficient light trapping, the large height of the block
such as 2 to 3 𝜇m is necessary. Large height of the block gives
long light traveling path and improves light trapping effect. To
obtain the block shape, the glass was etched using chemicals
containing hydrofluoric acid (HF) and the etching condition
was optimized.

The chemical composition and other etching conditions
were varied to obtain the optimal block structure.The etching
temperature was fixed at 40∘C and the etching time was
varied up to 200 s. The etching was carried out at different
HF concentrations (10 wt.%, 20wt.%). The chemicals used
for etching were HF, HNO

3
, and NH

4
F, the compositions of

which were optimized for the best block shape. Table 1 lists
the etching rate under a range of etching conditions. The Cr
was used as the masking material during glass etching [24].
In the case of the HF-only etching solution, the etching rate
was high and the Cr mask was unable to endure the process
[25, 26]. HNO

3
, H
2
SO
4
, and NH

4
F were tested to achieve a

clean andhigh taper angle. Figure 2 shows the etching process
by photolithography. Initially, a Cr layer was deposited after
cleaning the glass. After Cr mask patterning by lithography,
the glass substrate was etched to form a block structure. After

glass etching, the photoresist was removed. All experiments
were carried out with a constant temperature bath. After
etching, the surface of textured glass was examined by
scanning electron microscopy (SEM) to observe the surface
morphology and determine the etching rate.

After texturing the substrate, a-Si:H solar cell with the
structure of ITO (indium tin oxide)/P-type a-Si:H/intrinsic a-
Si:H/N-type a-Si:H/Al, was deposited.The silicon layers were
deposited by PECVD and Al and ITO layers were deposited
by sputtering. Initially, the ITO layer was deposited at a RF
power of 50W, process pressure of 2mTorr, and 20 sccm of
Ar gas. Subsequently, the p-i-n a-Si:H layers were deposited
by PECVDat 250∘C.Thep-layerwas prepared from amixture
of SiH

4
/H
2
/B
2
H
6
at a flow ratio of 150/120/60.The i-layer was

prepared from amixture of SiH
4
/H
2
at a flow ratio of 150/120.

The n-layer was prepared from a mixture of SiH
4
/H
2
/PH
3
at

a flow ratio of 150/120/30. An Al layer was deposited at a RF
power of 125W, process pressure of 5mTorr, and 20 sccm of
Ar gas. Table 2 lists the processing conditions of the a-Si:H
solar cells.

3. Result and Discussion

In the suggested block textured solar cell, the shape of
block texturing is important for achieving high conversion
efficiency and the etching of the glass was investigated.
After etching the glass, the shape was observed by scanning
electronmicroscopy (SEM) for the various etching conditions
as shown in Figure 3. HF is a typical glass etching solution;
however, it was uncontrollable for high etching rate as it
increased the concentration of HF and resulted in nonuni-
form etching surface profile. Therefore, other chemicals such
as H
2
SO
4,
HNO

3
, and NH

4
F were investigated for better

etching profile. In Figure 3, 1-1 and 1-2 show the etching
results without NH

4
F, in which the etching surface was not

uniform and as it increased theHF concentration etching rate
increased aswell as the surface roughness and nonuniformity.
The effect of H

2
SO
4
is shown in 2-1 and 2-2. Addition of
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Table 1: Etching rates according to the composition of the etching solution.

Number Time (s) Etchant (wt.%) Etching rate
(𝜇m/s)HF (49%) HNO3 H2SO4 NH4F

1 60 20 15 — — 0.05
2 60 20 15 — 15 0.04
3 60 10 — 15 — 0.03
4 60 10 — 15 15 0.02
5 60 10 15 — — 0.01
6 60 10 15 — 15 0.03
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Figure 2: Texturing process by wet etching.

H
2
SO
4
increased the etching rate compared to the addition

of HNO
3
and the etching surface was not much uniform.The

addition of NH
4
F improved the nonuniformity of the etching

surface; however, the surface was still not uniform.The clean
etching was obtained at an etching solution with HF, HNO

3
,

and NH
4
F, as shown in 3-1 and 3-2. Without NH

4
F, the

etching profile was not clean, and the optimal conditionwas a
solution containing 10wt.% HF, 15 wt. % HNO

3
, and 15wt.%

NH
4
F under the etching temperature of 40∘C.
Under these optimized etching conditions, experiments

were conducted at various etching times. The SEM image
of Figure 4(a) presents the etching profiles according to the
etching times.With increasing etching time, the etched depth
increased and isotropic etching was observed. In terms of the
etching cross section, the upper part showed a stiff etching
profile, whereas the lower part showed a slow etching profile.
After an etching time of 200 s, 3.06𝜇mheight of the blockwas
obtained, and the etching depth is shown in Figure 4(b).

At higher HF concentrations, a more graded slope was
obtained, and the addition of HNO

3
and NH

4
F produced a

steeper slope and a clean etching profile. After fine adjustment
of the solution, an optimized block-textured surface of the
glass was obtained as shown in Figure 5. An a-Si:H solar cell
was formed on the block textured glass and compared with
the solar cell on the conventional glass substrate. Among the

solar cells on the various slope block textured glass, the one
with the steep slope did not operatewell, whichwas attributed
to a short between cathode and anode electrode due to the
steep slope which results in thin layer of deposition material.
However, the improved environment free of particles, any
other contamination, and optimized PECVD conditions
would provide high efficiency even with thin layer of the
deposited material. Due to the short fail, the efficiency of the
solar cell on the slow slope block textured glass was compared
with that of the solar cell on the conventional plain glass.
Figures 6(a) and 6(b) show SEM images of each type of solar
cell, (a) is the solar cell on the conventional plain glass and
(b) is the solar cell on the textured glass. The two types of
solar cells were fabricated at the same time to be sure of the
same characteristics of the solar cells. The efficiencies were
measured under a solar simulator with AM 1.5 (1000W/m2).
Because the traveling paths of the incident light are different
between those two samples, it is expected that the two
samples will have different efficiencies. Figure 6(b) shows that
the surface is much rougher for the block textured solar
cells than that of conventional glass, which increases light
scattering when the light is reflected at the metal electrode.

The thickness of the i-layer is a key parameter that can
limit the performance of amorphous thin film solar cells
because it determines the absorption of the incident light and
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Figure 5: Block textured glass obtained under the optimized etching conditions.
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Table 2: Process conditions of a-Si:H solar cell by PECVD.

Layer Temperature
(∘C)

Electrode distance
(mils)

Working pressure
(Torr)

RF power
(W) Gas

N-type 250 1000 1.5 10 SiH4, H2, PH3

Intrinsic 250 1000 1.0 10 SiH4, H2

P-type 250 1000 1.5 10 SiH4, H2, B2H6

(a) (b)

Figure 6: SEM images of a-Si:H solar cell on (a) conventional glass and (b) block textured glass.

Table 3:The comparison of the measured parameters with conven-
tional plain glass substrate and block textured glass substrate.

𝑉oc
(V)

𝐽sc
(mA/cm2) F.F Efficiency

(%)
Conventional 0.47 6.45 0.43 1.30
Textured 0.54 6.64 0.54 2.00
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Figure 7: J-V curves of the fabricated solar cells.

the drift of the electrons and holes [27]. Since the increased
thickness of the i-layer increases the recombination of the
carriers, the efficiency decreases. On the other hand, in the
suggested block textured structure, the recombination of the
carriers can be minimized due to the short electrode distance
with thin i-layer, even with the long light traveling path.

Figure 7 shows the J-V characteristics of a-Si:H solar
cells on conventional glass and textured glass. Although

the efficiencies of the solar cells were not high due to
nonoptimized environment, a comparison between the two
samples was possible because theywere fabricated at the same
time with the same conditions.The efficiency of the solar cell
on the block textured glass was 1.5 times higher than that of
the conventional one.

Block textured glass substrate showed higher efficiency
than solar cell on the conventional plain glass; measured
parameters were shown in Table 3. The short circuit current
was not increased as much as the efficiency and can be
attributed to the decrease of the short resistance between
the cathode and anode due to the rough surface of the solar
cell. The rough surface of the block textured solar cell also
contributes to the higher conversion efficiency due to the
increased light scattering at the back metal electrode. The
increased open circuit voltage for the graded block structure
was attributed to the decreased contact resistance which can
reduce the voltage drop at the contact.

4. Conclusion

To increase the efficiency, we suggested a block textured solar
cell, which gives long traveling path of the incident light
and maintains the distance between the cathode and anode
electrodes invariable.Theblock structurewas obtained bywet
etching the glass substrate, and the condition was optimized
to obtain a block shape.The addition of NH

4
F resulted in the

smooth and clean etching profile, and the steep slope of the
block was obtained by optimizing the etching solution. For a
higher HF concentration, a more graded slope was obtained
and the addition of HNO

3
and NH

4
F provided steep slope

and clean etching profile. After depositing the a-Si:H solar
cells on both substrates (conventional and block textured),
the efficiencies of the solar cells were compared under the
solar simulator with AM 1.5 (1000W/m2). For the first time,
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we developed the etching process for the block textured solar
cell for high light trapping. The depth as high as 3.06 𝜇mwas
achieved with good block shape by optimizing the etching
condition. This suggested that block structure provides long
light traveling path and low carrier recombination by short
distance between cathode and anode.
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This paper presents experimental explorations on cooling performance of thermoelectric chillers being driven by solar cells, as well
as comparison results to the performance being driven by fixed direct current. Solar energy is clear and limitless and can be collected
by solar cells. We use solar cells to drive thermoelectric chillers, where the cold side is connected to the water tank. It is found that
250 mL of water can be cooled from 18.5∘C to 13∘C, where the corresponding coefficient of performance (COP) is changed between
0.55 and 1.05, when solar insolation is changed between 450W/m2 and 1000W/m2. The experimental results demonstrate that the
thermoelectric chiller driven by solar cell is feasible and effective for energy saving issues.

1. Introduction

Renewable energy resources become important energy
sources over the world. People apply more renewable energy
sources and technologies so as we can reduce the consump-
tion of traditional fossil energy.Therefore, the carbon dioxide
production can be significantly reduced, and global warming
problem can also be slowed down [1]. Solar chillers could
be accomplished by using one of the following refrigeration
systems: vapor compression, adsorption refrigeration [2], and
thermoelectric refrigeration systems. The first two systems
require low and high pressure sides of working fluids in
refrigeration cycles and are difficult to be developed into
portable and lightweight solar devices used in outdoor
environments. The thermoelectric refrigeration system can
provide advantages of being small, lightweight, reliable,
noiseless, portable, and of low cost in mass production [3].
In our studies, solar cells are used to drive the thermoelectric
chillers.

Gaur and Tiwari found that the energy efficiency of solar
cell is about 10% to 25% [4]. Based on the calculations of
the solar cell modules made in laboratory, cadmium telluride

(CdTe) has shown that it can provide the minimum cost
per unit electrical energy, whereas amorphous silicon (a-
Si)/nanocrystalline silicon (nc-Si) can provide the minimum
cost for unit electrical energy when commercial availability
of solar modules is concerned. Copper indium gallium
diselenide (CIGS) can achieve the lowest capitalized cost
over all other solar cell technologies. Yang and Yin have
presented a hybrid solar system that utilizes photovoltaic
cells, thermoelectric modules, and hot water [5]. The hybrid
solar system is superior to traditional PV systems with 30%
higher output electric power.

Peltier effect and Seebeck effect were first discovered to
present in metals as early as 1820s–1830s [6, 7]. Despite their
low energy efficiency as compared to traditional devices,
thermoelectric effects present distinct advantages such as
compactness, precision, simplicity, and reliability. Applica-
tions of thermoelectric devices are very wide in many areas,
including equipment used in military, aerospace, medical,
industrial, consumer, and scientific institutions [8]. Solar-
driven thermoelectric technologies have two types: the solar-
driven thermoelectric refrigeration and the solar-driven ther-
moelectric power generation [9]. One important application
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Figure 1: Solar thermoelectric chiller.

is thermoelectric generation with waste energy and renew-
able energy. Champier et al. incorporated wood stove with
thermoelectric generator. In their system, the hot side of
thermoelectric generator passes through hot air, whereas the
cold side of thermoelectric generator is put under two liters of
water tank.This system can produce up to 9.5W as they used
prototype of ten watts thermoelectric generator [10]. Meng et
al. [11] presented a system that adopted the flushing water of
blast furnace slag, and about 0.93 kW electrical energy can
be produced per unit area when the temperature of flushing
water starts at 100∘C with a temperature drop of 1.5∘C and
the conversion efficiency is 2%. The cost recovery period of
the equipment is about 8 years. Attia et al. [12] have reported
an experimental power generation device that can produce
electrical energy inmilliwatts level by using standard bismuth
telluride thermoelectric modules with a device size of about
10 cm3. Rezania et al. [13] explored the effective pumping
power for the cooling system at five temperature differences
of the hot and cold sides of the thermoelectric generation
device. Their experimental results demonstrated that there
is a unique flow rate that gives maximum net power in the
system at each temperature difference. Chávez Urbiola and
Vorobiev [14] studied solar hybrid electric/thermal system
using photovoltaic panels combined with a water/air-filled
heat extracting unit and thermoelectric generators. Their
experiment results showed that the hot side of thermoelectric
generation at midday has a temperature of around 200∘C and
the cold side is approximately 50∘C. This system generated
20W of electrical energy and 200W of thermal energy.

Another important application of thermoelectric is for
cooling operations [15]. Dai et al. [3] conducted experimental
investigation on thermoelectric refrigerator driven by solar
cells. The results demonstrated that the unit could maintain
the temperature in the refrigerator at 5–10∘C and have a
COP about 0.3. He et al. [16] conduct experiments on

thermoelectric cooling and heating system driven by solar
power in a model room whose volume is 0.125m3 and
performed the test in summer time. The resulting COP
of their proposed thermoelectric device is of average 0.6.
Zhou and Yu [17] present a generalized theoretical model for
the optimization of a thermoelectric cooling system. Their
analysis showed that the maximal COP and the maximal
cooling capacity can be obtained when the finite thermal
conductance is optimally allocated. Abdul-Wahab et al. [18]
designed and built an affordable solar thermoelectric refrig-
erator. Their results indicated that the temperature of the
refrigeration was reduced from 27∘C to 5∘C in approximately
44 minutes. The COP of their system was calculated and
found to be about 0.16. Chang et al. [19] investigated the
thermoelectric air-coolingmodule for electronic devices.The
results demonstrated that their thermoelectric air-cooling
module can provide better performance at a low heat loading
condition.

This study develops the thermoelectric chiller driven by
solar cell in daytime and direct current (DC) source in
cloudy days or nighttime. The solar thermoelectric chiller
is investigated in terms of COP and the temperature of
thermoelectric through a specially designed test rig.

2. Configuration of the Solar
Thermoelectric Chiller

Figure 1 is the schematics thermoelectric chiller driven by
solar cell. The chiller mainly consists of the one solar cell,
thermoelectric, controller, and water tank. The specifications
of the proposed solar thermoelectric chiller are shown in
Table 1. One solar cell can be commercially available. Solar
insolation is 1000W/m2; maximum of 𝑃solar is 130W. The
maximum voltage of the solar cell is 17.6 V, the maximum
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Table 1: Specifications of solar thermoelectric chiller.

Solar cell Thermoelectric element
At 𝑆 1000W/m2 At 𝑇

𝐻
25∘C

𝑃solar,max 130W 𝑄
𝑐,max 49W

𝑉solar,max 17.6 V Δ𝑇max 75∘C
𝐼solar,max 7.39A 𝑉tec,max 16.2 V
𝐴 0.89m2

𝐼tec,max 5.3 A
𝜂
𝑃𝑉

13% 𝑅tec 2.75Ω
𝛼 0.0508V/K
𝐾 0.38WK−1

𝑍 2.47 × 10
−3 1/K

current of the solar cell is 7.39A, its area is 0.89m2, and the
corresponding energy efficiency of the solar cells 𝜂

𝑃𝑉
is 11%.

We adopt a commercially available thermoelectric device; its
size is 40mm × 40mm × 4.2mm and the corresponding
specifications are TEC-127-05with 127 couples of p-n bismuth
tin (BiSn) alloy thermoelement sandwiched between two thin
ceramic plates. At the hot side, the temperature is 50∘C.
The maximal cooling production is 49W. The maximum
temperature difference between the hot and cold sides is
75∘C. The maximum thermoelectric voltage is 16.2 V, and
the maximum thermoelectric current is 5.3 A. The electrical
resistance is 2.75Ω.The function of the controller is switching
power supply between solar cells and the DC power source.
The water tank is filled with 250mL of ambient temperature
water.

The hot side of the thermoelectric system was connected
to the heat exchanger to provide more cooling efficiency.
The thermoelectric cooling process is performed when a
fixed direct current is passed through one or more pairs
of n-type to p-type junctions. As the differences of the
current and temperature increase, Peltier cooling effect can
be accordingly increased. However, main loss in Joule heat is
also proportional to the square of the current and, therefore,
eventually becomes the dominant factor. In the daytime,
the thermoelectric chiller is driven by solar cells. In the
nighttime, the thermoelectric chiller is driven by fixed direct
current.

3. Experimental Study

3.1. Theory Consideration. Solar cell is used in driven ther-
moelectric chiller. The output electric power is calculated by
the following equation [3]:

𝑃solar = 𝑆𝐴𝜂𝑃𝑉, (1)

where 𝑆 is the solar insolation rate, 𝐴 is the area of the solar
cell to receive solar irradiation, and 𝜂

𝑃𝑉
is the efficiency of

energy conversion from solar energy to electric power.
The heat absorption rate at the cold side, that is, the

cooling capacity, can be obtained by

Q
𝑐
= 𝛼𝐼𝑇

𝑐
− 0.5𝐼

2
− 𝐾 (𝑇

ℎ
− 𝑇
𝑐
) . (2)

The input voltage of the thermoelectric is given by

𝑉 = 𝛼 (𝑇
ℎ
− 𝑇
𝑐
) + 𝐼𝑅. (3)

The input electrical power of the thermoelectric is given by

𝑃 = 𝛼𝐼 (𝑇
ℎ
− 𝑇
𝑐
) + 𝐼
2
𝑅. (4)

The coefficient of performance of thermoelectric can be
obtained by

COP =
𝑄
𝑐

𝑃

. (5)

3.2. Experiment Setup. In order to quantitatively evaluate the
cooling performance of a solar thermoelectric chiller, the
following parameters should be considered: the solar cell
power, the thermoelectric power consumption, the hot side
and cold side temperatures of the thermoelectric system,
and the coefficient of performance (COP). Figure 2 illustrates
the schematic organization of our experimental system for
determining cooling performance of the solar thermoelectric
chiller.

All of the experiments used cooling 250mLwater inwater
tank, which was connected to the cold side of the thermo-
electric system. The thermoelectric chiller was driven by a
fixed 9.6V direct current source and solar cells, respectively.
According to (3), the voltage of thermoelectric is related to
the Seebeck coefficient 𝛼, the temperature difference between
hot and cold sides (𝑇

ℎ
− 𝑇
𝑐
), the electric current of thermo-

electric 𝐼, and the thermoelectric resistance 𝑅. The voltage of
thermoelectric may change with respect to the changes of the
above variables and approach to the fixed direct current. We
investigate the cooling capacity of the solar thermoelectric
chiller in 180 minutes. We used a power analyzer to measure
the power consumption of the thermoelectric system. For
data logging, we used a data logger and its associated software
to grab the evaluation data. The T-type thermocouples were
used for continuous measurement of hot side and cold
side temperatures, ambient temperature, and water tank
temperature. Type T (copper-constantan) thermocouples are
suitable for measurements in the −200 to 350∘C range and
have a sensitivity of about 43 𝜇V/∘C. The pyranometer was
used for continuous measurement of solar insolation. It is
suitable for measurements in the 0 to 2000W/m2 range and
has a sensitivity of about 0.1W/m2.

Our research goal is to investigate solar thermoelectric
chiller. We tested the solar thermoelectric chiller by two
stages and proved feasibility.

(1) First Stage Experiment. Using DC source to drive the
thermoelectric chiller, we measure the voltage, current, con-
suming power, the cold side and hot side temperatures, and
cooling capacity and analyze the COP. We conduct the test
experiments by duration of 180 minutes.

(2) Second Stage Experiment. Using the solar cell to drive
thermoelectric chiller, we measure voltage, current, consum-
ing power, the cold side and hot side temperatures, and
cooling capacity and analyze the COP. We conduct the test
experiments by duration of 180 minutes.
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Figure 2: Experimental setup and measurement of solar thermoelectric chiller.
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4. Results and Discussion

The proposed experiments used twelve halogens to simulate
solar light. We adjust the voltage of halogen to change solar
intensity. We adjust the light intensity from 450W/m2 to
1000W/m2 as shown in Figure 3. In Figure 4, the electric
voltages of thermoelectric system are stable when the fixed
direct current power is supplied to drive the thermoelectric
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Figure 4: The electric voltages of thermoelectric system driven by
DC source and solar cells.

system, whereas the voltages of thermoelectric system are
varied with respect to the variations of the solar insolation
rates. According to Figures 3 and 4, the light intensity and
the voltage of thermoelectric are positively correlated. When
the lowest light intensity is about 450W/m2, the voltage of
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Figure 5: The electric currents of thermoelectric system driven by
DC source and solar cells.

thermoelectric is about 2.7 V; when the highest light intensity
is about 1000W/m2, the voltage of thermoelectric is about
8V. In Figure 5, the electric currents of the thermoelectric
system are stable when the fixed direct current power is
supplied to drive the thermoelectric system, whereas the
currents of the thermoelectric system are varied with respect
to the variations of the solar insolation rates. In Figures 6
and 7, we used fixed direct current power to drive the ther-
moelectric system.The hot side temperature is maintained at
about 47∘C, and meanwhile the cold side temperature drops
from 0∘C to −3.5∘C. When we use the solar cell to drive the
thermoelectric system, the hot side temperature and cold side
temperature accordingly vary with respect to solar insolation
rates. The highest hot side temperature is 36∘C, and the least
hot side temperature is 23.5∘C, whereas the highest cold side
temperature is 6∘C, and the least hot side temperature is
−3.5∘C.

Figures 8 and 9 show the cold tank temperatures and
cooling capacities of the thermoelectric chiller driven by
the fixed direct current power and the solar cells. For the
thermoelectric chiller driven by the fixed direct current
power, the cold tank temperature drops form 20∘C to 11∘C,
and the cooling capacity is maintained at 12W. For the
thermoelectric chiller driven by the solar cell, the cold tank
temperature drops rapidly form 18.5∘C to 14∘C when the
cooling capacity changes from 10.5W to 14Wand the average
is cooling capacity 12.2W. We can see that the cold tank
temperature gently drops from 14∘C to 13∘C when cooling
capacity changes from 5W and 17.5W; the average cooling
capacity is 10.6W in this range. As shown in Figures 10
and 11, when we use fixed direct current power to drive
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Figure 6:The hot side temperatures of the thermoelectric system by
DC source and solar cells.

Table 2: The average cooling capacity of the semiconductor of the
system.

Result
Average

𝑆

(W/m2)
𝑉

(V)
𝐼

(A)
𝑃

(W)
𝑄
𝑐

(W) COP

DC power source 9.4 3.2 34.3 11.9 0.35
Solar cell 747.9 5.9 2.0 16.7 11.2 0.74

the thermoelectric chiller, the input electric power of the
thermoelectric chiller is maintained at about 35W and the
COP value is maintained at about 0.35. By comparison, when
we adopt the solar cell to drive the thermoelectric chiller, the
lowest value of the input electric power of the thermoelectric
system is 5.5W, while the highest value is 26W, and the
lowest COP is 0.55, while the highest COP is 1.05.We observe
that the solar cell driven thermoelectric system can provide
significantly better COP and needs lower input electric power
consumption for the thermoelectric system. As shown in
Table 2, the average cooling capacity of the solar driven
system is 11.2W, which is lower than the one of the system
driven by fixed direct current of 11.9W. By comparison, the
average COP of the solar driven system is 0.74, which is better
than the one driven by fixed direct current of 0.35. This is
because the solar driven system is operated on an average of
electric current of 2 A, which is a better operating point than
that of the fixed direct current driven system.
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Figure 8: The cold tank temperatures of the thermoelectric system
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5. Conclusions

This study conducts experimental investigation on a ther-
moelectric chiller driven by solar cells. This experimental
system has been tested, and the test results are presented.
By comparing the experimental data of the thermoelectric
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Figure 9: Cooling capacity of the thermoelectric system by DC
source and solar cells.
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Figure 10: The input electric powers of the thermoelectric system
by DC source and solar cells.

system driven by direct current source and by the solar cell,
we found that the thermoelectric chiller driven by the direct
current source provides the cooling capacity of 11.9W, which
is somewhat higher than the one driven by the solar cell
(11.2W). However, the COP obtained by the solar driven
system is 0.74, which is significantly better than the one
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driven by direct current of 0.35. Although the thermoelectric
system driven by fixed direct current can provide stable
cooling capacity, the thermoelectric chiller driven by the
solar cell can provide significantly better COP, which ranges
between 0.55 and 1.05, with an average of 0.74, than that
driven by the fixed direct current. The experimental results
also reveal that if the solar insolation rate can achieve
450W/m2 to 1000W/m2, the solar thermoelectric chiller can
provide feasible and effective performance.

Nomenclature

𝐴: Area of solar array, m2
𝐼: Electric current, A
𝐾: Thermal conductance, WK−1
𝑃solar: Output electric power of solar cell, W
𝑃: Input electric power of the thermoelectric

chiller, W
𝑄
𝑐
: Cooling capacity, W
𝑅: Thermoelectric resistance,Ω
𝑆: Solar insolation,
𝑇
𝐻
: Temperature of hot side, K, ∘C
𝑇
𝐶
: Temperature of cold side, K, ∘C
𝑇
𝑤
: Temperature of water in cold tank, K, ∘C
Δ𝑇max: Maximum temperature difference

between hot and cold sides, K, ∘C
𝑉: Electric voltage, V
𝑍: Figure of merit, 1/K
𝛼: Seebeck coefficient, V/K
𝜂
𝑃𝑉
: Energy efficiency of solar cells.

Abbreviations

COP: Coefficient of performance
TEC: Thermoelectric cooler
DC: Direct current.

Subscripts

solar: Solar cell
tec: Thermoelectric cooler
max: Maximum.
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This paper presents a feasibility study of a large simulated stadium-scale photovoltaic generation system (PVGS) on a small island.
Both the PVGS contribution to the energy demand on the island and its financial analysis were analysed in this study.Themaximum
allowable PVGS installation capacity is obtained by executing load flow analysis without violating the voltage magnitude and
voltage variation ratio limits. However, the estimated power generation of PVGS is applied to know its impact on the power system
according to the hourly solar irradiation and temperature. After that, the cost-benefit analysis of payback years (PBY) and net
present value (NPV) method is derived considering the cash flow from utilities annual fuel and loss saving, the operation and
maintenance (O&M) cost, and the capital investment cost. The power network in Kiribati (PUB DNST) is selected for study in this
paper.The simulation results are very valuable and can be applied to the other small islands for reducing the usage of fossil fuel and
greenhouse gas emissions.

1. Introduction

With the abundant solar and wind energy in small island
countries, over the last few years a number of influences have
combined to lead to the increased interest in renewable dis-
tribution generation such as wind and solar. Environmental
impact is a major factor in the consideration of this electrical
power scheme, and there is generally accepted concern
over greenhouse gases emission from thermal power plants.
Reference [1] shows that developing various renewable energy
resources is essential for achieving sustainable environment.
In Kiribati priorities of the government in the energy sector
are currently focused on locating additional finance for the
expansion of rural electrification and on reducing cost of
fuel imports. Due to the increasing cost of import fuel for
the utility power generation causing saturation to the utility
sector’s overall operation cost, making it difficult for them to
gain profit, the government of the day have no choice but to
subsidize the utility sector annually to avoid power shutdown
[2]. Fortunately, having the favorable position on the equator,
the country has big advantage of developing application of

several types of renewable energy resources such as tidal
energy, wind energy, and solar energy. With the population
of only more than one hundred thousand in a wide total area
of 811 km inKiribati, a photovoltaic (PV) panelmay be a good
solution for fulfilling the energy requirement and protecting
the environment. Thanks to World Bank that provided the
finances, the first ever large photovoltaic plant with a total
capacity of 500 kWp was installed in Kiribati [3].

For the engineering project of a large scale PVGS, the
economic analysis should be performed to evaluate the prof-
itability to ensure the investment cost can be recovered over
the life cycle. The classical profitability analysis has been
performed on PVGS in [4, 5]. A cost analysis of PV grid
connection for several European countries is presented in
[6]. It is concluded that the main factors affecting the PVGS
deployment are the initial capital cost of the system, the feed-
in tariff, and the capital cost subsidization rate. Reference [7]
presented the economic aspects of a hybrid system with solar
energy and wind energy production. Two economic indices
of the NPV and the PBY are applied for the financial analysis
for the PV system projects by considering the cash inflows
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and the life-cycle expenses in [8, 9]. The parameters of NPV
and payback period are used to determine the profitability
of PV installation by including the reduction of pollutant
emission [10].

Furthermore, the assumed electricity consumption of the
station is much lower than the electric power generated by
the PVGS. Accordingly, with the integration of the PVGS on
the distribution system, the power flow of distribution system
will be changed with the PV generation as well as the loading
level of each bus.The power loss reduction that resulted from
the power injection of the PVGS can be estimated by execut-
ing the distribution load flow analysis. The voltage variation
of the practical distribution feeder due to PV generation is
solved to determine themaximumPVGSpenetration allowed
without causing the violation of systemoperation constraints.

The paper is organized as follows. First, Section 2 presents
the methodology of this research followed by the case study
simulation results presented in Section 3. A brief introduc-
tion of PUB DNST network topology in a one-line diagram
including its daily load demand is also shown in Section 3.
Section 4 presents the financial analysis scheme followed by
a conclusion in Section 5.

2. PVGS Feasibility Study Methodology

To evaluate the maximum installation capacity of PVGS
without causing voltage violation, the load flow analysis is
applied to solve the system voltage and power loss according
to the hourly feeder loading and solar irradiation. After that,
the cost-benefit analysis based on the NPV method from
utility point of view is executed to know its effectiveness on
energy saving. Figure 1 shows the flowchart of the proposed
methodology. It is further described as the following steps.

Step 1 prepares the study system configuration and data
for load flow analysis. The study network configuration
should be identified for preparing a one-line diagram. By the
way, the line segment attributes such as conductor size and
length and distribution transformer capacity and impedance
are also collected at the same time. It is also necessary to
retrieve the hourly power generation and loading of the study
system.

Step 2 is to find the maximum allowable installation
capacity at the proposed installation site. It needs to execute
24-hour load flow analysis with and without considering the
installation of PVGS. The output power of PVGS is assumed
to be at its peak rating capacity during the load flow analysis.
The simulation results for the voltage at all buses and power
generation of each generation unitmust be examined in order
not to violate the limits. In this paper, all the buses voltage
should be controlled within 0.95–1.05 p.u and the generator
output power should be operated within 0.3–1.0 times of its
rating capacity. In addition, the allowable voltage variation
ratio (VVR) at all buses is limitedwithin±5% to ensure power
quality. And the VVR can be defined as

VVR
𝑘
(%) =
𝑉

PVGS
𝑘
− 𝑉
𝑘

𝑉
𝑘

× 100%, (1)

where 𝑉
𝑘
and 𝑉PVGS

𝑘
are the voltage magnitude at bus 𝑘 with-

out and with PVGS, respectively.

Start

Set up one-line diagram of the
study network

Retrieve the hourly loadings of
the study network

Execute load flow analysis with
and w/o PVGS to compute VVR

Determine the maximum PVGS installation
capacity without causing violation of VVR

Estimate power generation of the PVGS
according to hourly solar irradiation

Execute cost-benefit analysis by
performing NPV method

End

Figure 1: Flowchart of the proposed PVGS feasibility studymethod-
ology.

By executing the proposed methodology, the maximum
PVGS installation is therefore obtained without violating the
limits. By the way, the penetration level (PL) of renewable
energy on the power system can be defined as

PL (%) =
∑
𝑖
𝑃
𝑖

PV
𝑃total
× 100%, (2)

where 𝑃𝑖PV is the rating capacity of the 𝑖th PVGS and 𝑃total is
the total power delivered to load.

Step 3 is used to estimate the power generation of PVGS.
Tomake the analysis reasonable and able to be used in general
case for varying solar irradiance condition, it is necessary to
find out the mathematical model of the PVGS. In this paper,
the PVGSmodel is obtained and verified by the actual system
which has been installed at the Kaohsiung World Games
Stadium in Taiwan [11]. The maximum power output of the
PVGS is derived as (3), while the surface temperature (𝑇

𝑆
) of

the PV panel is calculated as (4). Consider the following:

𝑃max = −1.15 × 10
4
+ 909𝐺 + 754𝑇

𝑆
− 2𝐺𝑇

𝑆
(W) , (3)

𝑇
𝑆
= 0.903 + 0.0014𝐺 − 1.39 × 10

−7
𝐺
2
(
∘C) , (4)

where 𝐺 is the solar irradiance (W/m2). Therefore here in
order to obtain the estimated power generation of PVGS, an
hourly real solar irradiation was used. After that, the 24-hour
load flow is performed again to know the actual effectiveness
of PVGS on the power system.

Step 4 executes cost-benefit analysis. A financial analysis
for the proposed PVGS based on the expected power genera-
tion is also investigated in this paper to ensure the feasibility
of the system in not only the engineering aspect but also
the economic aspect. This procedure can figure out whether
or not the capital investment cost of the large scale PVGS
can be fully recovered from the annual fuel and power loss
saving over the system life cycle. The cost-benefit analysis
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Figure 2: One-line diagram of the study of PUB DNST feeder.

adopts NPV and PBY method. The NPV of an investment
is the sum of the present values of all cash flows such as
capital investment and revenue generated over the life cycle.
A project is considered to be financially feasible only if the
corresponding NPV is positive. The NPV of the investment
can be calculated by

NPV = −𝐶CI +
𝑛

∑

𝑖=1

PWF𝑖 ∗ CF
𝑖
, (5)

where 𝐶CI is the capital investment cost of the PVGS and
PWF𝑖 and CF

𝑖
are the present worth factor and the net cash

inflow for year 𝑖, respectively. CF
𝑖
can be further expressed as

CF
𝑖
= (𝐶APLS,𝑖 + 𝐶AFS,𝑖) ∗ (1 − dr)

𝑖
− 𝐶O&M,𝑖, (6)

where𝐶APLS,𝑖 and𝐶AFS,𝑖 are the annual power loss saving cost
and fuel saving cost at year 𝑖. And dr is the PVGSperformance
derating rate and the 𝐶O&M,𝑖 is the annual operation and
maintenance cost at year 𝑖, respectively.𝐶APLS,𝑖 and𝐶AFS,𝑖 can
be further expressed as

𝐶APLS,𝑖 = CoE ∗ (NSDyr ∗
24

∑

ℎ=1

(𝑋
wpv
ℎ
− 𝑋

pv
ℎ
)

+ NCDyr ∗
24

∑

ℎ=1

(𝑋
wpv
ℎ
− 𝑋

pv
ℎ
)) ,

(7)

𝐶AFS,𝑖 = Gpc ∗ (NSDyr ∗
24

∑

ℎ=1

(𝑌
wpv
ℎ
− 𝑌

pv
ℎ
)

+ NCDyr ∗
24

∑

ℎ=1

(𝑌
wpv
ℎ
− 𝑌

pv
ℎ
)) ,

(8)

where 𝑋wpv
ℎ

, 𝑋pv
ℎ
, 𝑌wpv
ℎ

, and 𝑌wpv
ℎ

are the PUB DNST’s active
power loss without PVGS, active power loss with PVGS, fuel
consumed without PVGS, and fuel consumed with PVGS

for an hour ℎ, respectively; NSDyr and NCDyr are the total
number of sunny and cloudy for the year yr, respectively; CoE
andGpc are the cost of energy and the generator’s production
cost, respectively.

By the way, the PBY can be obtained by setting the value
of NPV to be zero in (5).

3. Case Study: Electrical Power
System Simulation

To determine how large the PV projects can be put into effect
at the proposed installation site without violating the voltage
limits, a large scale PVGS installed at PUB DNST in Kiribati
was selected as a case study for computer simulation. Besides,
a financial analysis is also performed in the last section of this
paper to justify whether this PV project investment is viable
or not.

Figure 2 shows the one-line diagram of the power system
in Kiribati. The large scale PVGS is assumed to be installed at
Bus 4.The existing network configuration can be described in
more detail as follows. There is one diesel generator at Betio
(Bus 1) with the available capacity of 1200 kW and three diesel
generators at Bikenibeu (Bus 8) with the available capacities
of 1350 kW each, which provide a base load at specific fuel
consumption of 0.25 litre/kWh.The rating generators output
voltage is 11 kV with an operating frequency of 50Hz. Ap-
proximately 60 underground cables with various types are
used in distributing 11 kV network around the island. There
are 59 transformers in service, which are 11 kV/415V step
down transformers with rated capacity of 50, 100, 200, and
750 kVA.

Figure 3 shows typical daily load profile that was recorded
on South Tarawa. It shows basically two insights: firstly, the
peak load is 3.2MW, which occurred at 11 hrs and 13 hrs;
secondly, the off-peak load is 2MW, which occurred from
5 hrs to 6 hrs. This figure also obviously shows that the high
power consumption on the island occurs significantly during
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working and business hours. In order to simplify the process
of determining the annual load demand, it is assumed that
all days throughout the year have the same load demands as
shown in Figure 3. This assumption is based upon the fact
that, in terms of theUnitedNation statistics, Kiribati is among
the least developed countries in the world [12]. The profile
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Figure 6: Daily solar irradiance and estimated PVGS power gener-
ation at sunny day.
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Figure 7: Daily solar irradiance and estimated PVGS power gener-
ation at cloudy day.

shows that the loading occurs during daytime, which implies
that the power generation by the PV system can effectively
offset Bus 4 feeder loading.

Based on the PUB DNST network topology and hourly
loading, the load flow simulation results in Figure 4 show
the voltage profile of the buses while regulating the voltage
at G2–4 and G1 to 1.03 p.u. and 1.0 p.u., respectively. It is
found that the voltages are varied between 0.956 p.u. and
1.03 p.u. in normal condition; these simulation results satisfy
the voltage operation limits for providing well power quality
to customers [1, 12].

Introducing the PVGS to the existing network may alter
the voltage level at installation site (Bus 4) and nearby buses.
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Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec. Total
Cloudy day 27 18 22 26 16 10 5 7 4 3 4 5 147
Sunny day 4 10 9 4 15 20 26 23 27 27 27 26 218
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Figure 8: Monthly number of cloudy and sunny days for the year 2010.

In order to make sure the voltage level, at all buses, remains
at required limits, the maximum allowed PVGS installation
capacity will be taken into consideration. After applying the
load flow analysis with different injected power of PVGS, it is
found that the maximum allowable power at Bus 4 is 690 kW
which corresponds to the penetration level of 22% as shown
in Figure 5. This means that if PVGS installation capacity
is larger than maximum allowable power, the penetration
impact becomes more severe and may lead to overvoltage
problem.

A sorting analysis of hourly weather data fromMeteorol-
ogy Office in Kiribati was performed to derive the sunny and
cloudy duration curve of solar irradiation analysis. Figures
6 and 7 show recorded solar irradiation with simulated
daily estimated PVGS generation for sunny and cloudy day,
respectively. According to the weather information, a sunny
day had sunshine duration of 13 hours in March 2010. With
this solar irradiation condition, it is found that the estimated
generation power for a 690 kWp PVGS is increased with the
solar irradiation by applying the model at (3) and (4). The
maximum power generation is 530 kW and occurs at 12 hrs.
Also, a cloudy day has low solar irradiation and themaximum
PV power generation is 340 kW at 14:30 pm. It is also found
that the PVgeneration power fluctuates dramatically between
10:00 am and 14:00 pm due to the cloudy effect during the
daytime period. A historical weather data provided by Me-
teorology Office in 2010 as presented in Figure 8 shows
the monthly number of cloudy and sunny day, respectively.
Besides, it also shows the total number of sunny and cloudy
days in a year, respectively, that is, 218 (NSD

2010
) and 147
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Figure 9: Annual energy generation from PVGS.

(NSD
2010

). In order to simplify the process of determining
the annual PV power generation, it is assumed that all sun-
ny days have the same sunny solar irradiation condition
and all cloudy days have the same cloudy solar irradiation
condition throughout the year. With this assumption a yearly
PVGS contribution when the PVGS capacity of 690 kWp was
installed at Bus 4 has been shown in Figure 9. A calculated
result shows that, with the aforementioned PVGS capacity, an
estimated total energy produced annually is 1178.14MWh.

To perform 24-hour load flow simulation for proving the
feasibility of the PVGS, existing network information and
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Figure 11: Hourly power generation and load demand for sunny day.

hourly estimated PVGS injected power are both included in
the MatLab power program. Figure 10 shows hourly voltage
profile at Bus 4 with and without considering the proposed
690 kWp PVGS. It is observed that the voltage fluctuation
becomes larger due to PVGS power injection during daytime.
For example, at 8:00 am the voltage level rises from 0.994 p.u
to 1.025 p.u and the VVR is 3.12% for a sunny day. However,
the voltage level and VVR of all buses are all within the
acceptable range since the estimated PVGS power generation
is less than the maximum installation capacity. Figures 11 and
12 show the hourly power generationand load demand for
typical sunny day and cloudy day, respectively. Meanwhile,
the corresponding hourly losses are shown in Figure 13.
Without the PVGS, the highest loss of 178 kW occurs from
11:00 am to 15:00 pm and the lowest network loss of 39 kW
occurs at 1:00 am, respectively. With the PVGS, the network
loss fluctuated starting from 6:00 am to 18:00 pm and is
reduced mostly due to the power injection of PVGS. In
Kiribati, diesel generator usually consumes 0.25 litre of fuel at
price of $0.75/liter to produce 1 kWh. Itmeans the production
cost is 0.1875 c/kWh. Therefore the estimated hourly fuel
consumption cost is as shown in Figure 14. It is also found
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Figure 12: Hourly power generation and load demand for cloudy
day.
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Figure 13: Hourly feeder losses with and without PVGS.

that the daily fuel cost is reduced from US$4,630,180 to
US$167,246 for a sunny day and to US$66,258 for a cloudy
day if the proposed PVGS is installed.

4. Case Study: Financial Analysis

This section executed the financial analysis of a large scale
PV investment project in a small island. The purpose of this
scenario is to analyze how much benefit that PUB DNST
may take from installation of the proposed PVGS system.
Thanks to the benefit of power loss reduction and fuel saving
that resulted from PVGS contribution described in Section 3,
the monthly trend of fuel cost with and without PVGS is
presented in Figure 15. Calculated results by (8) show that fuel
cost saving for 218 sunny days in the year 2010 is US$167246,
while for 147 cloudy days left the value is US$66,258. Thus,
annual fuel saving cost (𝐶AFS) due to the PVGS isUS$233,505,
while annual fuel cost without the PVGS is US$4630180.
Figure 16 shows the trend of network losses with and without
PVGS system on PUB DNST. It is found that the annual
network distribution loss has been reduced from 944MW to
876MW due to PVGS. Based on this, it may have an energy



International Journal of Photoenergy 7

0
100
200
300
400
500
600
700
800

Time (hrs)

Without PVGS

With PVGS (cloudy day)
With PVGS (sunny day)

Fu
el

 co
st 

(U
S$

)

1 3 5 7 9 11 13 15 17 19 21 23
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Table 1: Parameters of the financial evaluation.

Items Parameters
PWF 0.98039
Life cycle (year) 25
Annual O&M cost ($) 16,172
PVGS’s performance derating rate (%) 1.4
Capital investment cost ($) 2,299,770
Annual power loss saving cost ($) 26,800
Annual fuel saving cost ($) 233,505
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Figure 17: Net present value for installation capacity of 690 kWp
PVGS.

loss saving of 67MWh annually. Consequently, calculating
result by (7) with the cost of energy (CoE) of 0.40 c/kWh
in Kiribati, the energy loss saving cost is US$26,800. Thus,
due to the power injected by the PVGS to the power system,
PUB may earn power loss saving cost (𝐶APLS) of US$26,800
annually.

Financial parameters used in this paper to calculate the
estimated benefit from the PVGS are shown in Table 1. The
present worth factor (PWF) is 0.98093 in the 25 years eval-
uation period. And the capital investment cost and annual
O&M cost are US$2,299,700 and US$16172, respectively.
Based on the saving derived due to the PVGS contribution,
Table 1 shows the PVGS capital investment cost, which
obviously is the present worth of spending for this year,
that is, US$2,299,700.With the aforementioned PVGS capital
investment (or present worth spending) and the present
worth of saving for the next 11 years, derived in Table 2,
combined, the NPV is a positive value, that is, $89,492. Thus
the PVGS capital investment cost is more than justified by the
continuing saving in losses and fuel consumption. Since the
NPV = 0, then the evaluation is feasible. Here in Figure 17
it is shown that the PBY and the NPV over the entire PVGS
lifetime are 11 years and $2,466,424, respectively.

5. Conclusions

A large scale PV installation capacity has been analyzed both
technically and economically on a small island distribution
feeder to justify whether the PVGS investment is feasible or
not from the utility sector’s point of view. With the proposed
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Table 2: Simulation results of NPV.

Year (𝑖) PWF (1 − dr)𝑖 Saving at present ($) Accumulated ($) NPV ($)
1 0.98 0.98 239,345.55 239,345.55 −2,060,424.45
2 0.96 0.97 234,651.99 473,997.54 −1,825,772.46
3 0.94 0.95 230,050.46 704,048.00 −1,595,722.00
4 0.92 0.94 225,539.17 929,587.17 −1,370,182.83
5 0.91 0.93 221,116.35 1,150,703.52 −1,149,066.48
6 0.89 0.91 216,780.26 1,367,483.77 −932,286.23
7 0.87 0.90 212,529.20 1,580,012.97 −719,757.03
8 0.85 0.89 208,361.50 1,788,374.46 −511,395.54
9 0.84 0.88 204,275.53 1,992,649.99 −307,120.01
10 0.82 0.86 200,269.69 2,192,919.68 −106,850.32
11 0.80 0.85 196,342.40 2,389,262.08 89,492.08
12 0.79 0.84 192,492.12 2,581,754.20 281,984.20
13 0.77 0.83 188,717.35 2,770,471.55 470,701.55
14 0.76 0.82 185,016.60 2,955,488.15 655,718.15
15 0.74 0.80 181,388.43 3,136,876.58 837,106.58
16 0.73 0.79 177,831.40 3,314,707.99 1,014,937.99
17 0.71 0.78 174,344.13 3,489,052.11 1,189,282.11
18 0.70 0.77 170,925.24 3,659,977.35 1,360,207.35
19 0.69 0.76 167,573.40 3,827,550.75 1,527,780.75
20 0.67 0.75 164,287.28 3,991,838.03 1,692,068.03
21 0.66 0.74 161,065.61 4,152,903.64 1,853,133.64
22 0.65 0.73 157,907.11 4,310,810.75 2,011,040.75
23 0.63 0.72 154,810.55 4,465,621.30 2,165,851.30
24 0.62 0.71 151,774.72 4,617,396.02 2,317,626.02
25 0.61 0.70 148,798.42 4,766,194.44 2,466,424.44

installation site, it is found that maximum allowable power
of the PVGS of 690 kWp may fit the voltage variation ratio
limit of 5%. According to the hourly solar irradiation and
temperature, the estimated power generation of PVGS is
applied to execute the 24-hour load flow in a sunny day
and cloudy day. It is found that the annual fuel saving of
311,333 litre and energy losses saving of 67MWh are obtained
due to the installation of PVGS. After that, a cost-benefit
analysis is performed and it takes 11 years to recover the
initial capital cost. In addition, the NPV over its entire life
cycle is around $2.47 million. This amount of NPV obtained
in the 25-year period is sufficient enough to improve the
utility sector in terms of cash flow injection to improve utility
sector’s annual internal operation cost or to allocate funding
for the development of other essential renewable projects
to achieve sustainable environment that in turn benefits the
utility and the country as a whole.
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CIGS films are prepared by single-stage annealing of the solid Se-coated In/Cu-Ga bilayer precursor. The annealing processes
were performed using various Ar pressures, heating rates, and soaking times. A higher Ar pressure is needed to fabricate highly
crystalline CIGS films, as no extra Se-vapor source is supplied. As the heating rate increases, the surface morphologies of the CIGS
films become looser and some cracks are observed. However, the influence of soaking time is insignificant and the selenization
process only requires a short time when the precursors are selenized at a higher temperature with a lower heating rate and a higher
Ar pressure. In this study, a dense chalcopyrite CIGS film with a thickness of about 1.5-1.6𝜇m, with large grains (∼1.2𝜇m) and no
cracking or peeling is obtained after selenizing at a temperature of 550∘C, an Ar pressure of 300 Torr, a heating rate of 60∘C/min,
and a soaking time of 20min. By adequate design of the stacked precursor and controlling the annealing parameters, single-stage
annealing of the solid Se-coated In/Cu-Ga bilayer precursor is simplified for the fabrication of a fully crystallized chalcopyrite CIGS
absorber layers with good crystallization and large grains.

1. Introduction

Chalcopyrite Cu(In,Ga)Se
2
(CIGS) is a good absorber for

high-efficiency thin film solar cells because of its favorable
band gap and high-absorption coefficient for solar radia-
tion [1]. Of the various ways of preparing CIGS absorber,
postselenization of precursor layers is one of the leading
methods [2, 3], with an efficiency of around 20% for high
temperature annealing of vacuum-sputtered metals under
selenium vapor (i.e., selenization) [4, 5]. In spite of such an
excellent device performance, a complete understanding of
the material produced is required, because the properties
of films depend greatly on the process parameters and
affect the quality of the resulting CIGS films. In particular,
postselenization has an important effect on the structure and
morphology of films. In order to reliably obtain the requisite
film properties, it is essential to understand the effect of
thermal annealing parameters on film properties.

Two selenization techniques, namely, conventional fur-
nace annealing and rapid thermal processing, have been
developed. In traditional annealing, Cu-Ga-In metallic pre-
cursors are selenized in selenium vapor, obtained from
diethylselenide (DESe) or other organometallic precursors
[6]. However, the low heating rate during selenization can
cause Se to evaporate during the annealing process and
can also cause the dewetting of Se. Furthermore, the use
of toxic H

2
Se gas is limited in most cases. Although these

problems can be avoided by rapid thermal annealing of the
metallic precursors with Se pellets, instead of H

2
Se gas [7,

8], the incomplete reaction of the metallic precursors with
Se often leaves an unreacted Cu-Ga metallic layer on the
backside of the sample during the annealing, even after long
annealing times [9]. A one-step sputtering process, using a
single quaternary target, has been developed to simplify the
fabrication process of CIGS absorber and to eliminate the
waste of excess Se [10, 11]. The influence of working pressure
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on the efficiency of CIGS based device was studied and the
results show that the average efficiency of 6-7% is obtained at
a wide working pressure range of 0.4–2.7 Pa by using KCN
treatment and the best cell efficiency can reach 8% at the
working pressure of 0.67 Pa [11]. However, it is still difficult
to obtain high quality CIGS films by directly sputtering from
a single CIGS target. Postselenization is necessarily used to
improve device performance [12].

The feasibility of fabricating the chalcopyrite CIGS
absorber layers by conducting the Se-coated single-layered
precursor in a two-step postselenization process has been
evaluated [13]. However, the impact of annealing parameters
was not studied. In this paper, an alternative selenization
process, applying a single-stage annealing of the solid Se-
coated In/Cu-Ga bilayer precursors in a vacuum furnace,
is proposed to produce single-phase chalcopyrite CIGS
absorber.The effect of annealing parameters, such as inert gas
pressure, heating rate, and soaking time, on the structure and
morphology of the CIGS absorber formed after selenization
in an Ar containing atmosphere is determined in this paper.

2. Experimental

CIGS absorber layers were grown on soda-lime glass (SLG)
substrates, using a two-step process. The metallic precursor
film deposition included DC-magnetron sputtering of the
Cu-Ga and In layers at room temperature and thermal
evaporation of Se. Preliminary deposition of the Cu-Ga and
In layers shows that the thickness of each layer increased
linearly with increasing deposition time; thus, the deposition
rate of layers can be obtained bymeasuring the film thickness.
The deposition parameters were optimized to obtain an
absorber thickness of ∼1.5 𝜇m. The bottom layer of 350 nm
thick Cu-Ga alloy film was deposited at a sputtering power
of 100W and Ar pressure of 5.0 × 10−3 Torr, from a Cu-Ga
alloy target with 25wt.% Ga, while In was deposited at a
sputtering power of 40W and Ar pressure of 5.0 × 10−3 Torr
from an In target. The thickness of the In layer was adjusted
by varying the deposition time to obtain precursor films with
atomic compositions of Cu/(In + Ga) = 0.8-0.9 and Ga/(In +
Ga) = 0.1–0.3. As no extra Se-vapor source was used during
the annealing process, the natural loss of Se during heating
was compensated for by deposition of an excess of Se onto
the precursor stack. A 2 𝜇m overstoichiometric Se layer was
deposited at 220∘C after preheating to 150∘C for 10min at a
rate of 20∘C/s. The substrate was rotated at 40 rpm, during
deposition, to improve the film’s uniformity.

The precursors were then selenized in an Ar atmosphere,
using single-stage annealing at a constant temperature of
550∘C. In order to determine the effect of annealing parame-
ters, the annealing processes were performed using various
Ar pressures and temperature profiles. Ar pressure from
1 Torr to 300 Torr was used, the heating rate was varied
between 60∘C/min and 240∘C/min, and a soaking time at
constant temperature from 20min to 60min was used. The
cooling rate after selenization was about 6∘C/min.

The surface morphologies of the films were analyzed
using field emission scanning electron microscopy (SEM,
JEOL, and JSM-6500F).The phases and crystal structurewere
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Figure 1: The atomic composition ratios of In/Cu-Ga precursors as
a function of In deposition time.

Figure 2: The surface morphology of the In/Cu-Ga precursor
prepared with 120min of In deposition time.

determined by X-ray diffraction (Rigaku-2000 X-ray diffrac-
tometer), using Cu-K𝛼 radiation and an angle of incidence
of 1∘. The composition of the CIGS films was determined by
energy dispersive X-ray fluorescence spectrometry (EDXRF,
Solar metrology SMX).

3. Results and Discussion

3.1. Analysis of the Precursors. Firstly, the material properties
of the as-deposited precursors are determined.The composi-
tions of the In/Cu-Ga precursors with various In deposition
time were analyzed by EDS and their atomic composition
ratios are shown in Figure 1. When the In deposition time is
120min, the precursor has the desired atomic composition
of Cu/(In + Ga) = 0.85 and Ga/(In + Ga) = 0.18, so this
time was used for selenization. Figure 2 shows the surface
morphologies of this standard precursor. Some large and
discontinuous island-like grains are precipitated onto the flat
surface. The EDS results show that the island-like grains
are detected as In-rich alloys. However, the smoother back-
ground is detected to be Cu-rich alloys.The island-like grains
are thought to be In hillocks, which form automatically,
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Figure 4: Cross-sectional SEM image of the solid Se-coated In/Cu-
Ga precursor.

because of the high diffusion coefficient and low melting
point of In [14]. Figure 3 shows the corresponding XRD
pattern of the metallic precursor in Figure 2. As reported
by Park et al. [15], a pure In peak and intermetallic Cu

2
In

and Cu
3
Ga, as equilibrium phases at room temperature, are

observed. The Cu
2
In reflexes are of lower intensity than

those for Cu
3
Ga, which suggests that the latter phase is

prominent. Figure 4 shows the cross-sectional SEM image of
the solid Se-coated In/Cu-Ga precursor layer, deposited on
the SLG substrates. Clearly, an expected 350 nm thick of Cu-
Ga alloy film and 2 𝜇m of Se without peeling or cracking
are observed. The Se layer evaporated onto the In/Cu-Ga
layer yields a smooth surface and penetrates into and fully
surrounds the In islands.The Se-coated In/Cu-Ga precursors
were subsequently moved to the furnace, for selenization in
an Ar containing atmosphere.

3.2. The Effect of Ar Pressure. As no extra Se-vapor source
was supplied, the amount of Se that can react with In/Cu-Ga
precursors, during annealing, is determined by the working
pressure in the reaction chamber. There are two ways to
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Figure 5: XRD patterns of the CIGS films, selenized using different
Ar pressures.

control the working pressure. The first method uses the
autogenous pressure, which is governed by the degree of
evaporation of Se, and the second method uses an external
control on the amount of internal pressure by pumping the
inert gas into the chamber. The second method was used
because of its simplicity.

Figure 5 shows the XRD patterns for the selenized CIGS
films at different Ar pressures, from 1 to 300 Torr. For these
runs, the heating rate during annealing was maintained at
90∘C/min and the soaking time was 30min. All of the CIGS
films have the chalcopyrite phases, (112), (220)/(204), and
(312)/(116), and diffraction peak (112) is the strongest. This
shows that the CIGS films are polycrystalline and oriented
along the (112) direction, parallel to the substrate. The XRD
patterns do not show other complex peaks, which indicates
that the single-stage annealing process may form acceptable
chalcopyrite structures in CIGS thin films. This is likely,
because the ramping rate for furnace annealing of these cases
is far slower than for rapid thermal annealing processes; so,
the time required to reach the desired temperature is suffi-
cient for selenide compounds to form, ultimately developing
CIGS [16].

Figure 5 also shows that the CIGS peaks increase as
the Ar pressure increases, which may be attributed to the
crystallization quality and grain growth.At lowerAr pressure,
the working pressure is not sufficient to allow the Se to stay on
the precursor layer. Se evaporates from the layer stack, instead
of diffusing into it, so the layer goes from a weak CIGS peak,
due to the Se deficiency, which indicates poor crystallinity
or smaller grains in these cases. Increasing the Ar pressure
decreases the evaporation of Se and improves the chemical
reactivity of Se with the In/Cu-Ga precursors. As a result, the
intensity of theCIGSpeaks increases through the crystallinity
improvement and the grain size increases. The change in the
microstructure due to the increase in the Ar pressure is also
confirmed by the SEMobservations. In Figure 6, SEM images
for three of the studied Ar pressures are shown for the lowest
(1 Torr) and 100 Torr, and the highest Ar pressure (300 Torr).
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(a) (b)

(c) (d)

(e) (f)

Figure 6: Cross-sectional and top-view SEM images of the CIGS films selenized at (a), (b) the lowest (1 Torr), (c) and (d) 100 Torr, and (e)
and (f) the highest Ar pressure (300 Torr).

At the lowest Ar pressure, the thickness of the CIGS layer is
thinner than that of the other samples and no obvious grains
are seen. The low Ar pressure annealing process results in a
marked loss of Se, due to vaporization, thereby significantly
reducing the thickness of the CIGS layer. For an Ar pressure
of 100 Torr, the thickness of the CIGS layer increases and the
morphology of CIGS grains becomes more obvious. For the
highest Ar pressure, some facetted surface and angled grain
boundaries within the film are observed.TheCIGS layer has a
maximum thickness of about 1.5-1.6 𝜇m and the grains have
a maximum diameter of ∼1.2 𝜇m, because more Se stays on
the surface of the precursor layers and then reacts with the
precursors to formCIGS. From these analyses, it is concluded

that the selenization process requires a higher Ar pressure
to produce a better morphology and highly crystalline CIGS
films, as no extra Se-vapor source is supplied.

3.3. The Effect of Heating Rate. Figure 7 shows the XRD pat-
terns for the selenized CIGS films as a function of heating rate
for a soaking time of 30min and an Ar pressure that is fixed
at 300 Torr. The CIGS peaks are smaller when the heating
rate is increased. This means that increasing the heating rate
for single-stage annealing of the solid Se-coated In/Cu-Ga
precursors is detrimental to the crystallinity of the CIGS
films. When the annealing temperature is ramped between
the melting point of In (∼150∘C) and Se (∼220∘C), the Se
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Table 1: The elemental composition of CIGS films.

Soaking times (min) Compositions (at %) Ratios
Cu In Ga Se Cu/(In + Ga) Ga/(In + Ga)

20 23.9 20.3 5.9 49.9 0.91 0.22
30 23.5 19.8 5.9 50.8 0.91 0.22
40 23.8 20.4 6.0 49.8 0.90 0.22
50 24.1 19.9 6.1 49.9 0.92 0.23
60 23.6 20.1 5.8 50.5 0.91 0.22
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Figure 7: XRD patterns of the selenized CIGS films as a function of
heating rate.

coating is fully incorporated into the surrounding In and
diffuses into theCu-Ga layer.This Se can react with the In and
the intermetallic Cu

2
In and Cu

3
Ga of Cu-Ga precursor layer,

subsequently converting itself into the metallic selenides,
In
2
Se
3
, Cu
2
Se, and Cu

3
Se
2
[13, 17]. Increasing the annealing

temperature to greater than 330∘C [18] causes these metallic
selenides to react to form the chalcopyrite phase by the
following chemical reaction mechanism: In

2
Se
3
+ Cu
2
Se →

2CuInSe
2
[19] and 3In

2
Se
3
+ 2Cu

3
Se
2
→ 6CuInSe

2
+ Se(g)

[13].
The amount of diffused Se andmetallic selenides depends

on the time spent in the 150–220∘C temperature range. This
time interval is shorter if the heating rate is faster, so the
intensity of the CIGS peaks is less and the crystallinity of
CIGS films is poor. Figure 8 shows a comparison of cross-
sectional and top-view SEM images of selenized CIGS layers
produced using heating rates of 60∘C/min, 120∘C/min, and
240∘C/min.The facetted surface and angled grain boundaries
of the CIGS structure become more obvious as the heating
rate is reduced. The cross-sectional SEM images show that
both the grain size and thickness of CIGS films increase
with decreasing the heating rate. This observation is con-
sistent with the results of XRD. However, as the heating
rate increases, the surface morphologies of the CIGS films
become looser and some cracks are observed, because the
chalcopyrite structure does not completely form throughout

the entire depth of the precursor. A shorter period of time in
the 150–220∘C temperature range causesmore Se to evaporate
away from the layer stack. The lack of Se results in poor
crystallinity of the CIGS layers.

3.4. The Effect of Soaking Time. Based on the above analyses,
it is seen that a higher Ar pressure (300 Torr) and a lower
heating rate (60∘C/min) are beneficial to the formation of
the chalcopyrite phase, so these two parameters are fixed
and the influence of soaking time is studied. Figure 9 shows
the XRD patterns for the CIGS films selenized at 550∘C,
for various soaking times. All of the films in this figure
have the basic chalcopyrite and the difference in the peaks
is insignificant. This means that the selenization process
only requires a shorter time at a higher temperature. This
is because the chalcopyrite structure completely forms when
the precursor is annealed at 550∘C for 20min, which gives
a stable structure. After the chalcopyrite structure forms,
the growth of chalcopyrite grains in over prolonged soaking
times is not apparent, so the difference between the peaks
for the films soaked for longer soaking times and those
for the 20min sample is insignificant. Cross-sectional and
top-view SEM images of 20min selenized CIGS film are
shown in Figure 10. As is seen, the grain characteristics and
surface morphologies of this sample are similar to those for
the 30min sample shown in Figures 8(a) and 8(b), which
confirms that a soaking time of 20min is sufficient to form
the chalcopyrite structure, when the precursors are selenized
at an Ar pressure of 300 Torr, a heating rate of 60∘C /min, and
a temperature of 550∘C.

The results show that the thickness of the annealed CIGS
absorber layers increases with increasing the Ar pressure
but decreases with increasing the heating rate. However,
the influence of soaking time is insignificant when the Ar
pressure and heating rate are fixed.

Table 1 lists the elemental compositions and atomic ratios
of the CIGS films annealed at 550∘C for different times.
Compared with the as-deposited precursor, the Cu/(In + Ga)
ratios increase from 0.85 to 0.90–0.92 and the Ga/(In + Ga)
ratios increase from 0.18 to 0.22-0.23, because of the loss of
In during selenization at high temperature. However, when
the stable structure of the chalcopyrite phase is formed, after
annealing at 550∘C for 20min, the difference in composition
is insignificant for the samples annealed for a longer soaking
time.The composition of all of the CIGS films remains almost
constant. The detailed compositional uniformity of CIGS
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(a) (b)

(c) (d)

(e) (f)

Figure 8: Cross-sectional and top-view SEM images of CIGS films made using (a), (b) the lowest (60∘C/min), (c) and (d) 120∘C/min, and (e)
and (f) the highest heating rate (240∘C/min).

films was also determined by X-ray fluorescence intensity
measurements of the 𝐾

𝛼1,2
lines [20]. Figure 11 shows the

depth profile of CIGS sample annealed at 550∘C for 20min.
The high degree of detailed compositional uniformity with
no evidence of phase segregation shows that the procedures
used in this study are a successful way for the fabrication of
single chalcopyrite structure CIGS film.

Finally, a heterojunction solar cell was fabricated and
evaluated under simulated AM1.5 (100mW/cm2) conditions
at 25∘C. In brief, the absorber film was immediately coated
with a 50-nm-thick CdS buffer layer. The CdS layer was then
coveredwith a 100 nmhighly resistive intrinsic ZnO layer and
then a highly doped n-type ZnO film with a typical thickness

of approximately 600 nm.The 2.5𝜇mNi/Al front contact was
deposited onto the ZnO using DCmagnetron sputtering and
there was no intentional heating of the substrate. A solar cell
with 6.96% efficiency (open circuit voltage (𝑉oc), 537mV, a
short circuit current (𝐽sc) of 29.20mA/cm2, and a fill factor
(FF) of 47.55%) was produced. This efficiency approximates
to the quality of the newly published results [11].

4. Conclusions

A fully crystallized chalcopyrite CIGS absorber is fabricated
by single-stage annealing of the solid Se-coated In/Cu-Ga
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Figure 9: XRD patterns of the CIGS films selenized at 550∘C for various soaking times.

(a) (b)

Figure 10: (a) Cross-sectional and (b) top-view SEM images of CIGS film selenized at 550∘C for 20min.

bilayer precursor, without an extra Se supply. The effect of
the annealing parameters, including Ar pressure, heating
rate, and soaking time, on the structure and morphology
of the CIGS absorber is studied. The results show that the
atomic composition of the precursors can be controlled by
varying the thickness of the stacked layer. The selenization
process requires a higher Ar pressure to produce a better
morphology and highly crystalline CIGS films, as no extra
Se-vapor source is supplied. The thickness of the CIGS films,
after annealing, increases as the Ar pressure is increased.
Increasing the heating rate is detrimental to the crystallinity
of the CIGS films, because the amount of Se that can react
with themetallic precursors depends on the time spentwithin
the melting point range of In and Se. This time interval is
shorter if the heating rate is faster.When a higher Ar pressure
and a lower heating rate are used, the selenization process
requires a shorter soaking time at a higher temperature. A
dense CIGS film with a thickness of about 1.5-1.6 𝜇m with
large grains (∼1.2 𝜇m) and no cracking or peeling phenomena
is obtained at a selenizing temperature of 550∘C, Ar pressure
of 300 Torr, heating rate of 60∘C/min, and soaking time of

20min. This study demonstrates that by adequate design
of the stacked precursor and by controlling the annealing
parameters, single-stage annealing of the solid Se-coated
In/Cu-Ga bilayer precursor is a simple way to fabricate fully
crystallized chalcopyrite CIGS absorber layers with good
crystallization and large grains.

Highlights

(1) The atomic composition of the precursors can be
controlled by varying the thickness of the stacked
layer.

(2) Higher Ar pressure and a lower heating rate are used,
and the annealing process requires a shorter soaking
time at a higher temperature.

(3) This study demonstrates that single-stage annealing
of the solid Se-coated In/Cu-Ga bilayer precursor is
a simple way to fabricate a fully crystallized chalcopy-
rite CIGS absorber layer with good crystallization and
large grains.
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The design of light-absorbent sensitizers with sustainable and environment-friendly material is one of the key issues for the future
development of dye-sensitized solar cells (DSSCs). In this work, a series of organic sensitizers incorporating alkoxy-substituted
triphenylamine (tpa) donors and binary 𝜋-conjugated bridges were investigated using density functional theory (DFT) and time-
dependent DFT (TD-DFT). Molecular geometry, electronic structure, and optical absorption spectra are analyzed in the gas
phase, chloroform, and dimethylformamide (DMF) solutions. Our results show that properly choosing the heteroaromatic atoms
and/or adding one more alkoxy-substituted tpa group can finely adjust the molecular orbital energy. The solvent effect renders the
HOMO-LUMO gaps of the tpa-based sensitizers decrease in the sequence of DMF solution < chloroform solution < gas phase.
The absorption spectra are assigned to the ligand-to-ligand charge transfer (LLCT) characteristics via transitions mainly from tpa,
3,4-ethylenedioxythiophene (edot), and alkyl-substituted dithienosilole (dts) groups to edot, dts, and cyanoacrylic acid groups.The
binary 𝜋-conjugated bridges play different roles in balancing the electron transfer and recombination for the different tpa-based
sensitizers. The protonation/deprotonation effect has great effect on the HOMO-LUMO gaps and thus has great influence on the
bands at the long wavelength region, but little influence on the bands at the short wavelength region.

1. Introduction

Dye-sensitized solar cells (DSSCs) are currently under active
investigation for the solar energy utilization along with the
growing worldwide demand for environmentally friendly
energy sources [1–7]. The relative high performance, sim-
ple fabrication process, and low production costs render
DSSCs as competitive alternative to conventional silicon
devices. Usually, DSSCs are fabricated by sensitizers (dyes),
photoanodes (mesoporous TiO

2
films), counterelectrodes,

and electrolytes/hole transporters. So far, polypyridyl Ru(II)-
based complexes are proven to be the most efficient sensitiz-
ers employed in DSSCs [8–11], such as the tetraprotonated
Ru(4,4-dicarboxy-2,2-bipyridine)

2
(NCS)

2
complex (coded

asN3) [8] and its doubly protonated analog (coded asN719)

[10]. Although highly efficient, with a high efficiency over
12.1% [12], Ru-based prototypes are facing the problem of
costly synthesis and undesired environmental issues. Metal-
free organic sensitizers, which are in good agreement with
the trend of the future developments of DSSCs using envi-
ronmentally friendly and inexpensivematerials, show several
advantageous features relative to Ru-based complexes: (1)
diversity of organic molecular structures can ensure more
diversity of sensitizers for DSSCs; (2) high molar extinction
coefficients of organic sensitizers can render the use of
thinner semiconductor to promote charge separation; (3)
more flexibility of organic sensitizers can be beneficial for
constructing semitransparent and/or multicolor solar cells.
At present, the highest photon-to-electron energy conversion
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efficiency has exceeded 13% for DSSCs using organic sensi-
tizer [13].

From a theoretical point of view, a few criteria should
be fulfilled for the design of ideal organic sensitizers: (1)
the molecular orientation should facilitate intramolecular
charge transfer, and spatial separation should maintain the
photooxidized donor at a distance from the photoinjected
electrons, diminishing the impact of back electron transfer
processes; (2) the energy level of LUMO should be sufficiently
high for efficient electron injection into the TiO

2
, whereas the

energy level of HOMO should be sufficiently low for efficient
regeneration of the oxidized state; (3) the absorption band
should extend from the whole visible region to near infrared
range with strong absorption strength; (4) the stability should
be good enough for about 108 turnover cycles of exposure
to nature [14, 15]. Based on these requirements, the organic
sensitizers are usually designed to be of electron donor-
conjugated bridge-electron acceptor structure, called D-𝜋-A
architecture, with TiO

2
surface anchoring groups integrated

into the acceptor moiety. Arylamines and alkylamines, due
to strong electron donating abilities as well as efficient
intramolecular charge transfer characteristics, are usually
used as electron donors in the D-𝜋-A organic sensitizers
[16–23]. Among them, DSSC using this metal-free organic
sensitizer incorporating the lipophilic triphenylamine as
electron donor and the hydrophilic cyanoacrylic acid as
electron acceptor (coded as C219) has achieved an efficiency
over 10% [24].

However, a detailed atomistic characterization of this
sensitizer is still not clear enough. Such an atomistic char-
acterization can not only provide information that comple-
ments the experimental work, but also help to understand the
structural and the electronic properties for design of novel
sensitizers with improved performances [25–28]. In this
work, we present a theoretical characterization of C219 and
its derivatives 1–5. Molecular geometry, electronic structure,
and spectral property of the sensitizers are investigated in
the gas phase, chloroform, and dimethylformamide (DMF)
solutions by means of the density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations.

2. Computational Methods

All calculations on the tpa-based sensitizers were performed
with DFT and TD-DFT in the Gaussian 09 program package
[29]. The B3LYP exchange correlation functional in con-
junction with the 6-31G(d) basis set, which has already
been proved to be an optimal compromise between accuracy
and computational cost for such large aromatic molecules
[30], was employed in the geometrical optimizations without
any symmetry constraints for the sensitizers considered
in both gas phase and solutions. The solvent effects were
evaluated using the nonequilibrium [31] implementation of
the conductor-like polarizable continuum model (C-PCM)
[32–34]. This approach provides results very close to those
obtained by the original dielectric model for high dielectric
constant solvents but is significantly more effective in geom-
etry optimizations and less prone to the numerical errors

arising from the small part of the solute electron cloud lying
outside the cavity [34]. TD-DFT calculations were used to
investigate the optical properties of the sensitizers using the
approximation of 𝐸

0-0 with the lowest vertical excitation
energy of the system at the ground state geometry, which
can be accurately and efficiently calculated by TD-DFT [35].
The 50 lowest spin-allowed singlet-singlet transitions, up to
an energy of at least ∼4.0 eV, were taken into account in the
calculations of the adsorption spectra.

3. Results and Discussion

In the following sections, we start with the geometrical
description of C219 and its derivatives, followed by the
discussion of electronic structures and molecular orbital
energy levels and then the analysis of absorption spectra
in the real environment of chloroform and DMF solutions,
and finally the comparison of the relative light-harvesting
efficiency (RLHE) of the tpa-based sensitizers.

3.1. Geometrical Considerations. The chemical structures of
C219 and its derivatives 1–5 are shown in Figure 1. C219 is
composed of three parts: (1) an alkoxy-substituted tripheny-
lamine (tpa) as donor, (2) a cyanoacrylic acid as acceptor
and anchoring group, and (3) a binary 𝜋-conjugated unit
consisting of 3,4-ethylenedioxythiophene (edot) and alkyl-
substituted dithienosilole (dts) as bridge [24]. For compu-
tational convenience, the C

6
H
13

+ and C
8
H
17

+ groups of the
experimental C219 sensitizer are replaced by methyl groups
marked with blue dash-lined ellipses and red dash-lined
circles, as shown in Figure 1. Considering that the electron
transfermainly takes place via the high𝜋-electron conjugated
tpa center to acceptor and/or bridge centers, the end-on
substitutions of the C

6
H
13

+ and C
8
H
17

+ groups by methyl
groups have slight influence on the spectral properties of the
C219 sensitizer.

In fact, these substitutions are checked in order not to
result in appreciable changes in the electronic structures as
well as the absorption spectra. The S atoms in the conjugated
bridge of the prototype molecule C219 are substituted by the
same electron-rich heteroaromatic O and Se atoms in sen-
sitizers 1 and 2. For sensitizers 3, 4, and 5, one more alkoxy-
substituted tpa group is added to substitute the ethylenedioxy
group in 1, C219, and 2. This structural design is based
on two considerations: (1) the heteroaromatic atoms may
adjust the molecular orbital energies appropriately and (2)
onemore alkoxy-substituted tpa groupmay not only enhance
the electron-donating ability, but also effectively inhibit I

3

−

from approaching the surface of TiO
2
by forming a denser

layer at the surface. In addition, Na+ is used to substitute
for H+ on cyanoacrylic acid groups in order to evaluate the
protonation/deprotonation effect, that is, 1,C219, 2, 3, 4,
and 5, as shown in Figure 1.

According to the experimental setup of C219, the solvents
for calculations are chloroform (relative dielectric constant
EPS = 4.71) and DMF (EPS = 37.22). The spectra recorded in
different solvents are available, thus rendering it conceivable
to investigate the solvent effects. For all the ground state
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geometries, our results show that different solvents have no
noticeable impact because of the difference of the solvent
polarity.

3.2. The Frontier Orbitals and Energy Levels. The electronic
excitation occurs mainly from the highest occupied molec-
ular orbitals (HOMOs) to the lowest unoccupied molecular
orbitals (LUMOs), and usually the HOMOs localize on the
donor subunit and LUMOs on the acceptor subunit. The
electronic structure analysis is thus essential to evaluate
whether the molecular orbital contributions facilitate the
efficient charge separation or not. Considering the similarity
of their geometries,C219 andC219 are chosen to exhibit the
frontier molecular orbitals for 1, C219, 2 and 1, C219, 2, 4
and 4 are used to show the frontier molecular orbitals for 3–
5 and 3–5, respectively. Figure 2 shows the selected frontier
molecular orbitals of C219, C219, 4 and 4 calculated at the
B3LYP/6-31G(d) level in chloroform solution. The first six
frontier molecular orbital energies and the HOMO-LUMO
gaps are depicted in Figure 3.

It is clear, seen from Figure 2, that the first three HOMOs
(HOMO, HOMO-1, and HOMO-2) of C219 are mainly
composed of the 𝜋 combinations of C and N on tpa, edot,
and dts groups. Particularly, for the HOMO, considerable
contribution is from the tpa ligand. This point is confirmed
as one more tpa ligand is introduced in 4, in which the first
two HOMOs show almost entirely tpa-based characteristics.

The bridge involved or not in the HOMOs would be of great
difference for the electron transfer. If the binary bridge of
edot and dts is involved in the HOMOs, it would facilitate
the direct transfer of electron from the donor to the acceptor
subunit, but it is also easy to occur recombinations for the
transferred electrons. Otherwise, it would prevent electron
recombination effectively but is not beneficial for the electron
transfer. The key point for the binary bridge is that spatial
separation should balance the photooxidized donor at a
distance from the photoinjected electrons, diminishing the
impact of back electron transfer processes [24, 36–39]. In
this sense, the binary bridge of edot and dts in C219 plays
a more positive role in promoting electron transfer but a
more negative role in diminishing back electron transfer
than that in 4 [24]. That is, the binary 𝜋-conjugated bridges
play different roles in balancing the electron transfer and
recombination for the different tpa-based sensitizers.

The first three LUMOs of C219 are delocalized through
the edot, dts, and cyanoacrylic acid groups, as shown in
Figure 2. Sizeable contributions are from the cyanoacrylic
acid group, which would facilitate the excited electrons
injection into the semiconductors directly. The 𝜋∗ orbitals
from tpa ligand are almost not involved in the LUMOs. Con-
sidering that the LUMOs also include the spatial separation,
it would be favorable for the electron recombination if the
binary bridge of edot and dts is involved in the HOMOs.
That is, 4 and 4 are much better than C219 and C219 for
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Figure 2: The frontier molecular orbitals of sensitizers C219, C219, 4, and 4. Isodensity contour = 0.02.

diminishing the impact of back electron transfer. Seen from
Figure 2, substitutions of Na+ for H+ (C219, 4 → C219, 4)
on cyanoacrylic acid groups havemore effects on the LUMOs
than the HOMOs, as mirrored by the alterations of the Na+-
associated cyanoacrylic acid orbital shapes. Substitutions of
O and Se for S atom on the bridge alter the energy levels of
the frontier molecular orbitals obviously. The energy levels
of both HOMO and LUMO in the same framework are in
the sequence of 5 < 4 < 3 and 2 < C219 < 1 in the gas
phase and solutions, as shown in Figure 3. This is due to the
electron donating ability of the heteroatom involved, Se > S
> O, which stabilizes the complexes by lowering their energy
levels. Similar trend appears for the Na+-substituted analogs.

As seen from Figure 3, the HOMO-LUMO gaps of the
tpa-based sensitizers decrease in the sequence of DMF
solution < chloroform solution < gas phase. For instance,
the HOMO-LUMO gaps of C219 are 1.92, 1.97, and 2.09 eV
obtained inDMF, chloroform, and the gas phase, respectively.
This trend is due to the interactions of the sensitizers and
the surroundings with different relative dielectric constant.
As the relative dielectric constant increases, that is, gas phase
(EPS = 0.00) < chloroform solution (EPS = 4.71) < DMF
solution (EPS = 37.22), the interaction between the tpa-
based sensitizers and the surroundings increases, and thus
intramolecular interactions become weak and their energy
levels increase [40, 41]. The tpa-based sensitizers are less
insensitive to the change of solvent, as mirrored by a 0.05 eV
shift when going from chloroform solution to DMF solution,
while more sensitive to the change when going from the
gas phase to the solutions. Besides, substitutions of Na+
for H+ on cyanoacrylic acid groups have great effect on

the HOMO-LUMO gaps. As shown in Figure 3, the values
increase by 0.28 and 0.31 eV when going from C219 and 4 to
C219 and 4, respectively. This is ascribed to the fact that
these substitutions destabilize the LUMOs greater than the
HOMOs and thus enlarge the HOMO-LUMO gaps, in good
consistencywith the alteration trend of the frontiermolecular
orbital distributions.

3.3. Electronic Excitations and Absorption Spectra. The
absorption spectra of the tpa-based sensitizers are shown in
Figure 4, in which H+- and Na+-contained sensitizers are
depicted in Figures 4(a) and 4(b), respectively. Overall, the
band line shapes obtained in the gas phase and solutions agree
well with each other, but the spectra obtained in solutions
are shifted toward the long wavelength region with respect
to those obtained in the gas phase [42, 43]. Comparison of
the results gained in two solutions shows that the spectra in
DMF solution are slightly red-shifted with respect to those
in chloroform solution. This trend is in good agreement
with the sequence of the HOMO-LUMO gaps obtained in
two solutions. As for the protonation/deprotonation effect,
substitutions of Na+ for H+ render the spectra toward the
short wavelength region, as shown in Figures 4(a) and 4(b).
This trend agrees well with the enlarged HOMO-LUMO
gaps of tpa-based sensitizers caused by these substitutions. In
view of the real environment of DSSCs and the experimental
setups, the results obtained in chloroform solution are used
for the discussion of spectral properties as follows. Table 1 lists
the selected excitation energies (𝐸, nm), oscillator strength
(𝑓), and relative orbital contributions to the optical transi-
tions between 350 and 800 nm of the absorption spectra in
chloroform solution.
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Figure 3: Energy levels and HOMO-LUMO gaps of the tpa-based sensitizers.

For C219 in chloroform solution, four separated absorp-
tion bands are found to center at ∼360, ∼439, ∼529, and ∼
714 nm. At ∼360 nm, the band is composed of two peaks at
356.4 and 363.3 nm, originated from the starting orbitals of
the HOMO/HOMO-1 combinations to the arriving orbitals
of LUMO+1/LUMO+2 (see Table 1). Frontier orbital analysis
shows that this band has the interligand and intraligand
ligand-to-ligand charge transfer (LLCT) characteristics; that
is, transitions occur from tpa, edot, and dts groups to
edot, dts, and cyanoacrylic acid groups. Similarly, the bands
at ∼439, ∼529, and ∼714 nm also show interligand LLCT
characteristics. It is quite different from the metal-centered
complexes in previous investigations [25–28], in which spec-
tra at the short wavelengths of the visible region showmainly
the LLCT characteristic while those at the long wavelengths
of the visible region show mixed characteristics of metal-to-
ligand charge transfer (MLCT) and LLCT. For C219, there is
an increasing trend of oscillator strength (which is regarded
as the measure of the intensity of the absorption peaks [37,
44]) along with the shift of the absorption band toward
the long wavelength region; that is, the stronger oscillator

strength appears in the band at the longer wavelength region.
The lowest vertical excitation for C219 occurs at 713.1 nm
with the oscillator strength of 1.281, originated from the 100%
HOMO → LUMO transition. This transition occurs from
tpa, edot, and dts groups to edot, dts, and cyanoacrylic acid
groups, a mixed LLCT characteristic. Similar spectra and
electronic excitation trends also appear for the O- and Se-
substituted sensitizers 1 and 2, as shown in Figure 4(a).

The spectra tend to shift toward the short wavelength
regionwhen substitutingNa+ forH+, as shown in Figure 4(b).
For C219 in chloroform solution, four separated absorp-
tion bands are found to center at ∼350, ∼424, ∼488, and
∼630 nm. Compared with the corresponding bands of C219,
the substitution of Na+ for H+ has little effect on the bands
at the short wavelength region (∼360 and ∼439 nm versus
∼350 and ∼424 nm) but has great effect on the bands at
the long wavelength region (∼529 and ∼714 nm versus ∼488
and ∼630 nm). However, the increasing trend of oscillator
strength in 1, C219 and 2 is still the same as that
in C219 along with the absorption band toward the long
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Figure 4: Simulated absorption spectra of H+- (a) and Na+- (b) contained tpa-based sensitizers.

wavelength region. The lowest vertical excitation for C219
occurs at 630.0 nm with the stronger oscillator strength of
1.456 than the corresponding value of C219. In the energy
range investigated, the band calculated at ∼630 nm for C219
is in good agreement with the experimental result of 584 nm,
more consistent than C219 at ∼714 nm [24]. This means the
spectra of the tpa-based organic sensitizers, as well as the
energy levels and the HOMO-LUMO gaps, are sensitive to
the protonation/deprotonation effect.

The introduction of one more alkoxy-substituted tpa
group alters the spectra significantly, as shown in Figure 4.
For 4 in chloroform solution, the oscillator strength of
bands becomes weaker at the long wavelength region of
600–800 nm, while stronger at middle wavelength region
of 500–600 nm than the corresponding values of C219.

With respect to oscillator strength, it will be affected by
the electron-donating capability from 𝜋-conjugation and
heteroaromatic groups in sensitizers [27, 44, 45]. Similar
trends occur for the O- and Se-substituted sensitizers 3, 5,
and their Na+-substituted sensitizers 3, 4, and 5. For 4 at
∼532 nm, the band results from the 98%HOMO-2 → LUMO
transition with the oscillator strength of 0.967 (see Table 1).
This transition shows the interligand and intraligand LLCT
characteristic from tpa, edot, dts, and even cyanoacrylic acid
groups to edot, dts, and cyanoacrylic acid groups. The lowest
vertical excitation for 4 occurs at 754.3 nm with the oscillator
strength of 0.487, originated from the 100% HOMO →
LUMO transition. Obviously, this transition has interligand
LLCTcharacteristic; that is, transition occurs fromdouble tpa
groups to edot, dts, and cyanoacrylic acid groups.
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Table 1: Selected excitation energies (𝐸, nm), oscillator strength (𝑓), and relative orbital contributions to the optical transitions between 350
and 800 nm of the absorption spectra of tpa-based sensitizers in chloroform solutiona.

𝐸 𝑓 Composition 𝐸 𝑓 Composition
C219 C219

713.1 1.281 H − 0 → L + 0 (100%) 630.0 1.456 H − 0 → L + 0 (99%)
530.4 0.616 H − 1 → L + 0 (97%) 487.4 0.409 H − 1 → L + 0 (97%)
438.5 0.281 H − 0 → L + 1 (88%) 423.0 0.292 H − 0 → L + 1 (91%)

387.3 0.023 H − 3 → L + 0 (72%)
H − 1 → L + 1 (14%) 354.5 0.085 H − 0 → L + 2 (67%)

H − 1 → L + 1 (24%)
363.3 0.212 H − 0 → L + 2 (86%) 350.5 0.023 H − 0 → L + 3 (90%)
356.4 0.152 H − 1 → L + 1 (68%)

4 4

754.3 0.487 H − 0 → L + 0 (100%) 635.1 0.699 H − 0 → L + 0 (99%)
658.2 0.286 H − 1 → L + 0 (99%) 559.7 0.314 H − 1 → L + 0 (98%)
532.3 0.967 H − 2 → L + 0 (98%) 490.5 0.713 H − 2 → L + 0 (97%)
450.5 0.137 H − 0 → L + 1 (94%) 429.5 0.201 H − 0 → L + 1 (93%)

412.3 0.170 H − 1 → L + 1 (79%)
H − 3 → L + 0 (17%) 390.6 0.193 H − 1 → L + 1 (88%)

382.5 0.078 H − 4 → L + 0 (69%)
H − 0 → L + 2 (25%) 366.4 0.267 H − 0 → L + 2 (81%)

381.9 0.211 H − 0 → L + 2 (62%)
H − 4 → L + 0 (30%) 353.6 0.029 H − 0 → L + 3 (88%)

355.6 0.109 H − 2 → L + 1 (59%)
H − 6 → L + 0 (24%) 350.9 0.076 H − 2 → L + 1 (70%)

352.2 0.029 H − 0 → L + 3 (88%)
349.1 0.201 H − 1 → L + 2 (90%)
aOnly oscillator strength 𝑓 > 0.02 and orbital percentage > 10% are reported, where H = HOMO and L = LUMO.

Table 2:TheHOMO and LUMO energies, HOMO-LUMO gaps, lowest vertical excitation energies (𝐸
𝐴
), oscillator strengths (𝑓), and relative

LHE (RLHE) for all sensitizersa.

Solutions Sensitizers LUMO HOMO HOMO-LUMO 𝐸
𝐴

𝑓 RLHE

Chloroform

1 −2.51 −4.56 2.05 1.82 1.150 0.980
C219 −2.70 −4.67 1.97 1.74 1.281 1.000
2 −2.73 −4.65 1.92 1.70 1.435 1.016
3 −2.56 −4.56 2.00 1.76 0.614 1.123
4 −2.76 −4.65 1.89 1.65 0.487 1.000
5 −2.81 −4.64 1.84 1.60 0.524 1.040

DMF

1 −2.59 −4.60 2.01 1.79 1.153 0.982
C219 −2.76 −4.69 1.92 1.71 1.273 1.000
2 −2.79 −4.67 1.88 1.67 1.431 1.017
3 −2.64 −4.61 1.98 1.74 0.630 1.120
4 −2.82 −4.69 1.87 1.63 0.500 1.000
5 −2.86 −4.68 1.82 1.58 0.537 1.038

aAll energies are in eV.

3.4. Light-Harvesting Efficiency (LHE). Light-harvesting effi-
ciency (LHE), as a good indicator of the incident photon-to-
electron conversion efficiency (IPCE), characterizes the abil-
ity of dyes in harvesting light.The LHE can be approximately
expressed as [46]

LHE = 1 − 10−𝐴 = 1 − 10−𝑓, (1)

where 𝐴(𝑓) is the absorption (oscillator strength) of the dye
associated with the 𝜆max, that is, the lowest vertical excitation
energy (𝐸A). Table 2 lists the HOMO and LUMO energies,
HOMO-LUMOgaps, lowest vertical excitation energies (𝐸

𝐴
),

oscillator strengths (𝑓), and relative LHE (RLHE) of all
sensitizers calculated in chloroform and DMF solutions.
According to the structural and spectral properties, the
relative LHE (RLHE) is evaluated by comparing sensitizers
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1, C219 and 2 with C219, sensitizers 3, 4, and 5 with 4. The
influence of solutions on LHE is negligible, due to the little
difference in 𝐸A and𝑓 for sensitizers in different solutions, as
shown in Table 2. For 1, C219 and 2 in chloroform solution,
2 owns the highest RLHE of 1.016, followed by C219 with
1.000 and 1 of 0.980. This trend is in good agreement with
the sequence of electron donating ability of heteroatoms
involved, Se > S > O. For 3, 4, and 5 in chloroform solution,
3 shows the highest RLHE of 1.123, followed by 5 of 1.040
and 4 of 1.000.This indicates that the adjustment on the LHE
via the heteroatoms would not be of much help after greatly
enhancing the electron-donating group, such as another tpa
donor involved.

4. Conclusions

In this work, we have presented a theoretical investigation on
organic sensitizers incorporating alkoxy-substituted triph-
enylamine donors and binary 𝜋-conjugated bridges based
on DFT/TD-DFT calculations in the gas phase, chloroform,
and DMF solutions. Our results show that properly choosing
the heteroaromatic atoms and adding one more alkoxy-
substituted tpa group can finely adjust the molecular orbital
energies. Frontier orbital analysis shows that the three highest
HOMOs are mainly composed of the 𝜋 combinations on tpa,
edot, and dts groups for C219-like sensitizers but only tpa
group for 4-like analogs. The three LUMOs are delocalized
through the edot, dts, and cyanoacrylic acid groups for all
tpa-based sensitizers. The HOMO-LUMO gaps of the tpa-
based sensitizers decrease in the sequence of DMF solution
< chloroform solution < gas phase, according well to the
increase of relative dielectric constant of gas phase < chlo-
roform solution < DMF solution. The spectra are assigned to
the LLCT characteristics which are originated mainly from
transitions of tpa, edot, and dts groups to edot, dts, and
cyanoacrylic acid groups. The binary 𝜋-conjugated bridge
plays a dual role in balancing the electron transfer and
recombination for C219-like sensitizers but an active role
in diminishing the impact of back electron transfer for 4-
like analogs. The protonation/deprotonation effect enlarges
the HOMO-LUMO gaps and thus has great influence on the
bands at the long wavelength region, but little influence on
the bands at the short wavelength region.
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A miniature n-type semiconductor gas sensor was fabricated successfully using zinc aluminum oxide nanowire array and applied
to sense oxygen. The present study provided a novel method to produce zinc aluminum alloy nanowire 80 nm in diameter by the
vacuum die casting technique and then obtain zinc aluminum oxide nanowire array using the thermal oxidation technique. The
gas sensing properties were evaluated through the change of the sensitivity.The factors influencing the sensitivity of the gas sensor,
such as the alloy composition, operating temperature, and oxygen concentration, were investigated further. Experimental results
indicated that themaximum sensitivity could be acquired when the weight percentage of aluminumwas 5% in zinc aluminum alloy
at the operating temperature of 200∘C.

1. Introduction

Oxygen gas monitors are widely used for employee and
environmental safety. A rapid decrease of oxygen can make
a very dangerous environment for employees and cause
them to lose consciousness suddenly. Based on the fact
mentioned, it is important to have an oxygen gas monitor
for some special operating environments such as mines,
pharmaceutical, semiconductor, and cryogenic supplier [1–
4].

Metal oxide semiconductor sensors are most commonly
utilized for the gas detection due to their low cost and
flexibility in production [5, 6]. The detection principle of the
conductive sensor is based on the change of the resistance
of a semiconductor thin film upon the adsorption of gas
molecules on the surface. The sensitivity of the thin film is
strongly related to surface reaction. Some important factors
influencing the surface reactions of gas sensors, such as
chemical components, microstructures of sensing layers,
temperature, and humidity, are investigated [7–10]. Among
those factors, the main approaches for increasing the gas

sensitivity of the sensing materials are the size effects and
doping by metal or other metal oxides [11–14].

Korotcenkov et al. [11] reported that the grain size
effects in the sensor response of nanostructures SnO

2
and

In
2
O
3
based thin film gas sensor and indicated the grain

size can control almost all operating characteristics of solid
state gas sensors such as sensor response, response times,
recovery times, and stability and dependence on air humidity.
However, the sensing mechanisms of the metal oxide gas
sensors were too complicated to evaluate simply.The optimal
grain size should be based on the detailed consideration of
the parameters of sensors designed.

Chaudhari and his coworkers [14] reported the sensing
characteristics of undoped and doped TiO

2
gas sensor and

tried to improve the sensing properties of TiO
2
by addition of

a small amount of various metal oxides, such as Al
2
O
3
. Their

experimental results showed that TiO
2
sensor loaded with

5wt.% Al
2
O
3
and 0.5 wt.% Pd would increase the sensitivity

to H
2
S gas.

Since the gas sensing mechanism is a surface reaction,
use of nanostructure materials is expected to improve gas
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Figure 1: Schematic diagram of the prepared zinc aluminum oxide nanowire array gas sensor.
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Figure 2: SEM images: (a) a porous alumina membrane with an ordering pore diameter of 80 nm and (b) zinc aluminum nanowire arrays
fabricated in the alumina nanomold by the vacuum die casting process.

sensing characteristics. The present study combined both
approaches mentioned above to fabricate a miniature metal
oxide nanowire array sensor and apply it to the environmental
monitor responding to oxygen. In addition, this study was
also focused on changes of sensitivity of the gas sensor
caused by factors such as chemical components, working
temperature, and oxygen concentration.

2. Experimental Procedure

In this study, the metal oxide semiconductor gas sensor
was carried out with a zinc aluminum oxide nanowire array
incorporating a high surface area and aspect ratio.

Zinc aluminum oxide nanowires were fabricated using
anodic aluminum oxide (AAO) as a template. The experi-
mental procedure could be divided into four parts. First of all,
an anodic alumina nanomold was obtained by etching a pure
aluminum sheet with a purity of 99.7 wt.% in 0.3M oxalic
acid solution. Two steps of anode treatments were applied
to obtain more uniform nanopores in this experiment. The
first step of the anode treatment was carried out at a voltage
40V and a temperature of 25∘C for one hour. Afterward,
removing alumina thin film from the surface of aluminum
sheet was performed in the mixture of 6% phosphoric acid
solution and 2% chromic acid solution at a temperature of
60∘C. The second step of the anode treatment was carried
out in the same process conditions indicated in the first
step for 6 hours. Finally, aluminum substrate was removed
using copper chloride solution and then the anodic alumina
nanomold with a pore diameter of 80 nm could be obtained.

The second part of the procedure was the fabrication of
zinc aluminum alloy by the vacuum melting method. The
high purity of zinc and aluminum scraps were mixed and
placed in a quartz glass tube. In order to prevent metal from
oxidation during melting, the vacuum was extracted using
a molecular turbo pump and kept at 3 × 10−6 torr. Then,
the glass tube was placed in a furnace and the temperature
was increased to 750∘C for several minutes until all metal
smelted and mixed well. After cooling, zinc aluminum alloy
was obtained. More detailed process of the vacuum melting
was described in our previous study [15, 16]. In this study, 3
zinc aluminum alloys with the different aluminum contents,
2%, 5%, and 10%, were prepared as listed in Table 1.

Furthermore, zinc aluminum alloy nanowire array was
produced using thehigh vacuum die casting technique. A
piece of zinc aluminum alloy and an alumina template were
placed inside the chamber in which the vacuum pressure
was maintained at 10−6 torr. After the chamber was heated
to 750∘C, a hydraulic force was applied to the molten
zinc aluminum alloy. During casting, the molten alloy was
injected into the anodic alumina nanomold forming alloy
nanowire array. The force required to introduce molten alloy
into the nanomold is proportional to the surface tension of
the melt. The surface tension of the molten zinc at 750∘C
is 719.7 dyne/cm and the surface tension of the molten
aluminum at 750∘C is 857.05 dyne/cm [17].

Therefore, the surface tension of the molten zinc alu-
minum alloy at 750∘C can be calculated based on the alloy
components. Additionally, the pressure for the molten metal
injection into nanomold can be evaluated as follows [18]:
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Figure 3: The effect of aluminum content on the resistance of zinc aluminum oxide gas sensor upon exposure to the various concentrations
of oxygen at an operating temperature of 100∘C.

Table 1: Al content, surface tension, and critical force to form nanowire of zinc-aluminum alloys prepared in this study.

Material Aluminum content (wt.%) Surface tension at 750∘C (dyne/cm) Critical force to form nanowire (dyne) Alloy oxide
Zn-Al alloy1 2% 726.17 3.01 × 10

8 ZnAlO 1
Zn-Al alloy2 5% 735.23 2.96 × 10

8 ZnAlO 2
Zn-Al alloy3 10% 748.82 2.92 × 10

8 ZnAlO 3

𝑃 = 𝐹/𝐴 = −(2𝛾 cos 𝜃)/𝑟, where 𝐹 is the normal force,
𝐴 is the area of the nanomold, 𝑟 is the radius of the
nanochannel, 𝛾 is the surface tension of the molten zinc
aluminum alloy, and 𝜃 is the contact angle between the melt
and the porous alumina membrane. Therefore, the forces

required to inject the 3 molten zinc aluminum alloys into
nanomolds are listed in Table 1. Solidification proceeded
using a water cooling method at the bottom of the chamber.
Zinc aluminum nanowire array was formed after cooling to
room temperature. Finally, zinc aluminum oxide nanowire
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Figure 4: The effect of aluminum content on the resistance of zinc aluminum oxide gas sensor upon exposure to the various concentrations
of oxygen at an operating temperature of 150∘C.

Table 2: Element compositions of 3 zinc aluminum alloys prepared
by the vacuum melting method.

Materials Zn wt.% Al wt.%
Zn-Al alloy1 97.96% 2.04%
Zn-Al alloy2 94.96% 5.04%
Zn-Al alloy3 89.71% 10.29%

array was fabricated through a thermal oxidation process.
The nanowire array was put into an air furnace and a heat
treatment at 250∘C for 48 hours was applied to make all the

metal become metal oxide by reacting with oxygen and then
zinc aluminum oxide nanowire array could be obtained.

Cu thin film was deposited at the top and bottom surface
of zinc aluminum oxide nanowires array as the conductive
layer of the gas sensor by vapor deposition technique.
After that, aluminum oxide surrounding the nanowires was
removed using sodium hydroxide solution. Figure 1 was the
schematic diagram of zinc aluminum oxide nanowire array
gas sensor produced in the present study.

The morphologies of the anodic alumina nanomold and
zinc aluminum nanowire array were observed by scanning
electron microscope. The gas sensing characteristics of zinc
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Figure 5: The effect of aluminum content on the resistance of zinc aluminum oxide gas sensor upon exposure to the various concentrations
of oxygen at an operating temperature of 200∘C.

aluminum oxide gas sensor were measured by the self-
designed gas sensor test system.

3. Results and Discussion

An anodic alumina nanomold was produced by etching a
pure aluminum sheet with a purity of 99.7 wt.% in 0.3M
oxalic acid solution for 6 hours. Figure 2(a) provided SEM
image of the anodic aluminum nanomold with the pore
diameter of 80 nm and an ordered and uniform array. The
morphology of zinc aluminum nanowire array could be

observed in Figure 2(b). The composition of zinc aluminum
alloy prepared by the vacuum melting method was detected
by EDX analysis and presented in Table 2. The results were
consistent with the design of the three zinc aluminum alloys.

Zinc oxide is a typical n-type semiconductor gas sensing
material with direct band gap of about 3.37 eV at room
temperature [19]. An n-type semiconductor material means
that the majority of charge carriers are electrons, and an
increase in conductivity occurs when the material interacts
with a reducing gas. Conversely, reacting with an oxidizing
gas would cause a decrease in conductivity. In this study,
four nanowire array gas sensors (ZnO, ZnAlO 1, ZnAlO 2,
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and ZnAlO 3) were tested for the gas sensing properties and
similar results were obtained as shown in Figures 3, 4, and
5. Figures 3–5 showed the time dependence of resistance of
zinc aluminum oxide gas sensor on exposure to different
concentrations of oxygen, 5%, 10%, 15%, and 20%. When
oxygen was introduced into the measurement system, the
resistance of zinc aluminum oxide gas sensor increased
obviously. Based on the measurement results, zinc aluminum
oxide nanowire array fabricated in this work had the same
behavior as an n-type semiconductor. Besides, ZnAlO 2 had
the better sensing properties, such as the change of the
resistance after introduction of oxygen, the response time,
and the recovery time, than other zinc aluminum oxide
materials (ZnAlO 1 and ZnAlO 3) and zinc oxide.

Sensitivity (𝑆), an important parameter of gas sensors,
can be defined as the ratio of the absolute difference between
the stabilized resistances of gas sensors in the target gas and
in the reference gas to the resistance in the reference gas,
usually the dry air: 𝑆 = |𝑅air − 𝑅gas|/𝑅air [20]. 𝑅gas stands
for the resistance of the gas sensor in the target gas and 𝑅air
means the resistance of the gas sensor in air. Sensitivities
of four gas sensors on exposure to the same concentration
of oxygen (20%) at various operating temperatures were
shown in Figure 6. The results indicated that the sensitivity
was highly correlated with the operating temperature and
all gas sensors had the same tendency. The response of gas
sensors to oxygen gas would be better at the higher operating
temperature. It could also be seen that sensitivity of ZnAlO
2 gas sensor was significantly higher than those of the other
three gas sensors. Furthermore, the effect of exposure to
different concentrations of oxygen for ZnAlO 2 gas sensor
was shown in Figure 7. The sensitivity of the gas sensor to
oxygen increased with the concentration of oxygen.

4. Conclusions

A miniature n-type semiconductor gas sensor provided in
this study was performed with the zinc aluminum oxide
nanowire array. Using the vacuum die casting and thermal
oxidation technique, zinc aluminum oxide nanowire whose
diameter was 80 nm could be fabricated; moreover, the order,
uniform, and large area of nanowire array was very suitable
for the device manufacture. The gas sensing properties
responding to oxygen of the zinc aluminum oxide gas sensor
were investigated. According to the results of the gas sensing
characteristics measurement, zinc aluminum oxide nanowire
array prepared from the zinc aluminum alloy consisting of
94.96wt.% zinc and 5.04wt.% aluminum had the optimum
sensing properties.The sensitivity of the zinc aluminumoxide
gas sensor increased with the operating temperature or the
introduced oxygen concentration
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Organic thin film solar cells (OTFSCs) were fabricated with blended active layers of poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)/[6,6]-phenyl-C

71
-butyric

(PC
71
BM). The performances of active layers are prepared in chlorobenzene (CB) with different additives of 1-chloronaphthalene

(CN) and 1,8-Diiodooctane (DIO) by a wet process with spin coating technique. The effects of different solvent additives on
photovoltaic parameters such as fill factor, short circuit current density, and power conversion efficiency of active layers are reported.
The absorption and surface morphology of the active layers are investigated using UV-visible spectroscopy and atomic force
microscopy, respectively.The results indicate that structural andmorphological changes were induced by the additives with solvent.
The current density-voltage (J-V) characteristics of photovoltaic cells were measured under the illumination of simulated solar light
with 100mW/cm2 (AM 1.5G) by an Oriel 1000W solar simulator. The OTFSCs of PTB7/PC

71
BM prepared with organic solvent

additives of DIO+CN show more improved PCE of 4.96% by spin coating method.

1. Introduction

Recently, a great paradigm shift has occurred in the genera-
tion and consumption of energy.The so-called “clean” energy
is consequently an utmost critical issue for all the nations
and entire civilized societies. In the 34th G8 Toyako summit,
it has been decided to cut the carbon emission up to 50%
by the year 2050 [1], and realization of the “low-carbon-
society” has been worked towards on global level. Moreover,
the recent “Great East Japan Earthquake” has aroused a
great attention to severe riskiness of nuclear power, so that
recommencement of electricity generation by the nuclear
power and construction of newnuclear power plant are rather
reluctant. Consequently, a large scale electricity generation by
newand renewable energy source has been raised as anurgent
issue [2]. It has been reported [3] that electricity generation
in Japan in November, 2012, was comprised of 2.7% from

nuclear power, 90.6% from fossil fuel, 6.2% from hydraulic
power, and only 0.6% from new energy source, respectively,
and the portion of renewable energy was still in the minute
level of 10%. All of those kinds of situations have caused a
critical status in Japan in terms of supply and demand of
energy. Therefore, the Japanese government has devised a
target in the general energy planning, aiming for elevating
the proportion of “zero-emission-power source” up to 70%by
the year 2030, so that introduction of the new and renewable
energy source should be accelerated as fast as possible [4].

Solar light power generation could have a promising
possibility for contributing to elevate the self-sufficiency
of energy needs by domestic energy resource in Japan. It
has been planned, therefore, that the mass of introduction
for solar light power generation should be raised by ten
times by the year 2020 and forty times by the year 2030.
Additionally, an innovative solar light power generation is
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Figure 1: Molecular structures of PTB7, PC
71
BM, CN, and DIO.

aimed by establishing a sophisticated technology of solar
cell through usage of new materials and device structure,
so that power generation efficiency of over 40% and power
generation cost of 7 Yen/kWh should be achieved after the
year 2030 [5].

First-generation solar cells based on Si have demerits of
high cost and limitation of installing location due to heavy
weight. Second-generation solar cells based on inorganic
compounds (amorphous/poly crystalline Si and CIGS) have
been introduced in commercial market. Although second-
generation solar cells show still relatively inferior power
conversion efficiency, they are advantageous from a cost per-
spective. It is acutely expected for third-generation solar cells
that they would have improved power conversion efficiency
of over 40% and a merit of low cost comparable to those of
the second-generation solar cells. Generally, organic thin film
solar cells (OTFSCs) are acknowledged that they are lighter
than any other counterparts and suitable for low-cost fabrica-
tion [6–9]. OTFSC materials have been focused towards the
energy-consumption and environment friendly viewpoint.
Recently, power conversion efficiency of the OTFSCs has
been improved up to 10-11% [8–10]. Moreover, they could be
formed to any shape due to flexible characteristic, so that they
could be optimized for portable and/or wearable application
[5]. Similar to the case of liquid crystal displays (LCDs)
[11], light emitting diodes (LEDs), inorganic solar cells, and
organic light emitting diodes (OLEDs) are based on similar
materials and structures to those of OTFSCs. Recent rapid
commercialization of the OLEDs is mainly concentrated
on mobile display applications [12], but it is expected that

the market for OLEDs could be expanded in the near future
to large-size TVs and lighting applications. The success of
the OLEDs has motivated vigorous developments of OTFSCs
based on devices and related materials [13].

In this present work, we report the performance of
PTB7/PC

71
BM based OTFSCs prepared in chlorobenzene

(CB) solvent with different additives. The active layers of
PTB7/PC

71
BM were prepared by wet processes with spin

coating technique. Organic solvent additives were varied
to prepare the organic active layer, and the effect of the
solvent additives was investigated in relation to surface
topology of PTB7, PC

71
BM, and PTB7/PC

71
BM thin films.

The performance of the resulting OTFSC devices and
surface topology of the active layers were comparatively
discussed.

2. Experimental Procedure

Active layers of organic thin film solar cell device were
prepared using Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)ca-
rbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), as organic
electron donor material, and [6,6]-Phenyl C

71
butyric

acid methyl ester (PC
71
BM) used as electron accepter

material. Figure 1 shows the molecular structure of the
PTB7, PC

71
BM, 1-chloronaphthalene (CN), and 1,8-

Diiodooctane (DIO). PC
71
BM is an organic material

chemically modified to be dissolved in an organic solvent.
To enhance the hole transport characteristic, a thin film of
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Figure 2: Schematics of the (a) energy band structure of the OTFSC with hole transfer layer of PEDOT:PSS and blended active layer of
PTB7:PC

71
BM and (b) cross section view of OTFSC device.

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
[PEDOT:PSS] was prepared by using a commercially
available material of PH1000 (Heraeus Clevios), which
serves as a hole transfer layer interfaced with the anode and
electron donor layer of PTB7. While many organic materials
could only be dissolved in organic solvents, PEDOT:PSS
could be dissolved in water, and it could be easily used in
wet process to prepare thin films. Moreover, PEDOT:PSS
would serve for planarization of the unevenness on the
ITO substrate surface as well as to enhance the interface
characteristic of anode substrate and thin film.

As for the process to prepare the thin film components
of OTFSC device, a spin coating technique was adopted for
compatibility to large-area-sized device fabrication. Firstly,
indium tin oxide (ITO) coated glass substrates were cleaned
ultrasonically in a sequential step by using a neutral deter-
gent, distilled water, acetone, and ethanol for 10min, respec-
tively. The cleaned substrates were exposed to UV in vacuum
for 30min, aiming for a hydrophilic state of the treated
ITO substrates. Then hole transfer layer of PEDOT:PSS
thin film was prepared on the substrate by spin coating
technique: rotation speed of 5000 rpm and rotating time
of 30 s. The PEDOT:PSS thin film was then annealed for
15min at a temperature of 140∘C. Composite organic active
layers of PTB7:PC

71
BM with a relative ratio of 1 : 1.5 were

deposited also by spin coating technique, where different
organic solvents were used to prepare the precursor solutions:
(1) 2mLof pristine chlorobenzene (CB), (2) 2mLofCB added
with an additive of DIO (3 v%), (3) 2mL of CB added with an
additive of CN (3 v%), and (4) 2mL of CB added with DIO
(3 v%) and CN (3 v%). The PTB7:PC

71
BM (9mg : 13.5mg)

was dissolved in each organic solvent mixture and the spin
coating process was carried out with a rotation speed of
800 rpm and rotation time of 60 s.The thickness of the active
layer was ∼86 nm, as measured using a Dektak II profilome-
ter. Aluminum (Al) electrode (∼100 nm) for the organic thin
film solar cell device was then prepared by a thermal vacuum
evaporation through a shadow mask in a high vacuum of

1.3 × 10−4 Pa and the effective area of the resulting device was
9mm2.

The organic thin film solar cell device presented in
this report is based on an electron donor layer of PTB7
with deep highest occupied molecular orbital (HOMO) level
and low band gap interfaced with a fullerene derivative
of PC

71
BM as a representative electron acceptor. Figure 2

shows a schematic of energy band diagram and device
structure of the OTFSC. Performance of the OTFSC device
was investigated by measuring the current density-voltage
(J-V) characteristics in a solar simulator illuminated by a
light source of Xn lamp combined with an air mass filter:
100mW/cm2, AM 1.5. A shadow mask made of a thick black
sheet was placed in front of the active device area in order
to avoid the overestimation of the current density and power
conversion efficiency. All measurements were carried out in
air without any encapsulation.

As shown in Figure 2, PTB7 has the lowest unoccupied
molecular orbital (LUMO) level of −3.31 eV and a HOMO
level of −5.15 eV. It is generally acknowledged that P3HT
has a LUMO level of −2.9 eV and HOMO level of −5.0 eV
[14, 15]. It could be expected that PTB7would reveal relatively
narrow band gap and excellent light absorption character-
istic. In addition, open circuit voltage of the OTFSC with
PTB7:PC

71
BM would be similar to that of the OTFSC with

P3HT:PCBM [16].

3. Results and Discussions

3.1. Current Density- (J-) Voltage (V) Characteristics. Thecur-
rent density-voltage (J-V) characteristics of OTFSC devices
were measured under the illumination of simulated solar
light with 100mW/cm2 (AM 1.5G) by an Oriel 1000 W solar
simulator. J-V characteristics of the four different OTFSC
devices based on blended active layer of PTB7:PC

71
BM are

presented in Figure 3. Photovoltaic parameters of the four
different OTFSC devices along with series resistance (𝑅

𝑠
)
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Figure 3: J-V characteristics of the four different organic thin film
solar cell devices based on blended active layer of PTB7:PC

71
BM

prepared with different organic solvent mixture.

and shunt resistance (𝑅sh) are given in Table 1: short circuit
current density (𝐽sc), open circuit voltage (𝑉oc), fill factor (FF),
and power conversion efficiency (PCE; 𝜂).

The OTFSC of PTB7/PC
71
BM prepared with pristine

organic solvent of CB reveals a PCEof 3.38%,which is distinc-
tively lower than those of the OTFSC of PTB7/PC

71
BM pre-

pared with organic solvent of CB with additives [6, 7, 17, 18].
On the other hand, the OTFSC of PTB7/PC

71
BM prepared

with organic solvent of CB with additive of DIO (3 v%) shows
high PCE of 4.89%. It may be attributed to the formation
of interpenetrating network with better morphology by the
addition of DIO, which decrease the series resistance and
enhance the charge carrier transport properties, as well as
increase of equivalent parallel resistance due to suppression of
charge carrier recombination in the active layer. The OTFSC
of PTB7/PC

71
BM prepared with organic solvent of CB with

additive of CN (3 v%) shows a moderately improved PCE of
3.86% with low FF of 0.443. An additive of DIO with high
boiling point (b.p) of 169∘C could influence the formation
of nanoscale morphology of molecules, decrease of 𝑅

𝑠
, and

increase of shunt resistance (𝑅sh) due to suppression of hole-
electron recombination. However, relatively higher b.p. of the
CN (263∘C) than that of the DIO might have resulted in a
moderate formation of the nanomorphology of molecules. In
the device prepared with CB+CN, the 𝑅

𝑠
is increased and 𝑅sh

is decreased. The decrease in 𝑅sh is attributed to the leakage
current induced by pinholes and traps in the active layer
morphology and the increase in 𝑅

𝑠
is due to recombination

loss.Therefore, FF of the device is reduced as consequences of
both𝑅sh and𝑅𝑠.TheOTFSC of PTB7/PC

71
BMprepared with

organic solvent additives of DIO+CN shows more improved
PCE of 4.96%, which implies that the effect of the additive of
DIO is dominant for enhancement of the device performance
through better intermixing between PTB7 and PC

71
BM.
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Figure 4: UV/Vis spectra of four different organic active layers of
PTB7/PC

71
BM prepared with different organic solvent mixture.

The increase in FF (0.556) originates from the reduction in
𝑅
𝑠
by the additives of DIO+CN. Because of the smaller 𝑅

𝑠

and higher 𝑅sh, the FF of the OTFSC prepared with DIO+CN
additives was higher than that of the OTFSC prepared with
DIO and OTFSC prepared with CN additives.

3.2. Absorption and Atomic Force Microscopy Studies. Ab-
sorption characteristic of four different organic active layers
of PTB7/PC

71
BM was investigated by UV/Vis spectropho-

tometer and depicted in Figure 4. It can be seen that there
is no shift of the absorption peak for the samples prepared
with organic additives from that of the sample prepared with
pristine CB. It indicates that the thin films prepared with
additives have amorphous phase. Topology of the organic
active layers was investigated by atomic force microscopy
(AFM). The thin films of PTB7 were prepared by using the
three varieties of organic solvent mixture: (1) PTB7 with
pristine CB, (2) PTB7 with CB and DIO (3 v%), and (3) PTB7
with CB and CN (3 v%). Figure 5 shows the AFM images,
and roughness parameters obtained from the AFM analysis
are given in Table 2: peak-to-valley value and room-mean-
square value. All the three samples show a minute formation
of micrograins (Figure 5) and root-mean-square roughness
of one-nanometer level. It indicates again that the thin films
do not show any crystalline nature.

Effects of the organic solvent on the surface morphology
of the PC

71
BM thin films were also investigated by AFM.

Figure 6 shows the AFM images of the PC
71
BM thin films

prepared by using pristine organic solvent of CB, CB with
additive of DIO (3 v%), and CB with additive of CN (3 v%),
respectively. Surface roughness parameters obtained from
the AFM analysis are presented in Table 3: peak-to-valley
value and root-mean-square value. All the PC

71
BM thin films

(Table 3) reveal distinctively smaller parameters of surface
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Table 1: Photovoltaic parameters of the four different organic thin film solar cell devices based on blended active layer of PTB7:PC71BM
prepared with different organic solvent mixture.

PTB7:PC71BM
in organic solvent mixture

Jsc
[mA/cm2

]

𝑉oc
[V] FF PCE(𝜂)

[%] 𝑅
𝑠
[Ω] 𝑅sh [Ω]

CB without additive 9.46 0.72 0.496 3.38 167 3163
CB with DIO (3 v%) 12.78 0.74 0.516 4.89 74 3304
CB with CN (3 v%) 12.11 0.72 0.443 3.86 133 2256
CB with DIO (3 v%)+CN (3 v%) 11.90 0.75 0.556 4.96 63 5035
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Figure 5: AFM images of the PTB7 thin films prepared with (a) pristine CB, (b) CB and additive of DIO (3 v%), and (c) CB and additive of
CN (3 v%).
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Figure 6: AFM images of the PC
71
BM thin films: (a) prepared with pristine CB, (b) prepared with CB and additive of DIO (3 v%), and (c)

prepared with CB and additive of CN (3 v%).
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Figure 7: AFM images of the PTB7/PC
71
BM thin films: (a) prepared with pristine CB, (b) prepared with CB and DIO (3 v%), (c) prepared

with CB and CN (3 v%), and (d) prepared with CB and DIO (3 v%)+CN (3 v%).

Table 2: Surface roughness parameters of the PTB7 thin films
obtained from AFM analysis.

Layer Peak-to-valley
[nm]

Root-mean-square
roughness [nm]

PTB7 with pristine CB 7.0 0.7
PTB7 with CB and DIO (3 v%) 12.7 1.5
PTB7 with CB and CN (3 v%) 9.3 0.6

roughness, which is quite different from the cases of PTB7
(Table 2). It can be observed (Figure 6) that PC

71
BM reveals

excellent solubility in all the organic solvent mixtures of
pristine CB, CB with additive of DIO (3 v%), and CB with
additive of CN (3 v%) [19].

Finally, the effect of the organic solvent on the sur-
face morphology of the resulting thin films of blended

Table 3: Surface roughness parameters of the PC71BM thin films
obtained from AFM analysis.

Layer Peak-to-valley
[nm]

Root-mean-square
roughness [nm]

PC71BM with pristine CB 3.4 0.4
PC71BM with CB and DIO
(3 v%) 3.3 0.3

PC71BM with CB and CN
(3 v%) 3.8 0.3

PTB7/PC
71
BM was investigated by AFM, which could play

a decisive role in the performance of organic thin film
solar cell. Figure 7 shows the surface topology of three
different active layers of blended PTB7/PC

71
BM [14]. Surface

roughness parameters of the PTB7:PC
71
BM prepared in CB
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Table 4: Surface roughness parameters of the PTB7:PC71BM active
layer obtained from AFM analysis.

Layer Peak-to-valley
[nm]

Root-mean-square
roughness [nm]

PTB7:PC71BM with pristine
CB 13.4 1.18

PTB7:PC71BM with CB and
DIO (3 v%) 10.7 0.53

PTB7:PC71BM with CB and
CN (3 v%) 11.8 0.72

PTB7:PC71BM with CB and
DIO (3 v%) + CN (3 v%) 7.4 0.64

with different solvent additives are presented in Table 4. The
PTB7/PC

71
BM thin film prepared by using pristine organic

solvent of CB shows a large micrograin of 1 𝜇m (Figure 7(a)).
It implies for the case that molecules of PTB7 and PC

71
BM

might have insufficient mutual solubility during the thin
film formation process, and a mutual interaction between
the molecules might have an influence on such kind of thin
film formation [20]. On the contrary, the PTB7/PC

71
BM

thin film prepared with a mixture of CB and DIO (3 v%)
reveals conspicuously smaller micrograins on the surface
(Figure 7(b)). An interpenetrated blending through excellent
percolation of micrograins might have been achieved for
the molecules of PTB7 and PC

71
BM through the effect of

organic solvent mixture of CB and DIO, which could be
contributed to the distinctively enhanced PCE (4.89%) of
the resulting OTFSC (Table 1) [6, 17]. The PTB7/PC

71
BM

thin film prepared with a mixture of CB and CN (3 v%)
(Figure 7(c)) shows smaller micrograins similar to the case
of PTB7/PC

71
BM thin film prepared with a mixture of CB

and DIO (3 v%) (Figure 7(b)), but it reveals an inferior
connectivity between the micrograins. It might be a reason
why theOTFSCpreparedwith amixture ofCB andCN (3 v%)
reveals a moderate PCE of 3.86%, which is distinctively lower
than that of the OTFSC with PTB7/PC

71
BM prepared with a

mixture of CB and DIO, although it is rather higher than the
OTFSC with PTB7/PC

71
BM prepared with pristine CB. The

OTFSC of PTB7/PC
71
BM was prepared with organic solvent

(CB) with additives of CN + DIO (3 v%), and the addition
of DIO might have resulted in a moderate formation of the
nanomorphology of molecules (Figure 7(d)), which implies
that the PCE of the OTFSC further improved to 4.96%. The
effect of the additive of DIO is dominant for enhancement
of the device performance, so that it is similar to that of
the OTFSC of PTB7/PC

71
BM prepared with organic solvent

mixture of CB and DIO.

4. Conclusions

TheOTFSCdeviceswere fabricatedwith blended active layers
of PTB7/PC

71
BM with a relative ratio of 1 : 1.5. The active

layers of PTB7/PC
71
BM were prepared by a spin coating

process with four different kinds of organic solvents: (1)
pristine CB, (2) CB with additive of DIO (3 v%), (3) CB with
additive of CN (3 v%), and (4) CB with additives of DIO

(3 v%)+CN (3 v%). Solubility of the PTB7 and PC
71
BM in the

organic solventmixtureswas investigated by surface topology
of the resulting thin films through AFM images. PC

71
BM

revealed excellent solubility in the organic solvent of pristine
CB as well as in mixtures solvents of CB/DIO, CB/CN,
and CB/DIO+CN. For the case of pristine CB, the resulting
composite thin film of PTB7/PC

71
BM revealed relatively

large micrograins of 1𝜇m on the surface, which indicates an
inferior mutual solubility and insufficient interpenetration of
PTB7 and PC

71
BM in the organic solvent of CB. Conspicu-

ously smaller micrograins of one-tenth level were observed
for the PTB7/PC

71
BMthin filmpreparedwith organic solvent

mixture of CB and DIO (3 v%), which is possibly caused by
improved percolation between PTB7 and PC

71
BM due to the

effect of DIO. Consequently, PCE of 4.89% was achieved for
the resultingOTFSCbased on the interpenetrated active layer
of PTB7/PC

71
BM prepared with organic solvent mixture of

CB and DIO. Enhanced transport of charge carriers might
have been achieved through formation of nanomorphology
in the blended active layer of PTB7/PC

71
BM due to the

effect of DIO added in organic solvent of CB. Although
the PTB7/PC

71
BM prepared with organic solvent mixture

of CB and CN (3 v%) showed improved nanomorphology
compared to the sample prepared with pristine CB, sufficient
connectivity of themicrograinsmight not be achieved, which
could be resulted in suppression of charge-carrier transport.
The moderate increase of PCE up to 3.86% might have been
caused by the effect of organic solvent mixture of CB with
CN. However, the OTFSC of PTB7/PC

71
BM prepared with

organic solvent additives of DIO + CN shows formation of
the intermixed nanomorphology, which implies that the PCE
of the OTFSC further improved to 4.96% by spin coating
method.
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Light-emitting diode (LED) is a very essential application for energy-savings nowadays.The revenue of theTaiwanLEDcomponents
industry is ranked top one in the world, followed by that of Japan and South Korea. Based on the advantage of their electronics
industry, Taiwanese LED companies create a unique model to compete with the international firms. Large international LED
companies achieve economies of scale by vertically integrating their operations. Taiwanese LED companies specialize and achieve
an optimal efficiency by vertically disintegrating across the upstream, midstream, and downstream sectors in the value chains.
Taiwanese LED companies create economies of scale and economies of scope through a complete industrial value chain.

1. Introduction

Energy-savings are getting more and more important in
recent years, since both global warming and energy reduction
are getting more and more serious. Light-emitting diode
(LED) is a very essential application for energy-savings
nowadays. Asia is the major of the global production base
for the LED industry and home to the four countries with
the highest LED revenue, namely, Taiwan, Japan, South
Korea, and China. In 2010, Asia accounted for 81.3% of the
global market share. The revenue of global high-power LEDs
reached US$10.1 billion in 2012, with an annual growth rate
of 13.4%. The high-power LED market share of Taiwanese,
Japanese, South Korean, and Chinese firms, when combined,
amounts to 61.3% of the global total, leading the global LED
industry [1].

The revenue of Taiwanese LED components industry
reachedUS$4,673million in 2011, which accounts for approx-
imately 30% of the global total, ranking first in the world.
In 2010 and 2011, not only the revenue of Taiwanese LED
components industry was the highest in the world but
also Taiwanese LED industry has become the leader of the
global LED industry. Developed for four decades, Taiwanese
firms play an important role in the global LED industry.
And Taiwanese LED industry has established a complete

industrial value chain.The upstream and midstream revenue
was approximately US$1,800 million and the downstream
revenue was approximately US$2,800 million 2011 [2].

Japanese firms have been the global leaders of the LED
industry with its high-level technologies and capabilities for a
significant length of time. In the past, Japanese firms claimed
over half of the global market share. Global market share of
Japanese firms declined to 41.5% in 2010 because of strong
Taiwanese firms and aggressive Korean and Chinese firms.
The fast-growing South Korean firms secured a market share
of 10% in 2010. In 2002, Korean companies of Samsung
LED and LG Innotek have aggressively expanded their LED
industries and pioneered the market of liquid crystal displays
(LCD) televisions with LED backlighting. The market share
of Chinese firms was 5% in 2010 and continues to grow [2].

There are numerous advantages of LEDs, such as their
compact size, long lifespan, high luminous efficiency, durabil-
ity, power-saving abilities, and pollution-free characteristics.
Many governments worldwide have focused on the LED
industry in recent years. In the future, LEDs will be used
primarily for lighting purposes, such as the lighting man-
agement systems of the high-efficiency light source and the
intelligent lighting systems. In Taiwan, more than 800 LED-
related firms exist, with an employment population of over
20,000. By 2015, the revenue of the Taiwanese LED industry
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is estimated to exceedUS$18,000million, transforming LEDs
from tiny electronic components into a leading industry that
attracts worldwide attention.

This paper focuses on the LED components industry and
analyzes the trends and developments of the LED industry
in Taiwan and in the globe. The positioning and competitive
advantage of Taiwanese firms in the global LED industry is
also analyzed.

2. Analysis of Global LED Industry

2.1. Scope of LED Industry. Composed of semiconductor
materials, LEDs combine semiconductor electrons and elec-
tron holes to emit photons that can be made into light-
emitting components. The LED industry comprises the fol-
lowing two parts (see Figure 1): (1) the components industry,
which includes epitaxies, grains, packaging, and modules,
and (2) the application industry, which includes light bulbs
and alternative light sources. This study focuses on the LED
component industry.

The value chain of LED industry included (1) single chips
and epitaxial wafer (Epi-wafer) in the upstream sector, (2)
grain in the midstream sector, and (3) package and module
in the downstream sector (see Figure 2).

(1) Upstream sector of Epi-wafer: where the primary
products include single chip and epitaxial wafer.
Wafer is formed by cutting monocrystalline silicon
stick into single wafer substrates and growing mate-
rial compounds on substrates using Metal Organic
Chemical Vapor Deposition (MOCVD) method.

(2) Midstream sector of grain process: where the primary
products are grain. Epitaxial wafer diffusion and
metal evaporation are performed as required, fol-
lowed by wafer masking, etching, and heat treatment
to create grain electrodes. Finally, the grain is cut,
tested, and inspected to complete the midstream
production of grain.

(3) Downstream sector of package and module: various
LED components are formed through a series of
processes, including die bonding, wiring, wax sealing,
and baking.

2.2. History of Global LED Industry. During the initial stage
of the developments, LEDs only emitted infrared or red light
with the addition of GaAs. As material sciences advanced,
energy released as light was applied to produce various diodes
capable of generating lights of varying colors. LEDs possess
a number of advantages, such as low power consumption,
durable components, radiation-free characteristics, and a
compact size. As the luminous efficiency gradually improves,
LEDs have become an ideal substitute for traditional lighting
systems. The history of LED development is provided below
(see Table 1).

In 1907, Henry Joseph Round of Radio Corporation of
America first found that light-emitting components have the
characteristics of a rectifier.Thefirst componentswere named
light-emitting diodes, abbreviated as LEDs, and published

LED industry

LED components
industry

LED applications
industry

Epi-wafer∙
Grain∙
Package∙
Module∙

Lighting∙

Backlight∙

Figure 1: Scope of the LED industry. Source: this study.

in the journal [3]. In 1955, Rubin Braunstein of Radio
Corporation of America identified the infrared radiation
effects of GaAs and other semiconductor alloys for the first
time. In 1962, NickHolonyak Jr. of General Electric Company
in United States developed the first light-emitting diode that
could emit visible red light suitable for practical use. In 1992,
Shuji Nakamura of Nichia Corporation in Japan developed
the first GaN diodes. In 1995, Shuji Nakamura of Nichia
Corporation successfully fabricated green- and blue-light
GaN LEDs. In 1996, Shuji Nakamura proposed fabricating
white-light LEDs using blue-light InGaN LEDs to excite
fluorescent substances. In 1998, Nichia Corporation launched
the first white LED product. In 2012, the Cree Company in
United States introduced a luminous efficiency of 254 lm/W,
establishing a new record of aluminous efficiency [4].

2.3. Analysis of Global LED Value Chain. The global LED
market grew substantially recently. The market share of
Taiwanese, Japanese, South Korean, and Chinese firms com-
bined accounted for 81.3% of the global total in 2010 and
over 80% in 2011. The primary LED producers have been
based in Asia in the world. In the future, the primary arena
of the global LED industry will continue to base in Asia.
And Taiwanese, Japanese, and South Korean firms will be the
dominant players. The global LED value chain is analyzed
below (see Figure 2).

As the established renewable energy industry drives the
industrial developments of the LED industry, international
giants like Philips, Sony, Hitachi, and Samsung are moving
aggressively into the LED market [5]. Most large companies
from Europe, the United States, Japan, and South Korea
are vertically integrated companies that comprise upstream,
midstream, and downstream segments. A number of global
lighting conglomerates (such as Phillips Company in Nether-
lands and Sharp Corporation in Japan) are vertically inte-
grated companies supplying a large variety of LED compo-
nents and appliance products. Top ten global LED suppliers
are listed in the following table (see Table 2) [6].

In Taiwan, labors were divided across three sectors
during the initial stage, that is, upstream, midstream, and
downstream sections. Subsequently, this was transformed
into a two-sector model, comprising an (1) up-midstream
sector of Epi-wafer and grain process and (2) downstream
sector of package, with the (1) up-midstream sector of Epi-
wafer and grain process including the firms of Epistar, Huga,
FormosaEpiraxy, Techcore and (2) the downstream sector
of package including the firms of Everlight, Lite-on, and
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Table 1: The history of global LED industry.

Year Events
1907 Henry Joseph Round, who worked in Radio Corporation of America, found the first LED of SiC and published it in a journal.

1955 Rubin Braunstein, who worked in Radio Corporation of America, identified the emitted infrared radiation of GaAs and other
semiconductor alloys for the first time.

1962 The first LED that could emit visible red light suitable for practical use was developed by Nick Holonyak, who worked in General
Electric Company.

1992 Shuji Nakamura of Japanese Nichia Corporation developed the first GaN diodes.
1994 Shuji Nakamura of Japanese Nichia Corporation developed fabricated green- and blue-light GaN LEDs.

1996 Shuji Nakamura of Japanese Nichia Corporation developed fabricating white-light LEDs using blue-light InGaN LEDs to excite
fluorescent substances.

1998 Japanese Nichia Corporation launched the first white LED product.
2002 The 5W of LED appeared in the market, and the luminous efficiency was approximately 18 to 22 lm/w.
2009 Japanese Nichia Corporation introduced a new luminous efficiency record of 249 lm/w.
2010 The revenue of Taiwanese LED components industry reached US$4,554 million and ranked top 1 in the world
2011 The revenue of Taiwanese LED components reached US$4,673 million and ranked top 1 in the world.
2012 U.S. Cree Company introduced a new luminous efficiency record of 254 lm/W.
Source: this study.
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Figure 2: Value chain of global LED industry. Source: this study.

Kingbright. Also, Everlight Electronics Corporation is among
the top-ten LED suppliers in the world (see Table 2) [6].

In Japan, the technological capabilities of Japanese high-
power LEDs lead the global LED component industry.
Nichia Corporation and Toyoda Gosei Company are the
leading holders of LED patents globally. Facing low-priced
competition from Taiwanese and South Korean suppliers
in recent years, the market share of Japanese firms slipped
to approximately 30% in 2011, behind that of Taiwan, and
ranked second in the world. In Japan, many LED firms are

vertically integrated (such as Nichia, Rohm, and Sharp), with
upstream suppliers including Toyoda Gosei Company and
downstream suppliers including the firms of Citizen, Stanley,
and Kagoshima.

In South Korea, electronics firms have gained a rapidly
expandingmarket share in recent years because of their brand
advantages.Themarket share of Korean firms Samsung LED,
LG Innotek, and Seoul Semiconductor LED grew rapidly
to 26% in 2011, assuming the position of the third largest
supplier in the world. With the support of the South Korean
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Table 2: Top 10 global LED components suppliers in 2013.

Rank Supplier Country Revenue
(unit: million USD)

1 Nichia Corporation Japan 2058
2 Samsung LED Korea 1390
3 Osram Company Germany 1189
4 LG Innotek Korea 933

5 Seoul Semiconductor
LED Korea 921

6 Cree Company USA 895

7 Philips Lumileds
Lighting Company Netherlands 821

8 Toyota-Gosei
Company Japan 538

9 Sharp Corporation Japan 486

10 Everlight Electronics
Corporation Taiwan 448

Source: Strategies Unlimited (2014) [5].

government, major companies such as Samsung and LG have
adopted vertically integrated operations.

In United States and Europe, because of the economic
downturn and sluggish globalmarket, themarket share of the
U.S. and European firms, which had previously secured the
high-end segment of the LED industry, comprised approx-
imately 20% of the global market share in 2011. In
the United States, up- and midstream integrated suppli-
ers include Uniroyal, Cree, GelCor, AXT and downstream
suppliers include Agilent Technologies Company. In Europe,
Philip Lumileds Lighting Company of Netherlands and
Osram Company of Germany are vertically integrated sup-
pliers.

In China, the Chinese government provides subsidies
to domestic firms for production equipment, land, leasing,
and taxation, as well as market opportunities to foster the
rapid developments of numerous Chinese LED suppliers.
The revenue of the Chinese LED components industry has
reached a growth rate of 24% in 2012 [6].

2.4. Revenue Scale of Global LED Industry. In 2011, the rev-
enue of the global LED components industry (including Epi-
wafer, grain, and package and module) reached US$16,600
million (see Table 3 and Figure 3) [1, 2]. Taiwanese, Japanese,
and South Korean firms have become the main players of the
global LED component industry, with their combined rev-
enue accounting for 73% of the world total. In 2010, the global
LED component market experienced a 6.5% recession for the
first time. Driven by the rapid merging of the suppliers and
a proliferating lighting market, the price of LED components
remained stable in 2012, and the global components market
rebounded to the 2011 level. As the performance of LEDs
improves, and the energy-saving policies of the governments
implement and industrial economies of scale achieve, the
LED market will continue to grow in the future. The revenue
is estimated to increase to approximately US$41.5 billion by

Unit: billion USD

2010 2011 2012 (E)
1,639 1,494 1,267

1,454 1,489 1,646

Up-and midstream
 Downstream
 Total
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0
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Figure 3: 2012 revenue of global LED industry. Source: Topology
Research Institute (2012) [1]. Up- and midstream: Epi-wafer and
grain. Downstream: package and module.

2016, with the rate of growth reaching 46% between 2010 and
2016 [7].

2.5. The Relations between International Companies and Tai-
wanese Companies. Coopetition behavior between LED
manufactures is explored by patent analysis. For example,
Nichia has the advantages in the field of LED components,
while Osram has the advantages in the field of phosphor
[8]. There are existing cooperative opportunities for the LED
manufactures because their technological capabilities are
partially complementary. Since numerous LEDpatents are set
to expire in 2012, cross-licensing will increase the strategic
development of patent networks and create opportunities for
late comers. Technological licensing is the only gateway into
LED markets. For example, Taiwanese Epistar Corporation
and Korean firms Sangsung LED, LG Innotek, and Seoul
Semiconductor LED obtained technological authorization
from five of the main global LED suppliers first.The relations
between international LED companies and Taiwanese LED
companies are shown in the following table (see Table 4).

3. Trends of Global LED Technologies
and Markets

3.1. Trends of Global LED Technologies. There are four direc-
tions for the trends of the global LED technologies.

(1) Enhancing Luminous Efficiency. Currently, the average
luminous efficiency of high-end products is 150 lm/W [4].
In 2012, Japanese Toyoda Gosei Company mass produced
and sold 170 lm/W LED packaging components, exceeding
other companies. According to the goals set by the U.S. DOE,
the luminous efficiency of white-light LED components will
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Table 3: Rank of revenue of global LED components industry (by country).

Year 2009 2010 2011 2012 (E)

Rank Country
Revenue

(unit: billion
USD)

% Country
Revenue

(unit: billion
USD)

% Country
Revenue

(unit: billion
USD)

% Country
Revenue

(unit: billion
USD)

%

1 Japan 2,746 28% Taiwan 4,554 28% Taiwan 4,673 27% Japan 4,860 28%
2 Taiwan 2,719 28% Japan 4,089 26% Japan 4,33 26% Taiwan 4,594 26%
3 Korea 1,377 14% Korea 3,185 20% Korea 3,323 20% Korea 3,477 20%
4 Europe 1,127 12% Europe 1,737 11% Europe 1,686 10% China 1,610 9%
5 U.S. 926 9% U.S. 1,337 8% China 1,465 9% Europe 1,598 9%
6 China 838 9% China 1,182 7% U.S. 1,367 8% U.S. 1,364 8%
Source: adapted from PIDA (2012) [2].

Table 4: Relations between international LED companies and Taiwan LED companies.

International
company Country U.S. patents Relations with Taiwanese companies

Philips Lumileds
Lighting Company Netherlands 4127

(i) Epistar Corporation is licensed by the technology of AlInGaP light-emitting
diode from Philips Company.
(ii) Epistar Corporation entered HV LED supply chain of Philips Company
successfully.

Osram Company Germany 643
(i) Everlight Corporation is authorized by Osram Company with white and colorful
technologies.
(ii) Epistar Corporation allied with Deltato Company to develop HV LED grain to
get mass orders from Osram Company.

Cree Company United States 567
Taiwanese firms, for example, Epistar Corporation, Epitaxy Company, and Genesis
Technology Company, have the pricing advantage, while Cree Company with
strong LED lighting performed decline in 2011.

Nichia
Corporation Japan 477 (i) OPTO Company gained orders of cutting grain from Nichia Corporation.

(ii) Everlight Corporation succeeded in the sue with Nichia Corporation.

Toyoda Gosei
Company Japan 347

(i) Epistar Corporation cross-licensed with Toyoda Gosei Company to access LEDs
on III–V semiconductor technology patents in 2010.
(ii) Epistar Corporation and Toyoda Gosei Company formed joint venture named
TE OPTO Corporation.

Source: this study.

reach 200 lm/W by 2014, and prices will decline to approx-
imately US$2/klm. And we expect that the technological
progress achieved by companies worldwide will soon surpass
this goal.

(2) Extending LED Lifespan. Currently, a LED component
can operate for 40,000 to 50,000 hours in its lifetime [4].
For special occasions, where the replacement of the light
source is difficult (e.g., the ceilings of factories and airports
that are extremely far from the ground), long-life LED light
sources are required. The LED components of Toyoda Gosei
Company can operate for up to 60,000 hours. Comparedwith
traditional incandescent bulbs, LEDs are far more energy-
efficient, long-lasting (100,000 hr compared with 1000 hr),
and environmentally friendly [5]. Thus, they are suitable for
use in special circumstances and can satisfy the demands of
the global market.

(3) Developing High-Voltage (HV) LEDs. Currently, most sin-
gle LED chips are based on a low voltage of 3V, but voltage in
themains ranges between 100Vand 220V [4].Thus, reducing

the voltage from the mains will lead to a significant loss
of power. Taiwanese Epistar Corporation began developing
HV LEDs in the early stage, followed by latecomers Cree
Company (in the United Stated) and Seoul Semiconductor
LED (in Korea). HV LEDs possess the advantages of a
compact size and the ability to be customized into various
forms for integration. Thus, they have the potential for large-
scale deployment in the lighting market over the next 2 to 5
years.

(4) Enhancing the Acceptability of Solar-Powered LED Light-
ing Technology. LED lanterns powered by batteries, which
are charged by grid electricity or small solar panels, have
emerged as a cost-competitive alternatives to kerosene and
other fuel-based lighting technologies. Solar-powered LED
lighting technologies have a niche in rural areas that are
off-grid and have no available electricity for the most part
[9–13]. Solar-powered LED lights are increasing popularly,
because the lower retail price of these lights can make them
more affordable to lower-income households. Solar-powered
LED lights offer off-grid energy service for rural areas or
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developing countries like Malawi, Zambia, and Cambodia,
and so forth.

For the developments of future technologies, solar-
powered LED lighting technologies [9–13] can offer the off-
grid energy services for the rural area and for the poor, while
white LED based PV lighting systems [14] and organic LED
lighting technologies [15, 16] can continue to be explored
in the area of energy saving lighting technologies. Besides,
power management and intelligent control [17–19], thermal
analysis and optimization [20, 21], cooling [22], and reliability
issue [23] are also important for LED technology develop-
ments. Particularly, solar power, fuel cells, and LEDs combine
to light the way towards green economy [24].

3.2. Trends of Global LED Market. The global high-power
LEDmarket reachedUS$12.5 billion in 2011, 9.8% higher than
that in 2010 [6]. Specifically, the lighting sector grew from
US$1.2 billion to US$1.8 billion, with a growth rate of 44%.
According to the market forecasts for the next five years,
the market demands for lighting will increase, whereas the
market demand for backlight lighting is expected to decline.
The use of OLED will increase substantially because of smart
phones.

In 2012, the annual revenue for high-power LEDs reached
US$10.1 billion globally (see Figure 4), with a growth rate of
13.4%. The market share of Taiwanese, Japanese, and South
Korean firms combined amounted to 61.3% in 2012, and the
global LED industry is dominated by Asia [3, 25]. In 2012, the
growth of LEDproducts in Chinawas primarily concentrated
on low-power LEDs, with a growth rate of 30%. Among
the high-power LED application categories, in 2012, large-
scale displays using LED backlighting accounted for 34.1%,
followed by lighting applications, which accounted for 16.7%.
These figures are estimated to reach 28.7% and 33.4% in 2014,
respectively [25].

Currently, because energy-efficient light bulbs are still
used extensively, the rate of penetration for LED bulbs was
only 5.4% in 2012, that is, 1.05 billion bulbs, indicating a
significant potential formarket growth in the future.Thepen-
etration rate of the global LED lighting market is expected to
increase from 11.3% in 2012 to 25.8% in 2014, with the revenue
growing from US$16.5 billion in 2012 to US$41.9 billion in
2014. Promotional policies and preferential implementations
have been introduced in countries worldwide to boost their
developments of the LED lighting market. In the general
lighting market, LEDs are anticipated to comprise 50% of the
market share in Japan, 30% in South Korea, and 20% inChina
by 2015 [4].

In the rapidly growing LED light bulb market, new
products developed in 2012 will replace the standard 60W
incandescent bulbs. Currently, an LED bulb equivalent to
60W, with a brightness of 800 lm, prices up to US$40. The
selling price, which can be accepted by most consumers,
varies between the different regions: (1) in the Japanese
market, the selling price is US$25; (2) in the European and
the U.S. market, the selling price is approximately US$15;
and (3) in the newly emerging markets, the selling price is
approximately US$7.

2009 2010 2011 2012 2013 (e) 2014 (f)2015 (f)
5305 8252 8908 9745 11287 13793 16275
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Figure 4: 2009–2015 prediction of global high-power LED market.
Source: DIGITIMES (2013) [4].

4. Analysis of Taiwan LED Industry

4.1. History of Taiwan LED Industry. Taiwanese LED industry
has been developed for 40 years (see Table 5). Because of
the relatively few obstacles and capital requirements for
packaging technology, the downstream package and module
sector were first built up by Taiwanese firms in the 1970s.
In the 1980s, industrial value chain of Taiwan was extended
to include the midstream sector of grains process. In the
1990s, through technological diffusion and investments from
U.S. overseas Taiwanese scholars, Taiwanese LED industry
reached the developments of upstream sectors of the epitaxial
process. In 2001, because of its technological accomplish-
ments and expansion into the South Korean market, Tai-
wanese LED industry not only successfully branched into the
GaN LED market, but also took the leadership of the global
LED industry. The history of the industrial developments is
as follows.

In 1972, Texas Instruments Incorporation established the
first packaging plant in Taiwan. In 1975, Lite-On Technol-
ogy Corporation established a LED packaging production
line and became a pioneer among downstream packaging
firms. From 1983, upstream technologies were focused by
Taiwanese firms after the Optotech Corporation and Tyntek
Corporation were set up and the downstream packaging
industry was experiencing substantial growth. In 1996, the
Taiwan Industrial TechnologyResearch Institute collaborated
with downstream packaging firms to establish a joint venture
namedEpistar Corporation, which focused on upstreamLED
processes. After the investments of the MOCVD research
and technology transfer provided by several downstream
suppliers of Epistar Corporation, a complete LED industrial
value chain has been established in Taiwan. In 2005, Epistar
Corporation merged with Epitech Corporation and High-
link Technology Corporation. In 2007, Epistar Corporation
merged with United Epitaxy Company. In 2009, the Tai-
wanese government initiated a program called “rising sun”
to promote the green energy industry. At that time, the
LED and solar photovoltaic industries were considered “the
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Table 5: The history of Taiwan LED industry.

Year Events
1972 The first packaging plant in Taiwan was set up by the Texas Instruments Incorporation.

1975 Lite-On Technology Corporation set up a LED packaging production line and become a pioneer among downstream packaging
firms.

1983 After the Optotech Corporation and Tyntek Corporation were set up, not only the downstream packaging sector grew
substantially but also upstream technologies were focused by Taiwanese LED firms.

1996 ITRI collaborated with Epitech Corporation to establish a joint venture named Epistar Corporation, which focused on upstream
LED process.

2005 Epistar Corporation merged with Epitech Corporation.
2009 LED and solar photovoltaic industries are promoted by a “rising sun” program proposed by Taiwanese government.
2010 The revenue of Taiwanese LED components reached US$4,554 million and ranked top 1 in the world.
2011 The revenue of Taiwanese LED components reached US$4,673 million dollars and ranked top 1 in the world.

2012 The “entire Taiwan LED street lighting program” was implemented by Taiwanese government to further stimulate rapid growth
in LED industry.

Source: this study.

two rising industries” and shortlisted as key programs for
development. The revenue of the LED components industry
in Taiwan reached US$4,554 million in 2010, the highest in
the world. In 2011, the revenue of LED components industry
in Taiwan reachedUS$4,673million, the highest in the world.
In 2012, the “entire Taiwan LED street lighting program” was
implemented to further stimulate rapid growth of the LED
industry.

4.2. Analysis of Taiwan LED Value Chain. Depending on
the manufacturing processes, the LED industry can be
divided into three sectors, that is, (1) the upstream epitax-
ial wafer sector, (2) the midstream grain sector, and (3)
the downstream package and module sector. Unlike large-
scale international manufacturers that adopt vertical inte-
gration, Taiwanese companies adopt a division of labor
across upstream, midstream, and downstream sectors to
form professional cooperation. Because of the low entry
barriers of the LED downstream package and module sector,
Taiwanese firms penetrated themarket from the downstream
package and module sector in the early stage and maintained
a continual growth after extending to the upstream and
midstream sectors. Since the mass production of GaN-
based LEDs in Taiwan, to reduce internal costs and increase
revenue, the division of labor in the industrywas transformed
from the formerly trisegmented pattern (covering upstream,
midstream, and downstream segments) into a bisegmented
pattern (including up-midstream sector of Epi-wafer and
grain process and the downstream sector of package and
module) (see Figure 5).

Major up- and midmidstream suppliers include Epis-
tar, Huga, FormosaEpitaxy, and Techcore, in which Epistar
Corporation is the largest red-light LED suppliers in the
world. Downstream suppliers include Everlight, Lite-On, and
Kingbright. Also, there are vertically integrated suppliers in
Taiwan, such as Lextar Electronics Corporation and Taiwan
Semiconductor Manufacturing Company.

For the revenue of the up- and midstream Epi-wafer
and grain production, Taiwanese firms ranked top 1 in the
world. For the revenue of the downstream package and
module production, Taiwanese firms ranked the third in the
world, behind only Japan and South Korea. Taiwanese LED
packaging products can generally be categorized as SMD
LED, Infrared components, and LED displays. The focus of
the future market is expected to shift from LED displays to
LED lighting, since the growth of the liquid crystal displays
(LCD) sales have been sluggish over the past several years.

4.3. Clusters of Taiwan LED Industry. Three science parks
are major industrial clusters in Taiwan, namely, Hsinchu
Science Park, Central Taiwan Science Park, and Southern
Taiwan Science Park (see Figure 6) [2]. These science parks
converge into the clusters of the semiconductor and opto-
electronic industries, forming a complete industrial value
chain ranging from the upstream material and design to the
downstream packaging and peripheral devices. Based on the
sound foundation in its semiconductor industry, Taiwanese
firms enjoy a competitive advantage regarding their talents
and technologies in the LED and optoelectronic industry,
which built up the highest density of LEDepitaxialmachinery
in the world. Due to being supported by the upstream
supply of materials in the semiconductor and optoelectronics
industries, Taiwanese firms can effectively reduce the costs
and cycle of the developments, thereby playing a significant
role in the global LED value chain.

In the Hsinchu Science Park, most suppliers belong to
the LED up- and midstream sector of the wafers and grains.
Also, there are vertically integrated LED suppliers, which
integrated downstream sector of packaging and modeling.
In the Central and Southern Taiwan Science Parks, most
suppliers belong to the LED up- and midstream sector of the
wafer and grain industries.

4.4. Revenue Scale of Taiwan LED Industry. The revenue
of Taiwanese LED components industry is ranked the first
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Figure 5: Value chain of Taiwanese LED industry. Source: this study.

in the world (see Figure 7) [2]. The revenue of the global
LED industry was US$16,600 million in 2011, with a slight
growth of 2.6% compared to the US$16,100 million in 2010.
The revenue of Taiwanese LED production reachedUS$4,673

million in 2011.The revenue of Taiwanese downstream sector
of packaging and module reached US$2,877 million in 2011,
whereas the revenue of the upstream and midstream sectors
of the epitaxial wafer and grain reached US$1,796 million.
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Figure 7: Revenue of Taiwanese LED industry. Source: PIDA (2012)
[2]. Up- andmidstream: Epi-wafer and grain. Downstream: package
and module.

In 2012, the global revenue of LED components industry will
reach US$17,503 million and that of Taiwan will be US$4,594
million by estimation [2].

The revenue of the Taiwanese LED components industry
reached $4,673 million in 2011, which accounts for approx-
imately 30% of the global total, making the Taiwanese LED
industry a global leader. Analyzing the three main science
parks in Taiwan, the LED revenue for the Hsinchu Science
Park was the highest at US$1,367 million, of which the
revenue of the up- and midstream Epi-wafer and grain
sector declined by nearly 10.9%, and the revenue of the
downstream package and module sector increased by 1.5%.
The LED revenue for the Southern Taiwan Science Park was
approximately US$497 million, growing slightly at a rate of

4.7%. The LED revenue for the Central Taiwan Science Park,
which was established after the other two parks, was US$12
million [2].

4.5. SWOTAnalysis of Taiwan LED Industry. SWOT analysis
of Taiwanese LED industry ismade in this study (see Table 6).

(1) Strength. In 2011, LED revenue in Taiwan was ranked the
first place in the world. Known as a kingdom of electronics,
a complete value chain was built up in the semiconductor
industry in Taiwan. Based on the electronics industry, LED
industry can be developed rapidly in Taiwan. Taiwanese firms
have invested in its LED industry for 40 years and developed
a complete industrial value chain with numerous firms
actively involving in upstream, midstream, and downstream
segments. Furthermore, because of experienced technologies
and managements, Taiwanese firms can provide customized
services according to customers’ needs. The Taiwanese gov-
ernment has provided significant support to promote the
“two rising stars of optoelectronics” policy (the LED and
solar photovoltaic industries) because the development of
this industry is among those that should be prioritized.

(2) Weakness.Unlike the brand establishment by other large-
scale international firms from Japan, Korea, Europe, and the
United States, Taiwanese firms follow the original equip-
ment manufacturer (OEM) mode. Taiwanese production is
primarily export-oriented, and R&D inputs are relatively
limited. Most of the key technologies in Taiwan are restricted
by patents held by large-scale international companies in
the U.S. and Japan; thus, patent infringement occasionally
occurs. Large international firms practice cross-licensing and
cooperative development, whereas Taiwanese suppliers rely
on the agreements of unilateral authorization from large
international companies to obtain key technologies for mass
production and sales.

(3) Opportunity. Because governments worldwide have
implemented energy-saving policies, the LED industry has
developed rapidly in recent years. Improvements in LED
performance can be employed extensively in numerous fields
with high added value, such as the global adoption of LED
backlight displays, landscape lighting, and energy-saving
road lighting. Taiwanese LED products are sold at lower
prices than those produced in Europe, the United States, and
Japan; therefore, they are more competitive in the global LED
market.

(4) Threat. Taiwanese suppliers are primarily OEM oriented;
thus, their capabilities for the high-end products are relatively
weak. Taiwanese enterprises focusmore on reducing the costs
of manufacturing. In the future, R&D capability should be
improved in Taiwan. In recent years, panel manufacturers
from South Korea (e.g., LG Electronics and Samsung Elec-
tronics) and China are developing rapidly, becoming strong
competitors of Taiwanese firms. In addition, traditional
lighting products are also competitive products for LED
lighting products because of their improved performance and
reduced price.
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Table 6: SWOT analysis of Taiwan LED industry.

Strength Weakness
(1) Rank Top 1 for LED revenue in 2010, 2011.
(2) Advantage of Taiwanese electronics industry.
(3) A complete value chain of Taiwanese semiconductor industry was
built up.
(4) A complete value chain of Taiwanese LED industry was built up.
(5) Taiwanese firms have experience in technologies and
managements.
(6) Taiwanese firms can provide customized service.
(7) The LED has been supported by the Taiwanese government.

(1) Taiwanese firms follow the OEMmode.
(2) Taiwanese firms are Weak in establishing branding.
(3) R&D inputs are relatively limited by Taiwanese firms.
(4) Taiwanese firms focus more on cost down in manufacturing.
(5) Key technologies are restricted by patents held by
international companies.
(6) Taiwanese production is mostly exported.
(7) Taiwanese suppliers rely on unilateral authorization from
international companies to obtain key technologies.

Opportunity Threat
(1) Governments worldwide have implemented energy-saving
policies.
(2) Improvements in LED performance can be employed in many
fields, for example, energy-saving lighting.
(3) Taiwanese LED products have lower price in the global LED
market.
(4) Emerging markets are increasing.

(1) Taiwanese suppliers are primarily OEM oriented.
(2) Capabilities for high-end products are relatively weak.
(3) Korean and Chinese Panel manufacturers are developing
rapidly, becoming strong competitors of Taiwanese firms.
(4) Traditional lighting products are competitive products for
LED lighting products.

Source: this study.

5. Conclusion

Taiwanese firms play an important role in the global LED
components industry.The advantages of its electronics indus-
try and the industrial clusters have enabled Taiwanese firms
to expand the LED industry rapidly. A complete value chain
was established in Taiwanese LED industry, with the vertical
disintegration across upstream, midstream, and downstream
segments. Up- and midstream suppliers specialize in the
production of the LED wafers and grains, and downstream
suppliers specialize in the production of the LED packaging
and module. Taiwanese LED firms at various sections of the
value chain have unique specialties and efficient operations
to achieve the economies of scope. A number of firms with
significantly financial support achieve the economies of scale
by vertically integrating their operations. Taiwanese LED
suppliers have an important role in the global LED value
chain because of their comprehensive division of labor and
excellent manufacturing capacities.
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This work presents a novel white light source. An yttrium aluminum garnet (YAG) phosphor incorporated zinc oxide (ZnO)
(ZnO:YAG) film is deposited on a silicon substrate by ultrasonic spray pyrolysis to form a nanostructure diode. A nanoflower
consisting of a hexagonal nanopetal is formed on the surfaces of the silicon substrate. A white broad band at the room temperature
photoluminescence ranging from420 to 650 nm for the ZnO:YAG/silicon nanostructure diodewas observed.Thewhite broad band
consists of the emissions of defect level transition of the ZnO film and the 5D

4
level to the 7F

6
and 7F

5
level transitions of Ce3+ ions.

1. Introduction

Solid state lighting is the next generation light source, owing
to its potential luminescence efficiency.Thewhite light source
of the solid state lighting consists of multiple emissions in
visible. For example, GaN-based white light-emitting diode
(LED) is the most widely used solid state light source, which
included a blue LED chip and a yellow phosphor coating.The
advantages of the GaN-based LEDwhite light source are long
lifetime, high energy efficiency, small size, ability to produce
color light directly without filtering, and integration with
other semiconductor electronic elements [1–6]. However,
the disadvantages of the GaN-based LED white light source
are high manufacturing cost and low yield rate due to the
expensive growth technology and source materials of metal-
organic chemical vapor deposition and the Ga-N bonding
mechanism, respectively.

Therefore, it is imperative to develop a novel and low-
cost white light device for light source. ZnO is commonly
used as a material for optical device applications in the
UV range owing to its wide direct band gap (3.37 eV) [7–
10]. Several articles about n-ZnO/p-GaN heterostructure
LED were reported [11–13]. However, that is a UV range
structure, and no optical characteristics were demonstrated.

In this work, an yttrium aluminum garnet (YAG) phosphor
incorporated ZnO film is deposited on silicon substrate
by ultrasonic spray pyrolysis to form a ZnO:YAG/silicon
nanostructure diode. Additionally, the crystallinity of YAG
phosphor incorporated into ZnO films is studied using X-ray
diffraction (XRD) analysis.The optoelectronic characteristics
of the ZnO:YAG/Si nanostructure diode are also studied.

2. Experimental Details

ZnO incorporated yttrium aluminum garnet (YAG) phos-
phor film was deposited by ultrasonic spray pyrolysis on p-
type silicon substrates at atmospheric pressure in nitrogen
(N
2
) gas, at a flow rate of 100 sccm for 20–60min. The ZnO

incorporated YAG phosphor film (YAG phosphor at 0, 1, 5,
and 10 at wt%) (phosphor: NYAG4156, INTEMATIX, US)
was produced by spraying aqueous solutions. Zinc acetate,
ammonium acetate, and YAG phosphor were mixed in D.I.
water to prepare the precursor solution. The solutions were
stirred at room temperature for 1 h and then moved into a
commercial ultrasonic nebulizer which makes the solutions
be aerosol which contains TAG phosphor. The aerosol was
transported to the substrate by high purity nitrogen gas
and the substrate was kept at 500∘C. The YAG phosphor
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Figure 1: FESEM micrographs of the ZnO:YAG films (YAG phosphor at 5 wt%) with various deposition times: (a) 20min, (b) 40min, and
(c) 60min.

was incorporated in the film when the deposition of ZnO
occurs. Single crystalline boron-doped p-type silicon with
resistivity of 10Ω-cm was used as the substrate, which was
etched with HCl for 5min before deposition. An aerosol of
the precursor solution was then generated using a commer-
cial ultrasonic nebulizer. Ag/Ni electrodes were formed by
evaporation onto both the surfaces of the ZnO:YAG layer and
the silicon subtract, to complete the nanostructure diodes.
Next, the morphology of film was studied by field emission
scanning electron microscope (FESEM). The crystallinity
was investigated by X-ray diffraction (XRD) using a rotating
anode Rigaku X-ray diffractometer with Cu-K𝛼

1
radiation at

a wavelength of 1.54 Å, where the radiation was generated
at 45 kV and 40mA. Additionally, photoluminescence (PL)
was measured at room temperature (RT). The excitation
source for photoluminescence was a frequency-quadrupled
Nd:YAG laser, which emitted 266 nm, 6 ns pulses at a 5Hz
repetition rate.The current-voltage (𝐼-𝑉) characteristics were
measured using a Keithley 2420 programmable SourceMeter.
Hall measurement was employed to study the electrical
properties of the ZnO films with different concentrations of
incorporated YAG which were deposited on glass substrate.

3. Results and Discussion

Figure 1 shows the FESEM micrographs of the ZnO:YAG
(YAG phosphor at 5 wt%) films with various deposition
times. The micrographs indicate that nanoflower consists of
hexagonal nanopetal on the surface of the films, as shown
in Figure 1.The nanoflower sizes were approximately 400 nm
and the size of nanoflower almost has no changes with
deposition time increasing. The average deposition rate is
about 20 nm/min. The origin of the hexagonal nanoflower
may contribute to decomposition and random nucleation
of solution precursor leading to the formation of three-
dimensional ZnO nuclei [7, 14, 15]. As the growth proceeds,
the growth direction is longitudinal. However, as the growth
process is terminated, the three-dimensional growth becomes
two-dimensional growth owing to the reduction of the source
and the aggregation of the residue precursor, subsequently
leading to formation of the hexagonal nanopetal on the
surface of the substrate [14, 15].
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Figure 2: X-ray diffraction patterns of the ZnO:YAG films with
various deposition times.

Figure 2 shows a typical X-ray diffraction (XRD) pattern
of ZnO film incorporated YAG phosphor deposited on
a sapphire substrate prepared by the ultrasonic spraying
pyrolysis method. Three dominant diffraction peaks, that is,
ZnO (100) (2𝜃 = 31.79∘), ZnO (002) (2𝜃 = 34.37∘), and
ZnO (101) (2𝜃 = 36.21∘), are observed in the range from
30 to 45∘. The film demonstrates a polycrystalline structure.
The sample deposited for 20min has the maximum ZnO
(101) diffraction peak height. As the deposition time increase
exceeds 40min, the intensity in ZnO (002) diffraction peaks
becomes higher than the intensity in ZnO (101) diffraction
peaks. This may contribute to the fact that the grain with
orientation of (002) is dominant. In order to attain the
detailed structure information, the grain size𝐺 alongwith the
𝑐-axis was calculated according to Scherrer’s equation [16]:

𝐺 =

0.9𝜆

𝛽 cos 𝜃
, (1)

where 𝐺, 𝜆, 𝛽, and 𝜃 denote the grain size, the X-ray wave-
length, the full width at half maximum (FWHM) in radians,
and the Bragg angle of (002) or (101) peak, respectively.
The grain sizes for the samples deposited with 20, 30, 40,
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Figure 3: (a) Transmittance spectra of the ZnO:YAG films deposited for various times. (b) Relationship between the square of the absorbance
and photon energy for the ZnO:YAG films.

50, and 60min are 25.97, 32.14, 36.13, 39.78, and 46.18 nm,
respectively. Therefore, the crystallinity of the samples with
longer deposition time is better.

Figure 3(a) plots the transmittance spectra of the YAG
incorporated ZnO films deposited for various times, and
Figure 3(b) shows the results of the absorptionmeasurements
for the YAG incorporated ZnO films. It can be seen from
Figures 3(a) and 3(b) that, as the deposition time increases,
the transmittance decreases due to the thickness of the YAG
incorporated ZnO increasing, and the absorbance edge keep
almost in 3.15 eV. Typically, the band gap of ZnO film is
around 3.37 eV corresponding to the absorption edge at
370 nm [14]. The red shift may be attributed to the defects in
the YAG incorporated ZnO film [8, 17].

Figure 4 presents the room temperature (RT) PL spectra
of the ZnO:YAG (YAG phosphor at 5 wt%) deposited for
60min. The inset shows the photoexcited luminescent pho-
tographs. According to Figure 4, the RT PL spectrum of the
YAG incorporated ZnO reveals one peak, denoted as peak A,
that is, at ∼3.27 eV (382 nm), and a broad band included four
weak peaks, denoted as peaks B, C, andD at 2.71 eV (456 nm),
2.56 eV (484 nm), and 2.28 eV (544 nm), respectively. Peak
A has the shortest wavelength and, therefore, is interpreted
as being associated with free-exciton (FE) or band-to-band
(B-B) recombination in the ZnO. Additionally, its position
is reasonably close to that of the band gap of ZnO at RT,
which is ∼3.285 eV (377.5 nm) [8–10, 15, 17, 18]. Peak B may
be attributed to the band-to-deep level transition in the ZnO
film. Peaks C and D may correspond to the 5D

4
level to

the 7F
6
and 7F

5
level transitions of Ce3+ ions, respectively

[19–21]. The color of photoluminescence is nearly white, as
shown in Figure 5.Thewhite light may contribute to the wide
emission band ranging from 420 to 650 nm. Figure 5 shows
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Figure 4: RT PL spectra of ZnO:YAG phosphor (YAG phosphor
at 5 wt%) on silicon substrate. The inset shows the photoexcited
luminescent photographs.

the PL spectra of the ZnO:YAG thin films with different
incorporated concentration at the RT. The intensity of all
the peaks increases when the incorporated concentration
increases. The chromaticity coordinates of the ZnO:YAG
films at 1, 5, and 10wt% on Si substrate are presented
in the CIE chromaticity diagram, as shown in Figure 6.
With the increasing incorporated concentration of YAG, the
chromaticity coordinates move in white light area from 𝑥 =
0.2786, 𝑦 = 0.3417 (CCT = 7958) for the sample at 1 wt%
to 𝑥 = 0.2476, 𝑦 = 0.3665 (CCT = 9328) for the sample
at 10 wt%. Therefore, the ZnO:YAG film on Si substrate is
suitable for solid state lighting because it has a stable white
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light color when the incorporated concentration is in the
range of 1–5wt%.

Figure 7 shows the resistivity and the mobility as a
function of the different concentrations for phosphor doped
ZnO. In undoped ZnO thin films, the resistivity and the
mobility were 33Ω-cm and 1.7 cm2/V⋅s, respectively. When
phosphor doped ZnO at 1 wt %, the resistivity increases,
phosphor doped concentration up to 5 and 10wt %, and then
it increases again. On the contrary, the mobility decreases
with increasing the doped concentration. The changes in
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Figure 7: Resistivity and mobility of the ZnO thin films with
different concentrations of incorporated YAG deposited on glass
substrate.

electrical properties of ZnO film for the defects increase
caused by the doping of the phosphor.

Figure 8(a) plots typical 𝐼-𝑉 characteristics of the YAG
phosphor incorporated ZnO/silicon heterostructure diodes
at room temperature. The inset presents the cross-section
of the completed structure. Figure 8(b) plots the current-
voltage (𝐼-𝑉) of the Ni/Ag/ZnO:YAG and Ni/Ag/p-Si pad-
to-pad structures, to check for ohmic characteristics and to
optimize the performance of the devices. The diode has a
turn-on forward bias of∼5V.The forward bias is high because
the ohmic contact condition is not optimized yet. Diode 𝐼-𝑉
characteristics can be expressed by the Shockley equation:

𝐼 = 𝐼
0
[exp(
𝑞𝑉

𝑛𝐾𝑇

) − 1] , (2)

where 𝐼
0
is the saturation current density and 𝑛 is the ideality

factor. Equation (2) gives an ideality factor 𝑛 and saturation
current 𝐼

0
of 1.56 and 1.89 nA, respectively, indicating that

when a diffusion current flows in the reverse direction, the
reverse leakage current prior to breakdown is around 10−5 A.
The breakdown voltage is soft and as high as around −5V.

4. Conclusions

In summary, an yttrium aluminum garnet (YAG) phos-
phor incorporated zinc oxide (ZnO) (ZnO:YAG) film has
deposited on a silicon substrate by ultrasonic spray pyrolysis.
A nanoflower consisting of a hexagonal nanopetal is formed
on the surfaces of the silicon substrate, and the sizes of the
nanoflower are approximately 400 nm.The ZnO:YAG/silicon
nanostructure diode has a turn-on forward bias of ∼5V. The
reverse leakage current prior to breakdown is around 10−5 A.
The breakdown voltage is soft and as high as around −5V. A
white broad band at room temperature photoluminescence
ranging from 420 to 650 nm was observed. The white broad
band consists of the emissions of defect level transition of the
ZnO film and the 5D

4
level to the 7F

6
and 7F

5
level transitions

of Ce3+ ions.
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Figure 8: (a) Typical current-voltage characteristics of ZnO:YAG/silicon nanostructure diode. The inset shows the cross-section of the
completed structure of the ZnO:YAG/silicon nanostructure diode. (b) The current-voltage (𝐼-𝑉) characteristics of Ni/Ag/ZnO:YAG and
Ni/Ag/p-Si junctions, respectively.
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In order to improve the efficiency of solar thermal power (STP) system, a novel modular system combining cooling, heating, and
power generation (CCHP) is proposed and introduced in this work.Thismodular CCHP system can simultaneously provide 10 kW
electricity, −15∼5∘C coolant, and 60∘C hot water to meet the requirements of cooling, heating, and electricity in a general family
or other fields. The flow chart and working process of the modular system are introduced, based on which the energy and exergy
efficiencies at the CCHP and STP operation modes are primarily evaluated and discussed. The results show that when the output
electricity is constant, the overall efficiencies of energy and exergy of the system operating at the CCHP mode are 9.37 times and
2.62 times as big as those of the system operating at the STP mode, respectively. Thus, the modular solar thermal CCHP system
can improve the energy and exergy efficiencies. Furthermore, calculation shows that both the overall energy and exergy efficiencies
decrease with increase of inlet vapor temperature at given inlet vapor pressure, but both the efficiencies increase with increase of
inlet vapor pressure at given inlet temperature.

1. Introduction

Solar thermal power (STP) systems produce electricity
(power) in much the same way as conventional power
stations. The difference is that STP systems obtain energy
by concentrating solar radiation and converting it to high
temperature steam or gas to drive a turbine or engine. In
STP systems, the incoming radiation is tracked by mirror
fields which concentrate the energy towards collectors or
absorbers. Then, the received solar radiation is transferred
thermally to the working medium. The heated fluid operates
as in conventional power stations directly (if steam or air is
used as a medium) or indirectly through a heat exchanging
steam generator on the turbine unit which then drives the
generator (i.e., a turbine or engine). In STP systems, the
collected and transferred thermal energy can be stored with
special thermal tanks which can continuously supply high
temperature working medium to drive the generator for
several hours after sunset. Compared to photovoltaic (PV)
power systems, the characteristics of electricity generated
by STP systems are almost the same as those of electricity
generated by traditional power stations. Thus, the output

electricity can be supplied to a power net without inverters
which are necessary in PV power systems. As it can avoid
environment pollution problems caused by fossil fuel power
systems, the STP technology is considered as one of the
greenest technologies in power fields.

There are many researches about STP systems. Among
them, Pons and Clark proposed a system based on dish
solar collectors and Stirling engines [1]. Goswami presented
a study on solar thermal power. In his work, a relatively
recent cycle has been proposed in which thermal energy
is used to produce work and to generate a subambient
temperature stream that is suitable for cooling applications
[2]. You andHu studied amedium-temperature solar thermal
power system and its efficiency optimization; they declared
that the optimum saturation temperature in the boiler was
about 201∘C and the thermal efficiency and the exergetic
efficiency of the system were 17.9% and 25.12%, respectively
[3].

Lu and Goswami investigated the optimization of a
novel combined power-refrigeration thermodynamic cycle
and cooling thermodynamic cycle for low temperature heat
sources [4]. Tamm et al. published the theoretical and
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experimental results of a novel combined power and cooling
thermodynamic cycle for low temperature heat sources in
[5, 6], respectively. Vijayaraghavan and Goswami presented
a research on organic working fluids for a combined power
and cooling cycle and found that, under optimum conditions,
thermodynamic efficiencies achievable with organic fluid
mixtures were lower than those obtained with ammonia-
water mixtures, but the refrigeration temperatures achievable
using organic fluid mixtures were higher than those using
ammonia-water mixtures [7]. Kane et al. also presented a
small hybrid solar power system [8].

There are also many researches on STP systems based on
ammonia-water power cycle. For example, Xu and Goswami
investigated the thermodynamic property of ammonia-water
mixtures for power cycle applications [9]. Analysis of a
new thermodynamic cycle for combined power and cooling
using low and mid temperature solar collectors is studied by
Goswami and Xu [10] and by Xu et al. [11]. Ammonia-based
combined power-refrigeration cycle at low refrigeration tem-
peratures is analyzed by Lu and Goswami [12]. A novel
ammonia-water cycle for power and refrigeration cogener-
ation is presented by Zhang et al. [13]. Abdel-Rehim also
investigated an ammonia-water-based power-refrigeration
system with parabolic trough solar collectors [14].

In recent years, Mayere and Riffat proposed a micro-
combined heating-power system with output capacity less
than 10 kW for domestic power generation. They declared
that the systems could utilize about 75% of solar energy to
provide electric and thermal energy directly to end-users,
and the microsystems had relatively the same efficiencies
compared to large scale systems which were said to be
matured technologies [15]. Borello et al. investigated the
matching of an advanced small scale combined heat and
power (CHP) Rankine cycle plant with end-user (i.e., a hotel)
thermal and electric load [16].

As we know, most of researches on CCHP systems are
mainly about the system with combustion power generator,
but few are about solar thermal CCHP systems. Among
few references about the solar thermal CCHP system, Su
et al. proposed and discussed a distributed energy system
for cooling-heating-power cogeneration for a single building
[17]. In their work, solar energy is used as the only heat
source to drive a closed Brayton cycle to generate power.
The waste heat dissipated by the turbine is utilized by a
recovery refrigeration cycle to provide cooling or is directly
transferred by heat exchangers for heating. When the system
is further combined with a fuel cell system, the whole system
can provide cooling-heating power continuously in day and
night. In fact, the system proposed in [17] is just a cooling-
power or heating-power cogeneration system which cannot
supply cooling, heating, and power simultaneously.

References review indicates that most of STP plants are
large systems which need huge areas to install mirror fields.
In order to investigate the feasibility and efficiency of small
scale systems, a micromodular solar thermal CCHP system
is proposed and introduced in this work. This microsolar
thermal CCHP system canmeet the requirements of families,
farms, islands, and other places lack of electricity. In this
work, the flow chart andworking process of themodular solar

thermal CCHP system are firstly introduced. And, then, the
performances at typical conditions are primarily evaluated
and discussed.

2. Description and Working Process of the
Modular CCHP System

In order to meet the demands of power, cooling, and heating
in general families or small farms, the function of the
modular solar thermal CCHP system is given as follows:
supplying 10 kW electricity, −15∼5∘C coolant, and 60∘C hot
water. This part mainly presents the conceptual design and
working process of the modular solar thermal CCHP system.
At present, each module is designed to regularly generate
10 kW electricity. It mainly consists of solar collectors and
absorbers, thermal energy storage tanks, a vapor generator
(heat exchanger or boiler), a power generator, an absorption
refrigerator, a water heater, and a cooling unit, as shown
in Figure 1. In this CCHP system, the power generation is
based on the principle of Rankine cycle.This is different from
the system presented in [17] which was based on the closed
Brayton cycle.

The modular CCHP system can be divided into two
parts. The first part is called solar thermal unit (STU) which
includes the solar collectors, thermal storage tanks, heat
exchanger (vapor generator or boiler), and the first fluid
pump. The second part is called power and end-users (PEU)
which consists of the heat exchanger, power generator, DAR
(diffusion absorption refrigerator), water heater, cooling unit,
and the second fluid pump. In the first part (STU), the
first fluid flows through the solar collectors and absorbers
and becomes high-temperature fluid which releases heat to
the second fluid in the heat exchanger and is subsequently
pumped to the solar collector to begin the next circulation.
When solar energy is sufficient, the first fluid can be pumped
into the thermal energy storage tanks and the excess thermal
energy can be stored for continuously generating power,
cooling, and heating after sunset.

In the second part (PEU), the second fluid becomes vapor
(or steam) after being heated by the first fluid in the heat
exchanger. Then, the vapor drives the power generator to
produce electricity.The exhausted vapor from the power gen-
erator subsequently enters into the absorption refrigerator to
produce cooling and supply low temperature coolant to users.
The secondfluid leaving from the absorption refrigeratormay
still be a mixture of vapor and hot water, and its temperature
is still high enough to produce hot water in the water heater
by exchanging heat with the external circulating water. If
necessary, the second fluid leaving the water heater enters
into the cooling unit to be condensed thoroughly. Finally, the
second fluid liquid is pumped back to the heat exchanger
(vapor generator) to begin the next circulation. Of course,
if the second fluid completely becomes hot water when it
leaves the water heater, the cooling unit can be shut off to save
energy.This is also one of the advantages of themodular solar
thermal CCHP system. Thus, the first part and the second
part can be integrated into one system by the heat exchanger
(i.e., vapor generator or boiler).
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Figure 1: Conceptual flow chart of the modular solar thermal CCHP system.

At present, parabolic trough or dish reflectors with heat
absorbers are chosen to be the solar collectors and absorbers
in which thermal oil is chosen as the first fluid. The designed
temperature of the first fluid is 150∼250∘C. The second fluid
can be water or other organic substances with low-boiling
temperatures based on the available temperature of the first
fluid. The heat exchanger is used to generate vapor and it can
be a shell-tube or a plate-type heat exchanger. The thermal
storage tanks are used to store excess thermal energy for
generating power after sunset. One kind of phase-change
materials is chosen as the thermal-store medium in the
thermal storage tanks. It can reduce the occupied area of the
tanks. An auxiliary heater is equipped to reheat the first fluid
if necessary.The auxiliary heater can be a natural gas or an oil
driven heater.

The power generator is the key equipment of the system.
It is difficult to find a suitable microvapor turbine as the
output electricity is less than 10 kW in each CCHP module.
But fortunately, we have noticed that there is a manufacturer
who can provide one kind of microscrew engine with output
power of 10 kW. Furthermore, the driving medium of screw
engines can be vapor or mixture of vapor and water. Thus, a
10 kWmicroscrew engine is chosen to be the power generator
in the modular solar thermal CCHP system.

Water heater is mainly a heat exchanger used to heat the
external circulating water. A plate type heat exchanger can be
used as water heater in the modular CCHP system.

Of course, pumps are necessary to drive the fluids in
the modular solar thermal CCHP system. The main pumps
include a first fluid pump, a second fluid pump, a coolant
pump and solution pumps in the absorption refrigerator, a
hot water pump in thewater heater, and a coolingwater pump
in the cooling unit.

If the refrigerator should meet the requirements of freez-
ing/chilling food and air conditioning, the temperature of
coolant should be lower than 0∘C. Thus, general LiBr-H

2
O

absorption refrigerators with the evaporating temperature
above 0∘C cannot be used at this field though its efficiency
is relatively higher. A novel diffusion-absorption refrigerator
(DAR) proposed by the author is used to supply low temper-
ature coolant in the modular solar thermal CCHP system.
The diagram of flow chart of the novel DAR is shown in

Figure 2. Experimental researches have shown that this novel
DAR can be driven by 72∼96∘C hot water to provide −13∼5∘C
coolant [18]. Because the temperature of the second fluid
leaving from the power generator is higher than 96∘C, −15∼
5∘Ccoolant is feasibly obtained in themodularCCHP system.
Furthermore, as the DAR has unitary pressure in the whole
system, the pumps in the novelDARare just used to overcome
the flowing resistance of the fluids. Thus, the pumps in the
novel DAR consume less electricity than the pumps used in
other absorption refrigerators.

The novel DAR consists of a generator, a condenser, an
adiabatic spray evaporator and an evaporator heat exchanger,
an adiabatic spray absorber and a solution cooler, a solution
heat exchanger, a reservoir, and circulation pumps, in which
the generator, condenser, evaporator heat exchanger, solution
cooler, and solution heat exchanger are plate heat exchangers.
The working fluid is the triple fluid of LiNO

3
–NH
3
–He, in

which LiNO
3
, NH
3
, and He (helium) are used as absorbent,

refrigerant, and diffusion gas, respectively. The principle or
working process of the DAR shown in Figure 2 can be
described as follows.

At first, the hot water or vapor enters into the gener-
ator and heats the strong solution (high concentration of
ammonia). When the strong solution temperature reaches
its saturate point, ammonia vapor escapes and separates
from solution. Vapor is condensed by cooling water in
the condenser and liquid ammonia subsequently enters the
spray evaporator in which diffusion and evaporation take
place and some liquid ammonia evaporates to cool down
the remaining liquid ammonia. Then the remaining liquid
ammonia with low temperature is pumped into the evapo-
rator heat exchanger to exchange heat with the coolant and
subsequently goes back to the evaporator to take part in
the next diffusion-evaporation process. And the evaporated
ammonia vapor in the evaporator mixes with the diffusion
gas Helium and then flows into the spray absorber by one of
the gas pipes. At the same time, the weak solution separated
from the generator flows through the solution heat exchanger
and is cooled down by the strong solution pumped out
from reservoir. The precooled weak solution is then pumped
through the solution cooler and subcooled by cooling water
and subsequently sprayed into the spray absorber. In spray
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Figure 2: Diagram of flow chart of the novel DAR.

absorber, the falling weak solution absorbs ammonia vapor
from gasmixture (NH

3
andHe) and becomes strong solution

at the outlet of absorber, while the gas mixture with less
ammonia, because of its smaller density, rises and enters into
the evaporator by the other gas pipe to take part in the next
diffusion-absorption process.The strong solution then leaves
absorber and enters into the reservoir and is consequently
pumped into the generator after getting preheated by the high
temperature weak solution in the solution heat exchanger. It
can be seen that there are two circulations in the operation.
One is the solution circulation in the circuit consisting of the
generator, vapor-solution separator, solution heat exchanger,
solution cooler, spray absorber, and reservoir.The other is the
gas circulation in the circuit mainly consisting of the spray
absorber and evaporator.

DAR has advantages such as single-pressure, having no
need of throttling valve, little noise, easy maintenance, and
long service life. The equipped low power consumption
pumps not only increase the amount of solution circulation
and make it possible to enlarge refrigeration capacity, but
also avoid the strict limitation of relative position of each
part. Moreover, the use of an adiabatic spray absorber and
plate heat exchangers makes it more compact. It should be
mentioned that the circulation pumps in this DAR are just
used to overcome the flow resistance. This is different to
the ones used in other absorption refrigeration systems in
which the pumps should provide higher pressure to build
high pressure region. So the input power of each pump in
Figure 2 is very small, which can obviously reduce electricity
consumption.

The operation modes of the modular CCHP system
shown in Figure 1 are very flexible and it can be easily changed
from one to another as follows:

(a) combined cooling, heating, and power generation
(CCHP);

(b) combined cooling and power generation (CCP);
(c) combined heating and power generation (CHP);
(d) combined cooling and heating (CCH);

(e) power generation (thismode is equivalent to a general
STP system);

(f) cooling;
(g) heating.

In each operation mode, the thermal energy storage can
be determined to operate or shut off according to the collected
solar energy. This modular system can simultaneously pro-
vide 10 kW electricity, −15∼5∘C coolant, and 60∘C hot water
to meet the requirements of cooling, heating, and power
consumption in a general family or other fields. It also can
be assembled to be a bigger system by connecting several
modules together tomeet the requirements of different fields.

Based on this work, we are designing and constructing
a prototype of this modular trigeneration system in our
campus. Further theoretical and experimental researches will
be conducted in the future.

3. Performance Evaluation and Discussion

As mentioned above, the second fluid in Figure 1 may be
water or an organic working fluid, but water (H

2
O) was

chosen as the second fluid (i.e., the power cycle medium) to
evaluate the performance of the solar thermal CCHP system.
The reason is that this is a trigeneration system, and the DAR
should be driven by heat source with temperature higher
than 96∘C to obtain −15∘C coolant. If an organic working
fluid is chosen as the second fluid, the temperature of the
second fluid at outlet of the power generator will be too low
to drive the DAR to obtain −15∘C coolant. For example, if the
secondfluid is R245fa and its temperature at inlet of the power
generator is 150∘C, the temperature at outlet of the power
generator is just about 83∘C when the expansion radio of the
power generator is given as 4.Though this outlet temperature
(83∘C) can start the DAR, it is not high enough to drive
the DAR to obtain −15∘C coolant. Thus, water was chosen
as the second fluid to meet the trigeneration requirement.
In other words, if the required coolant temperature is above
0∘C, an organic working fluid such as R245fa may be an ideal
candidate of the second fluid.
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Table 1: Parameters of the second fluid at the inlet/outlet of each part.

State point Pressure (MPa) Temperature (∘C) Medium and dryness
1 0.6 160 Overheated vapor, 𝑥∗ = 1
2 0.15 111.35 Wet vapor, 𝑥 = 0.9482
2a 0.15 111.35 Wet vapor, 𝑥 = 0.5
4 0.15 111.35 Saturated water, 𝑥 = 0
5 0.6 111.42 Subcooled water, 𝑥 = 0
6 0.6 158.83 Saturated water, 𝑥 = 0
∗
𝑥 stands for the dryness of vapor.

Table 2: Input power of each pump.

Pumps in DAR Cooling water
pump

Hot
water pump

The second
fluid pump

The first
fluid pumpAbsorber

pump
Solution
pump

Evaporator
pump

Input power
(kW) 0.37 0.09 0.09 1.1 0.09 2.2 2.2

In addition, attentions were mainly paid to the compar-
ison of CCHP and STP modes. In other words, only the
operation modes of A (i.e., CCHP mode) and E (i.e., STP
mode)mentioned above are considered in the next evaluation
to compare the efficiencies of CCHP and STP systems. It
also should be mentioned that the effect of thermal storage
and auxiliary heater is not taken into account at this work
when evaluating the performance of the solar thermal CCHP
system.

3.1. Assumptions and Calculation Methodology. Before eval-
uating the performance, some assumptions are given as
follows.

(1) The total output electricity is given as 10 kW. The
expansion ratio, expansion efficiency, and the work-
to-electric efficiency of the power generator are 4.0,
0.75, and 1.0, respectively.

(2) The thermal energy collected by solar collectors is
adequate for power generation. The input energy of
the system is calculated by the input energy of vapor
flowing through the power generator.

(3) The efficiencies of the novel DAR and the heat
exchanger in water heater are 0.3 and 0.8, respectively.

(4) The flow resistance of the second fluid is neglected.
(5) The efficiency of each pump is given as 0.75.

The power cycle of the second fluid (water) in the
temperature-entropy (T-s) diagram is shown in Figure 3.The
parameters of the second fluid at the inlet/outlet of each part
are given in Table 1. The rated input power of each pump is
given in Table 2.

When the system operates in mode E (i.e., power gener-
ation or STP mode), the vapor leaving the power generator
is still assumed to be wet vapor. The parameters in this
mode are shown in Table 1. The STP cycle consists of the
cycle 1-2-4-5-6-7-1 as shown in Figure 3. In the cycle, 2-4
is a cooling process and the cooling unit in Figure 1 should
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Figure 3: Power cycle of the second fluid (water).

operate to condense the exhausted vapor leaving from the
power generator in the STP mode. Thus, the condensed
saturated water can be reused and circulated in the second
part (PEU) of the system.

In Figure 3, the total input thermal energy of the system
can be determined by

𝑄V,𝑖𝑛 = 𝑚𝑠 (ℎ1 − ℎ5) , (1)

where 𝑄V,in is the total input thermal energy of the system,
kW; 𝑚

𝑠
is the mass flow rate of the second fluid (steam or

water), kg/s; and ℎ
1
and ℎ

5
are the specific enthalpies of state

points of 1 and 5, respectively, kJ/(kg∘C).
The power output of the system𝑁PG can be calculated by

𝑁PG = 𝑚𝑠 (ℎ1 − ℎ2) . (2)

If the thermal energy of processes of 2-2a and 2a-4 in
Figure 3 are used to drive the DAR and the water heater,
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respectively, the cooling capacity of the DAR and heating
capacity of the water heater can be calculated by, respectively,

𝑄
𝐶
= 𝑚
𝑠
(ℎ
2
− ℎ
2𝑎
) 𝜂DAR,

𝑄HW = 𝑚𝑠 (ℎ2𝑎 − ℎ4) 𝜂WH,
(3)

where 𝑄
𝐶
is the cooling capacity of the refrigerator, kW, and

𝑄HW is the heating capacity of the water heater, kW. 𝜂DAR and
𝜂WH are the efficiencies of DAR andwater heater, respectively.

The overall energy efficiency (i.e., the first law efficiency)
of the CCHP system is determined by

𝜂
𝑆
=

𝑁PG + 𝑄𝐶 + 𝑄HW − ∑𝑁𝑝,𝑖

𝑄V,in
, (4)

where 𝜂
𝑠
is the overall energy efficiency of the solar thermal

CCHP system and ∑𝑁
𝑝,𝑖

is the total input power of pumps,
kW. The input power of the second fluid pump (𝑁

𝑝,sec)
depends on the vapor flow rate and it can be calculated as

𝑁
𝑝,sec =
1000𝑚

𝑠
(𝑝
5
− 𝑝
4
)

𝜌
4

, (5)

where 𝑝
4
and 𝑝

5
are the inlet pressure and outlet pressure of

the second fluid pump (as shown in Figure 3), MPa, and 𝜌
4
is

the density of the second fluid at the inlet of the pump, kg/m3.
Each input power of the other pumps is calculated based

on its rated input power as shown in Table 2.
The overall exergy efficiency (i.e., the second law effi-

ciency) of the solar thermal CCHP system is determined by

𝜂ex =
𝑁PG + 𝐸𝐶 + 𝐸HW − ∑𝑁𝑝,𝑖

𝐸V,in
, (6)

where 𝜂ex is the overall exergy efficiency of the solar thermal
CCHP system; 𝐸

𝐶
is the exergy of cooling capacity of the

refrigerator, kW; 𝐸HW is the exergy of heating capacity of the
water heater, kW; 𝐸V,in is the exergy of input thermal energy
of the system, kW; andΣ𝑁

𝑝,𝑖
is the total exergy of input power

of pumps, kW.
Thus, the 𝐸

𝐶
, 𝐸HW, and 𝐸V,in in (6) can be calculated as,

respectively,

𝐸
𝐶
= 𝑄
𝐶
(

𝑇
0
+ 273.15

𝑇
𝑒
+ 273.15

− 1) , (7)

𝐸HW = 𝑄HW (1 −
𝑇
0
+ 273.15

𝑇HW + 273.15
) , (8)

𝐸V,in = 𝑄V,in (1 −
𝑇
0
+ 273.15

𝑇hs + 273.15
) , (9)

where 𝑇
0
, 𝑇
𝑒
, 𝑇HW, and 𝑇hs are the average temperatures of

environment, evaporator, hot water, and hot fluid in the heat
exchanger (vapor generator), respectively. In this case study,
the 𝑇
0
, 𝑇
𝑒
, and𝑇HW are given as 25∘C, −10∘C, and 111.35∘C,

respectively.The averaged 𝑇hs is given to be 10 ∘C higher than
the temperature of vapor at outlet of the vapor generator; that
is, 𝑇hs = 𝑇1 + 10.

3.2. Results and Discussion

3.2.1. Performance Comparison of CCHP and STP Modes.
Based on the above conditions, primary calculation shows
that when the system operates in the mode of E (i.e., equiva-
lent STPmode) and generates 10 kW electricity, the necessary
input vapor energy is 126.42 kW.Under the conditions shown
in Tables 1 and 2, the energy and exergy utilization profiles
for operation modes A and E are shown in Figures 4 and 5,
respectively.

The pumps operating in the mode E consume energy
of 2.235 kW so that the net output electricity is 7.765 kW.
Thus, the overall energy efficiency of the system (𝜂

𝑠
) in

the mode E is only 6.14%. Moreover, tremendous thermal
energy should be released by cooling water to condense
the exhausted vapor of the power gen erator. In this case,
the thermal energy released by cooling water is 92.09% of
the input energy. The energy consumption of cooling water
pump and the released thermal energy seriously deteriorate
the overall energy efficiency of solar energy utilization. In
this STP mode, the overall exergy efficiency of the system is
18.77% which is less than the results of [3]. In [3], the exergy
efficiency was 25.12% but the saturation temperature in the
boiler was about 201∘C which is higher than that in this work
(namely, 160∘C).

When the system operates in the mode A (CCHP mode)
and the working conditions are as shown in Table 1, the
cooling unit can be shut off because of the subsequent
utilization of refrigerator andwater heater. Calculation shows
that in the CCHP mode the system can produce 10 kW
electricity, 16.51 kW cooling, and 49.13 kW heating, and the
overall energy efficiency of the system reaches 57.56% which
is 9.37 times as big as that of mode E (STP mode). In
the CCHP mode, the pumps consume 2.875 kW and the
net output electricity is 7.125 kW. Though the net output
electricity of the CCHP mode is less than that of the STP
mode, the extra recovered cooling and heating promote
obviously the overall efficiency of the CCHP mode. The
gained heating capacity in water heater can heat city water
from 20∘C to 60∘C with flow rate of 1.05m3/h. In the CCHP
mode, the overall exergy efficiency is 49.21% which is 2.62
times as big as that of the STP mode. It is obvious that the
CCHP mode can significantly improve the performance of
the solar thermal CCHP system.

Figures 4 and 5 show that when the system operates in
mode E (STP mode), the losses of energy and exergy are
92.09% and 75.82%, respectively. But when it operates in
mode A (CCHP mode), the losses of energy and exergy are
only 40.17% and 43.84%, respectively. So the CCHP opera-
tion mode can significantly improve the energy utilization
efficiency.

In addition, if the coolant temperature is above 0∘C, for
example, just meeting the requirement of air conditioning,
the DAR can be replaced by a high efficiency LiBr-H

2
O

absorption refrigerator. Thus, the overall efficiency of the
systemcanbe promoted greatly. For example, if the coefficient
of performance (COP) of LiBr-H

2
O absorption refrigerator

is given as 1.0 with 5∘C evaporator temperature and the total
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Figure 4: Energy utilization profiles of operation modes A (CCHP) and E (STP).
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Figure 5: Exergy utilization profiles of operation modes A and E.

input power of the additional solution pumps is 5 kW, the
overall energy efficiency and exergy efficiency of the CCHP
system can reach 84.59% and 53.47%, respectively. It sounds
more attractive.

3.2.2. Influence of Inlet Vapor Parameters. Calculations show
that when the total output electricity is given as 10 kWand the
expansion ratio of the screw expander (power generator) is
4.0, the efficiencies of the STP or CCHP mode vary with the
inlet pressure and temperature of vapor entering the power
generator, as shown in Figure 6.

Figures 6(a) and 6(b) illustrate that when the inlet vapor
temperature (𝑇in) is constant, all the energy and exergy
efficiencies of the CCHP and STP mode increase with inlet
vapor pressure increasing. But it is not very obvious for the
STPmode or the overall energy efficiency of theCCHPmode.
The overall exergy efficiency of CCHPmode increases rabidly
with inlet vapor pressure increasing. It means that higher
inlet vapor pressure can improve the efficiencies of the CCHP
and STPmodes, especially the exergy efficiency of the CCHP
mode.

Figure 6(c) shows that the exergy efficiency of STP mode
decreases obviously with the inlet vapor temperature when
the inlet vapor pressure is constant though the energy
efficiency of STP mode slightly increases with the inlet vapor
temperature increasing. The reason is that the input heat
capacity (i.e., input energy) decreases about 11.37%, while the

input exergy increases 32.39% when the inlet temperature
varies from 160∘C to 300∘C. Figure 6(d) shows that the
higher the inlet vapor temperature, the smaller the overall
energy and exergy efficiencies of CCHP mode if the inlet
vapor pressure is constant. Figures 6(c) and 6(d) illustrate
that the exergy efficiencies of both CCHP and STP modes
cannot benefit from a higher inlet vapor temperature at given
conditions. Calculations also indicate that it is suitable to
keep the inlet vapor temperature the same as the saturate
temperature at given inlet vapor pressure. Though this may
cause the status of end-expansion to be in the wet vapor
region, it is also acceptable because the screw expander can
operate with wet vapor without any problem.

Figure 6 indicates that the CCHP system can benefit from
higher inlet vapor pressure, but not the higher inlet vapor
temperature. It also means that in this solar thermal CCHP
system, the temperature of the first fluid in solar collectors
should not be much higher than the corresponding saturate
temperature of the inlet vapor of the screw expander. The
detailed effect and optimum parameters need to be investi-
gated in future theoretical and experimental researches.

4. Conclusions

The above analyses indicate that the proposed micromodular
solar thermal CCHP system is feasible and it can significantly
improve the energy and exergy efficiencies of solar thermal
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Figure 6: The effects of inlet vapor parameters on the overall efficiencies of energy and exergy.

power systems. It has seven optional operation modes. This
makes its operation more flexible. It also can be assembled to
be a large system by connecting several modules to meet the
requirements of different fields.

Primary calculations show that overall energy and exergy
efficiencies of the CCHP operation mode are obviously
higher than that of the STP mode when the output electricity
is given as a constant. In order to obtain the highest overall
performance, a high efficient absorption refrigerator and
water heater should be equipped to the modular CCHP
system.

Analyses show that the performance of CCHP system is
affected by the pressure and temperature of vapor at inlet
of the power generator. When the inlet vapor pressure is
constant, higher inlet vapor temperature deteriorates both
the energy and exergy efficiencies of the CCHP system. On
the other hand, higher inlet vapor pressure can improve
both the energy and exergy efficiencies of the CCHP system.
Thus, if it is available, the inlet vapor pressure should be as

high as possible. In this work, the inlet vapor temperature
and pressure are mainly determined on the basis of the
cost of solar collectors, the available screw expander, and its
characteristics when the output electricity is given as 10 kW.
Thus, the inlet vapor temperature and pressure of the vapor
entering the screw expander are given as 160∘C and 0.6 MPa,
respectively.Though the lower inlet vapor pressuremay cause
lower efficiency of the CCHP system, it can reduce the initial
investment.

Anyway, this work makes it possible to efficiently utilize
solar thermal power in microdistributed energy systems
though only the CCHP and STP operation modes are
primarily analyzed and compared. Further research such as
optimum design, effect of the solar radiation, characteristics
of solar collectors and absorbers, and detailed simulation and
experimentswill be conducted to investigate the performance
characteristics of the CCHP at all operationmodes, especially
when there are not so many demands for electricity, hot
water, or cooling capacity in the next researches. In addition,
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the effect of the thermal storage and the auxiliary heater on
the systemperformance also needs investigation. Fortunately,
we are designing an experimental system as a prototype to
investigate this CCHP system with the financial support of
Shenzhen government. Some theoretical and experimental
researches will be carried out soon.
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This work determines the effect of compact TiO
2
layers that are deposited onto fluorine-doped tin oxide (FTO), to improve the

performance of dye-sensitized solar cells (DSSC). A series of compact TiO
2
layers are prepared using radio frequency (rf) reactive

magnetron sputtering. The films are characterized using X-ray diffraction (XRD), atomic force microscopy (AFM), scanning
electron microscopy (SEM), and UV-Vis spectroscopy. The results show that when the Ar/O

2
/N
2
flow rates are 36 : 18 : 9, the

photo-induced decomposition of methylene blue and photo-induced hydrophilicity are enhanced. After annealing at 450∘C in
an atmosphere ambient for 30min, the compact TiO

2
layers exhibit higher optical transmittance. The XRD patterns for the TiO

2

films for FTO/glass show a good crystalline structure and anatase (101) diffraction peaks, which demonstrate a higher crystallinity
than the ITO/glass films. As a result of this increase in the short circuit photocurrent density, the open-circuit photovoltage, and
the fill factor, the DSSC with the FTO/glass and Pt counter electrode demonstrates a solar conversion efficiency of 7.65%.

1. Introduction

Photocatalytic TiO
2
materials are widely used in antipollu-

tion applications, deodorization, dust-proofing, and for high-
performance dye-sensitized solar cells (DSSC) because of
their unique physical, chemical, and optical properties, their
lack of toxicity, and low cost [1]. The energy gap for titanium
dioxide for photocatalysts is about 3.2 eV, so ultraviolet
excitation causes electrons to jump to the conduction band
to form electron-hole pairs. The holes formed in the catalyst
are used to degrade organic materials or undesired pollutants
for antipollution, deodorization, and antibacterial uses [2, 3].
Because N-doped TiO

2
(TiO
2
:N) powders or thin films have

better photocatalytic properties than undoped TiO
2
films [4],

some studies have added nitrogen gas during the growth of
TiO
2
films, to increase the photocatalytic activity of TiO

2
in

the visible-light region [5, 6]. Using N-doped TiO
2
results

in significant improvements in the visible light response and
photocatalytic degradation [7].

Since the first report of a DSSC by O’Regan and Grätzel,
in 1991 [8], they have been intensively studied as a potential
replacement for standard solar cells because of their relatively
high efficiency and low cost [9], compared with p-n junction
photovoltaic devices [10, 11]. A typical DSSC consists of
dye molecules that act as sensitizers, a porous TiO

2
layer,

a fluorine-doped tin oxide (FTO) substrate, an electrolyte
charge carrier, and a platinized FTO substrate as a so-called
counter electrode or cathode. The structure, morphology
and crystalline phases of TiO

2
play an important role in

the performance of DSSC’s. The nano-sized porous structure
TiO
2
layer is widely used as an electrode in DSSC, to

allow a high density of dye molecules to be embedded
onto the TiO

2
surface and enhance the photo absorption

process [12]. However, the porous structure of the TiO
2
layer
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Table 1: The deposition conditions for TiO2.

Substrate nonalkali glass 25 × 25 × 1mm3

Target Ti (99.99% purity)
Gas Ar, O2, N2 (99.99% purity)
Base pressure 5.0 × 10

−6 torr
Spin speed of the substrate 10 rpm
Substrate-to-target distance 80mm
rf power 100W
Sputtering pressure 10mtorr
Substrate temperature 300∘C
Sample Ar flow rate (mL/min) O2 flow rate (mL/min) N2 flow rate (mL/min) Ar : O2 : N2

Number 1 35 35 0 1 : 1 : 0
Number 2 48 24 0 2 : 1 : 0
Number 3 54 18 0 3 : 1 : 0
Number 4 20 20 20 1 : 1 : 1
Number 5 29 29 14 1 : 1 : 0.5
Number 6 25 25 8 1 : 1 : 0.33
Number 7 27 14 14 2 : 1 : 1
Number 8 36 18 9 2 : 1 : 0.5
Number 9 36 18 6 2 : 1 : 0.33
Number 10 45 14 14 3 : 1 : 1
Number 11 45 15 7 3 : 1 : 0.5
Number 12 41 14 4 3 : 1 : 0.33

can cause an electrical short between the liquid electrolyte
and the FTO substrate, which leads to a decrease in cell
efficiency. A potential means of preventing recombination is
the application of a compact metal-oxide film between the
nano-sized porous TiO

2
layer and the FTO substrate.Of these

metal oxides, TiO
2
is the most effective electrolyte blocker

and has been extensively studied [13, 14]. This compact
layer improves the adhesion of the porous TiO

2
to the FTO

substrate and provides a larger TiO
2
/FTO contact area and

more effective electron transfer from the porous TiO
2
to

the FTO by preventing the electron recombination process
[15]. A compact TiO

2
layer is prepared using many growth

techniques, such as sputtering, chemical vapor deposition,
spin-coating, or spray pyrolysis. In particular, the compact
TiO
2
layer produced by sputtering deposition is simple and

inexpensive and is widely used in DSSC studies [16, 17].
This study determines the carrier blocking effect of a

compact TiO
2
layer that is deposited onto a FTO substrate,

using radio frequency (rf) reactive magnetron sputtering,
with a Ti metal target, Ar as the plasma gas and O

2
and N

2

as the reactive gases. The effect of the Ar/O
2
/N
2
flow ratios

on the structure, surface morphology, photocatalytic activity,
and DSSC conversion efficiency of TiO

2
thin films is studied.

The nano-sized porous TiO
2
layer is coated using the sol-

gel process and calcination at 450∘C and 500∘C.The working
electrode is a dye-sensitized TiO

2
film that is immobilized

on a fluorine-doped tin oxide (FTO) substrate. The Pt
and carbon counter electrode are coated onto FTO/glass
substrates.

2. Experiments

Compact TiO
2
layers were coated onto FTO/glass substrates

(nonalkali glass, 25 × 25 × 1mm3) by rf reactive magnetron
sputtering from a high purity Ti target in an Ar/O

2
/N
2

atmosphere, using a constant sputtering pressure (10mtorr),
rf power (100W), substrate temperature (300∘C) and distance
between the substrate and the target (80mm), and variable
flow rates for argon, oxygen, and nitrogen. All of the samples
were deposited by rotating the substrate (10 rpm), to ensure
good surface morphology. Before deposition, the system
was evacuated to a pressure of less than 5.0 × 10−6 torr.
The detailed deposition conditions are listed in Table 1. The
substrates were cleaned, in acetone, using ultrasound, rinsed
with deionized water, and dried in nitrogen. Samples 1–
3 (TiO

2
) were deposited in an Ar/O

2
atmosphere, without

nitrogen gas. Samples 4–12 (TiO
2−xNx) were deposited in

an Ar/O
2
/N
2
atmosphere and nitrogen gas was added in

different fractions. The TiO
2
films were characterized by

their deposition rates, hydrophilic properties, photocatalytic
behavior, and morphology.

The porous TiO
2
film was coated onto the compact

TiO
2
/FTO/glass using a mixture of P-25 with the TiO

2
sol-

gel component studied in [18, 19].TheTiO
2
sol-gel wasmixed

with 0.3 g of commercially available Degussa P-25, to avoid
any cracking of the film. The gels were predried for 20min
at 50∘C and then sintered in a furnace at 450∘C and 500∘C
(heating rate 10∘C/min) for 30min in air ambient, to produce
the bare TiO

2
electrode used in this work to fabricate the
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Glass

ITO/FTO

PT/carbon
Blade/spin coating

Sputter coating

ITO/FTO

Glass

Figure 1: The structure of an assembled DSSC with a sputtered
compact TiO

2
layer/FTO/glass and other layers.

DSSC. The porous TiO
2
films were immersed into the dye

(N 719) complex, for 24 h at room temperature [20, 21].
The Pt and carbon counter electrode was coated onto

FTO/glass substrates using DC sputtering with pure Ar gas
and a DC power of 30W. The dye-adsorbed TiO

2
working

electrode and the counter electrode were assembled into a
sandwich-type cell and sealedwith a hot-melt sealant. Figure 1
shows a schematic diagram of a DSSC with a sputtered com-
pact TiO

2
layer/FTO/glass. Dense TiO

2
passivating layers

were used to prevent any leakage to the liquid electrolyte by
electron transfer.

The photo-induced hydrophilicity was evaluated using
contact angle measurements to pure water, which were
performed at room temperature in an ambient atmosphere,
using a contact angle meter (FACE CA-VP150) with an
experimental error of less than 1∘.Thephotocatalytic behavior
of the TiO

2
coatings was assessed using a combination of

ultraviolet irradiation and absorption measurements. The
TiO
2
was placed in 10 𝜇M methylene blue (MB) aqueous

solution and irradiated for 4 hours, using 1.5mW/cm2 UV
lights. The observed photodecomposition of the aqueous
solution is seen in the UV-Vis spectrum (measured using a
UVP UVL-225D with a wavelength range of 300–800 nm)
as a decrease in the maximum absorbance as the irradiation
increases. The film thickness and crystal structure were,
respectively, measured using 𝛼-step (surface profiler system,
Dektat) and XRD (Rigaku-2000). The morphology and the
roughness were determined using SEM (JEOL JSM-6500F)
and AFM (SPA 400).

The power used to test the preparedDSSCwas a 150WXe
lamp, which simulates sunlight (AM 1.5). Before the test, the
distance between the light source and the samplewas adjusted
to allow a light source density of 100mW/cm2. The cell
performance parameters, including the short-circuit current
density (𝐽sc), the open-circuit voltage (𝑉oc), the fill factor
(FF), and the photoelectronic conversion efficiency (𝜂 (%) =
𝐽sc×𝑉oc× FF/total incident energy × 100), were measured and
calculated using the 𝐽-𝑉 characteristics of DSSC’s.
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Figure 2: The TiO
2
deposition rate for samples number 1, number

2, and number 3 (without nitrogen addition).

Table 2:The deposition rate and roughness value for the TiO2 films.

Samples Deposition rate (nm/min) Roughness, Ra (nm)
Number 1 0.41 0.32
Number 2 0.55 0.33
Number 3 0.76 0.44
Number 4 0.86 0.35
Number 5 0.65 0.47
Number 6 0.73 0.77
Number 7 0.79 2.77
Number 8 0.89 1.21
Number 9 0.75 2.25
Number 10 0.68 4.12
Number 11 0.71 3.95
Number 12 0.82 2.89

3. Results and Discussion

3.1. Characteristics of TiO
2
Obtained by rf Reactive Sputtering.

The TiO
2
photocatalytic thin films deposited on glass sub-

strates demonstrate very good adherence. No cracking or peel
off is observed after deposition. Figure 2 shows the deposition
rates for samples number 1, number 2, number and 3. These
three samples (where nitrogen was added) were deposited
using O

2
flow-rate ratios from 35 to 18mL/min (see Table 1).

The deposition rate increases as the O
2
partial pressure

decreases. Greater oxygen flow increases the probability of
collision with Ar+ ions and decreases the energy of the Ar+
ions that bombard the Ti surface. Increasing the O

2
flow rate

also results in a significant decrease in the sputtering voltage
[22]. Therefore, the dissociation gas is reduced, along with
the plasma density and the deposition rate. Table 2 shows the
deposition rates and roughness values for all samples. For
nitrogen-doped samples, the roughness is increasedwhen the
Ar flow fraction is increased.
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Figure 3: The absorption spectrum for MB aqueous solution
(10𝜇M, pH = 7.0), after UV irradiation for 4 h: (a) samples 1–12 and
(b) samples number 2 and number 8.

Figure 3(a) shows the absorption spectrum forMB under
UV irradiation for 4 h, for films deposited under various
coating conditions. If no nitrogen is added during the
deposition process, the best degradation of MB is demon-
strated by sample number 2, with a MB absorbance of 0.74.
When nitrogen is added during the deposition process, the
best absorbance of MB is 0.54, for sample number 8. The
deposition parameters for sample number 8 are a rf power
of 100W, a deposition pressure of 10mtorr, an Ar/O

2
/N
2

flow rate of 36/18/9mL/min, and substrate temperature of
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Figure 4:The change in thewater contact angle afterUV irradiation:
(a) without nitrogen addition and (b) with nitrogen addition.

300∘C. Figure 3(b) shows the absorption spectrum of MB
under visible light irradiation for 4 h for the deposited film
samples number 2 and number 8. This result shows that
TiO
2−xNx exhibits photocatalytic characteristics and the MB

degradation of TiO
2−xNx film is better than that of TiO

2
film.

Figures 4(a) and 4(b) show the change in the water
contact angle after UV irradiation for 9min, without and
with the addition of nitrogen, respectively. Figure 4(a) shows
that the contact angles for the TiO

2
films decrease by 1∘, 14∘,

and 13∘, for samples number 1, number 2 and, number 3,
respectively, afterUV irradiation for 9min. Figure 4(b) shows
that the average contact angle for TiO

2−xNx film deposited
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Figure 5: The SEM and AFM images for sample number 2.
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Figure 6: The SEM and AFM images for sample number 8.

with the addition of nitrogen is 20∘ less after UV irradiation.
This result shows that the photo-induced hydrophilicity of
TiO
2−xNx film is better than that of TiO

2
film.

The best degradation occurs for samples number 2 and
number 8, without and with nitrogen addition, respectively,
as determined by AFM and SEM. Figures 5 and 6 show the
morphology of samples number 2 and number 8, respectively.
The columnar structures of the two films are identified using
AFM. The respective roughness (𝑅

𝑎
) values for samples

number 2 andnumber 8 are 0.33 nmand 1.21 nm (seeTable 2).
The atomic number ratio for the surface and the volume
is an important parameter for photocatalytic properties. A
higher ratio results in greater photocatalytic activity. When
the roughness value decreases, the photocatalytic activity
decreases, because there is less surface area. In contrast, when
the roughness is greater, the photocatalytic activity is greater,
because there is a larger surface area.

3.2. DSSC Characterization. Figure 7 shows the transmit-
tance spectra as a function of wavelengths in the visible
range for compact TiO

2
layers. After annealing at 450∘C in

an atmosphere ambient for 30min, the compact TiO
2
layers

demonstrate higher optical transmittance. However, when
the annealing temperature is 500∘C, the optical transmittance
decreases slightly.

SEM analysis was used to determine the morphology of
the TiO

2
porous layer produced using the sol-gel method

onto the compact TiO
2
layers (sputtered with Ar/O

2
/N
2

flow rates of 36 : 18 : 9: sample number 8)/FTO substrate,
as shown in Figure 8. The samples were annealed at 450∘C
in an atmosphere ambient for 30min. After sputtering the
compact TiO

2
layers are dense and evenly coated to pre-

vent charge recombination, which adheres to the electrode
surface strongly (Figure 8(a)). The SEM images show the
porous TiO

2
film over the sputtered compact layer that is

produced using sol-gel with spin coating has proper density
and the crystallite size (Figure 8(b)), which gives a more
efficient DSSC.The cross-section of the filmswas observed by
SEM. Figure 9(a) corresponds to Figure 8(b) and Figure 9(b)
corresponds to Figure 8(c). These results confirm a sponge-
like structure for the TiO

2
layer, which is a prerequisite for

a highly efficient DSSC. Figure 10 shows the XRD patterns
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Figure 7: The optical transmittance spectra for a compact TiO
2

layer/FTO/glass.

for the TiO
2
films. FTO/glass shows a good crystalline

structure and anatase (101) diffraction peaks that have a
higher crystallinity than the ITO/glass films.

In order to compare the performance of a DSSC fabri-
cated on the FTO/glass substrate and the ITO/glass substrate,
using Pt counter electrodes and carbon counter electrodes
[23], a conventional DSSC was prepared, as shown in
Figure 11. Figure 11 shows the photocurrent-voltage (𝐽-𝑉)
characterization of the DSSC with a sputtered compact TiO

2

layer, under AM 1.5 solar irradiation with a density of
100mW/cm2. The performance parameters are summarized
in Table 3. The short circuit photocurrent density (𝐽sc), the
open-circuit photovoltage (𝑉oc), and the fill factor for the
FTO/glass substrate using Pt counter electrodes are greater
than those for the other samples. With ITO/glass, using the
carbon counter electrodes, conversion efficiency decreases to
1.51%, from 4.98%, for Pt counter electrodes. This increase
in the 𝐽sc, the 𝑉oc, and the fill factor means that the DSSC
with the FTO/glass and a Pt counter electrode has a solar
conversion efficiency of 7.65%, compared with 4.98% for the
cell prepared using ITO/glass.

4. Conclusions

This study successfully deposits TiO
2
and TiO

2−xNx onto
ITO/glass and FTO/glass substrates. The flow rates for Ar
(plasma gas), O

2
, and N

2
(reactive gases) are varied, but

the rf power, the deposition pressure, and the substrate
temperature are fixed. The results show that the photo-
induced hydrophilicity of TiO

2−xNx film is better than that
of TiO

2
film. The best absorbance of methylene blue (MB)

is 0.54, for sample number 8 (the Ar/O
2
/N
2
flow rates are

36 : 18 : 9), after UV irradiation for 4 h. This result shows

(a)

(b)

(c)

Figure 8: The SEM images of (a) sputtered TiO
2
compact layer on

FTO/glass (sample number 8), (b) porous TiO
2
on TiO

2
compact

layers/FTO/glass, produced using the sol-gel with spin coating
method and (c) porous TiO

2
on compact TiO

2
layers/FTO/glass,

produced using the sol-gel with blade coating method.

that MB degradation for TiO
2−xNx film is better than that

for TiO
2
film. After annealing, the compact TiO

2
layers

exhibit higher optical transmittance. The TiO
2
porous layer

on the TiO
2
compact layers/FTO substrate produced using

the sol-gel method exhibits a sponge-like structure, which
is a prerequisite for a highly efficient DSSC. For ITO/glass
with carbon counter electrodes, the conversion efficiency
decreases to 1.51%, from 4.98% for Pt counter electrodes.
The short circuit photocurrent density (𝐽sc), the open-circuit
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Figure 10: The XRD patterns for the TiO
2
films, annealed at 450∘C.

photovoltage (𝑉oc), and the fill factor for the FTO/glass
substrate with Pt counter electrodes are greater than those of
the other samples.
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Figure 11: Current-voltage plots for the DSSC with a sputtered
compact TiO

2
layer, using carbon and Pt counter electrodes and

FTO and ITO/glass, under AM 1.5 solar irradiation with a density
of 100mW/cm2 (TiO

2
annealed at 450∘C).
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Table 3: Photovoltaic performance of DSSCs with sputtered compact TiO2 layer, with carbon and Pt counter electrodes, using FTO and
ITO/glass.

𝑉oc (V) 𝐽sc (mA/cm2) Fill factor Efficiency 𝜂 (%)
FTO/sputter/spin coating/Pt 0.762 13.95 0.720 7.65
ITO/sputter/spin coating/Pt 0.622 12.38 0.647 4.98
ITO/sputter/spin coating/carbon 0.522 4.33 0.668 1.51
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TiO
2
compact layers are used in dye-sensitized solar cells (DSSCs) to prevent charge recombination between the electrolyte and

the transparent conductive substrate (indium tin oxide, ITO; fluorine-doped tin oxide, FTO). Thin TiO
2
compact layers are

deposited onto ITO/glass by means of radio frequency (rf) magnetron sputtering, using deposition parameters that ensure greater
photocatalytic activity and increased DSSC conversion efficiency. The photoinduced decomposition of methylene blue (MB) and
the photoinduced hydrophilicity of the TiO

2
thin films are also investigated.The photocatalytic performance characteristics for the

deposition of TiO
2
films are improved by using the Grey-Taguchi method. The average transmittance in the visible region exceeds

85% for all samples. The XRD patterns of the TiO
2
films, for sol-gel with spin coating of porous TiO

2
/TiO
2
compact/ITO/glass,

show a good crystalline structure. In contrast, without the TiO
2
compact layer (only porous TiO

2
), the peak intensity of the anatase

(101) plane in the XRD patterns for the TiO
2
film has a lower value, which demonstrates inferior crystalline quality. With a TiO

2

compact layer to prevent charge recombination, a higher short-circuit current density is obtained. The DSSC with the FTO/glass
and Pt counter electrode demonstrates the energy conversion efficiency increased.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been extensively
studied as a promising alternative to conventional solar cells
that use a p-n junction because of their reasonable conversion
efficiency, low cost, environmentally friendly components,
use of a flexible cell design, and simple fabrication process,
when compared to silicon solar cells [1]. DSSCs are the next-
generation solar cells [2]. If low cost and highly efficient
DSSCs can be developed, it will be an important new direc-
tion for the development of solar cells. A typical DSSC
consists of dyemolecules that act as sensitizers, a nanoporous
metal oxide film (TiO

2
semiconductor material), a transpar-

ent conducting oxide (indium tin oxide, ITO), an electrolyte
charge carrier, and a counter electrode (Pt or carbon) [3].The
dye and metal oxide, which are used for the sensitizer and

the electrode, respectively, are important to the photoelectric
conversion efficiency of DSSCs [4].

TiO
2
is one of the most popular photocatalytic materials,

so it has many commercial applications, such as antibacterial
applications, waste purification, self-cleaning, and sensors
[5]. It is also used for photoelectrodes and in high perfor-
manceDSSC applications because it has an adequate photore-
sponse and effective electron transport [6]. A high incident
photon to current conversion efficiency is expected for TiO

2

films that have a better phase structure and crystallinity
and a higher specific surface area [7]. The control of the
TiO
2
nanostructures is very important for the photovoltaic

performance of a DSSC [8]. In order to improve the con-
version efficiency of DSSCs, several studies have focused
on the structural design, material development, photovoltaic
characterization, and analysis of the mechanism of TiO

2
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Table 1: The factor and level settings for sputter deposition of TiO2 compact layers.

Substrate Soda-lime glass, 20 × 20 × 1mm3

Target TiO2 (99.99% purity)
Gas Ar and O2 (99.99% purity)
Base pressure 5.0 × 10−6 torr
Substrate-to-target distance 80mm
Substrate temperature Room temperature
Substrate rotate vertical axis 10 rpm
Symbol Control factor Level 1 Level 2 Level 3
A rf power (W) 100 130 160
B Sputtering pressure (mtorr) 3 5 7
C O2/(Ar + O2) (%) 10 30 50
D Deposition time (hr) 2 3 4

nanoparticles [9]. Mesoporous TiO
2
is widely used as an

electrode in DSSCs to produce a high surface area for the
adsorption of a greater density of dye molecules, which
produces a significant increase in the photocurrent [10].
However, the highly porous structure of the TiO

2
layer

can cause an electrical shortage and recombination of the
charge/electrons, which interferes with the unidirectional
electron transport that takes place at the TiO

2
layer/dye

molecule and ITO/TiO
2
layer interfaces [11]. This leakage by

electronic back transfer leads to a decrease in cell efficiency.
To avoid this problem, the primary method used to prevent
recombination is the use of a TiO

2
compact layer (blocking

layer) between the ITO and the porous TiO
2
layer [11].

This compact layer can be prepared using many growth
techniques, such as sputter deposition, dip-coating, chemical
vapor deposition, and spray pyrolysis.

This study determines the optical, structural, and surface
properties of a TiO

2
compact layer that is grown by radio

frequency (rf) magnetron sputtering on the ITO electrodes,
as a function of the deposition parameters that ensure
higher photocatalytic activity and greater DSSC conversion
efficiency. The nanoporous TiO

2
upper layer is coated using

the sol-gel process and calcination at 450∘C. Moreover, the
working electrode which is made of a dye-sensitized TiO

2

film that is immobilized onto a fluorine-doped tin oxide
(FTO) substrate is also investigated.

The Taguchi method is a powerful tool for the design
of high quality systems, which can be used to design low
cost products, with improved quality [12]. To optimize the
deposition process for TiO

2
photocatalytic films, a statistical

analysis of the signal-to-noise ratio (𝑆/𝑁) is performed, using
an analysis of variance (ANOVA). The optimal deposition
parameters are obtained by analyzing the results for various
experimental permutations [13, 14]. Table 1 shows the effect
on the quality of the TiO

2
photocatalytic films of four depo-

sition parameters at three levels: the rf power, the sputtering
pressure, the Ar-O

2
ratio, and the deposition time. An L

9
(34,

with four columns and nine rows) orthogonal array is used.

2. Experimental

The TiO
2
photocatalytic thin films (compact layer) were

coated onto ITO/glass substrates (and FTO/glass), using rf
magnetron sputtering.The reactive and sputtering gases were
O
2
(purity: 99.99%) and Ar (purity: 99.99%), respectively.

The commercially available, hot pressed, and sintered ceramic
target TiO

2
had a diameter of 50.8mm and 99.99% purity

(Elecmat, USA).
Prior to coating, the target was presputtered for 15min,

in order to remove any contamination, and the substrates
were ultrasonically cleaned and degreased in acetone, rinsed
in deionised water, and subsequently dried with nitrogen gas.
A vacuum, of base pressure 5.0× 10−6 Torr, was applied before
deposition.The distance between the substrate and the target
(80mm) and the rotational speed of the substrate (10 rpm)
were constant. By adjusting the experimental permutations,
this study determined the effect of each deposition parameter
on the deposition rate for TiO

2
/ITO/glass, themethylene blue

(MB) absorbance, the contact angle to a pure water droplet,
the surface morphology, and the crystal structure.

The porous TiO
2
film (p-TiO

2
) was coated onto the

TiO
2
compact/ITO/glass (and TiO

2
compact/FTO/glass)

using a mixture of TiO
2

powders (P-25, particle size:
<25 nm, 99.7%) with the TiO

2
sol-gel component studied

in [15]. The TiO
2
sol-gel was mixed with 0.3 g of com-

mercially available Degussa P-25, to avoid any cracking of
the film. The TiO

2
sol-gel was produced using spin coating

and blade coating. The gels were predried for 15min at
50∘C and then sintered in a box furnace at 450∘C (heat-
ing rate 10∘C/min) for 30min in air ambient, to produce
the bare TiO

2
electrode used in this work to fabricate

the DSSC. The porous TiO
2
films were immersed into the

dye solution (0.4mM N719 dye solution, Solaronix, Switzer-
land, Di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,
2-bipyridyl-4,4-dicarboxylato)-ruthenium(II); chemical
formula C

58
H
86
N
8
O
8
RuS
2
;MolWt: 1188.55) complex for 24 h

at room temperature.
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Table 2:The experimental results and the 𝑆/𝑁 ratios for the deposition rate, the contact angle, and the MB absorbance for the TiO
2
compact

layer coatings (the experiments were repeated twice).

Exp. Factors Deposition rate (Å/min)
𝑆/𝑁 (dB) Water contact angle (degree)

𝑆/𝑁 (dB) MB absorbance
𝑆/𝑁 (dB)

𝐴 𝐵 𝐶 𝐷 𝑇1 𝑇2 𝑇1 𝑇2 𝑇1 𝑇2
1 1 1 1 1 3.35 3.00 9.9953 90.73 91.30 −39.182 1.328 1.332 −2.4770
2 1 2 2 2 2.73 3.04 9.1653 92.13 91.87 −39.275 1.327 1.325 −2.4508
3 1 3 3 3 2.19 2.23 6.8868 73.91 75.40 −37.461 1.296 1.293 −2.2420
4 2 1 2 3 4.85 4.97 13.8197 89.75 90.28 −39.086 1.198 1.187 −1.5292
5 2 2 3 1 4.35 3.95 12.3307 91.01 92.71 −39.262 1.284 1.283 −2.1679
6 2 3 1 2 4.84 4.76 13.6239 93.57 94.68 −39.474 1.205 1.200 −1.6017
7 3 1 3 2 6.38 6.11 15.9046 71.70 72.30 −37.146 1.287 1.284 −2.1814
8 3 2 1 3 7.48 7.25 17.3403 95.35 94.81 −39.561 1.077 1.074 −0.6322
9 3 3 2 1 4.73 4.82 13.5783 63.79 62.39 −35.999 1.031 1.030 −0.2609
Note: 𝐴 = rf power (W), 𝐵 = process pressure (Pa), 𝐶 = O2/(Ar + O2) flow rate ratio (%), and𝐷 = deposition time (hr).

Glass
ITO

Pt/carbon
Blade/spin coating

Sputter coating
ITO
Glass

Figure 1: A schematic diagram of a DSSC with an rf-sputtered TiO
2

compact layer/ITO/glass on the ITO electrode.

The Pt counter electrode was coated onto ITO/glass (and
FTO/glass) substrates using DC sputtering with pure Ar gas
and a DC power of 30W. The dye-adsorbed TiO

2
working

electrode and the counter electrode were assembled into
a sandwich-type cell and sealed with a hot-melt sealant.
Figure 1 shows a schematic diagram of a DSSC with an rf-
sputtered TiO

2
compact layer/ITO/glass on the ITO elec-

trode. In order to prevent the leakage by electron transfer
to the liquid electrolyte, dense TiO

2
passivating layers were

used.
The phase identification of the particles produced using

various deposition parameters was performed by X-ray
diffraction (Rigaku-2000 spectrometer), using Cu-K𝛼 radi-
ation (40 kV, 30mA, and 𝜆 = 0.1541 nm). The photoinduced
hydrophilicity of the TiO

2
thin films was evaluated by

measurement of the contact angle to pure water, using a
contact angle meter (FACE CAVP150) that is accurate to
less than 1∘. A black light (UVP UVL-225D) lamp with
a principal wavelength of 365 nm (1.5mW/cm2 at the film
surface) was the UV light source. The decomposition of MB
aqueous solution (10 𝜇M) was photocatalyzed. An UV-Vis-
NIR spectrometer (Jasco V-670) was used to measure the
absorption spectra of the MB solution as a function of the
UV irradiation time.The film thickness was measured, using

a surface profilometer (𝛼-step, AMBIOS XP-1). The surface
morphology was analyzed using a field emission scanning
electron microscope (FESEM, JEOL JSM-6500F).The crystal
structure of the films was characterized by X-ray diffraction
(Rigaku-2000 spectrometer), using Cu-K𝛼 radiation (40 kV,
30mA, and 𝜆 = 0.1541 nm), with a grazing incidence angle
of 1∘. The scanning rate was 5∘/min.

The power used to test the preparedDSSCwas a 150WXe
lamp, which simulates sunlight (AM 1.5). Before the test, the
distance between the light source and the samplewas adjusted
to allow a light source density of 100mW/cm2. The cell
performance parameters, including the short-circuit current
density (𝐽sc), the open-circuit voltage (𝑉oc), the fill factor (FF),
and the photoelectronic conversion efficiency (𝜂(%) = 𝐽sc ×
𝑉oc × FF/total incident energy × 100), were measured and
calculated using the 𝐽-𝑉 characteristics of DSSC.

3. Results and Discussion

3.1. The Photocatalytic Activity of the TiO
2
Compact Films.

The TiO
2
compact films were deposited onto ITO soda-lime

glass substrates. The optimization of the parameter settings
involved comparing the signal-noise (𝑆/𝑁) ratios, using the
Taguchimethod. In order to optimize the TiO

2
compact films

deposition parameters, the water contact angle and the MB
absorbance had the smaller the better characteristics and the
deposition rate had the larger the better characteristics. The
respective 𝑆/𝑁 ratios for the smaller the better characteristic
and the larger the better characteristic are expressed as
follows (Taguchi et al. [13]):

(

𝑆

𝑁

)

𝑆

= −10 log 1
𝑛

𝑛

∑

𝑖=1

𝑦
2

𝑖

(

𝑆

𝑁

)

𝐿

= −10 log 1
𝑛

𝑛

∑

𝑖=1

1

𝑦
2

𝑖

,

(1)

where 𝑛 is the number of iterations for the experiment and
𝑦
𝑖
is the 𝑖th average value of the characteristic measured.
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Table 3: The ANOVA results for the deposition rate, the water
contact angle, and the MB absorbance.

Factor Degree of
freedom

Sum of
square Variance Contribution

(P %)
Deposition rate (Å/min)

𝐴 2 74.4166 37.2083 84.45
𝐵 2 6.1132 3.0566 6.93
𝐶 2 6.1644 3.0822 7.00
𝐷 2 1.4211 0.7106 1.62
Total 8 88.1153 100

Water contact angle (degree)
𝐴 2 4.4559 2.22793 33.68
𝐵 2 4.4483 2.22417 33.62
𝐶 2 3.7790 1.88950 28.56
𝐷 2 0.5472 0.27359 4.14
Total 8 13.2304 100

MB absorbance
𝐴 2 2.80223 1.40111 54.36
𝐵 2 0.72560 0.36280 14.07
𝐶 2 1.03120 0.51560 20.00
𝐷 2 0.59634 0.29817 11.57
Total 8 5.15538 100

Using (1), the 𝑆/𝑁 ratio values were computed for depo-
sition rate, water contact angle, and MB absorbance in
the TiO

2
compact layers coatings, as shown in Table 2.

The hydrophilicity of the TiO
2
films was determined by

measuring the water contact angle. The change in the water
contact angle is shown as a function of UV irradiation time
for the TiO

2
films deposited with parameter sets in the

orthogonal arrays (Table 2). When the TiO
2
film surface is

irradiated by UV light for 12min, the water contact angles
of all of the films begin to decrease (less than 63∘, sample
number 9), which indicates that the film surface becomes
more hydrophilic.The absorption spectra for theMBaqueous
solution degraded by TiO

2
photocatalytic film after 240min

UV irradiation are shown for the orthogonal array settings
(Table 2). The TiO

2
films deposited using the parameter sets

in the orthogonal arrays from number 1 to number 9 show
MB absorbance between 1.33 and 1.03.

An analysis of variance (ANOVA) was used to determine
the effect of a change in the process parameters on the process
response. Table 3 shows the ANOVA results for the deposi-
tion rate, the water contact angle, and the MB absorbance.
Table 3 shows that the variables that most significantly affect
the deposition rate, the water contact angle, and the MB
absorbance are the rf power (𝑃 = 84.45%, 33.68%, and
54.36%), the sputtering pressure (𝑃 = 6.93%, 33.62%, and
14.07%), and the argon-oxygen ratio (𝑃 = 7.00%, 28.56%, and
20.00%).

Grey relational analysis (GRA) provides an efficient solu-
tion to difficult problems that involve multiple performance
characteristics that are uncertain, have multiple inputs, and

Table 4: The Grey relational grade and its ranking for the TiO2
compact layer coatings.

Exp. Grey relational grade Rank
1 0.3595 8
2 0.3526 9
3 0.4252 6
4 0.4551 4
5 0.3914 7
6 0.4356 5
7 0.5698 3
8 0.7007 2
9 0.8329 1
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Figure 2: The optical transmittance spectra for TiO
2
compact

layer/ITO/glass.

generate discrete data. The objective of this study is to opti-
mize the deposition parameters for the TiO

2
compact films

using GRA, which is used extensively in various industries
[16].

The optimumcombination does not yield suitable process
parameters with a single performance characteristic (Taguchi
method) for the TiO

2
compact films coated. In order to

optimize the deposition parameters, the deposition rate, the
contact angle, and theMB absorbance, multiple performance
characteristics (grey relational analysis) must be analyzed.
The calculated grey relational grade is taken as the inspected
value in the Taguchi method. Table 4 shows the grey rela-
tional grade and its ranking for the TiO

2
compact layer

coatings. A comparison of the experimental results for the
orthogonal array (𝐴

3
𝐵
3
𝐶
2
𝐷
1
) and the photocatalytic activity

optimal parameter set (𝐴
3
𝐵
3
𝐶
2
𝐷
3
) for TiO

2
film deposition

is shown in Table 5.Themultiple performance characteristics
for the deposition of TiO

2
thin films are greatly improved
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Table 5: The confirmation test results for the multiple performance characteristics, using the initial and the optimal process parameters.

Level Initial process parameters Optimal process parameters Improvement rate (%)
𝐴
3
𝐵
3
𝐶
2
𝐷
1

𝐴
3
𝐵
3
𝐶
2
𝐷
3

Deposition rate (Å/min) 4.775 5.48 12.87
Contact angle (degree) 63.09 53.47 15.25
MB absorbance 1.0305 0.865 16.06

(a) (b) (c)

Figure 3: (a) The SEM images for sputtered TiO
2
compact layer on ITO/glass, (b) the SEM images for porous TiO

2
onto TiO

2

compact/ITO/glass, produced using the sol-gel with spin coating method, and (c) the SEM images for porous TiO
2
onto TiO

2

compact/ITO/glass, produced using the sol-gel with blade coating method.

Sputter coating
ITOGlass

1𝜇m

Spin coating

(a)

Sputter coating
ITO

1𝜇m
Glass

Blade coating

(b)

Figure 4: The SEM cross-sectional image of TiO
2
(a) corresponding to Figure 3(b) and (b) corresponding to Figure 3(c).

Table 6: The performance of a DSSC prepared using a photoelectrode with and without a TiO2 compact layer, using carbon and Pt counter
electrodes, and using ITO/glass and FTO/glass.

𝑉oc (V) 𝐽sc (mA/cm2) Fill factor Efficiency 𝜂 (%)
ITO/sputter/spin coating/carbon 0.54 4.38 0.676 1.59
ITO/sputter/blade coating/carbon 0.53 4.08 0.666 1.44
ITO/spin coating/carbon 0.52 3.18 0.639 1.05
ITO/blade coating/carbon 0.52 3.07 0.572 0.90
ITO/sputter/spin coating/Pt 0.51 12.86 0.678 4.46
ITO/sputter/blade coating/Pt 0.49 10.73 0.675 3.51
ITO/spin coating/Pt 0.58 6.02 0.644 2.24
ITO/blade coating/Pt 0.61 5.10 0.649 2.01
FTO/sputter/spin coating/Pt 0.70 17.22 0.641 7.73
FTO/sputter/blade coating/Pt 0.77 12.79 0.750 7.36
FTO/spin coating/Pt 0.79 12.39 0.692 6.79
FTO/blade coating/Pt 0.79 10.80 0.771 6.53
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Figure 5: The XRD patterns for the TiO
2
films after being annealed at 450∘C.

by using the Grey-Taguchi method. The improvement in the
deposition rate is 12.87%, that in the water contact angle is
15.25%, and that in the MB absorbance is 16.06%.

The transmittance spectra are shown as a function of
wavelengths in the range between 300 and 800 nm for TiO

2

compact layers in Figure 2. The average transmittance in the
visible region exceeds 85% for all samples, but transmission
in the UV-near visible region decreases abruptly. After
annealing treatment, the optical transmittance of the film is
increased.

3.2. DSSC Conversion Efficiency. SEM analysis was used
to determine the morphology of the sputtered TiO

2
com-

pact layers (with photocatalytic activity optimal parame-
ters, 𝐴

3
𝐵
3
𝐶
2
𝐷
3
) on the ITO substrate and the thick TiO

2

porous layer produced using the sol-gel method, as shown in
Figure 3. The uniform and smooth surfaces of the sputtered
compact accumulation film are well covered by spherical
particles, which are densely coated with a small grain size
(Figure 3(a), TiO

2
compact/ITO/glass). This is necessary to

prevent charge recombination between the ITO and the
porous TiO

2
layer [17, 18]. The SEM images show the

porous TiO
2
film over the sputtered compact layer, produced

using the sol-gel with spin coating method (Figure 3(b),
porous TiO

2
/TiO
2
compact/ITO/glass) and the sol-gel with

blade coating method (Figure 3(c), porous TiO
2
/TiO
2
com-

pact/ITO/glass). The porous TiO
2
film structure is not dense

and the crystallite size of the TiO
2
is increased. DSSC

efficiency is improved by producing a TiO
2
electrode with a

large surface area and optimum pore structure [19, 20].
The cross-section of the TiO

2
films was observed by SEM.

Figure 4(a) corresponds to Figure 3(b) and Figure 4(b) corre-
sponds to Figure 3(c).TheTiO

2
compact/ITOfilms produced

using the photocatalytic activity optimal deposition condi-
tions (𝐴

3
𝐵
3
𝐶
2
𝐷
3
) are highly compacted and homogeneous

and adhere perfectly to the glass substrate. These results

confirm a spongelike structure for the TiO
2
layer (Figure 4),

which is a prerequisite for a highly efficient DSSC [21]. The
characteristics of the TiO

2
materials depend significantly

upon the surface morphology, the crystal structure, and the
crystallization.

Figure 5 shows that the XRD patterns of the TiO
2
films,

produced using the sol-gel with spin coating of porous
TiO
2
/TiO
2

compact/ITO/glass, show a good crystalline
structure and anatase (101) diffraction peaks that demonstrate
a higher crystallinity than the other films. In contrast, without
theTiO

2
compact layer (only porousTiO

2
), the peak intensity

of the anatase (101) plane in the XRD patterns for the
TiO
2
film has a lower value, which demonstrates inferior

crystalline quality.
Good performance for the counter electrode requires

a low internal resistance and raw material cost. The best
material for the counter electrode is Pt, which shows excellent
electrochemical activity for I

3

− reduction at film thicknesses
of 2∼10 nm [22, 23]. Figure 6 shows the photo current-
voltage (𝐼-𝑉) characteristics for the DSSC under AM1.5
solar irradiation with 100mW/cm2 illumination, with and
without the TiO

2
compact layer. Figure 6(a) shows a carbon

counter electrode and ITO/glass, Figure 6(b) shows a Pt
counter electrode and ITO/glass, and Figure 6(c) shows a
Pt counter electrode and FTO/glass [24]. The corresponding
cell parameters are summarized in Table 6, which shows the
performance of the DSSC. With a TiO

2
compact layer to

prevent charge recombination, a higher 𝐽sc is obtained. The
energy conversion efficiency (𝜂) increases if a Pt counter
electrode is used instead of a carbon counter electrode.

For the purposes of comparison, the energy conversion
efficiency for the DSSC film deposited on FTO glass is also
given. FTO substrates have good optoelectronic performance
and higher energy conversion efficiency than ITO substrates.
Table 6 shows that a FTO/sputter/spin coating/PT setup
increases the conversion efficiency of the DSSC, with 𝑉oc =
0.70V, 𝐽sc = 17.22mA/cm2, a fill factor = 0.641, and an energy
conversion efficiency as high as 7.73%.
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Figure 6: The 𝐼-𝑉 characteristics for DSSCs fabricated with and without a TiO
2
compact layer, (a) using a carbon counter electrode and

ITO/glass, (b) using a Pt counter electrode and ITO/glass, and (c) using a Pt counter electrode and FTO/glass, under AM 1.5 solar irradiation
with a density of 100 mW/cm2.

4. Conclusion

TiO
2
films (compact layer) are coated onto ITO/glass sub-

strates (and FTO/glass), using rf magnetron sputtering. The
reactive and sputtering gases are O

2
and Ar, respectively. The

multiple performance characteristics for the deposited TiO
2

compact films’ photocatalytic activity are greatly improved
by using the Grey-Taguchi method. The improvement in the
deposition rate is 12.87%, that in the water contact angle is
15.25%, and that in the MB absorbance is 16.06%.The porous

TiO
2
film that covers the sputtered compact layer produced

by the sol-gel method has a structure which is not dense
and a crystallite size that is increased. The XRD patterns for
TiO
2
films produced using sol-gel with spin coating of porous

TiO
2
/TiO
2
compact/ITO/glass result in a good crystalline

structure and the anatase (101) diffraction peaks demonstrate
a higher degree of crystallinity. The energy conversion effi-
ciency (𝜂) for a Pt counter electrode is greater than that
for a carbon counter electrode. The experimental results
show that FTO/sputter/spin coating/PT setup increases
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the conversion efficiency of the DSSC, with 𝑉oc = 0.70V,
𝐽sc = 17.22mA/cm2, the fill factor = 0.641, and an energy
conversion efficiency as high as 7.73%.
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The solid-state light emitting diode (SSLED) has been verified as consumer-electronic products and attracts attention to indoor
and outdoor lighting lamp, which has a great benefit in saving energy and environmental protection. However, LED junction
temperature will influence the luminous efficiency, spectral color, life cycle, and stability. This study utilizes thermal performance
experiments with the illumination-analysis method and window program (vapour chamber thermal module, VCTM V1.0) to
investigate and analyze the high-power LED (Hi-LED) lighting thermal module, in order to achieve the best solution of the fin
parameters under the natural convection. The computing core of the VCTM program employs the theoretical thermal resistance
analytical approach with iterative convergence stated in this study to obtain a numerical solution. Results showed that the best
geometry of thermal module is 4.4mm fin thickness, 9.4mm fin pitch, and 37mm fin height with the LED junction temperature of
58.8∘C. And the experimental thermal resistances are in good agreement with the theoretical thermal resistances; calculating error
between measured data and simulation results is no more than ±7%. Thus, the Hi-LED illumination lamp has high life cycle and
reliability.

1. Introduction

High-power light-emitting diodes (Hi-LEDs) of the solid-
state semiconductor devices are emerging and growing
rapidly in the globe nowadays. They are employed by indoor
and outdoor lighting lamps with white Hi-LEDs appearance,
which has many particular advantages involving small size,
light weight, long lifetime, quick time response, antivibra-
tion, low power consumption, and energy saving issues [1].
Although Hi-LED lighting lamps with less carbon emission
are renewable and clean for our living environment and
their response time is very short resulting from solid-state
direct driving of low voltage, the thermal management and
control (TM&C) is needed urgently to resolve the problems
of luminous efficiency (lm/W) and light costs (NTD/lm)
for Hi-LEDs lighting lamps. Single Hi-LED with 1mm2 area
usually has above 100W/cm2 heat flux. This serious thermal
concentration results in a hot-spot phenomenon, and how
to control thermal energy is still a major issue to deal with
during device packing and application of Hi-LEDs [2–4].
The heat dissipation problems of Hi-LED include three parts

including chip heat dissipation, encapsulation, and system
level. LEDs are mounted on metal printed circuit board
(MPCB) to enable good dissipation of heat generated from
the LEDs. Currently, LED based plates may be divided into
several kinds [5–8]. Their responsibility is to conduct heat
capacity to the exterior surroundings through the thermal
module. The junction temperature (𝑇

𝑗
) of LED immediately

influences luminous efficiency and quality.This is because the
light intensity of LEDs and lifetime of the P-N composition
plane 𝑇

𝑗
change in inverse proportion, so it is an important

thermal management problem to reduce the 𝑇
𝑗
surpassing

60∘C [9]. Higher junction temperature reduces the luminous
flux output and brightness and also affects the wave length of
photons, changing LED illumination color and lowering its
lifetime. It quickly transfers the heat generated by the LED
chip to an external heat sink, and through the based plate
and coolingmodule to dissipate heat to the surroundings, can
increase the intensity of illumination and LED lifetime.

Eisermann et al. [10] used insulating high-intensity light-
emitting diodes aluminum substrates to be attached to a
conductor deposited on the dielectric with low-cost systems.
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Figure 1: LED illumination lamp.

Arik et al. [11, 12] pointed that the heat flux raises over
80W/cm2 with the steady increase in LED power con-
sumption resulting in a hot-spot phenomenon problem. In
addition, the high spreading resistance is caused by the heat
sink, which has a larger area than the chip. The hot-spot
effect andhigh spreading resistance result in a higher junction
temperature for the LED, which should be kept under
120∘C.The reliability and lighting life of LEDs are dependent
on junction temperature in normal operating temperature.
Wang et al. [13] applied a vapor chamber in a 30 Watt
high-power LEDs vapor chamber-based plate and utilized
the Windows program VCTM V1.0 to calculate the thermal
performance of a LEDs vapor chamber-based plate thermal
module. Because of the high thermal performance of the
vapour chamber (thermal conductivity above 800W/mK),
which solves the hot-spot problem of Hi-LEDs, the proposal
method can spread the heat of the LEDs rapidly to the vapour
chamber and conduct it to the thermal module [14–16].

The LED illumination lamp configuration utilized in this
paper is shown in Figure 1. There are twelve LED chips (2
× 6 matrixes) of white color on single aluminum metal
core printed circuit board (Al-MCPCB). The dimensions of
single LED chip and Al-MCPCB are 1 × 1mm2 and 150 ×
54 × 2mm3, respectively. One LED lighting module has two
Al-MCPCBs with twenty-four LED chips.The overall dimen-
sions and material of the present heat sink are 340 × 88 ×
50mm3 and die-casting aluminum. There are twenty taper
fins (2 × 5mm2) to dissipate heat capacity fromHi-LEDs into
surroundings. Ten fins heights are 12, 18, 22, 26, 30, 32, 34,
35, 36, and 37mm successively and place center symmetry
with pitch of 9mm. And the weight of the whole heat sink
is about 1.92 kg. The paper utilized the thermal performance
illumination experiments and numerical analysis to test and
design the thermal module of LED lighting lamp, especially,
in order to obtain these better parameters including lower
LED junction temperature, fin geometries, lighter weight of
heat sink, and LED vapour chamber-based plate through
thermal resistance analysis and VCTM V1.0 [13].

2. Analysis Methodology

2.1.ThermalPerformanceExperimentandProcedure. Figure 2
reveals the experimental apparatus and thermal resistance
network of one Hi-LED lighting module. The experimental
methods stated in this paper are mainly aimed at testing the
thermal performance of the one LED lighting module sup-
plied by Macroblock Corp. in Taiwan. Digital power supply
of ADC50-10 with a maximum voltage and ample of 50 and
10, respectively, is directly connected to Hi-LEDs heat source
and supplies the direct current (D.C.) for four kinds of input
powers involving 16, 20, 24, and 30W. Another input power
is alternative current (A.C.) with 110 volts to the one Hi-LED
lighting module.The measurement error of the digital power
supply is ±(0.5% + 2digits). All measured temperature points
are sixteen T-type thermocouples composed of the materials
of copper and nickel as shown in Figure 3. A thermocouple
named CH14 is attached on the surface of the LED chip to
measure themaximum temperature (𝑇

𝐿
). CH15measures the

side temperature (𝑇
𝑆
) near the LED chip. Four thermocouples

(CH1 to CH4) are attached on the front surface of Al-MCPCB
to measure its temperature. And 𝑇

𝑀
is the mean temperature

of them. 𝑇
𝐹
is the average temperature of CH5 to CH8 that

are measuring the skin temperatures of fins. CH9 measures
the temperature of power adapter belonging to Hi-LED light
module. CH10 to CH13 are the reference temperatures in
order to compare numerical temperatures. Lastly, a thermo-
couple is placed on the back side of the Hi-LED lighting
module to measure the ambient temperature (𝑇

𝑎
). These

thermocouples are connected to the data recorder of GL-
800APS, which has 40measuring channels and the recording
time is 0.1ms, to record their values, and the measurement
error is ±1%. Thermocouple of type T has a maximum
measuring range from −200∘C to +350∘C and an error range
of ±0.5∘C. When the temperatures and illumination of LED
are in a steady state and their recording curves appear as
a horizontal line, one experimental team stops. Every team
spends about one hour. There are three inclined angles of
0∘ (horizontality), −90∘ (verticality), and 90∘ (antigravity) to
experiment as shown in Figure 4 in the present study.

Equation (1) defined the thermal resistances, which are
generally employed to assess the thermal performances of a
thermal module and also an important parameter in thermal
module design. The larger the total thermal resistance is, the
poorer the thermal performance of thermal modules is and
the higher the junction temperature of Hi-LEDs heat source
is. Consider

𝑅
𝑡
=

Δ𝑇

𝑄in
= 𝑅
𝐿
+ 𝑅
𝑀
+ 𝑅HS + 𝑅𝑎. (1)

In (1), 𝑅
𝑡
is the total thermal resistance (∘C/W), Δ𝑇 is

the temperature difference (∘C), and 𝑄in is the input power
of Hi-LEDs (W). And 𝑅

𝑡
is defined as the temperature

difference (the junction temperature of LED 𝑇
𝐿
minus the

ambient temperature 𝑇
𝑎
) divided by the total heat transfer

rate 𝑄in. The 𝑅
𝐿
is the LED thermal resistance, defined as

the effective temperature difference at the LED (𝑇
𝐿
minus

the side temperature near the LED chip 𝑇
𝑆
) divided by 𝑄in.

The 𝑅
𝑀

is the Al-MCPCB thermal resistance, defined as



International Journal of Photoenergy 3

(1)

(2)

(3) (4)

(5)

(a) Apparatus

TL

TS

TM

TF

Ta

RL

RM

Ra

RHS

(b) Network

Figure 2: Experimental apparatus and thermal resistance network.
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the temperature difference (𝑇
𝑆
minus the average temperature

of the Al-MCPCB 𝑇
𝑀
) divided by 𝑄in. The 𝑅HS is the

heat sink thermal resistance, defined as the temperature
difference (𝑇

𝑀
minus the average temperature of the fins

𝑇
𝐹
) divided by 𝑄in. The 𝑅

𝑎
is the convection resistance,

defined as the temperature difference (𝑇
𝐹
minus 𝑇

𝑎
) divided

by 𝑄in. Moreover, the thermal resistances belong to derived
variable and include temperature and heat transfer rate,
which are measured with experimental instruments. Certain
error should exist between the data measured during exper-
iment. The concept of propagation of error is introduced
to calculate experimental error and fundamental functional
relations for propagation of error [13]. An experimental error
is represented with a relative error and the maximum relative
error of thermal resistances defined is within ±10% except the
𝑅HS.

2.2. Numerical Analysis. One of the major purposes of this
study is to design the best thermal performance of thermal
module of Hi-LED illumination lamp. Nowadays, in the
LED lighting industry, conventional thermal modules of
Hi-LED lamp are designed and adjusted by the engineers’
experience. Consequently, manufacturing more experimen-
tal testing activities may ameliorate the thermal performance
of Hi-LED lighting thermal module. However, expenses of
testing samples once more and waiting time for samples
preparation do not achieve the cost-efficiency for the rapid

development-periodmarket of LED lighting industry. In view
of this point, employing numerical analysis is a theme in
the present study. The temperature and flow fields of LED
lighting model can be simulated and predicted via finite
volume method (FVM) based on a 3D numerical approach
belonging to computational fluid dynamics (CFD), in which
fluid mechanics, discrete mathematics, numerical methods,
and computer technologies are integrated by computer-aided
design (CAD) and engineering (CAE). Icepak commercial
electronic heat transfer analysis software developed by Amer-
ican Fluent Inc. is adopted in this paper. The entire analytical
model can be set up and simulated through the file conversion
skill between CAD/CFD. The numerical analysis can be
divided into three parts involving preprocessing, numerical
solving, and postprocessing. With respect to preprocessing,
above all, a 3-dimensional (3D) geometrical model of LED
light module is drawn and established through 3D CAD
software. Moreover, some slight influence characteristics will
be neglected so as to decrease the computation grid ele-
ments and simulation time when establishing 3D geometrical
model. Although we comprehend the mechanism of free
convection well, the complexities of fluid motion make it
very difficult to acquire simple analytical relations for heat
transfer through solving the governing equations of motion
and energy. Another reason is that the natural convection
heat transfer coefficient depends on the geometry of the
surface as well as its orientation, variation of temperature on
the surface, and the thermophysical properties of the fluid.
Figure 5 exhibits the grid elements and boundary conditions.
The top, bottom, and sides of the computer system cabinet are
specified as open boundary conditions and the wall thickness
of the enclosure is considered to be negligible.

The differential governing equation of a steady state
thermal analysis of LED lighting module is shown as (2).
More detailed derivations of the heat conduction equation
can be found in [17]. Consider

∇ ⋅ (𝑘∇ ⋅ 𝑇) = 𝑞in, (2)

where 𝑘 is the thermal conductivity of three-dimensional
model of the LED lighting system and 𝑞in is the LEDs input
heat flux. The governing equations are solved by means of
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the commercial software ANSYS Icepak v13.0.1 in which a
finite volume scheme is used to discretize the governing
equations. In conducting solid regions of LEDs lighting
module, ANSYS Icepak solves a simple conduction equation
that includes the heat flux due to conduction and volumetric
heat sources within the solid as shown in (3). Equation (3)
is solved simultaneously with the energy transport equation.
Consider

𝜕 (𝜌ℎ)

𝜕𝑡

= ∇ ⋅ (𝑘∇ ⋅ 𝑇) + 𝑆
ℎ
, (3)

where 𝜌 is density, ℎ is sensible enthalpy ℎ (ℎ = ∫𝑇
𝑇ref
𝐶
𝑝
𝑑𝑇,

where𝑇ref is 298.15 K), 𝑘 is conductivity,𝑇 is temperature, and
𝑆
ℎ
is the volumetric heat source.
In the flow regions to yield a fully coupled conduc-

tion/convection heat transfer prediction can be written
through

𝜕 (𝜌ℎ)

𝜕𝑡

+ ∇ ⋅ (𝜌ℎV) = ∇ ⋅ ((𝑘 + 𝑘
𝑡
) ∇ ⋅ 𝑇) + 𝑆

ℎ
, (4)

where V is fluid velocity, 𝑘
𝑡
is the conductivity due to turbulent

transport (𝑘
𝑡
= 0 in this problem), and the source term 𝑆

ℎ

includes any volumetric heat sources you have defined. The
mass and momentum conservation equations can be written,
respectively, as

𝜕𝜌

𝜕𝑡

+ ∇ ⋅ (𝜌 ⋅ V) = 0 (5)

𝜕 (𝜌 ⋅ V)
𝜕𝑡

+ (𝜌V V) = −∇𝑝 + ∇ ⋅ (𝜏) + 𝜌 ⃗𝑔 + ⃗𝐹, (6)

where 𝑝 is the static pressure, 𝜏 is the stress tensor (= 𝜇[(∇V+
∇V𝑇) − 2/3∇ ⋅ V𝐼], 𝜇 is the molecular viscosity, 𝐼 is the
unit tensor, and the second term on the right-hand side is
the effect of volume dilation.), 𝜌 ⃗𝑔 is the gravitational body
force, and ⃗𝐹 contains other source terms that may arise
from resistances, sources, and so forth. The abovementioned
governing equations are solved by Icepak code which is a
commercial software program of fully 3D steady/unsteady
and turbulent/laminar flows application in electronic heat
transfer industry [17]. The finite volume method is applied
to transfer the partial differential equations to algebraic
relations. Then the implicit algorithm is used to solve the
obtained algebraic equations. In order to solve the Navier-
Stoks and continuity equations the SIMPLE method supply-
ing the pressure-velocity coupling is used.

In the simulation system, two base plates are employed
to evaluate the thermal performance of the Hi-LED lighting
module. One is the original base plate of Al-MCPCB, and
the other is the LED vapour chamber-based plate [13]. A
vapor chamber made of C1100 oxygen-free copper is applied
in the present paper. Its porosity of the capillary structure in
the interior of cavity is under 0.5, and the maximum fill-up
amount is under 15mm3. Pure water containing low oxygen
content less than 10 ppb is enclosed as the working fluid and
filled up in the interior of the vapour chamber. Its advantages
are embodied in its thermal-physics properties such as
extremely high latent heat and thermal conductivity and
low viscosity, as well as its nontoxicity and incombustibility.
The relational theorem and thermal performance of vapour
chamber based on the systematic dimensional analysis of
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Figure 6: Temperatures with time.

the [F.L.T.𝜃.] in Buckingham Π Theorem derive empirical
formula of the effective thermal conductivity as [13, 18].
In order to avoid repetition, they are not shown in this
study. According to Wang’s empirical equation (7), in [18],
the equivalent thermal conductivity of the vapor chamber
depends on its dimensions and heat flux. 𝐿V.C. is the length
of the vapor chamber,𝑊V.C. is width, 𝑡V.C. is thickness, and 𝑞in
is the heat flux of LED heat source. Consider

𝐾eff = 46.1 ⋅ (𝐿V.C. ⋅ 𝑊V.C.)
0.5

⋅ (𝑡V.C.)
0.24

⋅ (𝑞in)
0.28

. (7)

Finally, input the boundary conditions and thermophys-
ical properties, in which the ambient temperature 𝑇

𝑎
is set to

25∘C (changed with experimental surroundings); a constant
external static pressure boundary condition is applied for
the six open surfaces, free convection, the grid pattern is
structural one and the entire simulation analysis type is
steady state, and ANSYS Icepak solves the Navier-Stokes
equations for transport of mass, momentum, and energy
when it calculates laminar flow with heat transfer. The ther-
mal conductivity of Al-MCPCB assumes 24W/mk [5]. All
conditions of the simulation LED lighting models containing
LEDheater, heat sink, fins, and hosing are the same except the
base plates. In order to validate the reliability and accuracy
of the present experimental results, the boundary conditions,
properties of material, and input parameters are all tallied
with these experimental conditions. For the entire Hi-LED
lighting module, about 2.9 × 105 grid elements are used,
iterations are about 500, and it will take about 20 hours to
simulate each scenario using one CPU calculation. Then, the
problems are solved after the solution convergence with the
minimumreduction in normalized residuals for each variable
including continuity, momentum, and energy at less than
criterions of 1.0 × 10−3 for each case. A mesh sensitivity study
is performed by changing the number of grid cells to validate
the accuracy of the numerical simulations. When the total
number of grid points used for the computations increases

from 2.9 × 105 to 5.2 × 105, the change of the maximum
CPU temperature is within 1%. There is little to be gained
by increasing the mesh number as this will require more
computation resources and time. Therefore the grid 2.9 ×
105 is sufficient for the present simulation. The compar-
isons of these temperatures and thermal resistances between
the experimental results and the computational results of
Icepak will be made. Furthermore, obtaining the velocity
distributions, temperatures from the simulation results and
the simulation thermal resistances are calculated through
(1). The present analysis is possible to reduce much cost
of manufacture and rapid design Hi-LED lighting thermal
modules or improve the thermal performance of existing
LED lighting system within a short period.

3. Results and Discussions

Figure 6 reveals the experimental results of D.C. 30W and
A.C. 110V (A.C. 30W) at incline angle of 0∘. All temperatures
are almost stable after one hour. The 𝑇

𝐿
of CH14 are about

65∘C and 66∘C, respectively, for D.C. 30W and A.C. 110V.
Figure 7 shows the numerical results of temperature and
velocity under input power of A.C. 30Wat incline angle of 0∘.
Themaximum temperature is 62.6∘C and velocity is 0.26m/s.
In the presence of a temperature gradient, forced convection
heat transfer will occur. However, we consider situations
for which there is no forced velocity by a fan or a pump
in the present study, yet convection currents exist within
fluid, which are referred to as nature or free convection. The
free convection flow velocities are generally much smaller
than those associated with forced convection. And the free
convection fluid motion is due to buoyancy forces resulting
from gravitational field and temperature gradient within
fluid. The Grashof number (Gr) plays the same role in free
convection that the Reynolds number (Re) plays in forced
convection. For a vertical flat plate situation, the turbulent
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Figure 7: Icepak simulation results.

Table 1: Comparisons between experimental and numerical temperatures of D.C. 30W (𝑇
𝑎
= 25.7

∘C).

CH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Measured data
(∘C) 40 39.5 41.9 41.8 39.2 40.3 39.8 39.9 35.9 45.6 45.5 45.5 45.4 64.7 54.8

Simulation result
(∘C) 39 41.1 41.1 41.8 39.9 39.2 40.5 40.5 41.1 X X 44.8 46.4 65.2 56.3

Error (%) −2.5 4 −1.9 0 1.7 2.7 1.7 1.5 14.4 X X −1.5 2.2 0.7 2.7

Table 2: Comparisons between experimental and numerical ther-
mal resistances of D.C. 30W.

𝑅
𝐿

𝑅
𝑀

𝑅HS 𝑅
𝑎

𝑅
𝑡

Measured data
(∘C/W) 0.33 0.47 0.03 0.47 1.30

Simulation result
(∘C/W) 0.30 0.52 0.02 0.48 1.32

Error (%) 9.1 −10.6 33.3 −2.1 −1.5

flow may happen when Rayleigh number (Ra) is larger than
the value of 1.0 × 109. The ratio value of Ra to Gr is named
by the Prandtl number (Pr). We evaluate these dimensionless
numbers that the maximum Re is about 1.0 × 103, the Pr is
0.71, and the approximate Ra is 1.9 × 107 in the present study.
Therefore, the approximate Gr is 2.7 × 107. The Richardson
number (Ri) of “Gr/Re2” is about 27 to verify the present
study is free convection assumption. Consequently, with the
exception of some simple cases, heat transfer relations in free
convection are based on experimental studies.

Tables 1 and 2 show all experimental and simulation
temperatures and thermal resistances at input power of
D.C. 30W incline angle of 0∘. The errors are within 4%
between experimental and simulation temperature except

CH9. And their total thermal resistances are all 1.29W/mk.
The simulation results are in agreement with experimental
results. The present CFD model is proper for simulating the
LED lighting module. Tables 3 and 4 exhibit all experimental
and simulation temperatures and thermal resistances at input
power of A.C. 30W incline angle of 0∘. The errors are within
7% between experimental and simulation temperature except
CH9. And their total thermal resistances are, respectively,
1.31W/mk and 1.26W/mk. The differences between the cal-
culated fin temperatures and the experimental data are slight
based on Tables 1 and 3, which can verify the reliability and
accuracy of the results obtained. Furthermore, as it can be
observed from these tables, the accuracy of the present work
in comparisons is good. All experimental temperatures with
times are shown in Table 5 under three input powers, 16W,
20W, and 24W, and three incline angles. For D.C. 16W,
they reach stability at almost 20 minutes. The maximum
temperatures are 51∘C for 0∘ and 90∘ and 52.3∘C for −90∘.
For D.C. 20W, they reach stability at almost 30 minutes. The
maximum temperatures are 55∘C for 0∘ and 90∘ and 56.1∘C
for −90∘. For D.C. 24W, they reach stability at almost 40
minutes.Themaximum temperatures are 59∘C for 0∘ and 90∘
and 60.3∘C for−90∘.These temperatures of−90∘ are all higher
than those of 0∘ and 90∘ resulting from these structures of
fins, which impeded lifting flows at −90∘ inclination. And
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Table 3: Comparisons between experimental and numerical temperatures of A.C. 30W (𝑇
𝑎
= 25.5

∘C).

CH 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Measured data
(∘C) 41.0 41.8 41.4 41.3 39.9 39.9 42.3 41.6 37.4 46.9 46.8 45.4 45.6 64.4 54.1

Simulation result
(∘C) 39.9 39.8 40.0 40.6 38.7 39.3 39.3 39.9 44.8 X X 44.2 42.9 62.6 53.8

Error (%) −2.6 −4.7 −3.3 −1.6 −3 −1.5 −7 −4 14.4 X X −2.6 −5.9 −2.4 −0.5

Table 4: Comparisons between experimental and numerical ther-
mal resistances of A.C. 30W.

𝑅
𝐿

𝑅
𝑀

𝑅HS 𝑅
𝑎

𝑅
𝑡

Measured data
(∘C/W) 0.34 0.42 0.02 0.51 1.29

Simulation result
(∘C/W) 0.29 0.46 0.03 0.46 1.24

Error (%) 14.7 −9.5 −33.3 9.8 3.9

the thermal streams considered thus far had a principle body
dimension aligned primarily with the direction of action
of the gravity force [17]. The resultant flow patterns were
parallel to its surface. For other inclinations, the principal
body dimension is nearly perpendicular to the gravity vector
and hence to the direction of action of the buoyance force
especially for 90∘ inclination.

Experimental study of the final goal is to improve and
optimize the thermal module of fin section and lower LED
junction temperature. The present original thermal module
has the highest fin of 37mm. Thus, 37mm fin height as
a standard modifies the fin geometry and improves the
required optimum fin pitch of 8.4mm and the best fin
thickness of 5.4mm, but the fear have error, so there is
calculated in the optimal spacing of the thickness reduction
with the addition of 1mm as shown in Table 6. Table 6
displays the modified fin computed from the original fin
to optimize spacing and thickness. In summary, we select
(5.4 ± 1, 8.4 ± 1) employed into numerical analysis in order to
compare the thermal performances between them.Therefore,
there are nine fin designs including (4.4, 7.4), (4.4, 8.4), (4.4,
9.4), (5.4, 7.4), (5.4, 8.4), (5.4, 9.4), (6.4, 7.4), (6.4, 8.4), and
(6.4, 9.4) to consider the optimum LED thermal module.The
best result pitch is the 9.4mm and the optimum thickness is
the 4.4mm.Themodified fin count is 14. Figure 8 reveals that
the modified thermal module with about 1.43 kg reduced the
weight of 490 g. The optimum pitch and thickness in order,
first set the ambient temperature is 25∘C, will find that the
original LED temperature drop of 2.9∘C, if the original Al-
MCPCB to heat spreader plate (Vapour Chamber, V.C.) [17],
which fins did not improvewhen the LED temperature 59.1∘C,
the temperature of the fin improved 55.2∘C, the temperature
difference at 4.1∘C as shown in Table 7. The reason is that
the interior working fluid of the V.C. does not burn out after
the operating temperature scope, taking along the quantity of
heat flow through the working fluid vaporization.This causes
the V.C. to dissipate in a two-dimensional direction, making
thermal spreading effect better than that of the Al-MCPCB.

Figure 8: Modified fins.

Hence, the LED vapor chamber-based plate quickly dissipates
the heat flow from LED heat sources to the exterior cooling
module resulting from the interior two-phase flow.

4. Conclusion

For centuries, all mankind have applied light generated
by thermal radiation on many lighting things; now rapid
progress of semiconductor and solid-state cold light tech-
nologies in recent decades make mankind forward to green
environmental protection and energy-saving lighting world
in the 21st century. The present paper describes thermal
performance experiments to investigate and design the Hi-
LED lighting thermalmodule and achieve the optimization of
the finparameters under the natural convection. Results show
that the thermal performance of the vapour chamber is better
than that of Al-MCPCB, proving that it can effectively reduce
the LED junction temperature. And comparing numerical
results with the experimental values, the calculating error is
no more than ±7% based on some specified conditions in
this study. The thermal performance of the Hi-LED lighting
module with modified fins and V.C. is better than that of the
original LED lighting module above 6.5∘C. We establish the
relations between experimental and numerical studies in the
present paper. The numerical results are in good agreement
with the experimental results in the present study.
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Table 5: Experimental temperatures.

Time
(min.) CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12 CH13 CH14 CH15

16W 90∘ (𝑇
𝑎
= 27.4∘C)

0 27.4 27.3 27.3 27.4 27.3 27.4 27.4 27.4 27.4 27.4 27.3 27.4 27.4 27.4 27.4
0.5 28.7 28.7 28.9 28.9 27.4 27.5 27.5 27.5 27.4 28.1 28.3 30.6 29.4 41.7 34.9
1 29.9 30.1 30.6 31.1 27.6 28.1 28.2 28.1 27.9 29.9 30.1 33 31.8 46 37.9
5 31.2 31.1 31 31.5 28.7 28.9 29 29 27.9 30.7 31.1 33.2 32.2 46.6 38.4
10 32 32.3 32.3 33 29.8 30.1 30 30.2 28.8 32.4 32.7 34.3 33.6 47.4 39.2
20 33.1 32.6 33.2 33.6 31.1 31.9 31.5 31.6 30.1 34.6 35 35.8 33.9 47.4 39
30 34.7 34 34.8 35.3 32.2 32.8 33 33.4 31.3 36.1 36.6 37.5 36.2 48.5 40.2
40 35.3 35.3 36.1 36.8 33.3 34 33.6 34.1 32.2 37.5 38 38.2 37.6 49.5 41.3
50 35.5 36.7 36.1 37.3 34.3 35.1 34.6 35.1 33.2 38.7 39 39.4 37.9 50 41.9
60 36.2 36.3 35.4 36.8 35.6 35.2 35.1 36.2 33.7 39.3 39.4 39.3 38.3 51.3 42.9

16W 0∘ (𝑇
𝑎
= 28.5∘C)

0 28.4 28.6 28.5 28.6 28.5 28.6 28.6 28.6 28.4 28.6 28.6 28.5 28.5 28.4 28.4
0.5 29.7 29.7 30 30.1 28.7 29.1 29 29.2 28.4 30 30.4 32 30.6 43.5 36.6
1 30.4 30.9 31.3 31.3 28.9 29.4 29.4 29.4 28.5 30.5 30.9 32.8 31.4 47.1 39.2
2 30.5 30.6 31.2 31.5 29.1 29.9 29.7 29.8 28.7 30.9 31.5 33.2 31.5 46.4 38.6
3 30.8 31.1 31.8 31.9 29.2 30.2 30.1 30.2 28.6 31.3 31.7 33.2 32 47.1 39
5 31.3 31.6 32.4 32.3 30.1 30.9 30.7 30.7 28.9 32 32.5 33.8 32.2 48.2 40
10 32.1 31.7 32.1 32.9 30.8 32 31.6 31.9 29.5 33.3 33.7 34.7 33.1 47.3 39
20 33.5 33.7 33.8 34.1 32.6 33.9 33.6 33.8 30.9 35.1 35.6 35.7 34.2 48.7 40.7
30 33.6 34.5 35 34.8 33.7 35 34.8 35.1 31.9 36.2 36.8 36.2 35 50.1 41.9
40 34.7 34.6 35.1 36 34.2 35.8 35.3 35.6 32.1 37 37.5 36.7 35.9 47.9 40.4
50 35 35.4 35.2 35.7 34.8 36.3 35.9 36.2 32.8 37.5 38.1 37.4 36.2 49.3 41.2
60 34.6 35.8 35.9 36.2 34.8 36.5 36.1 36.4 32.6 37.9 38.4 37.2 36.4 51.3 42.7

16W −90∘ (𝑇
𝑎
= 28.3∘C)

0 28.2 28.2 28.2 28.2 28.2 28.4 28.3 28.3 28.4 28.4 28.3 28.2 28.2 28.2 28.2
0.5 30.1 30.1 30.3 30 28.3 28.5 28.4 28.4 28.6 29.5 29.9 32 30.6 46.4 39.1
1 30.1 30.3 30.4 30.5 28.3 28.5 28.4 28.4 28.4 29.8 30 32.1 30.9 46 38.2
2 30.5 30.4 30.7 30.8 28.4 28.7 28.6 28.6 28.6 30.4 30.6 32.7 31.3 46.5 39
3 31.2 31 31.3 31.4 29.2 29.5 29.1 29.1 28.9 30.8 31.3 33.3 31.9 47.3 39.4
5 32.2 31.9 31.9 32 29.5 29.9 29.3 29.6 29.2 31.5 32 34.1 32.4 48.1 40.5
10 33.7 33.2 33.1 33.1 30.8 31.1 30.4 30.7 30.4 33.2 33.7 35.4 33.7 49.3 41.8
20 34.5 34.4 34 34.4 31.5 32.4 31.6 31.9 32.7 35.5 35.7 37.4 34.9 50 41.7
30 36.5 36 35.8 35.7 32.9 33.6 32.7 33.3 34 37.1 37.4 38.9 36.3 51.7 44
40 37.7 36.8 36.3 36 33.4 34.6 33.5 33.7 35 38.2 38.1 39.9 36.5 52.1 44.3
50 38.5 37.8 36.6 37 34.5 35.3 33.7 34.5 36.2 39.1 39.1 40.4 37.6 53.1 45.4
60 39.3 38.5 38.1 38.1 34.8 35.6 34.4 35.3 36.5 39.7 40 41.3 38.5 53.7 46.5

20W 90∘ (𝑇
𝑎
= 26.9∘C)

0 26.9 27 27 27 26.8 26.8 26.8 26.8 26.8 27 27 27 27 26.9 26.8
0.5 28.8 29 29.6 29.4 26.4 26.7 26.6 26.6 26.6 28.5 28.7 32.1 30.2 46.4 39.5
1 29.4 29.5 30.2 30 26.7 26.9 26.8 26.7 26.8 29.1 29.5 32.3 30.9 48.1 40.5
10 32.2 32.4 33.2 33 29.3 30.1 29.3 29.3 28.7 33.2 33.6 35.8 34.4 51.2 43.2
20 34.4 35 34.8 34.7 30.5 32 31.6 31.8 30.5 36.1 36.7 38.1 35.6 53.6 45.7
30 36.2 35.9 36.1 36.8 31 32.3 31.9 32.4 32 38 38.3 39.4 37.5 53.8 46.6
40 36 36.6 37.1 37.6 31.3 32.9 32.8 32.4 32.5 39.2 39.3 39.6 38.8 54.8 47
50 36.3 37.5 36.4 37.5 33.4 35.3 35.1 35.4 33.2 39.9 40.1 40.2 37.4 54.8 46.1
60 37.5 37.8 38.4 38 33.3 34.4 33.5 33.2 33.3 40.4 40.6 41.1 39.5 54.9 47.2
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Table 5: Continued.

Time
(min.) CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12 CH13 CH14 CH15

20W 0∘ (𝑇
𝑎
= 28.0∘C)

0 28.1 28 28 28.1 28.1 28.1 28.1 28.1 27.9 28.1 28.1 28.1 28.1 28.1 28.1
0.5 30.4 30.2 30.8 30.9 28.1 28.6 28.6 28.6 28 29.9 30.3 33 31.3 48.7 40
1 30.8 30.7 31.7 31.5 28.2 28.9 28.8 28.8 28.2 30.3 30.9 33.6 31.8 50.7 41.4
2 31.1 30.7 31.5 31.4 28.8 29.4 29.2 29.3 27.9 30.8 31.3 33.8 31.8 50.6 40.6
3 31.4 31.3 32.5 32.3 29.3 30 29.9 29.9 28.1 31.4 31.8 34.1 32.3 50.8 41.4
5 31.9 32.3 33.2 33 30 30.9 30.8 30.8 28.8 32.3 33.1 34.8 33.1 52.2 42.4
10 33.1 33.1 34.2 33.9 31.1 32.2 31.5 32.3 29.7 34.2 34.6 36.2 34.2 52.3 42.8
20 34.3 35.3 35.1 35.6 33.7 35.1 34.9 35 31.5 36.6 37.2 37.3 35.6 53.7 43.5
30 35 35.9 36.5 37 34.8 36.5 36.5 36.5 32.6 38.3 38.8 38.2 36.8 55.2 45.1
40 35.9 37 36.5 36.9 36.1 37.6 37.3 37.6 33.7 39.2 40 39 37.2 55.5 45.5
50 35.9 36.7 37.1 38.2 36.2 38.1 37.8 38.2 33.9 39.9 40.5 39.3 38.1 54.9 46.7
60 35.9 38.1 37.7 38.5 36.8 38.7 38.5 38.7 34.3 40.4 41.1 39.4 38.6 56.1 46.3

20W −90∘ (𝑇
𝑎
= 26.5∘C)

0 26.4 26.5 26.5 26.6 26.5 26.6 26.5 26.6 27.4 27.4 27.4 26.6 26.6 26.5 26.5
0.5 28.4 28.6 28.5 28.6 26.5 26.8 26.6 26.7 27.2 28.3 28.7 30.8 29.4 45.8 38.3
1 29.4 29.5 29.5 29.6 26.7 27.1 26.8 26.9 27.3 28.9 29.5 31.9 30.3 48.1 39.7
2 29.5 29.5 29.3 29.8 26.9 27.6 27.5 27.5 27.3 29.5 30.1 32.3 30.7 48.1 39.2
3 29.9 30.2 29.9 30.3 27.2 27.7 27.5 27.6 27.5 30.1 30.5 33 31 49.5 40
5 30.8 31 30.9 31 27.8 28.4 28.2 28.5 27.9 31.1 31.4 33.8 31.9 49.8 41
10 32 32 31.5 32.3 28.8 29.5 29.1 29.2 29.9 33 33.6 35.6 32.9 50.8 41.7
20 34.6 34.8 34.2 34.9 31.2 32.1 31.5 31.6 32.3 35.9 36.3 38.1 35.5 53.1 44.1
30 34.6 35.3 34.8 35.1 31.1 32.3 31.8 31.8 33.9 37.6 37.6 38.9 35.6 53.6 44
40 34.8 36.3 35.6 36.2 31.7 33.1 32.5 33.2 35 38.6 38.8 39.7 36.8 54.4 44.7
50 36.4 37.2 36.2 36.9 31.9 33.7 33.1 33.8 35.8 39.4 39.5 40.7 37.3 55.1 45.3
60 36.3 37.1 36.3 36.5 32.1 33.6 32.7 33 36.5 39.8 40 41.3 36.8 54.9 45.1

24W 90∘ (𝑇
𝑎
= 26.5∘C)

0 26.4 26.4 26.5 26.4 26.4 26.4 26.4 26.4 26.4 26.6 26.6 26.5 26.5 26.6 26.5
0.5 31.6 31.6 31.8 31.8 29.1 29.4 29.2 29.2 29.2 31 31.3 34.7 32.8 52.6 41.5
1 32.1 31.9 32.1 32.2 29.1 29.6 29.6 29.6 29.2 31.7 31.9 35.3 33.5 53.6 42.4
10 35 36.1 36 36.5 32.4 33.3 33.1 33.6 31.5 36.6 37.2 39.1 37.4 55.3 45
20 36.1 36.7 37.2 37.8 35.6 36.6 36.3 36.5 34 39.9 40.3 41.5 38.8 56.8 45.8
30 38.6 37.8 38.3 38.5 35.5 36.7 36.7 37.8 36.1 42.1 42.7 43.6 40.8 56.4 46.3
40 38.8 37.8 38.5 38.4 37.5 38.5 37.3 38.9 37.3 43.5 44 45.3 42.7 59.8 48.5
50 38.9 38.8 39.3 38.5 37.2 38.7 38.1 39.7 38.3 44.6 45.2 45.3 42.1 59.2 50
60 38.9 39.8 40.3 38.7 37.5 38.9 39.4 40.6 38.9 45.1 45.8 44.6 43.6 59.4 50.6

24W 0∘ (𝑇
𝑎
= 28.4∘C)

0 28.4 28.4 28.4 28.4 28.4 28.5 28.5 28.5 28.5 28.5 28.5 28.5 28.5 28.5 28.5
0.5 30.6 30.5 31.1 30.9 28.4 28.6 28.6 28.5 28.3 29.8 30 34.1 31.8 52.6 43.1
1 31.6 31.4 32.6 32.3 28.6 29 28.9 28.8 28.6 30.7 31.3 34.9 32.9 55.1 44.3
2 31.9 31.7 32.7 32.6 28.9 29.5 29.2 29.3 28.3 31.4 31.8 35.6 33.2 55 43.7
3 32.3 32.3 33.3 33.3 29.5 30.1 30 30 28.5 32 32.5 35.7 33.5 55.3 44.1
5 32.9 32.6 33.9 33.7 30.1 30.9 30.9 30.8 28.8 32.7 33.2 36.4 34.2 56.2 45.2
10 34.6 34.5 35.5 35.4 32.3 33.8 33.6 33.7 30.7 35.6 36.3 38.1 35.8 56.9 46.1
20 36.7 36.7 37 38 35.6 37 36.5 36.7 32.6 38.9 39.6 40.3 38.7 59.3 48.5
30 36.9 38.3 38.2 39 37.1 38.7 38.4 38.6 34 40.8 41.3 40.9 39.3 59.9 49.3
40 37.2 39.2 39.3 40.2 38 39.9 39.4 39.7 34.8 41.8 42.4 41 40.4 60.1 47.9
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Table 5: Continued.

Time
(min.) CH1 CH2 CH3 CH4 CH5 CH6 CH7 CH8 CH9 CH10 CH11 CH12 CH13 CH14 CH15

50 37.5 39.8 39.5 40.7 38.6 40.7 40.6 40.5 35.6 42.7 43.3 41.4 40.6 61.3 48.6
60 37.9 39.2 38.9 40 38.7 40.9 40.1 40.7 35.8 43.1 44 41.9 41.3 59.7 50.5

24W −90∘ (𝑇
𝑎
= 28.2∘C)

0 28.1 28.3 28.2 28.3 28.1 28.3 28.1 28.3 28.3 28.3 28.3 28.3 28.1 28.1 28.1
0.5 30.6 31.1 30.8 30.7 28 28.5 27.9 28.4 28.7 30.7 31.1 33.5 31.3 52 43.1
1 31.5 31.4 31.7 32 28.5 29.1 28.3 28.6 29 31.4 31.9 34.5 32.1 53.5 43.9
2 31.5 31.8 31.8 32.2 28.5 29.1 28.4 28.3 28.8 32.1 32.6 34.5 32.2 52.4 42.4
3 31.8 32.3 31.8 32.4 28.9 29.8 29.4 29.8 29 32.7 33.2 34.9 33.3 52.8 43.8
5 33.2 33.4 32.9 33.7 29.5 30.8 29.6 29.8 29.7 33.8 34.1 36.9 33.7 55.2 45.3
10 34.7 35 35.2 35.1 30.8 32.3 31.1 32.3 31.1 36 36.4 38.7 35.4 56.4 46.6
20 36.8 37 36.2 37.2 32.3 34.4 32.3 33.2 34.4 39.1 39.6 41.1 37.1 57.6 47.5
30 38.2 38.4 37.8 38.4 33.1 35 33.1 34.1 36.3 40.9 41.3 42.6 38.1 58.6 48.6
40 39.3 39.6 39.4 39.7 33.7 36.1 34.2 35 36.9 42.2 42.4 44 39.2 59.5 50
50 38.9 39.8 38.9 40.4 33.8 36.2 34.4 35.9 38.3 42.9 43.4 43.8 40.3 59.4 48.9
60 39.7 40.5 39.8 40.3 34.2 36.8 34.6 36.6 37.9 43.4 43.8 44.8 40.2 60.3 50.8

Table 6: Optimization fin geometry (3 × 3).

𝑆

(mm)
𝑡 (mm)

4.4 5.4 6.4

7.4
𝑁 = 7

LED temperature
60∘C

𝑁 = 7
LED temperature

59.8∘C

𝑁 = 7
LED temperature

59.7∘C

8.4
𝑁 = 7

LED temperature
59.45∘C

𝑁 = 7
LED temperature

59.2∘C

𝑁 = 7
LED temperature

59.8∘C

9.4
N = 7

LED temperature
59.1∘C

𝑁 = 7
LED temperature

59.4∘C

𝑁 = 7
LED temperature

60.4∘C

Table 7: Comparisons between original design and modified design.

CH
1 2 3 4 7 8 9 12 13 14 15

Original fins (∘C) 39.2 38.2 38.2 39.1 37.9 37.9 43 42.2 42.2 61.7 53.2
Optimal fins (∘C) 37.5 37.8 37.8 38.6 36.8 36.7 42.5 41.6 42.5 58.8 51.1
Original fins with V.C. (∘C) 42.1 41.2 41.2 42.3 41 40.7 45.8 44.9 44.9 59.1 53.1
Optimal fins with V.C. (∘C) 37.6 37.8 37.8 38.8 36.8 36.7 42.7 41.7 42.4 55.2 49.7

Nomenclature

𝐴 : Area, m2

𝐻: Height, m
𝐿: Length, m
𝑅: Thermal resistance, ∘C/W
𝑇: Temperature, ∘C
𝑊: Width, m
𝑔: Gravitational acceleration, m/s2

ℎ: Heat transfer coefficient, W/m2 ∘C
𝑘: Thermal conductivity, W/m ∘C
𝑡: Thickness, m

𝑞in: Heat transfer rate, W
Gr: Grashof number, dimensionless
Pr: Prandtl number, dimensionless
Ra: Rayleigh number, dimensionless
Re: Reynolds number, dimensionless
Ri: Richardson number, dimensionless.

Subscripts

𝑎: Ambient
fin: Fin
V.C.: Vapour chamber.
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This research presents a novel technique which canmore efficiently fabricate different spans of nanobeams on the same substrate. It
requires less time to prepare specimen and further shortens the process of aligning, clamping, and testing. Also, we probe into the
elastic deformation properties of clamped freestandingGaN nanobeamswith different spans. In the bending process, displacement,
𝐷, corresponding to load, 𝑃 is strongly dependent on the span of nanobeam at the same penetration depth and a distinct linearity
is observed. Young’s moduli 𝐸 of the GaN in this study are calculated as 171.3 GPa ±5.4% and 264.2GPa ±4.7% by strain energy
methods, respectively, for the longer and shorter spans of nanobeams, serving as a simple supporting beam of elastic material under
small deformation.The result shows that, even under small deformation, the rigidity enhancement helps the shorter nanobeam store
more elastic energy.

1. Introduction

Since the conversion of mechanical energy into electric
one has been realized as a nanogenerator for the recycle
energy issue, Nitride-based one-dimensional nanomaterials
have attracted much attention [1, 2]. Among them, the
materials AlN, InN, and GaN are usually fabricated by
bottom-up growing techniques and the top-down growing
methods also involve in some GaN-based nanogenerator
fabrication [3].Thismeans that nanogenerator can be realized
by semiconductor processing techniques. In nanogenerator
experiment in which the kinetic energy is transferred into
the elastic one, it is interesting to note that the output current
is significantly dependent on the bended nanorods with dif-
ferent aspect ratio whereas the magnitudes of the deflecting
kinetic energy are equal [3]. Furthermore, the deflecting
direction is perpendicular to the axial direction (𝑐-plane
of GaN film) of nanorods which were stretched on the
outer surface and were compressed on the inner surface [4],
which consequently creates the rigidity. The shorter aspect
ratio will produce more rigidity than that in longer one at

the same displacement.Thismeans that the shorter a nanorod
is, the more energy is needed to bend a nanorod. Therefore,
considering its elastic behavior, the shorter nanorod can
store more energy. The mechanical characterization of one-
dimensional nanostructure with different aspect ratio has
proven itself a fertile ground for further research. However,
their sizes and configurations, which cannot be precisely
tested by conventional measures, have posed great challenges
to the mechanical characterization of nanostructures. To
acquire better measurement, axial loading for uniaxial com-
pression is adopted in experiments concerning mechanical
behavior about one-dimensional GaN nanomaterials [5, 6].
In thismethod, the advanced group III nitride semiconductor
nanotube fabrication technology makes intricate manipula-
tions unnecessary. Besides, precise alignment of an individual
nanotube is still a challenging task. Various novel methods
have been developed to overcome the aligning problem,
such as microelectromechanical system (MEMS) test [7–9],
micro/nanoindentation tests [10–13], tensile tests [14], and
bending tests [15–17], each of which has its contribution and
advantages. Unfortunately, aligning, clamping, and testing of
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individual nanowire between two fixed ends still demand
great specimen preparation time.

To offer a better solution, this report presents a novel,
more efficient technique which can fabricate different spans
of nanobeams on a homogeneous substrate. It requires
less time to prepare specimen and shortens the process
of aligning, clamping, and testing of individual nanobeam
between two fixed ends. In this study, nanobeams, fabri-
cated by focused ion beam (FIB, FEI Nova-200 NanoLab
Compatible) with different spans, are clamped in between
two homogeneous fixed ends as simple supporting beams.
They are subjected to tension or compression loads in an in
situ transmission electronmicroscopy.These bending tests of
nanobeams install a conical tip inside the transmission elec-
tronmicroscopy (TEM) chamber, improving the visibility for
alignment, load, and displacement. In addition to testing the
elastic energy of nanobeams, we also conduct experiments for
the linear relationship of stress and strainwith different spans.

2. Experiment

Firstly, a slice of GaN with a feature size ∼250 nm in width,
10 𝜇m in length, and 3 𝜇m in depth was peeled from single
crystal GaN film by FIB (FEI Nova-200 NanoLab Compati-
ble) at 5 keV. The single crystal GaN film was grown as prior
study showed in a standard process bymetal organic chemical
vapor deposition (MOCVD) on sapphire (0 0 0 1) [3].
Secondly, this single crystal GaN slice was then postpatterned
and machined by FIB again with a tilted angle of 30∘ to
generate a uniform set of suspended bridge structures of
different lengths.

After fabrication, the geometric parameters of each
nanobeam on the GaN substrate were measured from scan-
ning electron microscope (SEM) observations. The length
ranges are ∼1.5 and ∼2.0 𝜇m, while the width is 𝑧 =∼250 𝜇m.
The thickness of the GaN nanobeams was examined by TEM
cross-section observation to be 𝑦 =∼ 50–195 nm while the
as-deposited thickness (𝑦-direction) was average 125 nm and
formed a hexagonal columnar grain structure in 𝑐-axis.

The fabrication process and cross-sectional structures of
GaN nanobeams are depicted in Figure 1. The right part of
Figure 1 reveals the transverse geometry of the fabricated
nanobeam.The trapezoid shape is formed by the FIBmachin-
ing of the GaN substrate. Surface morphologies and cross-
sectional views of these two GaN nanobeam samples were
then examined by SEM and TEM.

Figures 2(a) and 2(b) are the tilted top view SEM images,
showing the fabricated nanobeam samples with different
length.The nanobeam length, 𝐿, is defined as the suspending
distance between two tops of supporting legwith column-like
ends. Therefore, the 2𝜇m and 1.5 𝜇m lengths of nanobeams
are with aspect ratios of ∼10 and ∼7, respectively. In situ TEM
was then performed to observe and evaluate the mechanical
behavior of the GaN nanobeams with different aspect ratio.
After the vertical alignment was completed, the displacement
between the specimen and conical tip was measured by
using a TEM with the loading device installed, given that
TEM can precisely locate interfaces and sharply measure

e-beam

A

A

TEM image plane

A-A cross-section
 of GaN beam

GaN nanobeam

z

z

y

y

x

x

Direction of gravity: −z

Figure 1: A schematic illustration showing a single crystal GaN
nanobeammachined by FIB and a nanomechanical test and loading
direction of a nanobeam in TEM. The right part is a cross-section
view of GaN nanobeam with a cross-section area of 0.03125 𝜇m2
after machining by FIB.

the displacement and contact point of the loading tip. All
observations are conducted in an accelerating voltage of 15 kV
under vacuum (1.5 × 10−5 Pa). When the in situ experiment
is being exercised, the loading rate of 10 nms−1 is applied
continuously to load the tested specimen and then unloaded
at the same rate while a preset maximum load displacement
of 200 nm was reached.

3. Result and Discussion

Figures 3(a) and 3(b) show the loading-unloading charac-
teristics of the nanoindentation test, targeting these two
different spans of single crystal GaN nanobeams with an
aspect ratio of ∼10 (i.e., sample I) and an aspect ratio of
∼7 (i.e., sample II), operating in in situ TEM at room
temperature, respectively, whereas the (a)-(b)-(c)/(c)-(d)-(e)
symbols denote the experimental loading/unloading data,
respectively.

It is found that the maximum loading forces on sample I
and sample II in penetration indentation depth of ∼200 nm
(point (c) of the loading curve) were ∼30 𝜇N and ∼172 𝜇N,
respectively. However, the eventful slope changes transpire in
point (b) of Figures 3(a) and 3(b) when the loads get beyond
∼8 𝜇Nand ∼20𝜇N, while themaximum linear deflections are
90 nm and 80 nm in sample I and sample II, respectively.The
linear elastic behavior of both nanobeam specimens became
nonlinear when the loading force was continuingly increased
beyond the point (b) in Figures 3(a) and 3(b). The sudden
increase of slope suggests the existence of more complex
elastic and plastic behaviors, particularly on the shorter span
of GaN nanobeam system (sample II). In the shorter one
(sample II), the slopewas found to increase dramatically from
∼20𝜇N to ∼172 𝜇N while the penetration depth is increasing
from 80 nm to 200 nm as shown on point (b) to point (c)
in Figure 3(b). Clearly, shorter specimen, namely, sample II,
needs more load and work than longer ones to be pressed to
the same depth of the pressed sample I. In indentation test,
longer GaN nanobeam specimen showsmore linear elasticity
than shorter ones as shown in the contrast of sample I and
sample II.
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2𝜇m

(a)

1.5 𝜇m

(b)

Figure 2: Tilted 45∘ top-view FESEM images of nanobeamswith 2.0 𝜇m(a) and 1.5𝜇m(b) in length and 250 nm inwidth after beingmachined
by FIB.
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Figure 3: Experimentally observed loading and unloading behavior by indenting on the center of the span of 2.0 𝜇m (a) and 1.5𝜇m (b) of
GaN nanobeams with equal indentation depth using a conical indenter in TEM.

More interestingly, both unloading curves return approx-
imately to the original position. The perfect retreats of the
loading and unloading curves indicate that the elastic energy
can be stored and released in both of the indentation tests of
the freestanding nanobeam systems without considering the
aspect ratio.

As we know, axial tensile force is also introduced when
the nanobeam systems are displaced at the center section in
this study. Therefore, the enhancement of nanobeam rigidity
and nonlinearity in force versus displacement variation is
transpired [18]. Furthermore, assuming the prestretch was
produced when the film was being grown by MOCVD, in a
nanobeam fabrication can be neglected in the same specimen,
the load-deflection behaviors in a given indentation test will
be affected by four factors [19]: geometrical nonlinearity
introduced by kinematic effects, plastic deformation, increas-
ing contact area during indentation, and rate dependent
material effect. Fortunately, limiting displacements in the
bending test can minimize the influence of these four factors.

Given the elastic behavior shown in the experimental
data, when at low displacement, the loading force of both
nanobeams increased linearly with the displacement. This

means that both GaN nanobeam systems exhibited linear
elastic characteristics, when they were operated in low dis-
placement. Under large deformation, the theoretical bases
of the nanobeam test obey the classical beam theory with
concern in substrate deformation [20].

Under small deformation (line (a)-(b) in Figures 3(a)
and 3(b)), the deflection, 𝐷, is linearly proportional to the
lateral load, 𝑃. Therefore, we define the slope, 𝑘. On the other
hand, for small deformation of unloading curves (line (d)-
(e) in Figures 3(a) and 3(b)), the data of the recovery also
exhibit a linear relationship between unload and deflection.
We define the slope, 𝑗. It is found that the slope 𝑗 is almost
the same as the slope 𝑘 in Figure 3(a), further suggesting a
good linear elastic behavior observed in higher aspect ratio
of GaN nanobeam system, compared to that in lower aspect
ratio of GaN nanobeam system.

For a given nanobeam sample with available values of
sample length and thickness, the linear relationship between
stress and strain in simple tension or compression can be
expressed by the equation 𝑃 = 𝑘𝐷, in which 𝐷, 𝑃, and
𝑘 are displacement, correspondence to load, and a constant
of proportionality, respectively. The equation is commonly
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Table 1: The experimentally measured data and calculating results of GaN nanobeam systems with different span.

Systems Span Deflection displacement Loading force Moment of inertia 𝐼 on 𝑧-axis Young’s modulus 𝐸
Sample I 2 um 90 nm 8.01 ± 0.23 𝜇N 8.64 × 10

−5
𝜇m4 171.3 GPa ±5.4%

Sample II 1.5 um 80 nm 20.32 ± 0.43 𝜇N 6.65 × 10
−5
𝜇m4 264.2GPa ±4.7%

known as Hook’s law, a rule only applied to ordinary tension
and compression. Young’s modulus is then obtained by
measuring the nanobeam displacement as a function of the
applied load.

For a two-end fixed beam used here, Young’s modulus
cannot be determined from merely a slope of deflection
versus load. We have to also consider linear elastic beam
bending theory.Thepossibility of linear elastic deformation is
discussed below.We assume that the GaN nanobeam systems
are simple supporting beam systems, subjected to a vertical
loading 𝑃 (𝑦-direction). The linear force 𝑃 is proportional to
𝑦 and its value is 𝑃

0
when 𝑦 = 𝑦

0
. Then 𝑃 = (𝑃

0
/𝑦
0
)𝑦𝑑𝑦, and

the work is

𝑊 = ∫

𝑦0

0

(

𝑃
0

𝑦
0

)𝑦𝑑𝑦

𝑃
0
𝑦
0

2

. (1)

When an elastic material is deformed, this work can be
stored in the form of potential energy. In this case, potential
energy is strain energy 𝑈 which can be expressed by the
equation

𝑈 =

𝑃
2
𝐿
3

96𝐸𝐼

= 𝑊 =

𝑃
0
𝑦
0

2

. (2)

The displacement is

𝑦
0
=

𝑃𝐿
3

48𝐸𝐼

, (3)

where 𝐼,𝐸, and𝐿 are themoment of inertia, Young’smodulus,
and span of the clamped portion of the beam, respectively.
The moments of inertia on 𝑧-axis of nanobeam systems are
calculated as 𝐼 = 8.64 × 10−5 𝜇m4 and 6.65 × 10−5 𝜇m4
for the lengths of 2.0 𝜇m (sample I) and 1.5 𝜇m (sample II),
respectively. The beam’s deflections at the point where 𝑃 is
applied are 90 nm and 80 nm.

The force is assumed to change linearly as a function of
bending displacement when the experiment was conducted
on the curve of point (a) to point (b) in Figures 3(a) and
3(b). The average loading forces on deflection displacement
of 90 nm and 80 nm are obtained as 8.01 ± 0.23 𝜇N and
20.32 ± 0.43 𝜇N, respectively. Therefore, we can estimate
Young’s modulus 𝐸 from formula (3) by equating the work
done to the strain energy in the nanobeam. Young’s modulus
𝐸 in this study is calculated as 171.3 GPa ±5.4% and 264.2GPa
±4.8% for the longer nanobeam system (sample I) and shorter
nanobeam system (sample II), respectively. Table 1 depicts
the data and calculating results of GaN nanobeam systems
with different spans. It is found that the enhancement of
nanobeam rigidity, a byproduct of axial tensile force, is
strongly dependent on the span of nanobeam even under
small deformation. Notably, the axial direction of a deflected

nanobeam in this experiment is not on 𝑐-axis of GaN film
examined in nanogenerator studies but is perpendicular to
the 𝑐-axis of nanobeam.

A series of in situ TEM images of sample I, as shown
in Figure 4, presents the elastic-plastic behavior described
by the data of Figure 3(a). Figure 4(a) shows the nanobeam
before the deflecting experiment. When the tip gradually
loads downward to the nanobeam at the beginning of the
nanoindentation, the conical tip can easily bend the clamped
GaN nanobeam because it is freestanding, with no barrier to
restrict the bending process.

When a certain bending indentation depth has been
achieved, as shown on point (b) in Figure 3(a) corresponding
to Figure 4(b), a dramatic slope change occurs. Such change
later brings about rigidity when the loading exceeds the linear
elastic of the nanobeam. At this moment, the property of the
nanomechanical action starts to change: the linear beam-like
behavior is now turned into a nonlinear one.

The maximum loading force deforming the nanobeam
by the conical tip on point (c) in Figure 3(a) is given in
Figure 4(c). Here, the relative location between conical tip
and nanobeam can be easily targeted. This image shows that
the loading force is not a perfectly concentrated load, sug-
gesting the transition from single point bending indentation
of a beam to surface stretching indentation. Moreover, the
locations which are not contacted by the conical tip possess
good elastic recovery.

Another dramatic slope switch can be found in
Figure 4(d) corresponding to point (d) in Figure 3(a).
Figure 4(e) corresponding to point (e) in Figure 3(a) shows
the finished view of the deflected nanobeam, as expected,
in which the nanobeam recovered perfectly to the original
location as shown in Figure 4(a).

4. Conclusions

This research investigates a novel technique which can fab-
ricate different span of nanobeams on a substrate and it does
not require significant amounts of specimen preparation time
for aligning, clamping, and testing of individual nanobeam
between two fixed ends. In this study, nanobeams fabricated
by focused ion beam with different spans are clamped in
between two homogeneous fixed ends as simple supporting
beams, subjected to load in an in situTEM.These in situTEM
analyses provide details of bending to stretching-induced
mechanical deformation.

It is found that amore conspicuous linear elastic behavior
is observed in indentation test of longer GaN nanobeam
specimen (sample I). Young’s moduli have also been studied
by strain energy method with presuming GaN nanobeams as
simply supported beam systems of elasticmaterial.The slopes
of the 𝐿-𝐷 curves standing for the linear relationship between
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Figure 4: A sequence of images extracted from a video recording of sample I, corresponding to the indentation experiment performed in
point (a) to point (e) of Figure 3(a), showing the deformation stages: (a) the GaN nanobeam before loading, (b) at the end of linear loading,
(c) the bended nanobeam at peak load, (d) during unloading at the end of nonlinear or plastic deformation, and (e) nearly no residual
deformation after full separation.
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stress and strain at the initial phase of tests prove that the
enhancement of nanobeam rigidity is strongly dependent on
the span of nanobeam even under small deformation.
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Zinc aluminum alloy nanowire was fabricated by the vacuum die casting. Zinc aluminum alloy was melted, injected into nanomold
under a hydraulic pressure, and solidified as nanowire shape. Nanomold was prepared by etching aluminum sheet with a purity
of 99.7 wt.% in oxalic acid solution. A nanochannel within nanomold had a pore diameter of 80 nm and a thickness of 40 𝜇m.
Microstructure and characteristic analysis of the alumina nanomold and zinc-aluminum nanowire were performed by scanning
electron microscope, X-ray diffraction analysis, and energy dispersive X-ray spectroscopy. Zinc aluminum oxide nanowire array
was produced using the thermal oxidation method and designed for the photoelectrode application.

1. Introduction

Fossil fuels have the finite resources that will eventually
dwindle and make too environmental damages to retrieve.
As time goes on, they will become too expensive to utilize.
Therefore, the development of the renewable energy, such as
solar energy and wind, are necessary immediately.

Solar energy conversion is a highly attractive topic for
clean and renewable power for the future. Dye sensitized
solar cell (DSSC) is a type of Solar cell and has a signifi-
cant potential to be a low cost alternative to conventional
photovoltaic device. Variousmetal oxide nanostructures such
as TiO

2
, ZnO, Fe

2
O
3
, ZrO

2
, Nb
2
O
5
, Al
2
O
3
, and CeO

2
have

been successfully employed as photoelectrodes in SCs [1–
11]. Among the above metal oxide nanostructures, ZnO
draws much attraction for its particular properties. ZnO is
a direct wide bandgap semiconductor (𝐸

𝑔
= 3.4 eV) with

large exciton binding energy (∼60meV). The efficiency of
a DSSC is strongly dependent on the charge recombination
at the interface. The injected electron can be recaptured by
the dye before diffusing into the bulk causing the losses of
efficiency. The interfacial recombinations can be retarded by
coating a thin layer of a second insulator, such as Al

2
O
3

[12]. Similar results are also demonstrated by Palomares et al.
[13]. Palomares and his coworkers state that the conformal
growth of an overlayer of Al

2
O
3
on a nanocrystalline TiO

2

film would result in a 4-fold retardation of interfacial charge
recombination and a 30% improvement in photovoltaic dev-
ice efficiency.

Therefore, it is supposed that zinc aluminum oxide nano-
wire would have better efficiency than zinc oxide nanowire
and be a promising candidate for highly efficient SCs. Until
now, few literatures mentioned the fabrication or synthesis of
zinc aluminum oxide nanowire. The purpose of the research
reported here was to propose a novelmethod to fabricate zinc
aluminum oxide nanowire and apply the nanowires in the
photoelectrode for DSSCs. Most important benefits of this
method are the composition of nanowire could be controlled
precisely and it is also easy to adjust the component.

2. Experimental Procedure

In this study, zinc aluminum oxide nanowires were fabricated
using anodic aluminum oxide (AAO) as a template. The
experimental procedure could divide into four parts. First of
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all, an anodic alumina nanomold was obtained by etching
a pure aluminum sheet with a purity of 99.7 wt.% in 0.3M
oxalic acid solution. Two steps of anode treatments were
applied to obtain more uniform nanopores in this experi-
ment. The first step of the anode treatment was carried out
at a voltage 40V and a temperature of 25∘C for one hour.
Afterward removing alumina thin film from the surface
of aluminum sheet was performed in the mixture of 6%
phosphoric acid solution and 2% chromic acid solution at a
temperature of 60∘C.The second step of the anode treatment
was carried out in the same process conditions indicated in
the first step for 6 hours. Finally, aluminum substrate was
removed using copper chloride solution and then the anodic
alumina nanomold with a pore diameter of 80 nm could be
obtained. Since the alumina membrane has an excellent
chemical stability and could maintain its porous structure
under the high temperature and pressure conditions, it is a
very suitable mold [14, 15].

The second part of the procedure was the fabrication of
zinc-aluminum alloy by the vacuum melting method. The
high purity of zinc and aluminum scraps were mixed and
placed in a quartz glass tube. In order to prevent metal from
oxidation during melting, the vacuum was extracted using
a molecular turbo pump and kept at 3 × 10−6 torr. Then,
the glass tube was placed in a furnace and the temperature
was increased to 750∘C for several minutes until all metal is
smelted and mixed well. After cooling, zinc-aluminum alloy
was obtained. More detailed process of the vacuum melting
was described in our previous study [16, 17].

Furthermore, zinc-aluminum alloy nanowire array was
produced using thehigh vacuum die casting technique. A
piece of zinc-aluminum alloy and an alumina template were
placed inside the chamber in which the vacuum pressure
was maintained at 10−6 torr. After the chamber was heated
to 750∘C, a hydraulic force was applied to the molten
zinc-aluminum alloy. During casting, the molten alloy was
injected into the anodic alumina nanomold forming alloy
nanowire array. The force required to introduce molten alloy
into the nanomold is proportional to the surface tension of
the melt. The surface tension of the molten zinc at 750∘C
is 719.7 dyne/cm and the surface tension of the molten
aluminum at 750∘C is 857.05 dyne/cm [18]. Therefore, the
surface tension of the molten zinc-aluminum ally at 750∘C is
748.82 dyne/cm by calculation. Additionally, the pressure for
themoltenmetal injection into nanomold can be evaluated as
[19] 𝑃 = 𝐹/𝐴 = −(2𝛾 cos 𝜃)/𝑟, where 𝐹 is the normal force, 𝐴
is the area of the nanomold, 𝑟 is the radius of the nanochannel,
𝛾 is the surface tension of the molten zinc-aluminum alloy,
and 𝜃 is the contact angle between the melt and the porous
alumina membrane. The surface tension of the molten zinc-
aluminum is 748.82 dyne/cm and the contact angle is 104.85∘.
Therefore, the force required to inject the molten alloy into
nanomold is 3.01 × 108 dyne. Solidification proceeded using a
water coolingmethod at the bottomof the chamber.The zinc-
aluminum nanowire array was formed after cooling to room
temperature.

Finally, zinc aluminum oxide nanowire array was fabri-
cated through a thermal oxidation process. The fabrication

Anodization

Al removal

Die casting

Oxidation

Al
Al2O3

Metal
Metallic oxide

Figure 1: Schematic diagram of the zinc aluminum oxide nanowire
array fabricated in this work.

procedure of zinc aluminum oxide nanowire array is illus-
trated in Figure 1. The nanowire array was put into an air
furnace and applied a heat treatment at 250∘C for 24 hours.
After that, the aluminum oxide surrounding the nanowire
was removed using sodium hydroxide solution and then zinc
aluminum oxide nanowire array could be obtained.

The morphologies and the dimensions of the anodic
alumina nanomold and the zinc aluminum nanowire array
were observed by scanning electron microscope (SEM). The
composition and crystallinity of the zinc-aluminum alloy
nanowires were detected by X-ray diffraction (XRD) spec-
trum and energy dispersive spectroscopy (EDS). Differential
scanning calorimeter (DSC) was used tomeasure the thermal
characteristics of zinc-aluminum alloy.

3. Results and Discussion

In this study, porous alumina nanomold was produced using
the anodization method with a two-step process in oxalic
acid solution. The porous alumina nanomold was formed on
aluminum with the equilibrium of oxide dissolution at the
interface of the alumina/electrolyte and oxide grown at the
metal/alumina interface [18]. Figures 2(a) and 2(b) are the
morphologies of the anodic alumina membrane prepared in
0.3M oxalic acid solution for 6 hours. SEM images of the
porous alumina membrane reveal that the nanopores with
a diameter of 80 nm and a thickness 40 𝜇m are ordered and
uniform arrays.

When metal smelts under a high temperature or the
temperature higher than its melting point, metallic vapor
volatilizes and causes the loss of the composition. In our
study, zinc has a larger vapor pressure (∼2 × 104 Pa) at the
temperature of 750∘C than aluminum (∼10−4 Pa) [20], and
the loss of zinc would be more serious than aluminum.
Therefore, it is necessary to compensate for the consumption
of zinc tomaintain the final composition of the prepared alloy
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(a) (b)

Figure 2: SEM images: (a) a porous aluminamembrane with an ordering pore diameter of 80 nm and (b) the thickness of the porous alumina
membrane was measured as 40 𝜇m from the cross-section image.

Figure 3: SEM images of zinc aluminumalloy nanowire arrays. Zinc
aluminum nanowire array was fabricated in the alumina nanomold
by the vacuum die casting process.

with the desired proportion. By the aid of the thermodynamic
calculation, 90wt.% zinc-10wt% aluminum alloy could be
produced precisely.

Using vacuum die casting technique, the molten zinc-
aluminum alloy was introduced into the alumina nanomold
and then forming zinc-aluminum alloy nanowire array.
Figure 3 shows that the zinc-aluminum nanowires with the
diameter of 80 nm exhibit the uniform distribution and have
the high filling ratio. EDS results display that the percentage
of zinc is 89.71 wt.%, whereas the percentage of aluminum
is 10.29wt.%. In addition, the result of XRD analysis of zinc
aluminum nanowires is shown in Figure 4. The diffraction
pattern proves the crystal structure and identifies the com-
position of alloy as theoretical composition. Figure 5 shows
that the melting temperature of the zinc-aluminum alloy is
418.03∘C obtained by DSC measurement. The melting point
of the alloy is consistent with that indicated in the zinc
aluminum binary alloy phase diagram [21].

Au thin filmwas deposited at the top surface of zinc alum-
inum oxide nanowires array as the conductive layer of the
photoelectrode by vapor deposition technique. After that,
the fabrication of the nanowire array photoelectrode was
completed. Figure 6 is the schematic diagram of the nanowire
array photoelectrode produced in the present study. For this
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Figure 4: X-ray diffraction profiles of zinc-aluminum alloy com-
posed of 90wt.% zinc and 10wt.% aluminum.

kind of photoelectrode, an ordered topology would increase
the rate of electron transport and a nanowire electrode may
improve the quantum efficiency of DSSCs depending on
achieving the higher dye loadings through an increase in
surface area. Therefore, the high aspect ratio zinc aluminum
oxide photoelectrode designs for nanostructured semicon-
ductor photoelectrodes in photoelectrochemical cells would
be expected to enhance the attainable solar energy conversion
efficiencies.

4. Conclusions

The present study provided a novel method to produce
zinc-aluminum alloy nanowire with 80 nm in diameter and
40 𝜇m in length. The vacuum die casting applied a hydraulic
pressure to inject the molten zinc-aluminum into the anodic
alumina nanomold and then obtained zinc-aluminum alloy
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Figure 6: Schematic diagram of the prepared zinc aluminum oxide
nanowire array photoelectrode.

nanowire after solidification. XRD and DSC results showed
that zinc-aluminum alloy prepared in this work was a
hypereutectic structure in which the weight percentage of
zinc was 89.71% and the weight percentage of aluminum was
10.29%. Using thermal oxidation technique, zinc aluminum
oxide nanowire array was fabricated successfully. The order,
uniform, and a large area of nanowire array were more
suitable for device manufacture or other applications. In this
study, zinc aluminumoxide nanowire arraywas applied as the
photoelectrode of DSSCs.
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1.5 wt% zinc fluoride (ZnF
2
) was mixed with zinc oxide powder to form the F-doped ZnO (FZO) composition. At first, the FZO

thin films were deposited at room temperature and 5 × 10−3 Torr in pure Ar under different deposition power. Hall measurements
of the as-deposited FZO thin films were investigated, and then the electrical properties were used to find the deposition power
causing the FZO thin films with minimum resistance. The FZO thin films with minimum resistance were further treated by H

2

plasma and then found their variations in the electrical properties by Hall measurements. Hydrochloric (HCl) acid solutions with
different concentrations (0.1%, 0.2%, and 0.5%) were used to etch the surfaces of the FZO thin films. Finally, the as-deposited, HCl-
etched as-deposited, and HCl-etched H

2
-plasma-treated FZO thin films were used as transparent electrodes to fabricate the p-i-n

𝛼-Si:H thin film solar cells and their characteristics were compared in this study. We would show that using H
2
-plasma-treated and

HCl-etched FZO thin films as transparent electrodes would improve the efficiency of the fabricated thin film solar cells.

1. Introduction

ZnO is a nontoxic, abundant, and inexpensive material;
in addition, impurity-doped ZnO can have electrical and
optical properties comparable to the expensive indium tin
oxide (ITO) currently used commercially. For that, impurity-
dopedZnO is a possible candidate for transparent conducting
oxides (TCOs) for potential applications as a transparent
electrode in flat panel displays (FPDs) and photovoltaic
solar cells [1]. TCO thin films have been widely used in
the applications of solar cells, flat panel displays, and more
optoelectronic products. TCO thin films show a good combi-
nation of electrical conductivity at ambient temperature and
optical transparency in a visible region [2]. Some especially
interesting properties of ZnO-based thin films are their low
cost, ready availability, and high chemical stability. ZnO is
a II–VI n-type semiconductor with a wide band gap of
approximately 3.3 eV at room temperature. Group III donor
elements, such as B [3], Al [4], and Ga [5], are added to

improve the electrical properties of ZnO thin films. Fluorine,
the ionic radius (0.136 nm) of which is similar to that
of oxygen (0.132 nm), may be an adequate anion doping
candidate due to lower lattice distortion compared with Al,
Ga, and In, but comparatively few studies on fluorine-doped
ZnO (F-doped ZnO) can be found in the past researches
[6, 7].

In this study, 1.5 wt% zinc fluoride (ZnF
2
) was mixed

with zinc oxide powder to fabricate the F-doped ZnO (FZO)
ceramic target for sputtering process [8]. In the past, Al-
doped ZnO (AZO) thin films were deposited on glass sub-
strate by RF magnetron sputtering by changing the substrate
temperature from room temperature (RT) to 300∘C [4]. From
this literature, we would know that hydrogen (H

2
) has large

effect on the ZnO-based TCO thin films. When H
2
was

used as deposition atmosphere during the deposition process
[4] or used as plasma treatment [9, 10] after the deposition
process, the ZnO-based TCO thin films will enhance their
carrier concentration and improve their resistivity. In the
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past, we also found that the H
2
-plasma treatment on the

depositedAZO thin films has large influence on their physical
(transparency ratio and grain size) and electrical (energy gap
and resistivity) properties [11]. For that, the plasma enhanced
chemical vapor deposition (PECVD) H

2
was treated on the

as-deposited FZO thin films (abbreviated as plasma-treated
FZO thin films). The effects of H

2
plasma on the properties

of FZO thin films were compared by observing the carrier
concentration, carrier mobility, and resistivity. The FZO thin
films under differently treated parameters were also used as
the transparent electrodes of the 𝛼-Si thin film solar cells.The
current-voltage characteristics of the fabricated 𝛼-Si thin film
solar cells were measured to determine the effects of treated
parameters of the FZO thin films on the characteristics of the
fabricated 𝛼-Si solar cells.

2. Experimental

1.5 wt% zinc fluoride (ZnF
2
) (99.995%) was mixed with zinc

oxide powder (99.999%) to form the F-doped ZnO (abbrevi-
ated as FZO) composition. After being dried and ground, the
FZOpowderwas calcined at 600∘C for 1 h, then ground again,
andmixedwith polyvinyl alcohol (PVA) as binder.Themixed
powders were uniaxially pressed into pellets of 5mm thick-
ness and 54mmdiameter using a steel die. After debindering,
the FZO pellet was sintered at 1060∘C for 3 h. Glass substrates
(Corning 1737) with an area of 3.3 × 3.3 cm2 were cleaned
ultrasonically with isopropyl alcohol (IPA) and deionized
(DI) water and then dried under a blown nitrogen gas. The
base pressure of the sputtering chamber was below 5 × 10−6
Torr and theworking pressurewasmaintained at 5×10−3 Torr
in pure Ar (99.995%) ambient (abbreviated as-deposited
FZO thin films). FZO thin films with a thickness of about
650 nm ± 10% were deposited by RF magnetron sputtering
on glass substrates at room temperature (RT) by controlling
deposition time to find the deposition parameters at which
FZO thin films had optimally electrical characteristics. At
the first, the FZO thin films were deposited by changing RF
power from 50W to 150W at RT. Thicknesses of the FZO
thin films were measured using a SEMF-10 ellipsometer and
confirmed by field emission scanning electron microscopy
(FESEM). The crystalline structure of the FZO thin films
was identified by X-ray diffraction (XRD), while the thin
films’ Hall-effect coefficients were determined by a Bio-Rad
Hall set-up. The optical transmission spectrum was recorded
using a Hitachi U-3300 UV-Vis spectrophotometer in the
300–800 nm wavelength range. The as-deposited FZO thin
films with optimally electrical characteristics were treated by
the plasma enhanced chemical vapor deposition (PECVD)
hydrogen (H

2
) (abbreviated as plasma-treated FZO thin

films). The working pressure was maintained at 1 Torr under
the 300 sccm H

2
flow rate. The plasma power was changed

from 0W (without H
2
plasma treatment) to 100W, and the

plasma-treated temperature and timewere 200∘Cand60min.
After that, the thicknesses of the as-deposited and

plasma-treated FZO thin films were extended to 1000 nm
± 10%, and then their surfaces were etched by wet etching
performed in diluted HCl solution with concentrations of
0.1%, 0.2%, and 0.5% inH

2
O to acquire the textured FZO thin

films.The thickness of the etched FZO thin films was around
650 nm, which was obtained by controlling the etched time.
Also, the surface texture of the etched FZO thin films was
observed by FESEM. The etched as-deposited and plasma-
treated FZO thin films were used as substrates to fabricate
the superstrate p-i-n 𝛼-Si:H thin film solar cells. Thin film
solar cells were fabricated using a single-chamber plasma-
enhanced chemical vapor deposition unit at 200∘C, with a
working pressure of 700 × 10−3 Torr and a deposition power
of 20W. The p-type 𝛼-Si thin films (thickness was about
20 nm)were deposited by controlling the gas flowing rates for
H
2
= 100 sccm, SiH

4
= 20 sccm, CH

4
= 10 sccm, and B

2
H
6
=

40 sccm. The i-type 𝛼-Si thin films (400 nm) were deposited
by usingH

2
= 100 sccm and SiH

4
= 10 sccm, and the p-type𝛼-

Si (50 nm) thin films were deposited by using H
2
= 100 sccm,

SiH
4
= 20 sccm, and PH

3
= 20 sccm, respectively. The

current-voltage characteristic of the fabricated solar cells was
measured under an illumination intensity of 300mW/cm2
and an AM 1.5G spectrum.

3. Results and Discussion

An increase in orientation during crystalline growth is pos-
sible according to the model of Van der Drift, which is often
referred to as “survival of the fastest” model. Even the grain
sizes are not really formed, this model is based on different
growth rates of the crystal planes. At first, the thin films start
growing in random crystal orientation at the initial layer,
they grow fastest in the plane parallel to the substrate and
then grow at the cost of the others [12]. This “survival of the
fastest”model implies a related increase in crystal orientation,
which is called figure of merit in a growth of thin films,
but the model cannot explain an increase in grain sizes with
increasing thin films’ thickness [13]. Figure 1 shows that even
different deposition powers were used, all FZO thin films
exhibited a strong (002) peak at 2𝜃 = 34.24∘ and a weak (004)
peak, which indicate that the c-axis is predominantly oriented
parallel to the substrate normal. The results in Figure 1 prove
that the deposited FZO thin films have the figure ofmerit in 𝑐-
axis orientation. The absence of additional peaks in the XRD
patterns excludes the possibility of any extra phases and/or
large-size precipitates in the FZO thin films. The diffraction
intensity of the (002) peak increased as the deposition power
increased from 50W to 150W.

The results of the carrier mobility, carrier concentration,
and resistivity shown Figure 2 indicate that the electrical
properties of the FZO thin films were dependent on deposi-
tion power. When plasma molecules are deposited on a glass
substrate,many defects result and inhibit electronmovement.
As different deposition powers are used during the deposition
process, two factors are believed to cause an increase in
the carrier mobility of the FZO thin films. First, higher
deposition power provides more energy and thus enhances
the motion of plasma molecules, which will improve the
crystallization and grain size growth of the FZO thin films,
and also the defects in the thin films will be decreased.
Second, as deposition power is raised, the defects in the
FZO thin films decrease, and that will cause the decrease
in the inhibiting of the barriers electron transportation
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Figure 1: X-ray diffraction (XRD) patterns of the FZO thin films as
a function of deposition power.
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Figure 2: Carrier mobility, carrier concentration, and resistivity of
the FZO thin films as a function of deposition power.

[14]. The results in Figure 1 suggest that this condition will
dominate the characteristics of the deposited FZO thin
films. As Figure 2 shows, both the carrier concentration and
carrier mobility of the FZO thin films linearly increased with
deposition power and reached the maximum concentration
and carrier mobility at 150W.The resistivity of the TCO thin
films is proportional to the reciprocal of the product of carrier
concentration𝑁 and mobility 𝜇:

𝜌 =

1

𝑁𝑒𝜇

. (1)

Both the carrier concentration and the carrier mobility
contribute to the conductivity. The resistivity decreased from
1.72×10

−3
Ω-cm to 9.29×10−4Ω-cm as the deposition power

increased from 50W to 150W. The minimum resistivity of
the FZO thin films at deposition power of 150W is mainly
caused by the carrier concentration and mobility being at
their maximum.

Because of the maximum mobility and carrier concen-
tration and the minimum resistivity, the 150W-deposited
FZO thin films are used for further treatment by H

2
plasma.
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Figure 3: Carrier mobility, carrier concentration, and resistivity of
the FZO thin films as a function of H

2
-plasma-treated power.

Figure 3 shows the carrier mobility, carrier concentration,
and resistivity of the FZO thin films as a function of H

2

plasma power. The mobility slightly increased as plasma
power of H

2
increased from 0W (without H

2
plasma treat-

ment) to 25W and then it decreased as plasma power was
further increased. The carrier concentration first increased
as plasma power of H

2
increased from 0W (without H

2

plasma) to 25W and then it reached a saturation value as
plasma power was further increased. However, resistivity
is really improved as plasma process is used because the
carrier concentration is increased as H

2
plasma is used.

25W-plasma-treated FZO thin films have the minimum
resistivity of 7.92 × 10−4Ω-cm because the mobility and
carrier concentration have their maximum. As the plasma
power is higher than 25W, the mobility of the FZO thin films
decreases because their surfaces are destroyed by H

2
plasma.

Rough interfaces are usually introduced into solar cells by
using substrates with textured surface [15]. It is well known
that the front TCO thin films with textured surface can
scatter more light at the TCO/𝛼-Si:H(p) interface and haze
ratio is strongly influenced by the surface morphologies of
TCO thin films or/and glass substrates.Therefore, the surface
structures of glass substrate and TCO thin films play a vital
role to improve the performance of thin film solar cells.
A suitable textured surface is very important to increase
the haze ratio and scatter an incident light, particularly the
long wavelength light (red and near-infrared), to extend
the effective path length within the active silicon layer and
subsequent light trapping inside the absorber material of
the solar cell [15]. In this study, diluted HCl etching of the
as-deposited and plasma-treated FZO thin films has been
carried out at room temperature to develop the textured
surfaces for enhancing the efficiency of solar cells. FZO thin
films deposited at 150W, room temperature, and 5×10−3 Torr
with thickness of 1000 nm were used as the etching samples.
Figure 4 shows the etching rate of the FZO thin films as a
function of concentration of HCl solution; the etched time
was dependent on the concentration of HCl solution. As the
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Figure 4: Etching rate of the FZO thin films as a function of HCl solution concentration.

(a) (b)

(c) (d)

Figure 5: Surface morphology of the FZO thin films (a) as-deposited and etched at different HCl concentrations (b) 0.1%, (c) 0.2%, and (d)
0.5%, respectively.

concentration of HCl solution increased from 0.1% to 0.5%,
the etched rate linearly increased from 1.2 nm/s to 11 nm/s,
and the thickness of the etched FZO thin films was controlled
at around 650 nm.

Figure 5 shows the surface morphology of the etched
FZO thin films, and also the etched time was dependent
on the concentration of HCl solution. Compared with the
results shown in Figure 5, the surface roughness increased
significantly afterHCl etching.The etching process causes the
thin films’ surfaces to develop a crater-like cave and the size
of cave increases with increasing HCl concentration. Figures
6(a) and 6(b) depict the total and diffused transmittance of
the textured FZO thin films for various concentrations of

HCl solution.The average total transmittance of as-deposited
FZO thin film substrates was 82.8%, whereas the textured
FZO thin films showed that the average total transmittance
decreased with increasing concentration of HCl solution in
the visible (400∼800 nm) wavelength region. The average
total transmittances of 81.1%, 79.2%, and 78.8% were shown
by the textured FZO thin films with various concentrations
of HCl solution, including 0.1%, 0.2%, and 0.5%, respectively.
In general, the diffused transmittance is related to the surface
structure and roughness of the textured FZO thin films.
The average diffused transmittance of the as-deposited FZO
thin films was around 1.7%, whereas it varied from 0.7% to
4.0% in the visible wavelength region. As the concentrations
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Figure 6:The optical characteristics: (a) total transmittance, (b) diffused transmittance, and (c) haze ratio of the HCl etched FZO substrates.
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Figure 7: Structure configuration of the hydrogenated amorphous
silicon thin film solar cells.

of HCl solution were 0.1mol %, 0.2mol %, and 0.5%, the
average diffused transmittances were 2.6%, 15.0%, and 32.8%,
whereas, in the visible wavelength region, they varied from

1.3% to 4.1%, from 1.3% to 25.3%, and from 20.0% to
43.4%, respectively. As the concentrations of HCl solution
were 0.1mol%, 0.2mol%, and 0.5%, the maximum diffused
transmittances were 5.4% (at 390 nm wavelength), 26.7%
(at 390 nm wavelength), and 43.4% (at 430 nm wavelength),
respectively. Figure 6(c) shows the haze ratio of the textured
FZO thin films with various concentrations of HCl solution.
The ratio of diffused to total transmittance is known as haze
ratio. The average haze ratio of the textured FZO thin films
in visible wavelength region was varied from 0.65%, 1.74%,
18.4%, and 41.2% as the HCl solution concentrations were
0.1mol%, 0.2mol%, and 0.5%, respectively.

A p-i-n structure is usually used for 𝛼-Si thin film solar
cells, as opposed to an n-i-p structure. This is because the
mobility of electrons in 𝛼-Si:H is roughly 1 or 2 orders of
magnitude larger than that of holes, and thus the collection
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Table 1: 𝑉oc value, 𝐽sc value, and F.F. value of the fabricated amorphous silicon thin film solar cells.

FZO parameters Abbreviated 𝑉oc (V) 𝐽sc (mA/cm2) F.F. Efficiency (%)
as-deposited A-FZO 0.855 7.380 0.558 3.52
0.2% HCl A2-FZO 0.843 8.394 0.585 4.14
0.5% HCl A5-FZO 0.846 7.942 0.570 3.83
plasma treated P-A-FZO 0.854 7.692 0.552 3.63
0.2% HCl + plasma treated P-A2-FZO 0.840 8.764 0.578 4.26
0.5% HCl + plasma treated P-A5-FZO 0.850 8.109 0.574 3.95
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Figure 8: Current-voltage characteristics of the p-i-n 𝛼-Si:H thin
film solar cells under illumination.

rate of electrons moving from the n- to p-type contact is
better than holes moving from p- to n-type contact. For
that, the superstrate p-i-n hydrogenated 𝛼-Si thin film solar
cells were fabricated using a single-chamber PECVD unit at
200∘C, and the structures of the designed solar cells are shown
in Figure 7; no antireflective coatings were deposited on the
cells. Although there are several reports related to the etching
of glass substrates to improve the efficiency of the 𝛼-Si thin
film solar cells, texturing of patterned FZO thin films for
high haze ratio in thin film solar cells is focused . At the
first, as the as-deposited and etched as-deposited FZO thin
films substrates are used, the values of open-circuit voltage
(𝑉oc), short-circuit current density (𝐽sc), fill factor (F.F.), and
efficiency (𝜂) aremeasured for the devices fabricated on those
substrates.

Table 1 shows the measured current-voltage characteris-
tics of the solar cells (substrate size 3.3 × 3.3 cm2) under
illumination as a function of differently treated processes.
The abbreviated names of the FZO thin films under different
processes are also shown in Table 1. Figure 8 shows that as
the A-FZO, A2-FZO, and A5-FZO were used to fabricate
the thin film silicon solar cells, the 𝑉oc values of the solar
cells were 0.855V, 0.843V, and 0.846V; the 𝐽sc values were
7.380mA/cm2, 8.394mA/cm2, and 7.942mA/cm2; the F.F.
values were 0.558, 0.585, and 0.570; and the efficiencies were
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Figure 9: Current-voltage characteristics of the p-i-n 𝛼-Si:H thin
film solar cells under illumination.

3.52 ± 0.17, 4.14 ± 0.13, and 3.83 ± 0.15, respectively. Those
results suggest that the surface texture (or the haze ratio)
of the FZO thin films is the key parameter to improve the
performance of the 𝛼-Si:H thin film solar cells.

Figure 9 shows that as the P-A-FZO, P-A2-FZO, and P-
A2-FZOwere used to fabricate the thin film silicon solar cells,
the 𝑉oc values of the solar cells were 0.854V, 0.840V, and
0.850V; the 𝐽sc values were 7.692mA/cm2, 8.764mA/cm2,
and 8.109mA/cm2; the F.F. values were 0.552, 0.578, and
0.574; and the efficiencies were 3.63 ± 0.15, 4.26 ± 0.11,
and 3.95 ± 0.13, respectively. As Figure 9 shows, the 𝑉oc
value and F.F. value had no changes, the 𝐽sc value increased,
and the efficiency increased as the H

2
plasma was used

to treat the nonetched and etched FZO thin films. Those
measured results of the fabricated 𝛼-Si thin film solar cells are
also compared in Table 1. The greater efficiencies in etched
FZO substrates are mainly ascribable that as the haze ratio
increases, the absorption of light increases, and then the
short-circuit current density increases.

4. Conclusions

In this study, resistivity is really improved as H
2
-plasma pro-

cesswas used because the carrier concentrationwas increased
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and 25W plasma-treated FZO thin films have the minimum
resistivity of 7.92 × 10−4Ω-cm. The average haze ratio of the
etched as-deposited FZO thin films increased from 0.65%
to 41.2% as the concentration of HCl solution increased
from 0.0% (nonetched) to 0.5%. As the as-deposited FZO
thin films in the fabricated 𝛼-Si:H thin film solar cells were
changed to the 0.2 HCl-etched FZO ones, the 𝐽sc values
were improved from 7.380mA/cm2 to 8.394mA/cm2, the F.F.
values were improved from 0.558 to 0.585, and the efficiencies
were improved from 3.52 ± 0.17 to 4.14 ± 0.13, respectively.
When the 0.2 HCl-etched H

2
-plasma-treated FZO thin films

were used as the electrodes, the fabricated solar cells had
the optimal characteristics of 𝐽sc value of 8.764mA/cm2, F.F.
value of 0.578, and efficiency of 4.26 ± 0.11, respectively. For
the FZO thin films, the haze ratio increased with increasing
concentration of HCl solution and the carrier concentration
increased as H

2
plasma was used. That would effectively

enhance light trapping and increase the electrons inside
the absorber material of solar cells and then improve the
efficiency of the fabricated thin film solar cells.
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The Kyoto protocol recommended that industrialized countries limit their green gas emissions in 2012 to 5.2% below 1990 levels.
Photovoltaic (PV) arrays provide clear and sustainable renewable energy to electric power systems. Solar PV arrays can be installed
in distribution systems of rural and urban areas, as opposed to wind-turbine generators, which cause noise in surrounding
environments. However, a large PV array (several MW) may incur several operation problems, for example, low power quality
and reverse power. This work presents a novel method to reconfigure the distribution feeders in order to prevent the injection of
reverse power into a substation connected to the transmission level. Moreover, a two-stage algorithm is developed, in which the
uncertain bus loads and PV powers are clustered by fuzzy-c-means to gain representative scenarios; optimal reconfiguration is
then achieved by a novel mean-variance-based particle swarm optimization. The system loss is minimized while the operational
constraints, including reverse power and voltage variation, are satisfied due to the optimal feeder reconfiguration. Simulation results
obtained from a 70-bus distribution system with 4 large PV arrays validate the proposed method.

1. Introduction

The Kyoto protocol mandated that industrialized countries
should reduce their greenhouse gas emissions in 2012 to 5.2%
below their 1990 levels [1]. The Copenhagen Accord later
called for the mitigation of global emissions in order to re-
strict rises in global temperatures to amaximumof 2∘C [2]. To
attain a low carbon environment, utilizing renewable energy
is essential to provide electric power in power systems. Of all
renewable energies, wind-turbine generators (WTG), and so-
lar photovoltaic (PV) can provide the cleanest energy to con-
sumers. Although a single unit size ofWTG is generallymuch
larger than that of a PV array, the former requires additional
effort in terms of installation and maintenance. WTG is also
limited by its produced noise, possibly damaging the ecosys-
tem by altering the migration patterns of birds or other ani-
mals. However, solar PV arrays can provide noise-free energy,

which may be installed in rural fields and rooftops of houses
in urban areas. Solar PV has been widely studied in a power
system, including solar power prediction [3], capacity sizing
[4], and maximum power point tracking [5, 6]. These works
focus only on solar PV modules without addressing system
operation problems, which the penetration of solar PV
energies in a distribution system causes (e.g., reverse power
and high voltages at downstream customers).

Designed as interconnected networks, electric distribu-
tion networks are operated in a radial structure. The feeder
configuration problem attempts to find a radial operating
structure that optimizes network performance while satis-
fying operation constraints. In practice, distribution system
operators may tend to reduce the system real-power loss and
enhance voltage quality under normal conditions [7–12]. Jeon
and Kim integrated tabu search with the simulated annealing
algorithm to minimize system losses in [7]. The tabu search
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attempts to determine a solution using the greatest-descent-
like algorithmwhich could not ensure any convergence prop-
erty [7]. Lin et al. presented a refined genetic algorithm
(RGA) to mitigate system losses [8]. Traditional crossover
and mutation strategies were adjusted through a competition
mechanism in RGA. Morton and Mareels presented a brute-
force solution to determine the status of each switch in order
to minimize system loss in a radial distribution system [9].
The graph theory, which guarantees a global optimum yet
requires an exhaustive search, was used in [9]. Wu and Tsai
presented an approach based on particle swarm optimization
(PSO)with an integer code to determine the switch operation
schemes, which minimizes the system loss via the feeder re-
configuration in a distribution system [10]. Amanulla et al.
presented a binary PSO-based algorithm to find the opti-
mal statuses of the switches in order to maximize the re-
liability and minimize the real-power loss in a power sys-
tem [11]. Hong and Ho proposed a Prufer-number-based
genetic algorithm to reconfigure a network to ensure that
the voltage drops caused by faults in voltage-sensitive areas
are feasible [12]. Kavousi-Fard and Niknam proposed a self-
adaptive modification method based on the clonal selection
algorithm to reduce the cost of active power losses of the net-
work and the customer interruption costs through the feeder
reconfiguration [13]. Kavousi-Fard and Akbari-Zadeh used
the shuffled frog leaping algorithm to reconfigure the network
by considering three reliability indices and total system losses
[14]. Kavousi-Fard et al. used a firefly algorithm to investigate
the multiobjective probabilistic distribution feeder reconfig-
uration problem considering reliability [15].

The widely-installed renewable energy resources in the
power system have issued new concerns regarding the feeder
reconfiguration.Niknam et al. proposed a probabilisticmeth-
od considering the uncertainty regarding the active and reac-
tive load forecast errors as well as the wind-turbine output
power variations concurrently to study the feeder reconfig-
uration. Self-adaptive modified teacher learning optimiza-
tion algorithm was proposed to solve the multiobjective
probabilistic problem [16]. Niknam et al. assessed the dis-
tribution feeder reconfiguration strategy, solved by a self-
adaptive bat algorithm, and examined the effect of renewable
energy sources on the reliability of the power system [17].
Niknam et al. proposed a two-stage approach: the roulette
wheel mechanism in conjunction with the Weibull/Gaussian
probability distribution functions of wind and demands were
implemented to produce deterministic equivalents (scenar-
ios); the feeder reconfiguration problem was then solved
by the adaptive modified particle swarm optimization [18].
Su et al. presented a binary PSO-based method aiming at
enhancing feeder configuration and reactive power control
to accommodate more distributed generation resources [19].
Malekpour et al. presented an adaptive PSO algorithm to
determine the optimal feeder reconfiguration while consid-
ering the uncertainty caused from the wind power generation
and load demand [20]. The point estimate method was used
to calculate the stochastic power flow [20]. Niknam et al.
presented a honey bee mating optimization algorithm to
investigate the distribution feeder reconfiguration problem

while considering the effect of renewable energy sources on a
system performance index [21].

Above literature survey reveals that system loss is a gener-
ally accepted performance index in the feeder reconfiguration
problem. However, the above studies have the following lim-
itations,which should be addressed in themodern smart grid:

(1) renewable generation resources. Although they were
not considered in conventional feeder reconfigura-
tion problems [3–15], they should be considered in
modern smart distribution systems;

(2) uncertainty in renewable energies. Although uncer-
tainty should be addressed in this area, owing to
their intermittent characteristics, Kavousi-Fard and
Niknam disregarded this essential factor [13, 21].
Although the uncertainty factor in renewable energies
was considered in [16, 20], the point estimate method
sampling two extra unsymmetrical operating points is
considered to be less accurate than the Monte-Carlo
simulation method [16, 20];

(3) coordination between VAR controllers and switches.
To regulate the voltage profile in the distribution
system, the statuses of all switches should incorporate
with VAR controllers (inverters of distributed gener-
ation resources); however, most studies have ignored
this factor [2–21];

(4) searching optimal statuses of switches: In contrast to
genetic algorithms, tabu search, and other metaheu-
ristic algorithms [3–9, 12–17, 21], PSO can search for
the optimal solution efficiently. In addition to the en-
coding technique [10, 11, 18–20], the search ap proach
should also be improved to make the PSO algorithm
more reliable and robust.

Therefore, this work presents a novel method based on
the mean-variance concept of particles (i.e., possible solu-
tions) in PSO to determine the optimal status of each switch
in the distribution system. Uncertainties in the power gen-
eration from solar PV arrays and demands are clustered to
become scenarios with different weighting factors. Restated,
uncertainties in the problem are transformed into scenarios.
The inverters of solar PV arrays are then fully utilized to co-
ordinate with the switches to regulate the voltage profile in
order to minimize the system losses using the interior-point
algorithm. More specifically, rather than stochastic power
flow studies, the regulated voltages of solar PV arrays in each
scenario are adjusted by the interior-point-based optimal
power flow with fixed switches determined by the enhanced
PSO algorithm.

The rest of this paper is organized as follows. Section 2 in-
troduces the assumptions in the studied problem and pre-
sents the mathematical formulation of the problem. Section 3
then describes the proposedmethod based on fuzzy-c-means
and enhanced PSO algorithm. Section 4 summarizes the sim-
ulation results. Conclusions are finally drawn in Section 5,
along with recommendations for future research.
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2. Assumptions and Problem Formulation

2.1. Assumptions. The following assumptions are made for
the problem to avoid high voltages at the downstream cus-
tomers and prevent the reverse power injected into the trans-
mission level at the swing buses (substations).

(a) The status of each tie switch is determined one day
ahead by the preventive control using forecasted PV
powers and demands with uncertainties.The voltages
of inverter-based solar PV arrays are evaluated as sup-
plemental results to support the preventive control.
These inverter-controlled voltages should be recom-
puted in the real-time corrective control. For the
preventive control, the scenarios are predetermined
based on the empirical experience. No control action
for the tie switch is needed once the scenarios occur.
That is, a predetermined network configuration is
used for many scenarios. Thus, preventive control is
highly applicable to uncertainty caused from thewind
powers and demands.

(b) The inverter in either a rural field or an urban area at a
bus can be considered as an aggregated one. Restated,
hundreds of inverters of the solar PV arrays at a bus
are operated with the same setting automatically or
according to the commands of operators. Thus, a bus
with large solar PV arrays is considered a voltage-
controlled bus rather than a constant PQ bus.

(c) The control center of a distribution system can com-
municate with the inverters through wire or wireless
communication media in the demand management
system (DMS) or SCADA. This assumption is appli-
cable owing to the requirement of advanced ICT
architecture in the smart distribution system.

(d) The DC voltage of a solar PV array is boosted to a
higher DC voltage, which is generally supported by
a capacitor.This higher DC voltage is thenmodulated
to a nominal AC voltage via an inverter. To achieve the
voltage regulation and prevent the injection of reverse
power into the transmission level (swing buses), the
DC bus between the boost converter and inverter
must be supported by an energy storage; the inverter
must be bidirectional as well. Alternatively, a capac-
itor is still used for the conventionally adopted
inverter, and an additional inductor is used for an ap-
pended rectifier in parallel. When the PV arrays pro-
duce (absorb) the reactive power into (from) the pow-
er system, the corresponding bus operates with a
lagging (leading) power factor.

2.2. Problem Formulation. As described in Section 1, an oper-
ator has many performance indices available to determine
the switch statuses. Assume that the operator attempts to
minimize the real-power losses and satisfy all operational
constraints. In particular, no reverse power is injected into the
transmission levels. Further, assume that more than one sub-
station (between the transmission and distribution systems)
acts as swing buses in the studied problem. According to

the above four assumptions, the studied problem can be for-
mulated as follows:

Min𝑓 (�̃�, ̃𝜃, �̃�, 𝑄, 𝑥) (1)

s.t.

𝑃𝑀(�̃�,
̃
𝜃, �̃�, 𝑄, 𝑥) = 0, (2)

𝑄𝑀(�̃�,
̃
𝜃, �̃�, 𝑄, 𝑥) = 0, (3)

𝑉
min
𝑛

≤ �̃�
𝑛
≤ 𝑉

max
𝑛

, 𝑛 = 1, . . . , 𝑁, (4)

𝐼
min
ℓ

≤ 𝐼
ℓ
≤ 𝐼

max
ℓ

, ℓ = 1, . . . , 𝐿, (5)

�̃�
𝑗

𝑠𝑤
≥ 0, 𝑗 = 1, 2, . . . , 𝑁𝑆, (6)






𝑃𝐹
𝑝V





≥ 𝑃𝐹

min
, 𝑝V = 1, 2, . . . , 𝑁𝑃. (7)

The symbols are defined as follows:

𝑓(�̃�,
̃
𝜃, �̃�, 𝑄, 𝑥): stochastic real-power loss in the sys-

tem

𝑃𝑀(�̃�,
̃
𝜃, �̃�, 𝑄, 𝑥): vector of the stochastic real-power

balance equations

𝑄𝑀(�̃�,
̃
𝜃, �̃�, 𝑄, 𝑥): vector of the stochastic reactive

power balance equations

�̃�: vector of stochastic voltage magnitudes at all buses

̃
𝜃: vector of stochastic phase angles at all buses

�̃�: vector of stochastic real-power injections at all
buses

𝑄: vector of stochastic reactive power injections at all
buses

𝑥: vector of statuses of all switches (1 or 0)

�̃�
𝑛
: stochastic voltagemagnitude at bus 𝑛, 𝑛 = 1, . . . , 𝑁

𝐼
ℓ
: stochastic line flow at line ℓ, ℓ = 1, . . . , 𝐿

�̃�
𝑗

𝑠𝑤
: total stochastic power injected into substation 𝑗,

𝑗 = 1, 2, . . . , 𝑁𝑆

𝑃𝐹
𝑝V: stochastic power factor at the 𝑝Vth photovoltaic

array, 𝑝V = 1, 2, . . . , 𝑁𝑃

𝑁: number of system buses

𝐿: number of system lines

𝑁𝑆: number of substations (swing buses)

𝑁𝑃: number of voltage controlled buses with solar PV
arrays.

The values of components in 𝑥must ensure that the struc-
ture of distribution system is radial, and no islands occur in
the system.
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Table 1: Installed capacities of PV arrays and parameters of the
Weibull distributions.

Bus Installed
capacities (kW) Scale parameter (𝜅) Shape

parameter (𝛾)
13 750 0.35 2
26 3000 0.35 2
44 500 0.35 2
61 4500 0.35 2

3. Proposed Method

Themathematical formulation shown in (1)–(7) incorporated
with the radial and nonislanding constraints is a stochastic
mixed binary programming problem. This problem has
difficulty in treating stochastic equality constraints in (2)
and (3) and stochastic inequality constraints in (4)–(7).
Thus, by using the fuzzy-c-means (FCM), the proposed
method identifies the best representative scenarios with no
random variables.This work presents a novelmean-variance-
based PSO algorithm to determine the statuses of switches
for all scenarios. Once the status of each switch is given,
the nonstochastic representative scenarios can be solved
using traditional robust nonlinear programming referred to
herein as interior-point algorithm. By using the “fmincon”
developed in MATLAB software, this work implements the
interior-point algorithm. A detailed description of “fmincon”
can be found in [22], which will be neglected herein.

3.1. Fuzzy-c-Means to Identify Representative Scenarios. Both
PV power generations and demands are random variables
with different stochastic distributions. Theoretically, the
Monte-Carlo simulation can obtain an accurate solution in
case the number of sampled PV power generations and de-
mands from their stochastic distributions is sufficiently large.
However, the Monte-Carlo simulation requires a very long
CPU time. If these sampled PV power generations and
demands can be clustered, then the center of each cluster can
serve as a representative scenario. FCM attempts to identify
the representative scenarios obtained from all random vari-
ables with their individual stochastic distributions. Restated,
the scenarios with real values are generated according to the
stochastic distributions of all random variables (PV power
generations and demands). The data sets in these scenarios
are clustered using FCM. Namely, the center vector in each
cluster refers to the representative scenario, and the sum of
membership values in each cluster indicates the correspond-
ing weighting factor for this representative scenario.

Bezdek et al. defined 𝐽(𝑈, 𝑉) as an objective function in
the FCM algorithm [23] as follows:

𝐽 (𝑈, 𝑉) =

𝑀

∑

𝑖=1

𝐶

∑

𝑐=1

(𝜇
𝑐𝑖
)
𝑚 



𝑋
𝑖
− 𝑉
𝑐






2

, 1 ≤ 𝑚 < ∞, (8)

where𝐶 signifies the clustering number, which is determined
in Section 3.2, and is fixed for in FCM. Additionally, 𝑀

denotes the number of data sets generated from the Monte-
Carlo simulation herein; 𝑉

𝑐
refers to the vector of the center

in the 𝑐th cluster;𝑋
𝑖
denotes the 𝑖th data vector for clustering;

the membership function value 𝜇
𝑐𝑖
serves as a weighting

factor between 𝑉
𝑐
and 𝑋

𝑖
. After the minimum of 𝐽(𝑈, 𝑉) is

gained, the𝑀 data vectors are partitioned into𝐶 clusters. Let
symbols ℎ and 𝜀 represent the iterative index and convergence
tolerance, respectively. Bezdek developed the following four
algorithmic steps to attain the optimum.

Step 1. Initialize amatrix ofmembership functions as follows:

𝑈
(ℎ)

= [𝜇
(ℎ)

𝑐𝑖
] ∈ 𝑅
𝐶×𝑀

, (9)

where initial ℎ equals 0.

Step 2. Let ℎ = ℎ+1. Compute the center of the 𝑐th cluster as
follows:

𝑉
𝑐
=

∑
𝑀

𝑖=1
(𝜇
(ℎ)

𝑐𝑖
)

𝑚

𝑋
𝑖

∑
𝑀

𝑖=1
(𝜇
(ℎ)

𝑐𝑖
)

𝑚
1 ≤ 𝑐 ≤ 𝐶, 1 ≤ 𝑖 ≤ 𝑀. (10)

Step 3. Update 𝜇(ℎ)
𝑐𝑖

for all𝑋
𝑖
, 𝑖 = 1, . . . ,𝑀.

Consider

𝜇
(ℎ)

𝑐𝑖
=

1

∑
𝐶

𝑗=1
[




𝑋
𝑖
− 𝑉
𝑐





/






𝑋
𝑖
− 𝑉
𝑗






]

2/(𝑚−1)
. (11)

Step 4. If ‖𝑈(ℎ) − 𝑈(ℎ−1)‖ < 𝜀, stop; otherwise, go to Step 2.

3.2. Optimal Number of Clusters. Yang and Wu proposed a
partition separation (PS) validity index, in which a normal-
ized partition coefficient is aggregated with an exponential
separation measure for each cluster [24].

The PS validity index for cluster 𝑐 is defined as follows:

PS (𝑐) =
𝑀

∑

𝑖=1

𝜇
2

𝑐𝑖

𝜇
max − exp(−

min
𝑐 ̸=𝑘

{




𝑉
𝑐
− 𝑉
𝑘






2

}

𝛽
𝑇

) , (12)

where 𝜇max
= max

1≤𝑐≤𝐶
{∑
𝑀

𝑖=1
𝜇
2

𝑐𝑖
}, 𝛽
𝑇
= (∑
𝐶

𝑐=1
‖𝑉
𝑐
− 𝑉‖

2

)/𝐶,
and 𝑉 denotes the mean of all 𝑉

𝑐
s.

The PS validity index for 𝐶 clusters is defined as follows:

PS (𝐶) =
𝐶

∑

𝑐=1

PS (𝑐) . (13)

A large PS(𝐶) refers to a situation in which cluster 𝑐 is
compact inside and far away from other (𝐶−1) clusters. Con-
sequently, the optimal number 𝐶∗ (i.e., 𝐶 defined in Sec-
tion 3.1) of clusters can be obtained as follows:

𝐶
∗
= max
2≤𝐶≤√𝑀

PS (𝐶) . (14)

3.3. Mean-Variance-Based PSO Algorithm to Determine 𝑥. As
an evolutionary optimization method, PSO minimizes
an objective function (performance index) by imitating
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Table 2: PS validity indices for different numbers of clusters.

C 2 3 4 5 6 7 8 9 10
PS 1.687 2.245 2.434 2.283 2.232 1.875 3.039 0.886 2.388

68 69 49 48 4750

2 3 4 5 7 8 9
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Red is the normal distribution load

Black is the fixed load

Normally closed sectionalized switch
Normally open tie switch

Photovoltaic

Figure 1: One-line diagram for the 70-bus distribution system.

the behavior of schooling fish or flocking birds [25, 26]. PSO
comprises a population of particles (individuals) that rep-
resent possible solutions moving in a 𝜓-dimensional search
space.The iterative temporary solution and updated value of
a particle 𝑝 are called the position and velocity, respectively.
Let vectors 𝑥

𝑝
and Δ𝑥

𝑝
be the 𝜓-dimensional position and

velocity of particle 𝑝, 𝑝 = 1, 2, . . . , 𝑃 (i.e., number of
population size), respectively.

The proposed method is based on the mean of the par-
ticles and standard deviation (squared root of variance) of the
distances between any two particles in the 𝑡th iterations. The
updated value of a particle 𝑝 at iteration 𝑡 is expressed as
follows:

Δ𝑥
𝑡+1

𝑝
= 𝑤
𝑡
Δ𝑥
𝑡

𝑝
+ 𝑎
𝑡
𝑟
𝑡

1
(𝑝
𝑡

best − 𝑥
𝑡

𝑝
)

+ 𝑏
𝑡
𝑟
𝑡

2
(𝑔
𝑡

best − 𝑥
𝑡

𝑝
) + 𝑐
𝑡
𝑟
𝑡

3
(𝑔
𝑡

best − 𝑥
𝑡

𝑝
) ,

(15)

where the inertia weight 𝑤𝑡 is decreased linearly from 0.5 to
0.3 because a large 𝑤𝑡 is used for global searches, whereas
local searches require a small𝑤𝑡.The symbols 𝑟

1
, 𝑟
2
, and 𝑟

3
are

random numbers within [0, 1]. Additionally, 𝑝𝑡best and 𝑔
𝑡

best
are the best position of a particle in the iteration 𝑡 and the
best known position up to present, respectively. The learning
factors 𝑎 and 𝑏 should meet 𝑎+ 𝑏 ≤ 4 [25, 26] and are defined
as

𝑎
𝑡
= 𝑏
𝑡
= 1 +

1

(1 + exp (𝑓 (𝑔1best) /𝑓 (𝑔
𝑡

best)))
. (16)

Since the last term on the right hand side of (15) is appended,
compared to the original PSO, 𝑐𝑡 = 4 − 𝑎

𝑡
− 𝑏
𝑡. Also, 𝑥𝑡

𝑝
is

a 𝜓-dimensional vector of the mean values of all particles.
The last term introduced in (15) is used to coordinate the glob-
al and local searches.

Let 𝜎𝑡 be the standard deviation of all distances among
particles in the 𝑡th iteration. If all distances follow a Gaussian
distribution, then 𝑥

𝑡

𝑝
± 3𝜎
𝑡 covers 99.7% of all particles. Let

𝜂
𝑡
= 3 − 2𝑐

𝑡. Because 𝑐𝑡 in (15) decreases to zero, the values of
𝜂
𝑡 are increased to 3.Thiswork recommends that the particles
outside the distance of 𝑥𝑡

𝑝
± 𝜂
𝑡
𝜎
𝑡 in iteration 𝑡 should be

discarded. These discarded particles are substituted by 𝑔𝑡best.
Restated, if 𝑥𝑡

𝑝
is inside the 𝑥𝑡

𝑝
± 𝜂
𝑡
𝜎
𝑡, then

𝑥
𝑡+1

𝑝
= 𝑥
𝑡

𝑝
+ Δ𝑥
𝑡

𝑝
. (17)

If 𝑥𝑡
𝑝
is outside 𝑥𝑡

𝑝
± 𝜂
𝑡
𝜎
𝑡, then

𝑥
𝑡+1

𝑝
= 𝑔
𝑡

best + Δ𝑥
𝑡

𝑝
. (18)

In this work, 𝑥𝑡+1
𝑝

denotes the vector of statuses of all
switches. All elements of 𝑥𝑡+1

𝑝
are bounded to 0 or 1 through

the sigmoid function. Because the number of switches with
“closed” statuses is fixed (say 𝜉) for a distribution system
to ensure a radial structure, the largest 𝜉 elements in 𝑥 are
rounded to 1 and the remaining elements are reset to 0.
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Table 4: Optimal results before feeder reconfiguration.

Scenario 1 2 3 4 5 6 7 8
Voltage magnitude (p.u.)

V1 1.041 1.043 1.039 1.045 1.026 1.047 0.974 1.019
V13 1.021 1.034 1.015 1.021 1.006 1.020 0.950 0.991
V26 1.050 1.050 1.050 1.050 1.050 1.050 0.984 1.050
V44 1.015 1.010 1.008 1.012 1.006 1.009 1.024 1.014
V61 1.049 1.000 0.980 0.974 1.050 1.035 1.009 1.014
V70 1.050 1.050 1.050 1.050 1.047 1.050 1.050 1.050

Reactive power (kVAr)
Q13 109.684 185.963 81.792 82.203 111.297 54.847 0.002 56.510
Q26 207.808 209.497 206.809 206.289 209.705 204.487 −361.796 207.732
Q44 130.072 56.783 33.835 87.807 49.377 55.037 502.178 105.918
Q61 941.614 545.250 392.784 345.034 819.679 832.136 954.342 657.163

Real power at swing bus (kW)
P1 361.171 304.607 375.732 473.122 91.277 557.162 −95.092 50.501
P70 1953.526 2640.701 2912.282 2902.069 1877.819 2241.501 2800.633 2410.641

Total load (kW) 4286.679 4276.304 4285.446 4281.481 4280.026 4281.264 4278.722 4279.626
Loss (kW) 117.429 148.208 182.827 184.226 135.961 129.235 193.034 153.292

Aggregating loss = 157.874 kW

Table 5: Optimal results after the feeder reconfiguration using the proposed method.

Scenario 1 2 3 4 5 6 7 8
Voltage magnitude (p.u.)

V1 1.050 1.050 1.050 1.050 1.046 1.050 1.037 1.040
V13 1.013 1.024 1.008 1.009 1.009 1.004 1.004 0.994
V26 1.036 1.032 1.038 1.030 1.050 1.026 1.050 1.050
V44 0.994 1.014 1.012 1.016 0.978 0.998 1.015 1.014
V61 1.050 1.047 1.029 1.023 1.050 1.050 1.030 1.050
V70 1.025 1.050 1.050 1.050 1.016 1.035 1.050 1.046

Reactive power (kVAr)
Q13 109.686 185.963 81.792 82.204 111.298 54.847 145.300 56.510
Q26 358.888 321.407 376.783 302.842 415.400 266.856 419.470 411.446
Q44 130.073 56.783 33.835 87.807 49.378 55.037 76.380 105.918
Q61 541.639 545.250 392.784 345.034 532.708 530.894 404.858 532.886

Real power at swing bus (kW)
P1 1209.57 1149.71 1223.55 1324.58 928.005 1415.21 702.954 885.934
P70 1081.67 1726.06 1974.25 1959.51 1016.86 1356.16 1893.88 1508.39

Loss (kW) 93.979 78.674 92.627 93.126 111.735 101.945 84.322 86.471
Aggregating loss = 92.875 kW

After the status of each switch is determined using the
mean-variance-based PSO, the topology of a distribution
system is fixed.Additionally, the uncertainties inwindpowers
and demands are modeled by many scenarios with real num-
bers obtained by FCM. Thus, each scenario becomes a tra-
ditional nonlinear “optimal power flow” (OPF) problem,
which adjusts the inverter-controlled voltages to minimize
the weighting real-power losses and meets the operational
constraints, including the reverse power.Theweighting factor

of the objective function for each scenario 𝑐 is evaluated by
∑
𝑖
𝜇
𝑐𝑖
where the 𝑖th data set belongs to the 𝑐th cluster. In this

work, the optimal power flow problem is solved using the
interior-point algorithm developed in MATLAB software.

4. Simulation Results

A case study involving a 70-bus distribution system is used as
an example [27], as shown in Figure 1, to show the simulation



8 International Journal of Photoenergy

Table 6: Optimal results after feeder reconfiguration using chaos-based PSO and GA.

Scenario 1 2 3 4 5 6 7 8
Voltage magnitude (p.u.)

V1 1.050 1.050 1.050 1.050 1.046 1.050 1.037 1.040
V13 1.019 1.030 1.015 1.015 1.015 1.011 1.011 1.000
V26 1.036 1.032 1.038 1.030 1.050 1.026 1.050 1.050
V44 0.992 1.011 1.009 1.014 0.976 0.995 1.013 1.011
V61 1.050 1.047 1.029 1.023 1.050 1.050 1.030 1.050
V70 1.026 1.050 1.050 1.050 1.017 1.035 1.050 1.046

Reactive power (kVAr)
Q13 109.686 185.963 81.792 82.204 111.298 54.847 145.300 56.510
Q26 358.889 321.407 376.783 302.842 418.678 266.856 422.320 415.772
Q44 130.073 56.783 33.835 87.807 49.378 55.037 76.380 105.918
Q61 536.509 545.250 392.784 345.034 526.576 525.289 404.859 528.011

Real power at swing bus (kW)
P1 1145.56 1087.05 1159.05 1260.09 864.00 1350.20 639.51 820.838
P70 1146.37 1791.07 2039.45 2024.28 1082.32 1421.35 1958.74 1573.05

Loss (kW) 94.658 81.017 93.310 93.400 113.189 102.117 85.737 86.035
Aggregating loss = 93.738 kW

results obtained by the proposed method. Buses 1 and 70 are
two substations (the swing buses). The solid lines denote the
normally closed sectionalized switches, and the dot lines are
normally open tie switches. Totally, the statuses of 79 switches
must be determined in this work by the proposed mean-
variance-based PSO.

Four large solar PV arrays are installed at buses 13, 26,
44, and 61. Characteristics of the solar PV arrays are the
Weibull distributions; that is, pdf (Pg) = (𝜅/𝛾)(Pg/𝛾)𝜅 − 1

exp(−(Pg/𝛾)𝜅), where Pg denotes the PV generation. Table 1
lists the installed capacities of all PV arrays and their
parameters of the Weibull distributions.

In this system, the loads at 17 buses are modeled by the
Gaussian distributions. They are buses 15–17, 19, 31, 33–35,
50–54, and 66–69. The mean and standard deviation of each
stochastic load are 0.8 p.u. and 5% (based on its original
MVA), respectively. The loads at other buses are fixed.

Three hundred sets of PV generations and loads are
randomly produced using the parameters of the Weibull and
Gaussian distributions, respectively; that is,𝑀 = 300, in this
work. Next, by using FCM, these 300 sets of data are clus-
tered together by considering different 𝐶. Theoretically, the
maximum number of clusters is √300 (≅17, see (14)). How-
ever, the computational burden in a PC is considered here; let
the maximum number of clusters be 10. The total CPU time
(𝐶 = 2, 3, . . . , 10) to cluster these sampled PV generations
and loads is 1.38 s, which was estimated by a PC with Intel
Core i5 2.50GHz and 8GB RAM. Table 2 lists the PS va-
lidity indices for 𝐶 = 2, 3, . . . , 10. This table reveals that the
optimal clustering number is 8 (i.e., 𝐶∗ = 8 in (14)) because
its corresponding PS validity value (3.039) is the largest.

The 8 representative scenarios obtained by FCM were
examined first by running OPF. The voltage profile and re-
active powers were adjusted using 4 inverter-based solar PV

at buses 13, 26, 44, and 61. Table 3 lists the 17 load buses with
their representative real- and reactive-power loads (p.u.) in
the 8 representative scenarios.The 4 solar PV arrays generate
real power only initiallywith the unity power factor.This table
also shows the weighting factor obtained by FCM for each
scenario.

First, the interior-point-based OPF was used to regulate
the voltage profile and minimize the system losses in-
dividually for these 8 scenarios. Table 4 summarizes the
optimal results before the feeder reconfiguration. This table
reveals that a reverse power −95.092 kW was injected into
bus 1 in scenario 7. There is also reverse reactive power
(−361.796 kVAr) at bus 26. The other scenarios had no re-
verse power at buses 1 and 70.

By using the proposedmethod, the statuses of 79 switches
were determined using the mean-variance-based PSO; the
voltage profile was also regulated using the interior-point-
based OPF. The population size was 10, and the inertia
was decreased linearly from 0.5 to 0.3 in 100 iterations in
the proposed PSO algorithm. Table 5 lists the optimal so-
lutions obtained by the proposedmethod.The injection pow-
ers −95.092 (bus 1) and 2,800.633 kW (bus 70) before
feeder reconfiguration were changed to 702.954 (bus 1) and
1,893.876 kW (bus 70) after feeder reconfiguration in scenario
7, respectively. The system losses were also reduced from
157.874 to 92.875 kW.The proposedmethod required 11,835.41
CPU seconds to attain the optimal solution. Figure 2 shows
the optimal feeder reconfiguration using the proposed
method.

Table 6 shows the optimal solutions gained by using
chaos-based PSO and GA.The results gained by chaos-based
PSO and GA are the same. The numerical parameters used
in the chaos-based PSO are the same as those in the pro-
posed method. The crossover and mutation rates in GA are
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Figure 2: Optimal feeder reconfiguration using the proposed method.
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Figure 3: Optimal feeder reconfiguration obtained by chaos-based PSO and GA.

0.8 and 1/790, respectively. The merits of the proposed meth-
od are as follows. (a) The CPU times required by chaos-
based PSO (15,224.55 s) andGA (18,508.64 s) aremuch longer
than that (11,835.41 s) required in the proposed method. (b)
The aggregating loss attained by the proposed method is
92.875 kW, which is smaller than 93.738 kW obtained by both
chaos-based PSO and GA. Figure 3 illustrates the optimal
feeder reconfiguration obtained by the chaos-based PSO and
GA algorithms.

5. Conclusions

This work presents a novel method that incorporates FCM,
partition separation validity index, mean-variance-based
PSO, and interior-point-based optimal power flow to conduct
feeder reconfiguration in order to prevent the revere power
caused by uncertain solar PV arrays from injecting into
the transmission level. The novelties are as follows: (a) the
uncertainty in the PV powers and demands is modeled by
multiple scenarios gained by FCM in order to avoid proba-
bilistic calculations; (b) the novel mean-variance-based PSO
implements an adaptive elite strategy that replaces the parti-
cles far away from𝑔

𝑡

best with𝑔
𝑡

best.The number of replacement
decreases according to the standard deviation of distances
among particles. Simulation results demonstrate that the
proposedmethod is faster than the chaos-based PSOmethod.
Furthermore, the proposed method can solve the problem

with the reverse power and high voltage at the customers’ side
while minimizing the system loss.
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This study aims to develop professional competency indices and their subindices as needed by the solar energy industry, to establish
a basis for development of the engineering education curriculum. The methodologies adopted by the study are literature analysis,
expert advisories, and focus groups.The study focuses on the establishment of competency indices by experts at stockmarket-listed
companies and then confirms these competencies with focus groups. The study found that the competencies required by the solar
industry consist of knowledge, skills, and attitudes in the areas of materials development and applications, photovoltaic technology,
cell manufacturing technology, biotechnology, chemical technology, power generation and electricity, process development and
improvement, data collection and analysis, industry regulation, green energy beliefs, and working attitudes and values. The results
of this study can be used as the basis for the cultivation, selection, and employment of industry professionals.

1. Introduction

Green energy is an important industrial sector in this era
of international competition. This energy sector includes (1)
the main industries of solar photovoltaic and LED lighting
and (2) the general potential industries of wind power,
biofuels, hydrogen and fuel cells, energy information and
communication, and electric vehicles among others [1].
The solar energy industry is one of the most important
“green energy” industries. The output value of Taiwan’s solar
industry as a whole is expected to exceed 15 billion NTD
in 2015, with the silicon solar cell module accounting for
much of it, at the same time as it ranks number 4 in the
world [1]. The maintenance of international competitiveness
and sustainable development in the industry in the future
will mainly depend on the quality of the industry’s human
resources. How to provide the professional competencies
needed by the industry and to further develop curricula to
nurture talent are the core priorities of engineering education.

Research into the solar industry in the past has focused
primarily on several different but related areas, including

business strategy, scientific knowledge and technology, tools
and software applications, processes, and optimisation devel-
opment. For example, in the area of business strategy, Chang
and Kuo [2] studied two sets of dynamic business compe-
tencies needed in the industry; in the technical area, there
was a study of Kuo et al. [3]. In professional competencies
and solar energy competency standards and applications,
O’net [4] established 51 industrial competency standards.
Although there are not many studies focusing on how to
teach energy technologies in engineering education, there is
still energy education research related to ecology by Acikgoz
[5] and the literature of solar energy education investigated
by Dalitz et al. [6]. In summary, solar industry engineer
training studiesmainly take competence-based and resource-
based perspectives. Competence-based approaches can help
build the core competencies of solar business professionals,
so that enterprises can develop their core competencies
with market segmentation. In terms of business strategy,
resource-based approaches regard the professional talents
of solar industry engineers as one of an enterprise’s core
resources, on the basis of which maximum benefit may be
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generated from the competitive market for the organisa-
tion, through the domination and appropriate allocation of
resources.

In recent years, the solar industry has had to adapt to
anultracompetitive environment.An enterprise’s competitive
advantage derived from resource strength is quickly eroded
as a result of its competitors’ technological innovations [7, 8].
Moreover, the operations of international companies in the
solar industry generally focus on the vertical integration of
the supply chain, while Taiwan’s manufacturers mostly focus
on specialised manufacturing [9, 10]. In view of the rapid
changes in the technical content of a business’s technologies,
and since Taiwan’s advantages are in manufacturing, one
of the biggest problems of engineering education is how to
keep up with the changes in the professional competencies
required by the industry and how to plan and design the
curricula needed to foster the talent required for industrial
development. Therefore, to establish a basis for the solution
of this problem, this study aims to establish professional
competency indices and their subindices for the solar energy
industry.The researchmay contribute, firstly, as a basis for the
planning and designing of the curriculum for the training of
engineers in higher education and, secondly, in the industrial
sector, as an important reference for enterprises needing to
select, train, and utilise their human resources or to cultivate
management’s successors.

2. Theoretical Background

The solar industry requires highly talented professionals.
Competence-based and resource-based theories have been
regarded as two important approaches to supporting the
competency and developing the talent of professionals work-
ing in the solar industry. Only if workers have the appro-
priate competencies can they perform their tasks satisfac-
torily, making competency extremely important [11, 12].
“Competency,” here, can be defined as a prerequisite for a
particular occupation, or a set of performance standards,
as well as the ability to complete the work/task [13]. In
competence-based theory, I-O psychologists generally take
the competency model formed by KSAOs (Knowledge, Skill,
Ability, Others) as a suitable way to describe the critical
capabilities required for performing a particular job [14].
Therefore, “Competency” can also be regarded as the set
of capabilities that you should have when engaging in a
particular task [15]. This competency can be further sub-
divided into general competency, management competency,
professional competency, and core competency [16]. With
the professional competency expected by the employer estab-
lishing a baseline, the techniques and skills exhibited by
technical personnel allow prediction of their job performance
[17, 18].

The resource-based approach regards professional talent
as a rare, unique, irreplaceable but intangible asset of the solar
industry, on the basis of which the competitive advantage
of the enterprise can be created [19]. In other words, the
resource-based approach considers the unique resources

within the enterprise as the fundamental source of competi-
tive advantage of solar industry enterprises but with the talent
of the individual engineers working there forming the core
of this unique resource [2]. When an individual possesses
the professional competencies required for performing his
job, he owns the resources value desired by the enterprise,
allowing him to be hired from the labour market. Therefore,
following Sandberg and Pinnington [13], this study defines
professional competencies as a set of capabilities possessed by
university graduates allowing them to successfully perform
the task when engaged in professional missions in the field of
solar energy.

3. Dimensions of Professional Competency

In their study of solar company executives, Chang and
Kuo [2] pointed out that solar executives should have a
common core of dynamic competencies listed as follows:
environmental sensing competencies, learning absorption
competency, social networking competencies, and coordina-
tion and integration competencies. In addition, particular
dynamic competencies required will include competency
in discerning market growth momentum, competency in
mastering market timing, and competency in changing or
creating customer demand. Meanwhile, from the route of
structuralism, the various dimensions of professional com-
petency, as seen by the engineering education certification
standards of ABET [20], include the important core com-
petencies of problem solving, innovation, and information
competency. The problem of competency gaps that these
different approaches throw up was explored by Abdullah
et al. [21] with their advocating of the idea of soft and hard
skills, the former including ICT skills, personal qualities,
thinking skills, interpersonal skills, management skills, and
communication skills. Cilliers [22] regarded that these soft
skills should also include “ability to produce reports,” while
the hard skills should include “practical usage of software
tools,” “circuit construction,” “operating and troubleshooting
systems and equipment,” “process, control, and installation,”
and “quality and reliability testing”. On the other hand, in
“Solar Energy Systems Engineers”, O’net [4] lists the titles
of this job, ten major tasks of engagement required by the
job, and data collected for each competency application
including tools and technology, interests, work values, wages,
and employment trends.

In summary, based on the 51 competency standards in
O’net [4] and the work of Cilliers [22], Kuo and Sheen
[23], Abdullah et al. [21], and others, this study drafted 11
professional competencies (with their subcompetencies) as
follows: materials development and application competency,
photovoltaic technology competency, cell manufacturing
technology competency, biotechnology competency, chem-
ical technology competency, power generation and power
competency, process development and improvement com-
petency, data collection and analysis competency, regulation
competency, green energy beliefs competency, and work
attitudes and values competency.
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Table 1: The expert sampling list of Taiwan’s solar enterprises.

Distribution Business item The number of manufacturers % The size of sample collected (%)

Upstream Silicon materials, silicon
wafer materials 17 13.93 8 (47.06%)

Midstream 47 38.51 16 (34.04%)
Solar cell 15 12.30
Solar cell module 18 14.73
Thin film solar cell module 9 7.38
Dye-sensitized solar cell 3 2.46
Concentrating solar cell
module 2 1.64

Downstream 58 47.56 21 (36.21%)
Solar PV system 39 31.98
Solar PV power converter 10 8.20
Solar PV access/supplier 9 7.38

Total 122 100 45 (100%)

4. Methodology

4.1. Literature Analysis. The aim is through literature analysis
to obtain the professional competencies and subcompeten-
cies that should be possessed by working solar engineers, as a
basis for expert advisories and expert focus group discussion.

4.2. Expert Advisory. As they show the point of view of
the enterprises employing engineers, the aim of the expert
advisory is to establish the professional competency dimen-
sions and to obtain the professional competencies required of
working engineers, as expressed by company representatives.
Samples were ten Taiwan solar companies listed on the stock
market, two upstream in the solar rawmaterials industry, five
midstream in the solar manufacturing industry, and three
downstream in the solar module and integration industry,
with subjects interviewed coming from middle and upper-
level management.

4.3. Focus Group Method. The aim is to edit the draft sub-
competencies developed for each professional competency
dimension. The composition of expert groups is shown in
Table 1. In terms of sampling, of the total existing 122 Tai-
wan solar manufacturers, representatives from the upstream
solar raw materials industry (e.g., pure metals, iron and
titanium alloys and other metal materials, and silicon chip
production); the midstream solar manufacturing industry
(e.g., amorphous silicon thin film solar cells and modules;
monocrystalline and polycrystalline silicon solar cells and
modules; silicon solar cells and modules; polysilicon solar
cells and modules; and silicon thin film solar cells), and
the downstream solar module and integration industry (e.g.,
small-scale solar power systems, solar electric power con-
verters, and solar power systems) were gathered. In three
focus group meetings, industrial and academic experts were
jointly invited to discuss the draft, with the invited industrial
experts coming from manufacturers with a scale of more
than 30 employees, and totalling 45 experts as working-level

heads. From academia, nine scholars within the field were
also invited to participate in the discussion.

5. Results and Discussion

This study found that solar industry professional competency
is composed of 11 professional dimensions, with each pro-
fessional competency composed of several subdimensions,
as shown in Table 2. In the application of research methods
in response to a need to establish the professional compe-
tencies required in an industry, the DACUM (Develop A
Curriculum) method is usually used, with the experts using
brainstorming techniques to obtain the needed professional
skill directory/listing [24]. On the other hand, in the Delphi
method, the experts’ anonymous input is used to seek advi-
sory consistency between the professional competency and its
subcompetencies [25]. In the V-tech method, the enterprise
survey emphasises a large sample within a single industry
to get a list of general professional competencies needed for
engagement in the specific professional career [26].This study
adopted the expert advisorymethod, emphasising qualitative
expert interviews through close contact with benchmark
solar companies listed on the stock market. Together with
the focus group method, through discussions with solar
industry experts, the professional competencies and their
subcompetencies in the solar industry were thus confirmed.
Therefore, the research method adopted by this study can
essentially be regarded as an application of the DACUM
method.

In terms of subcompetencies, the professional engineers
sought in the solar job market not only necessarily possess
technical knowledge and hard skills but also need soft skills.
The talent to develop materials and processes that satisfy
market demand is composed of soft and hard skills [27, 28].
Each competency dimension and subdimension obtained by
this study are composed of three fields, namely, knowledge,
skill, and attitude. Moreover, all the important soft skills are
also fully covered in the study, at the same time as both the
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Table 2: The solar professional competency dimensions and connotations.

Dimension Competency connotation

(1) Materials development
and application
competency

(1) Understand the materials development process
(2) Understand the solar cell principle
(3) Understand solar light-absorbing material type and characteristic differences
(4) Understand polymer characteristics and energy development
(5) Understand the polymer application technology

(2) Photovoltaic technology
competency

(1) Understand the principles of solid state physics
(2) Understand the characteristics of semiconductor materials
(3) Understand core photovoltaic technology
(4) Understand the main problems of the solar industry
(5) For solar industry issues, be able to propose solutions

(3) Cell manufacturing
technology competency

(1) Understand solar cell material type and characteristic differences
(2) Analyse the application relationship between cell type and energy
(3) Understand the industry’s process and packaging technology
(4) Understand the technology of cell manufacturing

(4) Biotechnology
competency

(1) Have integrated the interdisciplinary knowledge of the solar industry
(2) Understand the concepts of energy and renewable energy
(3) Understand the application of relevant energy and renewable energy knowledge
(4) Be able to apply relevant knowledge of energy and renewable energy
(5) Understand the relations between solar panel power generation and the
environment

(5) Chemical technology
competency

(1) Understand the principles of chemistry, physical chemistry, analytical chemistry,
and organic chemistry
(2) Understand interdisciplinary engineering-related processes
(3) Have constructed an energy integration platform
(4) Understand materials analysis techniques
(5) Understand physical and chemical technologies

(6) Power generation and
power competency

(1) Understand monitor principles
(2) Understand solar panel principles
(3) Understand the principles and structure of solar power generation
(4) Understand the relevant principles of solid state physics
(5) Understand thin film technology

(7) Process development
and improvement
competency

(1) Understand the key technology of packaging materials
(2) Understand the relevant principles of process development
(3) Be able to apply relevant knowledge to improve processes
(4) Have skills in assembly technology of solar products
(5) Possess knowledge of industrial safety and health principles

(8) Data collection and
analysis competency

(1) Understand the principles of industrial safety
(2) Understand the principles of environmental pollution prevention and control
(3) Be able to explain solar cell and energy efficiency and carbon reduction
relationships
(4) Know how to collect and analyse data on demand
(5) Understand the represented significance of data

(9) Regulation competency
(1) Understand relevant solar power policies
(2) Understand relevant renewable energy policies
(3) Understand the renewable energy incentives

(10) Green energy belief
competency

(1) Be engaged in enhancing self-skills, professional knowledge
(2) Identify with green beliefs
(3) Possess the desire to implement environmental protection, sustainable
management, and development measures
(4) Identify with solar power industry professional advancement, enabling
promotion of green energy industry development

(11) Work attitudes and
values

(1) Have a sense of mission and a passion for work
(2) Have positive work values
(3) Exhibit a positive professionalism
(4) Have a sense of integrity and business ethics
(5) Embody the spirit of innovation and research
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mental model and system concepts are adopted [29], in line
with the requirement to foster professional talent.

6. Conclusions

Although international competition in green energy is fierce,
fuelled by a demand for human technology that will achieve
global ecological sustainability, the industry still attracts
universal attention. Since talent is the force that drives
industrial development, this study selected the industry, and
solar energy in particular, as the topic of research.The study is
grounded in competence-based and resource-based theories,
regarding solar energy professionals to be the important
human resource of enterprises, and understanding they need
to possess various basic competencies to perform their job
duties. Therefore, this study selected benchmarking enter-
prises that are listed on the stock market from the upstream,
midstream, and downstream sectors of the Taiwanese solar
energy industry as the source of its expert advisories for
its professional competency dimensions, coupled with focus
group meetings to establish professional solar industry sub-
competencies. In summary, this study found 11 professional
competencies, with subcompetencies, which can be regarded
as professional standards required by university graduates to
become working professional engineers.

In terms of practical applications, the results of this study
can be used as selection criteria for enterprises in the field
of solar energy for the further development of their staff
or as professional-level assessment criteria for recruitment
and promotion. In the area of university education, the
results of this study can be also used as a basis for planning
and designing curricula for programs in renewable and
sustainable energy. In the future, the implementation of such
curricula is expected to nurture the talent appropriate to the
needs of the solar industry, benefitting the industry by closing
the gap between those needs and the present competencies of
university graduates. Therefore, this study specially demon-
strates the contributions to engineering education associated
with a concentration on the solar industry’s training needs, at
the same time as it benefits the industry’s own selection and
employment need.

As for research restrictions, the study only focuses on
professional competencies common to all solar enterprises
and does not focus on professional competencies required
by specific enterprises upstream, midstream, or downstream.
This study also did not explore the subcompetencies of a
single solar expertise, that of process design, software and
hardware technologies, and tools applications. We invite
interested researchers to carry out further studies.
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A two-step electrochemical anodizationwas used to form the anodic aluminumoxide (AAO) thin filmswith nanotube arrays of self-
organized honeycomb structure. Al foil was anodized in 10% sulfuric acid (H

2
SO
4
) and 3% oxalic acid (H

2
C
2
O
4
) at 25∘C at constant

voltage of 40V for 60min for two times. Ethylene glycol (C
2
H
6
O
2
) was used as a solution and 0.3M potassium iodide (KI) was used

to improve the solution’s conductivity. Different electrolyte concentrations of Bi(NO
3
)
3
-5H
2
O, SbCl

3
, and TeCl

4
were added into

KI-C
2
H
6
O
2
solution and the cyclic voltammetry experiment was used to find the reduced voltages of Bi3+, Sb3+, and Te4+ ions.The

potentiostatic deposition and pulse electrodeposition (PED) processes were used to deposit the (Bi,Sb)
2−𝑥

Te
3+𝑥

-based materials.
Field-emission scanning electron microscope and energy dispersive spectrometers were used to analyze the compositions of the
deposited (Bi,Sb)

2−𝑥
Te
3+𝑥

-based materials. After finding the optimal deposition parameter of the PED process the AAO nanotube
arrays were used as the templates to deposit the (Bi,Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric nanowires.

1. Introduction

Thermoelectric energy conversion has attracted much inter-
est as a possible application for environmentally friendly
electric-power generators and highly reliable, accurate tem-
perature controllable refrigerators used as electronic devices
because it is one of the simplest technologies applicable to
energy conversion [1–4]. The efficiency of thermoelectricity
is governed by a basic property of thermoelectric material,
and the figure of merit of a thermoelectric material is defined
by

𝑍𝑇 =

𝑆
2
𝑇𝛿

(𝜅
𝑒
+ 𝜅
𝑙
)

, (1)

where 𝑇 is the absolute temperature. As (1) shows, optimally
thermoelectric materials will have high electrical conduc-
tivity (𝛿), low thermal conductivity (the electron thermal

conductivity 𝜅
𝑒
and the lattice thermal conductivity 𝜅

𝑙
), and

high thermoelectric power (𝑆, Seebeck coefficient). For a
material to be good in thermoelectric application, it must
have a high thermoelectric figure of merit 𝑍𝑇. Much of
the recent work on thermoelectric materials has focused on
the ability of heterostructures and quantum confinement to
increase efficiency over bulk materials [5–7].

So far, the thermoelectric materials used in applica-
tions have all been in bulk (3D) and thin film (2D)
forms. However, Hicks and Dresselhaus had pointed out
that low-dimensional materials have better efficiency than
bulk ones due to low-dimensional effects on both charge
carriers and lattice waves [8]. However, since the 1960s only
slow progress has been made in enhancing 𝑍𝑇 [9], either
in (Bi, Sb)

2−𝑥
Te
3+𝑥

-based alloys or in other thermoelectric
material. The validity of attaining higher 𝑍𝑇 value in low-
dimensional systems has been experimentally demonstrated
on Bi

2
Te
3
/Sb
2
Te
3
superlattices [10] and on PbTe/PbSeTe
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Figure 1: 3 wt%-KOH was used to remove the barrier layer as a function of etched time: (a) 0min, (b) 3min, (c) 6min, and (d) 7.5min,
respectively, and (e) side view of nanotubes.

quantum dots [11] with 𝑍𝑇 ∼2.4 and 1.6, respectively, at
300K. Therefore, nanowires are potentially structured to get
good thermoelectrical systems for application. In the past,
electrochemical deposition was a useful method to deposit
the thin films in different morphologies, including thin films
and nanowires [12]. Various techniques, including chemical
vapor deposition [10], molecular beam epitaxy [13], vapor-
liquid-solid growth process [14], and hydrothermal process
[15], have been applied to synthesize thin film-, nanowire-,
or nanotube-structured thermoelectric materials. Compared
to those methods, electrodeposition is one the most cost-
effective techniques to fabricate the nanostructured materi-
als [16]. Bismuth telluride- (Bi

2
Te
3
-) [17] and (Bi,Sb)

2
Te
3
-

based alloys [18] are very attractive thermoelectric (TE)
materials due to their high energy conversion efficiency at
ambient temperature for achieving power generation without
requiring any driving parts or cooling systems in electronic
devices. In this study, we tried to investigate a new method
for fabrication of the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric
materials with one-dimension (1D) structure. Anodic alu-
minum oxide (AAO) thin films with the nanotube structure
were used as template to fabricate the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based
nanowires. At first, ethylene glycol (C

2
H
6
O
2
) was used as

the solution and 0.3M potassium iodide (KI) was added to
improve the conductivity of the solution. Electrolyte formulas
with different concentrations of Bi(NO

3
)
3
-5H
2
O, SbCl

3
, and

TeCl
4
were used to find the effects of ionic concentrations on

the composition fluctuation of the reduced (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based materials by using the potentiostatic deposition pro-
cess. Finally, the ethylene glycol solution contains 0.015M
Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075MTeCl

4
andwas

used to deposit (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowires in AAO

templates by means of the pulse electrodeposition (PED)
process.

2. Experimental Details

For the AAO templates, annealed high-purity (99.99%)
aluminum foil was electropolished in a mixture of HClO

4

(25% in volume ratio) and C
2
H
5
OH (75%) until the root-

mean-square surface roughness of a typical 10𝜇m × 10 𝜇m
area was 1 nm. In this study a two-step electrochemical
anodization was used to form the AAO template [19]. For
the first anodization process, the foil was anodized in 10%
sulfuric acid (H

2
SO
4
) and 3% oxalic acid (H

2
C
2
O
4
) at 25∘C at

constant voltage of 40V for 5 h, for that the AAO substrates
with nanotube arrays of self-organized honeycomb structure
were obtained. Then the semifinished AAO templates were
produced and subsequently the thick oxidewas stripped away
by immersing the AAO samples in a mixture containing
2wt% chromic acid and 6wt% phosphoric acid at 60∘C.
The second anodization process, which was similar to the
first stage, was carried out until the remaining Al sample
was completely anodized, and the finished AAO templates
were thus fabricated [20]. Nevertheless, we further widened
the pores of AAO templates by using a 5wt% phosphoric
acid solution at 25∘C for 30min. The cylindrical nanotubes
penetrated the entire thickness of the AAO templates. As
Figure 1(a) shows, the hole diameter of each pore was
approximately 70 nm and the pitch between one neighboring
pores, as Figure 1(b) shows, was about 100 nm. In order to
deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-basednanowires the barrier layer
between theAAOnanotubes andAl plate should be removed.
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The 3wt%-KOH was used as the etched electrolyte solution;
Figures 1(a)–1(d) show the effect of the KOH-etched time;
7.5min was enough to remove barrier layer. For that, the
cylindrical nanotubes penetrated the entire thickness of the
AAO templates; as Figure 1(e) shows, the hole diameter of
each tube was approximately 60∼65 nm and the hole wall of
each tube was around 35∼40 nm.

In the conventional direct current (DC) plating, only
one parameter of current density (I) can be varied. But in
pulse electrodeposition (PED) process three independent
variables, including (a) on time (𝑇on), (b) off time (𝑇off ), and
(c) peak current density (IP), can be used as the independent
variables. For that, the PED process was used to deposit
the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based thermoelectric nanomaterials and
nanowires. In pulse current (PC), the duty cycle correspond-
ing to the percentage of total time of a cycle is given by [21]

Duty cycle =
𝑇on

(𝑇off + 𝑇on)
= 𝑇on𝑓, (2)

where 𝑓 is frequency, defined as the reciprocal of the cycle
time. That is,

Frequency (𝑓) = 1

(𝑇off + 𝑇on)
=

1

𝑇

. (3)

PC will deposit metal at the same rate as the provided DC
average pulse current density equals the latter. The average
current density (IA), in pulse plating, is defined as

IA = peak current (IP) × duty cycle . (4)

The successfully practical applications of the nanos-
tructured thermoelectric devices must investigate a cost-
effective and high throughput fabrication process. At first,
potentiostatic deposition process was used as the deposition
process, ethylene glycol (C

2
H
6
O
2
) was used as a solution,

and 0.3M potassium iodide (KI) was added to improve the
conductivity of the solution. Bi(NO

3
)
3
-5H
2
O, SbCl

3
, and

TeCl
4
were used as the electrolyte sources. The effect of elec-

trolyte concentrations on the compositions of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials was investigated. Next, the
duration of 𝑇off (𝑇on was set at 0.2 s) and the reduced
voltage during the duration of 𝑇on were changed to find the
optimal deposition parameters to get the (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based materials with (Bi + Sb)/Te atomic ratio close to 2/3.
Finally, deposition of (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires in
AAO templateswas investigated bymeans of pulse deposition
process by using the ethylene glycol solution containing
0.015MBi(NO

3
)
3
-5H
2
O, 0.005MSbCl

3
, 0.0075MTeCl

4
, and

0.3M KI. The field-emission scanning electron microscope
(FESEM) and energy dispersive spectrometers (EDS) were
used to observe themorphology and analyze the composition
of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

materials and nanowires.

3. Results and Discussion

At first, we used the cyclic voltammetry experiment to find
the optimally reduced voltages of Bi3+, Sb3+, or Te4+ ions,
respectively. The working electrode potential was linearly
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Figure 2: Cyclic voltammetry curve of the 0.3M KI in ethylene
glycol.

ramped versus time like linear sweep voltammetry, and the
experiment’s scan rate was 10mV/sec and the scan range
is 0.4V to −0.7V. If only pure ethylene glycol (C

2
H
6
O
2
)

was used as analyte, the current peak for the reduced and
oxidized reactions was not observed (not shown here). If
only 0.3M KI was added into C

2
H
6
O
2
as electrolyte, the

current peak for the reduced and oxidized reactions was
not observed in the range of 0.20V to −0.70V (not shown
here). As the voltage was in the range of 0.20V to 0.40V, the
oxidized current increased, as Figure 2 shows. Those results
prove that the ethylene glycol is used as the solvent, KI can
be added to improve the conductivity, and they will not
influence the results of the cyclic voltammetry deposition.
And next, 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M SbCl

3
, and 0.01M

TeCl
4
each alone was added and pure ethylene glycol was

used as analyte. The reduced reactions found that starting
reduction voltages of Bi3+, Sb3+, and Te4+ ions were −0.23V,
−0.23V, and 0.20V, respectively (not shown here).The results
of the cyclic voltammetry curves suggest that Te4+ will be the
first ions being reduced into metal.

If 0.01MBi(NO
3
)
3
-5H
2
Oand 0.01MTeCl

4
were coadded

in pure ethylene glycol, the cyclic voltammetry curve was as
shown in Figure 3; if 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M SbCl

3
,

and 0.01M TeCl
4
were all added in pure ethylene glycol, the

cyclic voltammetry curve was as shown in Figure 4. The first
reduced reaction in Figures 3 and 4 started at around 0.2V.
From the results of using 0.01M Bi(NO

3
)
3
-5H
2
O, 0.01M

SbCl
3
, and 0.01M TeCl

4
each alone we can confirm that is

the reduction process of the Te4+ ions. Those results suggest
that, as large negative voltage was used as the reduced voltage,
the deposited compositions are composed of Bi, Sb, and Te.
The reduction of Bi3+, Sb3+, and Te4+ ions is not unique;
they cannot be reduced alone by electrodeposition but can
be reduced when codeposited with other elements, defined as
induced codeposition. As ethylene glycol is used as analyte,
the induced codeposition process, which is found in using
water as analyte, will not happen. The large difference in the
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Table 1: Effects of deposition voltage on the composition of the (Bi,Sb)
2−𝑥

Te
3+𝑥

-based materials; the deposition time was 60min. Electrolyte
formula was (a) 0.03MBi(NO3)3-5H2O and 0.04MTeCl4 (b) 0.01MBi(NO3)3-5H2O, 0.01M SbCl3, and 0.01MTeCl4, respectively.

Compositions 0.03MBi(NO3)3-5H2O and 0.04MTeCl4 0.01MBi(NO3)3-5H2O, 0.01M SbCl3, and 0.01MTeCl4
Potential (V) Te Bi Sb Te Bi
0.0V 0 94.5 5.5
−0.2 V 61.855 38.15 5.32 89.22 5.54
−0.3 V 63.48 36.52 37.35 44.05 18.61
−0.4V 56.94 43.07 36.23 44.01 19.78
−0.5 V 64.1 35.9 41.42 33.72 24.86
−0.6V 70.23 29.77 45.15 44.75 10.11
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Figure 3: Cyclic voltammetry curve of 0.3M KI, 0.01M Bi3+, and
0.01M Te4+ in ethylene glycol.

reduced voltages of Bi3+, Sb3+, and Te4+ ions will cause this
result.

When more than two different ions exist in the analyte
and the cyclic voltammetry process under different reduced
voltage is used, the obtained metallic compounds have
different compositions. For that, the potentiostatic deposi-
tion process was used to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based
materials. FESEM observation on the surface morphology
and EDS analyses on the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials were used to find the rela-
tionships between the deposition voltage and the deposition
compositions. Table 1 shows the effects of different deposition
voltage and different electrolyte formula on the composition
of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials, and depo-
sition time is 60min.

At first, 0.03M Bi(NO
3
)
3
-5H
2
O and 0.04M TeCl

4
were

used as the electrolyte formulas to find the variation in the
composition of the deposited Bi

2−𝑥
Te
3+𝑥

-based materials.
The results in Table 1 show that, as reduced voltage was
changed from −0.2 V to −0.6V, the Bi/Te ratio first increased,
reached a maximum value at −0.4V, and then decreased with
further increasing of reduced voltage. However, as the voltage
was in the range of −0.2 V to −0.5 V, the composition of the
deposited Bi

2−𝑥
Te
3+𝑥

-basedmaterials was close to Bi/Te = 2/3
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Figure 4: Cyclic voltammetry curve of 0.3MKI, 0.01M Bi3+, 0.01M
Sb3+, and 0.01M Te4+ in ethylene glycol.

(Bi
2
Te
3
). When the electrolyte formula of 0.01M Bi(NO

3
)
3
-

5H
2
O, 0.01M SbCl

3
, and 0.01M TeCl

4
was used, as Table 1

shows, as the voltage was 0.0V to −0.2V, the main element
was Te.The (Bi, Sb)

2−𝑥
Te
3+𝑥

composition was obtained as the
voltage was in the range of −0.30V to −0.60V.

The results in Table 1 reveal that the electrolyte for-
mula and the deposition voltage are the two important
parameters to influence the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. Table 1 also shows that, as
the reduced voltage is changed from 0.00V to −0.50V, the
concentrations of Bi and Sb increase; two reasons are believed
to cause this result. First, the reduced reactions of Bi3+,
Sb3+, and Te4+ start at −0.23V, −0.23V, and 0.20V. For
that, as 0.00V to −0.20V is used, the main element in the
deposited materials is Te. As the voltage is equal to and
smaller than −0.30V, the driving forces of reduction for
Bi and Sb increase and the concentrations of Bi and Sb in
the deposited materials increase. Second, the driving force
for mass transfer is typical difference in chemical potential,
though other thermodynamic gradients may couple with
the flow of mass and drive it as well. As the voltage value
is more negative (means the applied voltage is larger than
the needed reduction voltage), the mass transfer effect will
influence the composition of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥
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Figure 5: SEMmicrographs of the electrolyte formula 0.015M Bi(NO
3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
; pulse voltage was set at

−0.4V, 𝑇on was set at 0.2 s, and 𝑇off was changed: (a) 𝑇off = 0.1 s, (b) 𝑇off = 0.4 s, (c) 𝑇off = 1 s, (d) 𝑇off = 1.6 s, (e) 𝑇off = 2 s, and (f) 𝑇off = 4 s.

Table 2: Effects of pulse deposition parameters on the composition of the (Bi,Sb)
2−𝑥

Te
3+𝑥

materials; (a) the bias voltage was set at −0.4V, 𝑇on
was set at 0.2 s, and 𝑇off was changed from 0.1 s to 4 s. (b) 𝑇on and 𝑇off were set at 0.2 s and 1 s, and the pulse voltage was changed.

Different 𝑇off
Pulse (voltage = −0.4V, 𝑇on = 0.2 s) Different voltage (V) Pulse (𝑇on = 0.2 s, 𝑇off = 1 s)
Sb Te Bi Sb Te Bi

𝑇off = 0.1 s 7.09 31.29 61.63 0.0V — — —
𝑇off = 0.4 s 7.71 41.05 51.25 −0.2 V — — —
𝑇off = 1 s 12.02 69.43 18.54 −0.3 V 27.16 66.60 5.59
𝑇off = 1.6 s 7.22 79.62 13.16 −0.4V 32.88 56.95 10.17
𝑇off = 2 s 5.77 84.06 10.17 −0.5 V 24.38 56.13 19.49
𝑇off = 4 s 6.24 86.30 7.46 −0.6V 25.36 51.31 23.33

materials. The results in Table 1 also suggest that, as the
concentrations of Bi3+, Sb3+, and Te4+ ions are close to each
other, a Te-rich compositionwill be obtained in the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

materials.
When larger negative voltage is used as bias in the poten-

tiostatic deposition process, the electrolyte concentrations
(or ion diffusion effect) will influence the composition of
the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. If we control
the diffusion rates of ions (Bi3+, Sb3+, and Te4+), we can
regulate the composition of the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based materials. For that, the pulse deposition process is
used to deposit (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials by using
the electrolyte formula of 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M

SbCl
3
, and 0.0075M TeCl

4
. The bias voltage was set at

−0.40V, the duration of off time (𝑇off ) was changed from
0.1 s to 4 s, and the bias on time (𝑇on) was set at 0.2 s. Table 2
first compares the results of the EDS analysis as a function
of duration of 𝑇off . As the duration of 𝑇off was 0.2 s, the (Bi
+ Sb)/Te atomic ratio was larger than 2/3 (2/3 means close
to (Bi,Sb)

2
Te
3
); as the duration of 𝑇off was in the range of

0.4 s∼1 s, the (Bi + Sb)/Te atomic ratio was close to 2/3; as the
duration of 𝑇off was longer than 1 s, the Te atomic ratio was
larger than 70%.

Table 2 also compares the variation in the composition of
the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-basedmaterials as the reduced
voltage during the 𝑇on state was changed, where 𝑇on and
𝑇off were set at 0.2 s and 1 s and the pulse voltage was
changed from −0.3 V to −0.6V. Also, 0.015M Bi(NO

3
)
3
-

5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
were used as

the electrolyte formula. As Table 2 shows, as the reduced
voltage was in the range of −0.3 V to −0.6V, the atomic
ratio of (Bi + Sb)/Te was close to 2/3. As the reduced
voltage was in the range of −0.4V to −0.6V, the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials revealed the p-typed ther-
moelectric property, because the Te atomic ratio was smaller
than 60%.Those results prove that, as the mass transfer effect
of Te4+ is controlled, the more Bi3+ and Sb3+ ions will be
reduced into Bi and Sb and the composition of the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials will be close to p-typed
(BiSb)

2
Te
3
. Undoubtedly, the pulse deposition process can
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30𝜇m

(a)
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Figure 6: SEM micrographs of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowires; the bias voltage was set at −0.4V, 𝑇on/𝑇off was 0.2 s/0.6 s, and the
electrolyte formula was 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
. (a) Side view with smaller ratio and (b) side view

with larger ratio.
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Figure 7: XRD pattern of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowire.

control the composition of the deposited (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based materials.

Figure 5 shows the SEM micrographs of the elec-
trolyte formula 0.015M Bi(NO

3
)
3
-5H
2
O, 0.005M SbCl

3
, and

0.0075M TeCl
4
as a function of 𝑇off (0.1 s∼4 s); the reduced

voltage was set at −0.4V and 𝑇on was set at 0.2 s. As 𝑇off
was in the range of 0.1 s∼1 s, as Figures 5(a)–5(c) show, the
deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials revealed a struc-
ture of nanoscale particles, which were aggregated together;
as longer 𝑇off was used, as Figures 5(d)–5(f) show for 𝑇off in
the range of 1.6 s∼4 s, the deposited materials changed from
nanoscale-aggregated particles to disk-typed particles. From
the EDS analysis shown in Table 2, more Te in the deposited
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials is the reason to cause the
variation in the morphology. Compared with the results in
Table 2 and Figure 5, as 𝑇on is set at 0.2 s, 𝑇off equal to or
longer than 1 s is not suitable to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-
based nanowires, because themain composition is Te and the
pulse deposition process leads to large disk-typed particles.

Finally, the electrolyte formula of 0.015M Bi(NO
3
)
3
-

5H
2
O, 0.005M SbCl

3
, and 0.0075M TeCl

4
in the pulse

deposition process was used to deposit the (Bi, Sb)
2−𝑥

Te
3+𝑥

-
based nanowires. The AAO template used to deposit the
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires had the diameter of 120∼
270 nm, as the deposited nanowires show in Figure 6. As the
reduced voltage was −0.4V, the 𝑇on/𝑇off was 0.2 s/0.6 s, and
the cycle time was 105; the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires
were successfully grown in AAO templates. The SEM picture
for that the nanowires is shown in Figure 6(a), they had
the length of 25∼40𝜇m. The diameter of nanowires was
dependent on that of AAO template, which was in the
range of 120∼270 nm as Figure 6(b) shows, and the atomic
ratio for Bi : Sb : Te is 4.12 : 32.05 : 63.83. XRD pattern of
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires is shown in Figure 7; the
amorphous phase and (016) peak were observed. This result
suggests that, as the AAO template and pulse deposition pro-
cess are used to deposit the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires,
the (Bi, Sb)

2−𝑥
Te
3+𝑥

phase can be formed. Figure 8 shows the
EDS analysis of the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires; the
photos show that the detective intensity of Te is higher than
those of Bi and Te, which match the results shown in Table 2.

4. Conclusions

When pulse deposition process was used, the 𝑇on/𝑇off ratio
and the reduced voltage would influence the composition of
the (Bi, Sb)

2−𝑥
Te
3+𝑥

-based materials. As the duration of 𝑇off
was in the range of 0.4 s∼1 s, the (Bi + Sb)/Te atomic ratio
was close to 2/3; as the duration of 𝑇off was longer than 1 s,
the Te atomic ratio was larger than 70%. As 𝑇on and 𝑇off were
set at 0.2 s and 1 s, and the pulse voltage was changed from
−0.4V to −0.6V, the deposited (Bi, Sb)

2−𝑥
Te
3+𝑥

-based mate-
rials revealed the p-typed thermoelectric property, because
the Te atomic ratio was smaller than 60%. As the reduced
voltage was −0.4V and the 𝑇on/𝑇off was 0.2 s/0.6 s, the
(Bi, Sb)

2−𝑥
Te
3+𝑥

-based nanowires were successfully grown in
AAO templates. The nanowires had the length of 25∼40 𝜇m
and the diameter of 120∼270 nm, and the atomic ratio for
Bi : Sb : Te was 4.12 : 32.05 : 63.83.
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Figure 8: EDS analysis of the (Bi, Sb)
2−𝑥

Te
3+𝑥

-based nanowire.
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