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Nanomaterials which provide one of the greatest potentials
for improving performance and extended capabilities of
products in a number of industrial sectors are a new class
of materials, having dimensions in the 1∼100 nm range.
Nanostructures can be divided into zero-dimensional, onedimensional, and two-dimensional based on their shapes.
The recent emphasis in the nanomaterials research is put on
1D nanostructures at the expense of 0D and 2D ones, perhaps
due to the intriguing possibility of using them in a majority of
short-term future applications. The most successful examples
are seen in the microelectronics, where “smaller” has always
meant a greater performance ever since the invention of
transistors, for example, higher density of integration, faster
response, lower cost, and less power consumption.
In recent years, optoelectronic and solar cells devices have
been a highly developing field, due to the flexibility and light
weight for energy conversion, which has the potential to be
deployable. Therefore, the field of electrooptical and photovoltaic devices has been the subject of reviews. Electrooptical
and photovoltaic devices are environmentally sustainable, in
particular considering the availability of the nanostructured
raw materials. Science and technology developments in electrooptical and photovoltaic devices over the next several years
and their influence on the economics of electrooptical and PV
installations are likely to establish which energy technologies
become dominant for decades to come. The chance to share
and discuss these crucial electrooptical and PV developments
in a timely and influential forum is important.

This special issue selects 19 papers about dye-sensitized
solar cells, small molecule organic solar cells, ZnS/
CuIn1−𝑥 Ga𝑥 Se2 solar cell, thin-film solar cells, photovoltaic
devices, and other related fields. This special issue enables
interdisciplinary collaboration between science and engineering technologists in the academic and industrial fields.
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Liang-Wen Ji
Yu-Jen Hsiao
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This paper describes a fabrication and characterization of ultraviolet (UV) photodetectors based on Ohmic contacts using Pt
electrode onto the epitaxial ZnO (0002) thin film. Plasma enhanced chemical vapor deposition (PECVD) system was employed
to deposit ZnO (0002) thin films onto silicon substrates, and radio-frequency (RF) magnetron sputtering was used to deposit Pt
top electrode onto the ZnO thin films. The as-deposited Pt/ZnO nanobilayer samples were then annealed at 450∘ C in two different
ambients (argon and nitrogen) to obtain optimal Ohmic contacts. The crystal structure, surface morphology, optical properties, and
wettability of ZnO thin films were analyzed by X-ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM),
atomic force microscopy (AFM), photoluminescence (PL), UV-Vis-NIR spectrophotometer, and contact angle meter, respectively.
Moreover, the photoconductivity of the Pt/ZnO nanobilayers was also investigated for UV photodetector application. The above
results showed that the optimum ZnO sample was synthesized with gas flow rate ratio of 1 : 3 diethylzinc [DEZn, Zn(C2 H5 )2 ] to
carbon dioxide (CO2 ) and then combined with Pt electrode annealed at 450∘ C in argon ambient, exhibiting good crystallinity as
well as UV photo responsibility.

1. Introduction
It is known that only ultraviolet A (UVA) with wavelength
ranging from 320 to 400 nm of the sunlight can pass through
the atmosphere and reach the earth’s surface. The UVA
might harm human’s skin, and therefore it is an important
issue to develop ultraviolet (UV) photodetector in the UVAwavelength region. Many wide band gap materials such
as GaN, AlGaN, ZnSe, and diamond have been used for
the UV photodetector applications [1–6]. Compared with
the above materials, zinc oxide (ZnO) is considered as
potential candidate compound for UV detector owning to
its wide direct band gap of 3.37 eV at room temperature,
relatively large exciton binding energy of 60 meV, nontoxicity, outstanding thermal and chemical stability, and low
power threshold for optical pumping as well as rich raw

materials [7, 8]. However, due to the challenge of p-type
doping in ZnO structures, fabrication of ZnO p-n junction
based on UV photodetector is still under development [9].
Hence, either Ohmic contact based photoconductive type
or Schottky contact based photovoltage type of ZnO metalsemiconductor-metal (MSM) is another way to develop UV
photodetector [10, 11]. Comparing the differences between
Ohmic and Schottky contact types, the Ohmic contact based
photoconductive type device is typically more easily made
and more understood. High quality ZnO films with good
Ohmic contact are essential for fabricating high performance
UV photodetector, which is based on a strong oxygen
chemisorption and photodesorption mechanism on both the
grain boundaries and surface [12, 13].
Over the past few decades, various growth techniques of
stoichiometric ZnO phase have been used, such as thermal

2
evaporation, radio-frequency (RF) magnetron sputtering,
pulsed laser deposition (PLD), molecular beam epitaxy
(MBE), metal organic chemical vapor deposition (MOCVD),
and plasma enhanced chemical vapor deposition (PECVD)
[14–18]. Among these techniques, the PECVD system is a
promising one for fabricating large-area uniform ZnO thin
films in order to apply for future electronic devices and
sensors because it has numerous advantages, namely, low
cost and high growth rates. On the other hand, the plasma
bombardment can increase the density of thin films and
enhance the ion decomposition reaction rate, which was
used to improve the thin films crystallinity [19]. Thus, the
PECVD system was used to grow ZnO thin films onto silicon
substrates with various gas flow rate ratios of diethylzinc
(DEZn) to carbon dioxide (CO2 ) and at a fixed temperature
of 400∘ C in this presented work. On the other hand, there
are some reports on Ohmic contacts of ZnO-based devices
using ZrB2 /Pt/Au, Ti/Au, Pt/Ni/Au or Ni/Pt, and so forth as
the contact-electrode metals [20–23]. Due to high thermal
and electrical conductivity, good temperature and chemical
stability, platinum (Pt) is a better material for electrode
application. Herein, Pt as electrode material of Ohmic contact
was used to deposit onto ZnO films by RF magnetron
sputtering.
However, there is little report on the effects of postannealing on electrical properties of Pt/ZnO contacts
through deposition of epitaxial ZnO films onto Si substrates.
In addition, Pt metal forms an Ohmic contact with n-type
ZnO. Thus, ZnO/Pt heterostructures could offer a range of
advantages for the realization of optoelectronic devices such
as UV photodetectors. The electrical properties of Pt/ZnO
film contacts are a key to the use of ZnO films in such devices,
and a study of such properties is vital in determining the
potential of such heterostructure for device applications. The
main aim of the present paper is to systematically study the
effects of different gas flow rate ratios of DEZn to CO2 on
crystalline quality and uniformity of epitaxial ZnO films,
modification of native defects in ZnO films, and the electrical
properties of Pt/ZnO nanobilayer films contact and explore
the potential application of UV photodetector. This presented
study was separated into two parts. The first part was the
synthesis of epitaxial ZnO films on silicon substrates by
PECVD system with various CO2 flow rates. The second
part was the deposition of Pt to form Ohmic contacts onto
ZnO films by RF magnetron sputtering. The standard liftoff process was used to fabricate the UV detectors with
interdigitated electrodes. Furthermore, the as-prepared UV
devices were postannealed via rapid thermal annealing (RTA)
at various temperatures and with different ambients (argon
and nitrogen) to obtain Ohmic contacts. The crystalline
structure, surface morphology, optical properties, and wettability of ZnO thin films were investigated by X-ray diffraction
(XRD), field emission scanning electron microscopy (FESEM), atomic force microscopy (AFM), room temperature
photoluminescence spectra (PL), and contact angle meter,
respectively. I-V curves were used to determine the Ohmic
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contacts efficiency. Finally, the photoresponse of the devices
at room temperature in air was discussed.

2. Experimental Procedures
ZnO thin films were deposited on silicon (100) substrates
employing PECVD system, which used diethylzinc [DEZn,
Zn (C2 H5 )2 ] and carbon dioxide (CO2 ) gas as precursors for
supplying zinc and oxygen sources, respectively. The 15 cm
diameter showerhead served as the top electrode and was
connected with a 13.56 MHz radio-frequency (RF) power that
could generate the plasma through a match network. The bottom electrode was grounded and served as the sample stage.
The distance between top electrode and bottom electrode was
fixed at 30 mm. All the 10 mm × 10 mm silicon substrates
were cleaned by using acetone, alcohol, and de-ionized water,
for half an hour in an ultrasonic cleaner. The system was
evacuated to base pressure at 3 × 10−6 Torr by rotary pump
and turbo pump, respectively. Subsequently, the argon plasma
induced from RF generator in the chamber was used to clean
the substrate surface oxide layer for 15 minutes. The working
pressure of the chamber was kept at 6 Torr and RF power
was fixed at 70 W, and the substrates were heated at 400∘ C
during ZnO thin films growth. A series of ZnO thin films with
the fixed thickness of 500 nm were synthesized on the silicon
substrates with different gas flow rate ratios of DEZn to CO2
(1 : 1, 1 : 2, and 1 : 3). Crystalline structure of ZnO thin films
was characterized by X-ray diffraction (XRD) with Cu K𝛼
radiation (𝜆 = 1.54 Å). The surface morphology of ZnO films
was observed by field emission scanning electron microscopy
(FE-SEM). The surface topography and roughness of thin
films were further analyzed from the atomic force microscope
(AFM). Photoluminescence (PL) was carried out at room
temperature to study the optical properties of the ZnO
thin films through a He-Cd laser (325 nm). The optical
transmittance was recorded by using a MP100-ME UV-VisNIR spectrophotometer and the wettability of ZnO thin films
was also measured by contact angle meter, respectively.
As for UV photodetector fabrication, the interdigitated Pt
(thickness ∼100 nm) Ohmic contact electrode was fabricated
via conventional UV lithography, wet-etching methods, and
RF magnetron sputtering to form finger-pattern onto epitaxial ZnO (0002) films. The finger-pattern of the contact electrodes was 30 𝜇m wide (14pairs) and had an interelectrode
spacing of 150 𝜇m. The photo image of interdigitated electrode is shown in Figure 1. In order to form Ohmic contacts,
ZnO and Pt would be directly connected. Unfortunately, the
work functions of the above materials are not close, 5.65 eV
and 4.3 eV, respectively. For the sake of overcoming mismatch
of work functions, the rapid thermal annealing (RTA) was
used instead to form Ohmic contacts. Postannealing was
performed at different temperatures between 350∘ C and
550∘ C for 10 min at argon and nitrogen ambients, respectively.
The Ahilent HP 1456S measurement system combined with
a 38 mW/cm2 mercury arc lamp (Hamamatsu-deuterium
L2D2) was used as the UV (365 nm) light source to measure current-voltage (I-V) characteristic and photoresponse,
respectively.
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Figure 1: The photo image is for the interdigitated electrode.
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Figure 2: X-ray diffraction patterns for the ZnO (0002) thin films
synthesized with different gas flow rate ratios of DEZn to CO2 .
Inset showed the corresponding rocking curve (𝜔) scan and FWHM
values of ZnO (0002) peak.

3. Results and Discussion
3.1. Material Optimization. Figure 2 shows the X-ray diffraction (XRD) patterns for the ZnO thin films synthesized by
PECVD system with different gas flow rate ratios of DEZn
to CO2 . The XRD patterns of all ZnO samples exhibit only
a strong 𝑐-axis (0002) diffraction peak located at 34.4∘ , indicating that epitaxial thin films possess a hexagonal wurtzite
structure. The lowest surface energy of the (0002) basal
plane in ZnO leads to a preferred orientation in the [0001]
direction; as a result, ZnO thin films have been grown with
𝑐-axis orientation onto epitaxial substrate under optimum
growth conditions [24]. However, the crystalline quality of
the ZnO thin films is related to the gas flow rate ratio of DEZn

to CO2 . During the ZnO phase growth, CO2 concentration
played an important role due to the oxygen ions originating
from CO2 which that were relatively low in the chamber when
gas flow rate value was 1 : 1, which indicated the zinc ions
had no sufficient chance to react with oxygen ions to form a
high property ZnO phase. Consequently, with the increasing
gas flow rate of CO2 , the diffraction peak of the ZnO (0002)
gradually became sharp and narrow. The strongest of (0002)
diffraction peaks was obtained at the gas flow rate value of
1 : 3 (DEZn to CO2 ). The inset in Figure 2 showed the full
width at half maximum (FWHM) of ZnO (0002) diffraction
peak, which was determined by X-ray rocking curve (𝜔)
scan. The FWHM of the (0002) diffraction peak of the ZnO
thin film with gas flow rate ratio of 1 : 3 shows an extremely
small value of 0.1694∘ , while the ZnO thin films with gas
flow rate ratios of 1 : 2 and 1 : 1 exhibit relatively large values
of 0.1720∘ and 0.1742∘ , respectively. The X-ray rocking curve
mostly demonstrates the degree of the tilt component, and
the tilt itself is related to screw-type threading dislocations.
Therefore, the optimum synthesized condition of epitaxial
ZnO (0002) film with the gas flow rate ratio of DEZn to CO2
is 1 : 3 in this presented work. This parameter can effectively
reduce screw dislocation density with the highest crystalline
quality of stoichiometric ZnO thin film.
In-plane surface morphology of epitaxial ZnO (0002)
films was observed by FE-SEM as shown in Figures 3(a)–3(c).
PECVD system is a promising technique for synthesizing
ZnO phase by using DEZn and CO2 mixtures. Also, it is
especially easy to break the oxygen–oxygen bonds from CO2
to react with zinc atoms from DEZn, leading to the compact
surface [25]. The SEM top view images clearly show that
all of the ZnO thin films have smoothability of compact
surfaces with curvature boundary and are densely packed
with spherical grains. Additionally, the thickness of all ZnO
thin films is about 500 nm with self-assembled columnar
structures along the 𝑐-axis [0001] determined by cross section
images in the inset of Figures 3(a)–3(c). From the AFM
surface topography images as shown in Figures 3(d)–3(f), the
average surface roughness values (root-mean-square (RMS)
with the gas flow rate ratios of DEZn to CO2 (1 : 1, 1 : 2, and
1 : 3) showed 6.46 nm, 6.82 nm, and 8.97 nm (1 𝜇m × 1 𝜇m),
respectively. The above results indicated that the epitaxial
ZnO (0002) thin film could provide a suitable nanometerscale smoothness topography for the subsequent deposition
of Pt top electrode onto its surface.
Figure 4 illustrates the room temperature PL spectrum.
The spectra mainly consist of two emission bands: a nearband-edge (NBE) emission and a broad defect-related visible
emission (500–700 nm). The result exhibits that the main
emission bands intensity is closely related to the gas flow rate
ratios of DEZn to CO2 . All the epitaxial ZnO (0002) thin
films show a strong NBE emission band which is attributed
to the recombination of free-excitons through an excitonexciton collision process [26]. However, with varying the gas
flow rate ratios of DEZn to CO2 (ranging from 1 : 3 to 1 : 1),
the intensity of NBE emission became weaker with slight red
shift, accompanied with the visible emission band became
stronger. In general, the lattice distortions and localization
of charges from interface defects or point defects may cause
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Figure 3: In-plane and out-of-plane field emission scanning electron microscopy images for ZnO (0002) thin films synthesized with gas flow
rate ratios of DEZn to CO2 of (a) 1 : 1, (b) 1 : 2, and (c) 1 : 3; the corresponding AFM images (1 × 1 𝜇m2 ) with gas flow rate ratios of (d) 1 : 1, (e)
1 : 2, and (f) 1 : 3, respectively.

the red shift of emission band [27]. On the other hand, the
visible emission band is generally referred to the impurities
and various structural defects in the ZnO thin films such
as zinc interstitial and oxygen vacancy [28]. When thin film
quality of ZnO was improved via providing sufficient oxygen

ions, the density of defect was reduced and resulted in a strong
intensity of NBE emission with blue shift in the UV region
and the visible emission gradually disappeared. According to
the above results, the epitaxial ZnO (0002) thin film grown
under the optimum gas flow rate ratio of 1 : 3 (DEZn to CO2 )

5

Intensity (a.u.)
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Figure 4: Photoluminescence spectra for the ZnO (0002) thin films
synthesized with different gas flow rate ratios of DEZn to CO2 .

is a promising approach for application in the realization of
ultraviolet (UV) photon detectors.
3.2. UV Photodetector Fabrication and Responsivity. Currentvoltage (I-V) characteristics of the Pt/ZnO nanobilayer
devices annealed at various temperatures (350∘ C, 450∘ C, and
550∘ C) in argon ambience for 10 min are shown in Figure 5(a).
Only an obvious linear behavior could be observed for
the Pt/ZnO device annealed at 450∘ C, which indicated
that the high quality Ohmic contact has been achieved at
the Pt/ZnO interface. The device was further annealed at
450∘ C in nitrogen ambience for 10 min, and corresponding
I-V characteristics of device were as shown in Figure 5(b).
The Ohmic effect of Pt/ZnO device annealed in nitrogen
ambience shows better performance than that of annealing
in argon ambience. The schematic diagram for the UV photodetector device is shown in the inset of Figure 5(a), in which
interdigitated Pt electrode was deposited onto the optimal
ZnO (0002) thin films. The formation of thermally stable
and low resistance Ohmic contacts is critical to realizing high
quality ZnO-based optoelectronic devices. The high contact
resistance between semiconductor and metal gives rise to the
degradation of optoelectronic device performance through
thermal stress and contact failure. Thermally stable and low
contact resistance can be achieved either by performing surface modification to reduce the semiconductor-metal barrier
height or by increasing the effective carrier concentration
of the surface, which allow an increase in carrier tunnelling
probability. Hence, Ohmic contact metallization should be
one of the main purposes in improving the optoelectronic
device performance. However, the formation of Ohmic contact method in ZnO-based optoelectronic device has not been
investigated extensively, and it is limited mostly to n-type
contacts.

Figure 6 shows the dark current and photocurrent characteristics of the UV photodetector as a function of bias
voltage ranged from −5V to 5V for Pt/ZnO thin films
structure. It can be seen that only the Pt/ZnO device annealed
in argon ambience exhibits the photoconductive behavior
as shown in Figure 6(a). Furthermore, both the dark and
photo currents increase linearly with increasing bias voltage, indicating that the Pt top electrode forms the Ohmic
contact onto the ZnO (0002) thin film. Without UV light
illumination, the observed dark current was about 4.8 mA
at a 5 V bias. When the Pt/ZnO device was illuminated
under a 365 nm wavelength with the energy of 38 mW/cm2 ,
the photocurrent was approximately 36 mA at a 5 V bias,
indicating that the UV photodetector composed of Pt/ZnO
nanobilayer films structure has high photoresponsivity. The
origin of photocurrent by the adsorption and desorption of
oxygen molecules has been highly considered [29, 30]. Before
UV illumination, the ZnO films were exposed to air in the
dark and oxygen molecules, which could be adsorbed on the
ZnO surface in order to extract free electrons according to the
following:
O2 (g) + e− → O2 − (ad)

(1)

O2 (g) + 2e− → O2 2− (ad)

(2)

The negative oxygen ions adhered to the surface and
created a depletion of electron at the grain boundaries of ZnO
thin films. These negative oxygen ions cannot contribute to
the conductivity to the thin film, which makes the thin film
produce a low conductive surface. However, upon exposure
to UV irradiation, the negative oxygen ions can form neutral
by capturing a photogenerated hole, which is expressed in the
following:
H+ + O2 − (ad) → O2 (g)

(3)

2H+ + O2 2− (ad) → O2 (g)

(4)

The wavelength of UV light ∼365 nm closely matches the
band gap of ZnO ∼3.37 eV; high energy photons get absorbed
by the ZnO layer and generate electron-hole pairs consequently. The photogenerated holes recombine with electrons
of the adsorbed oxygen ions through surface recombination
and simultaneously release oxygen atoms from the surface.
As a result, lowering of depletion layer height at the grain
boundary region takes place. These accumulated unpaired
electrons in the conduction band of ZnO will contribute
to increasing the photoconductivity of the ZnO-based UV
devices.
The dark current and photocurrent characteristics of UV
photodetector composed of Pt/ZnO nanobilayer films structure annealed in nitrogen are also shown in Figure 6(b). The IV characteristics of dark and photo-currents are overlapping,
which means the device has no photoresponsivity. When the
Pt/ZnO films structure was annealed in nitrogen ambience,
the nitrogen atoms might not only act as acceptors and form
a doped layer near the surface of the ZnO thin film but
also produce a thin nitride layer. The increase in the carrier
concentration with the nitride layer can lower the barrier
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height of the Ohmic contact, which was formed between
the Pt electrode and ZnO thin film. It will lead to higher
current value with lower resistance compared with the device
annealed in argon ambience. At the same time, the nitride
layer onto the ZnO thin film surface would directly prevent
UV light irradiation for the surface of ZnO thin film. Hence,
the aforementioned electric filed generated from the depletion region of the ZnO thin film surface will be forbidden.
The UV photodetector device composed of Pt/ZnO bilayer

films structure annealed in nitrogen ambience is not suitable
for UV sensor owing to the lack of photoconductivity.
The reproducibility of the photodetector device annealed
in argon ambience was tested by repeatedly switching UV
light on and off for the same time intervals as shown in
Figure 7. When the device was illuminated by the UV light,
the current increased sharply and remained in a stable state.
After the removal of light source, the device recovered to an
original level. The response and recovery times of the device
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are 2 s and 1.5 s, respectively, as shown in the inset of Figure 7.
The result shows great reproducibility and good stability for
the UV photodetector device at least 3 times without change.
The quick response and stability obtained from the device are
useful for UV photodetector application.

On the other hand, the wettability of epitaxial ZnO (0002)
thin films was characterized by a contact angle goniometer
(Pentad FTA 125). If the water contact angle with the surface
is smaller than 90∘ , then the surface is termed as hydrophilic.
On the contrary, if the water contact angle with the surface is
greater than 90∘ then the surface is termed as hydrophobic.
Figure 8 shows the water contact angle values of ZnO films
with various gas flow rate ratios of 1 : 1, 1 : 2, and 1 : 3 are
98.13∘ , 102.77∘ , and 111.32∘ , respectively. In general, the high
hydrophobic property was formed by modifying surfaces
with low surface energy coating [31] or increasing surface
roughness [32]. In our presented work, the measured results
indicated that the surface of ZnO thin films was more
hydrophobic with increasing surface roughness. Compared
with the water contact angle values of ZnO films with
various gas flow rate ratios, the largest surface roughness was
obtained with the gas flow rate ratio of 1 : 3 (8.97 nm), leading
to the largest hydrophobicity consistent with the observed
results from Figure 3.
Additionally, in order to investigate the transparency
of epitaxial ZnO (0002) thin film, the ZnO (0002) thin
film was also synthesized onto glass substrates for future
high-transmittance ZnO-based optoelectronic devices. The
transmittance spectrum showed that ZnO (0002) thin film
exhibits high transmittance in the 400–900 nm range and
with higher than 80% visible transmittance as shown in
Figure 9.

4. Conclusions
Epitaxial ZnO (0002) thin film was at first synthesized on
silicon substrate with gas flow rate ratio of 1 : 3 (DEZn to CO2 )
by PECVD system, which exhibited good crystallinity, low
surface roughness, high optical properties, and good visible
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transparency. The Ohmic contacts were formed between
Pt top electrode and ZnO thin films together annealed at
450∘ C in argon and nitrogen ambients for 10 min. However,
the UV photodetector composed of Pt/ZnO nanobilayers
structure only annealed in argon ambience shows a lower
dark current of 4.8 mA and a higher photocurrent of 36 mA
at 5 V bias voltage. Therefore, a simple method is presented
which used Pt contact electrode onto epitaxial ZnO (0002)
thin film and is suitable for potential device application of UV
photodetector, showing a good Ohmic contacts behavior as
well as UV photoresponsibility.
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An experimental study was performed to investigate the effect of using a continuous operation two-axes tracking on the solar heat
energy collected. This heat-collection sun tracking which LDR (light dependent resistor) sensors installed on the Fersnel lens was
used to control the tracking path of the sun with programming method of control with a closed loop system. The control hardware
was connected to a computer through Zigbee wireless module and it also can monitor the whole tracking process information on a
computer screen. An experimental study was performed to investigate the effect of using two-axes tracking on the solar heat energy
collected. The results indicate that sun tracking systems are being increasingly employed to enhance the efficiency of heat collection
by polar-axis tracking of the sun. Besides, the heating power was also measured by designed power measurement module at the
different focal length of Fresnel lens, and the design of shadow mask of LDR sensors is an important factor for solar photothermal
applications. Moreover, the results also indicated that the best time to obtain the largest solar irradiation power is during 11:00 –13:00
in Taiwan.

1. Introduction
Because of the energy crisis and the environmental awareness, to develop renewable energies has become one of the
important targets in the future. There are many approaches
that could be developed for renewable energies. Finding
energy sources to satisfy the world’s growing demand is one
of society’s foremost challenges for the next halfcentury. Solar
energy is clean, renewable, and abundant in every part of
our world. There are two main energy types of solar energy
collection. One is photoelectric conversion and the other
is photothermal conversion. For photothermal application,
solar stirling engine which is a photothermal engine that
converts sunlight heat energy into mechanical motion to
form the electrical power by using air or an inert gas as the
working fluid operating on a highly efficient thermodynamic
cycle is a kind of green power. For photothermal applications,
in order to receive heat energy from the sunlight, the solar
tracker, a device in an optimum position perpendicular to
the solar radiation during daylight hours, is necessary to
increase the collected heat energy. Therefore, in this paper, an
experimental study was performed to investigate the effect of

using a continuous operation two-axes tracking on the solar
heat energy collected.
Over the years, several researchers have studied the solar
tracking systems with different modes and electromechanical
module to improve the efficiency of solar systems. The
design of tracker was based on some criteria: low cost, easy
maintenance, modular, low energy consumption, and easy
adjustment in case of different location [1]. From previous
studies, there are two tracking types to track the sun. One
is active type and the other is passive type [2]. In a passive
system the tracker follows the sun from east to west without
using any type of electric motor to power the movement,
but the active type needs motor, control IC, track procedure,
and detect components responding to the solar direction.
Passive solar trackers are based on thermal expansion of a
matter (usually Freon), on low boiling point compressed gas
fluid, or on shape memory alloys. Clifford and Eastwood [3]
presented the passive solar tracker design which incorporates
two bimetallic strips made of aluminum and steel, positioned
on a wooden frame symmetrically on either side of a central
horizontal axis. The efficiency of this passive solar tracker
with tracking method had the potential to increase solar panel
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efficiency by up to 23%. Mwithiga and Kigo [4] designed and
constructed a dryer which consisted of a gauge 20 mild steel
flat absorber plate formed into a topless box and the results
showed that the solar dryer can be used to successfully dry
grains. Poulek [5] developed a single axis passive solar tracker
based on a shape memory alloy (SMA). It was concluded the
efficiency of the SMA actuators (−2%) is approximately two
orders of magnitude higher than that of bimetallic actuators.
However, the passive tracker had many drawbacks, like low
tracking efficiency than active tracker, susceptible to high
winds, or sluggish in getting moving in cold temperatures.
Therefore, the approach of solar tracker was trend to develop
at active mode solar tracker.
Active tracking systems are powered by small electric
motors and require some type of control module to direct
them. The controller had two modes that can identify the
active tracker to location of the sun. One is electrooptical sensors such as solar cell or LDR (Light Dependent Resistance)
or photodiodes based on the structure of trackers (closed loop
system); another is according to the function which adopted
the azimuth and solar altitude angles or polar axis (open
loop system). Abouzeid [6] presents a new tracking system
with a firm step movement of either 15∘ or 7.5∘ . The system
is controlled automatically using a programmable logic array
plus an EEPROM carrying all necessary commands required
for different operation cases (Abouzeid, 2001). Oner et al.
[7] design a spherical motor controlled by a microcontroller
for a PV-tracking system with the ability to move on two
axes. The spherical motors which have the linear and circular
movement ability in three independent dimensions can be
used for precisely tracking the sun as a solution. Roth et
al. [8] has published a low-cost automatic closed-loop sun
tracker, built and tested. A four-quadrant photodetector
senses the position of the sun and two small DC motors
move the instrument platform keeping the sun’s image at
the center of the four-quadrant photodetectors. The situation
of tracking under cloudy conditions, when the sun is not
visible, a computing program calculates the position of the
sun and takes control of the movement, until the detector can
sense the sun again. Rubio et al. [9] show a hybrid tracking
system that consists of a combination of open-loop tracking
strategies based on solar movement models and closed-loop
strategies using a dynamic feedback controller. The results
have been presented that show the benefits of the new strategy
with respect to a classical open-loop strategy when errors
in the estimation of the sun’s position. Alata et al. [10]
demonstrated the design and simulation of time controlled
sun tracking system. The approach starts by generating the
input/output data. Then, the subtractive clustering algorithm,
along with least square estimation (LSE), generates the fuzzy
rules that describe the relationship between the input/output
data of solar angles that change with time. The fuzzy rules are
tuned by an adaptive neurofuzzy inference system (ANFIS).
This open-loop control system is designed for each of the
previous types of sun tracking systems and the electrooptical
trackers give very good results during good weather conditions. Some studies [11–13] also use four photoresistors with
cylindrical shades, electrooptical unit, or electrooptical unit
as a sun sensor. Its controller contains differential amplifiers,
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comparators, and output components to provide fairly good
accuracy and reliable operation. Abdallah and Nijmeh [14]
investigated the two axes tracking and the results indicate that
the two axes tracking surface showed a better performance
with an increase in the collected energy of up to 41.34%
compared with the fixed surface. Neville [15] presented a
theoretical comparative study between the energy available
to a two axes tracker, an east-west tracker and a fixed surface.
It was found that the energy available to the ideal tracker is
higher by 5–10% and 50% higher than the east-west tracker
and the fixed surface, respectively. Sungur [16] designed
aboth axes sun tracking system with programmable logic
control and with the function of solar azimuth angle and solar
altitude angle to follow the sun’s position. He found that the
energy more than 42.6% in the two-axes sun-tracking system
was obtained when compared to the fixed system. Barakat
et al. [17] made a two-axes sun tracking system between
closed-loop system and with complicated typical electronic
control circuits. They found that the energy available to the
two-axes tracker is higher by 20%. Bakos [18] developed the
two-axes tracking using a continuous operation on the solar
energy collected. He set the position of the photoresistors
and the results indicate that solar energy on the moving
surface was significantly larger (up to 46.46%) than the fixed
surface. Khalifa and Al-Mutawalli [19] investigated the effect
of using a two-axis sun tracking system on the thermal
performance of compound parabolic concentrators (CPC).
They indicated that the tracking CPC collector showed a
better performance with an increase in the collected energy
of up to 75% compared with an identical fixed collector.
Mousazadeh et al. [20] established equations to compare the
relation between tracking collector and fixed collector about
energy gains. This amount of energy can be obtained from
tracking collector more 57% than fixed collector.
However, for solar stirling electrical generator, the idea
of concentrating solar energy to generate electricity has
ingeniously made use of the concept in concentrator optics
especially for designing a specific geometry of reflectors
or lenses to focus sunlight onto a small receiving heating
element. Many previous researches also have discussed that
many existing concentrator systems will produce nonuniform
focused illumination [21, 22] and it will decrease the energy
collection of the sun. In this paper, a concept came from
a realization that the need to concentrate the solar energy
with the available Fresnel concentrating lens on the heating
element of stirling engine to have higher efficiency in power
generation. Therefore, we design the active two-axis solar
tracker with Fresnel lens to collect the thermal power of solar
efficiently and to offer a steady heat source for photo-thermal
applications.

2. Experiments
2.1. The Structure of Two-Axis Heat-Collection Solar Tracker
System. The proposed two axes heat collection solar tracker
system as shown in Figure 1 consists of the following three
parts:
(i) the heat-collection Fresnel lens module,
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Figure 1: Schematic diagram of two-axis heat-collection solar tracker with constant focal distance.

(ii) the control system, and
(iii) the wireless data recorder system.
For the solar tracker system, increasing the solar input
power and reducing the energy consumption of solar tracker
are important goals in this paper. For reducing power consumption of solar tracker, we adopted the low-power motor
to reduce energy loss and use the small gear to drive the
large gear so the reducer will produced additional torque
to move the polar axis structure of solar tracker. The heat
collection Fresnel lens was used to concentrate the radiation
power of sunlight and heat the heating head of stirling engine.
However, because the position of heating head of stirling
engine must put on the focus of sunlight, it is important to
note that the focus of Fresnel lens must fix on the heating head
to collect the solar heat energy at any time. For this purpose,
two axis tracking method was used to trace the trajectory
of the sun. Besides, because the change of sun tracks on
north-south axis (N-S axis) is very small of a day, the stirling
engine were arranged on the N-S axis plate to reduce the
power assumption of moving step motor and the Fresnel lens
was installed on the east-west axis (E-W axis) to collect the
power of sun. This two-axis solar tracker was controlled by
the step motor, reducer, worm, worm gear and make sure
that the focus of Fresnel lens is always on the heating head
of stirling engine. Besides, in our experiment, a portable
wireless data acquisition system for temperature in real-time
process dynamics was recorded by using the 802.15.4, ZigBee
protocol, that is specially designed for the sensors network to
facilitat data storage purposes. Zigbee is the only standardsbased wireless technology designed to address the unique
needs of low-cost and low-power wireless sensor and control
networks. This wireless data logger senses and monitors the
variations in the temperature of simulated stirling head and
the received temperature data can be displayed on a display
and simultaneously on a computer.

2.2. Control System of Solar Tracker. The block diagram of our
two-axis solar tracker as shown in Figure 2 composed of the
following parts:
(i) the electromechanical movement mechanism,
(ii) the sensors unit, and
(iii) the control system software.
The mechanism of electromechanical displacement consists of two 12 volt-stepper motors, one for N-S axis and
the other for E-W axis displacements and an electronic
circuit. Light dependent resistor sensor (LDR sensor) is a
component that has a resistance that changes with the light
intensity that falls upon it. In order to track the position
of the sun accurately, there are four light-dependent resistor
sensors (LDR sensors, NSL19-M51 RS, an electrocomponents
company, Northants) to identify the intensity of the sunlight.
Each two light dependent resistor sensors were placed on the
Fresnel lens along the east-west and north-south direction to
control the N-S axis and E-W axis movement by two stepper
motors, respectively. LDRs which produce a DC voltage level
coincident with the light intensity of sun radiation detect the
position of sunlight and then send the signals to the ADAM.
So it is connected to one of the analog to digital converter
(ADAM 4017/452) single pins to generate an 8-bits number
(0–255) which tells the computer program some information
about light intensity at that time and determine the device
operating mode. The difference in illumination between each
of the two sensors, the servo motion control card (SMCC)
which produced pulse to driver, control the step motor, and
do two axes operation (N-S and E-W axis motion), promotes
an adjustment of the tracker position towards the sun. The
angular interval spanned by the tracker goes from 80∘ east
up to 80∘ west and 50∘ south up to 50∘ north. This operation
mode forms a closed-loop system for sun tracking as illustrated in Figure 2. A proper program to control, monitor, and
collect data was developed by using the software Labview to
determine the solar angles. The control panel was set up at
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Figure 2: The schematic diagram of solar tracker control system.

the start time to receive and monitor the whole tracking process information about N-S axis or E-W axis directions. The
relation between different sensor’s voltage and SMCC control
pulse can be defined from internal program to reduce the
tracking times and the logic consequences of the controlling
process of our heat collection solar racking system.

3. Results and Discussion
3.1. The Effect of the Structure of LDR Sensors. The design
of the shadow mask of LDR sensors is an important factor
because the better design will increase the accuracy of
tracking sunlight and shorten the tracking time. In our
experiment, the five different shadow types of LDR sensors:
(a) 1/4 bowl type, (b) 1/2 bowl type, (c) bowl type, (d) board
type, and (e) square type were designed to determine the
best module for sun tracking as shown in Figure 3(a). The
test between tracking pulses and angle was limited by the
same rotating angles from 0∘ ∼ 60∘ of solar tracker. In this
experiment, we adjusted and fixed the fluorescent angle to

measure the track of solar tracker as shown in Figure 3(b).
If the tracking angles are the same, shorter tracking times
means that the tracking speed is higher and the design of
this shadow mask has better sensitivity. As the results form
Figure 3(b), the board type is the best shadow mask design
as the angle is less than 20 degrees, but 1/4 bowl is the best
shadow mask design to track the sunlight as the angle is
greater than 20 degrees. According to these results, we found
that the tracking time of sunlight is strongly dependent on
the geometry of shadow mask. Therefore, in this paper, we
use board type to be the shadow mask of LDRs because the
angle of each tracking step is smaller than 20 degree.
3.2. The Measurement Method and Results of Heat Power of
Sun. It is hard to measure the sun heat power because the
power gain from the sun by Fresnel lens will cause very
high temperature at focus. For this reason, in this paper,
we designed the power gain measurement system by the
temperature raising rate as illustrated in Figure 4. In our
experiment, we put the copper block at the focus of Fresnel
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Figure 4: The schematic diagram of solar power measurement
system.

lens on our two-axis solar tracker. There are three different
area coppers, 19.63 mm2 , 1963.50 mm2 , and 11309.73 mm2 ,
which were used to record the temperature difference by
the data recorder system and then used these temperature
data to calculate the absorbing power. The asbestos insulation
cloth was wrapped around the copper to reduce the heat loss.
The power gain per unit area 𝑊 can be calculated from the
following equation:
𝑊=

(𝑚 × 𝑠 × Δ𝑇/Δ𝑡|init )
,
𝐴

(1)

where 𝑚 is the mass of the copper, 𝑠 is the specific heat
of the copper, 𝐴 is the area of the copper plate, Δ𝑇 is the
range of temperature, and Δ𝑡 is the time (second) of this
experiment. The Δ𝑇/Δ𝑡|init is the slop at the initial period
in Figure 5(a) and the slope difference between initial period
and real period implies the heat loss of copper. As illustrated
the schematic diagram in Figure 4, in order to make sure
that the sunlight irradiate on the surface of copper totally to
avoid the additional energy loss, the less focus length needs
larger copper surface area. This method not only measures the
power of sun irradiation but also finds the best heating area
of stirling engine. As shown in Figure 5(a), the temperature
slop at initial periodic means the smallest heat loss and the
decrease of temperature slop at real periodic indicated that
there are some heat loss such as heat transfer from copper
and ambient or the energy storage by copper block. Therefore,
the ideal power gain and heat loss of copper can be calculated
form (1) at different focal length. The result indicated that at
345 mm, focal length has best heating energy gain but large
heat loss. This is because the larger temperature difference
between copper and ambient air will cause the larger heat loss.
Besides, Figure 5(b) shows the power of copper at different
focal length and focal area at different times. The largest
power of copper was acquired about 500 W/m2 at 12:00
and the focal length was 345 mm. The reason is that the
large focal length has small focus range which means that
the copper area is smallest. Small copper area which was
heated by sunlight irradiation will reduce the heat loss from
the copper and decrease the less storage energy of copper
block. Therefore, if we want to get more heating power from

6

International Journal of Photoenergy
400

3

Heart loss

600
500
Power (W/m2 )

Temperature (∘ C)

300

200

2

300
200

100
1
200

400

400

100
10:00

14:00

12:00

16:00

Time

Time (s)

(1) Focal length: 345 mm
(2) Focal length: 240 mm
(3) Focal length: 140 mm

(1) Focal length: 140 mm
(2) Focal length: 240 mm
(3) Focal length: 345 mm
(a)

(b)

3.3. Measurements of Two-Axis Tracking System under Normal
Weather Conditions. The solar power and the temperature of
simulated stirling head experiments took place on 16 June
2012 from 09:00 to 16:00 in Kaohsiung, Taiwan, and the
ambient temperature was 28∘ C, the humidity 65%, and the
results are shown in Figure 6. During these experiments the
weather conditions were very good and just a little cloudy in
the sky at 12:25. The solar power was measured by our power
gain measurement system as described earlier. As shown
in Figure 6, the temperature response is slower and obtuse
than the solar irradiation power. Because the insulation cloth
was covered on the copper surface, the temperature is still
maintained at a certain value even through the solar input
energy decreases due to drifting clouds at 12:08. Moreover,
from the data in Figure 6, the results also indicated that the
best time to obtain the largest solar irradiation power is
during 11:00–13:00.

4. Conclusions
In this paper an experimental study is performed to investigate the effect of closed-loop two-axis tracking on the solar
heat energy collected for photo-thermal application. The
hardware and software elements of the two-axes sun tracking
system were designed and constructed. According to the
results of the measurements performed in the present study,
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sunlight, the heating head area of stirling engine should
decrease as small as possible. Also shown in Figure 5(b), the
solar heating power was larger during 12:00 to 13:00 than
other times of the day at February 23 in Kaohsiung, Taiwan. It
implied that if we want to get the sun irradiation power more
efficiently, the time during 12:00-13:00 of the day is the best
time period to get the sun irradiation power.

Solar radiation (W/m2 )

Figure 5: (a) The temperature raising rate and (b) the power gain of solar power measurement with different focal lengths.
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Figure 6: Time variation of solar irradiation power collection and
heating head temperature by solar tracking system.

it can be concluded that proper shadow mask of LDR sensor
will increase the accuracy and reduce the tracking time of
tracking sun’s radiation. Besides, in our experiment, we also
design the heat power measurement system to measure the
heat power of solar irradiation. Besides, the hourly values
of solar radiation are added to obtain the total daily solar
radiation and simulated stirling head temperature. The results
indicated that the response of head temperature is slower
than solar irradiation power without any heat loss, and if
we want to get the solar heat power more efficiently, the
time during 11:00–13:00 is the best time periods to get the
sun’s power. Moreover, in order to totally collect the solar

International Journal of Photoenergy
thermal energy of the sunlight by Fresnel lens, letting the
concentrative sunlight to totally illuminate on the heating
element without any heat loss is very important.
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“Application of new control strategy for sun tracking,” Energy
Conversion and Management, vol. 48, no. 7, pp. 2174–2184, 2007.
[10] M. Alata, M. A. Al-Nimr, and Y. Qaroush, “Developing a multipurpose sun tracking system using fuzzy control,” Energy Conversion and Management, vol. 46, no. 7-8, pp. 1229–1245, 2005.
[11] S.-S. N. Rumala, “A shadow method for automatic tracking,”
Solar Energy, vol. 37, no. 3, pp. 245–247, 1986.
[12] W. A. Lynch and Z. M. Salameh, “Simple electro-optically controlled dual-axis sun tracker,” Solar Energy, vol. 45, no. 2, pp.
65–69, 1990.
[13] V. Poulek and M. Libra, “New solar tracker,” Solar Energy
Materials and Solar Cells, vol. 51, no. 2, pp. 113–120, 1998.
[14] S. Abdallah and S. Nijmeh, “Two axes sun tracking system with
PLC control,” Energy Conversion and Management, vol. 45, no.
11-12, pp. 1931–1939, 2004.
[15] R. C. Neville, “Solar energy collector orientation and tracking
mode,” Solar Energy, vol. 20, no. 1, pp. 7–11, 1978.
[16] C. Sungur, “Multi-axes sun-tracking system with PLC control
for photovoltaic panels in Turkey,” Renewable Energy, vol. 34,
no. 4, pp. 1119–1125, 2009.
[17] B. Barakat, H. Rahab, B. Mohmedi, and N. Naiit, “Design of a
tracking system with photovoltaic panels,” in Proceedings of the
fourth Jordanian International Mechanical Engineering Conference (JIMEC ’01), vol. 471, 2001.

7
[18] G. C. Bakos, “Design and construction of a two-axis Sun
tracking system for parabolic trough collector (PTC) efficiency
improvement,” Renewable Energy, vol. 31, no. 15, pp. 2411–2421,
2006.
[19] A.-J. N. Khalifa and S. S. Al-Mutawalli, “Effect of two-axis sun
tracking on the performance of compound parabolic concentrators,” Energy Conversion and Management, vol. 39, no. 10, pp.
1073–1079, 1998.
[20] H. Mousazadeh, A. Keyhani, A. Javadi, H. Mobli, K. Abrinia,
and A. Sharifi, “A review of principle and sun-tracking methods
for maximizing solar systems output,” Renewable and Sustainable Energy Reviews, vol. 13, no. 8, pp. 1800–1818, 2009.
[21] H. Baiga, K. C. Heasmanb, and T. K. Mallick, “Non-uniform
illumination in concentrating solar cells,” Renewable and Sustainable Energy Reviews, vol. 16, no. 8, pp. 5890–5909, 2012.
[22] K. K. Chong, F. L. Siaw, C. W. Wong, and G. S. Wong,
“Design and construction of non-imaging planar concentrator
for concentrator photovoltaic system,” Renewable Energy, vol.
34, no. 5, pp. 1364–1370, 2009.

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2013, Article ID 250397, 6 pages
http://dx.doi.org/10.1155/2013/250397

Research Article
High Efficiency of Dye-Sensitized Solar Cells Based on
Ruthenium and Metal-Free Dyes
Che-Lung Lee,1 Wen-Hsi Lee,1 and Cheng-Hsien Yang2
1
2

Department of Electrical Engineering, Nation Cheng Kung University, No. 1, Daxue Rd., East Dist., Tainan City 70101, Taiwan
Nano-Powder and Thin Film Technology Center, ITRI South, Room 603, Buildig. R2, No. 31, Gongye 2nd Road, Annan District,
Tainan 70955, Taiwan

Correspondence should be addressed to Cheng-Hsien Yang; jasonyang@fusol-material.com
Received 8 September 2013; Accepted 12 October 2013
Academic Editor: Teen-Hang Meen
Copyright © 2013 Che-Lung Lee et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The influence of using different concentrations of triazoloisoquinoline based small molecule as coadsorbent to modify the
monolayer of a TiO2 semiconductor on the performance of a dye-sensitized solar cell is studied. The co-adsorbent significantly
enhances the open-circuit photovoltage (𝑉oc ), the short circuit photocurrent density (𝐽sc ) the solar energy conversion efficiency
(> 𝜂). The co-adsorbent 4L is applied successfully to prepare an insulating molecular layer with N719 and achieve high energy
conversion efficiency as high as 8.83% at 100 mW cm−2 and AM 1.5 at 1 to 0.25 (N719 : co-adsorbent) molar ratio. The resulting
efficiency is about 6% higher than that of a nonadditive device. The result shows that the organic small molecule 4L (2-cyano3-(5-(4-(3-oxo-[1,2,4]triazolo[3,4-a]isoquinoline-2(3H)-yl)phenyl)thiophene-2-yl)acrylic acid) is the promising candidates for
improvement of the performance of dye-sensitized solar cell.

1. Introduction
Dye-sensitized solar cells have attracted considerable academic and industrial research interest since Regan and
Grätzel’s report in 1991 [1]. Usually these cells consist of
a working electrode which is coated with a dye-sensitized
mesoporous film of nanocrystalline particles of TiO2 , a Ptcoated counterelectrode, and an electrolyte containing a
suitable redox couple. The function of such devices is based
on the electron injection from the photoexcited state of
the dye molecule into the conduction band of the TiO2 ,
followed by regeneration of the dye by an iodide/triiodide
redox couple. Typically, high power conversion efficiencies
(𝜂) of more than 11% have been achieved by using ruthenium
complex and acetonitrile based electrolytes [2]. However,
organic additives play a key role in the characteristics of both
electrolytes and devices and have been explored extensively
with regard to improving the efficiency of DSSC [3–5].
A few reports have described the use of organic additives
for a compact layer, comprised of the dye and coadsorbent

[6, 7]. Chenodeoxycholic acid (DCA) is frequently added to
the dye solution to enhance the open-circuit photovoltage
(𝑉oc ), the short circuit photocurrent density (𝐽sc ), and the
efficiency (𝜂) of DSSC [8, 9]. The 𝑉oc , 𝐽sc , and FF of the DSSC
are affected by DCA due to the suppression of dark current
at the semiconductor/electrolyte junction, since DCA blocks
the surface states Ti(IV) ions that are active in the charge
transfer [10]. Due to the insulating molecular layer, the charge
recombination process can be shielded, and this increases the
𝑉oc , 𝐽sc , and 𝜂. Several approaches have been developed for
this purpose, such as the use of pyridinium additives [11],
pyrimidine additives [12], dipolar carboxylic acid derivatives
[13], zwitterionic coadsorbents [14], and guanidinium cations
[4]. In this paper, we synthesize a new triazoloisoquinolinebased organic small molecule used as co-adsorbents to
modify the monolayer of a TiO2 semiconductor. We discuss
the concentration effect of co-adsorbents and investigate the
possibility of using triazoloisoquinoline-based organic small
molecule as co-adsorbents in DSSC.
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2. Experimental

2.4. Synthesis

2.1. General Procedure for Preparation of Solar Cells.
Fluorine-doped tin oxide (FTO, 10 Ω square−1 ) glass plates
were cleaned using detergent solution, water, and ethanol in
an ultrasonic bath overnight. The screen-printing procedure
was repeated with TiO2 paste (∼15–20 nm colloidal particles,
Ti-Nanoxide T series, Solaronix SA) to obtain a transparent
nanocrystalline film of thickness around 12 𝜇m. The 100 nm
colloidal particles were prepared in a basic environment
according to the literature [15] and dispersed in 𝛼-terpineol
with ethyl cellulose for scattering TiO2 paste. A scattering
layer around 4 𝜇m was deposited by using this scattering
TiO2 paste and a final thickness of 16 𝜇m was attained.
The TiO2 electrodes were gradually annealed at 450∘ C for
30 min in an oven in an air atmosphere. After sintering, the
electrodes were further treated with 0.2 M TiCl4 aqueous
solution at room temperature for 12 h, then washed with
water and ethanol, and annealed at 450∘ C for 30 min. When
the temperature decreased to 70∘ C after sintering, the
electrodes were immersed into dye solution, which included
0.5 mM N719 and different concentrations of co-adsorbent
in tert-butanol/acetonitrile (AN) (1 : 1 in volume). The dye
solutions were kept at 25∘ C for more than 18 h to allow the
dye to adsorb to the TiO2 surface. After the adsorption of
the dyes, the electrode was rinsed with the same solvent.
The dye-loaded TiO2 film as the working electrode and
Pt-coated TCO as the counterelectrode (about 20 nm) were
separated by a hot-melt Surlyn sheet (25 𝜇m) and sealed
together by pressing them under heat. The electrolytes
were introduced into the gap between the working and
counterelectrodes from two holes predrilled on the back of
the counterelectrode. Finally, the two holes were sealed with
a Surlyn film covering a thin glass slide under heat. The cells
were evaluated by using 0.6 M [BMI][I], 0.1 M GuNCS, 0.3 M
I2 , and 0.5 M TBP in a AN/VN (85/15, v/v) solvent as the
redox electrolyte.

2.4.1. Synthesis of 2-(4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolane-2-yl)phenyl)-[1,2,4]triazolo[3,4-a]isoquinoline-3(2H)one (2). In a round-bottom flask, compound 1 (5.6 g,
16.3 mmol), 4,4,5,5-tetramethyl-2-(4,4,5,5-tetramethyl-1,3,2dioxaborolane-2-yl)-1,3,2-dioxaborolane (4.4 g, 17.1 mmol),
and potassium acetate (4.8 g, 49.0 mmol) were dissolved
in dimethyl sulfoxide (DMSO) under nitrogen atmosphere.
After adding a catalyst of dichloro-[1,1 -bis(diphenylphosphino)ferrocenyl]palladium(II) (Pd(dppf)Cl2 ), the mixed
solution was heated at 80∘ C for 6 hours with vigorous
stirring. It was then poured into EtOAc-water for extraction. The organic phase was concentrated and adsorbed on
silica gel and purified by column chromatography using
hexane/EtOAc mixture (5 : 1) as the eluant: white powder;
yield 5.32 g (84.2%); 1 H NMR (300 MHz, d6 -DMSO): 𝛿 8.31
(d, 1H, 𝐽 = 7.53 Hz), 8.17 (d, 2H, 𝐽 = 8.23 Hz), 7.84 (d, 3H,
𝐽 = 8.57 Hz), 7.77∼7.66 (m, 3H), 7.02 (d, 1H, 𝐽 = 7.44 Hz), 1.32
(s, 12H).

2.2. Photovoltaic Measurement. The current-voltage (𝐼-𝑉)
characteristics in the dark and under illumination were
measured with a Keithley 2400 sourcemeter. The photocurrent was measured in a nitrogen-filled glove box under a
solar simulator (Oriel 96000 150 W) with AM 1.5 G-filtered
illumination (100 mW cm−2 ). The spectra-mismatch factor of
the simulated solar irradiation was corrected using a Schott
visible-color glass-filtered (KG5 color filter) Si diode (Hamamatsu S1133). The active area of the device was 0.25 cm2 .

2.4.3. Synthesis of 2-Cyano-3-(5-(4-(3-oxo-[1,2,4]triazolo[3,4a]isoquinoline-2(3H)-yl)phenyl)thiophene-2-yl)acrylic Acid
(4L). In a three-neck bottle, compound 3 (1.2 g, 3.3 mmol),
2-cyanoacetic acid (0.6 g, 6.5 mmol), and piperidine (0.08 g,
0.98 mmol) were dissolved in chloroform. The mixed solution
was refluxed for 16 hours with rapid stirring. After cooling,
the resulting solution was poured into EtOAc-MeOH. The
separated solid was filtered and thoroughly washed with
EtOAc and MeOH and dried: pale orange powder; yield
1.2 g (85.0%); 1 H NMR (300 MHz, d6 -DMSO): 𝛿 8.32 (d, 1H,
𝐽 = 7.50 Hz), 8.23 (s, 1H), 8.20 (d, 2H, 𝐽 = 3.20 Hz), 7.93 (d,
2H, 𝐽 = 8.72 Hz), 7.89∼7.67 (m, 6H), 7.03 (d, 1H, 𝐽 = 7.46 Hz);
ESI-MS 𝑚/𝑧 437 (M-H+ ); Anal. Calcd for C24 H14 N4 O3 S: C,
65.74; H, 3.22; N, 12.78. Found: C, 65.96; H, 3.28; N, 12.60.

2.3. Dye Loading Measurement. The TiO2 films were put
into the dye solution (N719, 3 × 10−4 M in tert-butanol and
acetonitrile, 1 : 1, v/v) for 24 h. Subsequently, the TiO2 films
were washed with acetonitrile after the adsorption process
and then dried in N2 flow. Dye loading measurements were
conducted by desorbing the dye molecules from the dyeanchored films in NaOH ethanolic solution. The loading
amount was calculated from the absorbance of the completely
desorbed dye solutions by the spectrophotometer.

2.4.2. Synthesis of 5-(4-(3-Oxo-[1,2,4]triazolo[3,4-a]isoquinoline-2(3H)-yl)phenyl)thiophene-2-carbaldehyde (3). In a
three-necked round-bottomed flask (25 mL) equipped
with a reflux condenser, compound 2 (1.71 g, 4.4 mmol), 5bromothiophene-2-carbaldehyde (1.0 g, 5.2 mmol), and 2 M
potassium carbonate solution were added to a suspension
of Pd(PPh3 )4 (3.0 mol%) in tetrahydrofuran (30 mL) at
ambient temperature under nitrogen. The reaction mixture
was heated to 80∘ C with rapid stirring for 16 hours. After
cooling, the resulting solution was poured into water. The
separated solid was filtered and thoroughly washed with
water-acetone and dried: pale yellow powder; yield 1.0 g
(61.6%); 1 H NMR (300 MHz, d6 -DMSO): 𝛿 9.23 (s, 1H), 8.32
(d, 1H, 𝐽 = 7.56 Hz), 8.24 (d, 2H, 𝐽 = 8.53 Hz), 8.07 (d, 1H,
𝐽 = 3.81 Hz), 8.01 (d, 2H, 𝐽 = 8.60 Hz), 7.86∼7.67 (m, 5H),
7.04 (d, 1H, 𝐽 = 7.39 Hz).

3. Results and Discussion
3.1. Synthesis. The synthetic route of the co-adsorbent is
shown in Figure 1. 2-(4-bromophenyl)-[1, 2, 4]triazolo[3,4a]isoquinoline-3(2H)-one (1) was obtained as reported earlier
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Figure 1: Synthetic route of co-adsorbent 4L.

[16]. 4L was synthesized by Suzuki coupling of compound 2
with 5-formylthiophene-2-ylboronic acid, followed by Knoevenagel condensation reaction with cyanoacrylic acid in the
presence of piperidine. This product was well characterized
by spectroscopic analyses.

Table 1: The amount of adsorbed N719 dye for different TiO2
structures.
TiO2 structure
Film 1
Film 2

3.2. The Double-Layer TiO2 Film. Recently, an enhancement
in light absorption via application of light scattering has
been studied for DSSCs [17, 18]. To take advantage of the
light-scattering effect of TiO2 particles, light absorption can
be enhanced in TiO2 films by increasing the absorption
path length of photons, which can effectively improve the
photocurrent output of cells. In order to obtain a high
photoelectric conversion efficiency in DSSCs, a double-layer
TiO2 film was fabricated, composed of a light-scattering layer
and a transparent layer. The transparent layer was prepared
by commercial TiO2 paste and the light-scattering layer was
deposited by home-made scattering TiO2 paste. First, TiCl4
solution was converted to Ti(OH)4 gel after ammonia neutralization and H2 O2 was used to hydrolyze Ti(OH)4 to form
TiO2 sol. Subsequently, the result solution was refluxed 35–40
hours for crystallization, and the anatase type TiO2 organic
sol was obtained. This solution was concentrated by rotary
evaporator and dispersed in 𝛼-terpineol with ethyl cellulose
for scattering TiO2 paste. After screen-printing, the thickness
of the double-layer film was about 16 𝜇m. Figure 2(a) shows
the surface morphology of the light-scattering layer, revealing
their well-connected network and the porous nature of TiO2
film. The average sizes of the nanostructures were about
100 nm in diameter. This results in a good scattering effect
because of the elongated optical path length. Figure 2(b)
shows the surface morphology of light-scattering layer after
TiCl4 posttreatment. From the SEM image, one can see that

Film 3

FTO/transparent layer
FTO/transparent layer/light-scattering
layer
FTO/transparent layer/light-scattering
layer/TiCl4 posttreatment

Dye adsorption
(10−7 mol cm−2 )
5.23
5.35
7.02

the necking of the TiO2 particles and the surface roughness
are enhanced and resulting in higher dye adsorption amount.
As summarized in Table 1, it was found that the dye amount
on a film of Film 3-TiCl4 posttreatment is higher than
those of Films 1 and 2. It is well known that the shortcircuit current density is mainly determined by the initial
number of photogenerated electrons, and the initial number
of photogenerated electrons could be significantly affected by
the dye amount on the TiO2 films. This result agrees well with
recent experiments [19, 20]. In order to maximize the light
harvesting efficiency, we fabricate the structure of Film 3 for
the follow-up discussion of co-adsorbent effect.
3.3. The Concentration Effect of Coadsorbents. After optimization of the devices, the photovoltaic characteristics of
the small molecule as co-adsorbent for DSSCs were evaluated
with a sandwich DSSC cell (as shown in Figure 3) using
0.6 M [BMI][I], 0.1 M GuNCS, 0.3 M I2 , and 0.5 M TBP
in a AN/VN (85/15, v/v) solvent as the redox electrolyte.
Details of the device preparation and characterization are
described in the experimental section, and all the essential
properties of these cells are listed in Figure 3 and Table 2.
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(a)

(b)

Figure 2: SEM images of (a) light-scattering layer of double layer TiO2 films and (b) TiCl4 posttreatment of light-scattering layer.
Table 2: Photovoltaic parameters of the DSSCs with N719 : 4L in different molar ratios under AM 1.5 G sunlighta .

Device A
Device B
Device C
Device D
a

Dyestuff coadsorbent
molar ratio

𝐽sc (mA cm−2 )

𝑉oc (V)

FF

𝜂 (%)

N719
N719-4L
1 : 0.25
N719-4L
1 : 0.50
N719-4L
1:1

15.65

0.76

0.70

8.36

16.39

0.77

0.70

8.83

15.27

0.76

0.71

8.21

15.72

0.75

0.69

8.10

Performances of DSSCs were measured with 0.25 cm2 working area.

Under the standard AM 1.5 G irradiation, the maximum
efficiency (𝜂) for the N719-sensitized solar cell-device B with
an active area of 0.25 cm2 was calculated to be 8.36%, with
a 𝐽sc of 15.65 mA cm−2 , a 𝑉oc of 0.76 V, and a fill factor (FF)
of 0.70. However, the solar cells based on the 12 + 4 𝜇m
transparent layer which was sensitized by N719-4L with 1
to 0.25 molar ratio yielded a remarkably high photocurrent
density of 16.39 mA cm−2 , an open circuit voltage of 0.77 V,
and a fill factor of 0.70, corresponding to an overall power
conversion efficiency of 8.83%. This result is also in agreement
with the observation of the incident photon-to-electron
conversion efficiency (IPCE) action spectra of DSSCs presented in Figure 4. With the increase in 4L concentration, the
overall power conversion efficiency shows a downward trend.
Compared to device A with a single dyestuff-N719, devices
C and D based on a high 4L molar ratio exhibit lower 𝜂
values of 8.21% and 8.10%. It is well known that co-adsorbents
will compete with N719 for adsorption on the TiO2 surface.
This result shows that N719 and co-adsorbent 4L are in
balance at a 1 to 0.25 molar ratio. In this concentration
of cosensitizers, N719 may occupy positions on the TiO2
surface, and coadsorbent 4L then anchors to the blank to
create a perfect insulating molecular layer. Because of this
layer, the charge recombination process can be shielded, and
the incident photo-to-electron conversion efficiency can be
enhanced, and this increases 𝑉oc , 𝐽sc , and 𝜂. On the other

hand, devices C and D show downward trend at 𝑉oc and FF
values in comparison with device A. This indicates that coadsorbent 4L has considerable superiority at 1 to 0.50 and
1 to 1 molar ratios, with some N719 molecules having lost
their positions on TiO2 and being replaced by co-adsorbent
4L. This increases the opportunities for 𝜋-𝜋 stacking of small
organic molecule-4L and decreases the contribution of N719
to the incident photon-to-electron conversion efficiency [20–
22]. These photovoltaic performance results indicate that
coadsorption with 4L and N719 in an appropriate concentration is effective in improving solar cell performance.

4. Conclusions
A new triazoloisoquinoline-based co-adsorbent has been
prepared and applied in DSSC. This study demonstrates that
coadsorption of N719 sensitizer with triazoloisoquinolinebased organic small molecule onto nanocrystalline TiO2
films significantly increases the photovoltage and photocurrent, thus enhancing the total conversion efficiency. After
optimization of the structure of the TiO2 layer, the cell
produced in this work achieved an energy conversion efficiency as high as 8.83% at 100 mW cm−2 and AM 1.5 G at
1 to 0.25 (N719 : co-adsorbent) molar ratio. This improved
conversion efficiency is attributed to the insulating molecular
layer, which was composed of small molecule 4L and N719,
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Figure 3: Photocurrent density-voltage characteristics of solar
cells sensitized by N719 (Device A), N719 : 4L (1 : 0.25) (Device B),
N719 : 4L (1 : 0.5) (Device C), and N719 : 4L (1 : 1) (Device D) with
12.0 + 4.0 𝜇m double layers nanocrystalline TiO2 electrodes.
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Figure 4: IPCE action spectra of solar cells sensitized by N719
(Device A), N719 : 4L (1 : 0.25) (Device B), N719 : 4L (1 : 0.5) (Device
C), and N719 : 4L (1 : 1) (Device D) with 12.0 + 4.0 𝜇m double layers
nanocrystalline TiO2 electrodes.

and the charge recombination process can be shielded. This
breakthrough will contribute to promoting organic small
molecule as co-adsorbents in DSSC.
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A high efficiency illumination for LED street lighting is proposed. For energy saving, this paper uses Class-E resonant inverter
as main electric circuit to improve efficiency. In addition, single dimming control has the best efficiency, simplest control scheme
and lowest circuit cost among other types of dimming techniques. Multiple serial-connected transformers used to drive the LED
strings as they can provide galvanic isolation and have the advantage of good current distribution against device difference. Finally,
a prototype circuit for driving 112 W LEDs in total was built and tested to verify the theoretical analysis.

1. Introduction
Green energy and high efficiency equipment have been
developed rapidly to mitigate to global warming problem. In
order to improve the efficiency of lighting equipments, light
emitting diode (LED) has been paid attention and adopted
as the light source. LED has the highest lighting efficiency
among other lighting equipments. Furthermore, it possesses
longer life cycle, faster dynamic response, smaller device
volume and higher color rendering index. LED lighting
equipments are widely used for automobiles [1–4], indoor
lightings [5], outdoor lights [6, 7], and street lamps recently.
LED lighting equipments are look upon as the main lighting
equipment in the future. In order to replace traditional
lighting equipments, LED lighting equipments of high output
power are developing rapidly in recent years. Performance
of LED lighting equipment has been paid attention to,
such as efficiency of LED drivers, device reliability, and
dimming features. In this paper, multiple serial-connected
transformers are used to overcome the problems mentioned
above.
In order to drive the multiple serial-connected transformers, an inverter is required. Class-E serial resonant inverter
will be used in this paper as main electric circuit. Class-E
resonant inverter can achieve higher efficiency than ClassD resonant inverter [8, 9]. In order to lower the usage of

electricity for lightings during daytime, dimming features
are seen as a way to save energy of lighting equipments.
Conventional ways to achieve dimming feature is to use
linear current-regulator to control LED lighting equipments
individually [10]. Another way is to use PWM controller
to achieve dimming control [11, 12], but PWM controller
without current limitation function causes the shrink of
life cycle of LED. Dimming switches of both ways do not
have the ability of soft switching, which involves switching
losses during dimming control. In this paper, integral-cycle
control is used to achieve ZCS function of dimming switches,
minimizing the power losses during dimming control.
There are several different control schemes to achieve
same output power of an LED lighting equipment. This
paper proposes three types of different dimming controls
for multiple serial-connected transformers. Three types of
dimming controls include synchronism dimming control,
sequential dimming control, and single dimming control.
The efficiency and control scheme are both compared in this
paper to find out the best dimming control scheme.

2. Topology and Analysis of Proposed Circuit
To improve the efficiency of street lighting, Class-E resonant
inverter is used in this paper. Class-E resonant inverter
possesses higher efficiency than other types of inverter.
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Figure 1: Proposed circuit in this paper.
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The class-E resonant inverter in this paper will be operated in
close to optimum mode to ensure ZVS function of the main
switch at all time. Figure 1 shows the proposed circuit in this
paper. Figure 2 shows the theoretical optimum waveforms
of operating modes of class-E resonant inverter; it can be
categorized into 4 modes as shown in Figure 3; the modes are
described as follows.

Mode I ends when the resonant current passes through zero
and the circuit enters the next mode.

2.1. Mode I: 𝑡0 < 𝑡 < 𝑡1 . When switch S1 turns off, Mode I
starts. As the switch of the resonant inverter turns off, current
𝐼IN − 𝐼𝑟 is in positive cycle. The current is flowing through the
parallel capacitor 𝐶1 and, voltage on 𝐶1 is raised from zero.

2.2. Mode II: 𝑡1 < 𝑡 < 𝑡2 . Mode II starts when the resonant
current enters positive cycle and ends when current of 𝐶1 , 𝐼𝑐1
passes through zero point and then the circuit enters Mode
III.

Figure 3: Operating modes of proposed circuit.

International Journal of Photoenergy

3

2.3. Mode III: 𝑡2 < 𝑡 < 𝑡3 . Mode III starts when the current
𝐼IN − 𝐼𝑟 passes through zero and enters negative cycle. The
main switch of class-E resonant inverter remains off. The
current 𝐼IN − 𝐼𝑟 enters negative cycle and so is the current
of capacitor 𝐶1 , 𝐼𝑐1 . The voltage on the parallel capacitor 𝐶1
begins to discharge. This mode ends when current 𝐼IN − 𝐼𝑟
passes through zero and enters the positive cycle.
2.4. Mode IV: 𝑡3 < 𝑡 < 𝑡4 . Mode IV starts after current
𝐼IN − 𝐼𝑟 enters positive cycle. Parallel capacitor 𝐶1 is completely discharged and the main switch turns on. Since the
voltage applied on the parallel capacitor drops to zero and so
is the voltage applied on the main switch. Therefore, the main
switch of Class-E resonant inverter achieves zero-voltage
switching (ZVS) function and reduces switching losses. This
mode ends when the resonant current becomes negative and
the circuit enters Mode I of the next high frequency cycle.
Reactance changes to resonant tank during dimming
control might result in current variation. Current variation
might result in malfunction of LED street lamp, which
influences the safety of drivers, and it is not acceptable.
Class-E resonant inverter must be well designed to prevent
unacceptable current variation. Therefore, characteristics of
proposed circuit are analyzed as follows.
To simplify the analysis, the circuit is simplified as in
Figure 4. As shown in Figure 5, in order to simplify the
parameters design, the loads are equivalent to the primary
side of transformers 𝑅𝑝 . The value of the input inductor
will influence the ripple of input current which can be
expressed as in (1). The value of DC input current can be
estimated by (2). With a high load quality factor, almost all
the harmonic contents and Dc components will be filtered
by the resonant tank. Only the fundamental current at the
switching frequency will be present in the load circuit.
Therefore, the load resonant circuit can be analyzed using the
fundamental component approximation. The fundamental
voltage 𝑉𝑐1 applied on parallel capacitor 𝐶1 can be estimated
by (3)
Δ𝐿 1,𝑝𝑝 =

𝑉IN
𝐷𝑇,
𝐿1

𝑉
⇒ 𝐿 1 = IN 𝐷𝑇,
Δ𝑖𝐿,𝑃𝑃
𝐼IN =

𝑃
,
𝑉IN

2√2 × 𝑉IN
𝑉𝑐1 ≈
.
𝜋

(1)

will rise to the maximum. The maximum resonant current
𝐼𝑟 max occurs when only one equivalent resistance of LED set
participates in the resonant tank. 𝐼𝑟 max can be expressed as in
(5). With 𝑇𝑥 being defined as ratio of 𝑍LC and 𝑅𝑃 as expressed
by (6), the resonant current ratio of 𝐼𝑟 min and 𝐼𝑟 max , 𝐾 can be
expressed as in (7)
𝑉𝑐1

𝐼𝑟 min =

,

(4)

,

(5)

√(𝑛𝑅𝑃 )2 + (𝑍LC )2

𝐼𝑟 max =

𝑉𝑐1
√(𝑅𝑃 )2 + (𝑍LC )2



𝑍LC = 𝑇𝑋 𝑅𝑃  ,

(6)

(1 + 𝑇𝑋 2 )
𝐼𝑟 min
√
𝐾≡
,
=
𝐼𝑟 max
(𝑛2 + 𝑇𝑋 2 )

(7)

where 𝐾 is the current ratio of 𝐼𝑟 min and 𝐼𝑟 max .
As shown in (8), according to Kirchhoff ’s voltage law
(KVL), voltage of the resonant tank is equal to the sum
of the voltage applied on resonant components and loads,
and, wherein, the 𝑅𝑇 can be found by (9). Since the ratio of
reactance 𝑍LC to 𝑅𝑝 has been found, voltage applied on single
transformer 𝑉𝑅𝑃 with full load can be calculated by (10)
2

2

2

(𝑉𝑐1 ) = (𝑉𝑅𝑇 ) + (𝑉𝑍LC ) ,

(8)

𝑅𝑇 = 𝑛 × 𝑅𝑃 ,

(9)

𝑉𝑅𝑃 = √

𝑉𝑐1 2
.
𝑛2 + 𝑇𝑥 2

(10)

The specifications of LED lighting sets are given in Table 1.
The operating voltage of LED lighting set at rate output, 𝑉lamp ,
will be estimated by (11), where the 𝐼LED min can be estimated
by (12)
𝑉lamp = 𝑉LED + 𝐼LED min ⋅ 𝑅LED ,

(11)

𝐼LED min = 𝐼LED × 𝐾.

(12)

With the voltages of both sides of transformers being
found out, turn ratio 𝑁𝑝 /𝑁𝑠 can be estimated by (13)
(2)
(3)

During dimming control, the resonant current is impossible to be kept unchanged, and determination of the maximum
loading current is essential. The variation of LED current is
proportional to the variation of resonant current, and the
resonant current is dominated by 𝑍LC and 𝑅𝑇 . The minimum
resonant current 𝐼𝑟 min will occur at full load; minimum
resonant current 𝐼𝑟 min can be expressed as in (4), where 𝑛
is the number of LED lighting sets. When LED lighting sets
are shorted during dimming control, the resonant current

𝑎≡

𝜋 × 𝑉𝑅𝑃
𝑁𝑃
=
,
𝑁𝑆 2√2 × 𝑉Lamp

(13)

where 𝑎 is the turn ratio in this paper.
Moreover, the resonant current during full load can
be referred from the secondary side of transformer to the
primary side; the RMS value of full load resonant current
𝐼𝑟 min can be estimated by (14)
𝐼𝑟 min =

𝜋 × 𝐼LED min
.
2√2 × 𝑎

(14)

Since all the components are ideal, there will be no power
losses in transformers, and the input power is equal to the
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leads the resonant current can be found by deducing (24). The
mean voltage of 𝐶1 , 𝑉𝑐1𝑎V will be equal to the input voltage 𝑉IN
as in (25). The mean voltage of 𝐶1 , 𝑉𝑐1𝑎V , can be expressed as
in (26). Therefore, the value of 𝐶1 can be rewritten as in (27),
and the value can be found by deriving (27)
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VRT
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Figure 4: Simplified circuit.
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Cr
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VRT
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−
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+
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−
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−
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(𝐼𝑟 min )

2

=

8 × 𝑎2 × 𝑉Lamp
𝜋2

× 𝐼LED min

(20)

𝑅𝑇

1 𝑡
∫ [𝐼 − 𝐼 sin (𝜔𝑡 − Φ)] 𝑑𝑡
𝐶1 𝑡0 IN 𝑜

𝑉𝑐1 (𝑡3 ) =
=

(16)

where 𝑅𝑝 is the equivalent power resistance in the primary
side of transformers.
Since the value of 𝐶1 influences whether the main switch
of class-E resonant inverter has the capability of zero-voltage
switching (ZVS) function or not, analysis of parallel capacitor
𝐶1 is critical in this research. If the resonant current is defined
as (17), the output power can be expressed as in (18). If RMS
value of resonant current is expressed as in (19), the peak
value of resonant current can be expressed as in (20). The
current of parallel capacitor 𝐶1 , 𝐼𝑐1 , is expressed as in (21).
The instantaneous voltage of parallel capacitor 𝐶1 , 𝑉𝑐1 (𝑡), is
expressed as in (22). 𝑉𝑐1 (𝑡3 ) will drop to zero at time instant
𝑡3 as expressed by (23). Besides, 𝑉𝑐1 (𝑡3 ) can be expressed as in
(24). Therefore, the angle, Φ, by which the resonant voltage

𝐼
1
[(1 − 𝐷) 𝑇 × 𝐼IN + 𝑜 cos (2𝐷𝜋 + Φ)
𝐶1
𝜔

=

(23)

(24)

(25)

1 (1−𝐷)𝑇
𝑉𝑐1 (𝑡) 𝑑𝑡
∫
𝑇 𝑡0
1 (1 − 𝐷)2 𝑇
(1 − 𝐷) 𝑇
{
𝐼IN −
cos Φ × 𝐼𝑜
𝐶1
2
2𝜋
+

𝐶1 =

(22)

𝐼𝑜
cos Φ] ,
𝜔
𝑉𝑐1𝑎V = 𝑉IN ,

𝑉𝑐1𝑎V =

(21)

1 𝑡3
∫ [𝐼 − 𝐼 sin (𝜔𝑡 − Φ)] 𝑑𝑡
𝐶1 𝑡𝑜 𝐷𝐶 𝑜

−

(15)

,

,

8 × 𝐼LED min × 𝑉Lamp

𝑉𝑐1 (𝑡3 ) = 0,

With the input power 𝑃𝑅𝑝 and the resonant current of
primary side 𝐼𝑟 min , the equivalent power resistance can be
estimated by (16)
𝑃𝑅𝑃

(19)

𝐼
𝐼
1
=
[𝐼IN × 𝑡 + 𝑜 cos (𝜔𝑡 − Φ) − 𝑜 cos Φ] ,
𝐶1
𝜔
𝜔

output power; therefore, the input power of primary side can
be estimated by (15)
𝑃𝑅𝑃 = 𝐼LED min × 𝑉Lamp .

,

𝑖𝑐1 (𝑡) = 𝐼IN − 𝐼𝑜 sin (𝜔𝑡 − Φ) ,

+
VRp
−

Figure 5: Equivalent power resistance 𝑅𝑝 .

𝑅𝑃 ≡

𝑅𝑇

Ir

+

C1

4 × 𝐼LED min × 𝑉Lamp

(26)

𝑇
𝐼 [sin Φ − sin (2𝐷𝜋 + Φ)] } ,
4𝜋2 𝑜

1
(1 − 𝐷)2 𝑇
(1 − 𝐷) 𝑇
{
𝐼IN −
cos Φ × 𝐼𝑜
𝑉IN
2
2𝜋
𝑇
+ 2 𝐼𝑜 [sin Φ − sin (2𝐷𝜋 + Φ)] } .
4𝜋

(27)

Using the parameters of resonant frequency of resonant
tank 𝑓𝑟 and switching frequency 𝑓𝑠 defined in Table 1, the
reactance 𝑍LC defined as in (28) and resonant components 𝐶𝑟
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Table 1: Specifications of proposed circuit.
Input voltage, 𝑉IN
Current ratio, 𝐾
Turn ratio, 𝑎
Turn ratio of dimming circuit
Switching frequency, 𝑓𝑠
Resonant frequency, 𝑓𝑟
Maximum loading current of LED, 𝐼LED
Operating voltage of LED, 𝑉LED
Total output power, 𝑃𝑜
Value of output capacitor, 𝐶on

140 V
0.7
0.30
0.125
50 kHz
40 kHz
350 mA
78.8 V
112 W
330 𝜇F

Ic1
Is
Ir

Vc1
Vgs : 20 V/div Ic1 : 2 A/div Is : 2 A/div Ir : 2 A/div Vc1 : 100 V/div

Figure 6: Experimental waveforms of Class-E resonant inverter.
Table 2: Parameters deduced from design procedures.
Input inductor, 𝐿 1
Voltage apply on 𝐶1 , 𝑉𝑐1
Magnification of resistance, 𝑇𝑋
Equivalent power resistance, 𝑅𝑇
Voltage apply on a single transformer, 𝑉𝑅𝑃
Minimum resonant current, 𝐼r min
Minimum loading current of LEDs, 𝐼LED min
Value of parallel capacitor, 𝐶1
Value of resonant capacitor, 𝐶𝑟
Value of resonant inductor, 𝐿 𝑟

10 mH
126 V
3.66
118 Ω
23.24 V
0.9 A
280 mA
20.5 nF
49 nF
321 𝜇H

Vgs

Vc1
Vgs : 10 V/div Vc1 : 50 V/div time: 5 𝜇s/div

Figure 7: Waveforms of ZVS function of the main switch of Class-E
resonant inverter during single load.

and 𝐿 𝑟 can be solved by deducing simultaneous (28), where
𝐾 is the resonant current ratio of 𝐼𝑟 min and 𝐼𝑟 max
𝑍LC = 𝜔𝑠 𝐿 𝑟 −
𝜔𝑟 = 2𝜋𝑓𝑟 =

1
,
𝜔𝑠 𝐶𝑟

1
.
√𝐿 𝑟 𝐶𝑟

Vgs

(28)

3. Experimental Results
In this paper, a high efficiency street lighting is proposed.
Table 1 shows the specification of the proposed circuit, following the design procedures in the previous section. Parameters
can be deduced as in Table 2. Figure 6 shows the waveforms
of the Class-E resonant inverter during full load using the
parameters listed in Table 2. Experimental waveforms show
that the experimental results are in good consistency with the
theoretical prediction.
Figures 7 and 8 show the waveforms which indicate that
the main switch is able to achieve ZVS function in both full
load and single load. Figure 7 shows the voltage waveforms of
𝑉𝑔𝑠 and 𝑉𝑐1 during single load and Figure 8 shows the voltage
waveforms of 𝑉𝑔𝑠 and 𝑉𝑐1 during full load. Resonant current
will flow through the body diode of the main switch before
it turns on. It can be clearly seen that the main switch of the
Class-E resonant inverter has achieved ZVS function in both
full load and single load as demanded.

Vc1
Vgs : 10 V/div Vc1 : 50 V/div time: 5 𝜇s/div

Figure 8: Waveforms of ZVS function of the main switch of Class-E
resonant inverter during full load.

4. Discussions of Different Types of
Dimming Control
With integral-cycle control being used in this paper to implement the dimmer design, wide range and precise dimming
control can be achieved. During dimming control, reactance
changes will occur. There are several ways to achieve same
output effect with different dimming control techniques. The
relationship between different dimming techniques and reactance changes will be discussed in this section. The frequency
of dimming signal 𝑉𝑔𝑠-dim is 500 Hz and switching frequency
of the Class-E resonant inverter is 50 kHz. Dimming range
is made possible from 0.25% to 100%. Since street lamps are
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Figure 11: 60% output of sequential dimming control.

Figure 9: 60% output of synchronism dimming control.
Vgs- dim1
Vgs- dim1

ILED1

ILED1

Vgs-dim2

Vgs- dim2
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Vgs- dim1,2,3,4 : 20 V/div ILED1,2,3,4 : 100 mA/div time: 500𝜇s/div

Vgs-dim1,2,3,4 : 20 V/div ILED1,2,3,4 : 200 mA/div time: 500 𝜇s/div

Figure 12: 35% output of sequential dimming control.

Figure 10: 35% output of synchronism dimming control.

operated at rate output, generally, they do not require wide
range of dimming control. The dimming control of 35% to
100% rated power is proposed in this paper. Output capacitors
with great value are used in this paper to limit the effect of
current variation occurrence during dimming control.
4.1. Synchronism Dimming Control. The first way to control
the LED lighting set is to control all the lighting sets simultaneously, while the LED lighting sets are able to produce the
same amount of output power. But in this way, the reactance
will change at any time, leading to a huge reactance change to
the whole system during dimming control.
Figure 9 shows 60% rated power; Figure 10 shows 35%
rated power. Theoretically, the mean value of loading current
𝐼LED𝑛 under 85% output of dimming control is about 238 mA,
while it is 168 mA under 60% output of dimming control,
98 mA under 35% output of dimming control, and 56 mA
under 20% output of dimming control.
4.2. Sequential Dimming Control. To avoid reactance changes
at any time and leading huge reactance to whole system,
sequential dimming control is proposed. LED lighting sets
are separated into 2 groups, with 1 ms delay of each group.

The reactance changes of each LED lamp can be equally
shared in different periods, which lower the reactance
changes comparing to synchronism dimming control.
Figure 11 shows 60% output of dimming control; Figure 12
shows 35% output of dimming control. In these ways, four
sets of integral control circuits must be required, and control
scheme is complicated as well.
4.3. Single Dimming Control. Last technique is single dimming control. Only one LED lighting set is in charge of detail
dimming control while the rest of the LED lighting sets are
kept either on or off. In this way, only one set needs the
Integral-Cycle Control circuit, which can reduce the circuit
cost and simplify the control scheme, the reactance change is
the lowest as well.
Figure 13 shows 60% output of dimming control;
Figure 14 shows 35% output of dimming control.
Finally, we compare the efficiency of the three types of
dimming controls, Figure 15 shows the efficiency of the three
types of dimming controls. Single dimming control has the
best efficiency among the three types; it requires one integralcycle control circuit only, reduces reactance changes during
dimming control, and is a comparatively simplified dimming
control scheme. Figure 16 shows the lumen curve of single
dimming control from 35% to 100% output.
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Figure 16: Lumen curve of single dimming control.

Figure 13: 60% output of single dimming control.

feature. Not only did it reduce the reactance changes during
dimming control, but it also achieves comparatively the
highest efficiency as well, leading to curtailing circuit cost
and simplifying the control scheme. Finally, an 112 W high
efficiency illumination for LED street lighting is developed,
and efficiency can maintain 94% and 10270 lm at rate output.
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5. Conclusion
Via precise design of the Class-E resonant inverter, LED
street lamps can prevent damage from current variation
during dimming control. From experimental results, multiple
serial-connected transformers have successfully solved the
problems of power isolation and current uniformity. Single
dimming control is the best way of achieving dimming
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Organic light-emitting diodes (OLEDs) with triple hole-blocking layer (THBL) structure, which consist of 2,9-dimethyl-4,7diphenyl-1,10-phenanthroline (BCP), 4,4 -bis(2,2 diphenyl vinil)-1,1 -biphenyl (DPVBi), and (4,4 -N,N -dicarbazole)biphenyl
(CBP), have been fabricated. Regardless of applied voltage variation, the luminous efficiency of the OLEDs with THBL structure
was increased by 41% as compared with the dual hole-blocking layer (DHBL) structure. The CIE coordinates of (0.157, 0.111) of
device with THBL structure are close to pure blue emission than that of other devices of DHBL. There is a coordinate with the
slight shift of ±Δ 𝑥,𝑦 = (0.001, 0.008) for the device with THBL structure during the applied voltage of 6–9 V. The results indicate
that the excitons can be effectively confined in the emitting layer of device, leading to an enhancement of luminance efficiency and
more stable coordinate.

1. Introduction
Recently, organic light-emitting diodes (OLEDs) have attracted much attention due to their superior characteristics such
as high luminance, wide range of colors, and wide viewing
angles. OLEDs have been regarded as the next generation
display technology. Many approaches have been tried to
realize full-color displays [1], and it requires three basic
emitting colors, red, green, and blue. However, the blue
OLEDs still have inherent problems of low efficiency, poor
color purity, and short lifetime in comparison with other red
or green OLEDs [2]. It is important to keep the color stability
with applied voltage in the blue OLEDs. So far, there is still
a distance to achieve standard Commission International de
L’Eclairage (CIE) coordinates (0.14, 0.08) of blue OLEDs.
Generally, there are many structures of emitting layer to
obtain blue OLEDs, such as single emitting layer, double
emitting layer, blue guest doped layer, or multiple-quantumwell (MQW) layer [3–12]. Shi et al. utilized MQW structure

of [4,4-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB)/
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)]𝑛 that
makes hole-electron balance in emitting layer, resulting in
the CIE coordinates of (0.1747, 0.1059) [11]. Bang et al. used
4,4 -bis(2,2 diphenyl vinil)-1,1 -biphenyl (DPVBi) and tris-8hydroxy-quinoline aluminum (Alq3 ) as double emitting
layer, leading to CIE coordinates of (0.150, 0.137) at 11 V [2].
However, the CIE coordinates are not stable by using the
above structure or method, resulting from the shift of the
excitons recombination zone.
In this study, we improved the color purity of OLEDs by
using structure of triple-hole blocking layer (THBL), which
consisted of alternate (4,4 -N,N -dicarbazole) biphenyl
(CBP) and BCP. Both of them have excellent electron mobility
and holes barrier ability. The CBP layer compared with
BCP layer has better electron mobility and is 3 × 10−4 cm2 /
V−1 s−1 , which will favor electron injection from BPhen layer
to emitting layer [13]. The BCP layer can effectively control
the carrier in the emitting layer that will enable an increase
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Figure 1: The chemical structures of (a) NPB, (b) BCP, (c) DPVBi, (d) BPhen, and (e) Alq3 and the schematic energy band diagrams of
(f) device A, (g) device B, and (h) device C.

in the recombination of emission region. It is due to the fact
that there is a higher occupied molecular orbital (HOMO)
of 7.0 eV for BCP. However, we used the THBL structure so
that the carrier can be effectively confined and controlled in
the DPVBi emitting layer, resulting in the fact that the CIE
color coordinates of devices can be considerably improved.
Simultaneously, the mechanism of the color stability of
device with various structures is presented.

deionized (DI) water for 20 min each and then dried with
a nitrogen (N2 ) flow. The chemical structures of organic
materials used and the schematic energy band diagrams of
the devices A–C in this study are shown in Figure 1. These
structures were as follows:
(A) ITO/NPB (40 nm)/BCP (8 nm)/DPVBi (40 nm)/CBP
(2 nm)/Alq3 (20 nm)/LiF (0.5 nm)/Al (100 nm);

2. Experimental

(B) ITO/NPB (40 nm)/BCP (8 nm)/DPVBi (40 nm)/CBP
(2 nm)/BPhen (10 nm)/LiF (0.5 nm)/Al (100 nm);

Indium tin oxide (ITO) coated glass with a sheet resistance
of approximately 15 Ω/◻ was consecutively cleaned in ultrasonic bath containing detergent water, acetone, ethanol, and

(C) ITO/NPB (40 nm)/BCP (I) (6 nm)/DPVBi (20 nm)/
BCP (II) (2 nm)/DPVBi (20 nm)/CBP (2 nm)/BPhen
(10 nm)/LiF (0.5 nm)/Al (100 nm).
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Instrument PR-655, USA) and the current-voltage characteristics were simultaneously measured by the programmable
power source (Keithley SourceMeter 2400, USA), controlled
using computer software (Chief I-V-L system, Taiwan). All
measurements were carried out at room temperature under
ambient.
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Figure 2: The (a) current density-voltage and (b) luminance-voltage
characteristics of the devices A–C.

In the device, NPB is used as hole-injecting layer and
hole-transport layer. The BCP and CBP are used as holeblocking layer inserted between DPVBi and HTL. The DPVBi
acts as blue-emitting layer. The Alq3 and 4,7-diphenyl-1,10phenanthroline (BPhen) are used as a HTL. LiF and Al
are used as an electron-injection layer and cathode, respectively. All of the deposition procedures involved thermal
evaporation in a vacuum chamber (<10−6 Torr). The organic
layers were sequentially evaporated onto the ITO coated-glass
substrate. The deposition rates of all organic materials were
monitored by an oscillating quartz thickness monitor (Sigma,
SID-142). The deposition rates were about 0.2∼0.5 Å/s for
organic layers and 5 Å/s for cathode (Al) and LiF. CIE
coordinates, electroluminescence (EL) spectra, and luminance were measured by the photospectrometer (Kollmorgen

Figures 2(a) and 2(b) show the current density-voltage and
luminance-voltage characteristics of devices, respectively.
Generally, the applied voltage is defined as turn-on voltage
when the current density of device reaches the one-tenth
of maximum value of the current density. In Figure 2(a),
the turn-on voltages of device A–C are 9.5, 5.5, and 6.2 V,
respectively. The turn-on voltage of device A is higher than
that of devices B-C. It is attributed to the different electron
transport layers (Alq3 , BPhen) in the devices. It is well known
that the electron mobility of BPhen (2.4 × 10−4 cm2 /V−1 s−1 )
is higher than that of Alq3 (4.7 × 10−6 cm2 /V−1 s−1 ) [14, 15].
However, the ability of electron injection from cathode to the
emitting layer can increase via using an electron transport
layer with higher electron mobility, resulting in a decrease in
the turn-on voltage of device. In addition, from the turn-on
voltages of devices B and C, there is a high turn-on voltage
in device C due to inserting a thin BCP layer in the emitting
layer to form the THBL structure.
By comparing devices A and B, the luminance is greatly
improved from 68 cd/m2 to 1350 cd/m2 at 9 V. It can be
ascribed to using the BPhen to replace the Alq3 , resulting
in the fact that more electrons inject from the cathode to
the DPVBi and generate more excitons in the DPVBi layer.li
The luminance of devices B and C are 1350 and 1831 cd/m2
at 9 V, respectively. The enhancement of the luminance in
device C as compared with device B can be attributed to three
factors: (1) THBL has better excitons confinement ability, (2)
an increase in excitons formation in EML, and (3) there is
formation both emitting layers (DPVBi) in THBL of device
C.
In the devices, holes are accumulated and confined in
the BCP layers because of the existence of the barrier at
the interface of NPB/BCP. Hence, the hole mobility in the
multilayer is expected to be decreased, and the performance
of device C is expected to be enhanced. The luminous
efficiency-current density characteristic is shown in Figure 3.
The major parameters are summarized in Table 1. The
maximum luminous efficiencies of devices B and C are 1.08
and 1.52 cd/A, respectively. The luminous efficiency of device
C is 41% higher than that of device B. It shows that there is a
better carrier balance in device C. The electrons are confined
and accumulated in the lowest unoccupied molecular orbital
(LUMO) level of DPVBi/BCP/DPVBi potential well in device
C due to the existence of potential barrier at the DPVBi/BCP
(II) and BCP (I)/DPVBi heterointerfaces. As a result, the
balance of electron and hole can be improved by inserting a
thin BCP layer in device C, forming the THBL structure, and
thus more carriers will be confined within both the DPVBi
layers.
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Figure 3: The luminance efficiency-current density characteristics
of the devices A–C.

Figure 4: The normalized EL intensity spectra characteristics of the
devices A–C at the current density of 10 mA/cm2 .

0.8

Table 1: Performance of devices A–C.
Device B

Device C

9.5
5.5
6.2
Turn-on voltage (V)
68
1350
1830
Luminance (cd/m2 )
Luminance efficiency
1.15
0.8
1.28
(cd/A)
Wavelength peak
448
444
436
(nm)
68
65
65
FWHM (nm)
(0.010, 0.005) (0.000, 0.004) (0.001, 0.008)
CIE ± Δ 𝑥,𝑦

Figure 4 shows the normalized electroluminescent (EL)
spectra of the devices A–C at the same current density of
10 mA/cm2 . The EL peaks of devices A–C are at 448, 444,
and 436 nm, respectively. The EL peaks of devices A and B
are near to the PL peak of NPB (446 nm) [16]. It can be
directly inferred and demonstrated that major holes were
accumulated in the interface of the NPB/BCP and electronhole recombination occurred in NPB layer, resulting in the
blue emission from the NPB layer. The EL peak of the device
C is consistent with the PL peak of DPVBi (436 nm) [17]. It is
due to the insertion of thin BCP layer in the middle of DPVBi
layer, leading to the fact that the major holes were confined
in the HOMO level of BCP (I)/DPVBi/BCP (II) potential
well in device C and recombined with electron in the DPVBi
layer. From the energy level of Figure 1, the LUMO of BCP is
−3.5 eV and is higher than that of DPVBi, so the inserted thin
BCP (II) layer can confine the electron and prevent it from
transporting from blue DPVBi layer to NPB layer. In Figure 4,
the full width at half maximum (FWHM) of devices A–C are
68, 65, and 65 nm, respectively. It can be seen in Figure 4 that
there is a little color-mixing phenomenon of device A and it
emits blue emission because the spectrum has a broad peak.

0.6

CIE Y

Device A

0.4

0.2

0.0

0.2

0.4

0.6

CIE X
Device A
Device B
Device C

Figure 5: The CIE chromaticity coordinates of devices A–C at the
applied voltage of 9 V.

That is to say, the blue emission in device C is more pure than
that of other devices.
Figure 5 shows the CIE coordinates of devices as a
function of applied voltage. The CIE coordinates of device
A, device B, and device C at 9 V are (0.166, 0.135), (0.157,
0.113), and (0.157, 0.111), respectively. The CIE coordinates
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of device A are far away from the pure blue emission with
CIE coordinates of (0.14, 0.08). It is attributed to the portion
of carriers recombination at the Alq3 layer, generating slight
green emission. The phenomenon is consistent with the result
obtained in Figure 4. Besides, the CIE coordinates of device
A are (0.166, 0.135) at 9 V. The difference in CIE coordinates
of device A is ±Δ 𝑥,𝑦 = (0.010, 0.005). Thus, the function
of BPhen to replace the Alq3 is not only due to its higher
mobility but also due to its higher HOMO energy level which
can avoid the hole to cross the CBP barrier layer, keeping
off a mix of green light and far CIE coordinates of pure blue
light. The CIE coordinates of devices B-C are (0.157, 0.113) and
(0.157, 0.111) at 9 V, respectively. By comparison with device A,
the color coordinates of the devices B-C are close to the pure
blue region. The variation in CIE coordinates of devices B-C
is only ±Δ 𝑥,𝑦 = (0.000, 0.004) and (0.001, 0.008), respectively.
All the above results reveal that the displacement of the CIE
coordinates for the device C at high voltage is obviously
small in comparison with that of devices A-B, indicating that
there is a better stability and more standard CIE coordinate
of blue emission in device C. This is because the emission
region of the OLEDs with a THBL consisting of BCP layer
and CBP layer is confined within both DPVBi layers. Hence,
the performance of near blue emitting devices with a THBL
structure of BCP and CBP is greatly improved which is
attributed to the improved hole-electron balance and that can
be further attributed to hole barrier in the HBL structure.
So by adjusting the number of multiple HBL, the amount
of hole injection into emitting layer can be controlled. In
this study, THBL structure outperforms dual-HBL (DHBL)
structure in both luminance and efficiency, enabling electrons
to be injected into the device easily and increasing electronhole pair recombination in EML to achieve carrier effective
balance.

4. Conclusions
In summary, the OLEDs with THBL and DHBL structure
are fabricated and investigated. With THBL structure, it can
efficiently control the holes transport and achieve an electronhole pair balance, the efficiency of which is improved by
41% as compared with the DHBL. The optimized blue CIE
coordinates of (0.157, 0.111) at 9 V and coordinates shift only
±Δ 𝑥,𝑦 = (0.001, 0.008) were obtained. These results indicate
that the enhancement of luminance efficiency and the more
stable purity of blue color can be achieved by using THBL due
to excitons confined in the EML.
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The Taguchi method was adopted to determine the optimal gel electrolyte used in dye-sensitized solar cells (DSSCs). Since
electrolyte is a very important factor in fabrication of high performance and long-term stability DSSCs, to find the optimal
composition of gel electrolyte is desired. In this paper, the common ingredients used in the liquid electrolyte were chosen. The
ingredients then mixed with cheap ionic liquids and poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) was added to
form colloidal electrolyte (gel). The optimal composition of each materials in the gel electrolyte determined by Taguchi method
consists of 0.03 M I2 , 0.15 M KI, 0.6 M LiI, 0.5 M 4-tertbutylpyridine (TBP), and 10% PVDF-HFP dissolved in the acetonitrile and
3-methoxypropionitrile (MPN) solution with volume ratio of 2 : 1. The short circuit current density of 14.11 mA/cm2 , the conversion
efficiency (𝜂) of 5.52%, and the lifetime of over 110 days was observed for the dye-sensitized solar cell assembled with optimal gel
electrolyte. The lifetime increases 10 times when compared with the conventional dye-sensitized solar cell assembled with liquid
electrolyte.

1. Introduction
Since the pioneering work of Grätzel and O’Regan in 1991,
dye-sensitized solar cells (DSSCs) have become one of the
promising devices in photovoltaic application, because of
low fabrication cost, good stability, and compatibility with
flexible substrates [1–3]. Conventional dye-sensitized solar
cell has the structure of porous titanium dioxide layer as
the dye adsorbed on the TiO2 surface and an organic liquid,
I− /I−3 solution as electrolyte top on the TiO2 layer, and the
two layers are sandwiched in between bottom electrode
made of ITO (SnO2 ) and top electrode made of platinum
thin film. However, due to the loss of liquid electrolyte
through the leakage or evaporation, the lifetime of dyesensitized solar cells is limited, which causes the problem for
commercialization. To solve this issue and enhance durability,
gel or quasisolid-state electrolytes mixed with ionic liquids
were used to improve the sealing and minimize the loss
of electrolytes [4–6]. Since the electrolyte is an important

factor affecting the conversion efficiency of DSSC, to find an
optimized composition of the mixture is crucial.
The mixture is usually composed of polymers and ionic
liquids. In order to determine the optimized composition of
each material, Taguchi method which takes multifactors into
consideration is the most powerful tool for statistical design
of this kind of experiments for improvement of the product
and the process. It is a simple, systematic and powerful
method to increase the experiment quality. The advantage
of this method is to reduce both product cost and number
of experiments [7–9]. The method starts from identifying
the impact factors in the experiments and then does the
experiments by systematically adjusting the quantity of each
factor and assuming that the interaction between the factors
is orthogonal.
In this study the optimized mixture was determined by
Taguchi method. The mixture was composed of seven materials, iodine (I2 ), lithium iodide (LI), potassium iodide (KI), 4tertbutylpyridine (TBP), 3-methoxypropionitrile (MPN), ac-
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etonitrile (ACN), and PVDF-HFP. The other common ionic
liquids as 1,2-dimethyl-3-propylimidazolium iodide (DMPII)
[10] and N-methylimidazole (NMBI) [11] were not employed
in this study due to the fact that were more expensive.
The quantity of each material was controlled in two levels.
The optimized constitute of the most suitable gel electrolyte
used in DSSC was identified with minimum number of
experiments. DSSC with the best efficiency of 5.52% was
observed in AM 1.5 illuminations.

Table 1: Gel electrolyte parameters and factors of Taguchi method.
Factor symbol
A
B
C
D
E
F
G

Parameter
I2
Lil
KI
TBP
MPN
Acetonitrile
PVDF-HFP

Level 1
0.03 M
0.3 M
0.15 M
0.5 M
1 mL
1 mL
10 wt%

Level 2
0.06 M
0.6 M
0.1 M
0.8 M
2 mL
2 mL
5 wt%

2. Materials and Methods
The gel electrolyte studied in this work containing I2 (Osaka,
Japan) , LiI (Aldrich, USA), KI (Hanawa, Japan), TBP (Aldrich, USA), 3-methoxypropionitrile (MPN) (Fluka, China),
acetonitrile (Avantor, USA), and PVDF-HFP (Aldrich, USA)
was prepared, and the Taguchi method was used to determine
the optimized composition of each component. The mixture
was then heated to 80∘ C and became a liquid-type electrolyte.
The 10 wt% TiO2 paste was prepared by mixing nanocrystalline TiO2 nanoparticles (NPs) (Degussa, P25, the average nanoparticle diameter was about 25–30 nm), tert-butyl
alcohol, and deionized water. The paste then scraped on
transparent indium-tin-oxide (ITO) glass by doctor balding
process to form TiO2 thick film. The film was annealed under
air at 150∘ C for 90 min to decompose the organic compounds
and then the temperature increased to 350∘ C for 30 min to
assist the interconnection of TiO2 NPs. After that the TiO2
thin films were immersed in 0.3 mM N3 dye at 45∘ C for
90 min. The Pt thin film was grown on ITO glass by an
electroplating process prepared for as counter electrode. Then
the counter electrode was placed on the top of the TiO2
thin film and bonded by a 50 𝜇m-thick hot-melt polymer
spacer. Finally, the previously prepared gel electrolyte was
injected into the cell by capillary forces through an injecting
hole drilled in the counter electrode. Finally, the hole was
covered and sealed with a piece of hot-melt polymer to
prevent electrolyte leakage. The liquid-type electrolyte then
cooled and became a gel electrolyte. The resulting active
electrode area was approximately 0.25 cm2 (0.5 cm × 0.5 cm).
The schematic image of the DSSC structure is shown in
Figure 1.
The current-voltage characteristics of samples were measured by Keithley 2400 source meter (Keithley Instruments,
Inc., Ohio, USA) under simulated sunlight (SAN-EI XES40S1, San Ei Brand, Japan), AM 1.5 radiation at 100 mW/cm2 .
Table 1 shows the composition of gel electrolyte and
factor symbols used in the Taguchi method. The reason that
the seven materials were chosen for fabrication of the gel
electrolytes is explained as follows.
(1) Iodine (I2 , factor A), lithium iodide (LiI, factor B),
and potassium iodide (KI, factor C) are the most
popular materials used as the electrolyte in DSSC to
produce the redox I− /I−3 , in which the redox energy
level matches the highest occupied molecular orbital
(HOMO) energy level of the dye, and hence speeds
up the carrier diffusion in the organic liquid solvent.
In addition LiI would improve the current density

of DSSC. The LiI would decompose to Li+ -e pair
while be absorbed on the TiO2 surface by attracting
the conduction band electrons. The Li+ -e pairs can
migrate toward or away from the TiO2 nanoparticle
surface improving the conductivity of TiO2 layer and
enhance the current density of DSSC. Besides, the
materials are relatively cheap and easy to obtain.
(2) 4-Tertbutylpyridine (TBP, factor D) was used to avoid
the TiO2 nanoparticles which are not covered by the
dye molecules directly contacted with the electrolyte.
The contact would result in high leakage current
through transport of excited electrons in TiO2 layer
to electrolyte.
(3) 3-Methoxypropionitrile (MPN, factor E) and acetonitrile (factor F) are the common solvent used to prepare the electrolyte. Acetonitrile was employed due
to its high ionic conductivity and effective electrolyte
leakage-proof.
(4) PVDF-HFP (factor G) is a useful material to gel
liquid electrolyte to overcome the electrolyte leakage
problem. In addition, it also can improve the dissociation of lithium iodide to enhance the iodide ion
concentration [12].
In the Taguchi method, a modified orthogonal array of
L8 is found to be appropriate and hence it was chosen. The
orthogonal array (L8 ) is shown in Table 2 where the experiments are divided into 8 groups and number 1 represents
level 1 shown in Table 1 (so as 2). The experimental design
using the orthogonal array L8 of Taguchi’s method provides a
simple, efficient, and systematic approach for optimal design
of experiments to assess the performance, quality, and cost.
The error would be small and the cost of experiments would
be economical. Each experiment group was duplicated three
times in order to estimate the random error.

3. Results and Discussion
Figure 2 shows the conversion efficiencies of DSSCs of 8
experiment groups. The results demonstrate that the conversion efficiency of the duplicates of each experiment group
is very closely indicating that the random errors are small
and the fabrication processes of DSSC are reliable. The 1st
experiment group has the highest conversion efficiency of
4.37% among all the groups.
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Table 2: Experimental layout and results using the modified L8
orthogonal array.
Glass substrate

Group
1
2
3
4
5
6
7
8

A
1
1
2
2
1
1
2
2

B
1
1
2
2
2
2
1
1

C
1
2
1
2
1
2
1
2

Factor
D
1
2
1
2
2
1
2
1

E
1
2
2
1
2
1
1
2

F
1
2
2
1
1
2
2
1

G
1
1
1
1
2
2
2
2

𝜂avg

𝑆/𝑁LTB

ITO (In:SnO2 )

4.08
2.98
3.80
2.48
3.19
3.15
2.17
2.64

12.20
9.49
11.56
7.76
10.06
9.95
6.70
8.39

Pt-electrode
Gel electrolyte
N3 dye/TiO2 NPs layer
+

Figure 1: The schematic device structure of TiO2 nanoparticles dyesensitized solar cell using the gel electrolyte.

I2

LiI

KI

Factor
A
B
C
Symbol
Level 1 𝑆/𝑁 10.421 9.192 10.129
Level 2 𝑆/𝑁 8.603 9.833 8.895
𝑆/𝑁max −
1.82 0.64 1.23
𝑆/𝑁min
2
6
4
Ranking
0.03 M 0.6 M 0.15 M
Optimum

D

E

F

10.524 9.152 9.599
8.501 9.872 9.426
2.02

0.72

0.17

1
5
7
0.5 M 1 mL 2 mL

G
10.205
8.774
1.44
3
10 wt%

Taguchi defined that the optimal operator combination is
to minimize variances of quality characteristics resulted from
signal-to-noise ratio (𝑆/𝑁 ratio). It was used for the largerthe-better (LTB) evaluated by using the following equation:
2

𝑆
1 𝑛 1
= −10 log [ ∑ ( ) ] ,
𝑁LTB
𝑛 𝑖=1 𝑦𝑖

(1)

where 𝑛 is the number of tests and 𝑦𝑖 denotes the respective
characteristic, which is the conversion efficiency in this
study. Then, the measured values of quality characteristics
obtained through the experiments will be transformed into
𝑆/𝑁 ratio by using (1). Table 2 shows the average conversion
efficiencies (𝜂avg ) and the 𝑆/𝑁 ratio of each experiment group.
The maximum average conversion efficiency and 𝑆/𝑁 ratio
appear in the 1st experiment group with the value of 4.08
and 12.19, respectively. Since the 𝑆/𝑁 ratio represents the
signal-to-noise ratio of conversion efficiencies, the larger the
ratio the higher consistent the data. By comparison of the
difference of 𝑆/𝑁 ratio between level 1 and level 2 of the
same material, the degree of the influence of seven materials
can be ranked. Table 3 shows the further analysis. The results
indicate that the TBP, which is used to avoid the TiO2
nanoparticles that are not covered by the dye molecules
directly contact with the electrolyte, gives the most impact on
the performance of conversion efficiency. If the TBP is over
added in the mixture, the electronic transport is hindered and
lowering the conversion efficiency. The seven materials are

4.5
4.0
Conversion efficiency (%)

Parameter

ITO (In:SnO2 )

Glass substrate

Table 3: The analysis results of each parameter and the optimal
design parameters of the electrolyte composition.
TBP MPN ACN PVDFHFP

−

3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

1

2

3

4
5
Experiment group

6

7

8

Figure 2: The conversion efficiency distribution of dye-sensitized
solar cells using different gel electrolyte.

ranked as TBP, I2 , PVDF-HFP, KI, MPN, LiI, and ACN from
high to low by the sequence of their degree of influence.
After further analysis, the optimal operator combinations
can be located, according to the 𝑆/𝑁max ratio. The optimal
design of experiment parameters are I2 of 0.03 M, LiI of 0.6 M,
KI of 0.15 M, TBP of 0.5 M, MPN of 1 mL, ACN of 2 mL,
and PVDF-HFP of 10 wt%, as arranged and shown in Table 3.
Current densities against voltage (𝐽-𝑉) characteristics of the
DSSCs prepared by the optimal parameters under AM 1.5
sunlight are shown in Figure 3. The photovoltaic properties of
the DSSCs using the optimal operator combinations, the gel
electrolyte of 1st and 6th experiment groups, are summarized
in Table 4. The short-circuit current density is 12.17 mA/cm2
and the open-circuit voltage is 0.71 V. The fill factor (F.F.) was
calculated using
F.F. =

𝐽max × 𝑉max
,
𝐽SC × 𝑉OC

(2)

where 𝐽max is the current density at maximum power output,
𝐽SC the current density at short circuit, 𝑉max the voltage at
maximum power output, and 𝑉OC the voltage at open circuit.
The fill factor calculated using (2) for the optimum electrolyte
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Table 4: Characteristics of DSSCs fabricated using the optimal operator combination, experiment groups 1 and 6 gel electrolyte.
𝑉OC (V)
0.71
0.72
0.69

Electrolyte
Optimum
Group 1
Group 6

𝐽SC (mA/cm2 )
14.11
11.86
10.90

𝑉𝑚 (V)
0.48
0.45
0.40

(a)

12

𝐻 (%)
5.52
4.37
3.30

5

(b)

Conversion efficiency (%)

Current density (mA/cm2 )

𝐹.𝐹. (%)
55.14
51.43
43.84

6

14

10
(c)
8
6
4
2
0
0.0

𝐽𝑚 (mA/cm2 )
11.51
9.70
8.241

4
3
(a)
2

(b)

1
0.1

0.2

0.3
0.4
Voltage (V)

0.5

0.6

0

0.7

(a) Optimal gel electrolyte
(b) Experiment group 1
(c) Experiment group 6

(c)
0

20

40

Linear fitting of 10 wt%
10 wt% PVDF-HFP

Figure 3: 𝐽-𝑉 curves of DSSCs using (a) the optimal combination
and (b) 1st and (c) 6th experiment group gel electrolytes.

60
Day

80

100

120

5 wt% PVDF-HFP
Liquid electrolyte

Figure 4: The lifetime of DSSCs uses the different concentrations
of gel electrolyte, (a) 10 wt% PVDF-HFP (optimal operator combination), (b) 5 wt% PVDF-HFP (6th experiment group), and (c) the
common liquid electrolyte comparison chart.

DSSC is 55.8%. The photoelectric conversion efficiency (𝜂) is
calculated by

4. Conclusion
𝐽 × 𝑉OC × F.F.
𝜂 = SC
,
𝑃in

(3)

where 𝑃in is total incident power density. The conversion
efficiency for the optimum electrolyte DSSC calculated using
(3) is 5.52%. It is enhanced over 26.3% compared to the 1st
experiment group. The result demonstrates that the Taguchi
experiment design method is very useful in this study.
Figure 4 shows the electrolyte effect on the lifetime of
DSSCs characterized by the power conversion efficiency
associated with time. The lifetime of DSSC, fabricated by the
6th experiment group, used the gel electrolytes with PVDFHFP concentration of 5 wt% was about 30 days. On the other
hand the lifetime of DSSC, fabricated by the optimal gel
electrolyte, of PVDF-HFP concentration of 10 wt% was over
80 days and the lifetime is expected to be 110 days as the
conversion efficiency becomes zero. In general the lifetime
of the DSSC with liquid electrolyte was about one week to
ten days, however, by replacing the liquid electrolyte with the
gel electrolyte, the lifetime of DSSC increases over ten times.
Therefore, the DSSCs using gel electrolytes present a better
performance in lifetime compared to those assembled with
classical liquid electrolyte.

In this study, the Taguchi method is adopted to determine
the optimal composition of gel electrolyte in the assembly of
dye-sensitized solar cells. The development procedure can be
more efficient by using Taguchi experimental design method.
The lifetime was found ten times longer than conventional
DSSC by replacing liquid electrolyte with optimal gel electrolyte. The DSSC with optimal gel electrolyte had the short
circuit current density of 12.17 mA/cm2 , the open-circuit
voltage of 0.71 V, fill factor of 55.8%, the conversion efficiency
of 5.52%, and the lifetime of over 110 days.
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Triazoloisoquinoline-based organic dyestuffs were synthesized and used in the fabrication of dye-sensitized solar cells (DSSCs).
After cosensitization with ruthenium complex, the triazoloisoquinoline-based organic dyestuffs overcame the deficiency of
ruthenium dyestuff absorption in the blue part of the visible spectrum. This method also fills the blanks of ruthenium dyestuff
sensitized TiO2 film and forms a compact insulating molecular layer due to the nature of small molecular organic dyestuffs.
The incident photon-to-electron conversion efficiency of N719 at shorter wavelength regions is 49%. After addition of a
triazoloisoquinoline-based dyestuff for co-sensitization, the IPCE at 350–500 nm increased significantly. This can be attributed
to the increased photocurrent of the cells, which improves the dye-sensitized photoelectric conversion efficiency from 6.23% to
7.84%, and the overall conversion efficiency increased by about 26%. As a consequence, this low molecular weight organic dyestuff
is a promising candidate as coadsorbent and cosensitizer for highly efficient dye-sensitized solar cells.

1. Introduction
To date, there are two kinds of dyestuff used in DSSCs,
one is based on metal-free organic materials and the other
on ruthenium metal complexes [1–3]. In 1993, Nazeeruddin et al. successfully used the ruthenium complex-cis-bis
(isothiocyanato)bis(2,2 -bipyridyl-4,4 -dicarboxylato)-ruthenium(II) (N3) as a sensitizer, with the photoelectric
conversion efficiency, 𝜂, reaching about 10% [4]. However, in
view of their lower cost and greater diversity of molecular
structures, organic dyestuffs are now attracting more
attention than ruthenium complexes.
Although many studies focus on ruthenium complexes for the dyeing of TiO2 photoelectrodes, the related
molar absorption coefficient is lower than that for the
metal-free organic dyestuffs [5–7]. In order to combine
the advantages of ruthenium complexes (i.e., high photoelectric conversion efficiency) and metal-free organic
dyestuffs (i.e., high molar absorption coefficient), many
studies examine cosensitized DSSCs [8–10]. For example, Miao et al. obtained a high efficiency of 11.05%

by using (tri(isothiocyanato)(2,2 :6 ,2 -terpyridyl-4,4 ,4 tricarboxylic acid)ruthenium(II)) (BD) to overcome the
deficient areas in the NIR absorption spectra of cis-dithiocyanate-N,N -bis-(4-carboxylate-4-tetrabutyl ammoniumcarboxylate-2,2 -bipyridine)ruthenium(II) (N719) [8]. However, to the best of our knowledge, few studies examine the use
of cosensitization to broaden the light absorption spectra of
N719 in the blue part of the visible spectrum. In this work, we
report a new triazoloisoquinoline-based dyestuff, which can
be used in a cosensitized dyestuff to absorb the blue part of
the visible spectrum. By combining the triazoloisoquinolinebased dyestuff and the N719 sensitizer, greater efficiency is
obtained than seen with the individual dye cells.

2. Experimental Procedure
2.1. Fabrication of Photovoltaic Devices. Twelve-micrometer
nanocrystalline TiO2 photoelectrodes were prepared from
a titania paste (Ti-Nanoxide T series, Solaronix SA). The
paste was applied to a transparent conducting oxide by
doctor-blading techniques and annealed at 450∘ C for 30 min

2

International Journal of Photoenergy

in air. The thickness of the TiO2 films was measured with an
Alpha-Step 300 profiler. When the TiO2 electrodes cooled
down to around 100∘ C, the electrodes were dipped in dye
solutions, which included 0.5 mM N719 and different concentrations of dyestuff 4L in tert-butanol/acetonitrile (AN)
(1 : 1 in volume). The TiO2 electrodes were immersed in the
dye solutions, then kept at 25∘ C for more than 18 h to allow
the dye to adsorb to the TiO2 surface, and rinsed with the
same solvents. The dye-loaded TiO2 film as the working
electrode and Pt-coated TCO as the counter electrode were
separated by a hot-melt Surlyn sheet (25 𝜇m) and sealed
together by pressing them under heat. The electrolytes were
introduced into the gap between the working and the counter
electrodes from two holes predrilled on the back of the
counter electrode. Finally, the two holes were sealed with
a Surlyn film covering a thin glass slide under heat. The
cells were evaluated by using 0.6 M [BMI][I], 0.1 M GuNCS,
0.3 M I2 , and 0.5 M TBP in an MPN (3-Methoxypropionitrile)
solvent as the redox electrolyte.

Table 1: Photovoltaic parameters of the DSSCs with N719 : 4L
sensitizers in different molar ratios under AM 1.5G sunlighta .

2.2. Photovoltaic Measurement. Absorption spectra were
recorded on a Agilent 8453 spectrophotometer. The current
density-voltage (J-V) characteristics in the dark and under
illumination were measured with a Keithley 2400 sourcemeter. The photocurrent was measured in a nitrogen-filled
glove box under a solar simulator (Oriel 96000 150 W) with
AM 1.5G-filtered illumination (100 mW cm−2 ). The spectramismatch factor of the simulated solar irradiation was corrected using a Schott visible-color glass-filtered (KG5 color
filter) Si diode (Hamamatsu S1133). The active area of the
device was 0.25 cm2 .

% Found: C, 65.96; H, 3.28; N, 12.60; 𝜆max/nm (𝜀/M−1 cm−1 ):
277 (19435), 380 (29651)).
The absorption spectra of the dyestuffs 4L and N719 in
DMF (Dimethylformamide) solutions are shown in Figure 2.
The absorption spectrum of 4L shows two major bands at ca.
250–350 nm and ca. 350–500 nm. UV absorption is attributed
to localized aromatic 𝜋-𝜋∗ transitions. In the visible region,
this may be attributed to intramolecular charge transfer (ICT)
absorption, because an efficient charge-separated excited
state could be produced between the triazoloisoquinoline and
the cyanoacrylic acid moieties. The ICT absorption (𝜆max)
appeared at 380 nm for 4L, and the molar extinction coefficients in the visible region were 29651 M−1 cm−1 . The molar
extinction coefficient is twice as high as that of the ruthenium
complexes. Interestingly, the maximum absorption peaks and
absorption bands of dyestuffs were red-shifted compared to
their spectra in DMF solution, which can be ascribed to
the electronic coupling of the dyes on the TiO2 surface. The
interaction between the COOH group and the surface Ti4+
ions can lead to the increased delocalization of the 𝜋∗ orbital
of the conjugated framework, and thus, the energy of the 𝜋∗
level was decreased by this delocalization, resulting in the
red-shifted absorption spectra. However, 4L shows a good
potential to broaden the light absorption spectra of N719 in
the blue part of the visible spectrum.
The photovoltaic characteristics of these dyes with regard
to their use as sensitizers for DSSCs have been evaluated with
a sandwich DSSC cell using 0.6 M [BMI][I], 0.1 M GuNCS,
0.3 M I2 , and 0.5 M TBP in an MPN solvent as the redox
electrolyte. Details of the preparation and characterization
of the device are described in the experimental section of
this work in the supporting information, and all the essential
properties of these cells are listed in Figure 3 and Table 1.
Under the standard AM 1.5G irradiation, the maximum
efficiency (𝜂) for the N719-sensitized solar cell-device B with
an active area of 0.25 cm2 was calculated to be 6.23%, with
a 𝐽sc of 12.55 mA cm−2 , a 𝑉oc of 0.78 V, and a fill factor
(FF) of 0.64. However, device A, based on dyestuff 4L,

3. Results and Discussion
Metal-free organic dyestuffs have been extensively studied
in DSSCs, but few reports discuss triazoloisoquinolinebased ones. Triazoloisoquinoline contains electron-rich
nitrogen and oxygen heteroatoms in a heterocyclic structure with high electron-donating ability, and it is a good
candidate for metal-free organic dyestuffs for use in DSSCs.
This study is the first report of the use of triazoloisoquinoline
dyestuffs as a cosensitizer to absorb the blue part of
the visible spectrum. The synthesis of organic dyestuff
4L is depicted in Figure 1. They consist of treating triazoloisoquinolines substituted tetramethyl-dioxaborolane
(2) with 5-formyl-2-bromothiophene under conditions for
Suzuki coupling to produce 5-(4-(3-oxo-[1, 2, 4]triazolo[3,4a]isoquinolin-2(3H)-yl)phenyl)thiophene-2-carbaldehyde
(3). Knoevenagel condensation of compound 3 with cyanoacrylic acid is carried out in the presence of piperidine,
and after precipitation and purification with silica gel
chromatography, the final dyestuff 4L is obtained as a
yellow powder. This product has been characterized by
spectroscopic analyses (1 H NMR (300 MHz, d6 -DMSO):
𝛿 8.32 (d, 1H, J = 7.50 Hz), 8.23 (s, 1H), 8.20 (d, 2H,
J = 3.20 Hz), 7.93 (d, 2H, J = 8.72 Hz), 7.89∼7.67 (m,
6H), 7.03 (d, 1H, J = 7.46 Hz); ESI-MS m/z 437 (M-H+ );
Anal. Calcd for C24 H14 N4 O3 S: C, 65.74; H, 3.22; N, 12.78.

Dyestuffs
molar
ratio

𝐽sc
(mA cm−2 )

𝑉oc
(V)

FF

𝜂 (%)

Device A

4L

7.14

0.71

0.64

3.21

Device B

N719

12.55

0.78

0.64

6.23

Device C

N719-4L
1 : 0.05
N719-4L
1 : 0.15
N719-4L
1 : 0.25
N719-4L
1 : 0.35

12.71

0.76

0.66

6.37

14.63

0.78

0.65

7.38

15.29

0.78

0.66

7.84

15.11

0.74

0.66

7.35

Device D
Device E
Device F
a

Performances of the DSSCs were measured with a 0.25 cm2 working area.
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Figure 2: Absorption spectra of dyestuffs in DMF and spectra of dyestuffs adsorbed on TiO2 film.

showed relatively low 𝐽sc -7.14 mA cm−2 , 𝑉oc -0.71 V, and FF0.64, leading to a lower 𝜂 value of 3.21%. This is reasonable,
as dyestuff 4L has narrower absorption in the blue part
of the visible region (as shown in Figures 2 and 4), and
hence could not capture enough solar radiation energy in
comparison with N719. In addition, the large 𝜋-conjugated
system of triazoloisoquinoline causes stronger intermolecular 𝜋-𝜋 interaction, leading to unfavorable 𝜋-stacked dye
aggregation on TiO2 in the single sensitizer dyeing device A.
Generally, close 𝜋-stacked dye aggregation leads to inefficient
electron injection, resulting in a low 𝜂 value due to the
formation of excited triplet states [11]. Based on these physical
properties, dyestuff 4L was used as cosensitizer to overcome
the deficiency of N719 absorption in the 350–500 nm range.

Cosensitized solar cells based on the 12 𝜇m transparent layer
yielded a remarkably high photocurrent density of 12.71,
14.63, and 15.29. The best cosensitized solar cell, which was
sensitized by N719-4L with a 1 to 0.25 molar ratio, showed
an open circuit voltage of 0.78 V and a fill factor of 0.66,
corresponding to an overall power conversion efficiency of
7.84%. This result is also in agreement with the observation of
the incident photon-to-electron conversion efficiency (IPCE)
action spectra of the DSSCs presented in Figure 4. On the
other hand, device A, sensitized with dyestuff 4L, exhibited
a lower 𝑉oc -0.71 V, while devices C, D, and E cosensitized
with dyestuffs 4L and N719 showed only small changes in
the 𝑉oc value. These values are very close to that of device
B, based on N719, which is 0.78 V. This result is attributed to

4

International Journal of Photoenergy

Current density (mA/cm2 )

16
14
12
10
8
6
4
2
0
0.0

0.1

0.2

0.3

0.4
0.5
Voltage (V)

0.6

0.7

0.8

0.9

Device A
Device B
Device E

Figure 3: J-V curves of solar cells sensitized by 4L (device A), N719 (device B), and N719 : 4L (1 : 0.25) (device E) with 12.0 𝜇m single layer
nanocrystalline TiO2 electrodes.
100

IPCE (%)

80
60
40
20
0
300

400
Device A
Device B
Device C

600
500
Wavelength (nm)

700

800

Device D
Device E
Device F

Figure 4: IPCE action spectra of solar cells sensitized by 4L (device
A), N719 (device B), N719 : 4L (1 : 0.05) (device C), N719 : 4L (1 : 0.15)
(device D), N719 : 4L (1 : 0.25) (device E), and N719 : 4L (1 : 0.35)
(device F) with 12.0 𝜇m single layer nanocrystalline TiO2 electrodes.

the coadsorbent effect of dyestuff 4L, which has been applied
successfully to prepare an insulating molecular layer with
N719 [12, 13].
IPCE as a function of wavelength was measured to evaluate the photoresponse of the photoelectrodes in the whole
spectra region. As shown in Figure 4, the maximum IPCE of
the dyestuff 4L based device A was ca. 67% at 420 nm. This
indicates that dyestuff 4L has good light harvesting effects at
shorter wavelength regions. Device B exhibited the maximum
IPCE of ca. 66% at 550 nm for the N719 sensitized solar

cell. The incident photon-to-electron conversion efficiency of
N719 at shorter wavelength regions (ca. 52% at 420 nm) is
thus not as good as at longer ones [14]. This is a niche for
organic dyestuffs, such as dyestuff 4L, which can enhance
absorption at shorter wavelength regions. When dyestuff
4L was added to the dye solution, the IPCE of devices D
and E at 350–500 nm increased significantly. The maximum
IPCE increased from 52% to 64% when 0.15 molar ratio
dyestuff 4L was added to the dye solution. After increasing the
concentration of 4L to a 0.25 molar ratio, the maximum IPCE
increased from 52% to 67%. Upon dyestuff 4L coadsorption,
the maximum IPCE improved significantly, compared to that
seen with device B, which can be attributed to the increased
photocurrent of the DSSCs. Cosensitization broadens the
photocurrent action spectrum covering the visible domain at
350–500 nm. The related experimental data are in line with
the results in Table 1 and Figure 3.
It is well known that organic dyestuffs will compete
with N719 for adsorption on the TiO2 surface. As shown
in Figure 4 and Table 1 for devices C, D, and E, there
is a balanced relationship between dyestuff 4L and N719
cosensitizers. The IPCE spectra of device C have a similar
response to those of device B, which indicates that the
concentration of 4L (a 0.05 molar ratio) was not enough
to anchor the blank of the insulating molecular layer. This
caused the performance of device C to rise slightly and
produced 𝜂 = 6.37%, 𝐽sc = 12.71 mA cm−2 , 𝑉oc = 0.76 V,
and FF = 0.66. Obviously, when the concentration of 4L was
increased to a 0.15 and 0.25 molar ratio, this led to greater
efficiency, which is attributed to the significant enhancement
of 𝐽sc , mainly due to the perfect insulating molecular layer
and good incident photo-to-electron conversion efficiency at
shorter wavelengths. Because of this layer, the best cell performance was achieved, with 𝜂 = 7.84%, 𝐽sc = 15.29 mA cm−2 ,
𝑉oc = 0.78 V, and FF = 0.66. When the concentration of
4L was increased to a 0.35 molar ratio, the performance of
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the device began to deteriorate and produced 𝜂 = 7.35%,
𝐽sc = 15.11 mA cm−2 , 𝑉oc = 0.74 V, and FF = 0.66. These results
indicate that cosensitization with 4L in a 0.25 molar ratio is
very effective in improving solar cell performance.

4. Conclusions
This study investigated the role of triazoloisoquinoline
dyestuffs as a cosensitizer with N719. The results show
that coadsorption of N719 sensitizer with dyestuff 4L onto
nanocrystalline TiO2 films significantly increased the photocurrent in a 1 to 0.25 molar ratio, thus enhancing the
total conversion efficiency. The cell produced in this work
achieved an energy conversion efficiency as high as 7.84%
at 100 mW cm−2 and AM 1.5G. This improved conversion
efficiency is attributed to the insulating molecular layer,
which was composed of the small molecular organic dyestuff
4L and N719, and the better light harvesting effect at shorterwavelength regions. It is anticipated that the findings of this
work will contribute to the development of a cosensitizer
which absorbs at shorter-wavelength regions in DSSCs.
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The ZnS/CuInGaSe2 heterojunction solar cell fabricated on Mo coated glass is studied. The crystallinity of the CIGS absorber layer
is prepared by coevaporated method and the ZnS buffer layer with a band gap of 3.21 eV. The MoS2 phase was also found in the
CuInGaSe2 /Mo system form HRTEM. The light soaking effect of photoactive film for 10 min results in an increase in F.F. from 55.8
to 64%, but series resistivity from 7.4 to 3.8 Ω. The efficiency of the devices improved from 8.12 to 9.50%.

1. Introduction
Various photovoltaic (PV) devices have received a lot of
attention as a renewable energy source [1]. These devices
are made based on inorganic or organic materials, such as
silicon-based thin film solar cells [2], multijunction solar
cells [3], and dye-sensitized solar cells [4]. However, most of
these devices suffer from either high cost or relatively low
energy conversion efficiency. CuIn1−𝑥 Ga𝑥 Se2 (CIGS)-based
thin films have received considerable attention as one of the
most promising materials for thin film solar cells due to
their high absorption coefficient, the potential for low cost
manufacturing, and high conversion efficiency for inorganic
solar cell application, although Mo/CuInGaSe2 (CIGS) thin
film solar cells have been extensively studied [5].
A high efficiency CIGS is usually fabricated by a coevaporation method, but this is a complex process to scale
up to large areas due to the problem of nonuniformity.
Several low cost and promising alternatives to coevaporation
suitable for large scale production, such as sputtering [6],
electrodeposition [7], and screen printing [8], have been
investigated. In particular, sputtering of CuInGa precursors
followed by selenization appears to be a favored process
for thin film deposition [9]. In this study, a three-stage

co-evaporation deposition technology was adopted to grow
CIGS photovoltaic/electronic films to realize efficient solar
cells. To avoid the Cd-induced pollution to environment, the
n-type ZnS buffer layer for forming CIGS PVs was introduced
[10].
In this paper, we report ZnS/CuIn1−𝑥 Ga𝑥 Se2 heterojunction solar cells fabricated on Mo coated glass. The crystallinity of the CIGS and ZnS buffer layer were studied. The
microstructure phase was investigated in the CuInGaSe2 /Mo
system by HRTEM. The light soaking and electrical properties of the fabricated p-CIGS/n-ZnS solar cells will also be
discussed.

2. Experimental
The soda-lime glasses were carefully cleaned in isopropanolacetone ultrasonic bath to remove electrostatic charges. An
approximately 0.7 𝜇m thick Mo back contact was directly
deposited by RF sputtering on glass substrate. CIGS absorber
layers were deposited by evaporation of elemental Cu, In, Ga,
and Se onto Mo by three-stage co-evaporation. During the
1st stage of the absorber growth the substrate temperature
was kept at 400∘ C, while during the 2nd and 3rd stages
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Intensity (a.u.)

the substrate temperature increased up to 600∘ C. The 100–
300 nm thick ZnS buffer layer was deposited on CIGS film
by chemical bath deposition at 80∘ C. The solar cells were
finished by deposition of a ZnS buffer layer, RF sputtering of
ZnO : Al front contacts (∼400 nm thick), and electron beam
evaporation of 1 𝜇m thick Al contact grids for better current
collection. No antireflection (AR) coating was applied.
The phase identification was performed by X-ray powder
diffraction (XRD, Rigaku Dmax-33). The surface microstructure was examined by scanning electron microscopy (SEM,
Hitachi S4200). The morphology and microstructure were
examined by transmission electron microscopy (HRTEM,
HF-2000, Hitachi). The absorption spectra were obtained
using an optical spectrometer (Hitachi, U-4100), and currentvoltage measurements (Keithley 2410 SourceMeter) were
obtained using a solar simulator (TELTEC) with an AM 1.5
filter under an irradiation intensity of 100 mW/cm2 .
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During the reaction processes, sulfide ions are released
slowly from CH3 CSNH2 and react with zinc ions. It indicates
that ZnS is produced by reaction of S2− and Zn2+ in (4). All
of the peaks were identified to be those of the cubic ZnS
phase (JCPDS card number 79-0043) [11]. The crystallinity
of ZnS increased along with deposition thickness. When the
thickness was increased from 100 to 300 nm, the peaks of
(111), (220), and (311) were obviously shown.
Figure 2(a) has shown the UV-vis absorption spectra of
200 nm ZnS film on glass and estimated the band gap. For a
direct band gap semiconductor, the absorbance in the vicinity
of the onset due to the electronic transition is given by the
following equation:
1/2

𝛼=

ℎ]

,
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The CIGS quaternary alloy absorber layer coevaporated
exhibits the characteristic peaks of chalcopyrite structure in
X-ray diffraction (XRD) analysis, as shown in Figure 1(a).
XRD spectra also indicate that the CIGS film presents a
strong (112) preferred orientation at 2𝜃 = 26.68 corresponding
to chalcopyrite phases. The other prominent peaks corresponded to the (220) and (312) directions. The full width
at half maximum (FWHM) of the diffraction peak is rather
small, which indicates that the film crystallinity is fairly good.
XRD patterns of ZnS with various deposition thicknesses
are shown in Figure 1(b). The possible chemical reactions for
the synthesis of ZnS films are as follows:

(5)

Figure 1: (a) XRD spectra of CIGS film on Mo electrode. (b) XRD
spectra of ZnS film synthesized using a chemical bath deposition
method at various thicknesses.

where 𝛼 is the absorption coefficient, 𝐶 is the constant, ℎ]
is the photon energy, and 𝐸𝑔 is the band gap. The visible
light absorption edge of 200 nm ZnS film was at 386 nm.
Extrapolation of the linear region gives a band gap of 3.21 eV.
Therefore, the direct band gap energy obtained from our
experiment is 3.21 eV. As known, hydrothermal process may
transform some elemental S species to sulfur dioxides. It has
defect states like S vacancies in the band gap of ZnS [12].
Therefore, the sample had lower band gap than ideal crystal
structure of ZnS with 3.68 eV. It has shown actual sample
of ZnS film before and after being deposited on CIGS/Mo
substrate in Figure 2(b). The color of CIGS/Mo was gray
on the surface, and then we can see brown color as ZnS
film deposited on CIGS/Mo substrate. Therefore, we can
determine ZnS film on CIGS by color variability.
Figure 3(a) shows the cross-sectional bright field TEM
image of the Mo/CIGS/ZnS stacked layers. In contrast to
the relatively large grains of the CIGS layer (0.2 to 0.7 𝜇m),
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Figure 3: (a) TEM cross-section images of ZnS/CIGS/Mo, (b) highresolution TEM image of the cubic ZnS film, and (c) the interface of
CIGS and Mo.
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Figure 4: EDX analysis of the CIGS film.
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Figure 2: (a) Absorption spectra are as the function of photon
energy for the 200 nm ZnS film. (b) Realized sample of ZnS film
deposited on CIGS/Mo substrate.

the ZnS layer consists of very small grains. Although the
CIGS layer exhibits substantial surface roughness (∼80 nm
in average), the ZnS layer grown on top of CIGS has a
uniform thickness (∼200 nm) that was prepared for TEM
by the focused ion beam (FIB). Each one of the layers
constituting the Mo/CIGS/ZnS system was investigated in
order to know the formation of defects as well as to get
information regarding crystalline structure and grain size.
On the other hand, two different regions are identified in the
ZnS and CIGS/Mo films as is observed in the micrograph of
Figures 3(b)-3(c). The crystalline ZnS films are identified by
the high resolution lattice images. A representative HRTEM
image enlarging a round part of the structure in Figure 3(b)
is given. The interplanar distances of the crystal fringes are
about 0.31 nm.
The microstructure of the Mo/CuInGaSe2 interfaces was
investigated in order to visualize defects and the formation

of secondary phases as a result of possible chemical reactions occurring during the deposition of the stacked layers.
Figure 3(c) shows a typical cross-sectional HRTEM image
of the Mo/CIGS interface. The formation of a very thin
layer (10–40 nm) of a new compound is observed around
the Mo/CIGS interface. It seems that the new compound
corresponds to the MoS2 phase due to the similarity with
the CuInGaSe2 /Mo system in which an interlayer of MoSe2 is
usually formed [13]. This result makes sure that the metallic
Mo thin layer is converted into MoS2 during the initial
minutes of CIGS deposition. The MoS2 layer gives rise to
a small conduction band offset with respect to the CIGS
bulk material and a small Schottky barrier at the Mo back
contact [14]. Both features are good for device performance,
because the conduction band offset diminishes the back
surface recombination, and then arrow Schottky barrier gives
no substantial resistance to holes between CIGS and the
metallic back contact. The EDS line profiles indicate that the
CIGS film consists of Cu, In, Ga, and Se, as shown in Figure 4.
In addition, the atomic concentrations of Cu = 23%, In =
21%, Ga = 10%, and Se = 46% are calculated from the EDS
spectrum.
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The solar cell parameters of the cells used in photovoltaic
measurements in Table 1. The time needed for the parameters
to saturate under illumination is also shown. Before light
soaking the problem with the cells was the low fill factor and
high series resistivity. The fill factor increased significantly
with light soaking for ZnS buffer layer, while 𝑉oc remains
stable. In Figure 5(a), J-V curves obtained in the light soaked
states for the lighting 5 and 10 min.
The measurements reveal that lighting into the photoactive film results in an increase in F.F. from 55.8 to 64%,
but series resistivity from 7.4 to 3.8 Ω. The 𝜂 value of the
devices improved from 8.12 to 9.50%. The effect of F.F. value
is attributed to the positive conduction band offsets (CBO)
between the CIGS layer and the buffer layer, and it has been
suggested that this barrier is lowered by illumination due to
persistent photoconductivity (PPC) in the buffer layer [15].
In this work white light-induced metastable changes to the
F.F. are only observed for cells with buffer layers having a
lighting time 10 min. In addition, the quantum efficiencies are
measured after light soaking in Figure 5(b). The EQE spectra
are similar in shape, consistent with the almost unchanged
short circuit current density.
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4. Conclusions
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In summary, the ZnS/CuInGaSe2 heterojunction solar cell
with the light soaking process has been investigated. The
crystallinity of the CIGS absorber layer is fairly good by
coevaporated method. ZnS buffer layer with a band gap of
3.21 eV was deposited on CIGS/Mo sample. The MoS2 phase
was found in the CuInGaSe2 /Mo system form HRTEM. The
light soaking effect of photoactive film for 10 min results in an
increase in F.F. from 55.8 to 64%, but series resistivity from
7.4 to 3.8 Ω. The 𝜂 value of the devices improved from 8.12 to
9.50%.

9.5%
(b)

Figure 5: (a) J-V characteristics of ZnS/CIGS heterojunction solar
cell with various light soaking times and (b) the IPCE spectrum of
CIGS solar cell with efficiency of 9.5%.
Table 1: Photovoltaic performance of the AZO/ZnS/CIGS heterojunction solar cell with various light soaking times, under AM1.5G
at 100 mW/cm2 illumination.
Light
𝑉 (V) 𝐽sc (mA/cm2 ) F.F. (%) 𝑅𝑠 (Ω) 𝑅sh (Ω) 𝜂 (%)
soaking oc
0.58
25.07
55.8
7.4
995
8.12
0 min
0.58
25.02
61.8
5.6
1023
8.97
5 min
0.60
24.88
64.0
3.8
1087
9.50
10 min

Before light soaking the AZO/ZnS/CIGS heterojunction
solar cell generally suffered from poor one-diode behaviour,
a characteristic especially marked at low temperatures. The
situation is considerably improved after light soaking with
various times, under AM1.5G at 100 mW/cm2 illumination.
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The chalcopyrite CuInSe2 thin film synthesized via a low temperature solid state reaction from CuSe and InSe powders
was investigated using X-ray diffractomy (XRD), scanning electron microscope (SEM), energy dispersive spectrometer (EDS),
transmission electron microscopy (TEM), and UV-vis absorption spectroscopy. CuSe and InSe phases react and directly transform
into CuInSe2 without the occurrence of any intermediate phase. The morphology of the newly formed CuInSe2 crystalline was
close to that of the CuSe reactant particle based on the TEM results, which indicate that the solid state reaction kinetics may be
dominated by the In3+ ions diffusion. The CuInSe2 thin film prepared from the solid state reaction did not use the selenide process;
its band gap might reach 1.06 eV, which is competent and suitable to be used for a thin film solar cell light absorption layer.

1. Introduction
For the new type-energy materials, the group IV quantum dot
nanostructures for future generation solar cell applications
[1] and next generation ionic conducting membranes for
photochemical materials (i.e., fuels from light), batteries (i.e.,
electricity storage), fuel cells (i.e., electricity from fuels),
and other applications [2] are highly promising. Successful
results have been increasingly converted into products, and
more and more organizations have developed novel advanced
materials for renewable energy for the future. Many efforts
have also been focused on photovoltaic cells. Among them,
the ternary I-III-VI2 semiconductor of CuInSe2 (CIS) is
one of the most important semiconductor materials used in
thin film photovoltaic cells. Because of its high absorption
coefficient, suitable band gap, good radiation stability, and the
thickness of the absorption layers can be reduced to several
micrometers [3].
High efficiency CIS solar cells are commonly prepared
via the physical vapor deposition method [4–6]. This kind of

process requires a complicated facility, thereby leading to the
high fabrication cost. However, the general vacuum methods
have drawbacks such as the complexity in process and high
production costs and are difficult to be made on a large scale,
which need to be solved before the mass production of CIS
solar cells. To avoid these drawbacks, nonvacuum processes
have been extensively investigated in recent years, such as ink
printing method [7], electrodeposition process [8, 9], spray
pyrolysis method [10], chemical deposited method [11], and
combustion method and nonvacuum spin-coating process
[12].
A potential nonvacuum method for CIS formation is
developed in this work. In the experiment, the CuSe and
InSe powders are prepared by wet chemical method, which
is one of the simplest and cheapest methods. The CIS thin
film is thereafter obtained by spin coating from CuSe and InSe
powders on the glass and then heated at 350∘ C for 3 h under
nitrogen gas. The structure and the optical properties of the
precursors and the CIS films are investigated and discussed.
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Table 1: Experimental conditions and results.

No.
1a
2a
3a
4a
5b
6b
a
b

Materials
InCl3 + Se
InCl3 + Se
CuCl + Se
CuCl + Se
InSe + CuSe
In2 Se3 + Cu2 Se

Precursors ratio
1:1
2:3
1:1
2:1
1:1
1:1

Measured by EDS (Cu : In : Se)
0 : 1 : 1.06
0 : 2 : 3.01
1 : 0 : 0.99
1.74 : 0 : 1
1 : 0.79 : 1.86
1 : 1.32 : 1.94

Time (h)
5
5
2
2
3
3

Temp (∘ C)
220
280
220
220
350
350

Products
InSe
In2 Se3
CuSe
Cu2 Se
CuInSe2
CuInSe2 + In2 Se3

Samples no. 1∼4 were reaction via wet chemical process using OLA as solvent.
The precursors were prepared by samples no. 1∼4 and reaction through low temperature solid state reaction.

2. Experimental
2.1. Materials. The copper (I) chloride (99.99%, Alfa Aesar,
Ward Hill, MA, USA) and indium (III) chloride (99.99%,
Acros, Geel, Belgium) used were analytical grade reagents.
Selenium powder (99.99%, Sigma-Aldrich, St. Louis, Missouri, USA) was a high purity reagent. Oleylamine (70%,
Kanto Chemical Co., Inc., Tokyo, Japan), hexane (99%, Acros,
Geel, Belgium), and ethanol (95%, Acros, Geel, Belgium)
were used as received, without further purification. The
deionized water (DI water) used in this work was obtained
from EMD Millipore Corporation-Direct-Q 3 system (Billerica, MA, USA).
2.2. Synthesis of InSe Particles. A typical synthesis of InSe
particles was modified from Park et al.’s procedure [13];
0.45 mmol InCl3 and 0.50 mmol Se powder were added
into 10 mL of oleylamine (OLA) at room temperature. The
reaction mixture was heated to 220∘ C and kept at that
temperature under nitrogen gas with magnet stirring for 5 h.
The product was then centrifuged and washed with hexane,
ethanol and DI water several times and then dried at 80∘ C for
3 h in a vacuum oven.
2.3. Synthesis of In2 Se3 Particles. The In2 Se3 particles were
synthesized by annealing the reaction mixture containing
0.45 mmol InCl3 and 0.70 mmol Se powder in 10 mL of OLA
at 280∘ C under nitrogen gas for 5 h. The product was then
centrifuged and washed with hexane, ethanol, and DI water
several times and then dried at 80∘ C for 3 h in a vacuum oven.
2.4. Synthesis of CuSe Particles. The CuSe particles were
synthesized by annealing the reaction mixture containing
0.50 mmol Se powder and 10 mL of OLA (OLA/Se) firstly
mixed at room temperature, and the resulting solution was
heated to 180∘ C. 0.46 mmol CuCl and was then quickly added
into the hot OLA/Se solution; the reaction mixture was
annealed at 220∘ C for 2 h under nitrogen gas. The product was
then centrifuged and washed with hexane, ethanol, and DI
water several times and then dried at 80∘ C for 3 h in a vacuum
oven.
2.5. Synthesis of Cu2 Se Particles. The Cu2 Se particles were
synthesized by annealing the reaction mixture containing
0.91 mmol CuCl and 0.50 mmol Se powder in 10 mL of OLA at

220∘ C for 2 h under nitrogen gas. All the products were then
centrifuged and washed with hexane, ethanol, and DI water
several times and then dried at 80∘ C for 3 h in a vacuum oven.
2.6. Synthesis of CuInSe2 Films. The CuInSe2 films were
prepared using the as-prepared metal Se compounds as
precursors in two reaction paths. In the reaction path A,
the as-prepared InSe (0.25 mmol) and CuSe (0.25 mmol)
were dispersed in ethanol and spin-coated on the glass with
500 rev. min−1 for 20 s in air, then dried at 100∘ C for 1 h to
remove residual solvent. The glass was transferred into closed
graphite box and heated at 350∘ C for 3 h under nitrogen gas.
In the reaction path B, the as-prepared In2 Se3 (0.25 mmol)
and Cu2 Se (0.25 mmol) were also dispersed in ethanol and
spin-coated on the glass with 500 rev. min−1 for 20 s in air,
then dried at 100∘ C for 1 h to remove residual solvent. The
glass was transferred into closed graphite box and heated
at 350∘ C for 3 h under nitrogen gas. The experimental
parameters were summarized in Table 1.
2.7. Material Characterization. The X-ray powder diffraction
(XRD, operating at 8 kV) patterns of the as-prepared samples
were recorded on Shimadzu XRD-6000 X-ray diffractometer
(Kyoto, Japan) with Cu K𝛼 radiation (𝜆 = 0.15418 nm). The
morphologies and micro-/nanostructure were investigated
by Hitachi 4200A (Tokyo, Japan) scanning electron microscope (SEM, operating at 10 kV) and JEOL JEM-2000EX
(Tokyo, Japan) transmission electron microscope (TEM,
operating at 160 kV). The measurements using energy dispersive spectrometer (EDS) were performed on Horiba EX220
(Kyoto, Japan), which was attached to TEM for compositional
analyses. Thermal analysis was carried out with Perkin Elmer
Pyris Diamond TG/DTA thermal analyzer (Boston, MA,
USA) in nitrogen atmosphere at a heating rate of 20∘ C/min.
UV-vis absorption spectra were recorded by Hitachi U-3010
spectrophotometer (Tokyo, Japan).

3. Results and Discussion
The phase and crystallographic structure of the as-prepared
metal Se compounds were determined by XRD. Figure 1
showed XRD patterns of the as-prepared (a) InSe, (b) In2 Se3 ,
(c) CuSe, and (d) Cu2 Se particles, which corresponded to the
cubic phase, consistent with the literature [13], the hexagonal structure (JCPDS no. 89-0658) [14], the klockmannite
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Figure 1: XRD patterns of as-prepared (a) InSe [13], (b) In2 Se3 [14], (c) CuSe [14], and (d) Cu2 Se [14] particles.

structure (JCPDS no. 49-1457) [14], and the cubic structure
(JCPDS no. 88-2044) [14], respectively. Figure 2 showed
XRD patterns of the CIS films synthesized from (a) the
as-prepared metal Se compounds: InSe and CuSe, and (b)
the as-prepared metal Se compounds: In2 Se3 and Cu2 Se,
respectively. The chemical composition of the as-prepared
metal Se compounds and other products was analyzed with
EDS and given in Table 1.
Figure 2(a) showed XRD pattern obtained from the
annealed thin film made by CuSe and InSe, which exhibited
a single crystalline structure composed of CIS that corresponds to the peaks at (112), (211), (204)/(220), (116)/(312),
(008)/(400), (316)/(332), and (228)/(424). The chalcopyrite
phase of CIS (JCPDS no. 40-1487) was then synthesized.
Figure 2(b) showed XRD pattern obtained from the annealed
thin film made by Cu2 Se and In2 Se3 , which exhibited a
multicrystalline structure composed of CuInSe2 and In2 Se3
that corresponds to the chalcopyrite CIS and the hexagonal
In2 Se3 .
Figure 3 showed various images of the as-prepared CIS
thin film from path A: (a) cross-sectioned SEM image for

the as-synthesized CIS before annealing and (b) that after
annealing, (c) LR-TEM, and (d) HR-TEM and SAED (the
insert) images for the as-prepared CIS. In Figure 3(a), the
upper layer was identified as InSe particles with irregular
shapes. The lower layer was identified as CuSe particles
with a regular hexagonal shape of around 2 𝜇m in diameter. In Figure 3(b), the CIS thin film exhibited a regular
shape of hexagonal chalcopyrite particles. The insert image
was the dispersed CIS particles from its film. Figure 3(c)
showed the LR-TEM image of CIS particle. Its morphology
and particle size were consistent with those observed by
SEM. Figure 3(d) showed the HR-TEM and inserted SAED
image of CIS particle. The spacing of the crystal lattice
was measured around 3.3 Å, which is consistent with the
crystal lattice plane of CIS under (112). The EDS analysis expected an average composition of Cu1.0 In0.79 Se1.86 ,
which estimated an element ratio for copper, indium, and
selenium of 1.27 : 1.00 : 2.36. The CIS structure prepared
through the solid state reaction showed a Cu- and Se-rich
structure, but roughly correlated with the composition of
CuInSe2 .
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Figure 2: XRD patterns obtained from the annealed thin film made by (a) CuSe and InSe and (b) Cu2 Se and In2 Se3 .
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Figure 3: Various images of the as-prepared CIS thin film from path A: (a) cross-sectioned SEM image for the as-synthesized CIS before
annealing and (b) that after annealing, (c) LR-TEM, and (d) HR-TEM and SAED (the insert) images for the as-prepared CIS.
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Figure 4: TGA curves of (a) CuSe, (b) InSe, (c) Cu2 Se, (d) In2 Se3 , and (e) CIS particles prepared by the reaction path A or B via solid state
reaction.
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Figure 5: The (a) UV-vis absorption spectrum and (b) Raman spectrum of CIS thin films synthesized from the reaction path A.

Hsiang et al. [15] investigated that the CIS crystalline
reaction from Cu2 Se and In2 Se3 was close to that from the
Cu2 Se reactant particle, based on the TEM result. It indicates
that the solid state reaction kinetics may be dominated by the
In3+ ions diffusion. The same situation also occurred in the
experiment of path A. From TEM images, the solid state reaction kinetics of path A was most probably dominated by the
In3+ ions diffusion. On the other hand, the reaction kinetics
using solid state reaction from CuSe and InSe precursors was
lower than that from Cu2 Se and In2 Se3 precursors [16, 17].
Figure 4 showed TGA curves of (a) CuSe, (b) InSe, (c) Cu2 Se,
(d) In2 Se3 , and (e) CIS particles prepared by the reaction
path A or B via solid state reaction. The figures showed the
total percentage of weight loss as the increasing temperatures
till 800∘ C. According to Figures 4(a)–4(d), only InSe had
7% weight loss, whereas almost no weight loss measured till
350∘ C for CuSe, Cu2 Se, and In2 Se3 was found. Figure 4(e)
showed that the weight loss of path A was about 1.5% at 600∘ C.
The result indicated that CIS particles prepared by solid state
reaction exhibited good thermal stability. In addition, the
weight loss of path B was about 0.1% at 350∘ C and about
2.5% at 600∘ C, which indicated that the path B might require
higher reaction temperature to form CIS phase. As a result,
the path B for synthesizing CIS phase was relatively difficult
at 350∘ C, while the solid state reaction kinetics of path A was
presumably dominated by In3+ ions diffusion [15].
Furthermore, Figure 5(a) showed the UV-vis absorption
spectrum of CIS particles prepared by reaction path A.
The sample was dispersed in absolute ethanol under intense
sonication for 20 min, while ethanol was used as a reference.
The band gap of CIS particles was calculated using the direct
band gap method from its optical absorption spectrum [7];
the value was determined as 1.06 eV, which is consistent with
the reported value of 1.04 eV for the bulk CIS [18]. Figure 5(b)
showed Raman spectrum of CIS thin films synthesized from
the reaction path A. The main peak at around 177 cm−1 could
be identified as the A1 vibrational mode from chalcopyrite
ordered CIS. A relatively small peak at around 240 cm−1

was related to the characteristic mode from the elemental Se
[19, 20]; however, scarcely Se could not be found in the form
of CIS thin film. The Cu and Se binary phase were difficult
to be identified in the measured spectral range: the peak
at 259 cm−1 was the most intense one observed on Raman
spectrum of CuSe [21].

4. Conclusions
In this work, CIS thin film is successfully fabricated by using
CuSe and InSe binary precursors via a low temperature solid
state reaction. The XRD results indicate that CIS thin film
has a chalcopyrite structure with good crystallinity, which
exhibits (112) prefer orientation. Particularly, CIS thin film
can be preferably obtained by path A with the reaction
of CuSe + InSe → CuInSe2 at relatively low temperature
(350∘ C) and short preparation time (3 h). Besides, the weight
loss indicated by TGA pattern is only 1.5% at 600∘ C. The
value of band gap for the as-prepared CIS is calculated to be
1.06 eV, which demonstrates that this material is suitable to
be used for a thin film solar cell light absorption material.
Its good absorption in the visible light region also suggests
that such photovoltaic material is promising for sustainable
energy related applications.
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Vertically aligned ZnO/TiO2 (VA-ZnO/TiO2 ) core-shell composites deposited on ZnO-seeded indium tin oxide (ITO) glasses have
been synthesized by a chemical bath deposition approach for growing one-dimensional ZnO structure followed by a spin procedure
for coating TiO2 on the surface of ZnO structure. The influences of the cycles of spin coating of TiO2 (CSCT) on the properties
of VA-ZnO/TiO2 and performances of the assembled DSSCs were studied. The power conversion efficiency of the VA-ZnO/TiO2 based DSSC measured under illumination of 100 mW/cm2 and AM 1.5 can reach 0.81%, representing 93% improvement when
compared with that of the pristine VA-ZnO electrode (0.42%). The intensity-modulated photocurrent spectroscopy (IMPS) and
electrochemical impedance spectroscopy (EIS) were applied to study the kinetics and interfacial transfer of the photogenerated
electrons. Both the photocurrent and power conversion efficiency correlate well with the steady state electron density. Enlargement
in surface area and dye adsorption, suppression of dissolution of Zn2+ , diminishment in electron recombination, and fast transfer
of injected electrons from excited dyes to TiO2 conduction bands arising from coating TiO2 on VA-ZnO are regarded as the
predominant causes for this improvement.

1. Introduction
Regarded as a promising alternative to conventional siliconbased solar cells, DSSCs have attracted worldwide attention in
both academia and industry because of the inherent characteristics of low production cost, simple processing, less toxic
manufacturing, and moderate energy conversion efficiency
[1–5]. The common architecture of DSSCs consists of a
dye-sensitized semiconductor film deposited on transparent
conducting oxide (TCO) glass as a photoanode, the redox
couples (usually I− /I3 − ) in organic solvent as electrolyte, and
an counter electrode usually made from platinum or carbon
materials on TCO [2, 6]. Photoexcitation of the adsorbeddyes generates photoelectrons, which are then transferred to
the conduction bands of semiconductors where they infiltrate
to the back contact, and then to the counter electrode through
the external circuit. The oxidized dyes are regenerated by
capturing electrons from the reducing ions in the electrolyte,
accompanying the formation of oxidizing ions which are then
reduced by the electrons donated from the counter electrode.

Inevitably, the property and morphology of the semiconductor films must substantially affect the performance of DSSCs.
Lin et al. [3] indicated that strategies to boost the phototo-electricity conversion efficiency included the enhancement of electron transport within the semiconductor film
and reduction of recombination between injected electrons
and I3 − ions in electrolytes. Up to now, TiO2 nanoparticles
with sizes of 10–20 nm have been widely employed as the
materials for fabricating mesoporous photoanodes in DSSCs.
Although this construction can feature with high dye loads
and light harvesting as a result of high surface area, however,
it may create a plenty of grain boundary, which in turn
reduces the electron transport efficiency and increases the
recombination probability [2, 7, 8]. Vertically aligned (VA)
one-dimensional (1D) nanostructures such as nanotubes and
nanorods have been considered to provide straight routes to
facilitate electron transfer and suppress the recombination
rate by reducing the grain boundaries and traveling length of
photoelectrons before reaching the back contact [9–11].
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The electron diffusion coefficient and electron mobility
of ZnO film are reported to be 1.2 × 10−4 cm2 /s and
10−1 –10−3 cm2 V−1 s−1 , which are both higher than those
of 5 × 10−5 cm2 /s and 10−6 –10−4 cm2 V−1 s−1 , respectively,
of TiO2 [12–18]. These characteristics imply that ZnO can
be a potential candidate as the photoanode of DSSC in
addition to TiO2 semiconductor [3]. Although the pristine
1D structure of ZnO can raise the transport rate of electron,
however, the DSSC’s energy conversion efficiency is low when
compared with nanoparticulate TiO2 . For example, Jung et
al. [19] reported a light-harvesting efficiency of 0.26% based
on a ZnO nanowire photoanode by optimizing the synthesis
parameters, and Gan et al. [20] revealed an overall power
conversion efficiency of 0.79% by a ZnO nanowire/TiO2
nanoparticle photoanode prepared by the ultrasonic irradiation assisted dip-coating method.
Commercially available ruthenium polypyridine complexes dyes such as N3 and N719 have been widely used in the
TiO2 -based DSSCs and demonstrate superior performance
than other dye molecules. However, these Ru-dyes are not
suitable to be directly employed in the ZnO-based DSSCs
because ZnO crystals may be destroyed by protons releases
from dye molecules, causing the formation of Zn2+ /dye complexes when they are soaked in an acidic solution containing
Ru-dyes over an appropriate soaking time. Furthermore,
the formed Zn2+ /dyes complexes can agglomerate on the
surface of ZnO to generate a thick covering layer instead of a
monolayer, and is intrinsically inactive for electron injection
[21–23]. Therefore, utilization of core-shell construction to
coating a chemically-inert shell layer on ZnO core structure
can efficiently avoid dissolution of ZnO crystals and enhance
their performance of DSSCs.
Law et al. [24] prepared ZnO nanowires coated with thin
shells of Al2 O3 or TiO2 by atomic layer deposition and indicated significant improved efficiencies in power conversion
of the DSSCs based on the core-shell architectures. In this
report, we presented a simpler spin coating method to obtain
a shell layer of TiO2 coated on VA-ZnO arrays, which then
acted as photoanodes assembled in DSSCs in an attempt to
improve photovoltaic performance by combining the advantages of high surface area and chemical inertness of TiO2
and high electron transport rate of 1D ZnO nanostructures.
The properties of the prepared VA-ZnO/TiO2 structures and
their influences on the performance of the DSSCs were
investigated.

2. Experimental
2.1. Preparation of VA-ZnO/TiO2 . A revised version of chemical bath deposition (CBD) established by Ku et al. [25, 26]
and a spin coating procedure were employed to prepare
VA-ZnO/TiO2 grown on indium tin oxide (ITO) (7 Ωsq−1 ,
0.7 mm). The substrates were first deposited with a TiO2
compact layer; then they were seeded with ZnO layers from a
solution of 0.05 M zinc acetate and 0.05 M hexamethylenetetramine (HMTA) by a spin coating technique followed by
thermal decomposition at 350∘ C for 30 min.
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An aqueous solution containing 0.02 M zinc acetate and
0.02 M HMTA was applied to grow VA-ZnO structures on
the ZnO-seeded ITO substrates by CBD at 95∘ C for 3 h. The
as-prepared VA-ZnO structures were washed with deionized
water and ethanol. The CBD procedure was repeated several
cycles (1–5) to elucidate its impact on the properties of
VA-ZnO/TiO2 . Finally, the prepared VA-ZnO samples were
calcined at 400∘ C for 30 min [27].
For the synthesis of VA-ZnO/TiO2 core-shell structures,
the TiO2 shell layer was deposited on the surface of ZnO by
spin coating a solution containing 0.05 M TTIP and 0.15 M
HCl in isopropanol. The spin rate was controlled at 1000 rpm
for 30 s. Such procedure was duplicated several times (1–6)
to increase the TiO2 load on VA-ZnO. The prepared VAZnO/TiO2 composites on ITO substrates were annealed in
air at 450∘ C for 30 min to increase crystallization.
The prepared samples were denoted as ZaTb, where a and
b represented the cycles of chemical bath deposition of ZnO
(CCBDZ) and spin coating of TiO2 (CSCT), respectively.
2.2. Characterization of the VA-ZnO/TiO2 Composites on ITO
Substrates. Crystal phases of the prepared VA-ZnO/TiO2
samples were determined by an X-ray diffractometer (XRD)
(Rigaku D/MAX 2500) using a grazing incident diffraction model. The morphology of the VA-ZnO/TiO2 on ITO
substrates was decided by field emission scanning electron
microscopy (FESEM, JEOL, JSM-6700F) equipped with an
energy dispersive spectrometer (EDS) to quantitatively and
qualitatively determine the elements of the prepared samples. The threshold wavelengths and photoabsorbance of
the VA-ZnO/TiO2 samples were obtained using a UV-Vis
spectrophotometer (Jasco, V-550). Photoluminescence (PL)
spectra were measured on a spectrofluorophotometer (Jasco,
V670) with exciting wavelength of 320 nm.
2.3. Device Fabrication and Measurements. After being
heated at 80∘ C for 1 h, the prepared VA-ZnO/TiO2 electrodes
were immersed into an 0.5 mM ruthenium (II) 535 bisTBA (N-719, Solaronix) dye solution in ethanol for 24 h at
room temperature under dark condition. The as-obtained
dye-sensitized electrodes were rinsed with absolute ethanol
and dried in a vacuum oven at 40∘ C. Afterwards, they were
assembled with a Pt counter electrode using a 60 𝜇m thick
hot melt ring as the spacer (Surlyn, Solaronix) and sealed
by heating to form a sandwich structure. The cell internal
space was filled with a I3 − /I− liquid electrolyte comprised of
0.05 M I2 , 0.5 M 4-tert-butylpyridine (TBP), and 0.1 M LiI in
3-methyoxypropionitrile (MPN), through a predrilled hole
using a vacuum pump.
The photoelectrochemical performances of DSSCs were
measured using a source meter (Keithley 2400) and a
300 W xenon lamp (PerkinElmer, PS300BUV). The incident
light intensity (AM 1.5, 100 mW/cm2 ) was calibrated using
a power meter (Oriel, 70310) equipped with a photodiode detector (Newport 818UV). Electrochemical impedance
spectra (EIS) were measured using an impedance analyzer
(PGSTAT 302N, Autolab) equipped with an FRA2 module
at an open-circuit potential under illumination intensity
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Figure 1: Top view FESEM images of (a) VA-ZnO and VA-TiO2 /ZnO samples with CSCTs of (b) 1, (c) 3, and (d) 5.

of 100 mW/cm2 . The AC amplitude was 10 mV and the
frequency evaluated was in the range of 0.1 to 105 Hz. The
impedance spectroscopy was fitted with an equivalent circuit
using Z-view software. Intensity-modulated photocurrent
spectroscopy (IMPS) was operated under short-circuit status
using the above-mentioned impedance analyzer with a light
emitting diode (LED, 625 nm).

3. Results and Discussion
The morphologies of the prepared VA-ZnO and VAZnO/TiO2 were observed by FESEM. Figure 1 displays the
top view FESEM images of the VA-ZnO and VA-ZnO/TiO2
structures. The results indicate that both ZnO and ZnO/TiO2
composites grow in the vertically aligned direction forming
array structure with hexagonal faces and diameters roughly
ranging from 50 to 350 nm. The thickness of the TiO2
layer cannot be significantly observed to increase with spin
coating cycles of TiO2 , which seems to indicate that the
TiO2 layer is much thinner than ZnO nanorod. However, the
surface of VA-ZnO is smoother than that of VA-ZnO/TiO2
by the high resolution image (not shown here), which can
be attributed to the adherence of TiO2 on ZnO surface,
supporting the formation of TiO2 shell layer [27]. Figure 2
demonstrates cross-sectional FESEM image of the VA-ZnO
and VA-ZnO/TiO2 films, confirming one-dimensional array
structures. The thickness of VA-ZnO and VA-ZnO/TiO2 films

with spin coating cycles of 1, 3, and 5 are 7.2, 5.2, 5.1, and
5.5 𝜇m, respectively. The shortness of the VA-ZnO length
with initial coating TiO2 can be accounted by the dissolution
of ZnO by hydrogen chloride acid present in the TiO2 sol.
The TiO2 coating layer on ZnO can avoid this dissolution
with further TiO2 deposition and slightly lengthen the film
thickness. According to the energy dispersion spectroscopy
(EDS) measurement, the Ti/Zn atomic ratio of the VAZnO/TiO2 increases from 0.022 to 0.23 as the CSCT increases
from 1 to 5. This result verifies the formation of TiO2 on VAZnO, and its content increases with CSCT.
Figure 3 depicts the XRD patterns of the VA-ZnO and
VA-ZnO/TiO2 with CSCT under a grazing incident diffraction model. Obviously, the ITO substrate exhibits significant
diffraction peaks at 30.4∘ (222), 35.3∘ (400), and 50.6∘ (440)
(JCPDS #89-4598). In addition, XRD peaks at 2𝜃 =
31.8∘ (100), 34.4∘ (002), 36.2∘ (101), 47.5∘ (102), and 56.5∘ (110)
occurs, representing a wurtzite structure of ZnO (JCPDS
#89-1397). The strongest peak of ZnO at 34.4∘ indicates that
the (002) direction is the most preferential crystal plane for
the aligned ZnO array to grow with good crystallinity along
𝑐-axis, which is perpendicular to the surface of the ITO
substrate. On the other hand, the crystal peaks of TiO2 are
all absent after calcination at 450∘ C even when the CSCT
increases to 6 (sample Z3T6). In general, calcination at 450∘ C
can cause crystallization of TiO2 . Hence, it is some reasons,
rather than calcination temperature, that give rise to this
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Figure 2: Cross-sectional FESEM images of (a) VA-ZnO and VA-TiO2 /ZnO samples with CSCTs of (b) 1, (c) 3, and (d) 5.
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Figure 3: XRD patterns of VA-ZnO and VA-TiO2 /ZnO samples
with CSCTs of 1 and 5.

result. Law et al. [24] mentioned that a TiO2 shell film with
thickness less than 5 nm appeared amorphous. Therefore, the
thickness of the TiO2 layer may be a cause for the XRD results.

Figure 4 represents the effect of CSCT on the optical
absorption spectra of VA-ZnO/TiO2 samples. In the visible
light region, the optical absorption exhibits insignificant
increase with the cycles of spin coating, which is probable
due to the remained trace carbon species in the ZnO/TiO2
samples after calcination at 450∘ C for 30 min. In the ultraviolet region, on the contrary, CSCT exerts distinct influence
on the optical absorption intensity, which increases in order
of Z3T6 < Z3T5 < Z3T4 < Z3T1 < Z3T0 < Z3T3 < Z3T2.
Apparently, the changing tendency of photoabsorbance in the
ultraviolet region does not coincide with CSCT; conversely,
the moderate CSCT (Z3T2) provides the highest absorbance.
This phenomenon is suspected to result from the competitive
absorption of the UV light between TiO2 and ZnO, and/or
morphology variation with CSCT.
Figure 5 illustrates the photoluminescence spectra (PL)
of the VA-ZnO/TiO2 samples with CSCT. In general, PL
is composed of two types of electron transitions. The one,
originated from direct transition of electron from conduction
band to valence band, is band PL, while the other one,
resulted from the indirect transition of electron to the surface
state, oxygen vacancy, or crystal defect state, and then to
valence band, is excitonic PL [27–30]. Therefore, the band PL
can be estimated as the band gap energy of semiconductor,
and the excitonic PL can be used to evaluate the density of
oxygen vacancy, surface state, crystal defects, and so forth.
Figure 5 demonstrates that the predominant PL peaks of
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Table 1: Photovoltaic parameters of the DSSCs based on VATiO2 /ZnO as photoanodes with CCBDZ under illumination of
100 mW/cm2 and AM 1.5.

Absorbance (a.u.)

Sample
CCBDZ
B1S4Z1T1
1
B1S4Z2T1
2
B1S4Z3T1
3

𝐽SC (mA/cm2 )
2.85
3.42
4.00

F.F.
0.25
0.29
0.3

𝜂 (%)
0.47
0.65
0.81

Table 2: Photovoltaic parameters of the DSSCs based on VATiO2 /ZnO samples with CSCT under illumination of 100 mW/cm2
and AM 1.5.
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Figure 4: Optical absorbances of VA-ZnO and VA-TiO2 /ZnO
samples with CSCTs of 1, 2, 3, 4, 5, and 6.
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Figure 5: PL intensities of Z3T1, Z3T3, and Z3T5 samples with an
incident irradiation of wavelength 320 nm.

the VA-ZnO/TiO2 located at 394, 432, 454, 472, 486, and
496 nm. The peak at 395 nm is considered as the band
PL, indicating a band gap energy of about 3.1 eV, which is
consistent with the band gap energy of TiO2 and/or ZnO [27].
In addition, the peak at 430 nm is likely due to the emission
of free excitons near conduction band, while the PL peaks
in the range of 470–550 nm are probably from the emission
of bound excitons [27, 28]. It is inferred that increasing
CSCT can increase the thickness of TiO2 shell layer, and
then increases the penetration length of electrons travelling
to the ZnO core region, enhancing the probability of electron
recombination, leading to the result that increasing CSCT
increases both the band and excitonic PLs. In addition, the

Samples 𝑉OC (V) 𝐽SC (mA/cm2 ) F.F. 𝜂 (%) 𝑅2 (Ω) 𝑊1 (Ω)
Z3T0
0.61
2.46
0.27 0.42 401.7
19.2
Z3T1
0.66
4.00
0.3 0.81 303.4
22.8
Z3T3
0.64
3.06
0.29 0.58 360.4
35.2
Z3T5
0.62
2.53
0.27 0.43 369.4
42.7

amorphous structure and heterogeneous dispersion of TiO2
over ZnO may also raise PL emission. These PL behaviors
are similar to those that appeared in our previous report
concerning the etched VA-TiO2 /ZnO [27].
The CCBDZ can affect the property and length of VAZnO/TiO2 , which in turn makes a great impact on the DSSC’s
performance. Figure 6(a) shows the I-V curves of the DSSCs
fabricated with various CCBDZ under a constant CSCT
of 1, and their photovoltaic parameters are summarized in
Table 1. Both the short circuit current (𝐽sc ) and fill factor
(FF) increase from 2.85 to 4.0 mA/cm2 and 0.25 to 0.30,
respectively; in contrast, open circuit voltage (𝑉oc ) varies
little and is in the region of 0.64 V to 0.66 V, as the CCBDZ
increases from 1 to 3 (the corresponding length of VA-ZnO
increased from 3.1 to 7.2 𝜇m). The power conversion efficiency
(PCE) exhibits an enhancement from 0.47 to 0.81% as the
CCBDZ increased from 1 to 3, primarily due to the increment
in 𝐽sc and secondarily from the FF. The 𝐽sc enhancement
arising from the increase of CCBDZ is suspected to strongly
depend on the increase of length and diameter and on the
decrease of crystal defect of VA-ZnO structures, which allow
a high dye-loading and facilitate the transport of injected
electrons, respectively. These two factors are also expected
to account for the alteration of FF. Figure 6(b) displays the
onset potentials of the dark current with CCBDZ. The dark
current is indicative of the level of recombination between
electrons in the semiconductor films and the oxidized I3 − ions
in electrolyte. A higher onset potential usually correlates to
a lower dark current and a higher efficiency. In this study,
the onset potential of the dark current decreases in order of
Z3T1 > Z2T1 > Z1T1, which is consistent with the photovoltaic
efficiency.
Figure 7 depicts the characteristic of photocurrent versus
voltage of DSSCs made with different CSCT, and Table 2
summaries the corresponding photovoltaic parameters. It
can be seen that 𝐽sc , 𝑉oc , FF, and PCE increase firstly as
CSCT increases from 0 to 1 and then decrease as CSCT
further increases. The sample Z3T0 (i.e., without coating
TiO2 ) demonstrates the least activity, while the sample with
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Figure 6: Influences of CCBDZ on the current-voltage characteristics of VA-TiO2 /ZnO (a) under illumination of 100 mW/cm2 (AM 1.5) and
(b) in the dark.
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Figure 7: The current-voltage characteristics of DSSCs based on
VA-TiO2 /ZnO samples with various CSCTs as photoanodes under
illumination of 100 mW/cm2 (AM 1.5).

CSCT of 1 explores the highest efficiency. Coating TiO2 onto
ZnO can create high surface area and inhibit the dissolution
of ZnO, which then suppress the formation of Zn2+ /dye
complex. In addition, a faster electron-injection efficiency
can be expected for the TiO2 -coated ZnO nanorods when
compared with bared ZnO nanorods, because the ZnO conduction bands are largely composed of empty s and p orbitals
from Zn2+ , while those of TiO2 consist predominantly of
empty 3d orbitals of Ti4+ [22, 31]. These factors are suggested

to be responsible for the increase in efficiency with coating
TiO2 layer on ZnO. The results also indicate that all the 𝑉oc ,
𝐽sc , and FF decrease with further increasing the coating of
TiO2 over 1 layer, and thereby causing the decrease of PCE.
Upon increasing the coating layer of TiO2 , the thickness of
the shell layer became excessively thick, which raises the
resistance to transfer injected electrons from the shell layer
of TiO2 to core region of ZnO nanorods because both the
electron mobility and diffusivity within TiO2 are much lower
than those of ZnO. The insignificant crystalline characteristic
of the coated TiO2 , as indicated by XRD, may develop
a high recombination probability of the injected electrons
during transportation within the TiO2 layer. As indicated
by PL measurement, increasing CSCT can promote electron
quenching within the semiconductor film, which is also an
important reason for the decrease of PCE with increasing
CSCT. In addition, TiO2 features a lower conduction band
energy (−4.2 eV versus vacuum) than ZnO (−4.0 eV versus
vacuum) [22], which is considered to reduce the efficiency
for the injected electrons transferred from TiO2 to ZnO. It
is also possible that TiO2 may agglomerate on the surface or
within the interstitial space due to incomplete dispersion of
TiO2 precursor by a spin method, which reduces the PCE by
hampering transport of electrolyte.
Electrochemical impedance spectra (EIS) can be adopted
to investigate the electron kinetics in DSSCs. Usually three
semicircles can be observed as the frequency starts from
100 k to 0.01 Hz. The high-frequency semicircle (1 k–100 k Hz)
is related to the capacitance (CPE1) and charge transfer
resistance (𝑅1 ) between counter electrode and electrolyte,
while the low-frequency semicircle (in the mHz range)
corresponded to the Warburg diffusion of electrolyte (𝑊1 ).
The impedance in the middle frequency region is associated
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Table 3: The parameters of electron kinetics of DSSCs based on the
VA-ZnO/TiO2 samples as photoanodes.
𝜏𝑅 (ms)
118.3
118.3
100.9
86.2

𝐷 (cm2 /s)
1.23 × 10−3
6.41 × 10−4
4.92 × 10−4
4.57 × 10−4

𝐿 (𝜇M)
120.6
87.1
70.5
62.7

𝑛𝑠 (cm−3 )
6.6 × 1016
1.2 × 1017
8.8 × 1016
6.8 × 1016
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W1
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Figure 8: Nyquist plots of DSSCs based on Z3T0, Z3T1, Z3T3,
and Z3T5 samples as the photoanodes under illumination of
100 mW/cm2 (AM 1.5) and AC amplitude of 10 mV. The data points
are from experiments, and the solid lines are the fitting results
according to the equivalent circuit shown in the inset.
0.2

0.16
Absorbance (a.u.)

with the capacitance (CPE2) and interfacial charge transfer
resistance (𝑅2 ) between TiO2 /dyes and electrolyte. Figure 8
provides the impedance spectra of the DSSCs with Z3T0,
Z3T1, Z3T3, and Z3T5. The corresponding 𝑅2 and 𝑊1 values
by fitting the impedance spectra based on the equivalent
circuit shown in the inset of Figure 8 are listed in Table 3.
The interfacial charge transfer resistance (𝑅2 ) increases in
the order of Z3T1 < Z3T3 < Z3T5 < Z3T0. This result is
in good agreement with the changing trends of PCE and
the amount of dye loading as shown in Figure 9, which is
demonstrated by the optical absorbance with wavelength
by dissolving out the adsorbed dye molecules from the
photoanode in 10 mL NaOH. The probable reason is that low
dye loading on the VA-ZnO/TiO2 may generate low electron
density and interfacial charge transfer rate, causing a high
𝑅2 value. With appropriate coating of TiO2 on ZnO, the
amount of adsorbed dye increases and significantly reduced
the 𝑅2 value. In contrast, coating TiO2 over 3 times increased
the 𝑅2 values. This fact may be partly attributed to the
penetration limitation of dye molecules due to the blocking
effect induced by the coated TiO2 . The EIS results also
indicate that increasing TiO2 coating cycles increases the
Warburg diffusion resistance (𝑊1 ) which reflects that over
coating and/or improperly dispersion of TiO2 may block the
penetration channels of electrolytes.
Intensity-modulated photocurrent spectroscopy (IMPS)
was used to calculate the charge-transport time (𝜏𝑇) according to the formula of 𝜏𝑇 = 1/(2𝜋𝑓IMPS ), where the 𝑓IMPS
represent the frequency of the minimum current of the
imaginary part of IMPS [32–34]. Figure 10 provides the
IMPS of the DSSCs based on ZnO/TiO2 photoanodes. The
electron diffusion coefficient (𝐷) can be obtained from the
expression of 𝜒2 /2.35𝜏𝑇 , with 𝜒 indicating the film thickness.
The electron recombination lifetime (𝜏𝑅 ) can be estimated
from the reciprocal of the peak frequency of the central
semicircle in the Nyquist plot of the EIS spectroscopy [35].
Following these parameters, the electron diffusion length (𝐿)
can be determined by the expression of (𝐷𝜒)1/2 . Furthermore,
the steady state electron density (𝑛𝑠 ) in the conduction
band of VA-ZnO/TiO2 can be calculated by the term of
𝑘𝐵 𝑇𝜏𝑅 /(𝑞2 𝐴𝑅2 𝜒), where 𝑘𝐵 , 𝑇, 𝑞, and 𝐴 are the Boltzmann
constant, absolute temperature, elementary charge, and surface area of the anode film [35]. Table 3 summarizes the
parameters of 𝜏𝑇 , 𝜏𝑅 , 𝐷, 𝐿, and 𝑛𝑠 for Z3T0, Z3T1, Z3T3,
and Z3T5. The dependence of 𝜏𝑇 on CSCT can be expressed
as Z3T0 = Z3T1 < Z3T3 < Z3T5, while the relation of
𝜏𝑅 can be noted as Z3T0 = Z3T1 > Z3T3 > Z3T5. The
samples of Z3T0 and Z3T1 exhibit the smallest and largest 𝜏𝑇

R2

CPE1

Z (Ω)

Samples 𝜏𝑇 (ms)
Z3T0
0.179
Z3T1
0.179
Z3T3
0.225
Z3T5
0.282

300

0.12

0.08

0.04
450
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500
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Z3T1

Z3T3
Z3T5

Figure 9: Optical absorbances of the dissolved-out dyes of the Z3T0,
Z3T1, Z3T3, and Z3T5 samples in 10 mL NaOH solution (0.1 M).

and 𝜏𝑅 . Increasing spin coating cycles of TiO2 increases 𝜏𝑇 ,
and decreases 𝜏𝑅 , electron diffusion coefficient, and electron
diffusion length, which can be originated from the fact
that ZnO possesses higher electron diffusion coefficient and
electron mobility than that of TiO2 . In addition, coating TiO2
shell layers over ZnO nanorods would increase the lateral
diffusion of electrons and then increase the transport time
and recombination probability of electron captured by redox
species in electrolyte, causing a short recombination lifetime.
Furthermore, ZnO nanostructures feature less population of
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The changing tendency of power conversion efficiency is
similar to that of the steady state electron density in the
conduction band.
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Figure 10: Intensity-modulated photocurrent spectroscopy (IMPS)
of the DSSCs based on the Z3T0, Z3T1, Z3T3, and Z3T5 as the
photoanodes.

deep traps and are then expected to possess a longer electron
lifetime when compared with TiO2 [23]. The results also
exhibit that the changing tendency of 𝑛𝑠 with CSCT is similar
to that of the amount of adsorbed dye on VA-ZnO/TiO2 .
Enhancing 𝑛𝑠 is likely to reduce both the interfacial charge
resistance (𝑅2 ) and transport resistance of electrons within
the photoanode films, which coincides with the results of EIS
and IMPS. Similar results have also been reported previously
[35]. Overall, the obtained 𝑛𝑠 in this work is significantly
lower than the averaged one reported in the literature for
the DSSCs with TiO2 nanoparticle-based anodes [35, 36]. It
indicates that increasing the surface area of VA-ZnO/TiO2
with appropriate pore structure is crucial to further raise the
power conversion efficiency.

4. Conclusions
VA-ZnO/TiO2 core-shell structure can be successfully
deposited on ITO glasses acting as photoanodes in DDSCs
by a chemical bath deposition for growing ZnO and a spin
method for coating TiO2 in sequence. Increasing CCBDZ
can increase the length of 1D ZnO on ITO substrates,
and thereby increase the energy conversion efficiency. The
Ti/Zn atomic ratio of VA-ZnO/TiO2 raises with increasing
CSCT, however, XRD results indicate that TiO2 on VA-ZnO
appears as amorphous. Increasing CSCT over 1 can extend
PL intensity and then boosts the electron recombination
rate, causing reduced energy conversion efficiency. Coating
1 layer of TiO2 on VA-ZnO can significantly enhance the
energy conversion efficiency, mainly due to the suppression
of dissolution of ZnO, the enlargement of surface area,
and fast transfer of injected electrons from excited dye to
TiO2 conduction band. However, the energy conversion
efficiency gradually decreases with increasing CSCT over
1. The Z3T1 and Z3T0 samples exhibit the less interfacial
charge transfer resistance between TiO2 /dyes and electrolyte,
and the smaller transport time than the other samples.

[1] P. Charoensirithavorn, Y. Ogomi, T. Sagawa, S. Hayase, and S.
Yoshikawa, “Improvement of dye-sensitized solar cell through
TiCl4 -Treated TiO2 nanotube arrays,” Journal of the Electrochemical Society, vol. 157, no. 3, pp. B354–B356, 2010.
[2] J. Chae and M. Kang, “Cubic titanium dioxide photoanode for
dye-sensitized solar cells,” Journal of Power Sources, vol. 196, no.
8, pp. 4143–4151, 2011.
[3] L.-Y. Lin, M.-H. Yeh, C.-P. Lee, C.-Y. Chou, R. Vittal, and K.-C.
Ho, “Enhanced performance of a flexible dye-sensitized solar
cell with a composite semiconductor film of ZnO nanorods and
ZnO nanoparticles,” Electrochimica Acta, vol. 62, pp. 341–347,
2012.
[4] L.-L. Li, C.-W. Chang, H.-H. Wu, J.-W. Shiu, P.-T. Wu, and E.
Wei-Guang Diau, “Morphological control of platinum nanostructures for highly efficient dye-sensitized solar cells,” Journal
of Materials Chemistry, vol. 22, no. 13, pp. 6267–6273, 2012.
[5] M. Giannouli, “Nanostructured ZnO, TiO2 , and composite
ZnO/TiO2 films for application in dye-sensitized solar cells,”
International Journal of Photoenergy, vol. 2013, Article ID
612095, 8 pages, 2013.
[6] D. Zhao, T. Peng, L. Lu, P. Cai, P. Jiang, and Z. Bian, “Effect of
annealing temperature on the photoelectrochemical properties
of dye-sensitized solar cells made with mesoporous TiO2
nanoparticles,” Journal of Physical Chemistry C, vol. 112, no. 22,
pp. 8486–8494, 2008.
[7] J. T. Park, R. Patel, H. Jeon, D. J. Kim, J.-S. Shin, and J. Hak
Kim, “Facile fabrication of vertically aligned TiO2 nanorods
with high density and rutile/anatase phases on transparent
conducting glasses: high efficiency dye-sensitized solar cells,”
Journal of Materials Chemistry, vol. 22, no. 13, pp. 6131–6138,
2012.
[8] J. Dewalque, R. Cloots, F. Mathis, O. Dubreuil, N. Krins, and C.
Henrist, “TiO2 multilayer thick films (up to 4 m) with ordered
mesoporosity: influence of template on the film mesostructure
and use as high efficiency photoelectrode in DSSCs,” Journal of
Materials Chemistry, vol. 21, no. 20, pp. 7356–7363, 2011.
[9] K. Lee, D. Kim, and P. Schmuki, “Highly self-ordered nanochannel TiO2 structures by anodization in a hot glycerol electrolyte,”
Chemical Communications, vol. 47, no. 20, pp. 5789–5791, 2011.
[10] X. Feng, K. Shankar, O. K. Varghese, M. Paulose, T. J. Latempa,
and C. A. Grimes, “Vertically aligned single crystal TiO2
nanowire arrays grown directly on transparent conducting
oxide coated glass: synthesis details and applications,” Nano
Letters, vol. 8, no. 11, pp. 3781–3786, 2008.
[11] W.-Y. Kim, S.-W. Kim, D.-H. Yoo, E. J. Kim, and S. H. Hahn,
“Annealing effect of ZnO seed layer on enhancing photocatalytic activity of ZnO/TiO2 nanostructure,” International
Journal of Photoenergy, vol. 2013, Article ID 130541, 7 pages,
2013.

International Journal of Photoenergy
[12] J. Chung, J. Lee, and S. Lim, “Annealing effects of ZnO nanorods
on dye-sensitized solar cell efficiency,” Physica B: Condensed
Matter, vol. 405, no. 11, pp. 2593–2598, 2010.
[13] L. Dloczik, O. Ileperuma, I. Lauermann et al., “Dynamic
response of dye-sensitized nanocrystalline solar cells: characterization by intensity-modulated photocurrent spectroscopy,”
Journal of Physical Chemistry B, vol. 101, no. 49, pp. 10281–10289,
1997.
[14] N. Kopidakis, K. D. Benkstein, J. Van De Lagemaat, A. J. Frank,
Q. Yuan, and E. A. Schiff, “Temperature dependence of the
electron diffusion coefficient in electrolyte-filled TiO2 nanoparticle films: evidence against multiple trapping in exponential
conduction-band tails,” Physical Review B, vol. 73, no. 4, Article
ID 045326, 2006.
[15] M. Quintana, T. Edvinsson, A. Hagfeldt, and G. Boschloo,
“Comparison of dye-sensitized ZnO and TiO2 solar cells:
studies of charge transport and carrier lifetime,” Journal of
Physical Chemistry C, vol. 111, no. 2, pp. 1035–1041, 2007.
[16] E. M. Kaidashev, M. Lorenz, H. Von Wenckstern et al., “High
electron mobility of epitaxial ZnO thin films on c-plane
sapphire grown by multistep pulsed-laser deposition,” Applied
Physics Letters, vol. 82, no. 22, pp. 3901–3903, 2003.
[17] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yang,
“Nanowire dye-sensitized solar cells,” Nature Materials, vol. 4,
no. 6, pp. 455–459, 2005.
[18] L.-T. Yan, F.-L. Wu, L. Peng et al., “Photoanode of dye-sensitized
solar cells based on a ZnO/TiO2 composite film,” International
Journal of Photoenergy, vol. 2012, Article ID 613969, 4 pages,
2012.
[19] J. Jung, J. Myoung, and S. Lim, “Effects of ZnO nanowire
synthesis parameters on the photovoltaic performance of dyesensitized solar cells,” Thin Solid Films, vol. 520, no. 17, pp. 5779–
5789, 2012.
[20] X. Gan, X. Li, X. Gao, F. Zhuge, and W. Yu, “ZnO nanowire/TiO2
nanoparticle photoanodes prepared by the ultrasonic irradiation assisted dip-coating method,” Thin Solid Films, vol. 518, no.
17, pp. 4809–4812, 2010.
[21] Q. Zhang, C. S. Dandeneau, X. Zhou, and C. Cao, “ZnO nanostructures for dye-sensitized solar cells,” Advanced Materials, vol.
21, no. 41, pp. 4087–4108, 2009.
[22] H. Horiuchi, R. Katoh, K. Hara et al., “Electron injection
efficiency from excited N3 into nanocrystalline ZnO films:
effect of (N3-Zn2+ ) aggregate formation,” Journal of Physical
Chemistry B, vol. 107, no. 11, pp. 2570–2574, 2003.
[23] M. M. Rahman, N. C. D. Nath, K.-M. Noh, J. Kim, and J.-J.
Lee, “A facile synthesis of granular ZnO nanostructures for dyesensitized solar cells,” International Journal of Photoenergy, vol.
2013, Article ID 563170, 6 pages, 2013.
[24] M. Law, L. E. Greene, A. Radenovic, T. Kuykendall, J. Liphardt,
and P. Yang, “ZnO-Al2 O3 and ZnO-TiO2 core-shell nanowire
dye-sensitized solar cells,” Journal of Physical Chemistry B, vol.
110, no. 45, pp. 22652–22663, 2006.
[25] C.-H. Ku and J.-J. Wu, “Chemical bath deposition of ZnO
nanowire-nanoparticle composite electrodes for use in dyesensitized solar cells,” Nanotechnology, vol. 18, no. 50, Article ID
505706, 2007.
[26] C.-H. Ku, H.-H. Yang, G.-R. Chen, and J.-J. Wu, “Wet-chemical
route to ZnO nanowire-layered basic zinc acetate/ZnO
nanoparticle composite film,” Crystal Growth and Design, vol.
8, no. 1, pp. 283–290, 2008.
[27] L. C. Chen, J.-H. Chen, S.-F. Tsai, and G. W. Wang, “Effect
of ZnO seed layer and TiO2 coating treatments on aligned

9

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

TiO2 /ZnO nanostructures for dye-sensitized solar cells,” Integrated Ferroelectrics, vol. 143, pp. 107–114, 2013.
M. Zhou, J. Yu, S. Liu, P. Zhai, and L. Jiang, “Effects of calcination
temperatures on photocatalytic activity of SnO2 /TiO2 composite films prepared by an EPD method,” Journal of Hazardous
Materials, vol. 154, no. 1–3, pp. 1141–1148, 2008.
J. Liqiang, Q. Yichun, W. Baiqi et al., “Review of photoluminescence performance of nano-sized semiconductor materials
and its relationships with photocatalytic activity,” Solar Energy
Materials and Solar Cells, vol. 90, no. 12, pp. 1773–1787, 2006.
J.-G. Yu, H.-G. Yu, B. Cheng, X.-J. Zhao, J. C. Yu, and W.K. Ho, “The effect of calcination temperature on the surface
microstructure and photocatalytic activity of TiO2 thin films
prepared by liquid phase deposition,” Journal of Physical Chemistry B, vol. 107, no. 50, pp. 13871–13879, 2003.
N. A. Anderson and T. Lian, “Ultrafast electron injection from
metal polypyridyl complexes to metal-oxide nanocrystalline
thin films,” Coordination Chemistry Reviews, vol. 248, no. 13-14,
pp. 1231–1246, 2004.
K. Zhu, N. R. Neale, A. Miedaner, and A. J. Frank, “Enhanced
charge-collection efficiencies and light scattering in dyesensitized solar cells using oriented TiO2 nanotubes arrays,”
Nano Letters, vol. 7, no. 1, pp. 69–74, 2007.
Q. Wang, J.-E. Moser, and M. Grätzel, “Electrochemical
impedance spectroscopic analysis of dye-sensitized solar cells,”
Journal of Physical Chemistry B, vol. 109, no. 31, pp. 14945–14953,
2005.
D. Hwang, D. Y. Kim, S.-Y. Jang, and D. Kim, “Superior
photoelectrodes for solid-state dye-sensitized solar cells using
amphiphilic TiO2 ,” Journal of Materials Chemistry A, vol. 1, no.
4, pp. 1228–1238, 2013.
M. Adachi, M. Sakamoto, J. Jiu, Y. Ogata, and S. Isoda, “Determination of parameters of electron transport in dye-sensitized
solar cells using electrochemical impedance spectroscopy,”
Journal of Physical Chemistry B, vol. 110, no. 28, pp. 13872–13880,
2006.
Q. Zhang and G. Cao, “Nanostructured photoelectrodes for
dye-sensitized solar cells,” Nano Today, vol. 6, no. 1, pp. 91–109,
2011.

Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2013, Article ID 183626, 5 pages
http://dx.doi.org/10.1155/2013/183626

Research Article
Low Cost Amorphous Silicon Intrinsic Layer for Thin-Film
Tandem Solar Cells
Ching-In Wu,1 Shoou-Jinn Chang,1 Kin-Tak Lam,2 Shuguang Li,3 and Sheng-Po Chang1
1

Institute of Microelectronics & Department of Electrical Engineering, Advanced Optoelectronic Technology Center,
Research Center for Energy Technology and Strategy, National Cheng Kung University, Tainan 70101, Taiwan
2
College of Physics and Information Engineering, Fuzhou University, Fuzhou, Fujian 350108, China
3
College of Science, China University of Petroleum (East China), Qingdao, Shandong 266555, China
Correspondence should be addressed to Shoou-Jinn Chang; changsj@mail.ncku.edu.tw
Received 19 September 2013; Accepted 2 October 2013
Academic Editor: Teen-Hang Meen
Copyright © 2013 Ching-In Wu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
The authors propose a methodology to improve both the deposition rate and SiH4 consumption during the deposition of the
amorphous silicon intrinsic layer of the a-Si/𝜇c-Si tandem solar cells prepared on Gen 5 glass substrate. It was found that the most
important issue is to find out the saturation point of deposition rate which guarantees saturated utilization of the sourcing gas. It
was also found that amorphous silicon intrinsic layers with the same 𝑘 value will result in the same degradation of the fabricated
modules. Furthermore, it was found that we could significantly reduce the production cost of the a-Si/𝜇c-Si tandem solar cells
prepared on Gen 5 glass substrate by fine-tuning the process parameters.

1. Introduction
In recent years, silicon-based thin-film solar cells have been
studied extensively due to their potential benefits in low
cost, high efficiency, and low pollution during production.
It has been shown that these silicon-based thin-film solar
cells are scalable for full-sized commercial production [1].
However, the fundamental challenge of silicon thin-film solar
cells is light-induced degradation known as the StaeblerWronski Effect (SWE) [2]. There are currently two major
types of silicon thin-film solar cells in the market. One
is the amorphous silicon (a-Si) only module, which could
achieve an approximately 7% energy conversion efficiency
with a degradation ratio of around 23%. The other is the
amorphous silicon tandem microcrystalline silicon (a-Si/𝜇cSi) tandem device, which could achieve more than 10%
energy conversion efficiency with a smaller degradation ratio
of around 15%.
It is generally believed that increasing the ratio of hydrogen gas in the process of forming the intrinsic layers could
improve the module stability. However, increasing hydrogen
dilution ratio during the formation of the intrinsic layers
suffers from two major drawbacks. First, hydrogen treatment

could easily compromise p-layer interface in front of the
intrinsic layer. Second, increasing the hydrogen dilution ratio
of the total process gas also means decreasing the ratio of
SiH4 used for forming the silicon film. This could result in a
reduction in deposition rate. It has been reported previously
that one can tune the distance of the electrodes to increase
both the utilization of the depositing gas and the deposition
rate [3]. However, it is necessary to adjust the hardware of
the deposition system which depends strongly on the system
used. It has also been reported that one can introduce triode
to control the dissociation of reacting gas and the deposition
rate [4]. However, adding one more electrode could increase
the system cost and degrade the uniformity of the deposited
layers. In this study, we propose a methodology to improve
both the deposition rate and SiH4 consumption during the
deposition of the amorphous silicon intrinsic layer of the aSi/𝜇c-Si tandem solar cells prepared on Gen 5 glass substrate.

2. Experiments
In this work, amorphous silicon thin-film tandem solar cells
with amorphous intrinsic layer prepared under different
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Table 1: A more detailed comparison between samples with two different hydrogen dilution ratios (i.e., 3 and 1).

Intrinsic layer (FR = 20.8 slm, P = 0.5 mbar, Dilu = 2.5)
Depo. rate (A/sec)
𝑘
Uniformity

Dilu = 1
3.35
0.618
15.72%

5.5
5.0
4.5
4.0
DR (A/S)

conditions were fabricated on Gen 5 glass substrate. The
silicon active layer and the transparent conductive oxide
(TCO), ZnO:B, and electrodes with a large area (1300 mm ×
1100 mm) in tandem were fabricated by very high frequency
plasma-enhanced chemical vapor deposition (PECVD) with
an excitation frequency of 40.68 MHz and a low-pressure
chemical vapor deposition (LPCVD) coater for anode and
cathode, respectively. The current density-voltage (𝐽-𝑉) characteristics of the produced module were then measured
under a pulsed solar simulator system (Berger system). The
system includes a solar simulator device (PSS 8HS) under
500–1200 W/m2 light intensity at 25∘ C and a load measuring
device (PSL 8) with a power supply of 230 V-50 Hz, 1000 Watt
or 110 V-60 Hz, and 1100 Watt. It should be noted that the
𝐽-𝑉 measurement system used in this study was designed for
fully automated module production lines. In some cases, we
study a silicon single film by depositing the silicon single film
directly on the front glass by PECVD. The full-sized single
film sample was then measured by a large-area ellipsometer (J.
A. Woollam, AccuMap-SE VI-1500). Deposition rate, spatial
uniformity, refraction index (𝑛), and extinction coefficient (𝑘)
were determined by fitting the optical raw data with a suitable
optical model Cody-Lorentz.
We adjusted four major process parameters when forming the amorphous silicon intrinsic layer. These parameters
include (1) total flow rate, FR ≡ SiH4 flow + hydrogen flow,
(2) pressure, 𝑃, (3) process power, Pw, and (4) hydrogen
dilution ratio, Dilu ≡ [H2 ]/[SiH4 ]. It is known that the total
flow rate and pressure were mainly correlated with “radical
residence time,” while the process power and the hydrogen
dilution ratio were mainly correlated with the “dissociation
rate of radical” [5]. The basic approach that we took could
be summarized as follows: first, we find the onset point of
saturation for deposition rate (limited by radical dissociation)
at a fixed “radical residence time.” Second, we enhanced
“residence time” to further raise the deposition rate.
After choosing potential fitting conditions, we used these
specific parameters to form modules. To check the module
stability, the fabricated modules were moved outdoors to
soak in sunlight in Tainan, Taiwan. After soaking in enough
sunlight according to the rules defined by the international
electrotechnical commission (IEC) (>43 kw/hr) in one cycle,
the modules were moved inside to measure their efficiencies.
If the measured modules were unstable in efficiency as
defined by IEC (<2% degradation within three cycles), they
were moved outdoors again for the next sunlight soaking
cycle. The cycles were repeated until the efficiency became
stable. Each module was then moved inside and put in room
temperature in the dark for at least one day to prevent
outdoor environmental influences before module power was
measured.
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Figure 1: Deposition rate of the amorphous silicon intrinsic layer
as a function of Dilu and Pw. FR and 𝑃 are kept at 20.8 slm and
0.5 mbar, respectively.

3. Results and Discussion
An original sample was first prepared. For this sample, the
amorphous silicon intrinsic layer was deposited using total
flow rate FR = 20.8 slm, pressure 𝑃 = 0.5 mbar, process power
Pw = 340 Watt, and hydrogen dilution ratio, Dilu = 3. It
was found that the deposition rate was 2 A/sec using these
process parameters. We then studied deposition rate of the
amorphous silicon intrinsic layer as a function of hydrogen
dilution ratio, Dilu, and process power, Pw, while keeping
the total flow rate, FR, and pressure, 𝑃, at 20.8 slm and
0.5 mbar, respectively. As shown in Figure 1, it can be seen that
increasing the plasma power during deposition will lead to
an increased deposition rate (DR). This should be attributed
to the higher chance for SiH4 gas to dissociate. However, it
was also found that such an enhancement was significantly
suppressed as we increased the hydrogen dilution ratio.
Table 1 summaries these results. With 340 Watt plasma
power, 0.5 mbar pressure, and 20.8 slm total flow rate, it was
found that we could increase the deposition rate from 2 to
3.35 A/sec, as we decreased the hydrogen dilution ratio from
3 to 1. This suggests that we could easily achieve a >40%
enhancement in deposition rate of the amorphous silicon
intrinsic layer by decreasing the hydrogen dilution ratio.
Figure 2 shows outdoor soaking results of the fabricated
modulates with two different hydrogen dilution ratios (i.e., 3
and 1). It was found that lower hydrogen dilution ratio (Dilu =
1) could provide us a higher deposition rate of the amorphous
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intrinsic layer. However, it was found from Figure 2 that the
degradation ratio became higher, as compared to the original
sample with Dilu = 3. Table 1 lists a more detailed comparison
between these two samples. It can be seen that the dielectric
constant, 𝑘, of the amorphous silicon intrinsic layer measured
from these two samples was about the same. However, it was
also found that thickness uniformity (i.e., 9.95%) was much
better for the sample prepared with Dilu = 3, as compared to
that prepared with Dilu = 1 (i.e., 15.72%). It is possible that the
high degradation observed from the sample prepared with
Dilu = 1 was directly related to the thickness nonuniformity.
It has been shown previously that controlling the dissociation of reacting gas (SiH4 and H2 ) is a key factor in
achieving good stability of the amorphous silicon intrinsic
layer [6, 7]. It has also been shown that we could tune
the process parameters to achieve similar crystal size of
microcrystalline silicon layer [8]. Thus, we also tried to
tune different gas resident time by changing total flow rate,
deposition pressure, and plasma power so as to achieve
different hydrogen dilution ratios during the deposition of
the amorphous silicon intrinsic layer. As we modify different
parameters in the experiment, this formula always remains
constant:
(1)

where 𝑃 is the pressure in the chamber, 𝑉 is the total chamber
volume, 𝑁 is the number of moles, 𝑅 is the gas constant, and 𝑇
is the absolute temperature of the gas. It should be noted that
𝑉, 𝑅, and 𝑇 are constants for the same process chamber. In the
experiment, we also kept the value of 𝑃 as a constant. Since
only SiH4 and H2 were introduced into the process chamber,
we could derive the following formula:
(2)

With 𝑃 as a constant, we can simplify the formula to
𝑃(total) = 𝑃(SiH4 ) + 𝑃(H2 ) .
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Figure 2: Outdoor soaking results of the fabricated modulates with
two different hydrogen dilution ratios (i.e., 3 and 1).
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(3)

By keeping 𝑃(total) constant, the partial pressure of SiH4 would
have to decrease if we increase the hydrogen flow rate with a
fixed flow rate of SiH4 gas. In other words, the resident time of

Dilu = 3/FR = 20.8 slm, 0.5 mbar
Dilu = 2.5/FR = 15.6 slm, 0.6 mar
Dilu = 2.8/FR = 15.6 slm, 0.6 mar

Figure 3: Deposition rate and 𝑘 values as functions of deposition
power under three different conditions.

SiH4 has to decrease. The decreased partial pressure of SiH4
should result in a lower deposition rate of the silicon film. This
could be used to explain why the deposition rate is inversely
correlated with the dilution ratio of the hydrogen gas. For
better usage of source gas, we should decrease the total flow
rate and increase the resident time of the source gas in the
chamber while maintaining the same pressure and the same
ratio for H2 and SiH4 .
To maximize the utilization of source gases, we should
also optimize the deposition power. Figure 3 shows deposition rate and 𝑘 values as functions of deposition power under
three different conditions. It can be seen that the deposition
rate increased rapidly, reached a saturation point, and then
increased slowly. The much slower increase in deposition rate
after saturation point should be attributed to the saturation
of dissociation. The saturation point in deposition rate also
suggests the best composition of the specific ratio of source
gas at the same dilution ratio, total flow rate, and pressure.
It should be noted that undesired SiH4 polymer or dangling
bond in intrinsic layer could occur easily in the unsaturated
region. This could result in serious SWE and severe lightinduced degradation. Other than choosing the proper process
parameters, we also need to check the 𝑘 value so as to know if
the deposited amorphous silicon intrinsic layer exhibits the
same absorption as that of the original sample. As shown
in Figure 3, it can be seen that we could achieve a 𝑘 value
matching that of the original sample (i.e., 𝑘 = 0.618) by
choosing power = 380 W, FR = 15.6 slm, pressure = 0.6 mbar,
and Dilu = 2.5. With this matched 𝑘 value, we could use the
deposited amorphous silicon intrinsic layer in our tandem
module. As also shown in Figure 3, it was found that thickness
uniformity of the sample prepared with these parameters was
11.12%, which was reasonably good.
Figure 4 shows outdoor soaking results of the fabricated
modulates with two kinds of amorphous silicon intrinsic
layer after tuning (i.e., Dilu = 2.5 and Dilu = 3). These modules
were used for the deep top-limited tandem device with the
same 1600 nm thick 𝜇c-Si device. For comparison, we only
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Table 2: The results of modulates fabricated with these three kinds of amorphous silicon intrinsic layer.

Condition (FR, P, Pw, Dilu)
20.8, 0.5, 380, 1
15.6, 0.5, 380, 2.5
20.8, 0.5, 340, 3 (original)

SiH4 consumption
100.00%
102.60%
182.00%

Initial module power (W)
138.85
138.57
138.75

and Dilu = 3 was higher than 180%. Furthermore, it was found
that tact times observed from the sample prepared with FR =
20.8 slm, 𝑃 = 0.5 mbar, Pw = 380 Watt, and Dilu = 1 was
835 sec, while that observed from the sample prepared with
FR = 15.6 slm, 𝑃 = 0.5 mbar, Pw = 380 Watt, and Dilu =
2.5 was 1076 sec. In contrast, it was found that tact time
observed from the original sample was as long as 1400 sec.
Compared with the original sample, the much smaller SiH4
consumptions and the shorter tact times observed from the
two fine-tuned samples suggest that we could significantly
reduce the production cost of the a-Si/𝜇c-Si tandem solar
cells prepared on Gen 5 glass substrate.

100

Degradation ratio (%)
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1400

95

90

85

80

0

50
100
150
200
Outdoor soaking hours (kw/hrs) at Tainan

250

Dilu = 3, 340 W, 0.5 mbar, FR = 20.8 slm
Dilu = 2.5, 380 W, 0.6 mbar, FR = 15.6 slm

Figure 4: Outdoor soaking results of the fabricated modulates with
two kinds of amorphous silicon intrinsic layer after tuning (i.e., Dilu
= 2.5 and Dilu = 3).

changed the amorphous silicon intrinsic layer. The amount
of sunlight was measured by SMA Sunny Web Box. It can
be seen from Figure 4 that the degradation behaviors were
similar for these two modules. After soaking for 240 kW/hr,
it was found that these two modules both became stable with
a degradation ratio of around 86%, following the IEC61646
10.19.3 standard. We further fine-tuned the four parameters
during the deposition of the amorphous silicon intrinsic
layer. Other than the original sample, we also prepared two
samples with two different process parameters during the
deposition of the amorphous silicon intrinsic layer. One sample was prepared using total flow rate FR = 20.8 slm, pressure
𝑃 = 0.5 mbar, process power Pw = 380 Watt, and hydrogen
dilution ratio Dilu = 1. The other sample was prepared using
total flow rate FR = 15.6 slm, pressure 𝑃 = 0.5 mbar, process
power Pw = 380 Watt, and hydrogen dilution ratio Dilu =
2.5. Table 2 lists the results of modulates fabricated with
these three kinds of amorphous silicon intrinsic layer. It can
be seen that the initial powers measured from these three
modules were similar (i.e., ∼139 Watt). However, it was found
that the amounts of SiH4 consumed during the deposition
of the amorphous silicon intrinsic layers were very different.
Assuming that the SiH4 consumption for the sample prepared
with FR = 20.8 slm, 𝑃 = 0.5 mbar, Pw = 380 Watt, and Dilu
= 1 was 100%, it was found that the SiH4 consumption for
the sample prepared with FR = 15.6 slm, 𝑃 = 0.5 mbar, Pw
= 380 Watt, and Dilu = 2.5 was around 102%. Furthermore, it
was found that the SiH4 consumption for the original sample
prepared with FR = 20.8 slm, 𝑃 = 0.5 mbar, Pw = 340 Watt,

4. Conclusion
In summary, we propose a methodology to improve both the
deposition rate and SiH4 consumption during the deposition
of the amorphous silicon intrinsic layer of the a-Si/𝜇c-Si tandem solar cells prepared on Gen 5 glass substrate. It was found
that the most important issue is to find out the saturation
point of deposition rate which guarantee saturated utilization
of the sourcing gas. It was also found that amorphous silicon
intrinsic layers with the same 𝑘 value will result in the same
degradation of the fabricated modules. Furthermore, it was
found that we could significantly reduce the production cost
of the a-Si/𝜇c-Si tandem solar cells prepared on Gen 5 glass
substrate by fine-tuning the process parameters.
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An ultrathin hole-injection buffer layer (HBL) using silicon dioxide (SiO2 ) by electron beam evaporation in flexible organic lightemitting diode (FOLED) has been fabricated. While the current of the device at constant driving voltage decreases as increasing
SiO2 thickness. Compared to the different thicknesses of the buffer layer, the FOLED with the buffer layer of 4 nm showed the
highest luminous efficiency. The atomic force microscopy (AFM) investigation of indium tin oxide (ITO)/SiO2 topography reveals
changes at the interface between SiO2 and N,N -bis-(1-naphthl)-diphenyl-1,1 -bipheny-4,4 -diamine (NPB), resulting in ultrathin
SiO2 layers being a clear advantage for a FOLED. However, the SiO2 can be expected to be a good buffer layer material and thus
enhance the emission performance of the FOLED.

1. Introduction
In the recent years, organic light-emitting diodes (OLED)
have gained great interest in the last decade due to their
potential application in efficient, large-area, and full-color
displays [1–4], especially for flexible displays application [5–
8]. The quantum efficiency, photons emitted per electron
injected, is dependent upon the current balance between
electrons and holes and therefore upon the charge injection
rates at cathode and anode interfaces. Current balance is
especially difficult to achieve in devices with only a single
organic layer since there are no energy barriers to block
carrier transit from electrode to electrode. It, therefore,
becomes critical to achieve the best possible current balance by suitable choice of materials [9, 10]. The injection
currents depend primarily on Schottky barrier heights at
each electrode. Furthermore, corroborating evidence for the
important injection rate using physical hole-injection buffer
layer (HBL) deposited on the anode. Recently, few studies

have reported that an ultrathin film of oxide is employed
as an anode buffer layer in organic light-emitting devices to
enhance the hole transport and power efficiency of OLED
[11–13]. In other words, the buffer layer enhances most of the
holes injected from the anode and improves the balance of
the hole and electron injections. Although these studies can
improve their efficiency, to accurately control the evaporation
rate and the concentration of two or more materials, such as
molybdenum oxide (MoO3 ), zinc oxide (ZnO), and silicon
dioxide (SiO2 ), in the doping codeposition process is very
difficult.
Among these materials, the cost of SiO2 material is
cheaper than that of the other two materials. However, if a
thin insulating layer such as silicon dioxide (SiO2 ) with a wide
bandgap (8 eV, compared to 2.9 eV for 8-hydroxyquinoline
aluminum (Alq3 )) is added between the indium tin
oxide (ITO) anode and N,N -bis-(1-naphthl)-diphenyl-1,1 bipheny-4,4 -diamine (NPB) layer, the accumulation of holes
can occur at the ITO/NPB interface; hence, the improvement
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Figure 2: Photographs (a) of flexible organic light-emitting diode
at an applied voltage of 6 V and schematic diagram of device
configuration (b).
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For the fabrication of flexible organic light-emitting diode
(FOLED), the devices were performed on 150 nm thickness
of indium tin oxide (ITO)-coated plastic substrate. The
schematic energy level diagram of the FOLED with the
SiO2 layer inserted between ITO/NPB interface structures is
shown in Figure 1. The sheet resistance of ITO was obtained
at 50 Ω/sq. The plastic substrate used in this study is a transparent polymer named ARTON (ARTON F, JSR Co., Ltd.,
Japan). The ITO film is streaked with the photolithography
processing via etching and is as an anode electrode. The
device configuration was adopted as shown in Figure 2. The
multilayer structure consists of an ITO-coated plastic substrate, ultrathin SiO2 as an HBL, NPB as a hole-transporting
layer (HTL), Alq3 as an electron-transporting layer (ETL),
and aluminum (Al) cathode electrode manufactured by
shadow mask. The thickness of ITO, NPB, Alq3 , and Al
was performed at 150, 30, 35, and 150 nm, respectively. The
emitting area of devices is 2.25 mm2 . After the previously
mentioned multilayer structure, the SiO2 layer is fabricated
by using the electron beam deposition (EBD) system. The
evaporation onto the ITO-covered plastic substrate is performed in a high vacuum system with a base pressure of
1.0×10−6 torr. The Al was deposited by EBD system at rates of
1 nm/sec. The brightness is measured by spectrophotometer
(Photo Research, PR655 SpectraScan, USA). The characterization was carried out by using the power source (Keithley
Source Meter 2400, USA). The present study also presents
a complementary study of the topography of the surfaces
by atomic force microscopy (AFM, Burleigh, METRIS-3345,
USA).
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2. Experimental
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Figure 1: The schematic energy level diagram of ITO/SiO2 /NPB/
Alq3 /Al.

is of current balance between the injected electrons and
holes. The inserted buffer layer has not yet been studied. In
this paper, a detailed investigation of an ultrathin SiO2 layer
as the HBL and the effect of SiO2 on the device efficiency is
presented.
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Figure 3: (a) 𝐽-𝑉 characteristics of the devices with different silicon
dioxide thicknesses. (b) The inset shows the 𝐵-𝑉 characteristics of
the devices.

3. Results and Discussion
Figure 3(a) shows typical current density versus applied
voltage (𝐽-𝑉) characteristics of the studied devices fabricated
with different thicknesses of SiO2 (0, 2, 3, 4, 5, 6, and 7 nm).
The current density of the devices is almost zero under
negative voltage. As expected, the current density decreases
as the buffer layer thickness increases when the buffer layer of
SiO2 is larger than 5 nm at a constant applied voltage of 14 V.
On the other hand, there is a tendency that current density
increases with the decrease of the thickness of the buffer layer
(2∼4 nm). This suggests that the buffer layer is as a block layer
and has an effect of blocking the hole in movement, leading
to more balance. In other words, this barrier impedes hole
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where 𝐸𝑆 is the NPB surface field and Φ𝐵 is the potential
barrier height when 𝐸𝑆 = 0. The image force exerted by
ITO proximity and the thermally assisted tunneling through
the barrier lowers the effective barrier height. Equations
(2) and (3) show the relationship between ΔΦ and 𝐷𝑚 ,
where 𝐷𝑚 is the distance from the ITO. From the previous
equation and viewpoints, there is an image force at smaller
𝐷𝑚 which results from increasing oxide thickness and lowers
considerably the barrier. In other words, the barrier height
is inversely proportional to oxide thickness. With lowered
barrier, there follows an excess of hole injection and accumulation. However, improved hole/electron injection balance
is a consequence one may expect from the inclusion of
SiO2 ultrathin film as HBL. Besides, the electrons possess
much lower mobility than holes in organic materials. This
gives rise to an accumulation of excess holes at SiO2 -NPB
boundary. The electron-hole pair combination is decreased,
so the luminous efficiency is decreased.
Figure 4(a) shows the brightness versus applied voltage
(𝐵-𝑉) characteristics of the FOLED with the SiO2 buffer
layer. In contrast with the value of only 2300 cd/m2 without
SiO2 buffer layer, an impressive brightness of more than
3300 cd/m2 was measured when the SiO2 thickness was 2 nm
at 20 V. Similarly, the luminous efficiency of the FOLED was
increased due to the introduction of the thin SiO2 layer
(Figure 5). Figure 4(b) shows the brightness versus current
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Figure 4: (a) 𝐵-𝑉 characteristics for the devices with different SiO2
buffer layer thicknesses. (b) The inset shows the 𝐵-𝐽 characteristics
of the devices.
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injection from ITO, preventing the accumulation of excess
holes in the luminance layer, thus increasing the probability
of e-h+ pair combination.
It is known that holes are the major charge carrier in
FOLED, and luminous efficiency strongly depends on charge
balance. Luminous intensity therefore increases with the
increase of barrier height and with the thickness of the buffer
layer (2∼4 nm) when the applied voltage is less than 8 V. It
shows that the bias voltage to obtain the same current density
of 20 mA/cm2 is obviously lowered for the FOLED with 2 nm
SiO2 buffer layer compared with the devices without SiO2 .
Furthermore, the light onset voltage (𝑉𝐿-on ; defined as the
voltage required to drive a luminance of 10 cd/m2 ) of the
device with SiO2 of 4 nm is as low as 5.2 V, as shown in the
inset of Figure 3(b). In other words, the 𝑉𝐿-on in Figure 3(b)
is estimated to be 7.1, 6.2, 5.1, 5.2, and 6.5 V for devices with
buffer layer in 0 nm, 2 nm, 3 nm, 4 nm, and 5 nm, respectively.
Thus, the 𝑉𝐿-on of 2 nm, 3 nm, 4 nm, and 5 nm is to be lower
than that of the device without buffer layer. However, there is
a tendency that the 𝑉𝐿-on increases with the increase of oxide
thickness (2∼7 nm) because a larger voltage is dropped across
the oxide [14]. When the oxide layer is more than 5 nm, the
effective barrier is as (1) [15]
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Figure 5: Luminous efficiency versus applied voltage curves of the
devices with different buffer layer thicknesses.

density (𝐵-𝐽) on the SiO2 thickness for the devices. At a
given constant current density of 20 mA/cm2 , the device
with buffer layer of 4 nm displayed the highest luminance
of 1550 cd/m2 among the seven samples which corresponded
to a luminous efficiency of 7.6 cd/A. In contrast, the device
without the SiO2 buffer layer only shows the luminous
efficiency of 6.4 cd/A at the current density of 20 mA/cm2 .
Table 1 showed the luminance and efficiency characteristics
for the devices with different thicknesses of SiO2 at the
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Figure 6: Images of atomic force microscopy of the ITO surface after depositing (a) 2, (b) 3, (c) 4, and (d) 5 nm SiO2 buffer layers.

Table 1: Luminance and efficiency characteristics for the devices
with different SiO2 buffer layer thicknesses at the current density of
20 mA/cm2 .
SiO2 thickness
(nm)
0
2
3
4
5
6
7

Luminance
(cd/m2 )

Voltage
(V)

Luminous
efficiency (cd/A)

1310
700
1380
1550
820
420
78

17.8
14.2
16.8
17.1
15.8
18.2
18

6.4
3.8
6.5
7.6
4.1
2.2
0.72

current density of 20 mA/cm2 . The voltages are obtained
from Figure 3(a) at a constant current density of 20 mA/cm2 .
Furthermore, the luminance and the luminous efficiency are
got and corresponded from above various voltages via Figures
4(a) and 5, respectively. And then it is obvious that the
efficiency of the device with buffer layer of 4 nm is better
than that of the one without buffer layer. The brightness and
efficiency of electroluminescent (EL) devices increased with
the thickness of the SiO2 buffer layer, but those drop after
the maximum brightness and efficiency of EL devices, which
can be attributed to excessively blocking the hole by the thick
buffer layer. However, a good EL device should possess not
only the high brightness but also the high luminous efficiency.
Shown in Figure 5 is luminous efficiency versus applied
voltage curves for seven different devices, derived from the
data shown in Figure 4. There is an optimization thickness of

SiO2 (4 nm) for the luminous efficiency of the devices. At a
given constant voltage of 13 V, obviously the device with the
4 nm thick buffer layer was the most efficient one. In contrast,
the device without the SiO2 buffer only showed a luminous
efficiency of 8.8 cd/A at the voltage of 13 V. An increase in
the thickness of the SiO2 buffer beyond 4 nm resulted in a
gradual decrease in brightness and efficiency. No EL emission
could be findable when the thickness of the layer exceeded
8 nm. Device performance was improved by the use of a
buffer layer consisting of SiO2 . Although the exact role of the
SiO2 buffer layer in the hole-injecting transporting process
is not completely clear, the enhancements in brightness and
efficiency of the devices may tentatively be attributed to an
improved balance of the hole and electron injections, which
results in enhancements of carrier recombination efficiency.
In addition, some groups believe that the deposition of an
ultrathin oxide layer prior to the organic material deposition
may smooth the interface and lead to a more homogeneous
adhesion of the HBL to the anode [16–19].
The topography of SiO2 on ITO was acquired ex situ using
atomic force microscopy (AFM). Figures 6(a)–6(d) show the
topographical images that present the surface root mean
square (RMS) roughness for ITO and surfaces obtained after
depositing SiO2 of 2, 3, 4, 5 nm on ITO. The RMS roughness
is 1.581, 1.358, 1.128, and 1.306 nm, respectively. That reveals
that ITO has a relatively smooth surface. In the 2 and 3 nm
thickness, the surface morphologies are island structure and
small quantity of spikes; a few nanometers in height on bare
ITO surfaces indicate that the grains coalesce and fill in the
channel between the grain and the poor surface uniformity.
In addition, there is an optimization thickness of SiO2 (4 nm)
for the low RMS roughness of surface; the structure of island
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and spikes have fallen away little by little. In fact, the smooth
uniformity of film surface for improving interface contact of
the ultrathin SiO2 layer with organic layer is important for the
injection and transmission properties of carrier. Therefore,
carrier can be easy to inject through from ITO to organic
mediums when the device is properly biased.

4. Conclusions
In summary, the devices with the insertion of an ultrathin
SiO2 buffer layer between ITO and NPB showed enhanced
hole-injection efficiency, higher EL efficiency, and operational stability that may be attributed to an improved current balance of the hole and electron injections, resulting
mainly from the blocking of the injected holes by the buffer
layer. In other words, this buffer layer improves FOLED
efficiency without modifying the electrode work function
or requiring additional organic layers. Various techniques,
including physical and electrical characterizations, show that
a smoother SiO2 (4 nm)/NPB interface versus ultrathin SiO2
layers is a clear advantage for a FOLED. However, the buffer
layer can be to control the emission performance of the
FOLED, offering further promise for innovation optoelectronic application.
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The GZO thin films were deposited on the polyimide (PI) substrates to investigate their properties for the possibly flexible
applications. The effects of substrate temperature (from room temperature to 200∘ C) on the surface and cross-session morphologies,
X-ray diffraction pattern, optical transmission spectrum, carrier concentration, carrier mobility, and resistivity of the GZO
thin films on PI substrates were studied. The measured results showed that the substrate temperature had large effect on the
characteristics of the GZO thin films. The cross-section observations really indicated that the GZO thin films deposited at 200∘ C
and below had different crystalline structures. The value variations in the films’ optical band gap (𝐸𝑔 ) of the GZO thin films
were evaluated from plots of (𝛼ℎ])2 = 𝑐(ℎ] − 𝐸𝑔 ), revealing that the measured 𝐸𝑔 values increased with increasing deposition
temperature. Finally, the prepared GZO thin films were also used as the transparent electrodes to fabricate the 𝛼-Si amorphous
silicon thin-film solar cells on the flexible PI substrates, and the properties of which were also measured. We would also prove
that substrate temperature of the GZO thin films had large effect on the characteristics of the fabricated 𝛼-Si amorphous silicon
thin-film solar cells.

1. Introduction
Tin doped indium oxide (ITO) thin films are widely used
as a transparent conducting oxide (TCO) electrode in optoelectronic devices because they have high performance in the
visible region, including very low resistivity and high transmittance. However, the price of indium is increasing due to
the high demand of ITO in the rapid development of flat panel
displays (FPDs) industry. In addition, the toxic nature and
high cost due to the scarcity of indium have led researchers
to seek an alternative candidate for ITO. Recently, impurity
doped zinc oxide is a possible alternative to ITO due to its
unique electrical and optical properties. Zinc oxide (ZnO) is
a novel II–VI compound n-type oxide semiconductor with
various electrical, optical, acoustic, and chemical properties
because of its wide direct band gap (𝐸𝑔 ) value of 3.37 eV at
room temperature (RT) [1]. Because of the good properties

of thin films, ZnO-based thin films could be used as a transparent electrode in optoelectronic applications such as solar
cells [2], and undoped ZnO thin films could be used as a
buffer layer of solar cells [3] and the active layer of transparent
thin films transistor [4]. Alternatively, the effects of different
dopant of In2 O3 [5], Al2 O3 [6], and Ga2 O3 [7] in ZnO films
have also been explored and are also regarded as the ideal
candidates for replacing ITO as TCO electrodes owing to
their promising optical and electrical properties as well as its
low cost, nontoxicity, and long-term environmental stability.
Many researchers have reported about the Ga2 O3 -doped
ZnO thin films according to a different doping concentrations
of Ga2 O3 [8]. The highly conductive and transparent Ga2 O3 doped ZnO thin films had been deposited at high growth
rates by radio frequency magnetron sputtering [9]. The thin
films processed at room temperature on soda lime glass
substrates using a ceramic Ga2 O3 -doped ZnO target; a low
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resistivity of 2.6 × 10−4 Ω-cm was obtained. In the present
paper, a compound of ZnO with 3 wt% Ga2 O3 (ZnO : Ga2 O3
= 97 : 3 in wt%, GZO) was prepared by solid-state reaction
method. For the possibly flexible applications, the polyimides
(PI) were used as substrates and the GZO thin films were
deposited on them to investigate their physical, optical, and
electrical properties. However, there is a still controversy
about the effects of substrate temperature of the Ga2 O3 doped ZnO thin films depositing on PI substrates. For that,
the GZO thin films were deposited on PI substrates by
changing substrate temperature from RT to 200∘ C. We would
show that substrate temperature played an important role
in nucleation, relatively diffraction intensity of orientations,
lattice constant, crystalline size, optical 𝐸𝑔 value, carrier
mobility, carrier concentration, and resistivity of the GZO
thin films. In the past, GZO thin films were used as the electrodes of the p-i-n 𝛼-Si:H thin-film solar cells [10], produced
in a modified single chamber reactor, and the fabricated
solar cells exhibited very good electrical characteristics [11].
In the past, the GZO thin films were also deposited on the
polyethylene naphthalate (PEN) substrates by RF magnetron
sputtering at room temperature [12]. In this paper, the GZO
thin films were deposited on polyimide (PI) substrates by RF
magnetron sputtering under different substrate temperatures
(from RT to 200∘ C) to investigate their characteristics for
the possible applications in flexible photo devices. Finally,
the investigated GZO thin films on PI substrates were also
used as the transparent electrodes to fabricate the 𝛼-Si
thin-film solar cells. The current-voltage characteristics were
measured to determine the effects that substrate temperature
of the GZO thin films had on the fabricated 𝛼-Si solar
cells.

2. Experimental Details
In this work, GZO with the composition of ZnO = 97.0 wt%
(99.999% purity) and Ga2 O3 = 3.0 wt% (99.99% purity) was
used to prepare 2-inch (in diameter) target. The weighted
composition was mixed, ground, calcined at 1000∘ C for
5 h, and sintered at 1400∘ C for 4 h to prepare the GZO
ceramic target for sputtering process. RF (13.56 MHz) magnetron sputtering process was used, and the used substrate
was 33 mm × 33 mm × 2 mm polyimide (abbreviated as
PI). Before deposition process was started, base chamber
pressure was pumped to less than 1 × 10−6 Torr; then
deposition pressure was controlled at 5 × 10−2 Torr and the
GZO thin films were deposited at different temperatures
(from RT to ∼200∘ C). In case of the GZO thin films, RF power
was controlled as 50 W and substrate temperatures as from
room temperature (RT) to 200∘ C, and distance between the
target and polyimide substrate was 8 cm. Before deposition
process was started, base chamber pressure was pumped
to 5 × 10−6 Torr (detected by using MKS Baratron gauge)
and substrate temperature was changed from RT to 200∘ C;
then deposition pressure was controlled at 5 × 10−3 Torr.
During deposition process, only argon was introduced in the
chamber; the flow rate of pure argon (99.999%) was 20 sccm.
Film thickness of the GZO thin films was determined by
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averaging five data obtained by FESEM, and deposition rates
were calculated from measured thickness of the deposited
GZO thin films. Film thickness was measured using a
Nano-View SEMF-10 ellipsometer and confirmed by field
emission scanning electron microscopy (FESEM); the films’
thicknesses were about 260 nm by controlling the deposition
time. While the crystalline structure of the GZO thin films
was identified by X-ray diffraction (XRD) patterns and the
Hall-effect coefficient was measured using a Bio-Rad Hall setup, the optical transmission spectrum was recorded using
a Hitachi U-3300 UV-Vis spectrophotometer in the 300–
1400 nm wavelength range. Superstrate p-i-n 𝛼-Si:H thin film
solar cells were fabricated using a single-chamber plasmaenhanced chemical vapor deposition unit at 200∘ C, with a
working pressure of 700×10−3 Torr and a deposition power of
20 W. The p-type 𝛼-Si thin films (thickness was about 20 nm)
were deposited by controlling the gas flowing rates for H2
= 100 sccm, SiH4 = 20 sccm, CH4 = 10 sccm, and B2 H6 =
40 sccm; the i-type 𝛼-Si thin films (400 nm) were deposited
by using H2 = 100 sccm and SiH4 = 10 sccm; and the p-type 𝛼Si (50 nm) thin films were deposited by using H2 = 100 sccm,
SiH4 = 20 sccm, and PH3 = 20 sccm, respectively. The currentvoltage characteristic of the fabricated solar cells was measured under an illumination intensity of 300 mW/cm2 and an
AM 1.5 G spectrum.

3. Results and Discussion
XRD patterns of the GZO thin films as a function of substrate
temperature are shown in Figure 1. Even though all the
GZO thin films exhibited the (002) peak, they really had
different diffraction results. The RT- and 100∘ C-deposited
GZO thin films exhibited only a weak (002) peak, and the
diffraction intensity of (002) peak had no apparent increase
as substrate temperature increased from RT to 100∘ C. The
200∘ C-deposited GZO thin films exhibited a strong (002)
peak and a weak (004) peak, which indicate that the 𝑐axis is predominantly oriented parallel to the substrate
normal. Those results prove that the GZO thin films have
different morphologies in the cross-section and they have
differently crystalline orientation. The absence of additional
peaks in the XRD patterns excludes the possibility of any
extra phases and/or large-size precipitates in the GZO thin
films. The results in the XRD patterns match the variation in
the morphology of the SEM observations that the different
morphologies having in the surface (Figure 3) and cross
section (Figure 4) of the GZO thin films will lead to different
crystallization results. The (002) peaks of the GZO thin films
prepared at substrate temperature = RT, 100∘ C, and 200∘ C
were situated at 2𝜃 = 34.14∘ , 34.18∘ , and 34.36∘ , respectively.
The lattice constant 𝑐 was calculated by using the 2𝜃 value;
the calculated lattice constants (𝑐) were 0.5249, 0.5243, and
0.5221 as substrate temperatures were RT, 100∘ C, and 200∘ C,
respectively. All the lattice constant 𝑐 of the GZO thin films
being smaller than that of the ZnO thin films is considerable,
because the radius of Ga3+ ions (62 pm) is smaller than that of
Zn2+ ions (72 pm). As substrate temperature is raised from RT
to 200∘ C, the more Ga3+ ions will substitute the sites of Zn2+
ions, because the radius of Ga3+ ions is shorter than that of
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from the XRD patterns and the following [13], and the results
are also shown in Figure 2:
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Figure 1: XRD patterns of the GZO thin films as a function of substrate temperature.

15

Figure 2: FWHM value and crystalline size of the GZO thin films
as a function of substrate temperature.

Zn2+ ions; for that the lattice constant 𝑐 of the GZO thin films
becomes shorter as substrate temperature is raised.
As Figure 2 shows, the full widths at half maximum
(FWHM) values for the (002) peak of the GZO thin films were
0.412, 0.360, and 0.296 for substrate temperature were RT,
100∘ C, and 200∘ C, respectively. These results suggest that the
GZO thin films deposited at higher temperature have the better crystalline structure. The morphologies of the GZO thin
films deposited at different substrate temperatures are shown
in Figure 3, which indicates that as deposition temperature
is changed, the surface morphologies apparently changed as
well. As deposited at room temperature, morphology of the
GZO thin films exhibited a roughness surface, which showed
the nanocrystalline structure of the GZO grains. As Figure 3
shows, the grain size distributions were around the range of
8∼40 nm, 10∼43 nm, and 15∼55 nm. However, the variations
of average crystallization sizes are dependent on substrate
temperature and are not easily calculated from the surface
observation. We will illustrate the variations of grain sizes

(0.9𝜆)
.
(𝛽 con 𝜃)

(1)

As Figure 2 shows, the average crystallization sizes were
20.2 nm, 23.1 nm, and 28.1 nm as substrate temperatures were
RT, 100∘ C, and 200∘ C, respectively.
Even the substrate temperature is raised from RT to
100∘ C, only a little increase in the active energy of plasma
GZO molecules to improve the crystallinity and grain growth,
for that the diffraction intensity of (002) peak has no apparent
change and the crystallization size increases slightly; as
substrate temperature is raised from 100∘ C to 200∘ C, the
plasma GZO molecules will have enough active energy during deposition process and the chance for growth of the GZO
crystallization sizes increases; for that the diffraction intensity
of the (002) peak and the crystallization size increases.
The number of thin film defects also will decrease and the
crystallization of the GZO thin films will be improved; then
the crystallization of the GZO thin films is also improved
and the FWHM value decreases. From the results in Figures
1–3, as substrate temperature is raised from RT to 200∘ C, a
smoother surface morphology and a more uniform 𝑐-axis
orientation were obtained in the 200∘ C-deposited GZO thin
films. Thus, better crystallinity resulting from a stronger 𝑐axis orientation and smoother surface morphology could be
achieved in the 200∘ C-deposited GZO thin films prepared on
PI substrates.
Figure 4 shows the cross-section observations of the
GZO thin films deposited at different substrate temperatures.
Calculating the results in Figure 4, thicknesses of both 100∘ Cand 200∘ C-deposited GZO thin films were about 260 nm.
The cross-section observation of the RT-deposited GZO thin
films was not shown here because it had the same thickness
and the same cross-section morphology as those of the 100∘ Cdeposited GZO thin films. As the cross-session micrographs
shown in Figure 4 are compared, there are different results
as the substrate temperature is changed. As RT (not shown
here) and 100∘ C were used as substrate temperatures, the
GZO thin films grew like an irregular plate with no specific
direction. But depositing at 200∘ C, the plate-shaped growths
were transformed into the nanobar along the up direction.
These results prove that the 200∘ C-deposited GZO thin films
and the 100∘ C-deposited GZO thin films have no the highly
oriented parallel to the substrate normal.
Figure 5(a) shows the transmission ratios of the GZO
thin films plotted against wavelengths in the region of 300–
1400 nm, with substrate temperature as the parameter. As
substrate temperature was raised from RT to 200∘ C, the transmittance ratios of the GZO thin films were almost unchanged.
The optical transmission ratios in the visible light region
(400–700 nm) were more than 94% for all GZO thin films,
regardless of substrate temperature. For the transmission
spectra shown in Figure 5(a), as substrate temperature was
raised, the optical band edge shifted to a shorter wavelength
was observable and a greater sharpness was noticeable in
the curves of the absorption edge, which suggest an increase
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Figure 3: Surface observations of the GZO thin films as a function of substrate temperature.
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Figure 4: Cross-section observations of the 100∘ C- and 200∘ C-deposited GZO thin films.

in the 𝐸𝑔 values. Also, the GZO thin films deposited on PI
substrates had high transmittance ration of over 89.6% in the
near-infrared region (750 nm∼1400 nm).
In the past, determination of the optical band gap (𝐸𝑔 )
was often necessary to develop the electronic band structure
of the thin-film materials for investigating them as a transparent electrode of the thin-film solar cells. However, using
extrapolation methods, the 𝐸𝑔 values of thin films can be
determined from the absorption edge for direct interband
transition, which can be calculated using the relation in the
following equation:
(𝛼ℎ])2 = 𝑐 (ℎ] − 𝐸𝑔 ) ,

(2)

where 𝛼 is the optical absorption coefficient, 𝑐 is the constant
for direct transition, ℎ is Planck’s constant, and ] is the
frequency of the incident photon [14]. Figure 5(b) plots
(𝛼ℎ])2 against ℎ] (photo energy) in accordance with (2), and
the 𝐸𝑔 values can be found by extrapolating a straight line at
(𝛼ℎ])2 = 0; the calculated 𝐸𝑔 values of the GZO thin films are
shown. The linear dependence of (𝛼ℎ])2 on ℎ] indicates that
GZO thin films are direct transition type semiconductors. As
the substrate temperature increases from RT to 200∘ C, the
𝐸𝑔 values increase from 3.524 eV to 3.595 eV. Many factors
will affect the transmission spectra of the GZO thin films.
The increase in the optical band is caused by the increase in
carrier concentration because of the decreasing of the lattice
defects. The improvement in the electrical properties of the
GZO thin films (will be shown in Figure 6) will prove the
results. Because the E𝑔 values of the GZO thin films are larger
than the energy of visible light, the high tansmittance ratio in
the visible light region is expected.
The results of the carrier mobility, carrier concentration,
and resistivity shown Figure 6 indicate that the electrical

properties of the GZO thin films were dependent on substrate
temperature. When plasma molecules are deposited on a glass
substrate, many defects result and inhibit electron movement.
As different substrate temperatures are used during the
deposition process, two factors are believed to cause an
increase in the carrier mobility of the GZO thin films.
First, higher substrate temperature provides more energy and
thus enhances the motion of plasma molecules, which will
improve the crystallization and grain size growth of the GZO
thin films; also the defects in the thin films will be decreased.
Second, as substrate temperature was raised, the defects in
the GZO thin films decrease, and that will cause the decrease
in the inhibiting of the barriers electron transportation
[15]. As Figure 7 shows, both the carrier concentration and
carrier mobility of the GZO thin films linearly increased
with raising substrate temperature and reached the maximum
concentration and carrier mobility at 200∘ C. The carrier
mobility increased from 8.74 cm2 /V-s to 11.6 cm2 /V-s and
the carrier concentration increased from 14.2 × 1020 cm−3 to
22.8 × 1020 cm−3 , respectively, as substrate temperature was
raised from RT to 200∘ C. The resistivity of the TCO thin
films is proportional to the reciprocal of the product of carrier
concentration 𝑁 and mobility 𝜇:
𝜌=

1
.
𝑁𝑒𝜇

(3)

Both the carrier concentration and the carrier mobility contribute to the conductivity. As substrate temperature was
raised from RT to 200∘ C, the resistivity decreased from 2.44 ×
10−3 Ω-cm to 0.65 × 10−3 Ω-cm. The minimum resistivity
of the GZO thin films at a substrate temperature of 200∘ C
is mainly caused by the carrier concentration and mobility
being at their maximum.
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Figure 7: Structure of the superstrate p-i-n 𝛼-Si:H thin-film solar
cells.

Table 1: Values of open-circuit voltage (𝑉oc ), short-circuit current
density (𝐽sc ), fill factor (F.F.), and efficiency (𝜂) for solar cells with RTdeposited, 100∘ C-deposited, and 200∘ C-deposited GZO thin films.

PI-RT
PI-100∘ C
PI-200∘ C

𝑉oc (mV)
0.797
0.790
0.785

𝐽sc (mA/cm2 )
9.11
9.13
10.13

F.F.
0.578
0.580
0.588

𝜂 (%)
4.15 ± 0.13
4.20 ± 0.19
4.65 ± 0.10

Superstrate p-i-n 𝛼-Si:H thin-film solar cells were fabricated using a single-chamber plasma-enhanced chemical
vapor deposition unit at 200∘ C to demonstrate the optoelectrical properties of the GZO thin film. Figure 7 shows
the structure of the fabricated 𝛼-Si amorphous silicon thinfilm solar cells; no antireflective coatings were deposited
on the cells. Figure 8 shows the measured current-voltage
characteristics of the solar cells under illumination. Table 1
lists the values of open-circuit voltage (𝑉oc ), short-circuit
current density (𝐽sc ), fill factor (F.F.), and efficiency (𝜂) for
the devices using the developed GZO thin films as the front
transparent conductive thin films. However, the 𝑉oc value had
no apparent change and the 𝐽sc value apparently increased as
substrate temperature of the GZO thin films increased from
100∘ C to 200∘ C. The efficiency of the solar cells increased from
4.15% to 4.20% as substrate temperature of the GZO thin films
increased from RT to 100∘ C. Moreover, the efficiency was
raised to 4.65% as the GZO thin film was deposited at 200∘ C.
The efficiency of the fabricated solar cells apparently depends
on substrate temperature of the GZO thin films. Many
reasons will cause the improvement in the efficiency of the 𝛼Si:H thin-film solar cells. In this study, the greater efficiency
is mainly ascribable to the results in Figures 2, 5, and 6.
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PI substrates. As substrate temperatures increased from
RT to 200∘ C, the 𝐽sc value increased from 9.11 mA/cm2 to
10.13 mA/cm2 and the 𝜂 value increased from 4.15 to 4.65,
respectively.
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From the cross-section (Figure 2) of the GZO thin films,
the nanobar along the up direction will have the more optical
waveguide function than the irregular plate with no specific
direction, which may scatter the photons in any direction. As
200∘ C-deposited GZO thin films are used as the electrodes,
more photons will reach the solar cells’ optical absorption
layer to generate more electron-hole pairs and improve the
efficiency of the solar cells. As the GZO thin films have the
higher transmittance ratio (Figure 5), also the more photons
will improve the efficiency of the solar cells. The third reason
from Figure 6 is that the smaller value of resistivity of the
contact electrodes (GZO thin films) can cause the fabricated
solar cells having more short-circuit current density; then the
efficiency of the fabricated solar cells increases. This is proved
by the 𝐼-𝑉 curves shown in Figure 8 and Table 1, where the 𝐽sc
value increases with decreasing in the resistivity of the GZO
thin films.

4. Conclusion
In this study, the GZO thin films were deposited on flexible PI
substrates and their properties were well developed. As substrate temperatures increased from RT to 200∘ C, the FWHM
values for the (002) peak of the GZO thin films decreased
from 0.412 to 0.296; the crystallization sizes increased from
20.2 nm to 28.1 nm; the carrier mobility 8.74 cm2 /V-s to
11.6 cm2 /V-s; the carrier concentration increased from 14.2 ×
1020 cm−3 to 22.8 × 1020 cm−3 ; and the resistivity decreased
from 2.44 × 10−3 Ω-cm to 0.65 × 10−3 Ω-cm, respectively.
The Burstein-Moss shift theorem was used to prove that
as substrate temperatures increased from RT to 200∘ C, the
𝐸𝑔 value shifting from 3.524 eV to 3.599 eV was caused by
the increase of carrier concentration increasing from 14.2 ×
1020 cm−3 to 22.8 × 1020 cm−3 . Finally, the 𝛼-Si thin-film
solar cells were successfully fabricated on the GZO-deposited
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The work demonstrates the improvement of color stability for white organic light-emitting diode (WOLED). The devices were
prepared by vacuum deposition on ITO-glass substrates. These guest materials of 5,6,11,12-tetraphenylnaphthacene (Rubrene) were
deposited in 4,4 -bis(2,2-diphenyl vinyl)-1,1 -biphenyl (DPVBi), resulting in an emitting layer. Experimental results reveal that the
properties in the multiple-ultra-thin layer (MUTL) are better than those of the emitting layer with a single guest material, reaching
the commercial white-light wavelength requirement of 400–700 nm. The function of the MUTL is as the light-emitting and trapping
layer. The results show that the MUTL has excellent carrier capture effect, leading to high color stability of the device at various
applied voltages. The Commissions Internationale De L’Eclairage (CIE) coordinate of this device at 3∼7 V is few displacement and
shows a very slight variation of (0.016, 0.009). The CIE coordinates at a maximal luminance of 9980 cd/m2 are (0.34, 0.33).

1. Introduction
Since Tang and Vanslyke first reported on a multilayer organic
light-emitting diode (OLED), OLEDs have been widely investigated for their potential application in flat-panel displays
[1]. OLED has attracted attention owing to its advantageous
emission over a wide visible range and its application in flatpanel displays that are driven at low voltage [2–4]. Furthermore, the development of white organic light-emitting diode
(WOLED) with high brightness and good color purity is
necessary, because these devices can be employed not only
as illumination light source but also as backlight source candidate for next generation flat-panel displays. However, the
WOLED lighting technology has been extensively studied. To
achieve white emission from OLEDs, various several methods have been tried to obtain optimal WOLEDs, for example,
using two complementary colors (blue and yellow), multilayer stack of three primary colors (red, green, and blue) and

two or three colors of the dye doped into single host material
[5–7]. In the co-deposition process, accurately controlling
the evaporation rate and the concentration of the two or
more materials is not easy, resulting in its poor performance.
However, non-doped technique can accurately control to
avoid the above problems in the fabrication processes.
In this work, we use nondoped method to fabricate
WOLEDs with a multiple-ultra-thin layer (MUTL) structure.
The 5,6,11,12-tetraphenylnaphthacene (Rubrene) material was
used as yellow light sources in MUTL structure. In addition,
the quantum efficiency of the Rubrene can be close to 100%
[8–11]. And then the material of 4,40-bis (2,20-diphenyl
vinyl)-1,10-biphenyl (DPVBi) is well-known blue fluorescent
material. However, DPVBi is not only emitting but also transfering the incomplete energy from DPVBi to the Rubrene. So
far the study of fluorescence WOLED (FWOLED) based on
the non-doped multiple-ultra-thin layer (MUTL) has not yet
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Figure 1: The chemical structures of organic materials and the structures of the device in the energy band diagrams of the multilayer
(Rubrene = 0.1, 0.2 and 0.3 nm) for WOLEDs.

been established. Therefore, this paper concerns a simple process for the non-doped FWOLEDs with a MUTL structure,
ensuring that the improvement of FWOLEDs performance
was highly efficient due to the good capture efficiency of
charge carrier for the guest material. Besides, a detailed
investigation of the transmission mechanism for the MUTL
structure on the electroluminescence (EL) and the color
stability of FWOLEDs is presented.

2. Experimental
Figure 1 shows the chemical structures of organic materials
and the structures of the device that are used in this study.
Indium tin oxide (ITO) coated glass with a sheet resistance
of approximately 15 Ω/sq was consecutively cleaned in ultrasonic bath containing detergent water, acetone, ethanol and
deionized (DI) water for 20 min each and then dried with
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a nitrogen (N2 ) flow. All organic layers were sequentially
evaporated onto the ITO coated-glass substrate at highvacuum (1 × 10−6 Torr) thermal evaporation. Thermal deposition rates for organic materials, inorganic materials, and
Al were about 1 Å/sec, 1 Å/sec, and 10 Å/sec, respectively.
The evaporation rate and thickness of the thin films were
controlled using a quartz-crystal monitor system (Sigma,
SID-142) in this work.
The active area of the device was 0.6 cm2 . To measure
the properties of the device, a voltage was applied by using a
Keithley 2400 programmable voltage-current source (Keithley SourceMeter 2400, USA). EL spectra and Commissions
Internationale De L’Eclairage (CIE) coordination of the
devices were measured by PR655 spectra scan spectrometer
(Kollmorgen Instrument PR655, USA). All measurements
were made at room temperature without encapsulating the
devices.
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Figure 3: The luminance-voltage curves of the devices with various
thicknesses of Rubrene layer.
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Figure 2: The current density-voltage (J-V) characteristics of the
devices with various thicknesses of Rubrene layer.
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3. Results and Discussion

Figure 4: The electroluminescence spectra of the devices with various thicknesses of Rubrene layer at 14 V.

In order to fabricate WOLED, we first attempted to obtain
the optimizing thicknesses of Rubrene. Generally, yellow
light is required as one of the two-color complementary to
obtain white light. The structure of the device in energy
band diagrams of the multilayer for WOLEDs is shown in
Figure 1. The thicknesses of Rubrene layer change from 0.1
to 0.3 nm at fixing other organic layers. Figure 2 shows the
current density-voltage (J-V) characteristics of the devices
with various thicknesses of Rubrene layer. The current density
of the devices at 14 V, whose thicknesses of Rubrene layer
are 0.1∼0.3 nm are 59.6, 65.1 and 58.5 mA/cm2 , respectively. It
can be observed that the device whose thickness of Rubrene
layer is 0.2 nm has the best J-V characteristics as compared
with other devices. Figure 3 shows the luminance-voltage (LV) curves of the devices with various thicknesses of Rubrene

layer. The maximum luminance of devices is 1476, 1806,
and 1566 cd/m2 , respectively. The maximum luminance is
1806 cd/m2 at 14 V and the CIE coordinate is (0.270, 0.286)
when Rubrene layer is 0.2 nm. Besides, the luminance of
the device with Rubrene layer of 0.2 nm is higher than
other devices at the same voltage. The phenomenon tells
us that proper thickness of Rubrene layer results in better
luminance for WOLED. The device with Rubrene layer of
0.2 nm is ideal because of the best luminance in other
devices at the same applying voltage. However, the device
with proper thickness of Rubrene layer can produce a high
luminance. Figure 4 shows normalized electroluminescence
spectra of the devices at 14 V with various thicknesses of
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Figure 5: The structure of WOLEDs.

Rubrene layer at 0.1, 0.2 and 0.3 nm, respectively. It is well
known that the peak wavelengths of the DPVBi layer and the
Rubrene layer were 436 nm and 556 nm, respectively [12, 13].
It can be observed that light emission of three devices is
composed of yellow light emission and blue light emission. In
addition, it can be found that the devices whose thicknesses
of Rubrene layer are 0.1 and 0.3 nm all have an EL peak
without the balances of blue and yellow emission intensity.
The device with Rubrene layer of 0.2 nm has a CIE coordinate
of (0.270, 0.286) which lies in about the blue color zone.
However, the device with 0.2 nm Rubrene layer at 14 V has
better luminance of 1806 cd/m2 . In this study, the white
light emission of device consists of the blue emission layer
and the yellow emission layer. The yellow emission of the
device was caused by the Rubrene layer, which was inserted
in the light-emitting layer of DPVBi to form the structure
of DPVBi (10 nm EML1)/Rubrene (0.2 nm)/DPVBi (30 nm
EML2). If the intensity of blue emission was higher than
that of the yellow emission, then the CIE coordinates of the
device were unstable. This is due to the fact that the Rubtene
layer in the device cannot trap enough electrons and holes
to generate exciton. Therefore, optimum complementary
color of the blue and the yellow emission intensity was
not achieved. According to the results obtained above, the
best recombination zone was in the EML2 of the device.
To achieve an objective of the optimal color stability, three
structures of devices, as shown in Figure 5, are promoted and
fabricated as follows.

(a) ITO/Molybdenum trioxide (MoO3 ; 15 nm)/N,N0bis-(1-naphthyl)-N,N0-biphenyl-1,10-biphenyl-4,40diamine (NPB; 40 nm)/DPVBi (10 nm)/Rubrene

(0.2 nm)/DPVBi (30 nm)/4,7-Diphenyl-1,10-phenanthroline: cesium carbonate (BPhen : Cs2 Co3 = 4 : 1;
10 nm)/Aluminum (Al; 120 nm).
(b) ITO/MoO3 (15 nm)/NPB (40 nm)/DPVBi (34 nm)/
Rubrene (0.2 nm)/DPVBi (6 nm)/BPhen : Cs2 Co3 =
4 : 1 (10 nm)/Al (120 nm).
(c) ITO/MoO3 (15 nm)/NPB (40 nm)/DPVBi (10 nm)/
Rubrene (0.2 nm)/DPVBi (24 nm)/Rubrene (0.2 nm)/
DPVBi (6 nm)/BPhen : Cs2 Co3 = 4 : 1 (10 nm)/Al
(120 nm).
The current density-voltage-luminance characteristics of
devices A∼C are shown in Figures 6(a) and 6(b). The maximum current density of devices A, B, and C is 203 mA/cm2 ,
298 mA/cm2 and 355 mA/cm2 at 7 V, respectively. It can be
seen that current density of device C exceeds the other two
devices at the same voltage. This is the reason why device
C has larger luminance. The maximum luminance of the
devices A–C is 6010 cd/m2 , 7768 cd/m2 , and 9980 cd/m2 ,
respectively. It can be explained that the holes were accumulated at the Rubrene/EML3 interface and that the electrons
were accumulated at the BPhen : Cs2 Co3 layer, indicating
that the electric field can be formed in EML3. The electric
field is favorable for electron injection into the emission
layer. However, it is expected that the holes were trapped
and confined in the Rubrene/EML3 interface and electron
injection thus enhanced, resulting that an improved carrier
balance was achieved.
EL spectra and CIE coordinates during the applied voltage of 3∼7 V are shown in Figure 7. It can be found that there
is a balance or complementary color between blue emission
and yellow emission, as shown in Figure 7(a). Besides, a pure
white light emission with CIE coordinates of (0.331, 0.332)
is observed at the applied voltage of 5 V. When the applied
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Figure 7: (a) The EL spectra of device C at 3∼7 V applied voltage. (b) The CIE coordinates of device C at 3∼7 V applied voltage.

voltage increases from 6 V to 7 V, the CIE coordinates were,
respectively, (0.341, 0.332) and (0.346, 0.339), and showed a
little change. This is owing to the fact that the intensity for
the ratio of blue and yellow emission from EL spectra of
Figure 7(a) is almost the same and about unit. Furthermore,
this improvement in chromaticity can be attributed to the
MUTL structure of the emission layer, resulting in a balance
in the relative intensity of blue and yellow emission. Thus,
by introducing a MUTL structure in the emission layer,
the WOLED has more stable spectra characteristics than
that of devices A and B with the increase of bias voltage.

This is due to the reason that the injection of holes and
electrons was enhanced by the MUTL structure and that
the MUTL structure can enhance charge carrier trapping
in the EML1/Rubrene, EML2/Rubrene and Rubrene/EML3
interfaces. And then the enhanced carrier injection was
because of electric fields induced by the accumulated carrier
between interfaces of the MUTL. This result is similar to
the result discussed in other literature [14–17]. In other
words, the excitons formed from electrons and holes can
widely distribute in the entire emission layer. As is expected,
the excitons of Rubrene and DPVBi layers will increase and
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Table 1: Various characteristics of devices A–C.

Turn-on voltage (V)
Operating voltage (V)
Maximum luminance (cd/m2 )
Maximum Current density (cd/m2 )

Device A Device B Device C
3.5
3.2
3
4.1
3.9
3.5
6010
7768
9980
203
298
355

reach balance, indicating that the MUTL can enhance color
stability of CIE coordinates and chromaticity of pure white
emission. However, the displacement of the CIE coordinates
during the applied voltage of 3∼7 V is almost null.
All the above data, can be summarized in Table 1. From
Table 1, it is found that the MUTL structure can enhance
color stability of CIE coordinates and chromaticity of pure
white emission. Furthermore, these results show that a high
luminance can be achieved with improved carrier balance in
the emission zone. Besides, the operating voltage of device
C is lower than that of other devices due to the presence of
the MUTL structure, resulting in more electron injection and
balance.

4. Conclusions
In summary, white light emission was achieved by inserting
the MUTL structure in the emission layer of WOLED. Experimental results reveal that the properties in the multiple-ultrathin layer (MUTL) are better than those of the emitting layer
with a single guest material. The carrier trapping of the MUTL
structure can more effectively confine electrons and holes in
the emission layer. Consequently, the excitons of Rubrene and
DPVBi layers will increase and reach balance; that is, there is a
balance or complementary color in blue emission and yellow
emission, resulting in good color stability characteristics of
WOLED at various applied voltages. A pure white emission
CIE coordinates of (0.331, 0.332) can be obtained and show a
little change at the applied voltage of 3∼7 V. It is demonstrated
that EL emission is less dependent on the applied voltage.
Thus, the carrier recombination zone must be properly
controlled by limiting the exciton zone to prevent the mixing
of colors. However, device with a MUTL structure increased
carrier tapping probability to improve carrier recombination
and luminous efficiency.
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The small molecule organic solar cells based on boron subphthalocyanine chloride (SubPc) and C60 by varying the SubPc layer
thickness from 3 nm to 21 nm were fabricated. The maximum power conversion efficiency (PCE) of 1.47% was obtained at the 9 nm
SubPc layer under 100 mW/cm2 AM1.5G illumination, which is attributed to reach the optimal balance between the light absorption
efficiency and the carrier collection efficiency in the device. To increase the open-circuit voltage (𝑉oc ) of device, the molybdenum
oxide (MoO3 ) and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) were inserted between the indium tin oxide and the
SubPc layer, respectively. Finally, the 𝑉oc of device increased from 0.46 V to 1 V by using MoO3 buffer layer, resulting in the fact that
the PCE of device increased from 1.47% to 2.52%.

1. Introduction
Solar cells are considered as an important source of renewable
energy to solve the shortage of energy today. Various solar
cells have been developed and one of the most promising
solar cells is organic solar cells (OSCs). OSCs have received
much attention recently due to several potential applications, including compatibility with flexible substrates, lowmanufacturing cost, and roll-to-roll fabrication process [1–3].
In organic materials, light absorption leads to the formation
of excitons (bound electron-hole pairs) rather than the free
electron-hole pairs. The excitons dissociation occurred at
the donor-acceptor interfaces, using the difference of energy
level to overcome the binding energy of excitons, leading to
the free electron and hole in device which can be extracted
to the electrodes. Since Tang reported the first two-layer
heterojunction OSC [4], the power conversion efficiency of
OSCs had increased steadily in the recent years by using
new materials and the different device structures [5–8]. The
shortage of organic materials is narrow absorption range in
visible region, which leads to the low short-circuit current

density (𝐽sc ). Therefore, to get the highest 𝐽sc for the best
performance, optimizing the device structure is necessary
[9, 10].
Boron subphthalocyanine chloride (SubPc) is a promising donor material for the small molecule OSCs due to its
deep highest occupied molecular orbital (HOMO) energy
level, which can get the higher 𝑉oc of device. In this paper,
we used SubPc as donor and changed the thickness of SubPc
layer to investigate the influences on performance and to
obtain the optimal thickness of SubPc for the best efficiency.
In addition, the 𝑉oc variation of device with different SubPc
layer thicknesses and anode buffer layers is also investigated
in detail.

2. Experimental
The indium tin oxide (ITO)/glass substrates (with a sheet
resistance of 7 Ω/sq) are sequentially cleaned by ultrasonic treatment in acetone, isopropyl alcohol, and deionized
water and blown by N2 gas before deposition. The layer
of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
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4.7

5.1

5.3

Table 1: Photovoltaic performance parameters of devices (ITO/
SubPc (3∼21 nm)/C60 (30 nm)/BCP (10 nm)/Ag) with different
SubPc layer thicknesses.
3.5

3.6
SubPc

Ag (cathode)
BCP (10 nm)
C60 (20 nm)
CuPc : C60 (20 nm)
SubPc (3∼21 nm)
MoO3 or PEDOT:PSS
ITO/glass (anode)

PEDOT:PSS
MoO3

1.8

Ag
4.3

4.5
C60 BCP

5.6
6.2
7.0

Current density (mA/cm2 )

Figure 1: The configuration of device and the energy level diagram
in the study.

SubPc
𝐽 (mA/cm2 ) 𝑉oc (V)
thickness (nm) sc
3.70
0.34
3
4.70
0.32
6
5.79
0.46
9
4.77
0.52
12
4.68
0.59
15
4.12
0.58
18
3.47
0.57
21

FF

𝑅𝑠 (Ω⋅cm2 )

𝜂 (%)

0.55
0.54
0.55
0.38
0.37
0.30
0.27

17.8
13.0
14.4
62.8
127.9
233.9
326.9

0.69
0.82
1.47
0.95
1.04
0.72
0.55

3. Results and Discussion
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Figure 2: The 𝐽-𝑉 characteristics of devices (ITO/SubPc/C60
(30 nm)/BCP (10 nm)/Ag) with different SubPc layer thichnesses
(3∼21 nm).

(PEDOT:PSS) was formed by a spin-coating method. The
spin coatings were performed at a rotation rate of 3500 rpm
for 20s. The organic materials in the device were MoO3 (99%),
SubPc (99%), C60 (99.95%), and BCP (99%), which were
used without further purification. All layers in OSC were
deposited at a deposition rate of 0.02∼0.04 nm/s below the
pressure of 6.4 × 10−4 Pa. The Ag as a cathode was deposited
at a deposition rate of 0.2∼0.3 nm/s by thermal evaporation
through a shadow mask, giving an active area of 6 mm2 .
The thickness of thin film was monitored by an oscillating
quartz thickness monitor. The configurations of device and
the energy level in this study are shown in Figure 1.
The current-voltage characteristics are measured with
a Keithley 2400 sourcemeter, under an illumination of
100 mW/cm2 with an AM1.5G sun simulator. The intensity of
irradiation was measured by an optical power meter. All measurements were carried out in air without any encapsulation.

Figure 2 showed the current density-voltage (𝐽-𝑉) characteristics of device (ITO/SubPc (3∼21 nm)/C60 (30 nm)/BCP
(10 nm)/Ag) with different SubPc layer thicknesses. The
performance parameters and the series resistance (𝑅𝑠 ) were
listed in Table 1. The SubPc layer thickness of device has
not only influence on the amount of light absorption but
also influence on the ability of carrier transportation in
device. Both of light absorption and the 𝑅𝑠 increased as the
SubPc layer thickness increased. In Table 1, the 𝐽sc of device
increased from 3.70 mA/cm2 to 5.79 mA/cm2 when the SubPc
layer thickness from 3 nm to 9 nm, which is attributed to
the more light absorption with thicker SubPc layer. However,
the advantage of SubPc as an electron donor in device was
not revealed, high 𝑉oc value, which will be discussed later.
It was found that the 𝑅𝑠 of device with 12 nm SubPc layer
is nearly four times than that of device with 9 nm SubPc
layer, indicating that the carrier extracted from SubPc to ITO
became hard as the thickness of SubPc layer exceeds 9 nm. It
might result from the short diffusion length of SubPc which is
only about 8 nm [11]. As a result, the 𝐽sc of device continually
decreased from 5.79 mA/cm2 to 3.47 mA/cm2 corresponding
to the SubPc layer thickness from 9 to 21 nm. The fill factor
(FF) of device is associated with the 𝑅𝑠 , and the change of
FF is consistent with the 𝑅𝑠 variation. As the 𝑅𝑠 of device
increased, the FF of device decreased. Finally, the optimal
balance between light absorption and carrier transportation
was obtained at 9 nm SubPc, resulting in higher efficiency of
1.47% at 9 nm SubPc than that of device with other SubPc
layer thicknesses.
The 𝑉oc of device increased as the SubPc layer thickness
increased from 3 nm to 15 nm and then saturation at 0.58 ±
0.1 V from 15 nm to 21 nm. The tendency of 𝑉oc variation is
in agreement with the result obtained by Kim and Yim [12].
To investigate the origin of 𝑉oc which varied as a function of
SubPc layer thickness, the surface morphologies of different
SubPc layer thicknesses deposited on ITO/glass substrate
were measured. Figure 3 showed the height profiles of bare
ITO, 3 nm SubPc, 6 nm SubPc, and 9 nm SubPc deposited
on ITO, respectively. It can be seen that the roughness of
bare ITO is as high as 7 nm, resulting in that the vacancy of
ITO cannot be fully covered by the 3 nm or 6 nm SubPc layer
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Figure 3: The height profiles of (a) bare ITO, (b) ITO/SubPc (3 nm), (c) ITO/SubPc (6 nm), and (d) ITO/SubPc (9 nm).

(as shown in Figures 3(b) and 3(c)). As a result, the contact
between the ITO and the C60 after depositing C60 on SubPc
layer cannot be avoided, causing that the 𝑉oc of device with
3 nm and 6 nm SubPc is only at 0.34 V and 0.32 V, respectively.
In contrast, the 9 nm SubPc layer is thicker enough to cover
the roughness of ITO, which can avoid the contact between
ITO and C60 , resulting in that the 𝑉oc of device with 9 nm
SubPc layer is enhanced to 0.46 V. However, the 𝑉oc of device
still continually increased from 0.46 V to 0.59 V as the SubPc
layer thickness increased from 9 nm to 15 nm. It results from
the carrier accumulation in SubPc layer, which can be realized
from the 𝑅𝑠 which dramatically increased, resulting in the
increase of electric potential in SubPc layer. The 𝑉oc of device
was maintained in a value at SubPc layer thickness from
15 nm to 21 nm, and it is due to the fact that the amount of
carrier accumulated in SubPc layer is saturated. That is to
say, the balance of carrier generation and recombination was
achieved at SubPc layer thickness above 15 nm, leading to that
the amount of carrier is the same in SubPc layer.
However, the 𝑉oc of device based on SubPc and C60 is
still lower than that of other studies which also used the

same materials. In theorem, the maximum 𝑉oc of OSCs is
limited by the energy difference between the HOMO energy
level of donor and the lowest unoccupied molecular orbital
(LUMO) energy level of acceptor [13], and the 𝑉oc in device
is determined by difference of work function of electrodes
within the maximum 𝑉oc [14]. From Figure 1, the energy level
difference between HOMO of SubPc and the LUMO of C60 is
1.1 V. The 𝑉oc of devices with different SubPc layer thicknesses
ranges from 0.32 V to 0.59 V, which is far from 1.1 V. The
results were attributed to the low work function of ITO
typically at 4.7 V. To improve the work function of ITO, the
MoO3 layer and the PEDOT:PSS inserted between the ITO
and the SubPc layer in the device with optimal SubPc layer
thickness of 9 nm, respectively. The performance parameters
were summarized in Table 2. The 𝑉oc of device was enhanced
to 0.77 V and 1 V by inserting the PEDOT:PSS and the MoO3
layer, respectively. The surface morphologies of bare ITO,
ITO/PEDOT:PSS, and ITO/MoO3 were measured to further
clarify whether the 𝑉oc enhancement is attributed to the
roughness of ITO. Figure 4 showed the AFM images of bare
ITO, ITO/PEDOT:PSS, and ITO/MoO3 corresponding to
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Figure 4: The surface morphologies of (a) bare ITO, (b) ITO/PEDOT: PSS, and (c) ITO/MoO3 .

Table 2: Photovoltaic performance parameters of device (ITO/
PEDOT:PSS or MoO3 /SubPc (9 nm)/C60 (30 nm)/BCP (10 nm)/Ag)
with different buffer layers.
Buffer layer 𝐽sc (mA/cm2 )
PEDOT:PSS
4.12
4.56
MoO3

𝑉oc (V)
0.77
1

FF
0.35
0.55

𝑅𝑠 (Ω⋅cm2 )
20.06
31.7

𝜂 (%)
1.13
2.52

the root mean square roughness of 3.73 nm, 2.08 nm, and
3.92 nm, respectively. It can be seen that the MoO3 cannot
smooth the ITO surface, indicating that the enhancement of
𝑉oc was not related to the roughness of ITO. As a result, the
improvement of 𝑉oc can be ascribed to the work function
of ITO modification by the PEDOT:PSS and the MoO3 . In
addition, the 𝑉oc of device using MoO3 as a buffer layer
is higher than that of device with PEDOT:PSS buffer layer
due to the fact that the HOMO energy level of MoO3 is
deeper than that of PEDOT:PSS. The PEDOT:PSS layer was
not optimized here, causing that the efficiency of device
decreased from 1.47% to 1.13% by using PEDOT:PSS buffer
layer. Eventually, the advantage of small molecule OSC
based on the SubPc and the C60 , high 𝑉oc , was achieved
by depositing the MoO3 layer on the ITO, resulting in the
efficiency improvement from 1.47% to 2.56%.

4. Conclusions
The performances of devices with different SubPc layer
thicknesses have been investigated. The maximum 𝐽sc and
FF were achieved simultaneously at 9 nm SubPc, which is

attributed to reach the optimal balance between the light
absorption efficiency and the carrier collection efficiency in
device, resulting in the efficiency of 1.47%. In addition, to
obtain the highest 𝑉oc of device not only needs the deepest
HOMO level of donor but also needs the highest work
function of anode. The 𝑉oc of device by using MoO3 as a
buffer layer is better than that of device using PEDOT:PSS.
As a result, the 𝑉oc is greatly improved from 0.46 V to 1 V by
inserting the MoO3 layer between the ITO and SubPc layer,
leading to an increase in efficiency of device from 1.47% to
2.52%.
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The CuInSe2 absorber layers were deposited on Mo/glass substrates by using the spray coating method (SCM). At first, the CIS
powder was ground into nanoscale particles; then the 6 wt% CIS particles were dispersed into isopropyl alcohol (IPA) to get the
solution for SCM. 0.05 mL CIS solution was sprayed on the 2 cm × 1 cm Mo/glass substrates, and then the CIS solution films were
annealed in a selenization furnace under different parameters. At first, the extra 0.2 g Se was put in the furnace, the selenization time
was 5 min, and the selenization temperature was changed from 450∘ C to 600∘ C. After finding the better selenization temperature
of 550∘ C and setting the selenization time at 5 min, the selenization process was set at 550∘ C and the extra Se content was changed
from 0 g to 0.6 g. The influences of the selenization temperature and extra Se content on the surface and cross-section morphologies,
crystallization, hall mobility, and carrier concentration and resistivity of the CIS absorber layers were well investigated in this study.

1. Introduction
The quest for new energy to replace the present consumed
materials, for example, oil, finding the sustainable sources
is one of the major concerns of the present day industrial
society. Because photovoltaic (PV) solar energy can serve
as a decentralized source of electricity, it is a key sector
in this quest. Crystalline silicon solar cells have excellent
efficiencies; however, there are serious bottlenecks for this
technique with respect to future large-scale applications both
from an economical as well as from an ecological point of
view. Thus, the thin film silicon solar cells are considered
as the main option for large-scale energy applications in the
foreseeable future [1–3]. The use of polycrystalline CuInSe
(CIS) and CuIn1−𝑥 Ga𝑥 Se2 (CIGS) thin films as the absorber
materials for thin film solar cells is another choice and allows
easier commercial production because of their appropriate
band gap values (e.g., 1.018–1.701 eV, depending on the compositions) and high absorption coefficient in the visible light
and near-infrared. Most investigated CIS and CIGS absorber
layers are in the polycrystalline structures [4, 5].

The CIS or CIGS absorber layers are mainly deposited
by various vacuum methods. Sputtering is one of the most
popular vacuum methods to deposit CIS or CIGS absorption
layers with high quality [6], and molecular beam epitaxy
(MBE) is another important process to deposit CIS or CIGS
absorption layers [7]. The coevaporation process can be
used to fabricate the highly efficient CIS absorber layers
and solar cells [8]. However, the most important process for
preparing the CIS or CIGS absorber layers is the using twostep processes, sputtering and selenization [9].
The nonvacuum method is the cheapest and the easiest
to deposit the CIS and CIGS absorber layers on an industrial
scale. Gu et al. used the CuCl2 ⋅2H2 O, GaCl3 , and Se as
the as raw materials; ethylenediamine was used as solvent,
and the solvothermal method was used to form the CIGS
powders [10]. The spray coating method (SCM) is a very
important non-vacuum deposition method to fabricate the
thin films because it is a relatively simple and inexpensive
non-vacuum deposition method for large-area coating. In
the past, we had successfully investigated a modified spray
pyrolysis method to deposit the high efficiency Li-doped NiO

2. Experimental
High purity CuInSe2 was formed using hydrothermal process
by Nanowin Technology Co., Ltd. Because the CIS powder
was aggregated into microscale particles and the average
particle sizes were approximately 3–8 𝜇m, it could not be used
as the source materials to form the CIS absorber layers as
the spray coating method (SCM) was used. After finding the
optimum grinding time and KD1 content, the CIS powder
was ground into nano-scale, and it had the average particle
sizes approximately 40–80 nm. Then, the 6 wt% CIS particles
were dispersed into isopropyl alcohol (IPA) to get the solution
for SPM to prepare the CIS absorber layers.
The organic/CIS composite films were formed by SCM
on Mo/glass, and then the organic/CIS composite films were
annealed for 5 min by using the rapid temperature annealing
(RTA) process in selenization furnace (the chamber size is
5 cm × 5 cm × 4 cm) under different annealing parameters to
remove the used organic and crystallize the CIS absorber
layers. The selenization temperature was changed from
450∘ C to 600∘ C, and the extra 0.0∼0.6 g Se was put in the
furnace during the selenization process. After selenization
process, the crystalline structure was examined by using Xray diffraction (XRD) pattern, and the surface morphology
and cross-section observations of the CIS absorber layers
were examined by using the field-emission scanning electron
microscope (FE-SEM), respectively. The electrical resistivity
and the Hall-effect coefficients were measured using a BioRad Hall setup.

3. Results and Discussion
The XRD patterns of the CIS absorber layers as a function of selenization temperature were first investigated, the
extra Se content in the selenization furnace was 0.2 g, and
the results are shown in Figure 1. The mainly crystalline
peak of the CIS absorber layers is the (112). Even though
selenization temperature was raised from 450∘ C to 600∘ C,
all (112) peaks revealed in Figure 1 were situated at 2𝜃 =
26.66∘ . This result suggests that even when 600∘ C is used
as selenization temperature, the lattice constants of the CIS
absorber layers have no apparent change. Figure 1 also shows
that the secondary CuSe phase was observed in the 600∘ Cselenized CIS absorber layers. As the CIS absorber layers are
used to fabricate the thin film solar cells, the formation of
secondary phases will degenerate the efficiency. This result

Intensity (a.u.)

(316)
(211)

(116)

(312)/(116)

(110)
(220)/(204)
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thin films [11]. As we know, fabricating the CIS and CIGS
absorber layers in a non-vacuum process is an important
issue for lowering down the fabrication price. However, only
few efforts have been made to systematically investigate the
CIS and CIGS absorber layers by a SPM method. In this
research, the CuInSe2 was ground into nano-scale powers,
and SPM method was used to develop the CIS absorber
layers. The effects of the different selenization parameters
on the physical and electrical properties of the CIS absorber
layers, including the surface morphology, crystallinity, carrier
mobility, carrier concentration, and resistivity, were well
investigated.
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Figure 1: XRD patterns of the CIS absorber layers as a function of
selenization temperature, the extra Se content was 0.2 g.

suggests that 600∘ C is not suitable to be used as selenization
temperature because the secondary phase is formed. The full
width at half maximum (FWHM) value of the (112) peak of
the CIS absorber layers was 0.683, 0.638, 0.565, and 0.476
as the selenization temperature was 450∘ C, 500∘ C, 550∘ C,
and 600∘ C, respectively. Also, the relative diffraction intensity
of (112) peak had no apparent change as the selenization
temperature increased from 450∘ C to 600∘ C, as indicated by
the XRD patterns shown in Figure 1. These results suggest that
CIS absorber layers selenized at higher temperature have the
better crystalline structure and the defects in the CIS absorber
layers decrease with increasing selenization temperature. This
is because as higher temperature is used to treat on the CIS
absorber layers, the number of thin film defects decreases and
the crystallization of the CIS absorber layer is improved, then
the FWHM value decreases.
The surface morphologies of the CIS absorber layers
by using extra 0.2 g Se in selenization furnace and under
different selenization temperatures are shown in Figure 2,
which indicates that as the selenization temperature changes,
the surface morphologies apparently change as well. Evidently, the selenization temperature has a significant effect
on the CIS absorber layers’ surface morphologies. Selenized
at 450∘ C, a porous structure was observed, the small CIS
particles aggregated into microscale particles (not grain
growth), and the average particle sizes were approximately
30–55 𝜇m. Selenized at 500∘ C, a more densified structure
with nano-scale particles was observed. These results suggest
that 450∘ C and 500∘ C are not high enough to improve the
densification and grain growth of the CIS absorber layers,
and a roughness surface was observed. When the 550∘ C
and 600∘ C were used as the selenized temperatures, the
roughness and densification were apparently improved even
only nano-scale particles were observed. Comparing the SEM
micrographs shown in Figure 2, the grain growth is inhibited
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Figure 2: Surface morphologies of the CIS absorber layers as a function of selenization temperature the extra Se content was 0.2 g.
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Figure 3: Cross-section observations of the CIS absorber layers as a function of selenization temperature the extra Se content was 0.2 g.

by using the extra 0.2 g Se in selenized furnace, which will be
proved in Figures 6 and 7.
The cross-section observations of the CIS absorber layers
as a function of selenization temperature are shown in
Figure 3; the extra Se content was 0.2 g. As Figure 3 shows,
the thicknesses of the CIS absorption layers were around
900∼1000 nm. This result proves that we can deposit the

CIS absorption layers with uniform thickness by using
the spray coating method. The cross-section morphologies
also show that the pores and undensified structures are
really observed in the 450∘ C- and 500∘ C-selenized CIS
absorption layers and the densified structures are also really
observed in the 550∘ C- and 600∘ C-selenized CIS absorption
layers.
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Figure 4: Resistivity (𝜌), hall mobility (𝜇), and carrier concentration
(𝑛) of the CIS absorber layers as a function of selenization temperature the extra Se content was 0.2 g.
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Figure 5: XRD patterns of the CIS absorber layers as a function of
extra Se content; the selenization temperature was 550∘ C.

Figure 4 shows the dependence of electrical properties on
selenization temperature of the CIS absorber layers. When
the CIS absorber layers are deposited on a glass substrate
by using SCM and selenization process, many defects result
and inhibit electron movement. As the different selenization
temperatures are used during the selenization process, two
factors are believed to cause an increase in the carrier mobility
of the CIS absorber layers. First, the higher selenization
temperature enhances the densification and crystallization,
which will decrease the numbers of defects and pores in
the CIS absorber layers that will cause the decrease in the
inhibiting of the barriers electron transportation [12]. Second,
as the selenization temperature is too high and extra Se is
used, the secondary phase of the CIS absorber layers will
appear because of the vaporization of Se and or the diffusion

of extra Se into the CIS absorber layers. In this study, the
carrier concentration increased with increasing selenization
temperature and reached a maximum of 1.03 × 1022 cm−3 at
600∘ C. Thus, the mobility had no apparent trend with the
variation of selenization temperature and had a maximum
of 8.64 cm2 /V⋅s at 450∘ C. The resistivity of the CIS absorber
layers is proportional to the reciprocal of the product of
carrier concentration 𝑛 and mobility 𝜇:
𝜌 =

1
.
𝑛𝑒𝜇

(1)

Both the carrier concentration and the carrier mobility
contribute to the conductivity. The minimum resistivity of the
CIS absorber layers at a selenization temperature of 600∘ C
is mainly caused by the carrier concentration being at its
maximum.
The 550∘ C deposited CIS absorber layers have acceptable
characteristics, including smaller FWHM value (Figure 1),
no secondary phase formed (Figure 1), acceptable carrier
concentration and carrier mobility (Figure 4), and smaller
resistivity (Figure 4). For that we used 550∘ C as the selenization temperature to develop the characteristics of the
CIS absorber layers under different extra Se content used
during the selenization process. The XRD patterns of the
CIS absorber layers as a function of extra Se content were
also investigated, and the results are shown in Figure 5. As
extra Se content was 0.0 g, 0.1 g, 0.2 g, and 0.6 g, the (112)
peak revealed in Figure 5 was situated at 2𝜃 = 26.64∘ , 26.60∘ ,
26.66∘ , and 26.68∘ , respectively. Figure 5 also shows that the
secondary CuSe phase was observed as extra Se content was
0.6 g. This result suggests that too much extra Se content is
not necessary because the secondary phase is formed. The
FWHM value of the (112) peak of the CIS absorber layers was
0.367, 0.481, 0.565, and 0.601 as extra Se content was 0.0 g,
0.1 g, 0.2 g, and 0.6 g, respectively. Except that the FWHM
value increased, the relative diffraction intensity of (112) peak
also critically decreased as extra Se content increased from
0.0 g to 0.6 g, as indicated by the XRD patterns shown in
Figure 5. This is because as extra Se content is used, more
Se will vaporize during the selenization process to inhibit
the grain growth, then the FWHM value increases, and the
relative diffraction intensity of (112) peak decreases.
Figure 6 shows the surface morphologies of the CIS
absorber layers as a function of extra Se content, the selenization temperature was 550∘ C, and the results in Figure 6
have large difference as the different extra Se content was
added in the selenization furnace. As no extra Se was added
in the furnace (0.0 g), the grain growth and roughness surface
were really observed. The surface morphologies shown in
Figure 6 apparently revealed that the grain sizes of the CIS
absorber layers apparently decreased with increasing extra Se
content. As extra 0.2 g Se was used, even the densified and
flat surfaces were observed, and the grain growth in the CIS
absorber layers was inhibited. As extra 0.6 g Se was used, the
porous and small grain structure was obtained. This result
suggests that as selenized process is used, the extra Se content
is important to control the characteristics of the CIS absorber
layers. These results suggest that CIS absorber layers selenized
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Figure 6: Surface morphologies of the CIS absorber layers as a function of extra Se content, the selenization temperature was 550∘ C.
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Figure 7: Cross-section observations of the CIS absorber layers as a function of extra Se content, the selenization temperature was 550∘ C.

at less extra Se content have the better crystalline structure
but will cause more pores. However, too much Se being used
is not necessary because that will inhibit the grain growth and
the crystallization of the CIS absorber layers.
Also, the cross morphologies of the CIS absorber layers
as a function of extra Se content were also observed, and the
results were compared in Figure 7. As no extra Se was put

in the furnace (0.0 g), the pores were really observed in the
cross-section. The porous structures are caused because the
large grains grow at the expense of small ones, which result
in the formation of new and larger voids where the small
grains are originally located. However, the pores apparently
decreased, and the absorber layers became more densified
with increasing Se content. Those results prove again that
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as the CIS absorber layers are densified and crystallized
in a selenization furnace, the extra Se content has a more
important effect to influence the films’ characteristics than
the selenization temperature.
Figure 8 shows the dependence of electrical properties
of the CIS absorber layers on used extra Se content in
the selenized process. The carrier concentration linearly
decreased from 4.15 × 1022 cm−3 to 1.57 × 1020 cm−3 as extra
Se content increased from 0.0 g to 0.6 g, respectively. From
the SEM surface and cross morphologies shown in Figures 6
and 7, the crystallinity can decrease because too much extra
Se content used in the selenization process will inhibit the
crystallization of the CIS absorber layers, then the defects will
increase, and the carrier concentration will decrease. Thus,
the mobility had no apparent trend with the variation of extra
Se content and had a maximum of 13.4 cm2 /V⋅s at 0.6 g. The
minimum resistivity of the CIS absorber layers at extra Se
content of 0.0 g is mainly caused by the mobility being at its
maximum.

4. Conclusions
The CIS absorber layers were selenized in non-vacuum spray
coating method. As 0.2 g extra Se content was used in the
selenized process of the CIS absorber layers, the full width
at half maximum (FWHM) value of the (112) peak decreased
from 0.683 to 0.476 and the relative diffraction intensity of
(112) peak had no apparent change as the selenization temperature increased from 450∘ C to 600∘ C. The secondary CuSe
phase was observed in the 600∘ C-selenized CIS absorber
layers. 0.367, 0.481, 0.565, and 0.601 as extra Se content was
0.0 g, 0.1 g, 0.2 g, and 0.6 g, respectively. As 550∘ C was used
in the selenized temperature of the CIS absorber layers, the
full width at half maximum (FWHM) value of the (112) peak
increased from 0.367 to 0.601 and the relative diffraction
intensity of (112) peak also had no apparent change as the
extra Se content increased from 0.0 g to 0.6 g. The secondary
CuSe phase was observed in the CIS absorber layers with

extra 0.6 g content during the selenization process. This result
suggested that the crystallinity decreased with increasing
extra Se content used during the selenization process. This
study proves that we have investigated a useful non-vacuum
method to prepare CIS absorber layers with different crystallinity by controlling the selenization temperature and the
extra Se content added in the selenization furnace for further
solar cells’ fabrication.
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A diffusive solar cell window comprises a diffusion plate with TiO2 nanoparticles sandwiched between two glass layers. It is a simple,
inexpensive, easy-to-made, and highly reliable transparent solar energy module. To improve its power generation efficiency as well
as maintain indoor natural lighting, we examined the scattering mechanism in the diffusion plate with TiO2 nanoparticles within
a diffusive solar cell window by Mie scattering simulations. In this work, a multiwavelength ASAP ray tracing model for a diffusive
solar cell window with acceptable accuracy was developed to investigate the influence of the diffusion plate design parameter,
mainly concentration of a diffusion plate with determined particle size distribution, on power generation efficiency and color shift
of transmitted sun light. A concept of “effective average radius” was proposed to account for the equivalent scattering effect of
a size distribution of quasispherical particles. Simulation results demonstrated that both the transmitted light and its correlated
color temperature decreased as the concentration increased for a large-size diffusive solar cell window. However, there existed a
maximum power generation efficiency at around 160 ppm concentration. The optimal design for a large-size diffusion plate inside
a diffusive solar cell window by taking indoor lighting into account was suggested based on the simulation results.

1. Introduction
Building integrated photovoltaic (BIPV) is an important
application of future solar energy development. The integration of solar cells into windows must not only generate
electrical power but also maintain indoor natural lighting.
Various types of power generation on windows have been
developed by the application of BIPV technology. In most
cases, solar cells are directly placed on/in windows [1–7]. But
such approach often fails to fulfill one of the basic functions of
windows—lighting. Alternatively, solar cells can be placed on
the edges of a window. Through depositing a thin film layer of
fluorescent molecules on glass, due to internal total reflection
of light in glass, a highly efficient solar cell was developed
[8]. To further enhance the light guide effect and increase the
power generation efficiency as well, a diffusive solar cell window is designed and fabricated with uniformly distributed
diffusive nanoparticles in a polycarbonate diffusion plate
that is sandwiched between two glass layers [9]. A typical
prototype diffusive solar cell window is shown in Figure 1.
Its basic structure and main light-transport mechanisms

responsible for the enhancement of solar power generation,
including multiple scattering inside diffusion plate and total
internal reflection at the front and back interfaces between
the glass and the air, such as light rays D, E, and G,
are illustrated in Figure 2. As a whole, it does exhibit a
certain degree of “light-guide” effect. Although, with all its
merits, the commercial applications of diffusive solar cell
windows are still limited, part of the reason is due to that
the contemporary large-size diffusive solar cell windows still
do not meet the performance requirement for high power
generation efficiency. Since the diffusion plate is the most
significant factor influencing power generation efficiency, it
is crucial to optimize its design in order to resolve the issue.
Based on Mie theory of light scattering, optical simulations have been widely used to study light transport in
diffusion plate, in tissues, in atmosphere, and in environment, and so forth, and have gained some ground in these
research areas [10]. To efficiently and effectively improve
the power generation performance of a large-size diffusive
solar cell window in terms of development time and cost,
Mie scattering optical simulation is the best choice for
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Figure 1: A 1 × 1 feet diffusive solar cell window prototype at work.

LGL

5 mm

DP

2 mm

LGL

5 mm

Figure 3: The implemented cross-sectional dimension (in proportion) for a typical diffusive solar cell window.
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Figure 2: Schematic illustration of the basic structure of a diffusive
solar cell window as well as various mechanisms of light transport
inside.

implementation compared to the more common practice—
experimental approach. In this work, a multiwavelength ray
tracing model using Advanced Systems Analysis Program
(ASAP) was constructed to examine the optical mechanisms
which influence the power generation efficiency of a diffusive
solar cell window, especially the optimal design parameters
for the diffusion plate with nanoparticles of a large-size diffusive solar cell window by taking both high power generation
performance and indoor lighting into account.

2. Optical Model for a Diffusive Solar
Cell Window
Generally, our devised diffusive solar cell window is made
up of a diffusion plate—polycarbonate (PC) plate embedded
with titanium dioxide (TiO2 ) nanoparticles which was sandwiched between two glass plates. In practice, ethylene vinyl
acetate (EVA) was used to laminate glass and PC. Accordingly, an ASAP ray tracing model was developed to simulate
the measurement of a five-layer diffusive solar cell window in
a solar simulator with acceptable accuracy. A typical crosssectional dimension of a diffusive solar cell window structure
for general purpose building applications implemented in
simulations is shown in Figure 3. A rectangular tubular

absorption surface was surroundingly positioned in close
proximity to the edge of the diffusive solar cell window to act
as solar cells in simulations. Another absorption surface was
placed proximately behind the back interface of the diffusive
solar cell window, which was between the glass and the air, to
track down all of the transmitted light.

3. Optical Simulations
The optical simulations were divided into two main steps:
(i) the construction of an accurate wavelength-dependent
diffusion plate optical model and (ii) optimal design for a
diffusive solar cell window.
In order to corroborate the five-layer diffusive solar cell
window model, a prior work—the construction of an accurate wavelength-dependent optical model for the diffusion
plate—was performed since the diffusion plate is the key
component in a diffusive solar cell window. By simulating
the transmittance spectra measurement of the diffusion plate
using a spectrophotometer, a simplified ASAP model of
transmittance spectra measurement for the diffusion plates
with different concentrations of TiO2 nanoparticle was constructed. It consisted of a diffusion plate, a variable singlewavelength slit light source, and a detection surface that
served as the entrance port opening of an integrating sphere.
The densities of TiO2 and PC were assumed to be 4.0 g/cm3
and 1.2 g/cm3 , respectively. Given a radius of a nanoparticle,
different concentrations of nanoparticle in a diffusion plate
can be determined in simulations.
By Mie scattering theory, the aggregate of TiO2 nanoparticles in a diffusion plate was assumed to be spherical,
isotropic, and uniform in size. In fact, there was a size distribution of around 200∼300 nm for TiO2 nanoparticles implemented in this work, as shown in Figure 4. Therefore, we proposed a concept of “effective average radius” to approximate
the average radius of an aggregate of nanoparticles which
took the equivalent scattering effect of a size distribution
of quasispherical particles into account. Different “effective
average radii” within the range of TiO2 nanoparticle size
distribution were tested in the simulations of diffusion plate
transmittance spectra measurement. The simulation results
then were compared to the experimental measurements not

International Journal of Photoenergy

3

360.8 nm

228 nm
309.8 nm
312.6 nm

332.1 nm

206.6 nm

282 nm
258.9 nm
296.3 nm
284.1 nm

276.3 nm
226.8 nm

298.6 nm

223.2 nm

197.6 nm

226.6 nm
334.8 nm

288.6 nm

293.8 nm
0.2 𝜇m

190.3 nm

Transmittance (%)

Figure 4: TEM image of the TiO2 nanoparticle aggregates.
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Figure 5: Comparison of transmittance spectra of a diffusion plate
with TiO2 nanoparticles between simulation and experiment. Solid
line (—): simulation. Dash line (- - - -): experiment.

only to validate the accuracy of the wavelength-dependent
diffusion plate model but also to determine the operating
“effective average radius” implemented in the diffusive solar
cell window model. With resort to dynamic light scattering
(DLS) measurements for the aggregate of TiO2 nanoparticles
[11], the validity of operating “effective average radius” was
examined.
As for the refractive indices (n) and extinction coefficients
(𝜅) of glass, EVA, TiO2 , and PC, they do vary with wavelength

in the solar spectrum for silicon solar cell which is approximately from 400 to 1150 nm [12], whereas the extinction
coefficients of glass, EVA, and PC are so insignificant that
they were assumed to be zero for most optics applications.
Since there exists multiple scattering inside the diffusion plate
and “light-guide” effect along the glass plates, the propagation
loss of light transport in a diffusive solar cell window cannot
be ignored any more; that is, their extinction coefficients
cannot be assumed to be zero. In this work, the extinction
coefficients of glass, EVA, and PC were determined based on
the measured transmittance spectra of blank glass, EVA, and
PC by a spectrophotometer which were then converted to
extinction coefficients through corresponding transmittance
spectra simulations. More particularly, the measured transmittance spectra of a 2 mm thick blank PC plate were served
as a baseline in the transmittance spectra simulations for a
diffusion plate.
In the second step, there were two feasible approaches to
perform the simulations for optimizing a diffusive solar cell
window design by assigning the light source of the diffusive
solar cell window model either to be one single operating wavelength or to be multiwavelength. Though singlewavelength approach could provide valuable information to
improve the design of a diffusive solar cell window, but a
more accurate model was needed in order to optimize its
performance. Therefore, the multiwavelength approach was
adopted in this work. An ASAP multiwavelength five-layer
diffusive solar cell window measurement model was then
developed. Simulations were performed to determine the
power generation, transmittance, and transmitted light color
of different-size diffusive solar cell window with given concentrations of TiO2 nanoparticle. The accuracy of this model
was verified through the comparison between the simulation
results and experimental data. Further simulations were
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Figure 7: Simulation results of power generation ratio and transmittance for a 64 × 64 cm diffusive solar cell window with different
concentrations of nanoparticle.

performed to attain the optimal design for a large-size 640
× 640 mm diffusive solar cell window.

4. Simulation Results and Discussion
In the simulations of transmittance spectra measurements
of the diffusion plate with TiO2 nanoparticles, the “effective
average radius” of a TiO2 nanoparticle was determined to be
140 nm by the examination of all of the simulation results
and comparison with experimental data. For this case, the
transmittance spectra comparison between the simulation
and the experiment demonstrated that the constructed diffusion plate model can exhibit acceptable accuracy across

the whole silicon solar cell spectrum, as shown in Figure 5.
Appreciably and deliberately, higher transmittances occurred
in low-wavelength region and lower ones in high-wavelength
region. Higher errors appeared at the lower end of the
spectrum by our model, since the spectra transmittance of
PC varied significantly in the region of 400 nm.
To validate the accuracy of the developed multiwavelength five-layer diffusive solar cell window measurement, we
compared simulation results to the experimental measurements, as shown in Figure 6. By means of an 8 × 8 cm/70%-T
diffusive solar cell window with a 0.189 W power generation
as a standard of reference, the power generation ratio is
defined as the power generation of a test window over the
reference value. 70%-T stands for an 80 ppm diffusion plate
with TiO2 nanoparticles used, and 62%-T is for a 140 ppm
one.
In Figure 6(a), it shows that the power generation ratio
does not increase linearly with window size (amount of
incident simulated sun light); it gradually saturates as the
window area increases. In Figure 6(b), the power generation
ratio variation versus window perimeter also exhibits the
same trend; it saturates as window size becomes greater.
Besides, the generation power ratio is greater if the window
parameter is larger based on the same window size.
For future commercial applications, a 64 × 64 cm diffusive solar cell window, which was near a 2 × 2 ft size
window, was simulated. The simulation results are shown in
Figure 7. It demonstrated that the transmitted light decreased
as expected as the particle concentration increased from
40 ppm to 200 ppm. However, the power generation ratio
did not increase with increasing particle concentration.
There existed a maximum power generation ratio at around
160 ppm concentration. It suggested that the optimal design
parameter for particle concentration was around 100 ppm,
based on the tradeoff between power generation ratio and
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light transmittance. The correlated color temperature of the
transmitted light decreased as the particle concentration
increased as expected, as shown in Figure 8. Since the light
was absorbed and scattered in a PC diffusion plate with
nanoparticles in a diffusive solar cell window at around
400 nm.

5. Conclusions
We have developed an ASAP optical multiwavelength model
for a diffusive solar cell window with acceptable accuracy
which can be used to optimize the design for a large-size
diffusive solar cell window. We also proposed a concept
of “effective average radius” to account for the equivalent
scattering effect of a size distribution of quasispherical
particles. For a 64 × 64 cm diffusive solar cell window,
there existed a maximum power generation ratio at around
160 ppm concentration in simulations. It did not increase
with increasing particle concentration. The simulation also
suggested that particle concentration of about 100 ppm was
the optimal design parameter, given determined “effective
average radius” of 140 nm, by taking indoor natural lighting
into account. Its light transmittance can still maintain above
50%.
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CP-Ti and Ti-153 were adopted in this study to observe their electrochemical behavior in serving as the cathode for photovoltaic
hydrogen production. The designed cyclic hydrogenation-solution heat treating processes were performed to increase the hydrogen
uptake for both alloys. The results are as follows. (1) Both arsenic trioxide and thiourea showed hydrogenation promotive effect
on CP-Ti, while thiourea was an inhibitor for Ti-153 under the applied conditions. (2) Arsenic trioxide showed hydrogenation
promotive effect on both Ti-153 and CP-Ti in this study. (3) Ti-153 demonstrated superiority to CP-Ti when serves as the cathode
for photovoltaic hydrogen production. The hydrogen mass payload for Ti-153 is 68 times larger than that for CP-Ti.

1. Introduction
The available renewable energy on the earth’s surface includes
the solar power, the wind power, and the hydroelectric
power which uses the fall of the river, tidal power, or ocean
current power. The wind power and hydroelectric power are,
however, significantly limited by the location on the earth, the
terrain, or the climate. The solar energy has less restriction
in contrast to the abovementioned power sources [1–5]. The
applications of sunlight can be divided into two parts: solar
thermal energy and photovoltaic (PV). The application of
the former is to transform solar energy to obtain heat which
could be used in air condition, offer the hot water, or run
a heat engine to make electricity [6–8]. PV energy systems
employ solar panels in directly converting the sunlight into
electricity [9, 10].
Since the solar power and the wind power are intermittent
energy which means it is interruptible and cannot be a stable
source due to the variation of the illuminance of sunlight
and the change of wind field, for the commercial feasibility
considerations, people have to store the energy when they
can give. Unlike other forms of energy, electricity must be
utilized when it is being generated or converted immediately

into another form of energy. The PV energy system is usually
equipped with an electrolyzer and a hydrogen storage tank
(see Figure 1) [1, 2, 11, 12]. Although the gaseous hydrogen
is convenient to store, transport, and apply, the inherent
low volume payload rate and high flammability are the
death wounds [13, 14]. It is safer to store hydrogen in solid
state, but the increase of hydrogen mass payload rate is still
technological challenge [15].
Electrolysis of aqueous sulfuric acid results in hydrogen
at cathode surface. The resulted hydrogen can be driven into
the cathode as solid solutes or hydrides by adequately adding
hydrogenation promoters and selecting cathode material [16–
20]. Ti-15V-3Al-3Cr-3Sn alloy (Ti-153), as a commonly used
𝛽-Ti alloy, was chosen in this study to compare with commercial purity titanium (CP-Ti) to see the influences of the
chemical additives and cathode material on the electrolytic
hydrogen uptake.

2. Materials and Methods
The cathode materials in sheet form were received at rolled
and process annealed state. The specimens were sheared from
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Figure 1: Schematic diagram showing hydrogen gas produced and stored from renewable power.
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Figure 2: Schematic diagrams for (a) the process to monitor the variation of cathode potential versus time and (b) the cyclic hydrogenationsolution heat treating process to increase the hydrogen uptake of cathodes.

the received sheets to be 40 × 14 × 1 mm3 for CP-Ti, while they
are 62 × 16 × 0.4 mm3 for Ti-153, vacuum annealed at 1000∘ C
for 30 minutes and furnace cooled to room temperature.
The vacuum annealed specimens were abraded with emery
paper (up to grit 1200) and further lapped to minimize the
interference of surface oxides on hydrogenation. Table 1 listed
the chemical compositions of the as-received sheets. Table 2
summarized the surface roughness measured by employing a
profile measuring system (Dektek 150, Veeco).
The processing parameters listed in Table 3 were designed
to reveal the effect of the additives on the electrochemical

behavior of cathode and grouped into three sets according to the additives in the electrolyte as follows: (1) no
additive in 1 N H2 SO4(aq) , denoted by S, (2) 1 N H2 SO4(aq)
by adding 0.005 M arsenic trioxide (As2 O3 ), denoted by A,
(3) 1 N H2 SO4(aq) by adding 0.01 M thiourea (SC(NH2 )2 ),
denoted by T, respectively. Electrolytic hydrogenation was
performed at 5 mA/cm2 for 15 h in various electrolytes,
respectively. The preheat treatment was schematically shown
in Figure 2(a). Figure 2(b) showed the schematic diagram of
cyclic hydrogenation-solution heat treating processes. Electrolytic hydrogenation of the cyclic process was performed
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𝑅𝑎 : The arithmetic mean of the departure of the profile from the mean line.
𝑅𝑞 : The root-mean-square parameter corresponding to 𝑅𝑎 .
𝛽(110)

(a)

A

T

in 1 N H2 SO4(aq) containing As2 O3 (0.1 g/L) at 50 mA/cm2
for 30 h on CP-Ti specimens while for 10 h on Ti-153 ones
preventing the hydride layer from spallation or the specimen
from cracking. The subsequent solution treatments were
accomplished in a muffle furnace at 300∘ C for 2 h. Table 4
listed designations and processing parameters of the cyclic
hydrogenation-solution processes.
The effects of processing parameters on the hydrogenation behavior were evaluated qualitatively by utilizing X-ray
diffractometry (XRD: X’Pert PRO MPD, PANalytical, the
Netherlands, 45 kV-40 mA) and 𝑉-𝑡 curve monitoring. The
quantitative cathodic behavior and hydrogen uptake of CPTi and Ti-153 specimens were analyzed by the employment
of glow discharge optical spectrometry (GDOS: LECO GDS750).

3. Results and Discussion
Large amounts of hydrogen absorption would lead to the shift
and broadening of 𝛼 peaks and presence of 𝛿 peaks in the
XRD patterns of CP-Ti specimens. Patterns S, T, and A in
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Ti-153 A
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S
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O

Parameters
𝛽 solution treated specimens ground by
emery paper to 1000 mesh
Ground specimens cathodic charged in 1 N
H2 SO4(aq) at 5 A/cm2 for 15 h
Ground specimens cathodic charged in 1 N
H2 SO4(aq) + 0.005 M As2 O3 at 5 A/cm2 for
15 h
Ground specimens cathodic charged in 1 N
H2 SO4(aq) + 0.01 M thiourea at 5 A/cm2 for
15 h

O

Diffraction angle 2𝜃 (deg)

Table 3: Process designations and the associated parameters for
cathode potential monitoring.
Designations
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Table 2: Surface roughness of CP-Ti and Ti-153 sheet specimens
before hydrogenation.
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Table 1: (a) Analyzed composition of the as-received CP-Ti sheet
(wt.%). (b) Analyzed composition of the as-received Ti-153 sheet
(wt.%).
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Figure 3: XRD patterns for as-received specimens and those after
cathodic charged in various electrolytes: (a) CP-Ti and (b) Ti-153.

Figure 3(a) exhibited 𝛿 peaks in contrast to pattern O [17–
20]. The lower diffraction angle of the 𝛿 (220) peak implies
higher hydrogen content for the certain adopted process.
Both values of the relative peak height ratio, 𝛿 (200)/𝛼 (101),
and the angular position of 𝛿 (220) peak for S, T, and A
processes qualitatively corroborated stronger hydrogenation
promotive effect of arsenic trioxide than that of thiourea
on CP-Ti specimens. The cathodic potentials in Figure 4(a)
were A, T, and S in an ascending order, which means
that both arsenic trioxide and thiourea are hydrogenation
promoters during cathodic charging [19–22]. Figure 3(b)
showed the XRD patterns for Ti-153 specimens after S, T and
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Table 4: Designations and the associated parameters of the cyclic hydrogenation-solution treatments.

Process
designations

The associated processing parameters
Specimens hydrogenated at 5 mA/cm2 for 30 h in 1 N H2 SO4(aq) by adding 0.1 g/L As2 O3 , followed by a solution heat
treatment at 300∘ C for 2 h and then air cooled to room temperature
Specimens processed three cycles according to H and then followed by a further hydrogenation at 5 mA/cm2 for 30 h in
1 N H2 SO4(aq) by adding 0.1 g/L As2 O3
Specimens hydrogenated at 5 mA/cm2 for 10 h in 1 N H2 SO4(aq) by adding 0.1 g/L As2 O3 , followed by a solution heat
treatment at 300∘ C for 2 h and then air cooled to room temperature
Specimens processed three cycles according to I and then followed by a further hydrogenation at 5 mA/cm2 for 10 h in
1 N H2 SO4(aq) by adding 0.1 g/L As2 O3

H
H3
I
I3

𝛽 solution treated CP-Ti specimens ground by emery paper to 1000 mesh and then treated with H3 process
𝛽 solution treated Ti-153 specimens ground by emery paper to 1000 mesh and then treated with I3 process
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Figure 5: Hydrogen depth profiles of CP-Ti and Ti-153 specimens
after cyclic hydrogenation and subsequent solution heat treatment.
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Figure 4: V-t curves for (a) CP-Ti and (b) Ti-153 specimens
cathodic charged in various electrolytes.

in Figure 4(b) were A, S, and T in an ascending order. The
higher cathodic potentials and lower hydrogen absorption for
process T performed on Ti-153 specimens mean that thiourea
in 1N H2 SO4(aq) is a hydrogenation inhibitor for Ti-153
specimens under the conditions. Since arsenic trioxide was
a hydrogen promoter for both CP-Ti and Ti-153 specimens
during cathodic charging, it was chosen as the hydriding
catalyst added in the following cyclic hydrogenation-solution
heat treating processes to enhance hydrogen uptake.
Figure 5 showed the hydrogen depth profiles of OCH3
and OBI3 specimens after cyclic hydrogenation-solution
treatment. Quantitative hydrogen distribution curves were
obtained by employing GDOS. The analyses of hydrogen
uptake were accomplished by simply summing the specific
hydrogen content (SHC) from the specimen surface to the
maximum hydrogen diffusion depth (MHD) listed in Table 5.
The SHC can be derived from total hydrogen content (THC)
as shown in the following formula [24, 25]:
THC from layer 𝑜 to layer 𝑓

A treatments. Electrolytic hydrogenation under the applied
conditions did not lead to precipitation of hydrides but to
a shift of 𝛽 peaks. The larger angle the peak shifted, the
larger amount of hydrogen the specimen absorbed [23]. The
angular shifts of all four 𝛽 peaks in Figure 3(b) were A, S
and T in a descending order, while the cathodic potentials

𝑑𝑓

𝑑𝑓

𝑑𝑜

𝑑𝑜

= THC𝑑𝑜−𝑑𝑓 = ∫ 𝐶𝑥 𝑑𝑀 = ∫ 𝐶𝑥 (𝜌𝑥 𝑑𝑉)
𝑑𝑓

= ∫ 𝐶𝑥 (𝜌𝑥 𝐴𝑑𝑥) ,
𝑑𝑜

(1)
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Table 5: Values of MHD (𝜇m) and SHC for OCH3 and OBI3 processes.
SHC (mg/m2 ) of various specimens within various intervals below
the specimen’s surface (𝜇m)
OCH3
OBI3
MHD
SHC0-1
SHC1-2
SHC2-3
SHC3-4
SHC4-5
SHC5-6
SHC6-7
SHC7-MHD

12
18.1
4.9
3.3
3.1
2.8
2.4
1.8
1.8

MHD
SHC0-1
SHC1-2
SHC2-3
SHC3-4
SHC4-5
SHC5-6
SHC6-7
SHC7-8
SHC8-9

90
21.4
18
18.8
17.8
17.7
16.9
17.9
16.9
17.0

SHC9-10

18.0

SHC0-MHD

38.2

SHC0-MHD

860

𝑑𝑓

𝑑𝑜
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where 𝑑𝑜 and 𝑑𝑓 are the depth of layer 𝑜 and layer 𝑓,
respectively, 𝐶𝑥 is the local hydrogen content in weight or
atomic percentage, 𝑑𝑀 is the differential quantity of local
mass, 𝜌𝑥 is the local density, 𝑑𝑉 is the differential quantity
of local volume, 𝐴 is the cross-sectional area concerned, and
dx is the differential quantity along the depth. Since 𝐴 is
constant, the formula in (1) can be further simplified as:
THC𝑑𝑜−𝑑𝑓 = 𝐴 ∫ 𝐶𝑥 𝜌𝑥 𝑑𝑥 = SHC𝑑𝑜−𝑑𝑓 × 𝐴.
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(2)

Since the area 𝐴 in (2) is a determined value, the
comparison of SHC is equivalent to that of THC. SHC
values can outcome automatically after GDOS analyses. The
SHC values were adopted to list in Table 5 to see the
hydrogen mass payload between CP-Ti and Ti-153 cathodes.
The SHC0-MHD for OCH3 and OBI3 are 38.2 mg/m2 and
860 mg/m2 , respectively. The charging period for OCH3 was
three times longer than that for OBI3. The ratio of hydrogen
absorption for OBI3 to that for OCH3 can be easily estimated
as (860 × 3) ÷ 38.2 = 67.5. The specific weight of Ti-153 is
about 4.42 while that of CP-Ti is about 4.51. Higher hydrogen
uptake ability combines lower density. Ti-153 shows obvious
superiority to CP-Ti in hydrogen mass payload.

4. Conclusions
Both arsenic trioxide and thiourea are hydrogenation promoters for CP-Ti, while thiourea shows inhibitive effect on
Ti-153 under the applied conditions. Arsenic trioxide is a
hydrogenation promoter for both Ti-153 and CP-Ti in this
study. Ti-153 is superior to CP-Ti in serving as the cathode
for photovoltaic hydrogen production. The hydrogen mass
payload for Ti-153 is estimated to be more than 68 times in
contrast to that for CP-Ti.
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The conductivity of poly(3,4-thylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) films by adding various molar
concentrations of sulfuric acid (H2 SO4 ) was improved and studied in this paper. The sheet resistance of the doped PEDOT: PSS film
was enhanced with increasing the ratio of H2 SO4 , but it drops after the maximum sheet resistance. The reason for this phenomenon
is resulting from the fact that the H2 SO4 preferentially react with the sorbitol which is so-called the pinacol rearrangement. The
nonconductive anions of some PSS− were substituted by the conductive anions of hydrogen sulfate (HSO4 − ) when the residual
H2 SO4 reacted with PSS. In addition to the substitution reaction, PEDOT chains were increasingly aggregated with increasing the
ratio of H2 SO4 . After doped H2 SO4 , the sheet resistance of H2 SO4 -doped PEDOT: PSS film is improved nearly 36%; the surface
roughness is reduced from 1.268 nm to 0.822 nm and the transmittance is up to 91.9% in the visible wavelength range from 400 to
700 nm.

1. Introduction
The poly(3,4-thylenedioxythiophene): poly(styrenesulfonate)
(PEDOT: PSS) is a conductive polymer blend, which mainly
consisted of two substances, PEDOT and PSS. The PEDOT
is a polymer of the 3,4-thylenedioxythiophene (EDOT),
which is insoluble in water. The solubility of the PEDOT
increased through being combined with the PSS. Therefore,
the PEDOT: PSS becomes easier to use.
The PEDOT: PSS was widely applicated to electronic
devices such as organic solar cells, actuators, capacitors,
organic light-emitting devices, and sensors [1–3]. One of
the fundamental requirements for operation of all organic
optoelectronic devices is a stable anode interface. Indium tin
oxide (ITO) has been widely used for organic optoelectronic

devices due to its high optical transparency and high conductivity. However, the work function of ITO is low. The most
common way is to be coated with a buffer layer on the top
of ITO surface. The buffer layer can export the carriers more
efficiently.
Among these buffer layers, the PEDOT: PSS is superior
to other materials due to its structural stability, optical
transparency, and process ability. The PEDOT: PSS as the
buffer layer not only increases the work function of the
ITO but also planarizes the surface of ITO substrate. The
insufficient conductivity of the PEDOT: PSS is a restriction for application in optoelectronic devices, although the
PEDOT: PSS has the above advantages. Therefore, the topic
of enhancement on conductivity of the PEDOT: PSS was
studied by many researchers. The research of the PEDOT: PSS

2
indicates that the conductivity of the PEDOT: PSS film can be
increased by the addition of organic solvents, such as sorbitol
[4–7], dimethyl sulfoxide (DMSO) [7–10], glycerol [7, 11–13],
ethylene glycol (EG) [14–16], or polyethylene glycol (PEG)
[17].
In this paper, the conductivity of PEDOT: PSS solutions
was improved through adding the inorganic solution, dilute
sulfuric acid. The PEDOT: PSS solutions were prepared
with different molar concentrations of dilute sulfuric acid
to induce variations on the surface morphology and the
electrical properties of PEDOT: PSS films. The mechanism of
enhancement conductivity for PEDOT: PSS films was further
studied through measuring instruments. These experimental
results provided further evidences for our proposed mechanism.
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2. Experimental
The SIGMA D-Sorbitol (98%) doped the Clevios PH 500
PEDOT: PSS was used as the solution for preparation of
thin films by the spin-coating method. The sorbitol was
added to the PEDOT: PSS solution directly, and then the
doped PEDOT: PSS solution was stirred for 30 min at room
temperature. The mixed solution was doped again by adding
different molar concentrations of dilute sulfuric acid. At last,
the mixed PEDOT: PSS solution is the so-called double
doped PEDOT: PSS solution. Glass substrates with an area
of 2 × 2 cm2 were precleaned with acetone, methanol and
deionized (DI) water in an ultrasonic bath for 10 min each
time, sequentially. Finally, glass substrates were dried with
nitrogen. The double doped PEDOT: PSS solution was coated
by spinner on the cleanly glass substrate and formed the double doped PEDOT: PSS film. The spin-coating was performed
at a rotation rate of 3500 rpm for 20 sec. The double doped
PEDOT: PSS film was heated at 150∘ C for 20 min on a hotplate
in ambient lab conditions.
The sheet resistance of double doped PEDOT: PSS
films was measured with four point sheet resistivity meter
(SRM103, Solar Energy Tech., Taiwan). The surface morphology and roughness of double doped PEDOT: PSS films were
measured by atomic force microscopy (AFM, Park Systems,
XE-70). And the transmittance of double doped PEDOT: PSS
films were measured by UV/visible spectrometer (HITACHI,
U-3900).

3. Results and Discussion
The electrical property of the PEDOT: PSS is strongly dependent on its chemical and physical structures. The chemical
structures of the PEDOT and the PSS are shown in Figure 1.
The –OH groups of the PSS structure were dissociated to
H+ in the water. And the H+ actively attacked the double
bond of the thiophene of the PEDOT to form hydrogen
bonding. However, electrons of the C–O shared electron pairs
were attracted by O due to its higher electronegativity. The
phenomenon led to the fact that the C of the C–O bond
became a positive charge. Finally, the ionic bond was formed
between the C+ of the PEDOT structure and the O− of the PSS

Figure 1: Chemical structure of PEDOT: PSS.
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Figure 2: Schematic illustration of the reaction between PEDOT
and PSS.

structure. The reaction of the PEDOT and the PSS was shown
in Figure 2.
The conductivity of the PEDOT: PSS was enhanced
through adding the solvent, such as sorbitol. The sorbitol
treatment screens the ionic interaction between PEDOT
and PSS to form ionic bonding. The screening effect led to
better phase separation between PEDOT and PSS. Thus, the
coiled type of PEDOT and PSS chains was reoriented to the
linear type of PEDOT and PSS chains [18–20]. The schematic
illustration of the reorientation of PEDOT: PSS was shown in
Figure 3. In addition, additives of the polyol caused PEDOT
chains aggregation [16, 21, 22].
The conductivity of the PEDOT: PSS was further
enhanced through adding the dilute sulfuric acid again.
Figure 4 shows that the sheet resistance and surface roughness of the doped PEDOT: PSS film through adding
1.5 M H2 SO4 was measured by four-point probe and AFM,
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Figure 4: The sheet resistance and surface roughness of doped
PEDOT: PSS with different weight ratios of 1.5 M H2 SO4 to PEDOT:
PSS.

respectively. It is clear that the sheet resistance of the doped
PEDOT: PSS film is affected by adding the various ratios
of H2 SO4 . The sheet resistance of the doped PEDOT: PSS
film enhanced with increasing the ratio of H2 SO4 , but it
drops after the maximum sheet resistance. The value of sheet
resistance is reduced from 604 to 228 Ω/sq. The surface
roughness of the double doped PEDOT: PSS film is not
almost changed.
Figure 5 shows the sheet resistance and surface roughness
of the doped PEDOT: PSS film through adding 1 M H2 SO4 .
The sheet resistance value is reduced from 604 to 255 Ω/sq.
The surface roughness of the 1 M H2 SO4 doped PEDOT: PSS
film was smoother as compared with the 1.5 M H2 SO4 doped
PEDOT: PSS film. Although the sheet resistance and surface
roughness were improved slightly, we cannot clearly find the
tendency from the 1 M and 1.5 M H2 SO4 doped PEDOT: PSS
films. This is due to the fact that the reaction rate of high
concentration of H2 SO4 is too fast. Thus, we reduce the molar
concentration of H2 SO4 again.
The reaction rate of H2 SO4 was slowed down when the
molar concentration of H2 SO4 was 0.5 M. The results are
shown in Figure 6. The sheet resistance and surface roughness
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Figure 5: The sheet resistance and surface roughness of doped
PEDOT: PSS with different weight ratios of 1 M H2 SO4 to PEDOT:
PSS.
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Figure 6: The sheet resistance and surface roughness of doped
PEDOT: PSS with different weight ratios of 0.5 M H2 SO4 to PEDOT:
PSS.

were reduced significantly. The sheet resistance is reduced
from 604 to 216 Ω/sq and the surface roughness is also
reduced from 1.268 to 0.822 nm. Furthermore, we further
decreased again the molar concentration of H2 SO4 . However,
the PEDOT: PSS solution was diluted with the lower molar
concentration of H2 SO4 .
The various molar concentrations of H2 SO4 were added
to the PEDOT: PSS. It can be seen that there is a common
phenomenon. The sheet resistance was slightly increased
with adding a small amount of H2 SO4 . The reason for
this phenomenon is that the sulfuric acid was reacted with
sorbitol preferentially. The reaction is called the pinacol
rearrangement. It resulted that the reorient and aggregation
effect combined PEDOT grains with sorbitol was destroyed.
After the reaction of the pinacol rearrangement, the residual
H2 SO4 reacted with PSS. The chemical reaction can be
written as H2 SO4 + PSS− → HSO4 − + PSSH. The HSO4 −

4
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Figure 7: The surface morphology of (a) pristine PEDOT: PSS; (b) doping ratio of PEDOT: PSS to dilute H2 SO4 is 25 : 2; (c) doping ratio of
PEDOT: PSS to dilute H2 SO4 is 25 : 4.

formed an ionic bond with the PEDOT, even that the
nonconductive anions of some PSS− were substituted by the
conductive anions of HSO4 − [23]. The ionic bond reaction
is similar to Figure 2. And the substitution reaction caused
more aggregation of PEDOT chains. The results are shown
in Figure 7. The higher phase signal in Figure 7 corresponds
to the PEDOT, and the lower phase was the PSS [15, 22, 24].
It’s clear that PEDOT chains were increasingly aggregated
with increasing the ratio of H2 SO4 . Thus, the substitution
reaction will be favorable for the conductivity enhancement.
Figure 8 shows the doped PEDOT: PSS films with different molar H2 SO4 concentrations as a function of weight
ratio of H2 SO4 to PEDOT: PSS. The transparency of the
doped PEDOT: PSS film can be affected by the H2 SO4
treatment. The transmittance of the doped PEDOT: PSS
film was decreased with increasing the ratio of H2 SO4 to
PEDOT: PSS. The lowest sheet resistance of 216 Ω/sq is
obtained at 0.5 M H2 SO4 -doped PEDOT: PSS film and at
the weight ratio of 0.16 whose transmittance in the visible wavelength range from 400 to 700 nm is 91.9%. The
high transparency and low sheet resistance indicated that
the 0.5 M H2 SO4 -doped PEDOT: PSS films can be used
as the transparent conductive electrode of optoelectronic
devices.

4. Conclusions
In this paper, it was employed the noncontact AFM, four
point sheet resistivity meter, and U-3900 spectroscopy to
investigate the origin of the sheet resistance decrease of
H2 SO4 -doped PEDOT: PSS films. The doped PEDOT: PSS
solution by adding the different molar concentrations of
H2 SO4 strongly affects the surface roughness, sheet resistance, and transmittance. After doped H2 SO4 , the surface
roughness is reduced from 1.268 nm to 0.822 nm. It’s indicated that the surface of H2 SO4 -doped PEDOT: PSS film
was smoother compared with the doped PEDOT: PSS film.
The pinacol rearrangement occurred by adding the dilute
sulfuric acid, but the sheet resistance was improved from 604
to 216 Ω/sq. The decrease of the sheet resistance is due to
the fact that the nonconductive anions of some PSS− were
substituted by the conductive anions of HSO4 − . And the
substitution reaction caused more aggregation of PEDOT
chains; namely, the substitution reactions will be favorable
for the conductivity enhancement. The transmittance of the
doped PEDOT: PSS film is decreased with increasing the
weight ratio of H2 SO4 to PEDOT: PSS. The transmittance of
the 0.5 M H2 SO4 -doped PEDOT: PSS film is above 91% in
the visible wavelength range from 400 to 700 nm. However,
the high transparency and low sheet resistance reveal that
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the H2 SO4 -doped PEDOT: PSS films can be used as the
transparent conductive electrode of optoelectronic devices.
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