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

It is a current trend that solar energy becomes the
important renewable energy. This special issue addresses the
role of the development of solar energy. The themes include
fabrication methods, solar cell applications, theoretical anal-
ysis, and solar cell development trend. From 28 submissions,
19 papers are published in this special issue. Each paper was
reviewed by at least two reviewers and revised according to
review comments.

In Chu et al.’s paper, the authors presented the fabrication
of large-grain 1.25 𝜇m thick polycrystalline silicon (poly-Si)
films via two-stage aluminum-induced crystallization (AIC)
for application in thin-film solar cells. In S. Chen et al.’s
paper, the authors presented that the reactive sputtering is
an effective technique of fabricating aluminum oxide surface
passivation film for low-cost high efficiency crystalline
silicon solar cells. In I.-J. No et al.’s paper, the authors
presented the poly [[9-(1-Octylnonyl)-9H-carbazole-2,7-
Diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-
thiophenediyl]/[6, 6]-phenyl C71 butyric acid methyl ester
blend active layers prepared by spray deposition method.

The photovoltaic cells were fabricated using the spray coated
active layers with and without TiO𝑥 layer. In L.-Y. Shi et al.’s
paper, the authors presented that the dye-sensitized solar
cells composed of the gel-type electrolyte with no ionic
liquid added can acquire 4.13% photoelectric conversion
efficiency. In C.-Y. Hsu et al.’s paper, the authors presented
that the precursor with a Cu/(In + Ga) ratio of 0.95 exhibits
larger grains and lower resistance, which is suitable for
its application to solar cells. In C.-G. Kuo et al.’s paper,
the authors presented that the measured photovoltaic
performance of the dye-sensitized solar cells was dependent
on the TNT-array length. In F.-H. Wang et al.’s paper, the
authors presented that the efficiencies of the 𝛼-Si thin-film
solar cells increased from 2.83% to 3.38% as the deposition
power decreased from 150 W to 50 W when the GZO thin
films were used as the front transparent conductive thin
films. In C.-G. Kuo et al.’s paper, the authors presented
that the electrochemical polishing-chemical etching and
chemical etching processes were better for formation of TiO2

nanotube arrays than the polishing-chemical etching process
because they could fabricate TiO2 nanotube arrays with the
better characteristics to be used as the photoelectrodes of dye
sensitized solar cells. In C.-R. Lin et al.’s paper, the authors
presented depositing high transmittance diamond-like
carbon (DLC) thin films on D263T glass substrate at room
temperature via a diamond powder target using the radio
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frequency (RF) magnetron sputtering technique. DLC film
under an RF power of 150 W possesses high transmissive
ability (>81%) and low average reflectance ability (<9.5%) in
the visible wavelengths (at 𝜆 = 400–700 nm).

In A. Fudholi et al.’s paper, the authors presented the study
evaluating the performance of solar drying in the Malaysian
red chili (Capsicum annuum L.). Red chilies were dried down
from approximately 80% (wb) to 10% (wb) moisture content
within 33 h. The drying process was conducted during the
day, and it was compared with 65 h of open sun drying. Solar
drying yielded a 49% saving in drying time compared with
open sun drying. The progressive growing of single-phase
photovoltaic (PV) systems makes the Distribution System
Operators (DSO) update or revise the existing grid codes
in order to guarantee the availability, quality, and reliability
of the electrical system. It is expected that the future PV
systems connected to the low-voltage grid will be more active
with functionalities of low voltage ride-through (LVRT) and
the grid support capability, which is not the case today. In
Yang et al.’s paper, the authors presented a single-phase grid-
connected PV system in low voltage ride through operation.
The single-phase PV inverters connected to low-voltage
networks are ready to provide grid support and ride-through
voltage fault capability with satisfactory performance based
on the grid requirements for three-phase renewable energy
systems. In Z.-J. Chien et al.’s paper, the authors presented an
absorption refrigerator driven by solar cells. The experiment

shows the alternation of solar irradiance 550 to 700 w/m2 as
solar energy source and 500 ml ambient temperature water
as cooling load. After 160 minutes, the proposal refrigerator
can maintain the temperature at 5 to 8∘C, and the coefficient
of performance (COP) of NH3-H2O absorption refrigeration
system is about 0.25. In C.-S. Jwo et al.’s paper, the authors
presented wind directly forced heat pump. According to
the experimental results, indicated average value for water
producing efficiency was improved. In A. Kargarnejad et al.’s
paper, the authors presented a new fuzzy-based controller
to track the maximum power point of the solar panel also
proposed which has better response from speed, accuracy,
and stability points of view with respect to the previous
common developed one.

In Daniela et al.’s paper, the authors conducted exper-
imentation and laboratory optical tests on solar compo-
nents. It can analyze solar concentrators of various shapes,
dimensions, and collection features. For Concentrating Pho-
tovoltaic systems, typically to characterise a solar component,
the most important and commonly examined quantities
are collection efficiency, image plane analysis, and angle
dependence. In S. Zhang et al.’s paper, the authors pre-
sented that energetically most stable final charge transfer
excited state is confirmed to be Por-nT∙+-C60∙− of Porphyrin-
Oligothiophene-Fullerene Triads for the distance-dependent
photoinduced electron transfer.

In Y. S. Su’s paper, the author presented competing in the
Taiwan solar photovoltaic industry trend.

These papers represent an exciting, insightful observation
into the state of the art, as well as emerging future topics,

in this important interdisciplinary field. We hope that this
special issue would attract a major attention of the peers.
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The fabrication of large-grain 1.25 𝜇m thick polycrystalline silicon (poly-Si) films via two-stage aluminum-induced crystallization
(AIC) for application in thin-film solar cells is reported. The induced 250 nm thick poly-Si film in the first stage is used as the seed
layer for the crystallization of a 1𝜇m thick amorphous silicon (a-Si) film in the second stage. The annealing temperatures in the two
stages are both 500∘C. The effect of annealing time (15, 30, 60, and 120 minutes) in the second stage on the crystallization of a-Si film
is investigated using X-ray diffraction (XRD), scanning electron microscopy, and Raman spectroscopy. XRD and Raman results
confirm that the induced poly-Si films are induced by the proposed process.

1. Introduction

Silicon thin films can reduce the cost of solar cells and asso-
ciated consumption of pure silicon. Polycrystalline silicon
(poly-Si) film is a promising material for solar cell application
because its carrier mobility is 10 to 100 times larger than
that of a hydrogenated amorphous silicon (a-Si:H) film [1].
Three methods are currently used for manufacturing poly-
Si film on glass: catalytic chemical vapor deposition [2],
excimer laser annealing (ELA) [3], and metal-induced crys-
tallization (MIC) [4–10]. Aluminum-induced crystallization
(AIC) induces the crystallization of a-Si below the eutectic
temperature (577∘C) of Al and Si. Therefore, it can be
effectively applied to large-area glass substrates at process
temperatures below the glass transformation temperature [4,
5]. In addition, AIC can create poly-Si film with a lateral
grain size that is larger than the film thickness [5]. However,
commonly studied poly-Si films often have a thickness of
below 500 nm [6–10], which is insufficient for the active
layer of solar cells. For example, Hossain et al. [9] fabricated
poly-Si films with a lateral grain size of up to 20𝜇m, but
the film thickness was as low as 300 nm. Subramanian

et al. [10] fabricated a poly-Si film via two-step solid-phase
crystallization. The process temperature was as high as 700∘C.
The grain size and film thickness were 350 nm and 100 nm,
respectively. Two-step AIC was used in the study of Tüzün
et al. [11]. However, their process temperature was as high as
1160∘C.

In this work, 1.25 𝜇m thick large-grain poly-Si films are
fabricated via a two-stage AIC method. The process tem-
perature is 500∘C, which is below the glass transformation
temperature.

2. Experiments

Figure 1 shows the experimental procedure of the two-stage
annealing for fabricating thick poly-Si films. The substrate
material is a wafer. The standard RCA cleaning process was
applied before film deposition. In order to simulate a glass
substrate and prevent the crystal orientation of the wafer
substrate from affecting the crystallization of the a-Si:H
layer [9], a 200 nm thick SiO2 film was deposited over the
wafer surface in a wet oxide tube using atmospheric-pressure
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Figure 1: Flow chart of experimental procedure.
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Figure 2: XRD patterns of specimens annealed for various dura-
tions.

chemical vapor deposition (APCVD). Then, an aluminum
film was deposited on the top surface of the SiO2 film
by sputtering. A layer of a-Si film was then deposited on
top of the Al film using plasma-enhanced chemical vapor
deposition (PECVD). The specimen was then annealed at
500∘C for 1 hour at a nitrogen flow rate of 2 slm in the first
stage of annealing.

After the first annealing process, a 1𝜇m thick a-Si film was
deposited by PECVD. The specimens were then annealed at
500∘C for 15, 30, 60, and 120 minutes, respectively. The spec-
imens were then wet-etched in order to remove the residual
aluminum content.
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Figure 3: Raman spectra of specimens annealed for various dura-
tions.

X-ray diffraction (XRD, Rigaku RINT 2000) and Raman
spectroscopy (TRIAX 550) were used to evaluate the crys-
tallinity of the induced poly-Si film. Scanning electron micro-
scopy (SEM, Philips XL-40FEG) was used to observe the
morphology of the film surface and cross section. The leakage
current density of the induced poly-Si thin film was measured
to evaluate the film quality.

3. Results and Discussion

Figure 2 shows the XRD patterns of the induced poly-Si
films after the second annealing process. Three silicon peaks,
corresponding to Si (111), (220), and (311), respectively, appear
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Figure 4: SEM images and EDS results of induced poly-Si thin films annealed for various durations: (a) 15 min, top view; (b) 15 min, cross-
sectional view; (c) 15 min, EDS results; (d) 120 min, top view; (e) 120 min, cross-sectional view; and (f) 120 min, EDS results.

for all samples, confirming that poly-Si film was successfully
induced in each case. No Si (100)-related peaks were detected
in any specimen even though a Si (100) wafer was used as the
substrate. This is due to the glancing angle being very small
(1∘) during the XRD measurement and the 200 nm thick SiO2

film being sufficiently thick to prevent X-rays from reaching
the Si (100) wafer substrate [10]. Note that there is a fairly
small peak at around 2𝜃 = 39∘ that corresponds to Al (111) for
all specimens in Figure 2. This indicates that Al had not been
completely etched off even though selective Al etching was
conducted on the surface of the crystallized Si film. The peak
intensity increases with annealing time, but eventually levels
off, indicating that a second-stage annealing time of over
120 minutes will not further increase the crystalline silicon
intensity.

Raman spectra measurements were performed on the
induced poly-Si thin films after the second stage to confirm
crystallinity. The results are shown in Figure 3. The maxi-
mum-intensity peaks of the Raman shift are located between

492 and 497 cm−1. This result verifies that poly-Si films were
induced.

Figure 4 shows SEM images of the top surface and cross
section of the induced poly-Si thin films after the two-stage
annealing AIC process. Figures 4(a) and 4(d) show that
the circular grain size of the poly-Si film is about 1∼2 𝜇m.
The grain size increases with increasing annealing time.
The energy-dispersive spectrometer (EDS) results in Figures
4(c) and 4(f) show that the Al residue intensity decreases
with increasing the annealing time. It indicates that the Al
precipitation from the seed layer increases with increasing
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Figure 5: Leakage current densities of the induced poly-Si thin films
annealed under four different annealing time periods.

the annealing time. The cross-sectional SEM images in
Figure 4 clearly show the first and second layers of the
induced poly-Si. The lateral grain size is larger than the film
thickness.

Figure 5 shows the leakage current densities of the
induced poly-Si thin films. The leakage current density
slightly increases with increasing annealing time. The leakage
current densities for all induced poly-Si thin films are below5 × 10−9 A/cm2, indicating that the induced films have good
quality without many defects or serious grain boundary effect
[10].

4. Conclusion

A thick large-grain poly-Si film for application in solar cells
was fabricated via AIC. The overall thickness of the poly-Si
film was about 1.25 𝜇m. XRD patterns and Raman spectra
confirmed that the poly-Si film was induced using the pro-
posed process at 500∘C.
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Classical photoelectrodes for Dye Sensitized Solar Cells (DSSCs) were fabricated by using the electrochemical method on the
titanium (Ti) template, for that the fabrication process would influence the characteristics of the DSSCs. In this study, at first three
different methods were used to etch Ti templates from 10 to 17 min, (1) polishing-chemical etching: Ti template was annealed at
450∘C for 1 h, abraded using number 80 to 1500 SiC sheet, and then etched in a solution of 5% HF + 95% H2O; (2) electrochemical
polishing-chemical etching: Ti template was annealed at 450∘C for 1 h, electrolytic polishing with 42% CH3OH + 5% HClO4 + 53%
HOCH2CH2OC4H9 solution, and the chemical-etching in a solution of 5% HF + 95% H2O; (3) chemical etching: Ti template was
etched in a solution of 5% HF + 95% H2O and annealed at 450∘C for 1 h. When the etching time was changed from 10 to 17 min,
the thicknesses of Ti templates decreased from 75.3𝜇m to 14.8𝜇m, depending on the etching method. After etching process, the
TiO2 nanotube arrays were fabricated as the photoelectrode of DSSCs by electrochemical process, in which the Ti as anode and
platinum (Pt) as cathode. The electrolyte solution included C2H4(OH)2, NH4F, and deionized water. After annealing the grown
TiO2 nanotube arrays at 450∘C for 3 h, we would show that the etching process had large effect on the structure and transmittance
ratio of the TiO2 nanotube arrays.

1. Introduction

Tubular inorganic nanostructures offer great potential for use
in heterojunction solar cells, fuel cells, molecular filtration,
tissue engineering, and Dye Sensitized Solar Cells (DSSCs).
In contrast to random nanoparticle systems where slow
electron diffusion typically limits device performance [1, 2],
the precisely oriented nature of the crystalline (after anneal-
ing) nanotube arrays makes them excellent electron percola-
tion pathways for vectorial charge transfer between interfaces
[2, 3]. Highly ordered vertically oriented nanotube arrays

fabricated by different metal-oxide can be used as photoelec-
trode materials of the DSSCs, which include titanium dioxide
(TiO2) [4], ferric oxide (Fe2O3) [5], zinc oxide (ZnO) [6], and
so forth. Among those proposed photoelectrode materials,
TiO2 is best because it has the merits of low cost, chemical
stability, and good charge transport [7].

As numerous major advances in research and technology
over the past decade have been made possible by the suc-
cessful development of nanostructures, various avenues have
been used to fabricate a diversity of TiO2 nanostructure pho-
toelectrodes, including the sol-gel method [8], metalorganic
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Figure 1: Experimental flow chart.

chemical vapor deposition (MOCVD) [9], templating [10],
and electrochemical method [11]. Although many of those
fabrication routes are complicated due to the use of templates
or the nature of the involved chemical processes, it has been
demonstrated that self-organized vertically oriented titanium
dioxide (TiO2) nanotube arrays can be fabricated using a
simple anodization technique. Using electrochemical method
to fabricate the TiO2 nanotube arrays as photoelectrodes is
first one using hydrofluoric acid (HF) electrolyte by Zwilling
et al. [12]. After that, many electrolytes are also developed
to fabricate the TiO2 nanotube arrays as photoelectrodes,
such as HF/H2O, HF/H2SO4/H2O [13], and EG (ethylene
glycol)/NH4F/H2O [14]. When the EG/NH4F/H2O elec-
trolyte is used to fabricate TiO2 nanotube arrays, the length
of TiO2 photoelectrodes has the value between 10 𝜇m and
100 𝜇m [14].

When using as the photoelectrodes, the property of the
anatase phase TiO2 is believed to be superior than that of
the rutile phase TiO2. Because the band gap of anatase phase
TiO2 is 3.2 eV and rutile phase TiO2 is 3.0 eV, the light absorp-
tion edge of anatase phase TiO2 is located at lower wave-
length. When the ultraviolet light is irradiated, the pho-
toelectrodes of TiO2 nanotube arrays are proceeded pho-
tocatalytic activities to make light through photoelectrodes
to dye layer [15]. Except the crystalline phase, when the
TiO2 nanotube arrays are used as the photoelectrodes, the
transmission ratio of TiO2 nanotube arrays has large effect
on the efficiency of the fabricated DSSCs. In this study,
Dye Sensitized Solar Cells (DSSCs) photoelectrodes, TiO2

nanotube arrays, were fabricated by using electrochemical

Figure 2: Cross-section observation of annealed titanium plate.

method and using UV-Vis examination transmission ratio in
the DSSCs structure. Therefore, the purpose of this study was
to investigate the effect of etching process on transmission
ratio of the TiO2 nanotube arrays after treating by using
different etching methods.

2. Experimental

The Ti metals were cut into Ti-plates with a size of 2.5 cm× 2.5 cm and thickness of ∼142𝜇m. The flow chart for the
different etching process, the process for formation of TiO2

nanotube arrays, and the characteristic measurements of the
TiO2 nanotube arrays was shown in Figure 1 and described
below.



International Journal of Photoenergy 3

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 3: Cross-section morphologies of polishing-chemical etching under different times (a) 10 min, (b) 11 min, (c) 12 min, (d) 13 min, (e)
14 min, (f) 15 min, (g) 16 min, and (h) 17 min.

2.1. Preprocess

2.1.1. Polishing-Chemical Etching. A pure Ti plate with 99.7%
purity was used as the template for the polishing-chemical
etching process. The template was first annealed 1 h at 450∘C
and cooled in air, then the template was abraded using SiC
sheets (Nos 80 to 1500), and then it was ultrasonicated for
30 min in distilled water. After that, the mixture of 5% HF +
95% H2O was used as the etching solution and the etching
time was changed from 10 to 17 min.

2.1.2. Electrochemical Polishing-Chemical Etching. Another
titanium plate with higher purity 99.995% was also used
as the template, too. The sample was first annealed 1 h at
450∘C and then it was ultrasonicated for 30 min in distilled
water. The polishing electrolytic solution was mixed with 42%
methanol (CH3OH) + 5% perchloric acid (HClO4) + 53%
ethylene glycol monobutylether (HOCH2CH2OC4H9), and
the etching solution was mixed by 5% HF + 95% H2O; the
etching time was changed from 10 to 17 min.

2.1.3. Chemical Etching. A pure titanium plate with 99.7%
purity was also used as the template for the chemical etching
process. The mixture of 5% HF + 95% H2O was used as the
etching solution and the etching time was changed from 10 to
16 minutes. After the etching process the titanium plate was
annealed at 450∘C for 1 h.

2.2. Preparation of Photoelectrodes. We fabricated ordered
nanochannel TNT arrays at 25∘C on the prepared titanium
(Ti) square foils (2 cm × 2 cm) at a constant voltage of
50 V and Ti foils as an anode. The electrolyte solutions
contained 0.2 M ammonium fluoride (NH4F) + 2% H2O
+ ethylene glycol (C2H4(OH)2) with anodization. Ti foils
were degreased by ultrasonication in acetone and then iso-
propanol, respectively, for about 30 min, followed by rinsing
with deionized (DI) water, and finally dried in the air before
used. Highly ordered TiO2 nanotube arrays over large area
were prepared by a potentiostatic anodization in a two-
electrode electrochemical cell with a platinum (Pt) sheet as
counter electrode. All anodization experiments were carried
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Figure 4: Cross-section morphologies of electrochemical polishing-chemical etching under different times (a) 10 min, (b) 11 min, (c) 12 min,
(d) 13 min, (e) 14 min, (f) 15 min, (g) 16 min, and (h) 17 min.

out at room temperature. After the electrochemical process,
the foils were annealed at 450∘C for 3 h.

3. Results and Discussion

3.1. Morphologies for the Cross-Section of Nonetched and
Etched Ti Specimens. Figure 2 shows the cross-section of the
nonetched and annealed Ti specimen, the nonetched Ti spec-
imen showed a densified structure and no defect and porous
were observed. After different etching processes were used,
the etch-treated Ti plates were thoroughly rinsed with dis-
tilled water for clean at room temperature and morphologies
for the cross-section were observed. In Figures 3–5, a series of
micrographs of titanium plate after various etching processes
and at different etching time, from 10 to 17 min, are observed.
From Figures 2 and 5, the thickness of titanium plates linearly
decreased with etching time and, however, the nonuniformity
in thickness became apparently at a longer etching time.
For the polishing-chemical etching specimens, as the etching
time was equal to and longer 13 min, the thickness become
obviously asymmetrical. As shown in Figure 3, the polished

surface of Ti plate was changed to be a porous structure after
alkali treatment. Apparently, the porosity of the structure was
observed to be increased after chemical etching treatment.

For the electrochemical polishing-chemical etching spec-
imens, as Figure 4 shows, asymmetrical in the thickness was
not observed even the etching time was 17 min. Figure 4
also shows that even with the electrolytic publishing and
chemical etching the Ti plate had a smooth surface. For
the results shown in Figure 5, after annealing treatment, the
porous structure seemed to become more compact and rigid
than before the annealing treatment, and asymmetrical in the
thickness was not observed even the etching time was 17 min.
A cross-section of the etched Ti plates was observed by using
scanning electron microscope (SEM) and the thickness of the
Ti plates was measured by SEM. The variation in the thickness
of Ti plates under different etching processes as a function of
etching time is displayed in Figure 6.

When the etching time was increased from 10 to 17 min,
the thicknesses of the polishing-chemical etching, electro-
chemical polishing-chemical etching, and chemical etching
Ti plates decreased from 75.3𝜇m to 33 𝜇m, from 60.4 𝜇m
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Figure 5: Cross-section morphologies of chemical etching under different times (a) 10 min, (b) 11 min, (c) 12 min, (d) 13 min, (e) 14 min, (f)
15 min, and (g) 16 min.
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Figure 6: Titanium plates thickness curve chart of different meth-
ods and etching times.

to 23.6 𝜇m, and from 50 𝜇m to 14.8 𝜇m, respectively. As
Figure 6 shows, as the same etching time is used, the thick-
nesses of the chemical-etching Ti plates are thinner than

those of the other two processes-treated Ti plates, and the
abrading process is the reason to cause this result. From the
results shown in Figures 3–5, the porous structure on the sur-
faces of Ti plates only existed in polishing-chemical etching Ti
plates but not existing in electrochemical polishing-chemical
etching and chemical etching Ti plates. A similar porous
structure was reported to be produced by the alkali (KOH)
treatment of a commercial Ti plate; the porous structure
was composed of nanowires with a diameter of less than
30 nm, and the thickness of nanowire layer was estimated to
be approximately 500 nm on the Ti substrate [16]. For that,
the different etching processes would have large effect on the
formation of the TiO2 nanotube arrays. If the thickness of Ti
plates is too thin, the photoelectrodes of the TiO2 nanotube
arrays are not easy to be grown; therefore, the 11 min treated
Ti plates are chosen for producing the TiO2 nanotube arrays.

3.2. Morphology of TiO2 Nanotube Arrays. From the X-ray
diffraction patterns (not shown here), the main crystalline
phase of the as-prepared TiO2 nanotube arrays was amor-
phous, the diffraction peaks of Ti and rutile TiO2 phases
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(a) (b)

Figure 7: Morphologies of the TiO2 nanotube arrays grown on polishing-chemical etching Ti plate (a) top view and (b) side view.

(a) (b)

Figure 8: Morphologies of the TiO2 nanotube arrays grown on electrochemical polishing-chemical etching Ti plates (a) top view and (b)
side view.

could be found, and these diffraction peaks were not
enhanced as the TiO2 nanotube array length was changed.
It is noted that the anatase TiO2 peaks are much worse than
the Ti and rutile TiO2 peaks, so it is reasonable to neglect
the influences of such trace anatase TiO2 content in the as-
prepared TiO2 nanotube arrays. As TiO2 nanotube arrays
were annealed at 450∘C for 1 h, the diffraction peaks of anatase
TiO2 were clearly observed. Figures 7–9 show the top view
and side view of TiO2 nanotube arrays. The top views in
Figures 7(a), 8(a), and 9(a) show that all of the TiO2 nan-
otube arrays had the diameters between 100 nm and 140 nm.
The surfaces of TiO2 nanotube arrays with electrochemical
polishing-chemical etching and chemical etching processes
were smoother than that of TiO2 nanotube arrays with
polishing-chemical etching process. The side views in Figures
7(b), 8(b), and 9(b) show that the lengths of TiO2 nanotube
arrays with the polishing-chemical etching, electrochemical
polishing-chemical etching, and chemical etching processes
are 19.6 𝜇m, 18.2 𝜇m, and 22.6𝜇m, respectively. From the side
views in Figures 7–9 TiO2 nanotube arrays with the polish-
ing-chemical etching process are not good as the photoelec-
trodes of DSSCs because TiO2 nanotube arrays are easily
peeled off. Figures 8(b) and 9(b) show that the TiO2 nanotube
arrays with polishing-chemical etching and chemical etching

processes are not easily to be peeled off. Figure 7(b) also
shows that the TiO2 nanotube arrays reveal an unsmooth
surface, which will influence the transmission ratio and will
be proven in Figure 10.

3.3. Transmission of Photoelectrodes Nanotubes. The trans-
mission ratios of TiO2 nanotube arrays are shown in Figure 10
as a function of different polishing process and optical wave-
length. The measured structure includes the layers of
TiO2 nanotube arrays (photoelectrode), dye, electrolyte, and
counter electrode. When the sunlight passes through the pho-
toelectrode layer to dye layer, the transmission ratio has no
apparent change. The results in Figure 10 show that the struc-
tures with the polishing-chemical etching (70–75%) and ele-
ctrochemical polishing-chemical etching processes (80–85%)
have high transmission ratio in the range of visible light.
The structure with the polishing-chemical etching process
has the lower transmission ratio which is caused by the
being peeled off and unsmooth surfaces. Because TiO2 nano-
tube arrays with the chemical etching process have the thicker
thickness, the transmission ratio (20–25%) is very low. From
those results, the electrochemical polishing-chemical etching
and chemical etching processes are the better for formation
of TiO2 nanotube arrays than polishing-chemical etching
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Figure 9: Morphologies of the TiO2 nanotube arrays grown on chemical etching Ti plates (a) top view and (b) side view.
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Figure 10: Transmission ratio curves of the TiO2 nanotube arrays
grown on etching Ti plates.

process because they have the better structure and mor-
phology factors to get the better characteristics of TiO2 nano-
tube arrays as the photoelectrodes of DSSCs.

4. Conclusions

In this study, three different methods were used to etch Ti
template from 10 to 17 min, the experimental results were
summarized as follows.

(i) The thicknesses of the polishing-chemical etch-
ing, electrochemical polishing-chemical etching, and
chemical etching Ti plates decreased from 75.3 𝜇m to
33 𝜇m, from 60.4𝜇m to 23.6 𝜇m, and from 50𝜇m to
14.8 𝜇m, respectively.

(ii) The TiO2 nanotube arrays with polishing-chemical
etching, electrochemical polishing-chemical etching,
and chemical etching processes have the lengths of
19.6 𝜇m, 18.2 𝜇m, and 22.6𝜇m, respectively, and their
diameters were between 100 nm and 140 nm.

(iii) In the range of visible light, the TiO2 nanotube
arrays with polishing-chemical etching (70–75%)

and electrochemical polishing-chemical etching (80–
85%) processes had the higher transmission ratio
than that of the TiO2 nanotube arrays with chemical
etching process (20–25%).

(iv) The electrochemical polishing-chemical etching and
chemical etching processes were better for formation
of TiO2 nanotube arrays than the polishing-chemical
etching process because they could fabricate TiO2

nanotube arrays with the better characteristics to be
used as the photoelectrodes of DSSCs.
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Maximum power point trackers are so important in photovoltaic systems to improve their overall efficiency. This paper presents a
photovoltaic system with maximum power point tracking facility. An intelligent fuzzy logic controller method is proposed in this
paper to achieve the maximum power point tracking of PV modules. The system consists of a photovoltaic solar module connected
to a DC-DC buck-boost converter. The system is modeled using MATLAB/SIMULINK. The system has been experienced under
disturbance in the photovoltaic temperature and irradiation levels. The simulation results show that the proposed maximum power
tracker tracks the maximum power accurately and successfully in all conditions tested. The MPPT system is then experimentally
implemented. DSPACE is used in the implementation of the MPPT hardware setup for real-time control. Data acquisition and
control system is implemented using dSPACE 1104 software and digital signal processor card. The simulation and practical results
show that the proposed system tracked the maximum power accurately and successfully under all atmospheric conditions.

1. Introduction

Energy is important for the human life and economy. Con-
sequently, due to the increase in the industrial revolution,
the world energy demand has also increased. In the later
years, irritation about the energy crisis has been increased.
Fossil fuels have started to be gradually depleted. On the
other hand, people are more concerned about the fossil
fuel exhaustion and other environment problems which are
a result of conventional power generation. It is a global
challenge to generate a secure, available, and reliable energy
and at the same time reduce the greenhouse gas emission [1].
Energy saving was suggested by the researchers to meet the
worldwide energy demand.But this method is a cost-effective
solution. One of the most effective and suitable solutions is
the renewable energy supplies. Renewable energy sources are
considered as a technological option for generating clean,
green, environment-friendly, and sustainable energy [1, 2].

Photovoltaic (PV) system has taken a great attention
since it appears to be one of the most promising renewable
energy sources. The photovoltaic (PV) solar generation is

preferred over the other renewable energy sources due to
advantages such as the absence of fuel cost, cleanness, being
pollution-free, little maintenance, and causing no noise due
to absence of moving parts. However, two important factors
limit the implementation of photovoltaic systems. These are
high installation cost and low efficiency of energy conversion
[1]. In order to reduce photovoltaic power system costs
and to increase the utilization efficiency of solar energy,
the maximum power point tracking system of photovoltaic
modules is one of the effective methods [3]. Maximum power
point tracking, frequently referred to as MPPT, is a system
used to extract the maximum power of the PV module
to deliver it to the load [4]. Thus, the overall efficiency is
increased [4].

Since the power generated from the photovoltaic module
depends on the temperature and the solar radiation, these
factors must be taken into account while designing the
maximum power point tracker. The main goal of the MPPT
is to move the module operating voltage close to the voltage
at which the PV produces the maximum power under all
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atmospheric conditions. MPPT is very important in PV sys-
tems. Different techniques have been developed to maximize
the output power of the photovoltaic module. They have
advantages and limitations over the others. These techniques
vary in complexity, in the number of sensors required, in their
convergence speed, and in their cost. In the literature some
of MPPT methods are introduced such as feedback voltage
method, and incremental conductance method, perturbation
and observation method [1, 4–8]. The open-circuit voltage
method is based on (1) which states that the voltage of the
PV module at maximum power point is linearly proportional
to the open circuit voltage [9–12]. The proportional constant𝐾 depends on the meteorological conditions, fabrication of
the PV cell and on the fill factor of the PV cell [8]:

𝐾 = 𝑉MPP𝑉oc

≅ constant < 1. (1)

The proportional constant𝐾 has been reported to be between
0.71 and 0.78 [13]. The common value of 𝐾 is about 0.76
(within ±2%) [12].

In order to implement the constant voltage algorithm,
PV modules must be interrupted with a certain frequency
to measure the open-circuit voltage of the PV module. The
measured voltage is then multiplied by the factor𝐾 to obtain
the voltage at maximum power point. Then the operating
voltage of the PV module is adjusted to the calculated voltage
in order to obtain the maximum power. This process must be
repeated periodically [8]. Although this method is simple to
implement, it has a drawback which is high power losses due
to periodically interrupting the system operation. Another
drawback is that it is difficult to choose an optimal value of
the constant K [8, 10].

The other method is the constant voltage (current)
method. The constant voltage (current) method compares the
measured voltage (current) of the PV module with a reference
voltage (current) to continuously adjust the duty cycle of
the DC-DC converter and hence operate the PV module at
the predetermined point close to the MPP [8]. Although the
constant voltage (current) tracking method is very simple,
this method is not able to track the maximum power point
with changing environment conditions specially when the
temperature changes. That means it cannot be applied in a
generalized fashion in systems which do not consider the
effect of variations of the irradiation and temperature of the
PV panels [8, 14].

Perturbation and observation (P&O) method is an alter-
native method to obtain the maximum power point of the
PV module. It measures the voltage, current, and power of
the PV module and then perturbs the voltage to encounter
the change direction [9]. Figure 1 shows the 𝑃-𝑉 curve of the
PV module. As shown in the left-hand-side MPP the power
of the PV is increased with increasing the voltage of the PV
module until the MPP is reached. In the right-hand-side of
the MPP with increasing the voltage the power is decreased.
That means if there is an increase in the power, the subsequent
perturbation should be kept in the same direction until MPP
is reached. If there is a decrease in the power, the perturbation
should be reversed [4, 5, 8, 15, 16].

Table 1: The operation of P&O algorithm.

Δ𝑃PV Δ𝑉PV Perturbation

>0 >0 Increase 𝑉>0 <0 Decrease 𝑉<0 >0 Decrease 𝑉<0 <0 Increase 𝑉
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Figure 1: Variation of 𝑑𝑝/𝑑𝑉 in the 𝑃-𝑉 characteristic of the PV
module.

The maximum power point is reached when 𝑑𝑃/𝑑𝑉 =0. The flow chart of P&O method is shown in Figure 2. In
order to implement the P&O MPPT method, the PV voltage
and current must be initially measured. The change in the
voltage (Δ𝑉) and the change in the power (Δ𝑃) must then
be calculated. The PV voltage must then be perturbed by
a constant value. If the perturbation in the voltage causes
the power to increase, the next perturbation must be kept
in the same direction; otherwise, the next perturbation must
be reversed. Table 1 summaries the operation of the P&O
algorithm [15].

In this paper, a new method based on fuzzy logic
controller (FLC) is proposed to achieve maximum power
point tracking. The proposed method depends on measuring
the change in the PV voltage and power of the PV module.
The performance of the FLC method is evaluated by MAT-
LAB/SIMULINK. The proposed system is then experimen-
tally implemented. DSPACE real-time control is used in the
implementation of the MPPT hardware setup. Data acquisi-
tion and the control system is implemented by using dSPACE
1104 software and digital signal processor card on PC.

2. Characteristics of Solar Module

In order to model the PV module, a PV cell model must be
initially established. An equivalent electrical circuit makes it
possible to model the characteristic of a PV cell. In a practical
PV cell, there are two resistances: series resistance and parallel
resistance. Series resistance accounts for the losses in the
current path due to the metal grid, contacts, and current-
collecting bus. Parallel resistance due to the loss is associated
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with a small leakage of current through a resistive path in
parallel with the intrinsic device. Parallel resistance is large
and its effect is negligible. The equivalent circuit of the PV
cell is shown in Figure 3.

The output current delivered to the load can be expressed
as follows [4, 17, 18]:

𝐼 = 𝐼PV − 𝐼𝑜 (𝑒(𝑞(𝑉+𝐼𝑅𝑠)/(𝑛𝑘𝑇𝑎)) − 1) , (2)

where 𝐼 is the output current of the solar module (A) and𝑉 is
the output voltage of the solar cell (V), which can be obtained
by dividing the output voltage of the PV module by the
number of cells in series, 𝐼PV is the current source of the solar
module by solar irradiance (A), 𝐼𝑜 is the reverse saturation
current of a diode (A), 𝑁𝑆 is the series connection number
of the solar module, n is the ideality factor of the diode (𝑛 =

1∼2), q is the electric charge of an electron (1.6 × 𝑒−19c), k is

Boltzmann’s constant (1.38 × 10−23 j/K), and T is the absolute
temperature of the solar cell (∘K).

To model the PV module using MATLAB, the current
generated by the incident light which is also called short-
circuit current (𝐼sc) at a given temperature (𝑇𝑎) must be
calculated as follows [17–19]:

𝐼PV = 𝐼scn (1 + 𝑎 (𝑇𝑎 − 𝑇𝑛)) 𝐺𝐺𝑛 , (3)

where 𝐼scn is the short-circuit current at normal conditions
(25∘C, 1000 W/m2), 𝑇𝑎 is the given temperature (∘K), 𝐼PV is
the short-circuit current at a given cell temperature (𝑇𝑎), 𝑎 is
the temperature coefficient of 𝐼sc, and𝐺𝑛 is the nominal value
of irradiance, which is normally 1000 W/m2.

On the other hand, the reverse saturation current of diode
(𝐼𝑜) at the reference temperature (𝑇𝑛) is given as follows [17,
18]:

𝐼𝑜𝑛 = 𝐼scn𝑒(𝑞𝑉ocn/(𝑛𝑘𝑇𝑛)) − 1 , (4)

where 𝑉ocn is the open-circuit voltage at normal conditions.
The reverse saturation current at a given cell temperature (𝑇𝑎)
can be expressed as follows [18]:

𝐼𝑜 = 𝐼𝑜𝑛(𝑇𝑎𝑇𝑛

)(3/𝑛)𝑒((−𝑞𝐸𝑔/𝑛𝐾)(1/𝑇𝑎−1/𝑇𝑛)). (5)
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Table 2: PV module parameters.

Maximum power (𝑃max) 115 W

Voltage at 𝑃max (𝑉mp) 17.1 V

Current at 𝑃max (𝐼mp) 6.7 A

Open-circuit voltage (𝑉oc) 21.8 V

Short-circuit current (𝐼sc) 7.5 A

Temperature coefficient of 𝐼sc 0.065 ± 0.015%/∘C
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Figure 4: 𝑃-𝑉 curves under changing solar radiation.

TheBP3115 PV module is used in this paper. The PV mod-
ule parameters under the reference conditions (1000 W/m2,
25∘C) are listed in Table 2. The PV module is simulated using
MATLAB. Figure 4 shows the simulated P-V curves of the

PV module under changing solar radiation from 200 W/m2

to 1000 W/m2 while keeping the temperature constant at
25∘C. On the other hand, Figure 5 shows the simulation
results of the 𝑃-𝑉 curves of the PV module under changing
temperature from 10∘C to 50∘C while keeping the solar

radiation constant at 1000 W/m2.

3. DC-DC Buck-Boost Converter

DC conversion has gained the great importance in many
applications, starting from low-power applications to high-
power applications. In this paper, buck-boost converter is
chosen to be used in the MPPT system. Buck-boost converter
is used to step down and step up the DC voltage by changing
the duty ratio of the MOSFET. If the duty ratio is less than 0.5,
the output voltage is less than the input voltage; while if the
duty ratio is greater than 0.5, the output voltage is greater than
the input voltage. Duty ratio is the time at which the MOSFET
is on to the total switching time. The buck-boost converter is
shown in Figure 6.

The relation between the input and the output voltages of
the buck-boost converter is given as follows:

𝑉out = −𝐷1 − 𝐷𝑉in, (6)

Table 3

Buck-boost converter parameters

𝐿 1 mH

𝐶1 1000𝜇F

𝐶2 330 𝜇F

𝑓𝑠 40 KHZ

Resistive load RL 5Ω
Controller type: dSPACE 1104 DSP

MOSFET type: IRF3710

Diode type: BYV32-200

Components used in the measurement circuit

Current transducer LTS 25-NP

Voltage divider

Two 120 KΩ and 39 KΩ
resistors are connected in
series. The voltage is taken
across 39 KΩ resistor.
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Figure 5: 𝑃-𝑉 curves under changing temperature.

where 𝐷 is the duty cycle of the converter which is given as
follows:

𝐷 = 𝑇on𝑇𝑆

, (7)

where 𝑇on is the on-state time of the MOSFET while 𝑇𝑆 is the
switching time.

The buck-boost converter is designed and simulated
using MATLAB/SIMULINK. The converter components
used in the simulation and in the hardware setup are shown
in Table 3.

4. MPPT-Based FLC Method

PV systems have relatively high initial cost. Approximately
57% is spent on the PV modules, 30% on the batteries,
7% on the MPPT controllers and inverters, and 6% on
the installation [20]. Therefore, introducing a high-efficient
MPPT controller can help in decreasing the total cost of the
PV systems. FLC can be used as a controller to obtain the
maximum power that the PV modules capable of producing
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under changing weather conditions. The use of fuzzy logic
controllers has been increased over the last decade because
they are simplicity, deal with imprecise inputs, do not need an
accurate mathematical model, and can handle nonlinearity
[21]. The nonlinear nature of the PV modules and the envi-
ronment conditions make the tracking behavior so difficult.
Thus, the FLC is an interesting tool to achieve the maximum
power and eliminate the complexity in the computation since
it is simple, does not need the mathematical model, and does
not need any reference MPP parameters [20].

The process of FLC can be classified into three stages,
fuzzification, rule evaluation, and defuzzification. These com-
ponents and the general architecture of an FLC are shown in
Figure 7. The fuzzification step involves taking a crisp input,
such as the change in the voltage reading, and combining it
with stored membership function to produce fuzzy inputs.
To transform the crisp inputs into fuzzy inputs, membership
function must be first assigned for each input. The number
of membership functions used depends on the accuracy of
the controller, but it usually varies between 5 and 7 [10]. The
second step of fuzzy logic processing is the rule evaluation in
which the fuzzy processor uses linguistic rules to determine
what control action should occur in response to a given set
of input values. The result of rule evaluation is a fuzzy output
for each type of consequent action.

The last step in fuzzy logic processing is defuzzification
in which the expected value of an output variable is derived
by isolating a crisp value in the universe of discourse of the
output fuzzy sets. In this process, all of the fuzzy output
values effectively modify their respective output membership
function. One of the most commonly used defuzzification
techniques is called center of gravity (COG) or centroid
method.

Fuzzy logic was applied in designing different MPPT
controllers [14, 20–27]. They apply a set of linguistic rules to
obtain the required duty cycle. The input variables of the FLC
differ from one paper to another. In [22–25] the inputs to the
FLC are the error (E) and the change in error (Δ𝐸). The error
(E) is calculated as the change in the PV power to the change
in the PV voltage (Δ𝑃/Δ𝑉). The change in the duty cycle is the
output from FLC. In other cases, the change in current instead
of the change in the PV voltage to calculate the error (E) is
used as in [26]. Some other papers use other inputs to the FLC
such as the change in the voltage (ΔV) and the change in the
power (Δ𝑃) while the output from FLC is either the change
in the duty ratio of the power converter (Δ𝐷) or the change
in the reference voltage (Δ𝑉). Li and Wang use Δ𝑉 and Δ𝑃 as
the input variables while the output variable is the change in
the reference voltage [14]. An adaptive fuzzy logic controller
for MPPT was presented in [27] to adjust the duty cycle of the
defuzzification to enhance the controller performance under
changing atmospheric conditions.

In this paper, a new method-based FLC is proposed to
achieve tracking the maximum power of the PV module
under changing weather conditions. The proposed inputs of
the FLC are the change in the voltage of the PV module (Δ𝑉)
and the change in the power of the PV module (Δ𝑃). The
proposed output from FLC is (Δ𝑈) which corresponds to the
modulation signal which is applied to the PWM modulator
in order to produce the switching pulses.

5. The Proposed MPPT Fuzzy Logic
Base Method

The input variables are defined as in (8). During fuzzification,
the numerical input variables which are converted into
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linguistic variables are based on the membership func-
tions. Figures 8, 9, and 10 show the membership of Δ𝑃,Δ𝑉, and Δ𝑈, respectively. Five fuzzy levels are used for all the
input and output variables: NB (negative big), NS (negative
small), ZE (zero), PS (positive small), and PB (positive big):

Δ𝑉 = 𝑉 (𝐾) − 𝑉 (𝐾 − 1) ,
Δ𝑃 = 𝑃 (𝐾) − 𝑃 (𝐾 − 1) . (8)

The theoretical design of the rules is based on the fact
that if the change in the voltage causes the power to increase,
the moving of the next change is kept in the same direction;
otherwise the next change is reversed. After the theoretical
design, all the MFs and the rules were adjusted by the trial
and error to obtain the desired performance.

The proposed rules are shown in Table 4. The fuzzy
rules are designed to track the maximum power point of
the photovoltaic system under changing weather conditions.
Rapidly changing solar radiation is taken into account while
designing these rules.

6. Simulation Results

In order to verify that the proposed MPP tracker tracks
the maximum power point successfully, the controller is
tested under changing weather conditions. It is important
to test the proposed MPPT system under different ambient
conditions in order to validate the designed system. The
design and the simulation performance are done using MAT-
LAB/SIMULINK. The model used for simulation is shown
in Figure 11. In this system, the PV module is connected

Table 4: Rule base used in the fuzzy logic controller.

Δ𝑉 Δ𝑃
NB NS Z PS PB

NB PB PS NB NS NS

NS PS PS NB NS NS

Z NS NS NS PB PB

PS NS PB PS NB PB

PB NB NB PB PS PB
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Figure 10: The membership function of the output variable (Δ𝑈).

to the DC-DC buck-boost converter. The output of the
converter is the 5Ω load resistor. In order to start tracking
the maximum power, the output voltage and the output
current of the PV module must be measured to be used
as an input to the MPPT control block. The output of the
MPPT control block is the gating signal which is used to drive
the MOSFET. The proposed FLC MPPT method is tested
under changing weather conditions as shown in Figure 12.
As shown in this figure the solar radiation is changed as a

constant value 300 W/m2 until 0.03 sec. The solar radiation
is then assumed to be changed as a ramp function with
positive slope to account for changing the solar radiation
in the sunrise periods. Then the irradiance is changed as a
unit step function to account for changing the solar radiation
rapidly. In practical point of view, the solar radiation is
decreased as a ramp function with a negative slope during
the sunset periods. On the other hand, the temperature is
kept constant at 25∘C and then raised up rapidly to 50∘C
at 0.06 sec. It is clear from Figure 12 that the proposed
system will be tested under all expected ambient conditions.
These are constant solar radiation, rapidly changing solar
radiation, and changing solar radiation as a ramp function.
The FLC-based MPPT method is tested under these ambient
conditions. The proposed method tracked the maximum
power effectively and accurately as shown in Figure 13. The
controller tracked the maximum power under all ambient
conditions listed above. The proposed system tracked the
maximum power under changing solar radiation as a positive
and negative ramp function. On the other hand, it follows
the maximum power under rapidly changing solar radiation
accurately. The tracking efficiency using FLC is 98.13%. The
tracking efficiency can be calculated as the energy generated
from the PV module divided by the theoretical maximum
energy. Comparing the tracking behavior of the proposed
FLC MPPT method shown in Figure 13 with the tracking
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Figure 12: Changing ambient condition.

behavior of the P&O MPPT method shown in Figure 14,
the tracking efficiency using MPPT fuzzy logic controller is
98.13% which is higher than the tracking efficiency obtained
using P&O MPPT method which is 97.15%. On the other
hand the oscillation around the MPP when the P&O is used
is much higher than that when the FLC is used for MPP
tracking. The system performance shows that the proposed
system is well functioning to obtain the maximum power
that the PV module is capable of producing under different
ambient conditions.

7. Experimental Setup

The implementation of the MPPT hardware setup is done by
using dSPACE real-time control. Figure 15 shows the block
diagram of the hardware step while Figure 16 shows the
hardware setup of the MPPT system. In the hardware setup,
one BP 3115J PV module is connected to the DC-DC buck-
boost converter. Data acquisition and the control system
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Figure 13: MPP tracking with FLC.

are implemented by using dSPACE 1104 software and digital
signal processor card on PC. The PV voltage and the PV
current must be initially measured. In this system, the voltage
is measured by using the voltage divider while the PV current
is measured by using the LTS 25-NP current sensor. The
analog measured quantities of the PV voltage and PV current
which are fed to the A/D converter of the dSPACE in order to
be used in the SIMULINK MPPT control block. The MPPT
control which is constructed on MATLAB/SIMULINK is
shown in Figure 17.

The signal applied to a dSPACE A/D channel must be in
the range from −10 V to +10 V. A signal of +10 V gives an
internal value of 1.00 within SIMULINK.
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Figure 14: MPP tracking with P&O method.
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Figure 16: The hardware setup of the system.

Every signal came from A/D converter must be multiplied
by 10. The filters are used for removing any high-frequency
noise or any switching noise that appears in the signals. As
shown in Figure 17 the instantaneous measured voltage and
current are then multiplied by each other to obtain the PV
instantaneous power. The PV voltage and the PV power are
then applied to the MPPT algorithm to generate the required
duty cycle. The output signal of the MPPT algorithm is then

applied to the DS1104SL DSP PWM block which is used to
generate the required switching signal to drive the MOSFET.
The generated PWM signals should not be connected directly
to the MOSFET since the maximum current drown from
dSPACE board must not exceed 13 mA. For this reason and
for the isolation purposes a 6N137 optocoupler is used. The
PWM generated signal from the dSPACE is connected to the
6N137 optocoupler and the output of the optocoupler is then
connected to the MOSFET gate on the buck-boost converter
and manage the on-off time of the switch.

To verify the function and the performance of the
proposed FLC MPPT method, the method is experimentally
implemented by using dSPACE 1104 data acquisition system.
In order to start real-time tracking of the MPP of the
PV module, the SIMULINK MPPT control block, must be
downloaded to the dSPACE board to generate C code of
the MPPT control block. To successfully track the MPP,
some modifications were taken into consideration when
the proposed method is experimentally implemented. The
membership function of the input variable Δ𝑃 is modified as
shown in Figure 18. On the other hand, some of rules are also
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Figure 19: Changing the ambient conditions on October 2, 2012.

tuned in order to obtain a better performance. Table 5 shows
the modified FLC rules.

After doing the above-mentioned modifications, FLC
MPPT method is tested under some different ambient
conditions. Figure 19 shows the changing in the ambient

Table 5: Modified rule base used in the fuzzy logic controller.

Δ𝑉 Δ𝑃
NB NS Z PS PB

NB PB NB NB NS NS

NS PB NB NB NS NS

Z NS NS NS PB PB

PS NS PB PS NB PB

PB NB NB PB PS PB

conditions on 02-10-2012 starting from 08:38 AM to 02:38
PM. Figure 20(a) shows the changing in the solar radia-
tion while the lower plot shows the changing in the PV
temperature. FLC MPPT method tracked the MPP of the
PV module successfully as shown in Figure 20. The upper
plot in this figure shows the maximum power tracked.
Figures 20(b) and 20(c) show the PV voltage and the PV
current at the maximum power. Figure 20(d) the duty ratio
which is generated by the proposed FLC method. Duty ratio
is measured at the output of the MPPT block which is then
directed to the PWM in order to generate the switching
pulses of the MOSFET. It is noted that the proposed FLC
MPPT method tracked the maximum power successfully and
accurately with fast response.

Having a deep investigation on the proposed MPPT
system performance under rapidly changing solar radiation,
the PV module is covered by an opaque cloth to prevent the
incidence of the solar radiation on the PV module. Variation
of the power, the voltage, and the current of the system is
shown in Figure 21. As shown in this figure, the proposed
MPPT method has tracked the maximum power effectively
and accurately under rapidly changing solar radiation.
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Figure 20: Experimental tracking behavior of the FLC MPPT. 02-10-2012.
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Figure 21: Performance of the FLC MPPT method under rapidly changing solar radiation.

8. Conclusion

Photovoltaic model using MATLAB/SIMULINK and the
design of appropriate DC-DC buck-boost converter with a
maximum power point tracking facility are presented in this
paper. MPPT is achieved using fuzzy logic controller which
enhanced the performance of the MPPT and eliminated the
complexity in the computation needed. The proposed system
is simulated using MATLAB/SIMULINK and tested under
different ambient conditions to show the tracking behavior.
The tracking behavior shows that the proposed system
successfully and accurately tracked the maximum power
point with better performance than that of conventional
method. Experimental implementation of the MPPT system
is presented in this paper where data acquisition and the
control of the proposed FLC MPPT method are achieved by
dSPACE 1104. The practical results show that the proposed
method tracked the MPP effectively and accurately with fast
response. Furthermore, tests verified that the proposed FLC
method is well functioning with a good performance on
rapidly changing atmospheric conditions. The results indicate
that the designed MPP tracker is capable of tracking the PV
module maximum power and hence improves the efficiency
of the PV system.
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Molybdenum (Mo) thin films are widely used as a back contact for CIGS-based solar cells. This paper determines the optimal
settings for the sputtering parameters for an Mo thin film prepared on soda lime glass substrates, using direct current (dc)
magnetron sputtering, with a metal Mo target, in an argon gas environment. A Taguchi method with an L9 orthogonal array, the
signal-to-noise ratio, and an analysis of variances is used to determine the performance characteristics of the coating operation. The
main sputtering parameters, such as working pressure (mTorr), dc power (W), and substrate temperature (∘C), are optimized with
respect to the structural features, surface morphology, and electrical properties of the Mo films. An adhesive tape test is performed
on each film to determine the adhesion strength of the films. The experimental results show that the working pressure has the
dominant effect on electrical resistivity and reflectance. The intensity of the main peak (110) for the Mo film increases and the full
width at half maximum decreases gradually as the sputtering power is increased. Additionally, the application of an Mo bilayer
demonstrates good adherence and low resistivity.

1. Introduction

Copper indium gallium selenium (CIGS) solar cells are highly
efficient, low-cost thin film solar cells, and efficiencies of
20.0% have been reported, so the commercial production
of CIGS films is growing rapidly [1]. The CIGS cell uses a
substrate, Mo (back contact), CIGS (absorber layer), CdS
(buffer layer), ZnO, and Al2O3-doped ZnO (window layer),
in which each layer has a different role in the working
cell [2]. The back contact layer functions as a barrier that
hinders the diffusion of impurities from the substrate into the
absorber. Molybdenum (Mo) thin films are widely used as a
back contact for CIGS-based solar cells. Substrates of Mo-
coated soda lime glass can be purchased from commercial
sources. An Mo back contact with good adherence and low
resistivity is essential, because the properties of the Mo thin
films significantly affect the performance of CIGS solar cells
[3].

Several materials have been with the subjects of exper-
iment for use as a back contact for CIGS thin film solar
cells. In order to ensure good electronic device properties,
the formation of an ohmic contact for the majority carriers

(holes) and a low recombination rate for the minority carriers
(electrons) at the CIGS/back contact interface is essential [4].

Compared with other materials, such as W, Ta, Nb, Cr, V, or
Ti, Mo metal is an ideal back contact material for CIGS solar
cells, because of its inertness and high conductivity [5]. The

advantages of this refractory metal are its low susceptibility
to corrosion in a selenium atmosphere and its ability to allow
Na diffusion from a soda lime glass substrate to a CIGS
layer.

Traditional experimental methods are too complicated
and difficult. These methods require a large number of exper-
iments, when the number of process parameters increases.
The Taguchi method increases experimental efficiency and



2 International Journal of Photoenergy

Heater

Substrate

Magnetic field

Pumping

Motor

Rotation Loading chamber

Target

N

S

S

N S

N

DC power

Gas inlet

Figure 1: Schematic diagram of sputtering system.

allows the design of low-cost products with improved quality
[6]. The mixed orthogonal table in the Taguchi quality design
derives important coating factors. In order to optimize the

process, using the experimental data, a traditional statistical
regression requires a large amount of data, leading to diffi-
culty in treating a typical normal distribution of data and a
lack of variant factors [7].

This study analyzes the preparation of high quality
Mo back contact thin films prepared on soda lime glass
substrates, using direct current (dc) magnetron sputtering.
Mo films deposited at lower working pressures generally
demonstrate poor adherence to the substrate and higher
conductivity, but those deposited at higher working pressures
tend to demonstrate good adherence and high resistivity [5].
In order to optimize the design of the deposition process
for Mo film, this study uses an Mo bilayer to achieve good
adherence and low resistivity for Mo films [2].

2. Experimental Procedure

Mo thin films were deposited on soda lime glass substrates
under various coating conditions, using a dc magnetron
sputtering device, as shown in Figure 1. The diameter of the

Mo target (99.95% purity) was 50.8 mm, and its thickness
was 3 mm. The Mo sample was deposited in an argon

gas atmosphere, using a base pressure of about 4 × 10−6

Torr. The substrate-to-target distance and rotation of the
substrate about the vertical axis were maintained at 85 mm
and 10 rpm, respectively. Prior to coating, the target was
presputtered for 5 min, in order to remove any contam-
ination, and the substrates were ultrasonically cleaned in
acetone, rinsed with deionized water, and dried in nitro-
gen. The magnetron sputtering system was controlled by a
microprocessor.

The structure and properties of deposited Mo layers
are changed significantly by variations in process param-
eters, such as working pressure, dc power, and substrate
temperature [8, 9]. Therefore, the optimization process is
necessary to improve Mo layers performance. The Taguchi
method, which combines experimental design theory and the
quality loss function concept, is used for robust design [10].
Three influential sputtering parameters are chosen: working
pressure (3, 8, and 13 mTorr), dc power (200, 300, and 400 W),
and substrate temperature (room, 100, 200∘C), each of which
is assigned high, medium, and low levels, as shown in Table 1.

The Taguchi experimental design uses an L9 (33) orthogonal
array (Table 2), with three columns and nine rows. Since the
L9 orthogonal array has four columns, one column of the
array is left empty for the error of experiments: orthogonality
is not lost by letting one column of the array remain empty
[11, 12].

An analysis of variance (ANOVA) was performed, in
order to evaluate the coating parameters that were statisti-
cally significant. Using the signal-to-noise (𝑆/𝑁) ratio and
ANOVA analyses, the optimal combination of the process
parameters can be predicted [13]. A confirmation experiment
was then conducted to verify the optimal process parameters
obtained using these parameters. An ANOVA and an 𝐹-test
were used to analyze the experimental data as follows:

𝑆𝑚 = (∑𝜂𝑖)2

9 , 𝑆𝑇 = ∑𝜂2
𝑖 − 𝑆𝑚,

𝑆𝐴 =
(∑𝜂2

𝐴𝑖)2

𝑁 − 𝑆𝑚, 𝑆𝐸 = 𝑆𝑇 −∑𝑆𝐴,
𝑉𝐴 = 𝑆𝐴𝑓𝐴

, 𝐹𝐴𝑜 = 𝑉𝐴𝑉𝐸

,

(1)
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Table 1: Sputtering parameters for Mo thin films, factors, and levels.

Substrate Soda lime glass (25 × 25 × 1mm)

Target Molybdenum (99.95% purity)

Gas Argon (99.95% purity)

Base pressure 4 × 10−6 Torr

Substrate-to-target distance 85 mm

Substrate rotation speed 10 rpm

Level Sputtering parameter 1 2 3

A Working pressure (mTorr) 3 8 13

B dc power (W) 200 300 400

C Substrate temperature (∘C) Room 100 200

Table 2: The L9 (33) orthogonal array with three columns and nine
rows.

No.
Control factors

A B C

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2

A: working pressure (mTorr), B: dc power (W), and C: substrate tempera-
ture (∘C).

where 𝑆𝑇 is the sum of the squares due to the total variation,𝑆𝑚 is the sum of the squares due to the means, 𝑆𝐴 is the sum
of the squares due to parameter 𝐴 (𝐴 represents working
pressure (mTorr), dc power (W), and substrate temperature
(∘C), resp.), 𝑆𝐸 is the sum of the squares due to the error, 𝜂𝑖 is
the 𝜂 value of each experiment (𝑖 = 1, . . . , 9), 𝜂𝐴𝑖 is the sum of
the 𝑖th level of parameter 𝐴 (𝑖 = 1, 2, 3), 𝑁 is the repeating
number of each level of parameter 𝐴, 𝑓𝐴 is the degree of
freedom of parameter 𝐴, 𝑉𝐴 is the variance of parameter 𝐴,
and 𝐹𝐴𝑜 is the 𝐹-test value of parameter 𝐴.

The film thickness was measured using a surface pro-
filometer (𝛼-step, AMBIOS XP-1). The surface morpholo-
gies were analyzed using field emission scanning electron
microscopy (SEM, JEOL, and JSM-6500F). An atomic force
microscope (AFM, PSIA-XE-100) was used to obtain topo-
graphic images. The crystalline structural properties were
determined by X-ray diffraction (Rigaku-2000 X-ray Genera-
tor), using Cu K𝛼 radiation with an angle incidence of 1∘. The
electrical resistivity was measured by the four-point probe
method (Mitsubishi chemical MCP-T600). The adhesion test
was assessed qualitatively, using a Scotch tape adhesion test.
The optical reflectance was measured using unpolarized light
in the wavelength range of 250∼2000 nm.

3. Results and Discussion

In the Taguchi method, the signal-to-noise (𝑆/𝑁) ratio is
the most important component of parameter design. The
term “signal” represents the desired target for good products,
and the term “noise” represents the undesired value. Table 3
shows the ANOVA results for the electrical resistivity of the
Mo films; the most important variable affecting the electrical
resistivity factor is the working pressure (𝑃 = 94.77%).
Figure 2 shows the 𝑆/𝑁 response graph for the electrical
resistivity of the Mo films. It is seen that a lower working
pressure and higher dc power result in lower electrical
resistivity. In general, at low working pressure, the kinetic
energy of the Mo ions is increased, because of decreased
particle scattering. As a result, the films become denser
structures and are well crystallized, resulting in increased
resistivity [14]. However, an increase in dc power causes the
Ar ions to bombard the target with higher energy; so greater
numbers of Mo particles arrive at the substrate and become
deposited layer, which causes the rapid growth of a relatively
thick film. An increase in the film thickness results in a
decrease in the resistivity of the Mo films [15].

The X-ray diffraction patterns for the Mo films for the
L9 orthogonal array from no. 1 to no. 9 are shown in
Figure 3(a). The XRD patterns for all of the films show the
most intense peak at 2𝜃∼40.4∘, which is attributed to the
Mo cubic structure (JCPDS Card No. 3-065-7442) and a
preferred orientation along the (110) direction. All of the Mo
films have a sharp (110) peak, which indicates that the Mo
films are well crystallized, during the deposition. It is seen
that, at lower working pressures (experiments no. 1, no. 2,
and no. 3), the diffraction peaks of the Mo films are sharper
and more intense, which indicates an improvement in the
crystallinity. The reflectivity of the Mo back contact is also
a crucial parameter for solar cell efficiency. By maximizing
the light reflectance of the back contact, more photons can be
absorbed [16]. Figure 3(b) shows that the Mo films deposited
at lower working pressures (experiments no. 1, no. 2, and
no. 3) demonstrate better reflectivity than those deposited at
higher working pressures.

In order to assess the crystalline quality of the Mo films,
the full width at half maximum (FWHM) values for the
(110) peak and the crystalline dimensions were estimated,
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Table 3: ANOVA results for the electrical resistivity of the Mo films.

Factor Degrees of freedom Sum of the squares Variance Contribution (%)

A 2 1093.37 546.684 94.77

B 2 28.52 14.259 2.47

C 2 12.79 6.393 1.11

Residual error 2 18.94 9.470 1.65

Total 8 1153.61 100

Table 4: Summary of the X-ray diffraction measurements and the results for electrical resistivity, reflection, and adhesion tests.

No.
Factors

XRD
Resistivity (Ω-cm) Reflection (%) Adhesion (fail/pass)

A B C FWHM (110) (deg) Grain size (nm)

1 1 1 1 0.50 17.69 2.53 × 10−5 55.40 Fail

2 1 2 2 0.51 17.34 1.87 × 10−5 55.22 Fail

3 1 3 3 0.49 18.05 1.65 × 10−5 58.87 Fail

4 2 1 2 1.01 8.76 2.558 × 10−4 38.63 Pass

5 2 2 3 0.58 15.25 1.047 × 10−4 40.11 Pass

6 2 3 1 0.83 10.66 1.418 × 10−4 42.90 Pass

7 3 1 3 1.03 8.58 4.454 × 10−4 32.47 Pass

8 3 2 1 1.25 7.07 5.873 × 10−4 34.55 Pass

9 3 3 2 0.96 9.21 2.769 × 10−4 42.97 Pass

Table 5: Sputtering parameters for the Mo bilayer and the resultant characteristics.

dc power 400 W, soda lime glass substrate temperature 200∘C

Sample Mo bilayer Pressure (mTorr) Thickness (nm) Resistivity (Ω-cm) Reflectance (%) Adhesion (fail/pass)

1
1st layer 13 100 1.79 × 10−5 58.80 pass

2nd layer 3 900

2
1st layer 13 200 1.87 × 10−5 57.03 pass

2nd layer 3 800

3
1st layer 13 300 1.99 × 10−5 56.82 pass

2nd layer 3 700

4
1st layer 13 400 2.52 × 10−5 55.61 pass

2nd layer 3 600

5
1st layer 13 500 3.26 × 10−5 55.40 pass

2nd layer 3 500

using Scherrer’s formula. Table 4 summarizes the sputtering
parameters for the L9 orthogonal array and the experimental
results. Table 4 clearly shows that the parameter set, A1B3C3

(working pressure: 3 mTorr, dc power: 400 W, and substrate
temperature: 200∘C), in experiment no. 3 produces the best
performance of the nine experiments. Figure 4 shows the
3D and 2D AFM images of the surface morphologies and
the surface roughness (Ra) of the films, deposited using the
experimental conditions (a) no. 3, (b) no. 6, and (c) no. 9. This
verifies the relationship between grain size and the sputtering
parameters and is consistent with the XRD observation that
the grain size increases at a lower working pressure and
higher dc power. However, the Mo films deposited at lower
working pressure (3 mTorr) did not pass the adhesion test as
shown in Table 4.

The residual stress changes from a compressive stress
to a tensile stress, as the working pressure is increased.
Films deposited at high powers and low pressures tend to be
more conductive, but these films demonstrate poor adhesion
between the Mo film and the substrate, because the films
are subject to a compressive stress. Films deposited at a
higher pressure tend to be subject to a tensile stress and
demonstrate higher resistivity and good adhesion to the
glass substrate [5]. In order to obtain the optimal Mo film
with lower resistivity and good adhesion, an Mo bilayer film
is formed, using a sequentially changing working pressure
during the sputtering process. Table 5 lists the sputtering
parameters and the properties of the Mo bilayer film. The
first bottom layer was deposited at a higher working pressure
(13 mTorr), in order to provide better adhesion. Subsequently,
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Figure 2: 𝑆/𝑁 response graph for the electrical resistivity of the Mo films. (a) Working pressure (mTorr), (b) dc power (W), and (c) substrate
temperature (∘C).
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Figure 3: Mo films grown on glass for the L9 orthogonal array from no. 1 to no. 9: (a) XRD patterns and (b) reflectance.

the second top layer was formed at a lower working pressure
(3 mTorr), in order to produce a lower resistivity. All of
the Mo bilayers passed the Scotch tape test. An Mo bilayer
with optimal properties was produced (sample 1) with the
1st layer being deposited at 13 mTorr (thickness was 100 nm)
and the 2nd layer being deposited at 3 mTorr (thickness was
900 nm), which demonstrated good adhesion, low resistivity
(1.79 × 10−5 Ω-cm), and high reflectance (58.80%). Figure 5

shows the surface (left) and cross-sectional (right) SEM
micrographs of the Mo bilayer films detailed in Table 5. The
1st layer was deposited at a high working pressure and the
2nd layer at a low working pressure. The total layer (1st + 2nd)
thickness is 1000 nm. All of the films exhibited a columnar
structure with faceted and elongated surface features. In
Figure 5(a), it is seen that sample 1 has a larger grain size,
which results in a reduced resistivity.



6 International Journal of Photoenergy

(n
m
)

50

25

0.2

0.4

0.6

0.8

1

1

0.75

0.5

0.25

0

0

10.750.50.250

( m)

0.2

0.4

0 6
(

m
)

(a)

(n
m
)

50

25

0

0.2

0.4

0.6

0.8

1

1

0.75

0.5

0.25

0

10.750.50.250

( m)

(
m
)

0.2

0.4

0.6

(
m
)

(b)

(n
m
)

50

25

0

0.2

0.4

0.6

0.8

1

1

0.75

0.5

0.25

0

10.750.50.250

( m)

(
m
)

0.2

0.4

0.6
(

m
)

(c)

Figure 4: AFM images (left 3D and right 2D) of Mo thin films deposited using various sputtering parameters: (a) experimental conditions
no. 3, Ra = 2.703 nm; (b) no. 6, Ra = 3.132 nm; and (c) no. 9, Ra = 3.121 nm.
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Figure 5: Surface (left) and cross-sectional (right) SEM micrographs of the Mo bilayer, corresponding to Table 5: (a) sample 1, (b) sample 2,
(c) sample 3, (d) sample 4, and (e) sample 5.
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4. Conclusions

Molybdenum (Mo) thin films were grown on soda lime glass
using a direct current (dc) magnetron sputtering system.
The Taguchi method provides an effective experimental
design method for the study of the effect of the sputtering
parameters on the electrical, structural, and morphological
properties of Mo films. The analysis of variance results for the
electrical resistivity of the Mo films deposited demonstrate
that the working pressure has a significant affect. The optimal
deposition parameters for the sputtering of Mo thin films
are a working pressure of 3 mTorr, a dc power of 400 W, and
a substrate temperature of 200∘C. For the Mo single layer
system, the XRD results show that the crystallites of the
films are mainly oriented in the (110) direction. In order to
produce an optimal Mo film, with a lower resistivity and good
adhesion, an Mo bilayer film is formed using a sequentially
changing working pressure. In order to ensure optimum
properties for the Mo bilayer, the 1st layer is deposited
at 13 mTorr (thickness was 100 nm), and the 2nd layer is
deposited at 3 mTorr (thickness was 900 nm), which ensures
good adhesion, low resistivity (1.79 × 10−5 Ω-cm), and high
reflectance (58.80%).
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A compound of ZnO with 3 wt% Ga2O3 (ZnO : Ga2O3 = 97 : 3 in wt%, GZO) was sintered at 1400∘C as a target. The GZO thin
films were deposited on glass using a radio frequency magnetron sputtering system at 300∘C by changing the deposition power
from 50 W to 150 W. The effects of deposition power on the crystallization size, lattice constant (c), resistivity, carrier concentration,
carrier mobility, and optical transmission rate of the GZO thin films were studied. The blue shift in the transmission spectrum of the
GZO thin films was found to change with the variations of the carrier concentration because of the Burstein-Moss shifting effect.

The variations in the optical band gap (𝐸𝑔) value of the GZO thin films were evaluated from the plots of (𝛼ℎ]) = 𝑐(ℎ] − 𝐸𝐺)1/2 ,
revealing that the measured 𝐸𝑔 value decreased with increasing deposition power. As compared with the results deposited at room

temperature by Gong et al., (2010) the 300∘C deposited GZO thin films had apparent blue shift in the transmission spectrum and
larger 𝐸𝑔 value. For the deposited GZO thin films, both the carrier concentration and mobility linearly decreased and the resistivity
linearly increased with increasing deposition power. The prepared GZO thin films were also used as transparent electrodes to
fabricate the amorphous silicon thin-film solar cells, and their properties were also measured.

1. Introduction

Tin-doped indium oxide (ITO) thin films are widely used
as a transparent conducting oxide (TCO) electrode in opto-
electronic devices, because the thin films have very low
resistivity and high transmittance in the visible region. The
radio frequency (RF 13.56 MHz) magnetron sputtering under
different oxygen concentrations and deposition pressures was
a good method to exhibit the good electrooptical charac-
teristics of large area ITO thin films [1]. However, the price
of indium is getting increased 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. Zinc oxide (ZnO) is a novel II–
VI compound n-type oxide semiconductor with a wurtzite
crystal structure and 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) [2].
Because of the good properties of thin films, n-type doped
ZnO thin films could be used as a transparent electrode in
optoelectronic applications such as solar cells and position
sensitive detectors, and undoped ZnO thin films could be
used as the active layer of transparent thin films transistor
[3]. Alternatively, In2O3-doped ZnO [4], Al2O3-doped ZnO
[5], and Ga2O3-doped ZnO [6–8] are also regarded as the
ideal candidates for replacing ITO as TCO electrodes owing
to their promising optical and electrical properties as well
as their low cost, nontoxicity, and long-term environmental
stability.

Many researchers have reported about the Ga2O3-doped
ZnO thin films according to a different doping concentration
of Ga2O3 [9]. The highly conductive and transparent Ga2O3-
doped ZnO thin films had been coated at high growth
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rates by radio frequency magnetron sputtering [10]. The thin
films processed at room temperature on soda lime glass
substrates using a ceramic Ga2O3-doped ZnO target and a

low resistivity of 2.6×10−4 Ω cm were obtained [11]. However,
there is a still controversy about optimized deposition power
for the Ga2O3-doped ZnO thin films. In the present paper, a
compound of ZnO with 3 wt% Ga2O3 (ZnO : Ga2O3 = 97 : 3
in wt%, GZO) was prepared by solid-state reaction method.
RF magnetron sputtering was developed in order to study
the effects of different deposition powers on the physical and
electrical properties of the GZO thin films. For that, the GZO
thin films were deposited on glass substrates at 300∘C by
changing deposition power from 50 W to 150 W. We would
show that the deposition power played an important role
in nucleation, relatively diffraction intensity of orientations,
lattice constant, strain, crystalline size, and optical 𝐸𝑔 value
of the GZO thin films. In the past, GZO thin films were
used as the electrodes of the small area solar cells, produced
in a modified single chamber reactor, and the fabricated
solar cells exhibited very good electrical characteristics with
a conversion efficiency exceeding 9% [12]. For that, the GZO
thin films deposited under different deposition powers were
also used as the transparent electrodes of the 𝛼-Si thin-
film solar cells, and the current-voltage characteristics were
measured to determine the effects that the deposition power
of the GZO thin films had on the fabricated 𝛼-Si solar cells.

2. Experimental

ZnO (99.999% purity) and Ga2O3 (99.99% purity) powders
were mixed with the formula of ZnO : Ga2O3 = 97 : 3 in wt%
(GZO) and then ball milled for 5 h in deionized water. After
being dried and ground, GZO powder was calcined at 1000∘C
for 2 h then ground again and mixed with polyvinyl alcohol
(PVA) as a binder. The powder was uniaxially pressed into
pellets of 3 mm thickness and 52 mm diameter using a steel
die. After debindering, the pressed targets were sintered at
different temperatures. We had found that at 1400∘C was the
optimal temperature to prepare the ceramic targets because
the GZO ceramics sintered 1400∘C had the densified and
crystallization structure. The GZO thin films were deposited
on 33 mm × 33 mm × 2 mm Corning 1737 glass substrates
using an RF sputtering system. Before the deposition process
was started, the base chamber pressure was pumped to 5 ×
10−6 Torr (detected by using MKS Baratron gauge) and the
substrate temperature was kept at 300∘C, then the deposition
pressure was controlled at 5 × 10−3 Torr. During the depo-
sition process, only argon was introduced in the chamber,
the flow rate of pure argon (99.999%) was 20 sccm, and
the GZO thin films were deposited at different deposition
powers (50 W∼150 W). Film thickness was measured and
surface morphology was observed by field emission scanning
electron microscopy (FESEM), and the deposition rate was
calculated from the measured thickness. By controlling the
deposition time, a thickness of about 330 nm was attained for
all GZO thin films. While the crystalline structure of the GZO
thin films was identified by X-ray diffraction (XRD) patterns,
the electrical resistivity was measured using a four-point
probe, and the Hall-effect coefficient was measured using
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Figure 1: XRD patterns of the GZO thin films as a function of depo-
sition power.

a Bio-Rad Hall setup. The optical transmission spectrum was
recorded using a Hitachi U-3300 UV-Vis spectrophotometer
in the 300–800 nm wavelength range. The current-voltage
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 depo-
sition power were shown in Figure 1, and all the GZO thin
films exhibited the (002) peak. The (002) peaks of the GZO
thin films prepared with deposition power = 50 W, 100 W,
and 150 W were situated at 2𝜃 = 34.18∘, 34.11∘, and 34.04∘,
respectively. The lattice constant 𝑐 was calculated by using
the 2𝜃 value and the results were shown in Figure 2. The
calculated lattice constant (𝑐) was 0.5243, 0.5253, and 0.5262
for deposition power = 50 W, 100 W, and 150 W, respectively.
All the lattice constants 𝑐 of the GZO thin films in Figure 2
being smaller than that of the ZnO thin films are consider-

able, because the radius of Ga3+ ions (62 pm) are smaller than
that of Zn2+ ions (72 pm).

As Figure 2 shows, the full width at half maximum
(FWHM) values for the (002) peak of the GZO thin films is
0.389, 0.481, and 0.628 for deposition power = 50 W, 100 W,
and 150 W, respectively. The relative diffraction intensity of
(002) peak decreased as the deposition power increased, as
indicated by the XRD patterns shown in Figure 1. These
results suggest that GZO thin films deposited at lower power
have the better crystalline structure. This is because larger
deposition power is used to deposit the GZO thin films, GZO
particles can have larger active energy, and the resputtering
effect increased. For that, the number of thin film defects
increases and the crystallization of the GZO thin films is
inhibited, and then their crystallization of the GZO thin films
is degenerated and the FWHM value increases. However, the
variations of crystallization sizes are dependent on deposition
power and are not easily calculated from the surface obser-
vation. We will illustrate the variations of grain sizes from
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Figure 2: FWHM value and crystalline size of the GZO thin films
as a function of deposition power.

the XRD patterns and (1) [13], and the results are also shown
in Figure 2.

𝐷 = (0.9𝜆)(𝛽 cos 𝜃) . (1)

As Figure 2 shows, the crystallization size decreased with
increasing deposition power. This is caused by the fact that
as the deposition power increases, the deposition rate of the
GZO thin films increases, and the chance for growth of the
GZO crystallization size decreases.

Thin films always induce the internal stress, which might
be misleading in determining the lattice parameters from one
reflection when the thin films are under stress. We would also
show that the deposition power has large influence on the
strain of the GZO thin films. The relationships between lattice
strain (𝜂) and full width at FWHM (𝛽) value can be expressed
as (2) [14]

𝛽 cos 𝜃𝜆 = 2𝜂 sin 𝜃𝜆 + 1𝑑 , (2)

where 𝜃 is a Bragg’s angle, 𝜆 is wavelength of X-ray, and 𝑑
is crystallization size. For a XRD profile with more than 2
diffraction peaks, the 2𝜂 and 1/d could be separately obtained
by calculating the slope and intercept of profile of sin 𝜃/𝜆
versus 𝛽 cos 𝜃/𝜆. As Figure 3 shows, the lattice constant
(c) linearly increased with increasing deposition power. The
strain revealed a minimum value at RF deposition power =
50 W and then linearly increased as the deposition power
increased. The phenomena are believed to be caused by the
variations of mainly crystalline orientations, as shown in
Figure 1.

In the past, determination of the optical 𝐸𝑔 value was
often necessary to develop the electronic band structure of
a thin-film material. However, using extrapolation methods,
the 𝐸𝑔 value of the thin films can be determined from the
absorption edge for direct interband transition, which can be
calculated using (2) as

(𝛼ℎ]) = 𝑐(ℎ] − 𝐸𝑔)1/2, (3)
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Figure 3: Lattice constant (c) and strain of the GZO thin films as a
function of deposition power.

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 [15].

Figure 4(a) shows the transmission rate of the GZO thin
films, with deposition power as the parameter. The optical
transmission rates at 400–700 nm was more than 78% for all
the GZO thin films, regardless of deposition power. As the
deposition power increased, the optical band edge was shifted

to a longer wavelength. Figure 4(b) plots (𝛼ℎ])2 against ℎ]
(energy) in accordance with (3), and the 𝐸𝑔 values can be
found by extrapolating a straight line at (𝛼ℎ]) = 0. The
calculated 𝐸𝑔 values of the GZO thin films as a function of
deposition power are also shown in Figure 4(b). The linear
dependence of (𝛼ℎ]) on ℎ] indicates that the GZO thin films
are direct transition-type semiconductors. As the deposition
power increased from 50 W to 150 W, the𝐸𝑔 values decreased
from 3.83 eV to 3.76 eV and the absorption edge was at
around wavelength 370 nm (transmittance ratio over 60%).
As compared with the results deposited at room temperature
by Gong et al., the deposited GZO thin films had 𝐸𝑔 values
changed from 3.42 eV to 3.50 eV [6] and had absorption edge
at around wavelength 400 nm. The 300∘C deposited GZO
thin films had larger 𝐸𝑔 value and apparent blue-shift in
the transmission spectrum. In the past, the GZO thin films
were also deposited on the polyethylene naphthalate (PEN)
substrates by RF magnetron sputtering at room temperature
[16]. However, the FWHM values of the 300∘C deposited
GZO thin films developed in this study are smaller than those
of [16], suggesting that the 300∘C deposited GZO thin films
have the better crystallization.

Many factors will affect the transmission spectrum of the
GZO thin films. At first, the increase of the transmission
ration in the optical band is caused by the increase in carrier
density, as the GZO thin films have fewer defects. When
the deposition temperature in this study is 300∘C, the high
deposition power can cause the GZO thin films to have the
better crystallization. This is another reason to cause the GZO
thin films in this study to have the higher transmittance ratio
in the region of visible light. The results in Figure 4 suggest
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Figure 4: (a) Transmittance and (b) (𝛼ℎ])2 versus ℎ]-𝐸𝑔 plots of the GZO thin films as a function of deposition power.
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Figure 5: Resistivity (𝜌), Hall mobility (𝜇), and carrier concentra-
tion (n) of the GZO thin films as a function of deposition power.

that the defects in the GZO thin films increase with increasing
deposition power. However, the 𝐸𝑔 value of Ga2O3 is 4.9 eV
[17] and the 𝐸𝑔 value of ZnO is about 3.37 eV. As Ga2O3 is
added into the ZnO, the 𝐸𝑔 values of the GZO thin films
higher than those of the ZnO thin films are expected.

Figure 5 shows the dependence of electrical properties
on deposition power of the GZO thin films. When plasma
molecules are deposited on a glass substrate, many defects
result and inhibit electron movement. As the different depo-
sition powers are used during the deposition process, two fac-
tors are believed to cause the decreased carrier mobility of the
GZO thin films. First, the larger deposition power provides
more energy and thus enhances the motion of deposition

atoms, which would increase the number of defects in the
GZO thin films. Second, as the deposition power increases,
the density of the GZO thin films decreases because of the
increase in the defects, and that will cause the increase in
the inhibiting of the barriers electron transportation [18]. A

minimal resistivity of 7.71 × 10−4 Ω cm is obtained at a depo-
sition power of 50 W; meanwhile, the carrier concentration
has a maximum of 6.44 × 1020 cm−3 and the mobility has a

maximum of 6.44 cm2/V-s. The resistivity of the TCO thin
films is proportional to the reciprocal of the product of carrier
concentration 𝑁 and mobility 𝜇

𝜌 = 1𝑁𝑒𝜇 . (4)

Both the carrier concentration and the carrier mobility
contribute to the conductivity. As Figure 5 shows, both the
carrier concentration and carrier mobility of the GZO thin
films decreased linearly with increasing deposition power and
reached a minimum concentration and a minimum carrier
mobility at 150 W. The minimum resistivity of the GZO thin
films at a deposition power of 50 W is mainly caused by the
carrier concentration and mobility being at their maximum.

As the deposition power rose, the absorption edge of
the GZO thin films was blue shifted. This blue shift can be
explained by the Burstein-Moss shift, a shift of the Fermi
level into the conduction band, which enhances the optical𝐸𝑔 value by the energy, as follows [19, 20]:

Δ𝐸BM
𝑔 = ℎ2𝑘2

𝐹2 ( 1𝑚𝑒

+ 1𝑚ℎ

) = ℎ2𝑘2
𝐹2𝑚∗
]𝑐

, (5)

where 𝑘𝐹 stands for the Fermi wave vector and is given by

𝑘𝐹 = (3𝜋2𝑛𝑒)1/3, 𝑚𝑒 is the effective mass of electrons in
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the conduction band, and 𝑚ℎ is the effective mass of holes in
the valence band, which can be simplified as𝑚∗

]𝑐, the reduced
effective mass. Δ𝐸𝑔 value can be rewritten by inducing 𝑘𝐹 for
the carrier concentration 𝑛𝑒 as

Δ𝐸BM
𝑔 = ℎ2

2𝑚∗
]𝑐

(3𝜋2𝑛𝑒)2/3. (6)

Equation (4) shows that the Burstein-Moss shift of the
absorption edge to the shorter wavelength region is due to
the increase in carrier concentration (𝑛𝑒); this is proven by
the result shown in Figure 6. When the wavelength is equal to
300 nm, the visible light absorbed by the thin films is due to a
quantum phenomenon called band edge absorption.Burstein
indicated that an increase of the Fermi level in the conduction
band of a degenerated semiconductor leads to the energy
band widening effect [9, 10].

For the application as transparent electrodes of solar cells,
the films must have high electrical conductance and high
optical transparency. A way for evaluating this compromise

Glass

Al Al Al

GZO 

n-𝛼-silicon

i-𝛼-silicon

p-𝛼-silicon

Figure 8: Structure of the superstrate p-i-n 𝛼-Si:H thin-film solar
cells.

is by means of figure of merit (FOM). FOM defined by
Haacke [21] is one of the important indexes for judging the
effectiveness of the deposited thin films. FOM is defined by

FOM = 𝑇10

𝑅𝑠

, (7)

where 𝑇 is the average visible transmittance and 𝑅𝑆 is the
sheet resistance. Figure 7 exhibits the FOM of the GZO thin
films prepared as a function of deposition power. The FOM
value decreased with increasing deposition power and the

highest FOM value of 5.67 × 10−3 Ω−1 was obtained at the
sputtering power of 50 W. Those results prove that the 50 W
is the optimal deposition power of the GZO thin films.

Superstrate p-i-n 𝛼-Si:H thin film solar cells were fab-
ricated using a single-chamber plasma-enhanced chemical
vapor deposition unit at 200∘C. Figure 8 shows the structure
of these solar cells, and no antireflective coatings were
deposited on those devices. Figure 9 shows the measured
current-voltage characteristics of the solar cells (substrate size

3.3 × 3.3 cm2) under illumination. Table 1 lists the values of
the open-circuit voltage (𝑉oc), short-circuit current density(𝐽sc), fill factor (F.F.), and efficiency (𝜂) for the solar cells
using the developed GZO thin films as the front transparent
conductive thin films. The efficiency of the solar cells with the
GZO thin films increased from 2.83% to 3.38% as deposition
power decreased from 150 W to 50 W. The greater efficiency of
the 50 W deposited GZO thin films is mainly ascribable to the
fact that they have the larger 𝐸𝑔 value, smaller strain, larger
FOM value, and smaller resistivity, and those will cause the
smaller short-circuit current density and larger open-circuit
voltage.

4. Conclusions

The full width at half maximum (FWHM) values for the
(002) peak of the GZO thin films were 0.389, 0.481, and
0.628 for deposition power = 50 W, 100 W, and 150 W.
Because the 300∘C deposited GZO thin films had the better
crystallization, the transmittance ratios were higher than
other studies. Also, the strain revealed a minimum value at
deposition power = 50 W and then linearly increased as the
deposition power increased. A minimal resistivity of 7.71 ×
10−4 Ω cm was obtained at a deposition power of 50 W; mean-
while, the carrier concentration had a maximum of 6.44 ×
1020 cm−3 and the mobility had a maximum of 6.44 cm2/V-
s. As the deposition power increased from 50 W to 150 W,
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film solar cells under illumination.

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

Deposition power 𝑉oc (mV) 𝐽sc (mA/cm2) F.F. 𝜂 (%)

50 W 868 7.86 0.508 3.38

100 W 843 7.64 0.502 3.18

150 W 838 6.95 0.465 2.83

the calculated 𝐸𝑔 values decreased from 3.83 eV to 3.76 eV,
which were also higher than other studies. The GZO thin
films having the larger 𝐸𝑔 values were expected because the𝐸𝑔 value of the Ga2O3 thin films (4.9 eV) was larger than that
of the ZnO thin films (3.35 eV). When the GZO thin films
were used as the front transparent conductive thin films, the
efficiencies of the 𝛼-Si thin-film solar cells increased from
2.83% to 3.38% as the deposition power decreased from 150 W
to 50 W.
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The self-aligned highly ordered TiO2 nanotube (TNT) arrays were fabricated by potentiostatic anodization of Ti foil, and we found
that the TNT-array length and diameter were dependent on the electrolyte (NH4F) concentration in ethylene glycol and anodization
time. The characteristics of the fabricated TNT arrays were characterized by XRD pattern, FESEM, and absorption spectrum. As
the electrolyte NH4F concentration in the presence of H2O (2 vol%) with anodization was changed from 0.25 to 0.75 wt% and the
anodization period was increased from 1 to 5 h, the TNT-array length was changed from 9.55 to 30.2 𝜇m and the TNT-array diameter
also increased. As NH4F concentration was 0.5 wt%, the prepared TNT arrays were also used to fabricate the dye-sensitized solar
cells (DSSCs). We would show that the measured photovoltaic performance of the DSSCs was dependent on the TNT-array length.

1. Introduction

Since the phenomenon of photocatalytic splitting of water
on nanostructure TiO2 electrodes was discovered in 1972
[1], extensive investigations have been devoted to improve
the photocatalytic efficiency of TiO2-based photo electrodes.
TiO2 is a wide bandgap (anatase 3.2 eV and rutile 3.0 eV) n-
type semiconductor, and TiO2-based photo electrodes have
been studied in many fields, such as photocatalysis, dye-
sensitized solar cells (DSSCs), and gas sensors because of
its outstanding physical, chemical, and optical properties
[2–4]. A great advantage of the nanoparticle (NP)-DSSCs
is that TiO2 nanoparticles have a large surface area for
dye adsorption, but diffusion, limited by traps, for electron
transport in NP-DSSCs impedes the efficiency of conversion
of light to electricity [5, 6]. To improve the efficiency of
charge collection by promoting both more rapid electron
transport and slower charge recombination, several methods
with TiO2 films constructed of oriented one-dimensional
(1D) nanostructures have been established. Compared with
nanoparticles, TiO2 nanowires and nanotubes have 1D
nanostructures and are suggested to be superior in chemical

and photo electrochemical performance, due to its one-
dimensional channel for carrier transportation, in which the
recombination of e−/h+ is expected to be reduced. For that,
DSSCs based on one-dimensional TiO2 nanowires have been
reported. One-dimensional TiO2 such as nanotube is more
attractive due to its large specific surface area and well-
defined charge carriers transport path. Because the surface
area of TiO2 nanotube (TNT) arrays is higher than that of
TiO2 nanowires due to the additional surface area enclosed
inside the hollow structure.

Anodic oxidation is a powerful and efficient technique
for fabricating highly ordered TNT arrays [7, 8]. The highly
ordered TNT arrays exhibited good performance when used
as a photo electrode, due to the unique nanostructure that
facilitates separation of the photoexcited charges and results
in higher charge collection efficiencies [9]. Of a variety of
TiO2 synthesis strategies, particular interest has been given to
the anodic oxidized growth of TNT layers on Ti foil, as it leads
to an array of closely packed vertically aligned tubes [7, 10, 11].
A self-assembled TNT arrays can be fabricated by anodic
oxidation of Ti foil in HF-containing acidic electrolyte. In
contrast to random nanoparticle systems where slow electron
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diffusion typically limits device performance [12, 13], the pre-
cisely oriented nature of the crystalline (after annealing) TNT
arrays makes them excellent electron percolation pathways
for vectorial charge transfer between interfaces [13]. In this
study, the TNT arrays with different lengths were fabricated
on the Ti substrates by varying the anodization period and
changing the aqueous electrolytes to organic electrolytes.
20 nm Pt on transparent conductive ITO glass was used as the
electrode to increase the conductivity. In the past, only few
researches were used to discuss the effects of TNT arrays with
different lengths on the characteristics of DSSCs. We would
investigate the TNT arrays in the applications of the DSSCs,
and we would also investigate the effects of the TNT-array
length on the properties of the investigated DSSCs.

2. Experimental

We fabricated ordered nanochannel TNT arrays at 25∘C on
anodizing titanium (Ti) foil (Aldrich, 99.7% purity) as square
discs (50 mm × 50 mm) at a constant voltage of 60 V. The
electrolyte solutions contained ammonium fluoride (NH4F,
99.9%; 0.25, 0.5, and 0.75 wt%) in EG in the presence of H2O
(2 vol%, pH = 6.8) with anodization for varied periods (1–5 h).
Ti foils, 0.25 mm thick, were degreased by ultrasonication in
acetone and then isopropanol, respectively, for about 30 min,
followed by rinse with deionized (DI) water, and finally dried
in the air before being used. Highly ordered TNT arrays
over large areas were prepared by a potentiostatic anodization
in a two-electrode electrochemical cell with a platinum (Pt)
sheet as counter electrode. All anodization experiments were
carried out at room temperature. The Ti foils were anodized
in a concentration of 0.25 wt%, 0.50 wt%, and 0.75 wt% NH4F
(98+% ACS reagent) and ethylene glycol (99.8% anhydrous)
solution. For the two-step process, the TNT arrays were first
rinsed with ethanol, dried in air, and annealed at 150∘C for 2 h
to remove organic solvents. Then they were then crystallized
at 450∘C for another 1 h in an air furnace. The structure of the
fabricated DSSCs was shown in Figure 1, which was different
from the most reported structures; the effective area in this
study was 40 mm × 40 mm, and 20 nm Pt was deposited on
ITO by using sputter method to increase the conductivity. As
Figure 1 shows, the preparation of the DSSCs on the TNT/Ti
foils was composed of four steps: (i) fabrication of TNT arrays
on Ti foils by anodization, (ii) annealing the TNT array/Ti
foil, (iii) deposition Pt onto ITO glass, and (iv) formation of
the DSSCs.

The TiO2 electrodes were immersed into the N-719
(Solaronix, Aubonne, Switzerland) dye solution (0.5 mM in
ethanol) and were held at room temperature for 24 h to
adsorb the dye molecules. The dye-treated TiO2 electrodes
were rinsed with ethanol and dried under nitrogen flow.
The amount of N-719 dye absorbed on the TNT arrays
was measured with a UV-visible-NIR spectrophotometer
equipped with an integrating sphere. The liquid electro-
lyte was prepared by dissolving 0.1 M of lithium iodide
(LiI), 0.01 M of iodine (I2), 0.6 M of 1-butyl-3-methylimid-
azolium iodide (BMII), 0.1 M of guanidinium thiocyanate
(GuNCS), and 0.5 M of 4-tert-butylpyridine (TBP) in

Pt/ITO

Ti substrate

Glass

Dye absorbed

on TiO2
nanotubes

Figure 1: Structure of the fabricated DSSCs.

acetonitrile/valeronitrile (85 : 15 v/v). Current-voltage char-
acteristic of the fabricated DSSCs was measured using a
Keithley 2400 source meter under simulated AM 1.5G illumi-

nation (100 mW cm−2) provided by a solar simulator (69920,
1 kW Xe lamp with an optical filter, Oriel) to determine
the open-circuit voltage (𝑉oc), short-circuit current (𝐽sc),
fill factor (FF), and conversion efficiency (𝜂). Photocurrent
densities were measured in a standard three-electrode con-
figuration with the TNT arrays as a photo-anode electrode,
Pt-ITO foil as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode.

3. Results and Discussion

X-ray diffraction (XRD) patterns were used to characterize
the structure of the anodized TNT arrays. As shown in
Figure 2, the mainly crystalline phase of the as-prepared TNT
arrays was amorphous. As compared with the JCPDS files,
the diffraction peaks of Ti and rutile TiO2 phases could be
found, and these diffraction peaks were not enhanced as the
TNT-array length increased. It is noted that the anatase TiO2

peaks are much worse than the Ti and rutile TiO2 peaks,
so it is reasonable to neglect the influences of such trace
anatase TiO2 content in the as-prepared TNT arrays. As TNT
arrays were annealed at 450∘C for 1 h, the diffraction peaks
of anatase TiO2 were clearly observed. For the free-standing
TNT arrays, the diffraction peaks of Ti substrate disappeared,
and the rutile TiO2 phase was still observed, most of the
diffraction peaks could be attributed to the anatase TiO2

phase. The diffraction peaks at about 2𝜃 = 25.5∘, 37.3∘, 38.1∘,
48.2∘, 54.2∘, and 55.2∘ are indexed to the (101), (103), (004),
(200), (105), and (211) crystal faces of anatase TiO2 phase
(PDF card 75-1537, JCPDS).

Figure 3 shows the variations in the TNT-array length,
the samples are prepared in different NH4F concentrations
(0.25 wt%, 0.50 wt%, and 0.75 wt%) and ethylene glycol solu-
tion at an anodization potential of 60 V for different time (1 h,
3 h, and 5 h), respectively. For a 0.25 wt% NH4F concentration
and anodization at, respectively, a time of 1 h, 3 h, and 5 h, an
increase in TNT-array length from about 9.55𝜇m, 15.7 𝜇m
to 19.8𝜇m was observed. Also, as the NH4F concentration
increased from 0.50 wt% to 0.75 wt%, an increase in the
TNT-array length with increasing anodization time was also
observed. As the same anodization time was used, higher
NH4F concentration resulted in TNT arrays with larger
diameters and longer lengths (will be shown in Figure 4).
We attribute the increase in TNT-array length with larger
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Figure 2: Comparison on the XRD patterns of TNT arrays before
and after annealing.
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Figure 3: TNT-array length as a function of NH4F concentration
and anodization time.

NH4F concentration to the increased reaction chances for
ionic transport through the barrier layer at the bottom of the
pore, and that can result in faster movement of the Ti/TiO2

interface into the Ti metal.
Figure 4 shows the SEM top- and cross-section views

of TNT arrays anodized at 60 V for a 0.50 wt% NH4F
concentration and anodization at, respectively, a time of
1 h, 3 h, and 5 h. It is evident that the highly ordered TNT
arrays consist of very regular tubes with different inner
diameters, which are dependent on the anodization time.
Figures 4(a), 4(c), and 4(e) show that these TNT arrays have
overall similar lengths and have very smooth walls typical
of nanotubes grown in Ti substrates. The as-anodized TNT
arrays are typically amorphous (as Figure 2 shows), and
they can be crystallized by annealing in air. The evolution of

the surface morphology as a result of annealing shows that
the regular tubular structure remains stable until around
450∘C. The whole TNT arrays remained intact being stood
on the Ti substrates, even for the TNT arrays with a length
as short as 9.68𝜇m (Figure 4(b)) and as long as 26.3 𝜇m
(Figure 4(f)). Figures 4(b), 4(d), and 4(f) clearly display the
cross-section of the two-step anodized TNT films, where a
structure of bilayers can be seen: the top layer of crystallized
TNT arrays and the bottom layer of titanium substrate. There
is no significant change in the pore diameter or wall thickness
even after annealing at 450∘C for 1 h. However, when the
annealing temperature is increased to 550∘C, the tubular
structure of the fabricated TNT arrays completely collapses
leaving many deep and large cracks (not shown here).

Figure 5 shows the UV-vis diffusion reflectance spectra
of the annealed TNT arrays dipped in N-719 for 24 h, for
a 0.50 wt% NH4F concentration and anodization at a time
of 1 h, 3 h, and 5 h, respectively. In the UV and visible light
regions, the absorption intensity of the TNT arrays increased
with the increase of the TNT-array length. Therefore, we can
assume a better photoelectrochemical capability under UV
light as the longer TNT arrays are used as an electrode. The
sharp band gap absorption edges of the three kinds of TiO2

nanotube arrays were all around 385 nm. In the meantime,
a small shift of the threshold toward the visible light region
(red shift phenomenon) was observed for the 5 h samples. For
the shorter sample, on the other hand, the onset was closer
to the ultraviolet region (blue shift phenomenon). The band
gap energy of pure TiO2 estimated with the Kubelka-Munk
function is about 3.34 eV [14]. It is clear that even with the dif-
ferent lengths the annealed TNT arrays as well as the mixture
of the antase and rutile crystalline phases might not make the
band gap energy change. Figure 5 also shows an important
result that in the visible light region, the absorption intensity
increased with increasing TNT-array length, which revealed
that the TNT arrays with longer length were more sensitive
to visible light than those of the short ones. Therefore, we can
assume a better photoelectrochemical capability of the longer
TNT-array electrode under visible light. Consequently, the
UV-vis spectra suggest that the longer TNT arrays might
exhibit the higher solar light response than the shorter ones,
and the increase in the photovoltaic performance with the
increase of the TNT-array length is expectable.

The current-voltage characteristics of the DSSCs (sub-

strate size 40 × 40 mm2) under illumination are measured,
and the photo current density versus voltage curves of the
TNT-based DSSCs is shown in Figure 6, for the TNT arrays
growing at a 0.50 wt% NH4F concentration and anodization
at a time of 1 h, 3 h, and 5 h, respectively. For comparison, the
TNT arrays with the lengths of 9.68 𝜇m, 17.4 𝜇m, and 26.3 𝜇m
on Ti substrates with back-side irradiation were investigated.
Table 1 lists the values of open-circuit voltage (𝑉oc), short-
circuit current density (𝐽sc), fill factor (F.F.), and efficiency (𝜂)
for the developed DSSC devices. The filter factor is defined as
the ratio of the maximum power from the solar cell to the
product of 𝑉oc and 𝐼sc and shown as

FF = 𝐼𝑚𝑉𝑚𝐼sc𝑉oc

, (1)
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9.68 𝜇m

17.4𝜇m

26.3 𝜇m

Figure 4: SEM images of 0.5 wt% NH4F + 2H2O + EG TNT arrays after cleaning, anodization, and annealing for varied periods. Top views
for (a) 1 h, (c) 3 h, and (e) 5 h and side views for (b) 1 h, (d) 3 h, and (f) 5 h, respectively.

Table 1: Values of open-circuit voltage (𝑉oc), short-circuit current density (𝐽sc), fill factor (FF), and efficiency (𝜂) for solar cells with different
length of the TiO2 nanotube.

Length (𝜇m) 𝑉oc (mV) 𝐽sc (mA/cm2) FF 𝜂 (%) 𝜂 (%, 30 days)

9.68 652 8.87 0.50 2.93 2.75

17.4 681 10.16 0.49 3.46 3.28

26.3 712 11.32 0.49 4.09 3.92

where 𝑉oc is the open-circuit voltage, 𝐼sc is the short-circuit
current density, 𝐼𝑚 and 𝑉𝑚 are the current and voltage at the
maximum output.

With an increase of the TNT-array length from 9.68𝜇m to

26.3 𝜇m, 𝐽sc increased from 8.87 mA cm−2 to 11.30 mA cm−2

and the 𝑉oc increased from 652 mV to 709 mV. TNT arrays
have a one-dimensional channel for carrier transportation
that promotes electron transport. An important implication
of the longer transport pathway is that electrons undergo
more trapping and detrapping events, which imply that the
longer TNT arrays may increase the efficiency. This can be
possibly attributed to the increase in the number of adsorbed
dye molecules from the increased surface area of the TNT
arrays and, therefore, a higher number of photogenerated
electrons. However, when the TNT-array length increased
from 9.68𝜇m to 26.3 𝜇m, an unnotable decrease in 𝜂 value
was found. The efficiency of the solar cells increased from
2.89% (TNT-array length = 9.68𝜇m) to 3.46% (TNT-array
length = 17.4 𝜇m) with increased TNT-array length. More-
over, the efficiency could be raised to 4.09% when the TNT-
array length was increased to 26.3 𝜇m. The greater efficiency

is mainly ascribable to the increased short-circuit current
density. Obviously, the light harvesting efficiency of dye
molecules adsorbed on the TNT-based photo anode would
reach saturation for the TNT arrays at a given length, which
would be around 25 𝜇m [15]. However, because as 20 nm
Pt is deposited on the ITO, the Pt/ITO bilayer electrode
will decrease the transmittance ratio of light; we believe that
this is the reason to cause the decrease in the efficiency
of the fabricated DSSCs. The reliability problem of dye-
sensitized solar cell is always an important issue, and it is
that broken electrochemical system by leaking electrolyte that
makes solar cell lose its photovoltaic generating capacity. In
general, reliability evaluation criteria can be categorized in
the following four ways: dry heat cycle test, heat-humidity
cycle test, light soaking test, and heat-humidity test. Table 1
also shows that after using light soaking test (after certain
optical irradiation under 1 sun condition and then perfor-
mance test.) for 30 days the fill factors decrease from 2.03 to
2.75, from 3.46 to 3.28, and from 4.09 to 3.92 as the TNT-
array lengths are 9.68𝜇m, 17.4 𝜇m, and 26.3𝜇m, respectively,.
Recently, Jennings et al. had reported that the peak of IPCE
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Figure 6: Current-voltage characteristics of the dye-sensitized solar
cells under illumination.

reached 90% and the collection efficiency for the photo-
injected electrons was close to 100% for a 20 𝜇m TNT array
[15]. In this study, the TNT-array lengths are all below or
around the optimal length, and an enhancement of 𝐽sc and𝑉oc with an increase in TNT-array length may be attributed
to the increase in the number of absorbed dye molecules.
Beyond that, increasing the TNT-array length could not
further enhance light harvesting.

4. Conclusion

In this study, TNT arrays with different lengths were suc-
cessfully fabricated. After annealing at 450∘C for 1 h, the
diffraction peaks of anatase TiO2 phase were clearly observed
in the prepared TNT arrays. The TNT-array length increased
with the increases of NH4F concentration and anodization
time. A shift of the absorption threshold toward the visible
light region was observed for the 5 h sample, and the band
gap absorption edges of the developed TNT arrays were all
around 385 nm. With an increase of TNT-array length from
9.68 𝜇m to 26.3 𝜇m in the DSSC devices, the 𝐽sc increased

from 8.87 mA cm−2 to 11.30 mA cm−2, the 𝑉oc increased
from 652 mV to 709 mV, and the photovoltaic performance
increased from 3.12% to 4.09%. After using light soaking test
for 30 days the fill factors decreased from 2.03 to 2.75, from
3.46 to 3.28, and from 4.09 to 3.92 as the TNT-array lengths
were 9.68𝜇m, 17.4 𝜇m, and 26.3𝜇m, respectively.

Acknowledgment

The authors acknowledge financial supports from NSC 101-
2514-S-003-004-, NSC 101-3113-S-262-001-, and 99-2221-E-
390-013-MY2.

References

[1] A. Fujishima and K. Honda, “Electrochemical photolysis of
water at a semiconductor electrode,” Nature, vol. 238, no. 5358,
pp. 37–38, 1972.

[2] Y. Chiba, A. Islam, R. Komiya, N. Koide, and L. Han, “Conver-
sion efficiency of 10.8% by a dye-sensitized solar cell using a
TiO2 electrode with high haze,” Applied Physics Letters, vol. 88,
no. 22, Article ID 223505, 2006.

[3] N. Kopidakis, N. R. Neale, K. Zhu, J. Van De Lagemaat, and A.
J. Frank, “Spatial location of transport-limiting traps in TiO2

nanoparticle films in dye-sensitized solar cells,” Applied Physics
Letters, vol. 87, no. 20, Article ID 202106, pp. 1–3, 2005.

[4] C. G. Wu, C. C. Chao, and F. T. Kuo, “Enhancement of the photo
catalytic performance of TiO2 catalysts via transition metal
modification,”Catalysis Today, vol. 97, no. 2-3, pp. 103–112, 2004.

[5] N. Lu, X. Quan, J. Li, S. Chen, H. Yu, and G. Chen, “Fabrication
of boron-doped TiO2 nanotube array electrode and investiga-
tion of its photoelectrochemical capability,” Journal of Physical
Chemistry C, vol. 111, no. 32, pp. 11836–11842, 2007.

[6] B. X. Lei, J. Y. Liao, R. Zhang, J. Wang, C. Y. Su, and D. B. Kuang,
“Ordered crystalline TiO2 nanotube arrays on transparent FTO
glass for efficient dye-sensitized solar cells,” Journal of Physical
Chemistry C, vol. 114, no. 35, pp. 15228–15233, 2010.

[7] M. Paulose, K. Shankar, S. Yoriya et al., “Anodic growth of highly
ordered TiO2 nanotube arrays to 134 𝜇m in length,” Journal of
Physical Chemistry B, vol. 110, no. 33, pp. 16179–16184, 2006.

[8] J. M. Macak, H. Tsuchiya, L. Taveira, S. Aldabergerova, and
P. Schmuki, “Smooth anodic TiO2 nanotubes,” Angewandte
Chemie, vol. 44, no. 45, pp. 7463–7465, 2005.

[9] K. Zhu, N. R. Neale, A. Miedaner, and A. J. Frank, “Enhanced
charge-collection efficiencies and light scattering in dye-sensi-
tized solar cells using oriented TiO2 nanotubes arrays,” Nano
Letters, vol. 7, no. 1, pp. 69–74, 2007.



6 International Journal of Photoenergy

[10] D. Gong, C. A. Grimes, O. K. Varghese et al., “Titanium oxide
nanotube arrays prepared by anodic oxidation,” Journal ofMate-
rials Research, vol. 16, no. 12, pp. 3331–3334, 2001.

[11] Q. Chen and D. Xu, “Large-scale, noncurling, and free-standing
crystallized TiO2 nanotube arrays for dye-sensitized solar cells,”
Journal of Physical Chemistry C, vol. 113, no. 15, pp. 6310–6314,
2009.

[12] G. K. Mor, K. Shankar, M. Paulose, O. K. Varghese, and C. A.
Grimes, “Use of highly-ordered TiO2 nanotube arrays in dye-
sensitized solar cells,” Nano Letters, vol. 6, no. 2, pp. 215–218,
2006.

[13] A. J. Frank, N. Kopidakis, and J. V. D. Lagemaat, “Electrons in
nanostructured TiO2 solar cells: transport, recombination and
photovoltaic properties,” Coordination Chemistry Reviews, vol.
248, no. 13-14, pp. 1165–1179, 2004.

[14] T. C. An, X. H. Zhu, and Y. Xiong, “Feasibility study of pho-
toelectrochemical degradation of methylene blue with three-
dimensional electrode-photocatalytic reactor,” Chemosphere,
vol. 46, no. 6, pp. 897–903, 2002.

[15] J. R. Jennings, A. Ghicov, L. M. Peter, P. Schmuki, and A.
B. Walker, “Dye-sensitized solar cells based on oriented TiO2

nanotube arrays: transport, trapping, and transfer of electrons,”
Journal of the American Chemical Society, vol. 130, no. 40, pp.
13364–13372, 2008.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2013, Article ID 960510, 9 pages
http://dx.doi.org/10.1155/2013/960510

Research Article

A New Fuzzy-Based Maximum Power Point Tracker for
a Solar Panel Based on Datasheet Values

Ali Kargarnejad,1 Mohsen Taherbaneh,2 and Amir Hosein Kashefi3

1 Department of Computer, South Tehran Branch, Islamic Azad University, No. 209, North Iranshahr St.,
P.O. Box 11365/4435, Tehran, Iran

2Department of Electrical and Information Technology, Iranian Research Organization for Science and Technology (IROST),
Azadegan Highway, Ahmad Abad Mostavfi, Enghelab St., Ehsanirad St., Tehran 3353136846, Iran

3 Young Researchers Club, South Tehran Branch, Islamic Azad University, No. 173, Near of Karim Khan Bridge,
Sepahbod Gharani Avenue, Tehran 1584743311, Iran

Correspondence should be addressed to Mohsen Taherbaneh; m.taherbaneh@irost.org

Received 11 November 2012; Revised 23 January 2013; Accepted 30 January 2013

Academic Editor: Ching-Song Jwo

Copyright © 2013 Ali Kargarnejad 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.

Tracking maximum power point of a solar panel is of interest in most of photovoltaic applications. Solar panel modeling is also very
interesting exclusively based on manufacturers data. Knowing that the manufacturers generally give the electrical specifications of
their products at one operating condition, there are so many cases in which the specifications in other conditions are of interest. In
this research, a comprehensive one-diode model for a solar panel with maximum obtainable accuracy is fully developed only based
on datasheet values. The model parameters dependencies on environmental conditions are taken into consideration as much as
possible. Comparison between real data and simulations results shows that the proposed model has maximum obtainable accuracy.
Then a new fuzzy-based controller to track the maximum power point of the solar panel is also proposed which has better response
from speed, accuracy and stability point of view respect to the previous common developed one.

1. Introduction

Nowadays, using low-cost energy sources in all industries
is of interest. Renewable energy sources are suitable options
to cover this request, where photovoltaic energy is one
of them. The main problems of this source of energy are
low energy conversion efficiency and high installation cost.
Many researches have been done regarding increasing the
efficiency of a solar cell. Consequently, different kinds of solar
cells have been designed and introduced. Knowing that a
solar panel is one of the essential parts of a photovoltaic
system which converts solar energy to electrical energy, it
has also nonlinear I-V characteristic curves. Modeling of a
photovoltaic system predicts the system’s electrical behavior
in various environmental and load conditions. In order to
reach accurate prediction of the system’s electrical behavior,
it is needed to have comprehensive and precise models for all
parts of the system especially their solar panels. Meanwhile,

because of nonregulating voltage of a solar panel, a DC-
DC converter is generally utilized to regulate this voltage
in photovoltaic systems. As mentioned, because of high
installation cost of a photovoltaic system, it is an obligation
that the system shall contain high efficiency parts. Hence, a
maximum power point tracker (MPPT) is generally used in
photovoltaic systems. Different kinds of MPPTs have been
introduced and developed. Fuzzy logic is one of the suitable
methods to find the maximum power point (MPP) of a solar
panel which has good stability and high response rate.

In this research, a new fuzzy-based MPPT for a photo-
voltaic system is introduced and implemented. In addition, a
novel and accurate model for a solar panel is also developed
only based on manufacturer’s data. There are two general
developed models for a solar cell/panel: one-diode and two-
diode models. The one-diode model requires lower amount
of available data from the manufacturers which is suitable for
this study. In the literature, many papers have been published
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regarding the solar cell/panel modeling and maximum power
point tracking.

Reference [1] introduces two separate models for a solar
cell, where dependency of the models parameters on environ-
mental conditions has not been fully developed. Hence, the
models are not accurate sufficiently. References [2, 3] develop
a solar panel model based on datasheet values with several
considerations. Series and shunt resistances of the model
have been assumed constant, and their dependencies on
environmental conditions have been ignored. Furthermore,
dark-saturation current of the model has been described as
a dependent variable on temperature, and its dependency on
irradiance has been also neglected. Reference [4] presents an
analytical one-diode model for a solar panel. Series and shunt
resistances of the model have been stated by the slopes at the
open-circuit and short-circuit points of the solar panel’s I-
V curves, respectively. Dependency of the model parameters
on environmental conditions has been briefly expressed.
Therefore, the model is not suitable for applications which
need high accuracy.

Reference [5] uses one-diode model to evaluate three
popular types of solar panels: thin film and multi-and
monocrystalline silicon. In the model, shunt resistance has
been considered infinite. The dark-saturation current has
been also considered to be dependent only on the tem-
perature. A circuit-based simulation model for a solar cell
has been demonstrated in [6]. The interaction between a
proposed power converter and the photovoltaic array has
been also studied. In order to extract the initial values of
the model parameters at standard conditions, it has been
assumed that the slope of current-voltage curve in open-
circuit point is available from the manufacturers. Clearly,
this parameter is not generally supported by a solar panel
datasheet, and it can be obtained only through experiment.

It is worth noting that the first goal of this study is intro-
ducing a model for a solar panel with maximum obtainable
accuracy using only datasheet values. Meanwhile, the dark-
saturation current of the proposed model is considered to
be dependent on either irradiance or temperature. Depen-
dencies of the other model parameters on environmental
conditions are also developed accurately as much as possible.
The second goal of this research is developing a new fuzzy-
based MPPT. There are also many published researches
regarding fuzzy-based MPPT. Reference [7] proposes a
fuzzy-based MPPT for a photovoltaic system under variable
temperature and insolation conditions. Simulation results
show that the system with fuzzy-based MPPT increases the
efficiency of energy production from the system without
MPPT. Reference [8] tests the performance of fuzzy logic
with various membership functions to optimize the MPPT.
Results show that the performance of fuzzy logic MPPT with
five membership functions is better than fuzzy-based MPPT
with three membership functions. Reference [9] presents a
wide range of fuzzy-based MPPTs for PV sizing and efficiency
improvement. Hence, the rest of the paper is organized as
follows.

Section 2 of this paper is devoted to the derivation of
nonlinear mathematical expressions for one-diode model.
Newton’s method is chosen to solve the nonlinear model

Solar panel

MPPT system

LoadFuzzy-based

MPPT
algorithm

Power
regulation

unit

Figure 1: Block diagram of the proposed constant power regulator.

equations. A modification in the solving approach is intro-
duced to have the best convergence. Extraction of the initial
values of the model parameters is given based on data
provided by manufacturers. Then, the accurate description of
the model’s parameters is developed from their dependencies
on environmental conditions point of view. Boost converter
and fuzzy-based MPPT are also designed and developed
in this section. Section 3 provides simulation results and
their interpretation. Several figures are presented which show
the behavior of the model parameters and the fuzzy-based
tracking algorithm. A measurement system is also developed
in order to provide a test bed for investigation of the proposed
model in this section. A comparison among experimental
data, simulation results of the proposed model, and data from
the model by the other authentic references is also presented
in this section. Detailed conclusion on the results of the
research is provided in Section 4.

2. Study Method

The aim of this research is delivering maximum output power
of a solar panel in any environmental conditions. In addition,
regulating the output power of the solar panel is considered
instead of regulation its output voltage. Hence, a PV converter
with capability of providing maximum achievable output
power is designed and implemented. This regulated PV
converter can be also used in power subsystem of a satellite
between power generation unit (solar array) and power
conversion unit (DC-DC converter). Figure 1 shows the block
diagram of the proposed system for this study, where all parts
of the system are reviewed and modeled.

2.1. Solar Panel Model. In this research, one-diode model for
a solar cell is used based on datasheet values which provided
equations quantify the mentioned model briefly. Figure 2
shows equivalent circuit of the one-diode model for a solar
cell.

The general current-voltage characteristic of the model is
given as

𝑖 = 𝐼ph − 𝐼0 (𝑒(𝑣+𝑖𝑅𝑠)/𝑉𝑇 − 1) − 𝑣 + 𝑖𝑅𝑠𝑅𝑝

, 𝑉𝑇 = 𝑛𝑘𝑇𝑞 . (1)

The model has five unknown parameters: 𝐼ph, 𝐼0, 𝑛, 𝑅𝑠,
and 𝑅𝑝. As we know, a solar panel is composed of parallel
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Figure 2: Equivalent circuit of one-diode model for a solar cell.

combination of several cell strings, and a string contains
several cells in series. So, a one-diode model can be developed
for a solar panel. The one-diode model for a solar panel will
be developed based on datasheet values exclusively without
using any measurements. Manufacturers of solar panels
typically provide their product’s electrical parameters at only
one operating standard condition, while in some applications,
their electrical behaviors in other environmental conditions
are of interest. Meanwhile, solar panels operate over a wide
range of environmental conditions; however, the manufac-
turers’ information is not sufficient to determine their overall
performance. Consequently, to fulfill this requirement, a
suitable model for a solar panel is of interest. It is assumed
that a solar panel is composed of 𝑛𝑝 strings, each string with𝑛𝑠 series cells. Equation (1) could be expanded in order to
describe the general current-voltage characteristic for a solar
panel [1]. Consider

𝑖 = 𝐼ph − 𝑛𝑝𝐼0 (𝑒(𝑣+𝑖𝑅𝑠)/𝑎 − 1) − 𝑣 + 𝑖𝑅𝑠𝑅𝑝

, 𝑎 = 𝑛𝑠𝑛𝑘𝑇𝑞 .
(2)

As discussed earlier, the five unknown parameters 𝐼ph,𝐼0, 𝑎, 𝑅𝑠, and 𝑅𝑝 are also needed to describe the model for
a solar panel. In order to extract the model parameters, (2)
is examined in three operating points; short circuit, open
circuit, and maximum power point (MPP). Equations (3)–
(5) explain the model’s behavior in the mentioned points. As
the derivative of power in MPP is zero, so, the fourth relation
can be expressed by derivative of (2). Then, the derivative is
examined at MPP and it leads to (6). Consider

𝐼sc = 𝐼ph − 𝑛𝑝𝐼0𝑒𝐼sc𝑅𝑠/𝑎 − 𝐼sc𝑅𝑠𝑅𝑝

(short circuit), (3)

𝐼oc = 0 = 𝐼ph − 𝑛𝑝𝐼0𝑒𝑉oc/𝑎 − 𝑉oc𝑅𝑝

(Open circuit), (4)

𝐼mpp = 𝐼ph − 𝑛𝑝𝐼0𝑒(𝑉mpp+𝐼mpp𝑅𝑠)/𝑎 − 𝑉mpp + 𝐼mpp𝑅𝑠𝑅𝑝

(MPP),

(5)

𝐼mpp + 𝑉mpp

− ((𝑛𝑝𝐼0/𝑎) 𝑒(𝑉mpp+𝐼mpp𝑅𝑠)/𝑎 + 1/𝑅𝑝)
1 + 𝑅𝑠 ((𝑛𝑝𝐼0/𝑎) 𝑒(𝑉mpp+𝐼mpp𝑅𝑠)/𝑎 + 1/𝑅𝑝) = 0.

(6)

In order to define the last required relation, there are
two ways. In [2, 4, 5], slope of an I-V curve in short circuit
point has been considered as model’s parallel resistance. Some
others have used the temperature coefficients reported by
manufacturers [3]. In this research, the slope of I-V curves
in short circuit point is also employed which results in

−1𝑅𝑝

= − ((𝑛𝑝𝐼0/𝑎) 𝑒𝐼sc𝑅𝑠/𝑎 + 1/𝑅𝑝)
1 + 𝑅𝑠 ((𝑛𝑝𝐼0/𝑎) 𝑒𝐼sc𝑅𝑠/𝑎 + 1/𝑅𝑝) . (7)

In this research, series and shunt resistances of the
model are also taken into account invariant because of
limitation in manufacturers’ data. Using data provided by
the manufacturers in standard conditions, the five nonlinear
equations are solved, and the model becomes definite in
the standard conditions (irradiance = 1000 W/m2; tempera-
ture = 25∘C). Newton’s method is chosen to solve the follow-
ing nonlinear equations [10]:

𝑅 = 𝑓𝑖 (𝐼ph, 𝐼0, 𝑎, 𝑅𝑠, 𝑅𝑝) = 0, 𝑖 = 1, 2, . . . , 5,
𝐽 = Jacobian (𝑅) = 𝜕 (𝑓1, . . . , 𝑓5)𝜕 (𝐼ph, 𝐼0, 𝑎, 𝑅𝑠, 𝑅𝑝) .

(8)

In this research, to have convergence in solving the five
aforementioned nonlinear equations, a modification in the
solving approach is proposed. To solve the equations, a
starting point 𝑥0 = [𝐼ph, 𝐼0, 𝑎, 𝑅𝑠, 𝑅𝑝] must be determined,
and both matrixes 𝑅 and 𝐽 are also examined at that point.
Then, 𝛿𝑥 is described based on (9), and, consequently, (10)
states the new estimation of the root of the equations.
Consider

𝐽𝑘𝛿𝑥𝑘 = −𝑅𝑘, (9)

𝑥new = 𝑥old + 𝛿𝑥. (10)

The previous iteration is repeated by the new start point
(𝑥new) until error is less than an acceptable level. Finally, it was
seen that to attain an appropriate convergence, a modification
coefficient (0 < 𝛼 < 1) is needed to add to (10). Consider

𝑥new = 𝑥old + 𝛼 × 𝛿𝑥. (11)

The modified approach has good response to solve the
model equations for the solar panel by tuning the proposed
coefficient.

2.1.1. The Extraction of Initials Model Parameters. The model
equations and the solving approach are implemented in
MATLAB environment, and initial values of the unknown
parameters are extracted in standard condition. Table 1
reports electrical specifications of the under investigation
solar panel at standard conditions based on datasheets.

Table 2 provides the extracted initial values of the model
parameters in standard condition based on the implemented
solving nonlinear equations approach. In order to predict the
solar panels behavior in different environmental conditions
other than this one, the model parameters must become
known. So, the model parameters dependencies on environ-
mental conditions should be stated as this will be reported in
the next section.
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Table 1: Datasheet information of the solar panel (𝐺= 1000 W/m2;𝑇= 25∘C).

Specification Value

𝐼sc (A) 2.98𝑉oc (V) 20.5𝐼mpp (A) 2.73

𝑉mpp (V) 16.5

𝑃mpp (W) 45

𝑛𝑠 36𝑛𝑝 1

𝑘𝑖 (%/∘C ) 0.07𝑘𝑣 (%/∘C) −0.038

Table 2: Extracted the model parameters of the solar panel in
standard conditions.

Model parameters Value

𝐼ph (A) 2.9811

𝐼0 (A) 4.7401 × 10−7

𝑎 1.3105𝑅𝑠 (Ω) 0.2262𝑅𝑝 (Ω) 611.5891

2.1.2. The Model Parameters Dependency on Environmental
Conditions. Solar panel manufacturers generally give elec-
trical and thermal specifications of their products only in
standard conditions. These standard data are used in the
modeling of a solar panel to define the model’s parame-
ters. Nevertheless, expressing dependencies of the model’s
parameters on environmental conditions is not possible. In
this research, dependencies of the open-circuit voltage and
dark-saturation current on environmental conditions can
be extracted with the most realizable accuracy based on
datasheet values as follows.

Short-circuit and photo-generated currents have linear
relationships with irradiance which are stated as follows [1–
3]:

𝐼sc (𝐺) = 𝐼sc (𝐺0) × 𝐺𝐺0

,
𝐼ph (𝐺) = 𝐼ph (𝐺0) × 𝐺𝐺0

.
(12)

The short-circuit current has also an independent relation
with temperature as follows [1–3]:

𝐼sc (𝑇) = 𝐼sc (𝑇0) (1 + 𝑘𝑖100 (𝑇 − 𝑇0)) . (13)

Therefore, (14) states comprehensive relation of the short-
circuit current on environmental conditions, where 𝑘𝑖 is
temperature coefficient of 𝐼sc and it is reported by the
manufacturers. Consider

𝐼sc (𝐺, 𝑇) = 𝐼sc (𝐺0, 𝑇0) × 𝐺𝐺0

× (1 + 𝑘𝑖100 (𝑇 − 𝑇0)) .
(14)

The previous equation can be also used to describe the
dependency of photo-generated current on environmental
conditions [1–3]. To obtain dark-saturation current and
open-circuit voltage dependencies on environmental con-
ditions, (3) and (4) can be used. Reference [8] reports the
dark-saturation current dependent on both irradiance and
temperature as stated in (15). This equation is taken from (4)
with infinite the model’s parallel resistance. Consider

𝐼0 (𝐺, 𝑇) = 𝐼ph (𝐺, 𝑇)𝑒𝑉oc(𝑇)/𝑉𝑇 − 1 . (15)

Dark-saturation current is also expressed only dependent
on temperature in [6, 9] as follows:

𝐼0 (𝑇) = 𝐼0 (𝑇1) ( 𝑇𝑇1

)3/𝐴𝑒−(𝑞𝐸𝑔/𝑛𝑘)(1/𝑇1−1/𝑇). (16)

In [2], combination of (3) and (4) has been used
to describe the dependency of dark-saturation current on
environmental conditions. It has assumed that the dark-
saturation current is only dependent on temperature as
described in (17), while some factors in the equation are not
dependent only on the temperature, and some corrections are
needed. Consider

𝐼0 (𝑇) = (𝐼sc (𝑇) − 𝑉oc (𝑇) − 𝐼sc (𝑇) 𝑅𝑠𝑅𝑝

) 𝑒−𝑉oc(𝑇)/𝑛𝑠𝑉𝑇 . (17)

In this study, using (3) and (4), the dependency of the
dark-saturation current on irradiance and temperature is
fully developed. Consider

𝐼0 (𝐺, 𝑇) = (𝐼sc (𝐺, 𝑇) − (𝑉oc (𝐺, 𝑇) − 𝐼sc (𝐺, 𝑇) 𝑅𝑠) /𝑅𝑝)𝑛𝑝 (𝑒𝑉oc(𝐺,𝑇)/𝑎 − 𝑒𝐼sc(𝐺,𝑇)𝑅𝑠/𝑎) .
(18)

Using (4) leads to open-circuit voltage dependency on
irradiance in standard temperature (𝑇0). Consider

𝑉oc (𝐺, 𝑇0)
= 𝑎 ln(𝐼ph (𝐺, 𝑇0) 𝑅𝑝 − 𝑉oc (𝐺, 𝑇0)𝑛𝑝𝐼0 (𝐺, 𝑇0) 𝑅𝑝

) , 𝑎 = 𝑛𝑠𝑛𝑘𝑇0𝑞 .
(19)

Two recursive nonlinear equations (18) and (19) are also
solved with the modified Newton’s approach to define the
dark-saturation current and open-circuit voltage in any irra-
diance level but at standard temperature. Then, (20) describes
the open-circuit voltage dependency on any environmental
conditions (𝐺, 𝑇). Consider

𝑉oc (𝐺, 𝑇) = 𝑉oc (𝐺, 𝑇0) + 𝑘𝑣 (𝑇 − 𝑇0) ⇒
𝑉oc (𝐺, 𝑇) = ln(𝐼ph (𝐺, 𝑇0) 𝑅𝑝 − 𝑉oc (𝐺, 𝑇0)𝑛𝑝𝐼0 (𝐺, 𝑇0) 𝑅𝑝

)
× 𝑎 + 𝑘𝑣 (𝑇 − 𝑇0) , 𝑎 = 𝑛𝑠𝑛𝑘𝑇0𝑞 ,

(20)
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where 𝑘𝑣 is temperature coefficient of 𝑉oc that is also
reported by the manufacturers. Consequently, with putting
the obtained 𝑉oc(𝐺, 𝑇) in (18), the dark-saturation current
is also stated in any arbitrary environmental conditions.
Therefore, using all the mentioned relevant equations, the
model is completed based on datasheet values exclusively.
Consider

𝑖 = 𝐼ph (𝐺, 𝑇) − 𝑛𝑝𝐼0 (𝐺, 𝑇) (𝑒(𝑣+𝑖𝑅𝑠)/𝑎 − 1) ,
− 𝑣 + 𝑖𝑅𝑠𝑅𝑝

, 𝑎 = 𝑛𝑠𝑛𝑘𝑇𝑞 . (21)

2.2. Boost Converter. Figure 3 shows a utilized boost con-
verter to deliver maximum accessible power from the solar
panel to the load.

Using (22), main components of the circuit are chosen [11]
as follows:

𝐷min = 1 − 𝑉in max𝑉out min
, 𝐷max = 1 − 𝑉in min𝑉out max

,
𝐿 > 𝐷 ∗ 𝑉in ∗ (1 − 𝐷)𝑓 ∗ 2 ∗ 𝐼out

,
𝐶 > 𝐼out𝑉ripple ∗ 𝑓,

(22)

where 𝐷, 𝑓, and 𝑉ripple are duty cycle, switching frequency,
and output voltage ripple, respectively. In this study, based on
the solar panel’s specifications (Table 1), the following initial
data for the circuit are given:

8V < 𝑉in < 22V, 30 < 𝑉out < 150V, 𝑉ripple-max = 0.3V.
(23)

The optimum values of the 𝐿 (10 mH) and 𝐶 (5 𝜇F) are
chosen for the converter to have the enough speed in tracking
MPP. Figure 4 shows an example of the converter’s electrical
behavior when the solar panel is in standard condition (𝐺 =1000W/m2 and 𝑇 = 25∘C), and 𝑉in = 20.5V (open-circuit
condition). It can be seen that the converter needs at least 5
minute to reach the steady state condition.

Generally, in most of developed fuzzy MPPT, two param-
eters 𝑑𝑃/𝑑𝐼 and its variations Δ(𝑑𝑃/𝑑𝐼) are used as fuzzy
inputs. In developed model in this research, Δ(𝑑𝑃/𝑑𝐼) is not
a suitable parameter, and another parameter is selected. The
input variables of the proposed fuzzy controller are

Δ𝑉 = 𝑉𝑖 − 𝑉max, Δ𝑃 = 𝑃𝑖 − 𝑃max, (24)

Table 3: Maximum power point tracking fuzzy rule base.

Δ𝑃 Δ𝑉
NB NM NS Z PS PM PB

B NB NM NS Z PS PS PM

M NB NM NS Z PS PM PM

S NB NM Z Z Z PM PB
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Figure 4: Electrical behavior of the boost converter.

where 𝑉𝑖 and 𝑃𝑖 are solar panel’s voltage and power, respec-
tively. The fuzzy controller works as follows. If 𝑉𝑖 is far from
the 𝑉MPP, then the fuzzy controller employs only one input
(Δ𝑉), and when the 𝑉𝑖 is close to the 𝑉MPP, then the other
parameter Δ𝑃 is also employed and the fuzzy controller will
be with the two inputs. This controller has better response
from accuracy and stability points of view with respect to the
previous common developed one. Table 3 shows fuzzy rule
base which is used in this research.

2.3. Fuzzy-Based MPPT. Δ𝑉 and the output are expressed
by seven linguistic variables: PB (positive big), PM (posi-
tive medium), PS (positive small), Z (zero), NS (negative
small), NM (negative medium), and NB (negative big). Δ𝑃 is
expressed only by three linguistic variables: B (big), Z (zero),
and S (small). In this study, triangle membership function
subsets are chosen, and membership functions boundaries
are expressed based on the solar panel’s specifications and
empirical experiments.

3. Simulation and Experimental Results

The developed equations in Section 2 are implemented in
MATLAB environment to obtain the dependency of the solar
panel’s model parameters in different environmental condi-
tions. In the first step, the dependencies of dark-saturation
current and open-circuit voltage are extracted based on
the manufacturer’s data. Figure 5 shows the extracted dark-
saturation current of the solar panel in different environ-
mental conditions but in logarithmic form. Results show that
the dark-saturation current depends on both the temperature
and irradiance but with more dependency on the temper-
ature. Meanwhile, it can be seen that the dark-saturation
current increases by an increase in the irradiance or the
temperature in a nonlinear way.

Figure 5 also shows that, at 𝑇 = 0∘C and𝐺 = 1000W/m2,
dark-saturation current has 11.1% increasing rate with respect

to its value at the same temperature but in 𝐺 = 100W/m2.
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Figure 6: Open-circuit voltage of the solar panel under investiga-
tion.

The increasing rates for 25∘C and 50∘C and at the same

level of changing irradiance (+900 W/m2) are 26.1% and
36.7%, respectively. These conclusions indicate that the dark-
saturation current depends on both the temperature and irra-
diance. Figure 6 presents the extracted open-circuit voltage of
the solar panel in different environmental conditions using
recursive equations (18), (19), and (20). Results show that the
open-circuit voltage also depends on both the temperature
and irradiance. Meanwhile, it can be seen that the open-
circuit voltage decreases by an increase in the temperature or
a decrease in the irradiance in a nonlinear way.

AT 𝑇 = 0∘C and 𝐺 = 1000W/m2, open-circuit voltage
has 3.82% increasing rate with respect to its value at the same

temperature but in 𝐺 = 500W/m2. The increasing rates for
25∘C and 50∘C and at the same level of changing irradiance

(+500 W/m2) are 4% and 4.17%, respectively.

3.1. Measurement System. Evaluation of the proposed model
should be performed by different I-V solar panel curves
in different environmental conditions. For this purpose, a
suitable measurement system is developed and implemented.

Table 4: Environmental conditions of the I-V solar panel curves.

Curves
Irradiance

(W/m2)
Temperature

(∘C)
Maxim power

(W)

1 746.4 38.7 28.12

2 780.8 37 29.9

3 599.5 44.1 21.72

4 900.8 34.9 35.2

5 946.3 40.9 35.7

6 775.5 20.5 34.8

7 241.6 31.7 9.6

8 454.9 37.8 17.6

9 850.1 25.4 36.2

10 478 14.2 22.12

A block diagram of the designed and implemented mea-
surement system is shown in Figure 7. For the purpose
of this study, extracting the I-V curves will be done in
a wide range of environmental conditions. Different levels
of received solar irradiance were achieved by changing the
solar panel orientation in horizontal and vertical directions
through control of two DC motors. In order to cover a
wide range of temperature, the measurements were carried
out in different days of the year. The solar irradiance and
temperature were also measured during the extraction of an
I-V curve to make sure that the environmental conditions
have remained constant.

In order to extract I-V curves, it is sufficient to change
the panel current from zero (open circuit) to its maximum
value (short circuit) continuously or step by step. Then,
the characteristic curves can be obtained by measuring the
corresponding voltages and currents. Hence, a variable load is
required across the solar panel’s output ports. In this research,
the drain-source resistance of a MOSFET is used as a variable
load which is controlled by its gate-source voltage [12]. The
schematic diagram for the implemented electronic load is
shown in Figure 8.

3.2. Validation of the Proposed Model. In this research, a
multicrystalline solar panel is used to evaluate the proposed
model. It is needed to evaluate the model’s accuracy in a
wide range of environmental conditions. For this purpose, ten
extracted I-V curves by the measurement system are used for
this investigation which cover a wide range of irradiance and
temperature as shown in Table 4. Irradiance and temperature
are measured by pyranometer and temperature sensor in the
measurement system. Estimated maximum power points are
considered as a benchmark for the evaluation. A comparison
is also done between experimental data and simulation
results of the proposed model. The model introduced in
[2] is also implemented to have more accurate comparison.
Table 5 shows extracted real MPP and estimated MPP by
our proposed model and the other model which has been
introduced in [2].

Results show that the maximum and minimum errors
for our proposed model are 6.2% and 1.2%, respectively,
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in estimation of MPP, while the mentioned errors for the
introduced model in [2] are 9.4% and 3.2%, respectively.
Results show that the average error on peak power estimation
in our developed model is 2.5%, while it is 6% for the
introduced model by [2]. As mentioned, the main goal of

Table 5: Maximum power point of the solar panel.

Curves
Maximum power (W)

Experimental
results

Our
model

Error (%)
Ref.

model
Error (%)

1 28.12 29.13 3.6 29.8 6.0

2 29.9 31.02 6.2 31.62 8.3

3 21.72 21.97 1.2 22.9 5.4

4 35.2 36.77 4.7 37.06 5.3

5 35.7 36.68 2.7 36.83 3.2

6 34.8 36.1 3.7 36.74 5.6

7 9.6 9.21 −4.1 10.23 6.6

8 17.6 17.31 −1.6 18.39 4.5

9 36.2 37.85 4.6 38.3 5.8

10 22.12 23.08 4.3 24.21 9.4

this research is development of a comprehensive one-diode
model for a solar panel exclusively based on datasheet values.
Hence, the developed model shall be compared with the
other developed one-diode models, and comparison with
developed two-diode models is not the aim of this research.
The developed model is valid for Si-based solar panels, where
one-diode model can show their electrical behavior. It can
be seen that our proposed model simulates the solar panel
better than the model in which dark-saturation current is
only dependent on temperature [2, 3]. The reason of much
error of the two models in comparison with experimental
data is the limitation in datasheet values.

Figure 9 shows one of the extracted I-V curves and the
corresponding models in a specified environmental condi-
tion. Obviously, conformity of the models with real data can
be seen. This procedure was done for the all extracted I-V
curves, and in all of them, our proposed model had more
compatibility with real data.



8 International Journal of Photoenergy

1000

900

800

700

600

500

400

300

200

100

0
0 50 100 150 200

Time (s)

Ir
ra
d

ia
n

ce
 (

W
/m
2
)

Irradiance variations

(a)

Temperature variations

Time (s)

35

30

25

20

15

10

5

0
0 50 100 150 200

T
em

p
er

at
u

re
 (
∘ C

)

(b)

Figure 10: Solar irradiance and temperature variations.

P
o

w
er

 (
W

)

Time (s)

Power variations

40

35

30

25

15

10

5

0
0 50 100 150 200

20

(a)

P
o

w
er

 (
W

)

40

35

30

25

20

15

10

5

0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37

Sample number

Power (fuzzy MPPT)
Real power (𝐼-𝑉 curves)

(b)

Figure 11: Tracking the MPP using the fuzzy controller.

3.3. Fuzzy System Results. There are many interesting obser-
vations that can be reached from this research. First, speed
tracking of the developed fuzzy-based algorithm was com-
pared with two common MPPT methods; incremental con-
ductance and the perturbation and observation (two points)
which both of them also were implemented. The test was done
to find the MPPT at T = 36∘C and G = 830 W/m2. It was
observed that the proposed fuzzy-based MPPT algorithm
reached its maximum level after 0.57 seconds, which is
a reasonable rate. The other two algorithms (incremental
conductance and the perturbation and observation) reached
the MPP during 1.92 s and 4.36 s, respectively. It concludes
that the fuzzy-based MPPT is faster than the two common
methods.

Second, several I-V curves extracted were used to evaluate
the fuzzy proposed algorithm. Figure 10 shows variations

of the solar irradiance (between 702 and 915 W/m2) and
the temperature (between 22 and 30∘C) of these curves.
Figure 11(a) shows extracted MPP of each I-V curve in rele-
vant irradiance and temperature.

The proposed fuzzy algorithm was tested for thirty-eight
of the I-V curves where results are shown in Figure 11(b).
Block points show the solar panel maximum power points
extracted from the real I-V curves, whereas the white points
show estimated MPPs by the proposed fuzzy algorithm.
It is observed that the mentioned algorithm leads to the
maximum power delivery to the load in any environmental
conditions with acceptable error. Since the developed solar
panel’s model in this research has some error (maximum 6%)
in defining solar panel’s electrical behavior, the developed
fuzzy-based algorithm estimates the MPP with the men-
tioned error. If more accurate solar panel’s model is used, the
proposed fuzzy-based algorithm will have better accuracy in
estimating MPP.

Third, the proposed fuzzy algorithm was tested in an

abrupt change of solar irradiance (from 800 to 200 W/m2

and back within 5 seconds at temperature 25∘C). Using
the developed model for the solar panel, maximum power
points in the two environmental conditions were extracted.
Figure 12 shows speed tracking response of the proposed
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fuzzy-based MPPT. It can be seen that the algorithm takes
about one second to reach MPP in abrupt condition of
irradiance which is a suitable speed in tracking MPP.

In high power system, as there is more than one solar
panel (series or in parallel), the proposed fuzzy-based algo-
rithm can be used if a multipoint maximum power point
tracker is used to ensure that all solar panels are in MPP. For
nonohmic load such as a battery which has fixed voltage, an
MPPT charger in current mode shall be used instead of the
utilized boost converter.

4. Conclusion

In this paper, a comprehensive one-diode model for a solar
panel using exclusive data supported by the manufacturers
was fully developed and implemented with enough accuracy.
A new coefficient (0 < 𝛼 < 1) was introduced for modifica-
tion of Newton’s method to solve the model’s nonlinear equa-
tions and in order to have the best convergence. Through deep
analysis, 𝛼 = 0.01 was obtained as an appropriate coefficient
for solving the solar panel equations. Determination of initial
values of the model’s parameters was done based on solving
the nonlinear equations at standard conditions. Then, dark-
saturation current and open-circuit voltage dependencies
on environmental conditions were taken into consideration
with maximum accuracy as much as possible. Two recursive
nonlinear equations were introduced to model the depen-
dencies of dark-saturation current and open-circuit voltage
on environmental conditions. Simulation results showed that
both the dark-saturation current and open-circuit voltage
depend on environmental conditions. Validation of the pro-
posed model was done based on several extracted I-V curves
in a wide range of environmental conditions. According to
the estimated MPPs by the proposed model and a reference
model developed in [2] and in comparison with experimental
data, it is concluded that the maximum error of the proposed
model was 6.2% but for the reference model was 9.2%. So,
the introduced model can simulate a solar panel with more
accuracy.

Then, a new fuzzy-based algorithm was proposed to track
maximum power point of the solar panel, and it was com-
pared with the incremental conductance and perturbation
and observation methods from speed tracking point of view.

The results showed that the proposed fuzzy controller tracks
the MPP within 0.57 s, while it was 1.92 s and 4.36 s for both
mentioned algorithms, respectively. The proposed fuzzy algo-
rithm was tested in 38 points with different irradiances and
temperatures. It is observed that the mentioned algorithm
leads to the maximum power delivery to the load in any
environmental conditions.
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This study intends to deposit high transmittance diamond-like carbon (DLC) thin films on D263T glass substrate at room
temperature via a diamond powder target using the radio frequency (RF) magnetron sputtering technique. Moreover, various
process parameters were used to tune the properties of the thin films by using the Taguchi method. Experimental results show that
the content of sp3 bonded carbon decreases in accordance with the effect of the substrate temperature. In addition, the hardness
of all as-deposited single-layer DLC films ranges from 13.2 to 22.5 GPa, and the RMS surface roughness was improved significantly
with the decrease in sputtering pressure. The water repellent of the deposited DLC films improved significantly with the increase of
the sp3 content, and its contact angle was larger than that of the noncoated one by 1.45 times. Furthermore, the refraction index (n)
of all as-deposited DLC films ranges from 1.95 to 2.1 at 𝜆 = 600 nm. These results demonstrate that the thickness increased as the
reflectance increased. DLC film under an RF power of 150 W possesses high transmissive ability (>81%) and low average reflectance
ability (<9.5%) in the visible wavelengths (at 𝜆 = 400–700 nm).

1. Introduction

Diamond-like carbon (DLC) containing a large proportion

of combined sp3/sp2-hybrid bonds has extreme properties
similar to diamonds [1–5]. It is possible to prepare DLC films
for several important applications in the fields of mechanical
manufacturing, solar energy devices, electricity devices, and
so forth, owing to their excellent properties, including high
hardness, high thermal conductivity, high electrical resistiv-
ity, low infrared (IR) absorption, transparency to visible light,
hydrophobic behavior, and chemical inertness [6–11]. Recent
researches and technology have focused on keeping high
transmission with reduced reflectance capability to maintain
enough visibility in a protectively antireflecting coating for
solar energy; this type of optical coating can be applied to
the surfaces of lenses and other optical devices to reduce

reflection [12, 13]. Thus, this study proposes a novel technique
which can keep the surface water repellent and improve the
surface by lowering reflection.

In this study, hydrogen-free DLC films were deposited at
room temperature by using radio frequency (RF) magnetron
sputtering with a unique target consisting of artificial nan-
odiamond powders. The nano-diamond powder used in this
work was a commercial product, which was synthesized by
the high-pressure high-temperature (HPHT) method. The
diamond target fabricated in the RF magnetron cathode
for DLC sputtering was composed of high-purity diamond
powder with a mean particle size of about 100 nm. The nano-
diamond target sputtering process easily formed high sp3

content on the thin film at a low temperature [6, 10, 14].
For optical applications, previous studies have indicated that
the optical properties of DLC films vary between those of
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diamond (sp3 bonding) and graphite (sp2 bonding). The
wavelengths of the refractive index (n) and extinction coeffi-
cient (k) of DLC depend on the C energies on the substrate
[15]. On the other hand, the most important parameter of
the film is the thickness. DLC films have been applied as
both protective and antireflective coatings for optoelectronic
devices and silicon solar cells that are even more demanding
in terms of well-defined thickness and the specific optical
properties of the films [16, 17]. It is well known that light trans-
parency and hydrophobic behavior depend on D263T glass-
based materials. The D263T glass substrate is a borosilicate
glass that is produced by melting very pure raw materials.
This type of substrate has high luminous transmittance. The
properties of D263T glass represent the standard for optical
glass. The performances of films deposited onto D263T glass
substrate vary under different parameters such as sputtering
power, working distance, sputter pressure, and deposition
time in the sputtering process. Experiments have carried
out to understand the effects of these process parameters.
Further discussion of the results of these experiments will
be provided in the following. The purpose of this work was
to deposit thin films on D263T glass substrate under various
process parameters to tune the properties of the thin films
by using the Taguchi method, wherein the only estimation
standard for steadiness and robustness was to determine
a variance index identified as the signal to noise ratio
(S/N) [18–22]. Moreover, a lesser number of experiments are
desired in the sputtering process when using the Taguchi
method. This study utilized the Taguchi method to design
experiments involving as-deposited hydrogen-free DLC films
on D263T glass substrates at room temperature by the RF
magnetron sputtering system. The experiments focused on
the significance of the process parameters of DLC films,
indicating that using four factors with three levels represents

an L9 (34) orthogonal array. According to these analysis
results, fewer experiments (only nine experimental runs)
were required to study all levels of input parameters. We also
filtered out some effects owing to statistical variation [21].
The four factors include sputtering power, working distance,
sputtering pressure, and deposition time. The ranks of each
factor were considered as major influences in the experiment
via the analysis of variance (ANOVA) approach. Thus, the
Taguchi method was utilized as an engineering method-
ology to find a correlation between control factors and
product characterization. The corresponding microstructure,
optical performance, and mechanical properties of the thin
films were identified by a scanning electron microscope
(SEM), X-ray photoemission spectroscopy (XPS), atomic
force microscopy (AFM), a UV/Vis spectrophotometer, and
contact angle goniometry, respectively. XPS can be summed
up as the measurement of kinetic energy of the inner or
valence electron ejected by used an incident photon with
energy h𝜈. The binding energy is sensitive to chemical bonds
in a compound and is related to the energy of ionization.
The measured kinetic energy of photoelectrons generally
ranges between 0 and 1000 eV in DLC films, and the depth of
inspection is about 40–50 Å. As mentioned previously, XPS
is a highly sensitive analyzer which offers a better method for

the surface properties of the sample. The C1s peak of a-C:H
films is in the range from 284.5 to 286.4 eV, as the full width at
half maximum (FWHM) of the C1s peak of a-C:H is around
1.6–1.7 eV, relatively larger than the corresponding FWHM
for diamond and for graphite. XPS was carried out the Mg
K-𝛼-line, which analyzed about the top 4 nm of the film,
indicating that the spectra were determined with the C1s peak
of ∼285 eV. Also present was the O1s peak of 531 eV, owing to

surface chemisorbed oxygen species. Thus, the sp2: sp3 ratios
determined using XPS data will represent the surface values
[23–25].

2. Experimental Methods

This study employs the Taguchi methods to design the
experiment in which as-deposited hydrogen-free DLC films
are deposited onto D263T glass substrate (10 × 10 × 0.55 mm)
at room temperature by an RF magnetron sputtering system
with an artificial diamond powder target of 3 inches in
diameter as the magnetron source in an argon plasma. The
diamond powder as the sputter target was easily synthesized

with high sp3 content in thin film at low temperature by using
the proposed sputtering method owing to the nanocrystalline

diamond powders. With a larger fraction of sp3 bonding, the
properties of DLC coatings will be skewed toward diamond.

The content of sp3 is very much dependent on the ion energy
during deposition [26]. The DLC films were deposited by
using sputter and the sputtering power; working distance,
sputter pressure, and deposition time were used as the
deposition parameters. In the sputtering process, the heat
flux to the substrate relates to the thermalization coefficient
which is the ratio of particle energy at the substrate to that at
the target. This ratio depends on the product of gas pressure
and substrate-target distance [27]. Therefore, D263T glass
substrates were placed at distances between 8 and 10 cm from
the target with a rotation speed of 15 rpm. DLC films have
been deposited at RF powers ranging from 150 to 200 W and
at an rf of 13.56 MHz with capacitive coupling, and the film
deposition time was in the range from 0.5 to 2 h under sputter
pressure ranging from 1 to 5 mTorr. The corresponding three
level experimental designs for depositing DLC films onto
D263T glass substrate are listed in Tables 1 and 2. This
study carried out the experiments by using the sputtering

process conditions for an L9 (34) orthogonal array in all as-
deposited DLC films. The structured bonding of the DLC
films under different deposition parameters was examined by
X-ray photoelectron spectroscopy (XPS). The contact angle
of the samples was measured by the sessile drop method
using a First Ten Angstroms 1000B (FTA 1000B) contact angle
goniometry. The liquid was dropped by using 3 𝜇L droplets
of deionized (DI) water. All measurements were carried
out at room temperature. A UV/Vis spectrophotometer was
used to measure the corresponding optical transmittance
of the DLC films deposited onto D263T glass substrate.
The corresponding all the specimen’s optical properties of
refractive index (n), extinction coefficient (k), transmittance,
and reflectance and film thickness were determined by
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Table 1: The design of the experiment defines the deposition param-
eters of DLC films for each factor and level.

Symbol Factor Level 1 Level 2 Level 3

A RF power (W) 150 175 200

B Working distance (cm) 8 9 10

C Sputtering pressure (mTorr) 1 3 5

D Deposition time (h) 0.5 1 2

Table 2: Design of experiments (DOE) according to L9 (34) orthog-
onal array.

Specimen
(GD)

Control factors

RF
power
(W)

Working
distance

(cm)

Sputtering
pressure
(mTorr)

Deposition
time
(h)

1 150 8 1 0.5

2 150 9 3 1

3 150 10 5 2

4 175 8 3 2

5 175 9 5 0.5

6 175 10 1 1

7 200 8 5 1

8 200 9 1 2

9 200 10 3 0.5

using a UV/Vis spectrometer (Mission peaks optics, MP100-
M) equipped with an optical microscope. The instrument
with multiple gratings measures to achieve the interference
between incident and reflected light with a wide spectrum
ranging from UV to visible range (380–950 nm) [28].

3. Results and Discussion

3.1. XPS and Microstructure Analysis of DLC Films. Figure 1

shows the response graph of the four factors versus sp3

content. The ranking of the order of the magnitude of the sp3

content ranges for various levels. The leading factor affecting
process parameters is deposition time, followed successively
by RF power, sputtering pressure, and working distance.
XPS is employed to obtain the quantitative results of film

composition (sp2: sp3), which are chemically specific, as each
element has its own core level. The deconvolution of the
C1s peak of DLC film is obtained by an XPS curve fitted

by using the three-curve methods. The sp3 fraction of DLC
films was derived from XPS fitting for the C1s core peak, with
peaks formed by diamond (285.1 eV), graphite (284.6 eV),
and carbon-oxygen (286.5 eV) bonds. The area of each peak

depends on the corresponding phase. The sp3 content was
estimated by taking the ratio of the diamond peak over the
sum of the diamond, graphite, and carbon-oxygen bonds
peak areas. In this study, each component was obtained by
using a convolution of Gaussian (80%) and Lorentzian (20%)
methods, and background subtraction was approximated by
the Shirley method. The Gaussian widths of the spectra for
DLC films are 1.35 eV, and the component depends on the
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Figure 1: Response graph of the four factors versus sp3 content.
The ranking order of the magnitude of sp3 content at various levels
indicates that the effects of various factors on the sp3 content are
ranked in the following order: deposition time, RF power, sputtering
pressure, and working distance.

sp2 and sp3 hybridization results in each specimen shifted
by 0.5 eV, as shown in Figure 2 [23–25]. According to the

XPS results, the probable sp3 content of the specimens was
reduced from 56.17% to 50.92% in correspondence with
increased deposition time. The findings demonstrate that the

content of the sp3 bonded carbon becomes lower in reference
to the effect of the substrate temperature. The implantation
of carbon ion during deposition generates heat and warms
up the substrate rapidly. The deposition time increases from
0.5 h to 2 h when significantly increasing the temperature
on the substrate. The high temperature of the substrate can
partially release the compressive stress induced by carbon

ion implantation and obstruct the formation of sp3 bonds.
The results can affect transform of the sp3 bond into an
sp2 bond [29]. On the other hand, this study assumes that

the sp3 content varies with RF power. For an RF power of
150 W, the low proportion of sp3 bond in the thin film was
formed from the diamond target via the sputtering process
owing to the low bombardment energy. The bombardment
energy is enhanced on the Ar plasma at the RF power of
175 W, indicating that the bonds of diamond can be broken
by powerful bombarding atoms [10].

Figure 3 shows the typical plan view surface of SEM
images, and the insets display the cross view. The results
showed that as-deposited DLC films are considerable smooth
morphology; the shrink and warped deformations were not
observed from the surface of thin films. Figure 3(d) shows
cross view of DLC film (specimen GD 3), indicating that the
thickness is 30 nm. Through SEM analysis results, it clearly
indicated never the existence of highly internal stress in
such a thick DLC films leading to films peeling off from
the D263T glass substrate. Figure 4 indicates the hardness of
the DLC films analyzed by the nanoindentation test with a
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Figure 2: XPS survey spectrum (a) and the deconvolution of the C1s binding energy peak of the XPS spectrum of the DLC films; (b) DLC
film (specimen GD 9) deposited under a sputtering power of 200 W, work distance of 10 cm, working pressure of 3 mTorr, and deposition time
of 0.5 h. (c) DLC film (specimen GD 6) deposited under the sputtering power of 175 W, work distance of 10 cm, working pressure of 1 mTorr,
and deposition time of 1 h. (d) DLC film (specimen GD 3) deposited under the sputtering power of 150 W, work distance of 10 cm, working
pressure of 5 mTorr, and deposition time of 2 h.

large loading of 500𝜇N. A scanning probe microscopy (SPM)
apparatus was used to conduct nanofriction, nanowear,
and fractal investigations to determine the nanotribological
characteristics of the deposited DLC films. Fractal analysis is
applied to quantitatively characterize the surface roughness
of films measured by AFM. The aforementioned NIP test
results showed that the hardness behaviors of all as-deposited
DLC films improved significantly with the increase of the

sp3 content, and the hardness of the as-deposited films was
greater than 13.2 GPa.

3.2. RMS Surface Roughness Analysis of DLC Films. Figure 5
shows the response graph of the four factors versus RMS
surface roughness. The ranking of the order of the magnitude
of the RMS surface roughness differs at various levels, indi-
cating that the effects of various factors on the RMS surface
roughness increase in accordance with sputtering pressure,
deposition time, working distance, and RF power. The surface
roughness values of DLC films have been obtained by AFM
analysis. AFM measurements presented here were obtained

in the tapping mode, using a Digital Instruments Nanoscope

machine. Typical scan areas were over 30 × 30 𝜇m2, and the
scan rate was approximately 1 Hz. Surface RMS roughness
was obtained from a complete scan, using the software
supplied with the AFM system. From this measurement it is
clear that all as-deposited DLC films were lower than 1.9 nm
with a scanning area of 30 × 30 𝜇m2, and the RMS surface
roughness in the DLC films was improved significantly with
the decrease of the sputtering pressure. In this study, the
formation of nanoparticles during vapor deposition strongly
depends on the sputter pressure. At higher plasma pressure,
there is an increase in the number of inelastic collisions
which leads to a decrease in the diffusivity of carbon in
the D263T glass substrate owing to the significantly reduced
energies. Thus, the films deposited at higher plasma pressure
demonstrate an increased RMS surface roughness. At low
pressures, it is evident that smooth DLC films are formed.
This result is consistent with previous results, and this can
be understood on the basis of the large differences between
the atomic masses of carbon and argon which causes carbon
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(a) (b)

(c) (d)

Figure 3: SEM images of DLC film are deposited on D263T glass substrate at room temperature by using RF magnetron sputtering technique.
(a) SEM images of DLC film deposited referred to the specimen GD 9. (b) SEM images of DLC film deposited referred to the specimen GD
6. (c) SEM images of DLC film deposited referred to the specimen GD 3, and (d) the cross-section view shows the corresponding for image
(c), which is 30 nm thick DLC film.

atoms to lose most of their kinetic energies before reaching
the substrate at higher plasma pressures. This is expected to
lead to the formation of thin film with high surface roughness
[30].

3.3. Hydrophobicity Analysis of DLC Films. Figure 6 shows
a response graph of four factors versus contact angle. The
ranking order of the magnitude of contact angle at various
levels indicates that the effects of various factors on the
contact angle are ranked in the following order: RF power,
deposition time, working distance, and sputtering pressure.
A number of researchers have reported that the contact
angle depends on the sp3 content of the film. It may be that
hydrophobicity significantly decreases with the increase of

sp2 bonded carbon in the films. The findings of this study may
demonstrate that the surface energy varies at different carbon
hybridized states, which modify the surface properties and
associated hydrophobic/hydrophilic behavior. The surface

energy of the sp3 terminated surface is very high because
of its strong covalent character compared with that of the

sp2 terminated surface as sp2 bonded graphite exhibits weak
polarity due to its dangling bonds [31–33]. In this study,
the DLC films under the RF power of 175 W show higher
hydrophobicity than those under the RF power of 150 W

and 200 W. It is clear that those films have high sp3 carbon
content. Thus, the wetting contact angle of DLC films can be

modified and controlled by the variation of sp3 content to
obtain a hydrophobic or hydrophilic surface property.

3.4. Optical Properties Analysis of DLC Films. Figure 7 illus-
trates the response graph of four factors versus transmittance.
The ranking order of the magnitude of transmittance at
various levels indicates that the effects of various factors
on the transmittance are ranked in the following order: RF
power, deposition time, working distance, and sputtering
pressure. The UV/Vis spectrophotometer shows that the
optical properties of the films deposited with a single DLC
layer are obtained from the five-point position of the films
onto D263T glass. Figure 8 shows the refraction spectra for
the D263T glass substrates coated with and without DLC
films prepared under the sputtering process parameters, and
the thickness of the as-deposited amorphous DLC films
ranges from 17 to 66 nm. From the previous results, the values
of the RMS roughness surface of the thin films are lower than
1.9 nm. It can be concluded that the effect of light scattering
from the thin films was negligible. Thus, the reflectance of
the thin films was decreased significantly with increasing
transmittance. The reflectance in the visible wavelengths (at𝜆 = 400–700 nm) significantly increases with increasing RF
power. This is associated with the larger thickness. The total
reflection changes with the refraction indices of the films and
substrate, n and ns, respectively. As the refraction index of the
substrate, ns, is larger than that of thin films, n, the resultant
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Figure 4: AFM topography after the nanoindentation test for the D263T glass substrates coated with and without DLC films prepared under
a large load of 500 𝜇N: (a) D263T glass substrates, (b) specimen GD 9, (c) specimen GD 6, and (d) specimen GD 3.
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roughness at various levels indicates that the effects of various
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Figure 8: The various average reflectance of DLC films deposited by
RF magnetron sputtering onto D263T glass.

reflection will be reduced. This is referred to as constructive
interference or broken interference [10]. In this study, the
reflectance of the as-deposited DLC films is higher than
that of the noncoated one. This indicates that the refraction
index of thin films is larger than that of the substrate one.
The refraction index (n) of D263T glass substrate is 1.52.
The UV/Vis spectrophotometer measurements show that the
refraction index (n) of all as-deposited DLC films ranges from
1.95 to 2.1 at 𝜆 = 600 nm. These results demonstrate that the
thickness was increased correspondingly with the increasing

reflectance. On the other hand, under an RF power of 150 W
and a deposition time of 0.5 h, the specimen GD 1 had high
transmissive ability (>81%) and low average reflectance ability
(<9.5%) in the visible wavelengths (at 𝜆 = 400–700 nm).
This result could make an antireflection coating for solar cell
devices available, which would improve efficiency [9].

4. Conclusions

The present work shows that DLC films have been success-
fully deposited onto D263T glass substrate at room tempera-
ture via a diamond powder target using the radio frequency
(RF) magnetron sputtering technique and Taguchi method.

Experimental results show that the content of sp3 bonded
carbon decreases due to the effect of substrate temperature.
The NIP test results showed that the hardness of the prepared
DLC films ranges from 13.2 to 22.5 GPa. Moreover, the water
repellence of the deposited DLC films improved significantly

with increasing sp3 content, and its contact angle is larger
than that of the noncoated one by 1.45 times. The reflectance
in the visible wavelengths (at 𝜆 = 400–700 nm) significantly
increases with increasing RF power, which is considered
to be associated with the larger thickness. In addition, the
refraction index (n) of all as-deposited DLC films ranges
from 1.95 to 2.1 at 𝜆 = 600 nm. Furthermore, when the RF
power was set to 150 W with the deposition time of 0.5 h,
the prepared DLC films possessed high transmissive ability
(>81%) and low average reflectance ability (<9.5%) in the
visible wavelengths (at 𝜆 = 400–700 nm).
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The top five solar cell supply countries in the world in sequential order are China, Taiwan, the United States of America, Japan, and
Germany. The capacity of Taiwanese solar cell production is ranked top two in the globe. The competitive advantage of the Taiwanese
electronics firms has facilitated the rapid developments to its solar photovoltaic industry. The Taiwanese solar photovoltaic industry
possesses a large size and a complete value chain of upstream, midstream, and downstream sectors. In this study, I analyzed the
trends and developments of the solar photovoltaic industry in Taiwan and in the globe. And I also investigated the positioning
and competitive advantage of Taiwanese firms in the value chain of the global solar photovoltaic industry. I found that Taiwanese
firms continue to have an important and indispensable role in the global solar photovoltaic industry by either differentiation or
cost advantage.

1. Introduction

The shortage of global fossil fuels has led to many coun-
tries prioritizing the developments of the long-lasting solar
photovoltaic (PV) industry. The top five solar cell suppliers
in sequential order are China, Taiwan, the United States of
America (USA), Japan, and Germany in the world [1, 2]. The
capacity of Taiwanese solar cell production is ranked top two
in the globe [3]. The competitive advantages of Taiwanese
electronics firms have facilitated the rapid developments to
the solar photovoltaic industry. In this study, the positioning
of the Taiwanese firms in the value chain of the global solar
photovoltaic industry is analyzed. And the opportunities
and advantages of Taiwanese solar photovoltaic firms are
discussed.

Based on the competitive advantage of the electronics
industry, Taiwanese firms entered to the solar photovoltaic
industry rapidly [3]. The Taiwanese solar photovoltaic indus-
try has been developing for the 25 years and built up a
complete industrial value chain. In 2011, the revenue of the
Taiwanese solar photovoltaic industry was US$5.6 billion:
(1) the revenue of the midstream sector of the silicon wafer
and thin-film photovoltaic cells was approximately US$ 3.8

billion, which accounts for 70% of all industry revenue in
Taiwan; (2) the revenue of the upstream sector of the solar
silicon materials was approximately US$1.5 billion; (3) the
revenue of the downstream sector of the solar photovoltaic
system was approximately US$283 million (see Figure 1)
[1]. Currently, there are approximately 131 companies in
Taiwan. Furthermore, a number of Taiwanese companies,
such as Motech Industries Incorporation, Gintech Energy
Company, and Neo Solar Power Corporation, are on the top
ten companies list in the world.

The top five countries with the highest demand for
global photovoltaic devices were Italy, Germany, the United
States, China, and Japan in 2011 [1, 2]. Because European
governments have reduced their subsidies, the demand of
the European market for photovoltaic devices is expected to
decline from the 80% for 2010 to 41% by 2020 [4]. Global
demands for solar cells are expected to increase significantly.
The emerging markets will be in Asia, Northern America,
and Latin America in the future. Taiwanese firms have
become the leading global suppliers of the solar photovoltaic
products for the three reasons: (1) stable product quality,
(2) mature technologies, and (3) reasonable pricing. In this
study, I analyzed the positioning of the Taiwanese firms in
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Figure 1: Revenue of Taiwanese solar photovoltaic industry.
Upstream: silicon material; Midstream: solar cell (wafer-based; thin-
film) and solar cell module; Downstream: solar photovoltaic system.
Source: adapted from PIDA (2012) [1].

the value chain of the global solar photovoltaic industry and
further investigated the opportunities and advantages of the
Taiwanese solar photovoltaic firms.

2. Analysis of Global Solar Photovoltaic
Industry

2.1. Scope of Solar Photovoltaic Industry. The solar industries
are categorized as three types according to their products: (1)
the solar photovoltaic industry, (2) the solar thermal energy
industry, and (3) the solar source industry. In this study, we
focused only on the solar photovoltaic industry. Companies
that comprise the value chain of the solar photovoltaic
industry are categorized as (1) upstream: silicon materials and
silicon wafer, (2) midstream: solar cells and solar photovoltaic
modules, and (3) downstream: solar photovoltaic systems [5].

2.2. Value Chain Analysis of Global Solar Photovoltaic Indus-
try. Regarding the global solar photovoltaic industry (see
Figures 2 and 3), the upstream industry achieves the highest
profit because the market is oligopolistic [1, 11, 12]. The
midstream industry achieves the lowest profits. And the
downstream industry, including device installation and war-
ranty maintenance, achieves the second highest profits [13].
The revenue of the solar photovoltaic industry is globally
predicted to reach US$150 billion in 2014 [1].

The top five solar cell supply countries in the world, in
sequential order, are as follows: China, Taiwan, the United
States, Japan, and Germany (see Table 1) [6]. The mature
technologies of the USA and Japanese companies can serve
as the most important technology sources in both the first
and new generation solar photovoltaic industries of Taiwan
and China [14]. Currently, the technology latecomers Taiwan
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Figure 2: Revenue of global solar photovoltaic industry. Upstream:
silicon material; Midstream: solar cell (wafer-based); Downstream:
solar cell module and solar photovoltaic system. Source: adapted
from PIDA (2012) [1].

have built up their innovation capabilities in certain solar
photovoltaic sectors.

The Taiwanese solar cell industry possesses research and
development (R&D) abilities and exhibit significant interna-
tional competitiveness. In 2011, three of the top ten solar cell
companies in the world were Taiwanese companies, that is,
Motech Industries Incorporation, Gintech Energy Company,
and Neo Solar Power Company. The production capacity of
the firm Motech, Gintech, and Neo Solar Power was 4%, 3%,
and 3%, respectively [6].

(1) Upstream Sector. In 2011, the production capacity of the
upstream silicon wafer companies in China and Taiwan was
58% and 9% of the global total, respectively [1]. The largest
polysilicon companies in the world are Golden Concord
Holdings Limited and LDK Solar Company in China, fol-
lowed by Wacker Chemie AG in Germany and Hemlock
Semiconductor Group in the United States. Regarding the
top ten silicon wafer companies in the world, five companies
are located in China and two companies are in Taiwan, that
is, Green Energy Technology and Sino American Silicon
Products Incorporation.

(2) Midstream Sector. The global capacity of the module
production for the top ten solar cell companies is approxi-
mately 50% [17]. The technology of first-generation devices
has diffused to the rising industrial powers of Taiwan and
China, though the early solar cell producers were found in
Europe, the United States, and Japan [18]. In 2011, the capacity
of the solar cells production from Chinese and Taiwanese
firms was 61% and 15% of the global total, respectively [1].
The Taiwanese technologies of cell conversion efficiency are
superior to those employed by Chinese firms, but 17% export
tax rebate facilitates competitive prices in China [19].

Top ten suppliers of the solar photovoltaic module are
(i) North America: First Solar Incorporation in the United
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Table 1: Top 10 global solar photovoltaic suppliers.

2009 2010 2011

1 First Solar (USA) Suntech (China) First Solar (USA)

2 Suntech (China) JA solar (China) JA solar (China)

3 Sharp (Japan) First Solar (USA) Suntech (China)

4 Q-Cells (Germany) Trina (China) Yingli (China)

5 Yingli (China) Q-Cells (Germany) Trina Solar (China)

6 JA solar (China) Yingli (China) Motech (Taiwan)

7 Kyocera (Japan) Motech (Taiwan) Gintech (Taiwan)

8 Trina (Chian) Sharp (Japan) NSP (Taiwan)

9 SunPower (USA) Gintech (Taiwan) CSI (China)

10 Gintech (Taiwan) Kyocera (Japan) SunPower (USA)

Source: Solarbuzz (2012) [6].
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Figure 3: Value chain of global solar photovoltaic industry. Source:
PHOTON International (2012) [11] and ITRI (2012) [12].

States and Canadian Solar Incorporation in Canada; (ii) Asia:
Trina Solar, Yingli Green Energy, Suntech Power, Solarfun
in China; Motech Industries Incorporation, Gintech Energy
Company, and Neo Solar Power Corporation in Taiwan;
Sharp Corporation and Solar Frontier Company in Japan.
Thin-film photovoltaic cells are led by Solibro Corporation

in Germany and Solar Frontier Company in Japan. Triple
amorphous silicon cells are led by Sharp Corporation in Japan
and Astronergy Company in China.

(3) Downstream Sector. The downstream sector is a market of
perfect competition because of the maturity of manufacturing
technologies and low barriers to entry. Japanese Sharp Cor-
poration, Sanyo Electronic Company, and Mitsubishi Elec-
tronic Company have the largest scale in solar photovoltaic
system integration. German SMA Solar Company is the
leading supplier of the solar photovoltaic converters in the
world. Taiwanese Delta Electronics and Motech Industries
Incorporation have the strong advantages in this sector.

Currently, companies that employ vertical integration
and cross-border cooperation have the most competitive
advantages. For one example, German Q.CWLLS Company
and Chinese LDK Solar Company have entered a joint ven-
ture to establish downstream system companies. For the other
example, Taiwanese E-Ton Solar Company has invested in
Taiwanese Gloria Solar Company and formed a joint venture
with U.S. Spire Corporation to establish a new company
called Gloria Spire Solar for producing solar photovoltaic
systems.

2.3. Global Capacity Analysis. The top five countries in the
world for solar cell production were as follows: China,
Taiwan, Japan, the United States, and Germany in 2011 (see
Figure 4) [1]. Patents on first generation silicon cells have
now largely expired and open to Taiwanese and Chinese
companies that are crowding into this space [18]. Taiwanese
and Chinese firms, as fast followers, are now establishing
themselves as major players in the industry as producers,
investors, and exporters.

The capacity of the solar cell production of China and
Taiwan accounts for 62% of the global total in 2010 (see
Figure 4) [1]. The Taiwanese production capacity (15%) is
ranked second worldwide, behind China, which has the
highest capacity of the solar cell production (61%) [1]. The
difference of the production capacity between Taiwan and
China increased from 34% in 2010 to 46% in 2011. Thus,
Taiwanese firms should continuously increase technological
R&D to expand its global market share.
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2.4. Global Market Analysis. The five countries with the
highest demand for solar photovoltaic devices in 2011 were
Italy, Germany, the United States, China, and Japan (see
Figure 5) [1, 2]. These demands accounted for 80% of the total
market demand. Sustained policy support in countries such
as Germany, Italy, United States, Japan, and China attributed
to the impetus behind the recent growth of solar technologies
[20]. The global installed capacity for PV had reached around
40 GW by December 2010 of which 85% were grid connected
and the remaining were 15% off-grid [20]. The market of
the global solar energy installations reached 18.2 GW in
2010; compared to that of 2009, a positive growth of 139%
was observed [6]. The global solar cell production reached
29.5 GW in 2011, of which 7 GW to 8 GW was produced by
Taiwan [6]. Thus, more than 24% of the global productions
are contributed by the Taiwanese firms.

Furthermore, the reduction of the Italian and German
government subsidies for the solar photovoltaic installations,
and the European debit crisis, resulted in a 20% decline in
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Figure 6: 2010–2016 global solar photovoltaic market (by geo-
graphic area). Source: ITRI (2012) [12].

solar photovoltaic demands in 2011 compared to that in 2010
[6]. Thus, demand from the European market is predicted to
be between 45% and 54% in 2015 [6]. The North American
and Asian markets are set to become the next high-demand
markets. Additionally, Middle East and African regions will
be the emerging markets in the future (see Figure 6) [12].
If existing market supports are continued and additional
market support mechanisms are provided, a dramatic growth
of solar PV would be possible, which will lead to worldwide
PV-installed capacity rising from around 40 GW in 2010
to 1845 GW by 2030 [20]. And the capacity would reach
over 1000 GW in 2030 even with a lower level of political
commitment [20].

3. Emergence of the Taiwanese Solar
Photovoltaic Firms

3.1. Strength of the Taiwanese Electronic Industry. There are
the successful semiconductor industries in Taiwan, of which
the revenue of the wafer foundry industry and IC packaging
and testing industry are positioned at number one globally.
IC design industry is ranked in the second place, behind
the United States. The Taiwanese semiconductor industry
has employed a unique vertical disintegration method of the
upstream, midstream, and downstream sectors to develop a
complete industrial value chain that includes the following
company types: upstream silicon materials and silicon wafer;
midstream IC design, IC manufacturing, and IC packaging
industries; and downstream computer, cellular phone, and
consumable electrical product companies. The strength of the
Taiwanese semiconductor industry has been advantageous to
the developments of its solar photovoltaic industry.

3.2. Advantage of Industrial Clusters in Taiwan. The com-
petitiveness of the industrial clusters in Taiwan has been
appraised worldwide, ranking number one worldwide in
2007, 2011, and 2012 (see Table 2) [7–9]. Taiwan has occupied
a lead position in the advanced industries such as semi-
conductor, PCs, and IT equipment. Over the past couple of
years, the Taiwanese solar photovoltaic and semiconductor
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Figure 7: Revenue percentage of the Taiwanese solar photovoltaic
industry (by Taiwan science parks). Source: PIDA (2012) [1].

industries have flourished with a series of companies entering
first-generation solar cell production [18]. The advantages
of industrial clusters in Taiwan have facilitated the rapid
developments of the solar photovoltaic industry and the
prompt establishment of a complete industrial value chain.

3.3. Clusters of Solar Photovoltaic Industry in Taiwan. Most
of the Taiwanese solar photovoltaic companies are located
at the Hsinchu Science Park, followed by the Southern
Taiwan Science Park and the Central Taiwan Science Park.
The industry revenue of the Hsinchu and Southern Taiwan
Science Parks accounts for over 60% of the total (see Figures
7 and 8) [1].

(1) Hsinchu Science Park. Hsinchu Science Park was the
earliest development of the solar photovoltaic industry in
Taiwan. Based on the advantage of local electronic industries,
there are many upstream silicon wafer factories in this science
park. The overall annual income of the Taiwanese large five
solar photovoltaic firms Motech, DelSolar, E-Ton, Gintech,
and Neo Solar Power Corporation was approximately US$1.3
billion in 2009, over 40% of the revenue in the Taiwanese solar
photovoltaic industry [1].

(2) Southern Taiwan Science Park. The Southern Taiwan
Science Park has the complete value chain of the solar
photovoltaic industry with upstream, midstream, and down-
stream sectors. The revenue of the Southern Taiwan Science
Park is approximately US$530 million, 18% of the revenue
in the Taiwanese solar photovoltaic industry [1]. The large
Taiwanese solar photovoltaic firms such as Motech, Ken-
mos Technology, Elite Material, MJC, and Nano-Win have
production bases in the Sothern Science Park. This science
park emphasizes the manufacturing of the components, the
production of the chemical materials, and the developments
of the solar photovoltaic and green energy industries.

(3) Central Taiwan Science Park. This science park has
been successively invested in by 15 companies of thin-film
photovoltaic cells, with the accumulated investment amount
exceeding US$4.33 billion [1]. This park also houses the

primary production center of thin-film photovoltaic cells
in Taiwan, which has received investments from at least 13
companies [1].

4. Analysis of the Taiwanese Solar
Photovoltaic Industry

In the Taiwanese solar photovoltaic industry, approximately
80% to 90% production capacities are occupied by the solar
cell firms. In this section, I focused more on the solar cell
sector. At the moment, 98% of the photovoltaic battery
industry is dependent on export [21]. The Taiwanese solar
cell suppliers export most of their product, ranking as China
(24%), Germany (13.9%), Spain (9.4), United States (8%), and
South Korea (7.9%) (see Figure 9) [15].

The large size and R&D capabilities of the Taiwanese
semiconductor and display industries provide an advantage
to involve silicon wafer and thin-film photovoltaic cells
sectors. The Taiwanese electronic industries provide full
support for the production capabilities of the components
of the module-ends and system-ends in this industry. The
Taiwanese companies are successively investing in upstream
materials to satisfy the demand for low-cost materials. For
example, Formosa Plastic Group has invested in ethylene
vinyl acetate (EVA), and LCY Technology Corporation has
invested in polysilicon and silicon materials. The competitive
advantages of the Taiwanese electronics industry have pro-
vided a foundation for the developments of the Taiwanese
solar photovoltaic industry.

4.1. History of the Taiwanese Solar Photovoltaic Industry. The
solar photovoltaic industry has been developed in Taiwan for
25 years (see Table 3). The Taiwanese government promised
to invest US$666.67 million over five years to develop
renewable energy technology, of all spending on energy-
related research, the amount spent on renewable energy
accounted for 98%, and of this solar energy R&D accounted
for 52% [21]. The Taiwanese firms began investing in solar
cell R&D in 1987. The initial R&D produced amorphous
silicon cells. In 2004, the global renewable energy market
emerged. Subsequently, the Taiwanese companies grew and
the industry scale expanded [21]. Before 2007, the Taiwanese
companies primarily invested in silicon wafers, silicon cells,
and solar photovoltaic modules. When the price of poly-
silicon increased in 2008, the Taiwanese companies began
investing large amounts of money into manufacturing of
silicon thin-film photovoltaic cells [5, 22]. In 2009, the Tai-
wanese solar cell industry achieved 12.2% global production
capacity, ranking top fourth in the world [1, 21]. Furthermore,
the Taiwanese government has set the solar photovoltaic
industry as the emerging industry for prioritized support and
promoted the “Green Energy Development Plan” to increase
the development of the green energy industry. In 2009, this
plan was approved as the “Renewable Energy Development
Bill”. In 2010, renewable energy feed-in tariff rates were
established, since market price and investment incentive are
the dominant factors that affect market acceptance of solar
energy installation in Taiwan [5, 23].
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Table 2: Rank of industrial clusters.

2009-2010 2010-2011 2011-2012

1 Japan Italy Taiwan

2 United States Japan Italy

3 Italy Taiwan Japan

4 Hong Kong Switzerland Finland

5 Singapore Singapore Singapore

6 Taiwan United States Hong Kong

7 Finland Hong Kong Sweden

8 Canada Sweden Switzerland

9 Switzerland Finland United States

10 Sweden United Kingdom Qatar

Source: WEF Global Competitiveness Report (2010, 2011, 2012) [7–9].
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4.2. Value Chain Analysis of Taiwanese Solar Photovoltaic
Industry. The most rapid growth in annual cell and module
production over the last five years could be observed in
Asia, where China and Taiwan together now account for over
60% of worldwide production [24]. In 2011, the percentage
of global solar cells produced in Taiwan (15%) and China
(61%) and the production of Taiwan and China exceeded 76%
globally [1, 6]. And overall Asia reached 82% global capacity
[1]. Regarding the Taiwanese solar photovoltaic industry, not
only the industrial value chains and industrial clusters have

been established but also have the Taiwanese companies
accorded with international standards. Therefore, the revenue
of the solar photovoltaic industry is increasing annually. The
overall revenue for the top ten Taiwanese solar cell companies
was approximately US$5.6 billion in 2011 and achieved a
positive growth rate of 87% in the last five years (see Table 4)
[10].

The solar photovoltaic companies are categorized accord-
ing to their location in the industrial value chain: (1)
upstream: silicon materials and silicon wafer; (2) midstream:
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Table 3: The history of Taiwanese solar photovoltaic industry

Time Item

1987 Taiwanese firms began investing in solar cell R&D

2004
Taiwanese companies invested and the industry
scale grew

Before 2007
Silica wafers, silicon cell, and modules were
primarily invested

2008
Silicon wafer and thin-film photovoltaic cells were
largely invested

2009
Taiwanese government promoted the “green energy
development plan” and “renewable energy
development bill”

2009
Taiwanese solar cell production ranked top 4 in the
globe in 2009

2010
Renewable energy feed-in tariff rates were
established

2010
Taiwanese solar cell production ranked top 2 in the
globe in 2010

2011
Taiwanese solar cell production ranked top 2 in the
globe in 2011

Source: this study.
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Figure 9: Proportion of Taiwan solar photovoltaic export. Source:
Directorate General of Customs (2010) [15].

solar cells and solar photovoltaic modules; and (3) down-
stream: solar photovoltaic systems. Currently, there are
21 upstream companies, 61 midstream companies, and 49
downstream companies in Taiwan (see Figures 1 and 10)
[1, 16]. Additionally, several companies have adopted the
vertical integration to integrate upstream, midstream, and
downstream sectors in an effort to expand into large and
international companies. Large solar cell companies can use
their cost advantages to offer lower-priced products and
consequently customers will buy more solar systems [24].

(1) Upstream Sector. The Silicon-Based Solar industry has
growth quickly which has three reasons [25]. The first reason
is that Silicon-Based Solar industry had subsidy from the gov-
ernment. The second reason is that when the gasoline price is
rising, the Silicon-Based Solar industry has substitution effect
to make highly production value. The third reason is that the
Taiwanese top companies and international silicon material

companies have signed a long-term contract and expanded
the upstream industry.

(a) Silicon Materials. Because of technical barriers and sourc-
ing difficulties, companies typically ally with international
companies to establish factories or engage in technical coop-
eration to arrange an upstream supply chain. For example,
Formosa Plastic Group and Chinese Petroleum Corporation
both partnered with international companies to build fac-
tories and expand their production capacities, subsequently
increasing the supply of the raw materials for the companies
in the midstream and downstream sectors [5].

(b) Silicon Wafer. The successful semiconductor industry in
Taiwan has lowered the entry barriers for the Taiwanese com-
panies entering in the solar photovoltaic industry, generating
a continuous increase in the capacity of the silicon wafer
production.

(2) Midstream Sector. Midstream and downstream industries
have lower entry barriers and have become the main aspects
of the solar photovoltaic industry in Taiwan. The production
capacity of the midstream solar cell and module sector in
Taiwan has been ranked top two in the world. In 2010, the
value of Taiwanese solar cell exports was US$4.3 billion.
A growth rate of 61.5% has been achieved in the last five
years [26]. Typically, companies invest in upstream silicon
materials to stabilize the supply of these materials. Thus,
the companies with the highest production capacity (such
as Motech, E-Ton, DelSolar, and Gintech) have signed a
long-term cooperation contract with international silicon
materials companies.

Additionally, the Taiwanese companies have tended to
pursue the latest thin-film cell technologies. Stion Company
in the United States has authorized and transferred CIGS
thin-film production rights to Taiwan Semiconductor Man-
ufacturing Company (TSMC), and TSMC has provided solar
cell modules to Stion Company. Both companies have simul-
taneously developed thin-film photovoltaic technologies.
Similarly, AU Optronics Company in Taiwan and SunPower
Technology Corporation in the United States have invested in
a solar cell company in Malaysia to establish a complete value
chain in solar photovoltaic industry.

(3) Downstream Sector. The Taiwanese government has pro-
moted and subsidized the policies of the renewable energy
industry, and thereby increased the revenue of the down-
stream companies. Downstream companies achieve profits
by product assembly and maintenance [13]. The Taiwanese
companies, such as TSMC and Motech Industries Incorpora-
tion, have adopted the vertical integration to stabilize product
supply, establish sales channels, and create their own brands.

With the increase in global production and market
competitiveness, the Taiwanese companies are committed to
reducing costs and achieving vertical integration to develop
distinguishable features and become a leader of the field.
To avoid profit declines caused by competitive pricing,
several companies have invested in downstream distributors
and branding. In the future, companies that adopt vertical
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Table 4: Top 10 Taiwanese solar photovoltaic suppliers.

2007 2008 2009 2010

1 Motech Motech Gintech Gintech

2 Gintech Gintech Motech Motech

3 E-Ton Solar Tech E-Ton Solar Tech E-Ton Solar Tech Neo Solar Power

4 DelSolar Neo Solar Power Neo Solar Power E-Ton Solar Tech

5 Neo Solar Power DelSolar DelSolar Solartech Energy

6 Solartech Energy Solartech Energy Solartech Energy DelSolar

7 TYNSOLAR TYNSOLAR GLORIA SOLAR Tainergy Tech

8 MOSEL Ectronics Taiwan MOSEL Ectronics Taiwan Apollo Solar Energy Big Sun Energy Technology

9 Big Sun Energy Technology GIH BIG SUN Energy Technology Next Power Technology

10 Apollo Solar Energy Apollo Solar Energy Inventec Solar Energy Apollo Solar Energy

Source: China Credit Information Service (2011) [10].

integration and control material resources and technologies
will have the most competitive advantages.

4.3. Trends of Solar Photovoltaic Technology. Currently, solar
photovoltaic modules are used globally as a-silicon cells
and poly-silicon cells [22]. Besides a-silicon cells and poly-
silicon cells, Taiwanese companies have begun developing
inexpensive next-generation thin-film photovoltaic cells. This
market is currently dominated by crystalline silicon-based
PV cells, which accounted for more than 80% of the market
in 2010, and the remainder 20% of the market almost entirely
consists of thin film technologies that use cells made by
directly depositing a photovoltaic layer on a supporting
substrate [20]. However, investments are not yet significant in
this field because of difficulties in material acquirement and
immature technologies.

The primary characteristics of the solar photovoltaic
technologies are efficiency, productivity, and pricing. The
Taiwanese firms should accelerate the independence and
differentiation of the solar photovoltaic technologies, obtain
patents for new types of the solar cells and new tech-
nologies of solar photovoltaic modules, and invest in next-
generation technologies (such as compound solar cells and
dye-sensitized solar cells). The solar photovoltaic market
will lead future technological developments. And the main
technological developments will include higher conversion
efficiency rates, lower costs, and access to sufficient material
sources. The Taiwanese companies like to ally with interna-
tional companies with advanced conversion rate technologies
to enhance their product competitiveness in the global
market.

4.4. SWOTAnalysis of the Taiwanese Solar Photovoltaic Indus-
try. The SWOT analysis of the Taiwanese solar photovoltaic
industry is made in this study.

(1) Strength. Industrial clusters have been established com-
prehensively by electronics, information technology, and
precision machinery industries in Taiwan. With its indus-
trial clusters ranked top one in the world, the Taiwanese
solar photovoltaic industry has more competitive advantages

compared to those of other countries. The Taiwanese solar
photovoltaic industry, which employs upstream, midstream,
and downstream sectors, has received investment from many
companies, completing the industrial value chains. The pro-
duction capacity of the Taiwanese solar cells is ranked top
two globally. And many advantageous products are produced,
such as silicon wafer and silicon solar cells. There are numer-
ous talents specialized in the field of IC, LED, and electronics
technologies in Taiwan, consequently reducing the time of
R&D and production, and increasing the efficiency of R&D.
Furthermore, the Taiwanese firms have invested in the R&D
of the next-generation products of the thin-film photovoltaic
cells.

(2) Weakness. The size of domestic market in Taiwan for
solar products is small. Approximately 97% of products are
created for export. The amount of exports depends on the
solar photovoltaic usage by other countries. Additionally,
98% of the raw materials are imported. Therefore, production
is also restricted by upstream raw materials companies. Large
international companies in the United States, Japan, and
Germany are vertical integration, which provides a complete
service system.By contrast, few Taiwanese companies possess
capabilities of vertical integration.

(3) Opportunity. The global solar photovoltaic market is
growing vigorously, with the majority of global production
concentrated in Asian countries. Taiwan is not only an
essential base of production but also provides opportunities
to enter the market rapidly. Applications of solar cell products
are broad and demanding and widely used by public and
private companies. With the advantages of the electronic
industries, the Taiwanese firms can develop differentiated
and distinct solar products. Also, the global shortage of
fossil fuels is one of the factors that led to many countries
focusing on the renewable solar photovoltaic industry. PV
prices experienced a remarkably steady decrease, realizing
more 80% cost reduction on a $/Watt peak basis from
1973 to 2011 [27]. And, the decline in prices of solar mod-
ules has drive solar photovoltaic industry growing rapidly
[27].
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(4) Threat. The reduction of subsidies for solar photovoltaic
products in many countries has caused a temporary decrease
in demands and a decline in the growth of the solar pho-
tovoltaic market. The R&D capabilities of solar photovoltaic
technologies are pioneered by the United States, Japan, and
Germany; thus, these countries have advantages in both
technologies and the markets. Moreover, the Chinese pho-
tovoltaic industry is developing rapidly; the capacity of the
Chinese solar photovoltaic production is ranked number one
globally, facilitating continuous expansion. In South Korea,
strong electrical industries accelerated the developments
of its solar photovoltaic industry, becoming the primary
competitor of Taiwanese firms.

5. Conclusion

Based on its strong electronic industries and complete indus-
trial value chain, the Taiwanese companies are making large
investments into its solar photovoltaic industry. The produc-
tion capacity of the Taiwanese solar photovoltaic industry
is ranked top four globally. The Taiwanese companies have
more competitive advantages in the midstream sector of
solar cells in the global value chain, ranking top two in
the world. Different from the USA, German, and Japanese
companies that have technological and industrial advantages
in upstream sector and focus more on R&D capabilities,
Taiwanese smaller companies have to specialize in niche
markets with high value added in their products in order to
compensate the advantage of large companies made possible
by economies of scale that come with large production vol-
umes. Moreover, the other possibility of the Taiwanese firms
is to offer technologically more advanced and cheaper solar
cells, though Chinese and South Korean companies emerged
fast by low-price competition recently. The Taiwanese solar
cells are preferred by the international companies because
of its substantial technologies, low costs, high conversion
efficiencies, stable product quality, and reasonable pricing.
Based on the competitive advantages, the Taiwanese firms
can continue to expand to the future emerging markets. The
Taiwanese companies will continue to have an important and
indispensable role in the global solar photovoltaic industry.
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Cu(InGa)Se2 (CIGS) thin film absorbers are prepared using sputtering and selenization processes. The CuGa/In precursors are
selenized during rapid thermal annealing (RTA), by the deposition of a Se layer on them. This work investigates the effect of the Cu
content in precursors on the structural and electrical properties of the absorber. Using X-ray diffraction, field emission scanning
electron microscopy, Raman spectroscopy, and Hall effect measurement, it is found that the CIGS thin films produced exhibit
facetted grains and a single chalcopyrite phase with a preferred orientation along the (1 1 2) plane. A Cu-poor precursor with a
Cu/(In + Ga) ratio of 0.75 demonstrates a higher resistance, due to an increase in the grain boundary scattering and a reduced
carrier lifetime. A Cu-rich precursor with a Cu/(In + Ga) ratio of 1.15 exhibits an inappropriate second phase (Cu2−𝑥Se) in the
absorber. However, the precursor with a Cu/(In +Ga) ratio of 0.95 exhibits larger grains and lower resistance, which is suitable for
its application to solar cells. The deposition of this precursor on Mo-coated soda lime glass substrate and further RTA causes the
formation of a MoSe2 layer at the interface of the Mo and CIGS.

1. Introduction

The use of polycrystalline Cu(InGa)Se2 (CIGS) thin films
as the absorber material for thin film solar cells allows
easier commercial production because of the suitability of its
bandgap and its high absorption coefficient for solar radiation
[1]. An important feature of CIGS is that high-efficiency solar
cells can be processed with a large range of Cu contents.
The Cu content of the final film has a significant influence
on the modular and cellular properties. At low Cu contents
(Cu/(In+Ga) < 0.7) the conductivity of the CIGS is very low,
and therefore shunt paths, either within a single solar cell or
at the boundaries between cells in a module, are suppressed.
Cu-rich CIGS (Cu/(In+Ga)> 1) is inappropriate for use as an
absorber material, since the formation of a highly conductive
Cu2−𝑥Se phase produces shunt paths.

Although several manufacturing processes have been
developed [2–4], the two-stage method is the cheapest and

the easiest to perform on an industrial scale [5, 6]. For a
two-stage method, the compositional uniformity and surface
morphology of metallic precursors affect the quality of the
absorber layer. To ensure the compositional uniformity of
precursor films, many procedures using stacked metal or
alloy layers, such as In/CuGa, CuGa/In, CuGa/In/CuGa, or
In/CuGa/In films, have been proposed [7, 8]. In traditional
two-stage growth processes, Cu–Ga–In metallic precursors
are selenized in an elemental Se vapor or a H2Se/Ar gas
mixture to form CIGS. However, Ga accumulation near

the Mo side of the substrate/Mo/CIGS structure is often
observed during the selenization of Cu–Ga–In precursors,
yielding phase-separated CuInSe2 (CIS) and CuGaSe2 (CGS),

which subsequently result in lower open-circuit voltages
[9]. Dejene [10] reported that the concentration of Ga
in the quaternary alloys is altered by variation in the

relative thickness of GaSe with respect to InSe and Cu,
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during the formation of the precursors. Koo et al. [11]
successfully employed the rapid thermal annealing (RTA)
of glass/Mo/(In,Ga)2Se3/CuSe stacked precursors that results
in improved Ga homogeneity and greater control of MoSe2

formation.
Compared to the other selenization methods, the pro-

gressive RTA treatment minimizes the defect density in
the CIGS thin film by reducing the thermal budget and
reaction time; thus, the conversion efficiency of solar cells
is remarkably improved [12]. Therefore, good control of
precursor structure, process parameters, and reaction routes
can improve the quality of photovoltaic absorber [13, 14]. This
study investigates the effect of stacked CuGa/In precursors
with different Cu contents on the growth of CIGS thin films.
The precursors are selenized during RTA, by deposition of a
2𝜇m thick Se layer on them.

2. Experimental Details

CIGS films were prepared using a two-stage process. The
first stage involved the deposition of multilayer precursors
on either thin soda lime glass (SLG) or Mo-coated SLG
substrates, using DC-magnetron sputtering of CuGa alloy
with 25 wt.% Ga and elemental In targets and the thermal
evaporation of Se. Based on the preliminary experiments and
our previous study [15], the bottom layer of a 300-nm-thick
CuGa film was deposited at a power of 100 W and at room
temperature. The In layer was prepared at room temperature,
using a power of 40 W. Thickness of the In layer was adjusted
by adjusting the deposition time, to produce precursors with
Cu/(In+Ga) atomic ratios of 0.75, 0.95, and 1.15. The top 2𝜇m
of the Se layer was deposited at 250∘C, after preheating to
150∘C for 10 min at a rate of 15∘C/s. The substrate was rotated
at 20 rpm during deposition, to improve the film uniformity.

The second stage involved the reaction of the Se-coated
metallic precursors to the CIGS semiconductor in a RTA
system that consisted of a quartz tube reactor with an inner
diameter of 62 mm, a quartz sample tray, and an infrared
(IR) heater. The quartz sample tray held up to six 2.5 cm ×
2.5 cm samples. The IR heater produced a rapid increase in
temperature, requiring only 1 min to reach 1000∘C from room
temperature. The benefits of high heating rates are that they
prevent dewetting of the elemental Se layer at the initial stage
of the heating process, and they allow short thermal cycles
[14, 16]. As no external Se-vapor source was used during the
reaction process, the deposition of an excess of Se onto the
precursor stack compensates for the natural loss of a portion
of Se during heating. To prevent the peel off of film from
the substrate during selenization, the reactor was heated at
a rate of 1∘C/s. The heating profile for the selenization process
is shown in Figure 1, which has three annealing steps. In the
first stage, the temperature of the substrate was maintained at
150∘C for 5 min, in order to homogenize the precursors. The
temperature was then increased to 350∘C, for 5 min, to form
the chalcopyrite phase. Finally, the as-prepared films were
selenized at 550∘C for 5 min, to allow recrystallization and
grain growth. Schematic of the fabrication process and phase
evolution during the rapid thermal annealing of CuGa/In
precursors coated with a Se layer is shown in Figure 2.
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Figure 1: The heating profile for rapid thermal annealing.

The surface morphologies of the films were analyzed
using field emission scanning electron microscopy (SEM,
JEOL, JSM-6500F). Electrical resistivity was measured by
the four-point probe method (Mitsubishi Chemical MCP-
T600). The carrier concentration and Hall mobility were
measured using the van der Pauw method, and Hall effect
measurement (Nanometrics/Accent/NAN-HL5500PC) was
performed at room temperature. The phases and crystal
structure were determined by X-ray diffraction (Rigaku 2000
X-ray diffractometer), using Cu-K𝛼 radiation and an angle
incidence of 1∘. The elemental concentrations and detailed
compositional uniformity of CIGS films were determined
by X-ray fluorescence (XRF) intensity measurements of
the 𝐾𝛼1,2 lines. The scanned 𝐾𝛼1,2 lines were recorded
using a sequential XRF wavelength dispersive spectrometer
(SRS3000, Bruker-AXS, Rh-anode, 60 kV). In determining
the detailed compositional uniformity the absorbers were
repeatedly etched in bromine methanol, followed by XRF𝐾𝛼1,2 line intensity measurements. Chemical etching was
conducted at room temperature, and the samples were
rinsed in water and blow-dried with nitrogen, before XRF
measurements were performed [16]. Raman scattering mea-
surements were performed using a Horiba’s LabRAM HR
high-resolution spectrometer with a multichannel detection
system, in the backscattering configuration.

3. Results and Discussion

Firstly, the precursors were deposited on a bare SLG substrate,
to determine the proper Cu content for the fabrication of
solar cells. Table 1 lists the elemental compositions of the as-
deposited precursors and the CIGS films. The Cu/(In+Ga)
ratios of three precursors were matched to the designed
values. However, the selenization process caused this ratio to
become slightly increased for samples A and C. Only sample
B reached the expected ratio of 0.95 after selenization. In
addition, the Ga/(In+Ga) ratio increases as the Cu/(In+Ga)
ratio increases.

Figure 3 shows the XRD patterns for the precursors
and CIGS films. As reported by Park et. al. [7], a pure In
peak and intermetallic Cu2In and Cu3Ga as equilibrium
phases at room temperature were observed on the precursor
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Table 1: Elemental composition of the as-deposited precursors and CIGS films.

Sample

Precursor layer CIGS layer

Compositions (at %) Ratios Compositions (at %) Ratios

Cu In Ga Cu/(In + Ga) Ga/(In + Ga) Cu In Ga Se Cu/(In + Ga) Ga/(In + Ga)

A 42.94 44.96 12.10 0.753 0.212 22.78 21.96 6.88 48.38 0.790 0.239

B 48.49 37.04 13.83 0.953 0.272 24.26 18.46 7.07 50.3 0.950 0.277

C 53.52 31.55 14.93 1.151 0.321 26.89 14.38 7.71 47.62 1.217 0.349
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Figure 2: Schematic of the fabrication process and phase evolution during the rapid thermal annealing of CuGa/In precursors coated with a
Se layer.

samples (Figure 3(a)). As the Cu/(In+Ga) ratio increases, the
intensity of the Cu3Ga phase increases, whereas the Cu2In
phase begins to disappear as the Cu/(In+Ga) ratio increases
to 1.15. Figure 3(b) shows that all of the films exhibit the basic
chalcopyrite crystal structure and very similar XRD patterns,
the diffraction peak (1 1 2) is the strongest, only single-phase
chalcopyrite CIGS is detected, and the intensity of (1 1 2) peak
increases as the Cu/(In+Ga) ratio increases. The position of
the diffraction peak (1 1 2) is shown in Figure 4 and demon-
strates a clear shift to higher diffraction angles, because of a
decrease in the lattice parameters due to the incorporation
of Ga, which is expected when comparatively smaller Ga
atoms replace the larger In atoms in the chalcopyrite lattice.
It is also important to mention that this observation on a
structural level is in line with from the results of other groups
and demonstrates the variation in the electronic properties of
CIGS films with changes in the Ga/(In+Ga) ratios [10, 17].

Figure 5 shows the surface SEM images of the CIGS
thin films. In all three cases, dense and uniform films were
produced. The film morphologies were characterized by the
presence of facetted chalcopyrite grains, which are typical for
device quality material and confirm the successful use of RTA
in CuGa/In precursors coated with a Se layer to form CIGS
films. It is apparent that the grain sizes become smaller as
the Cu/(In+Ga) ratio decreases. This causes an increase in
the full width at half maximum (FWHM) as the Cu content
decreases, as shown in Figure 4. The FWHM is wider for
Cu-poor absorber, because of the presence of defects and
the reduced crystallinity of the films. This observation is
in good agreement with the results of other related studies
[18, 19].

Despite the chalcopyrite peak being clearly visible in
the XRD spectra (Figure 3(b)), the Cu–Se compound peaks
overlap with the chalcopyrite peak making a proper identi-
fication difficult. To obtain more precise information about
the films’ composition, Raman analyses of the films were
performed. Figure 6 shows the Raman spectra of the CIGS
absorber films with various Cu contents, measured at room
temperature. A CIGS peak was observed at 177 cm−1 only
for samples A and B, with Cu/(In+Ga) < 1, indicating the
presence of single-phase chalcopyrite in the film. For sample
C, with Cu/(In+Ga) = 1.15, an additional peak appears at
260 cm−1, which is attributable to the presence of Cu–Se
compounds such as CuSe or Cu2Se and is labeled as Cu2−𝑥Se
[20]. Kessler et al. [21] noted that the efficiency of solar cells
decreases when a second phase (Cu2−𝑥Se) is present in the
absorber.

Table 2 shows the sheet resistance, carrier concentra-
tion, and Hall mobility of the CIGS films. These selenized
films demonstrate p-type conductivity. The resistance is a
combined result of both the Hall mobility and the carrier
concentration. As the Cu/(In+Ga) ratio increases from 0.75
to 0.95, the grain size increases. A larger grain size reduces the
grain boundary scattering and increases the carrier lifetime,
which results in an increase in conductivity, due to an increase
in Hall mobility and carrier concentration. As a result, the
sheet resistance of the CIGS films decreases. When the
Cu/(In+Ga) ratio increases to 1.15, the film exhibits the lowest
sheet resistance. However, a decrease in the resistance results
in the formation of a highly conductive Cu2−𝑥Se phase, rather
than an increase in grain size, rendering it inappropriate for
use as an absorber material.
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Figure 3: XRD patterns of (a) CIG precursors and (b) CIGS films. JCPDS: Cu2In (00-026-0552), Cu3Ga (00-044-1117), In (03-065-9292),
CIGS (00-035-1102).

Table 2: The resistivity, carrier concentration, and Hall mobility of CIGS films.

Sample Cu/(In + Ga) Type Sheet resistance (Ω/◻) Carrier concentration (cm−3) Mobility (cm2 V−1 s−1)

A 0.790 P 1.7346𝐸 + 6 2.9969𝐸 + 14 8.1816𝐸 + 2
B 0.950 P 4.5617𝐸 + 5 2.3531𝐸 + 14 4.8521𝐸 + 2
C 1.217 P 9.4192𝐸 + 3 1.3566𝐸 + 14 5.9954𝐸 + 3
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Figure 4: XRD patterns for the (1 1 2) reflection peak of the CIGS
films.

Based on the above results, the growth conditions for
sample B, with a Cu/(In+Ga) ratio of 0.95, were used for
deposition onto the Mo-coated SLG substrate to produce
solar cells. As with a previous study by the authors [15], the
Mo back contact was grown using a RF power of 125 W,
a working pressure of 3 mTorr, a substrate temperature of
200∘C, and a deposition time of 50 min.

Figure 7 shows the depth profile of sample B, prepared on
a Mo-coated SLG substrate by RTA of CuGa/In precursors
covered with a Se layer. It is clearly evident that this process
produces CIGS films with a high degree of detailed compo-
sitional uniformity, with no evidence of phase segregation.
The corresponding XRD pattern of this CIGS film is shown in
Figure 8. After RTA, the precursor is completely transformed
into a chalcopyrite CIGS layer, and the Mo layer is partially
converted to MoSe2. The main diffraction peak of the pre-
ferred orientation is (1 1 2) at 2𝜃 = 26.9∘. No other obvious
secondary phases are evident.

Figure 9 shows the cross-sectional SEM and surface
morphology for the CIGS film from the precursor with a
Cu/(In+Ga) ratio of 0.95. The columnar Mo back contact
with narrow grains extending the full thickness of the film
provides an effective pathway for Na diffusion from the SLG
substrate to the absorber during selenization [22]. A thin
MoSe2 layer is formed at the interface of the Mo and the
CIGS. This significantly improves the structural quality of
the CIGS films and the electrical contact at the Mo/CIGS
interface [23]. A dense CIGS layer with a thickness of about
1.2–1.3 𝜇m, large grains (∼1.2𝜇m), and no cracking or peeling
phenomena is observed. The obtained results confirm that
a qualified CIGS absorber layer was successfully fabricated
when a precursor with Cu/(In+Ga) ratio of 0.95 was pre-
pared onto the Mo-coated SLG substrate and selenized by
RTA. These results allow a better understanding of how
precursors influence the structural and electrical properties
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(a) (b) (c)

Figure 5: The surface morphology of CIGS absorber films with Cu/(In+Ga) ratios of (a) 0.75, (b) 0.95, and (c) 1.15.
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Figure 6: Raman spectra of CIGS absorber films with various
Cu/(In+Ga) ratios.
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Figure 7: The XRF detailed compositional uniformity of Cu, In,
Ga, and Se in the selenized CIGS film from the precursor with a
Cu/(In+Ga) ratio of 0.95.
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Figure 8: XRD patterns of the CIGS film from the precursor with a
Cu/(In+Ga) ratio of 0.95 deposited on a Mo-coated SLG substrate.

of an absorber that is selenized by RTA which in turn will
enable a better control of the final performance of the solar
cells.

4. Conclusions

CIGS thin film absorbers were fabricated by RTA of CuGa/In
precursors with various Cu contents. The precursors were
prepared by the sequential sputtering of CuGa and In targets
and then coated with a Se layer. The results demonstrate
that the structural and electrical properties of the absorber
are heavily dependent on the Cu/(In+Ga) atomic ratio. Cu-
poor precursor with a Cu/(In+Ga) ratio of 0.75 exhibits an
initial decrease in CIGS grain size, which results in a higher
resistance, due to increased grain boundary scattering and
a reduction in carrier lifetime. Cu-rich precursor with a
Cu/(In+Ga) ratio of 1.15 exhibits a second phase (Cu2−𝑥Se)
in the absorber. It is inappropriate for use as an absorber
material, even though the film has the largest grain size and
the lowest resistance. A CIG precursor with a Cu/(In+Ga)
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Figure 9: (a) The cross-sectional SEM image and (b) surface morphology of the CIGS film from the precursor with a Cu/(In+Ga) ratio of
0.95, deposited on a Mo-coated glass substrate.

ratio of 0.95 exhibits a single chalcopyrite structure with
larger grains and lower resistance, which is suitable for
application to solar cells. The preparation of this precursor
on Mo-coated SLG substrate and RTA results in a preferential
(1 1 2) orientation of the single chalcopyrite structure CIGS
film with a MoSe2 layer at the interface of the Mo and the
CIGS.
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This study evaluated the performance of solar drying in the Malaysian red chili (Capsicum annuum L.). Red chilies were dried down
from approximately 80% (wb) to 10% (wb) moisture content within 33 h. The drying process was conducted during the day, and
it was compared with 65 h of open sun drying. Solar drying yielded a 49% saving in drying time compared with open sun drying.
At the average solar radiation of 420 W/m2 and air flow rate of 0.07 kg/s, the collector, drying system, and pickup demonstrated
efficiency rates of approximately 28%, 13%, and 45%, respectively. Evaporative capacity ranged from 0.13 to 2.36 kg/h, with an
average of 0.97 kg/h. The specific moisture extraction rate (SMER) of 0.19 kg/kWh was obtained. Moreover, the drying kinetics
of C. annuum L. were investigated. A nonlinear regression procedure was used to fit three drying models. These models were
compared with experimental data on red chilies dried by open sun drying and those dried by solar drying. The fit quality of the
models was evaluated using their coefficient of determination (𝑅2), mean bias error, and root-mean-square error values. The Page
model resulted in the highest 𝑅2 and the lowest mean bias and root-mean-square errors.

1. Introduction

In subtropical and tropical countries, a name such as red chili
(Capsicum annuum L.) is no stranger to the subject, and was
a compulsory course in the kitchen. It is a main ingredient
in all cooking, as it has high nutritional value. For Malaysian
red chili, it was found to be very nutritious, with high vitamin
C (175 mg/100 g), calcium (15 mg/100 g), fiber (4.8%), protein
(2.8%), iron (1.8 mg/100 g), ash (0.9 mg/100 g), and lipids
(0.7 mg/100 g), as shown in Table 1 [1]. The use of red chili
is not just for adding food palatability because there are a
number of studies that have shown that it is very beneficial
for human health. Furthermore, red chili is a good source
of antioxidants, being rich in vitamins A and C, minerals,
and other phytochemicals, which are an important source of
nutrients in the human diet. For contain nutritious of several
red chili (Capsicum annuum) varieties was reported [2, 3].

Traditionally, red chili is dried directly under the sun.
Direct sun drying requires an area with a large, open space
and long drying times. It is highly dependent on the avail-
ability of sunshine and is susceptible to contamination with

foreign materials and insect and fungal infestations, which
thrive in moist conditions, rendering red chili unusable. Most
agricultural and marine products require drying to preserve
the quality of the final product; however, the traditional
method of direct sun drying results in low-quality products.
As an alternative to open sun drying, solar drying is one
of the most attractive and promising applications of solar
energy systems. It uses renewable and environment-friendly
technology and is economically viable in most developing
countries. Much recent research has reported on solar drying
of agricultural fruits and vegetables. Thin-layer drying mod-
els have also been widely used to analyze the drying of various

agricultural [4–11] and marine [12–14] products.
Fudholi et al. [15] reviewed various types of solar drying

systems for agricultural and marine products. They reported
that the moisture content of fresh chili decreased from
80% to 5% under solar drying in 48 h. Several studies have
specifically investigated solar drying systems for red chili.
Janjai et al. [16] reported the use of a solar greenhouse dryer
for the commercial drying of 1000 kg of fruits or vegetables
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Table 1: Concentration of elements (mg/100 g wet weight) [1].

Foodstuffs Vitamin C (mg/100 g) Ca (mg/100 g) Fe (mg/100 g) Ash (mg/100 g) Lipids (%) Protein (%) Fiber (%)

Red chilli 175.0 15.0 1.8 0.9 0.7 2.8 4.8

Seaweed (G. changii) 28.5 651.0 95.6 22.7 3.3 6.9 24.7

Green bean sprouts 14.1 25.0 1.7 0.3 0.2 2.6 0.7

Soya beans, white 7.5 200.0 6.0 4.8 18.9 33.8 5.5

Peas (green, canned) 8.1 25.0 1.9 1.3 0.4 3.4 2.7

Red spinach 48.3 120.0 4.0 1.8 0.3 2.8 1.5

Carrots 9.5 140.0 0.8 0.8 0.1 1.0 1.1

Broccoli 85.0 40.0 0.7 0.8 0.1 4.1 1.0

Lettuce 27.6 50.0 1.5 0.7 0.1 1.2 0.5

Tomato 25.8 12.0 0.8 0.6 0.2 1.4 0.5

Red pumpkin 36.5 21 0.7 0.4 0.1 0.9 0.3

Cabbage 53.0 40 0.6 0.8 0.2 1.6 0.9

in Champasak, Lao People’s Democratic Republic. Drying of
300 kg of red chili in this dryer reduced its moisture content
from approximately 75% to 15% in 3 days, and the payback
period was estimated to be 2.5 years. They also reported
on six units of greenhouse dryers installed at agroindustrial
sites in Thailand between 2008 and 2009. Kaewkiew et al.
[17] investigated the performance of a large-scale greenhouse
dryer for drying red chili in Thailand. Drying of 500 kg of
red chili using this dryer reduced its moisture content from
approximately 74% to 9% in 3 days, and the payback period
was estimated to be 2 years. Furthermore, Lhendup [18]
conducted a technical and economic performance analysis
of solar drying red chili in Bhutan. Hossain and Bala [19]
studied a mixed-mode forced convection solar tunnel dryer
for drying red chili in Bangladesh, whereas a simulation
model was used to evaluate its technical and economical
performance [20]. Banout et al. [21] compared the use of a
double-pass solar dryer with a cabinet dryer and open sun
drying of red chili in central Vietnam. Drying approximately
40 kg of red chili using the double-pass solar dryer reduced
its moisture content from approximately 90% to 10% in 32 h
(including nights), and the payback period was estimated to
be 3.26 years. To our best knowledge, limited information
on the performance indices of red chili is currently available
and studies on the drying kinetics of Malaysian red chili
under a solar drying system have not been reported in the
literature. The present study was performed using a double-
pass solar collector with a finned absorber. Experiments were
conducted to select the best mathematical model to illustrate
the drying behaviors of Malaysian red chili dried by open
sun drying and that subjected to solar drying. This study also
investigated performance indices (drying efficiency, pick-up
efficiency, and evaporative capacity).

2. Material and Methods

2.1. Material. Samples of the Malaysian red chili (C. annuum
L.), also known as cili bangi, were obtained from the farm of
the Universiti Kebangsaan Malaysia, Selangor, Malaysia. In
each experiment, 0.4 kg of fresh red chili was used. About
0.4 kg red chili was taken and kept in an oven dried, which

was maintained at 120 ± 1∘C until constant weigh has
reached. The initial and final masses of the red chili were
recorded with the help of electronic balance. The procedure
was repeated for every 1 h interval till the end of drying. Their
average moisture content was found to be 80.2% (wb).

2.2. Solar Drying. A solar drying unit was installed at
the Green Energy Technology Innovation Park, Universiti
Kebangsaan Malaysia, in 2010. The drying system was classi-
fied to be of the forced convection indirect type. A schematic
diagram of the solar dryer is shown in Figure 1. The solar
drying consists of an auxiliary heater, a blower, a drying
chamber, and a double-pass solar collector. The collector
width and length were 1.2 m and 4.8 m, respectively. The
solar collector array consisted of four solar collectors. The
upper channel depth was 3.5 cm, whereas the lower depth
measured 7 cm. The bottom and sides of the collector were
insulated with 2.5 cm thick fiber glass to minimize heat loss.
The collector consisted of a glass cover, an insulator, and a
black painted aluminum absorber. It was 1.2 m wide and 4.8 m
long. In this type of collector, the air initially enters through a
channel formed by the glass covering the absorber plate and
then through a second channel formed by the back plate and
finned absorber plate. The chamber measured 2.4 m in length,
1 m width, and 0.6 m in height.

2.3. Experimental Procedure and Uncertainties. Experiments
were done between 8:00 AM and 5:00 PM using 40 kg of
red chili, which was divided and equally distributed on eight
trays, as shown in Figure 2. Red chili was also placed in a
small tray positioned at the center of the dryer to determine
moisture loss by means of a Camry R9364 digital electronic
balance with an accuracy of 0.01 g on the top center of
the drying chamber. Air temperature (ambient temperature,
collector inlet temperature, and collector outlet temperature),
radiation intensity, and air velocity were measured, as were
the air temperature before entering the dryer chamber, the
temperature inside the dryer chamber, and the temperature
outside the dryer chamber. Relative humidity sensors were
installed in the inlet, middle, and outlet sections of the drying
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Figure 1: The schematic of a solar drying.

Figure 2: Photograph of Malaysian red chili in drying chamber.

chamber. An air flow DTA 4000 anemometer to determine
the air flow velocity in the solar collector was used. T-type
thermocouples with an accuracy of 0.018∘C and an LI-200
pyranometer with 1% accuracy were used. During the drying
process, the temperature and relative humidity in the solar
dryer were recorded at 1 min intervals during the experiments
with the ADAM Data Acquisition System connected to a
computer. Data were averaged for 30 min prior to analysis.
Experimental uncertainties analysis was presented in Table 2.

During the measurements of the parameters, the uncer-
tainties that occurred were shown in Table 2. Uncertainties
estimation is calculated by El-Sebaii et al. [22]

𝑋𝑅 = [(𝑥1)2 + (𝑥2)2 + ⋅ ⋅ ⋅ (𝑥𝑛)2]1/2, (1)

where 𝑋𝑅: uncertainty in result and 𝑥1, 𝑥2 . . . 𝑥𝑛: uncertainty
in the independent variables.

2.4. Estimation of Performances Index. The thermal efficiency
of a solar collector is the ratio of useful heat gain to the solar
radiation incident on the plane of the collector. It is defined
as follows:

𝜂𝑐 = 𝑚𝐶 (𝑇𝑜 − 𝑇𝑖)𝐴𝑐𝑆 × 100%, (2)

where𝑚: mass flow rate (kg/s),𝐶: specific heat of air (J/kg∘C),𝐴𝑐: collector area (m2), 𝑇𝑖: inlet air temperature (∘C), 𝑇𝑜:

outlet air temperature (∘C), and 𝑆: solar radiation intensity

(W/m2).
System drying efficiency is defined as the ratio of energy

required to evaporate moisture to the heat supplied to the
dryer. For the solar collector, the heat supplied to the dryer
is the solar radiation incident upon the solar collector. The
system drying efficiency is a measure of the overall effective-
ness of a drying system. For forced convection dryers, typical
values are expected. Calculation of the system efficiency for
forced convection solar dryers should take into account the
energy consumed by the fan/blower. The following expression
can then be used [23]:

𝜂𝑝 = 𝑊𝐿𝐴𝑐𝑆 + 𝑃𝑓

, (3)

where 𝐿: latent heat of vaporization of water at exit air
temperature (J/kg), 𝑊: mass of water evaporated from the
product (kg), and 𝑃𝑓: power fan (W).

The mass of water removed (𝑊) from a wet product can
be calculated as follows [24]:

𝑊 = 𝑚𝑜 (𝑀𝑖 −𝑀𝑓)100 −𝑀𝑓

, (4)

where 𝑚𝑜: initial total crop mass (kg), 𝑀𝑖: initial moisture
content fraction on wet basis, and 𝑀𝑓: the final moisture
content fraction on wet basis.

Pick-up efficiency determines the efficiency of moisture
removal by the drying air from the product [25], expressed as

𝜂𝑝 = ℎ0 − ℎ𝑖ℎas − ℎ𝑖

= 𝑊𝑣𝜌𝑡 (ℎas − ℎ𝑖) , (5)

where ℎ𝑜: absolute humidity of air leaving the drying chamber
(%), ℎ𝑖: absolute humidity of air entering the drying chamber
(%), ℎas: absolute humidity of the air entering the dryer at
the point of adiabatic saturation (%), 𝑣: volumetric airflow
(m3/s), 𝜌: density of air (kg/m3), and 𝑡: drying time (s).

Evaporative capacity was used in this study as a per-
formance index for solar dryers according to Jannot and
Coulibaly [26]. It is the weight of water that can be extracted
by the air flow from the products to be dried, defined as
follows:

𝐸 = 𝑚da (𝑋2𝑚 − 𝑋𝑎) , (6)

where 𝐸: evaporative capacity (kg/h), 𝑚da: mass flow rate of
dry air (kg/s), 𝑋2𝑚: dryer outlet absolute humidity, and 𝑋𝑎:
ambient absolute humidity.

Desai et al. [27] evaluated time savings in drying chili
using solar drying compared with open sun drying. The
performance of solar drying compared with open sun drying
was calculated using the following equation:

Saving in drying time (%) = 𝑡OS − 𝑡SD𝑡OS

× 100, (7)

where 𝑡OS: time taken for drying the product in open sun (h)
and 𝑡SD: time taken for drying in solar drying (h).
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The specific moisture extraction rate (SMER), which is
the energy required for removing one kg of water, SMER
was calculated using (8) as reported by Shanmugam and
Natarajan [28]

SMER = 𝑊𝑃𝑡

, (8)

where SMER: specific moisture extraction rate (kg/kWh),𝑊:
mass of water evaporated from the product (kg), and 𝑃𝑡: total
energy input to the dryer (kWh).

2.5. Mathematical Modeling of Drying Curves. Moisture con-
tent was expressed as percentage wet basis and then converted
to grams of water per gram of dry matter. The experimental
drying data for red chili were fitted to exponential thin-
layer drying models using nonlinear regression analysis. The
moisture ratio (MR) can be calculated as

MR = 𝑀 −𝑀𝑒𝑀𝑖 −𝑀𝑒

, (9)

where𝑀: the moisture content at any time 𝑡,𝑀𝑒: equilibrium
moisture content, and 𝑀𝑖: initial moisture content with all
expresses in dry basis. The moisture content dry basis is

𝑀 = 𝑤 (𝑡) − 𝑑𝑑 , (10)

where𝑤(𝑡): mass of wet materials at instant 𝑡 (kg) and 𝑑: mass
of dry materials (kg).

The drying rate (DR) is expressed as the amount of
evaporated moisture over time. It is defined as follows [29]:

DR = 𝑀𝑡+𝑑𝑡 −𝑀𝑡𝑑𝑡 , (11)

where 𝑀𝑡: moisture content at time 𝑡 and 𝑀𝑡+𝑑𝑡: moisture
content at time 𝑡 + 𝑑𝑡.

This study used the coefficient of determination (𝑅2)
as one of the primary criteria for selecting the best model
for comparison with the experimental data. In addition to𝑅2, mean bias error (MBE) and root-mean-square error
(RMSE) were used to analyze the relative goodness of fit. The
model with the highest coefficient of determination and the
lowest RMSE was selected as the best model describing the
drying behavior of red chili [30–34]. This parameter can be
calculated as follows:

MBE = 1𝑁
𝑁∑
𝑖=1

(MRpre,𝑖 − MRexp,𝑖)2,

RMSE = [ 1𝑁
𝑁∑
𝑖=1

(MRpre,𝑖 − MRexp,𝑖)2]
1/2

,
(12)

where MRexp,𝑖: experimental value of moisture ratio, MRpre,𝑖:
simulated value of moisture ratio, and 𝑁: number of data
points (observations).
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Figure 3: Temperatures (ambient and chamber), relative humidity
of chamber, ambient humidity, and solar radiation on March 16,
2012, to March 20, 2012.

3. Results and Discussion

3.1. Performances Index. The drying process was conducted
only from 9:00 AM to 5:00 PM. During the night, the solar
dryer was shut down. Drying continued until the next day,
and the process was repeated until the required equilibrium
moisture content was reached.

The daily mean values of drying chamber air temperature,
drying chamber relative humidity, and solar radiation during
the 5 days (33 h) varied from approximately 28 to 55∘C, 18%

to 74%, and 104 to 820 W/m2, respectively, with their cor-

responding average values being 45∘C, 30%, and 420 W/m2,
respectively, as shown in Figure 3. The drying temperature
and relative humidity under solar drying varied continuously
with increasing drying time. The results revealed that the
drying temperature in solar drying was greater than the
ambient temperature, whereas the relative humidity under
this system was lower than the ambient relative humidity.
In addition, the drying temperature and relative humidity
values significantly differed at approximately 15∘C and 30%,
respectively, within the 33 h drying period. This explicitly
indicates that the DR in solar drying is higher than that in
open sun drying. On the other hand, the efficiency of the
collector varied from 11% to 74%, with the average value of
approximately 28%, at the drying air flow rate of 0.07 kg/s.
The thermal efficiency rates for the 5 days of drying are shown
in Figure 4, which illustrates that the thermal efficiency of the
collector is increased at low solar radiation.

The experimental results showed that solar drying with-
out auxiliary heating of 40 kg of dry red chili required
approximately 10% water content within 33 h (5 days of
drying) to yield 8 kg of dried red chili. However, the weight
of water evaporated from the red chili obtained using (3)
was 31.1 kg. Adding 𝐿 = 2407 kJ/kg (668 Wh/kg), 𝑡 = 33 h,

and 𝑆 = 420W/m2 to (3) yielded a drying efficiency of
12.7%. Equation (5) and a psychometric chart determined the
pick-up efficiency to be 44.9%. Evaporative capacity, which
ranged from 0.13 to 2.36 kg/h, with an average of 0.97 kg/h,
was calculated using (6). Evaporative capacity increased with
increasing solar radiation.
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Figure 4: Efficiency of collector as compared to solar radiation with
constant air flow rate 0.07 kg/s at March 16,2012 to March 20, 2012.

Table 2: Uncertainties during the measurements of the parameters.

Parameters Unit Uncertainty comment

Ambient air temperature ∘C ±0.15

Collector inlet temperature ∘C ±0.24

Collector outlet temperature ∘C ±0.24

Chamber temperature ∘C ±0.24

Solar intensity W/m2 ±0.4

Air velocity m/s ±0.2

Relative humidity % ±0.17

Table 3 compares the experimental results of the present
and previous studies. Drying of red chili in solar drying
reduced the moisture content from approximately 80% to
approximately 10% in 33 h. At the average solar radiation

of 420 W/m2 and air flow rate of 0.07 kg/s, the collector,
drying system, and pick-up efficiencies were approximately
28%, 13%, and 45%, respectively. According to (6), a 49%
saving in drying time was obtained for solar drying compared
with open sun drying. Kaleemullah and Kailappan [36]
studied the drying kinetics of red chili in a rotary dryer.
They conducted drying experiments at the temperature range
of 50–65∘C for 19–33 h and observed that the quality of
red chili drying increased and drying time increased at
low drying temperature. In contrast, with an increase in
the drying temperature, the quality of red chili drying and
drying time both decreased. However, they concluded that
the performance of red chili dried at 55∘C was the best in
terms of drying time and quality of red chili drying.

3.2. Drying Curves. The results of the drying kinetic curves,
namely, the drying curve, the DR curve, and the characteristic
drying curve, of red chili using open sun drying and solar
drying are shown in Figures 5–7. The drying curve showed
the profile change in moisture content (𝑀) versus drying time
(𝑡), the DR curve illustrated the DR profile (dM/dt) versus
drying time (𝑡), and the drying characteristic curve revealed
the DR profile (dM/dt) versus moisture content (dry basis)
(M).

Figure 5 demonstrates a reduction in moisture content
(dry basis) for solar drying. At low drying time (under open
sun drying), the moisture content of red chili increased, slow-
ing down the drying process as the drying time increased.
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Figure 5: Moisture content variation with drying time (dry basis).

Figure 6 shows the dry basis moisture content versus drying
time. Figure 7 shows drying characteristic curves: DR versus
dry basis moisture content. According to this graph, the DR
was higher in solar drying, indicating that the time required
to dry the material up to equilibrium moisture content is
shorter under this method.

3.3. Drying Modeling. Three drying models were fitted with
the experimental data on open sun drying and solar drying
of red chili: the Newton model, the Page model, and the
Henderson-Pabis model. The experimental data fitted these
models in the form of changes in moisture content versus
drying time, which were calculated using Excel software.
Constants were calculated by a graphical method. The results
of fitting are listed in Table 4, which shows a constant drying
and precision fit for each model. The model with the highest𝑅2 and the lowest MBE and RMSE was selected to better
estimate the drying curve.

The Newton model represents the relationship between
MR and drying time, the exponential equation curves for
which are shown in Figures 8 and 9. These figures clearly
showed 𝑘 constants of 0.0497 and 0.0899 for open sun drying
and solar drying, respectively. The Page equation can also be
expressed as follows:

ln (−lnMR) = ln 𝑘 + 𝑛 ln 𝑡. (13)

Equation (13) is the relationship ln(−ln MR) versus 𝑡; the
curves of this logarithmic equation are shown in Figures 10
and 11. According to these figures, k constants of 0.0091 and
0.0244 were obtained for open sun drying and solar drying,
respectively. The 𝑛 constants are clearly shown in the figures
as well. The Henderson-Pabis equation can also be written as

ln MR = −𝑘𝑡 + ln 𝑎. (14)

From (14), a plot of ln MR versus drying time gives a
straight line with intercept ln(𝑎) and slope 𝑘. Graphs of ln MR
versus drying time are shown in Figures 12 and 13. These
figures clearly showed 𝑘 constants of 0.0641 and 0.1090 for
open sun drying and solar drying, respectively.
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Table 3: Performances of solar drying compared with open sun drying and several solar drying in references.

Load 𝑀 (%wb) Drying time, 𝑡 (h) Saving in 𝑡 Efficiency (%) 𝐸 SMER
References

(kg) 𝑀𝑖 𝑀𝑡 OS SD (%) Thermal Drying Pickup (kg/h) (kg/kWh)

300 75 10 45 27 40 — — — — [16]

500 74 9 70 30 57 — — — — [17]

35 77 9 48 30 38 — — — — [28]

38 90 10 — 32 — 62 24 22 — [21]

40 73 9 — 24 — — 21 — — 0.87 [35]

567 db 10 db — 18 — 30 15 23 — [18]

40 80 10 65 33 49 28 13 45 0.97 0.19 This paper

Table 4: Results of nonlinear regression analysis.

Model name Method drying Model coefficients and constants 𝑅2 MBE RMSE

Newton
Open sun drying 𝑘 = 0.0497 0.8421 0.0214 0.1462

Solar drying 𝑘 = 0.0899 0.8549 0.0090 0.0950

Page
Open sun drying 𝑘 = 0.0091; 𝑛 = 1.3933 0.9857 0.0018 0.0420

Solar drying 𝑘 = 0.0244; 𝑛 = 1.3900 0.9887 0.0007 0.0257

Henderson and Pabis
Open sun drying 𝑘 = 0.0641; 𝑎 = 1.8735 0.9032 0.0179 0.1338

Solar drying 𝑘 = 0.1090; 𝑎 = 1.5521 0.8920 0.0083 0.0912
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Figure 6: Drying rate curves: dry basis moisture content versus
drying time.

The results presented in Table 4 show that the Page drying

model exhibited the highest value of 𝑅2 (0.9887) and the
lowest values of MBE (0.0007) and RMSE (0.0257), compared
with the Newton and Henderson-Pabis models. Accordingly,
the Page model was selected to represent the thin-layer drying
behavior of red chili. This is in accordance with the findings
of Fudholi et al. [32–34], who reported that the Page model
had a better fit to drying seaweeds compared with the Newton
and Henderson-Pabis models. Similarly, Azoubel et al. [37]
reported that the Page model clearly improved the simulation
in comparison with the results obtained using the diffusion
model and had the best fit to the experimental data, with
the average errors calculated ranging from 1.89% to 12.76%

and 𝑅2 values greater than 0.99. The Page model has been
reported to exhibit a better fit than other models in accurately
simulating the drying curves of chili [38, 39], rapeseed [40],
green beans [41], okra [42], and kiwi [43], among others.
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Figure 7: Drying characteristic curves: DR versus dry basis mois-
ture content.

𝑦 = 𝑒−0.0497𝑥

𝑅2 = 0.8421
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Figure 8: Plot of MR versus drying time (Newton’s model) for open
sun drying of red chili

Figures 14 and 15 show the plots of the observed MR against
the predicted values for the Page models of open sun drying
and solar drying of red chili, respectively. The data indicate
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Figure 10: Plot of ln(−ln MR) versus drying time (Page’s model) for
open sun drying of red chili.
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Figure 12: Plot of ln MR versus drying time (the Henderson and
Pabis model) for open sun drying of red chili.

𝑦 = −0.109𝑥 + 0.4396

𝑅2 = 0.892−4

−3

−2

−1

0

1

0 5 10 15 20 25 30 35 40

Drying time (h)

ln
M

R

−5

Figure 13: Plot of ln MR versus drying time (the Henderson and
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Figure 14: Comparison of experimental MR with predicted MR
from the Page model for open sun drying of red chili.

the suitability of the developed model to describe the drying
behavior of red chili.

4. Conclusion

Solar drying of the Malaysian red chili was evaluated in this
study using kinetic curves. The Page model clearly showed a
better fit to the experimental data compared with the Newton
and Henderson-Pabis models. It resulted in the highest 𝑅2

and the lowest MBE and RMSE. At the average solar radiation

of approximately 420 W/m2 and air flow rate of 0.07 kg/s, the
collector, drying system, and pickup demonstrated efficiency
rates of approximately 28%, 13%, and 45%, respectively. A
maximum and a minimum of the collector efficiency about
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Figure 15: Comparison of experimental MR with predicted MR
from the Page model for solar drying of red chili.
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52% and 11%, respectively, were observed, and the drying
temperature varied between 28∘C and 55∘C, with an average
of approximately 44∘C. The specific moisture extraction rate
(SMER)of 0.19 kg/kWh was obtained. Solar drying of red chili
took 33 h to reduce its moisture content of approximately
80% (wb) to 10% (wb). It was compared with open sun
drying, which required 65 h of processing. A 49% saving in
drying time was recorded for solar drying relative to open sun
drying. Moreover, the evaporative capacity of solar drying
ranged from 0.13 to 2.36 kg/h, with an average of 0.97 kg/h.

Nomenclature

𝐴𝑐: Collector area (m2)𝑎: Drying constant𝐶: Specific heat of air (J kg−1∘C
−1

)𝑑: Mass of dry materials𝐸: Evaporative capacity (kg/h)
exp: Exponential𝐻: Relative humidity (%)ℎ𝑜: Absolute humidity of air leaving the

drying chamber (%)ℎ𝑖: Absolute humidity of air entering the
drying chamber (%)ℎas: Absolute humidity of the air entering the
dryer at the point of adiabatic saturation
(%)𝑘: Drying constant𝐿: Latent heat of vaporization of water at exit
air temperature (J/kg)𝑀: Moisture content𝑀𝑒: Equilibrium moisture content𝑀𝑖: Initial moisture content𝑚: Mass flow rate (kg/s)𝑁: Number of observations𝑛: Drying constant𝑆: Solar radiation (W/m2)𝑅2: Coefficient of determination

RMSE: Root-mean-square error𝑇: Temperature (∘C)𝑡: Drying time;𝑡OS: Time taken for drying the product in open
sun𝑡SD: Time taken for drying in solar drying

𝑣: Volumetric airflow (m3/s)𝑊: Mass of water evaporated from the product𝑤: Mass of wet materials𝑋2𝑚: Dryer outlet absolute humidity𝑋𝑎: Ambient absolute humidity𝜌 : Density of air (kg/m3)𝜂 : Efficiency.

Subscripts

𝑐: Chamber𝑓: fan𝑖: inlet

𝑜: outlet
exp: experimental
pre: prediction.
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This experiment is to study an absorption refrigerator driven by solar cells. Hand-held or carried in vehicle can be powered by solar
energy in places without power. In the evenings or rainy days, it is powered by storage battery, and it can be directly powered by
alternating current (AC) power supply if available, and the storage battery can be charged full as a backup supply. The proposed
system was tested by the alternation of solar irradiance 550 to 700 W/m2 as solar energy and 500ml ambient temperature water as
cooling load. After 160 minutes, the proposal refrigerator can maintain the temperature at 5–8∘C, and the coefficient of performance
(COP) of NH3-H2O absorption refrigeration system is about 0.25. Therefore, this system can be expected to be used in remote areas
for refrigeration of food and beverages in outdoor activities in remote and desert areas or long-distance road transportation of food
or low temperature refrigeration of vaccine to avoid the deterioration of the food or the vaccines.

1. Introduction

Nowadays the economic development has resulted in a lot
of energy exploitation, and the oil reservation becomes
exhausted. It will run out within less than 50 years, caus-
ing the so-called energy crisis. Overexploitation has also
caused increasingly serious global warming problem. Many
advanced countries in the world today take the lead in pro-
moting the research and development of alternative energy
such as wind energy, solar energy, and biomass energy. The
importance of research and development on green energy
has attracted much attention. Although their cost is high,
continuous research and development will achieve the stable,
easy-to-use, and reasonably priced alternative energy in some
day. This is a road we must take for the survival of humanity.

In literature, there are numerous studies in absorption
refrigerators. Bansal and Martin [1] have compared the per-
formance of vapor compression and thermoelectric and
absorption refrigerators. Dai et al. [2] have experimental
investigation on a thermoelectric refrigerator driven by solar

cells. Riffat and Qiu [3] conducted comparative investiga-
tion of thermoelectric airconditioners versus vapor com-
pression and absorption airconditioners. Fernández-Seara
and Vázquez [4] develop control algorithm of the optimal
generation temperature NH3-H2O absorption refrigeration
systems. Göktun and Deha Er [5] utilize a solar-assisted com-
bined absorption-vapor compression system for air condi-
tioning and space heating. Wu et al. [6] propose optimization
solar absorption refrigerator. One of the most promising
schemes is the utilization of an absorption refrigeration cycle
with solar energy serving as the source of heat to operate the
generator. Yaxiu et al. [7] conduct experimental research on
a new solar pump-free lithium bromide absorption refrigera-
tion system with a second generator the maximum coefficient
of performance (COP) approaches 0.787. Hwang [8] poten-
tial energy benefits of integrated refrigeration system with
microturbine and absorption chiller. Fathi et al. [9] research
an irreversible thermodynamic model for solar absorption
refrigerator. Şencan [10] uses artificial neural networks per-
formance of ammonia-water refrigeration systems.
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AL-Hawaj and AL-Mutairi [11] cogeneration scheme
comprising a combined cycle power plant (CCPP) with
an absorption chiller used for space cooling is studied.
Sieres and Fernández-Seara [12] experimental investigation
of mass transfer performance with some random packings
for ammonia rectification in ammonia-water absorption.
Sozen et al. [13–15] have improved performance of absorption
refrigeration system by using triple-pressure level. Said et al.
[16, 17] indicate that continuously operating solar-powered
aqua-ammonia absorption system with refrigerant storage
is the most suitable alternative design for an uninterrupted
supply of cooling effect. Rothwell et al. [18, 19] developed
a coupled solar wing-magnetosphere-ionosphere model for
determining the ionospheric penetration electric field. Bilgili
[20] has conducted hourly simulation and performance
of solar electron-vapor compression refrigeration system.
Colonna and Gabrielli [21] used a new solar pump-free
lithium bromide absorption refrigeration system with a
second generator. Odeh [22] proposed a unified model of
solar thermal electric generation systems. Al-Alili et al. [23,
24] use a solar powered absorption cycle under Abu Dhabi’s
weather conditions. Monné et al. [25] developed a stationary
analysis of a solar LiBr–H2O absorption refrigeration system.
Alvares and Trepp [26] developed a simulation of a solar
driven aqua-ammonia absorption refrigeration system part 1:
mathematical description and system optimization. LeBreux
et al. [27] proposed a control method of a hybrid solar/electric
thermal energy storage system.

In summary of the previously mentioned literature
review, the proposed small-scale absorption refrigeration sys-
tem driven by solar power is unprecedented. This study
proposes an absorption refrigeration system using refrigerant

NH3 and absorbent H2O. As being an environmentally
friendly refrigeration system, it is powered by solar cells. The
successful development of the proposed system can solve
problems such as the long-distance transportation of medical
vaccines and the refrigeration of food and beverages in
remote areas lacking power supply.

2. Experiment and Methodology

2.1.The Proposed Experimental System. As shown in Figure 1,
the energy of the absorption refrigeration is supported by
18 V of direct electricity from solar cells and the capacity of
cold storage covers in 30 liters. Power consumption covers
1.2 KWH/24 h with filling 70 grams of NH3 refrigerant. The
experimental system is the NH3-H2O absorption refriger-
ation system consisting of solar cells, controller, storage
battery, rectifier, and absorption refrigerator. In the daytime,
the solar cells receive solar energy to power the absorption
refrigerator. When too much energy is supplied, the con-
troller will store the excess energy in the storage battery.
When the solar power is insufficient or unavailable at night
or in cloudy days, it depends on the storage battery for power
supply. The storage battery can be charged in places with AC
power supply as a backup power source. In order to achieve
better power generation efficiency of the solar panel, it will
always be placed towards the sun. The shape between solar
panel and horizontal line becomes tilt angle. The optimal
angle for tilted surface was calculated by searching for the
values of which the daily total solar radiation was at a
maximum for a specific period. The yearly average optimal
tilt angles for a south-facing solar collector about 31.21 to
34.31 degrees [28]. Therefore, the tilt angle of the study is
determined as 35∘C.
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Table 1: Specifications of solar cell driven absorption refrigerator.

Items Description Value

Array of solar cell

The area of solar cell, 𝐴 1.78 m−2

Max output power of solar cell, 𝑃max 184 W

Solar irradiance, 𝑆 800 Wm−2

The efficiency of energy conversion from solar energy to electric power 0.14

Storage battery

Stands for the battery storage capacity 100 AH

Electric consumption 22 AH/day

The number of day without sunshine 2 days

The maximum degree of electric discharge 0.8

The efficiency of the storage battery 0.86

The loss coefficient of the circuit 0.05

The correction coefficient of temperature 0.9

Absorption refrigerator

Refrigerant NH3

Absorption H2O

Power 65 W, 17 V

2.2. The Proposed Experimental Method and Procedures. The
location of installation of various measurement points, data
acquisition device, and personal computer connection of the
experimental system are shown in Figure 2. We applied a data
logger and a computer to collect six points of data that set
sample time to two minutes. These six points include four
temperatures points (i.e., ambient temperature, generator
temperature, cooled side temperature, and water tempera-
ture), one current of solar cell, and one solar irradiate.

We conduct the no-load test at first and then the loaded
tests while gradually recording the experimental results. The
major test of this study is to test the performance and
feasibility of running the absorption refrigeration system by
using the power generated by solar cells during the day.

Regarding the backup battery power supply performance
and the charging system’s material characteristics are not
discussed in this study.

The experimental system’s solar cells and storage battery,
absorption refrigerator specifications are shown in Table 1.
The maximum power capacity of the solar cells is 184 W. The
maximum storage capacity of the storage cell is 100 Ah. The
refrigerant of the absorption refrigeration system is NH3 and
the absorbent is H2O. The input power voltage is 17 V, and the
input power is 65 W.

3. Theoretical Formulation for Transformer
The performance of the solar cells and absorption refrigera-
tion system can be obtained by the following equation.
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Figure 3: The changes in the ambient temperature and cold side
temperature under sunlight.

The output of power supply capacity of solar cells [2] is
calculated by the following equation:

𝑃solar = 𝑆𝐴𝜂𝑃𝑉, (1)

where 𝑃solar is power supply capacity of solar cells (W), S is

solar irradiance (W/m2),A is the area of Solar array to receive

solar irradiation (m2), and 𝜂𝑃𝑉 is the efficiency of energy
conversion from solar energy to electric power.

According (1), the power generation of the solar panel is
proportional to the solar irradiance.

The coefficient of performance (COP) of absorption
refrigeration system [3] is

COP = Desired output

Required input

= 𝑄𝐿𝑄gen

= (1 − 𝑇𝑎𝑇𝑔

)( 𝑇𝑟𝑇𝑎 − 𝑇𝑟

) ,
(2)

where𝑄gen is heat energy given to the generator in absorption
(W), 𝑄𝐿 is heat energy that evaporator absorbs from the
cooled space (W), 𝑇𝑎 is the ambient temperature (K), 𝑇𝑔

is the generator temperature (K), and 𝑇𝑟 is the cooled side
temperature (K).

We could get several trends from (2); namely, as 𝑇𝑔

increases, the COP increases; as 𝑇𝑟 increases, the COP
increases; as 𝑇𝑎 increases, the COP decreases.

4. Results and Discussion

In the no-load test of the absorption refrigeration system,
we conducted the 100-minute experimental test and record
the experimental results in Figures 3–5 before carrying out
the 200-minute loaded experimental test. The test results
were recorded in Figures 6–8, and the theoretical relationship
equations were applied for analysis to get the following:

Under the sun, the ambient temperature is 30∘C, and the
cold side temperature is 24∘C. The trend of cold side tem-
perature is shown in Figure 3. When solar panels are under
the sunlight, the absorption refrigeration system will start to
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Figure 4: The changes in solar irradiance and output voltage under
sunlight.
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Figure 5: The changes in refrigeration system COP and refrigerating
capacity 𝑄𝐶, under the sunlight.

run. It can be apparently found that the cold side temperature
slowly decreases. After running for 30 minutes, the cold side
temperature dropped to 10∘C. After 70-minute running, the
cold side temperature dropped to 5∘C.

As shown in Figure 4, due to changes in solar irradiance,

the power supply 880 W/m2 dropped to 770 W/m2 after 90
minutes. The solar panel output voltage remains between 16.9
and 17.5 V. At the moment of 35 minutes, the sunlight covered
by clouds leads to the deep drop of voltage. However, to
reveal the real experimental situation, we still keep these data
unaltered in Figure 4.

As shown in Figure 5, when the ambient temperature
remains unchanged, the cold side temperature dramatically
dropped to below 5∘C after running for 70 minutes. Due
to the decrease in cold side temperature, the absorption
refrigeration system COP dropped from 0.5 to 0.28, the
refrigeration system cooling capacity dropped from 69 W
to 39 W, proving that the cooling capacity will decrease
over declining cold side temperature and its COP will also
decrease.
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Figure 6: The changes in the temperature of 500 mL water placed
inside, under the sunlight.

The loaded test was to place the 500 mL room temper-
ature water inside as shown in Figure 6. When the testing
ambient temperature was 27∘C, the cold side temperature
slowly dropped to 24∘C. After running for 20 minutes, the
cold side temperature dropped to 13∘C, after running for
100 minutes, the cold side temperature dropped to 5∘C. The
water temperature dropped very slowly from the beginning
temperature of 24∘C. After 80 minutes, the water temperature
apparently dropped. After 200 minutes, the water tempera-
ture dropped to 8∘C and would be even lower if the system
was still running on.

The study investigates the alternation of solar irradiance
measured every two minutes while driving on the high way,
which results in a sudden transform of solar irradiance. The
solar irradiance and output voltage changes are shown in

Figure 7. When the solar irradiance is 550 to 700 W/m2, the
output voltage is about 16 to 17.2 V. In other words, when the
solar irradiance rate is greater, the solar power generation
will be greater. According to (1), the power generation of the
solar panel is proportional to the solar irradiance. The results
confirm the phenomenon given in (1).

As shown in Figure 8, under the sunlight, 500 mL water
of room temperature is placed inside. At 0–60 minutes, water
temperature from 24 to 21∘C, and cold side temperature from
24 to 8∘C as shown in Figure 6, cooling load is high. COP
drops rapidly from 0.38 to 0.22, and the refrigerating capacity
drops rapidly from 65 to 48 W. At 60–160 minutes, water
temperature from 21 to 12∘C, and cold side temperature from
8 to 5∘C mean cooling load decreases but it is still high, the
system COP is around 0.22 and the refrigerating capacity
is about 45 W. At 160–200 minutes, the water temperature
from 12∘C to 10∘C, and cold side temperature of 5∘C, mean
cooling load is low as shown in Figure 6 and the system COP
increases from 0.22 to 0.28.
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Figure 7: The changes in output voltage and solar irradiance, when
500 mL was placed inside, under the sunlight.
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Figure 8: The changes in refrigeration system COP and refrigerating
capacity 𝑄𝐶, when 500 mL water of room temperature is placed
inside, under the sunlight.

5. Conclusions

In summary of the experimental research results, the solar
energy can supply energy for the running of the absorp-
tion refrigerator. The outdoor activities and works, such as
mineral development, road construction, and other occa-
sions, can be adopted. It is designed in order to meet the
outdoor usage requirements as lightweight, low price, and
day and night usage. According to the experimental results,

the alternation of solar irradiance 550 to 700 W/m2 and
500 mL ambient temperature water as cooling load. After
160 minutes, the proposal refrigerator can maintain the
temperature at 5–8∘C, and the COP is about 0.25.
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The progressive growing of single-phase photovoltaic (PV) systems makes the Distribution System Operators (DSOs) update or
revise the existing grid codes in order to guarantee the availability, quality, and reliability of the electrical system. It is expected
that the future PV systems connected to the low-voltage grid will be more active with functionalities of low-voltage ride-through
(LVRT) and the grid support capability, which is not the case today. In this paper, the operation principle is demonstrated for a
single-phase grid-connected PV system in a low-voltage ride-through operation in order to map future challenges. The system is
verified by simulations and experiments. Test results show that the proposed power control method is effective and the single-phase
PV inverters connected to low-voltage networks are ready to provide grid support and ride-through voltage fault capability with a
satisfactory performance based on the grid requirements for three-phase renewable energy systems.

1. Introduction

More and more single-phase photovoltaic (PV) systems are
connected to the public grid mainly because of the matured
PV technology and the declined price of the PV module
cell [1]. As it is reported by PHOTON International, there
was 27.7 GW of global PV generation systems installed in
2011, nearly 21 GW in Europe, which makes accumulated
installed global PV capacity be around 70 GW at the end of
2011. It can be foreseen that the future grid-connected PV
systems will play a very important role in the regulation of
the conventional power systems.

However, behind the thriving penetration of single-
phase grid-connected PV systems, the phenomenon of large-
scale Distributed Generation (DG) systems connected to
the public grid also raises some concern on the availability,
quality, and reliability of the grid. On this basis, many grid
requirements are published in recent years by the Trans-
mission System Operators, Distribution System Operators,
or international standard committees (e.g., IEC and IEEE)
in order to regulate the interaction between DGs and the

public grid [2–9]. In spite of this fact, most of these grid
requirements are focused on three-phase wind power systems
or DGs connected to medium- or high-level grid. There are
few grid codes and papers describing the demands for PV
systems connected to low-level grid, like single-phase PV
systems [6, 10–15].

Due to the fast growing installations of grid-connected
PV systems, it is expected that the future PV systems will
be more active and “smart” with the functionalities of low-
voltage ride-through capability and grid support, which are
required for three-phase wind power systems. In the future,
the grid-connected PV system needs to fulfill the basic grid
requirements, like power quality demand, and also provides
some ancillary services likewhat the conventional power
plant does. For instance, the PV inverters should inject some
reactive current when the grid presents a voltage sag fault. In
that case, the control strategies should be developed in order
to help the PV system ride-through during the grid faults.

For single-phase applications, the calculation of active
and reactive power is a big challenge, which leads to the
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difficulty of direct instantaneous power control. Unlike three-
phase systems, it is difficult to employ directly a dq-rotating
synchronous reference frame in single-phase systems to
implement positive sequence control or constant reactive
power control [7, 8, 16]. Possible solutions for single-phase
applications are based on the single-phase PQ theory, instan-
taneous power control, or the droop control concept [13, 17–
20]. Moreover, the grid fault detection and synchronization
techniques are also challenges for the single-phase system
when operating in the grid fault mode.

In this paper, the overall control strategy for single-phase
PV systems in the grid faulty mode operation is demonstrated
based on the grid requirements defined for three-phase wind
power systems as it is expected that they will be the basic
requirements for single-phase PV systems. A transport delay
grid fault detection method is adopted in this study. A power
control method based on the single-phase PQ theory and
the Proportional-Resonant (PR) current control scheme is
proposed. Finally, the system is tested in simulation and
verified by experiments. The results show that the single-
phase PV systems are ready for providing ancillary service
in the future and the grid detection method has a significant
impact on the performance of the single-phase PV systems
under grid faults.

2. Grid Requirements

The grid requirements for DGs are updated and revised based
on the development and penetration level of DGs and issued
in the form of national grid code [2–6], such as E.ON grid
code and CEI grid code published by Comitato Elettrotecnico
Italiano. In these grid codes, the basic demands are imposed
like the power quality (the THD level of the injected cur-
rent) and the anti-islanding requirement. Considering the
penetration level of DGs connected to the grid, combined
requirements are expected to be added into the grid codes in
the future.

For example, in the German grid code, the DGs should
handle ride-through grid fault, known as low-voltage ride-
through (LVRT) capability, and support the grid during the
voltage recovery. Similar requirements can be found in other
countries, like Denmark, Italy, Spain, and USA in which the
DGs share a high percentage of power generation. The LVRT
capability is defined so that the DG should stay connected to
the grid within a short time and inject some reactive power
to support the grid when the grid presents a voltage fault.
Different LVRT curves with defined stay-connected time are
shown in Figure 1.

As it is shown in Figure 1, the DGs should stay connected
to the grid when the voltage drops to 0 V in the German grid
code in 0.15 seconds. At the same time, the system should
inject some reactive current in order to support the grid
recovery according to Figure 2.

These grid requirements are set to ensure the safety
of utility maintenance personnel and also other devices
connectedto the public grid and to avoid the grid collapse due
to voltage faults. It is expected that these grid requirements
will be recommended to be used to regulate single-phase
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Figure 1: Low-voltage ride-through (LVRT) requirements of Dis-
tributed Generation systems in different countries [2, 5].
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Figure 2: Voltage support requirement under grid faults for wind
turbines [3].

PV systems, since the impact of large-scale single-phase PV
systems on the low-level public grid cannot be ignored. The
discussion in this paper is based on these requirements.

3. Single-Phase Grid-Connected Photovoltaic
System in the Grid Faulty Mode Operation

3.1. System Configuration. In consideration of the whole
conversion efficiency, a single-stage PV system is connected
to the grid through a transformer, which is shown in Figure 3.
In some cases, a voltage-boost stage can be used between
the DC capacitor 𝐶 and the inverter, depending on the
output voltage level of the PV panels. The boost stage makes
the system flexible track the Maximum Power Point (MPP)
of the PV panel and also makes it possible to handle the
power variation across the DC capacitor 𝐶 at twice the grid
fundamental frequency [9].

The control system shown in Figure 3 consists of a
voltage sag detection unit, an Orthogonal Signal Generator
(OSG) for power calculation, the power profiles including
MPPT control in normal operation, active and reactive power
controllers for current reference generation, a grid current
controller, and a PWM generation block.

As it can also be seen in Figure 3, in order to implement
grid fault operation mode for this system, a voltage sag
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generator is used by switching the series resistor 𝑅𝑠 and the
load resistance 𝑅𝐿. During the LVRT mode operation, the
switch 𝑆1 is open in order to limit the short-circuit effect on
the upstream grid and the switch 𝑆2 is closed, while in normal
operation, 𝑆1 is closed and 𝑆2 is open.

An 𝐿𝐶 filter (𝐿𝐶𝑓) is used as the output filter in order
to limit the high-order harmonics coming from the inverter
switching behavior. Thus, neglecting all the filter losses, the
system at the AC side can be described by

𝑑𝑖𝑔 (𝑡)𝑑𝑡 = 𝑣inv (𝑡)𝐿 − 𝐶𝑓

𝑑2𝑣𝑔 (𝑡)𝑑𝑡2 − 𝑣𝑔 (𝑡)𝐿 , (1)

in the time domain and

𝐼𝑔 (𝑠) = 1𝐿𝑠𝑉inv (𝑠) − (𝐶𝑓𝑠2 + 1𝐿𝑠)𝑉𝑔 (𝑠) , (2)

in the Laplace domain, where 𝑖𝑔 is the injected grid current,𝑣inv is the inverter output voltage, and 𝑣𝑔 is the grid voltage.
Hence, the equivalent model of the output filter can be given
as it is shown in Figure 4.

3.2. Voltage Sag Detection. Grid condition information is
very important for the control system to perform special
functionalities. Similarly, as a part of the grid condition
detection, the voltage sag detection is the way to identify
the voltage fault and it determines the dynamic performance
of the voltage sag compensator [21, 22] and the behavior of
the whole control system. It is easy to understand that the
system should switch from normal operation mode to grid
fault operation mode as soon as possible, once the voltage sag

is detected. Hence, it is essential to have a precise and fast fault
detection unit.

Recently, many voltage sag detection methods have been
proposed, such as Root Mean Square (RMS) method, peak
value method (OSG based sag detection techniques), the
missing voltage technique, and wavelet transform method
[10, 21–25]. The RMS method computes the RMS value of
the input signal by using a running average window of one
cycle. Therefore, theoretically, this method will introduce one
cycle delay in order to give the correct value. The wavelet
transform based voltage sag detection is becoming of high
interest [24], because of its fast detection speed. However, the
implementation of this method is unfortunately not easy in
real time.

In this paper, the peak value method is used to detect
the voltage fault. The implementation of this method is
easy, and by means of the OSG system, it is possible and
flexible to calculate the average active and reactive power
instantaneously. Since the T/4 Delay structure is used to
build up the OSG system as it is shown in Figure 5, the
system will introduce a quarter period time delay of the input
fundamental period. The peak value of the input voltage can
be given by

𝑉𝑚 = √𝑣2
𝑔 + 𝑣2

𝑔 = √𝑉2
𝑚sin2 (𝜔𝑡) + 𝑉2

𝑚cos2 (𝜔𝑡), (3)

where 𝑣
𝑔 is the orthogonal signal of the input voltage

generated by shifting a quarter period of the input signal.

3.3. Power Calculation and Power Profiles. In different oper-
ation modes, the power profiles are different. Firstly, the
average active power𝑃 and reactive power𝑄 of the system are
computed using Discrete Fourier Transform (DFT) structure,
as it is shown in Figure 6.

Under normal grid conditions, the system is operating
in Maximum Power Point Tracking (MPPT) mode in order
to deliver as much energy as possible to the grid, and the
power factor is normally near to one. According to the grid
requirements, in grid faulty mode operation, the single-phase
PV inverter should inject some reactive power into the grid
to support the grid voltage during recovery. The amount of
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Figure 5: Voltage sag detection by monitoring the peak value based on T/4 Delay orthogonal system.

reactive power should be injected dependent on the voltage
sag depth and the inverter rating current. At the same time,
the PV panels should switch to non-MPPT operation mode
in order to avoid tripping the inverter overcurrent protection
[10, 26, 27]. The operation modes are described in Figure 7.

By employing Park transform (𝛼𝛽 → 𝑑𝑞) to the grid
voltage and current in the OSG systems, the active power𝑃 and reactive power 𝑄 delivered to the grid can also be
calculated and expressed as

𝑃 = 12𝑣𝑔𝑑𝑖𝑔𝑑,
𝑄 = −12𝑣𝑔𝑑𝑖𝑔𝑞,

(4)

where the subscripts “𝑔𝑑” and “𝑔𝑞” denote the “𝑑” and
“𝑞” components of the grid voltage/current in a 𝑑𝑞-rotating
synchronous reference frame.

As it is stated above, in normal MPPT operation mode,
the system is operating at unity power factor. Then, neglecting
the switching power losses, the active power 𝑃 and reactive
power 𝑄 can be obtained:

𝑃 = 12𝑉𝑚𝑖𝑔𝑑 = 12𝑉𝑚𝐼𝑚 ≈ 𝑃PV,MPP,
𝑄 = −12𝑉𝑚𝑖𝑔𝑞 = 0,

(5)

in which 𝑉𝑚 and 𝐼𝑚 are the amplitude of the grid voltage and
current in MPPT operation mode, respectively,𝑃PV,MPP is the
tracked maximum output power of the PV panels.

In faulty grid operation mode, according to Figure 2, the
required reactive current under voltage sags can be given as

𝐼𝑞 =
{{{{{{{

deadband, 0.9 p.u. ≤ 𝑉 < 1.1 p.u.,
𝑘 ⋅ 𝑉 − 𝑉0𝑉𝑁

⋅ 𝐼𝑁 + 𝐼𝑞0, 0.5 p.u. ≤ 𝑉 < 0.9 p.u.,
−𝐼𝑁 + 𝐼𝑞0, 𝑉 < 0.5 p.u.

(6)

in which 𝑉, 𝑉0, and 𝑉𝑁 are the amplitude values of the grid
instantaneous voltage, initial voltage before grid faults, and
the nominal grid voltage, 𝐼𝑁, 𝐼𝑞0 are the nominal current
and the initial reactive current before a grid failure, and 𝑘 =(Δ𝐼𝑞/𝐼𝑛)/(Δ𝑉/𝑉𝑛) ≥ 2 p.u.. By substituting (6) into (4), the
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Figure 6: Power calculation based on Discrete Fourier Transform
(DFT).

required active power 𝑃∗ and reactive power 𝑄∗ reference in
the grid faulty mode operation can be given as

𝑃∗ = 12𝑉𝐼𝑑 ≈ 𝑃PV,
𝑄∗ = 12𝑉𝐼𝑞,

√𝐼2
𝑑
+ 𝐼2𝑞 = 𝐼𝑁, (7)

where 𝑃PV is the output power of the PV panel in the grid
faulty mode operation.

Normally, the nominal current is limited by the inverter
maximum rating current, 𝐼𝑁 ≤ 𝐼max, where 𝐼max is the inverter
maximum rating current and the initial reactive current is
zero, 𝐼𝑞0 = 0 A.

According to (7) and Figure 7, the PV panels should “de-
rate” its output power when the grid presents a voltage fault,
as it can be illustrated in Figure 8. The derated power level
(𝑃PV,MPP → 𝑃∗ or𝑃PV) is dependent on the voltage sag depth
and the nominal current. If the voltage drop is small, either by
decreasing the PV voltage reference or increasing it can limit
the PV output power. However, it should be noted that the PV
voltage must be in the inverter input voltage range.

3.4. Power Controllers and Current Reference Generation.
Similar to the power calculation in the 𝑑𝑞-rotating reference
frame, the active power 𝑃 and reactive power 𝑄 for a single-
phase application can be computed with the help of OSG
systems:

𝑃 = 12 (𝑣𝑔𝛼𝑖𝑔𝛼 + 𝑣𝑔𝛽𝑖𝑔𝛽) ,
𝑄 = 12 (𝑣𝑔𝛽𝑖𝑔𝛼 − 𝑣𝑔𝛼𝑖𝑔𝛽) ,

(8)
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in which the subscripts “𝑔𝛼” and “𝑔𝛽” denote the “𝛼” and
“𝛽” components of the grid voltage/current in a𝛼𝛽-stationary
reference frame.

In this way, the currents in a 𝛼𝛽-stationary reference
frame can be expressed as

[𝑖𝑔𝛼𝑖𝑔𝛽
] = 2𝑣2

𝑔𝛼 + 𝑣2
𝑔𝛽

[𝑣𝑔𝛼 𝑣𝑔𝛽𝑣𝑔𝛽 −𝑣𝑔𝛼
] [𝑃𝑄] . (9)

Since the active power and reactive power are DC quantities
in steady state, it is possible to use PI controllers for power
regulation, and thus the current reference can be given by

[𝑖∗𝑔𝛼𝑖∗𝑔𝛽
] = 1𝑣2

𝑔𝛼 + 𝑣2
𝑔𝛽

[𝑣𝑔𝛼 𝑣𝑔𝛽𝑣𝑔𝛽 −𝑣𝑔𝛼
] [𝐺𝑝 (𝑠) (𝑃 − 𝑃∗)𝐺𝑞 (𝑠) (𝑄 − 𝑄∗)] , (10)

where “∗” denotes the reference signal, 𝐺𝑝(𝑠) and 𝐺𝑞(𝑠) are
the transfer functions of the PI controllers for active power
and reactive power, respectively, and which can be given by

𝐺𝑝 (𝑠) = 𝐾𝑝𝑝 + 𝐾𝑝𝑖

1𝑠 ,
𝐺𝑞 (𝑠) = 𝐾𝑞𝑝 + 𝐾𝑞𝑖

1𝑠 .
(11)

3.5. Current Controller with Harmonic Compensation. The
existing current control methods, such as Proportional
Resonant (PR) [28, 29], Deadbeat control (DB), Repetitive
controller (RC) [30], and PI control which needs a Park
transform (𝛼𝛽 → 𝑑𝑞) [29], can be adopted in different
operation modes. In this case, the PR controller is used.
For the purpose of the suppression of the injected current
harmonics, resonant harmonic compensation method is
employed, which is shown in Figure 9.

Hence, the current closed-loop transfer function
(𝑖𝑔(𝑠)/𝑖∗𝑔(𝑠)) can be expressed as

𝑖𝑔 (𝑠)𝑖∗𝑔 (𝑠) =
𝐺PR+HC (𝑠) ⋅ 𝐺𝑑 (𝑠)𝐿𝑠 + 𝐺PR+HC (𝑠) ⋅ 𝐺𝑑 (𝑠) , (12)

in which 𝐺PR+HC(𝑠) is the transfer function of PR controller
with harmonics compensation and 𝐺𝑑(𝑠) is the processing
and PWM delay [28].𝐺PR+HC(𝑠) and𝐺𝑑(𝑠) have the following
expressions:

𝐺PR+HC (𝑠) = 𝑘𝑝 + 𝑘𝑖𝑠𝑠2 + 𝜔2
0

+ ∑
ℎ=3,5,7,...

𝑘𝑖ℎ𝑠𝑠2 + (ℎ𝜔0)2 ,
𝐺𝑑 (𝑠) = 11 + 1.5𝑇𝑠𝑠 ,

(13)

where 𝑘𝑝 is the proportional gain, 𝑘𝑖 and 𝑘𝑖ℎ are the resonant
and harmonic compensator gains, ℎ is the harmonic order,𝜔0

is the fundamental frequency, and 𝑇𝑠 is the sampling period.
Hereafter, according to the above illustration, the whole

control diagram can be structured, as it is shown in Figure 10.
It can be seen from Figures 9 and 10 that the harmonics in the
grid voltage 𝑣𝑔 will propagate to the grid current reference 𝑖∗𝑔 .

However, the cascaded harmonic compensators will suppress
the harmonics if the gains around the resonance frequencies
are high enough. The Bode diagram of the PR controller
with selective harmonics compensation is shown in Figure 11,
which can be used to tune the parameters, 𝑘𝑝, 𝑘𝑖, and 𝑘𝑖ℎ. It is
shown in Figure 11 that the selection of a large 𝑘𝑖ℎ leads to a
wide frequency band around the resonance point [8].

It is also worth to point out that the voltage variation
of the DC capacitor (DC-link voltage) at twice the grid
fundamental frequency will introduce even harmonics in
the injected current. Moreover, in faulty grid operation
mode, this distortion is much more severe. In this case,
the harmonic compensation method by cascading several
resonant controllers will cause heavy computation burden
and become less practical, when the higher order harmonics
need to be compensated [30].
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4. Simulation and Experimental Results

Referring to Figures 3 and 10, the whole system is simulated
in MATLAB in order to verify the performance of the
proposed power control method. In this system, the PV
panel is modeled by means of a 3D look-up table [31]. The
nominal maximum power 𝑃PV,MPP is 1030 W, the voltage𝑉PV,MPP and current 𝐼PV,MPP at the maximum power point are
400 V and 2.56 A, respectively. The Incremental Conductance

Table 1: Simulation and experimental parameters.

Grid voltage amplitude 𝑉𝑁 = 325V

Grid frequency 𝜔0 = 2𝜋 × 50 rad/s

LC filter 𝐿 = 3.6mH, 𝐶𝑓 = 2.35 𝜇F

Transformer leakage inductance and
resistance

𝐿𝑔 = 4mH, 𝑅𝑔 = 0.02Ω
Sampling and switching frequency 𝑓𝑠 = 𝑓𝑠𝑤 = 10 kHz

(INC) MPPT method is adopted to capture the maximum
output power of the PV system. This INC method is modified
according to Figures 7 and 8 in order to limit the output power
when the grid voltage drops, presenting a grid fault. The other
simulation parameters are listed in Table 1. The PI controller
parameters for this simulation are 𝑘𝑝𝑝 = 6.2, 𝑘𝑝𝑖 = 1.5, 𝑘𝑞𝑝 =
1, and 𝑘𝑞𝑖 = 50. Simulation results are provided in Figures 12
and 13.

As it is shown in Figures 12 and 13, the single-stage
single-phase PV system is subjected to a grid fault (about
0.35 p.u.) at 𝑡 = 0.7 s. This voltage sag lasts for about 320 ms.
Since the detection unit needs a few milliseconds (Δ𝑡) to
give the correct operation condition of the grid, instead of
an immediate response, the MPPT and the control units
continue to operate as in a normal condition and thus the
grid current rises in this time interval. It happens similarly
after the fault is cleared.

Once the grid fault is detected, the MPPT unit is disabled
and the control system is switched to grid fault operation
mode as it is shown in Figure 7. Soon after, the system starts to
inject reactive current as required and limit the active power
output to prevent the inverter from overcurrent protection.
After the fault is cleared (voltage rises to 0.9 p.u.), the system
goes back to its normal operation, and again, it is trying to
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Figure 12: Simulation results for a single-phase PV system under
grid fault: (a) grid voltage and current; (b) active and reactive power;
(c) grid voltage and current during LVRT.

track the maximum output power of the PV panels. However,
as it is shown in Figures 12 and 13, it may take some time
because of the MPPT perturbing process.

In order to validate the effectiveness of the proposed
control method, the system is also tested experimentally.
Instead of some real PV panels, two DC sources are used as
the input power. The whole system consists mainly of

(i) two Delta Elektronika SM 300-5 DC power supply, the
nominal DC voltage, 𝑉DC = 400 V,

(ii) two DC capacitors connected in parallel, the equiva-
lent capacitance, 𝐶 = 1100 𝜇F,

(iii) a Danfoss VLT FC302 3-phase inverter which is
configured as a single-phase inverter,

(iv) a sag generator as shown in Figure 3, 𝑅𝑠 = 19.2Ω and𝑅𝐿 = 20Ω,

(v) a 5 kVA 3-phase transformer with leakage inductance𝐿𝑔 = 2 mH and resistance 𝑅𝑔 = 0.01Ω per phase,

(vi) a DS 1103 dSPACE control system.
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Figure 13: Simulation results for a single-phase PV system under
grid fault: (a) PV panel output power; (b) PV panel output power
versus its voltage.
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Figure 14: Experimental setup of a single-phase grid-connected
system.

The PI controller parameters for active power regulation are𝑘𝑝𝑝 = 1.2 and 𝑘𝑝𝑖 = 50, while the parameters for reactive
power control are 𝑘𝑞𝑝 = 1 and 𝑘𝑞𝑖 = 50. The other parameters
of the single-phase system are shown in Table 1. A voltage
drop is generated by switching the manual switches 𝑆1 and𝑆2, which are shown in Figure 14. The experimental results
are given in Figure 15.

As it is shown in the experimental results, when the grid
is subjected to a voltage sag (0.45 p.u.), the detection and
control units of the single-phase system cannot react to this
sudden change immediately, and thus the grid current is
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Figure 15: Experimental results of a single-phase system under grid fault based on the single-phase 𝑃𝑄 theory and T/4 Delay sag detection
method: (a) grid voltage 𝑣𝑔: 100 V/div and grid current 𝑖𝑔: 5 A/div; (b) active power 𝑃: 500 W/div and reactive power 𝑄: 500 Var/div; (c)
dynamic performance of grid voltage and current at the start of sag; (d) dynamic performance of grid voltage and current at the end of sag.

going to enter into a zone where the current reference is not
appropriate until the detection unit outputs the sag signal.
During the LVRT operation mode, the system is injecting
some reactive power into the power grid and at the same time
the active power is limited in consideration of the current
limitation of the PV inverter, which is shown in Figure 15(b).
When the voltage sag is cleared (the voltage amplitude goes to
90% of the nominal value), the system returns to its normal
operation mode and is injecting current at unity power factor.

It is also shown in Figure 15 that both the start of the
voltage sag and the end of that present a transient time
delay (Δ𝑡1 and Δ𝑡2) which is approximately 5 ms (T/4).
Firstly, it is because of the fault detection time delay (T/4
Delay sag detection method) as illustrated in the previous
paragraph. The power profile might be another reason since
it is a step change when the voltage goes back to 90% of
the nominal value. The response of the current controller
may deteriorate the dynamics as well. Therefore, fast and
accurate grid detection and reasonable power profile are
necessary for a single-phase system in the grid fault mode
operation.

However, the simulation and experimental results
demonstrate the flexibility of a single-phase system to
provide grid support functionality. The power control
method in the test is effective to do so and it can do it fast.

5. Conclusion

Based on the existing grid requirements, this paper discussed
the potential of a single-stage single-phase system operating
in grid fault condition. The power control method proposed
in this paper is effective when the system is switched to grid
fault operation mode. It can be concluded that the future
single-phase grid-connected PV systems are ready to be more
active and more “smart” in the regulation of power grid. Like
the conventional generation systems, the single-phase PV
systems can also offer some ancillary service in the presence
of an abnormal grid condition. However, the performance is
dependent on the grid detection and control methods.
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The requirements of providing electric energy through the wind-forced generator to the heat pump for water cooling and hot water
heating grow significantly by now. This study proposes a new technique to directly adopt the wind force to drive heat pump systems,
which can effectively reduce the energy conversion losses during the processes of wind force energy converting to electric energy
and electric energy converting to kinetic energy. The operation of heat pump system transfers between chiller and heat that are
controlled by a four-way valve. The theoretical efficiency of the traditional method, whose heat pump is directly forced by wind, is
42.19%. The experimental results indicated average value for cool water producing efficiency of 54.38% in the outdoor temperature
of 35∘C and the indoor temperature of 25∘C and the hot water producing efficiency of 52.25% in the outdoor temperature and the
indoor temperature both of 10∘C. We proposed a method which can improve the efficiency over 10% in both cooling and heating.

1. Introduction

Heavy energy consumption and environmental pollution
have become very serious issues in today’s world. Finding and
developing new alternative energies has become a very urgent
issue. Although an alternative fuel could be found to replace
the petroleum oil and resolve the energy crisis problem, the
gas waste would pollute the environment, which should be
taken into account in the energy issues and environmental
protection issues. It is thus a very important subject to
develop a new kind of energy [1] that would produce less
waste gas. Green energies that can replace fuel energy include
wind energy, solar energy, biomass energy, and tidal energy,
with the characteristic o f being free, natural, free of pollution
problems, and inexhaustible. The green energies are best
suited to the contemporary needs. Currently, most of the
focuses are on the development of wind energy [2, 3] and
solar energy [4, 5]. The cost of developing wind force energy
is much lower than that for the solar energy and that is
the major advantage of wind force energy. For instance, the

advanced countries, such as Germany, Denmark, the UK,
and the USA have invested in the development of wind force
energy [6]. The technology of converting wind force energy
to electric energy has been maturely developed with many of
the development results being applied to the power utilization
in the people’s livelihood, commerce, and industry [7, 8].

A place with abundant wind energy is the essential
condition for the wind turbine. Taiwan is an island country
surrounded by sea with many small islands, which is very
suitable for wide applications of the wind power generation
[9]. Since it is very cold in the winter and very hot in the
summer in the seaside environments, it is even suitable to
promote the method of driving the heat pump system to
produce cool water and hot water directly with the wind
force. Figure 1 shows the statistics of the mean wind speeds
of several local areas in Taiwan. As can be seen from Figure 1,
the mean average wind speeds during all seasons are over
4 m/s [10]. This study proposes a new technique to directly
adopt the wind force to drive heat pump systems, which
can effectively reduce the energy conversion losses during
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Figure 1: Monthly mean wind speed for the four towns in
Taiwan.

the processes of wind force energy converting to electric
energy and electric energy converting to kinetic energy.

2. Overview of the Proposed Wind Directly
Forced Heat Pump

The common wind turbines are in two types, namely, the
horizontal type and vertical type, with respective advantages
and disadvantages. The vertical type is used in the medium-
and small-sized wind-driven generators, while the horizontal
type is adopted in the large- and medium-sized wind-driven
generators. We propose a new technique to directly adopt the
wind force to drive heat pump systems, which can effectively
reduce the energy conversion losses during the processes of
wind force energy converting to electric energy and electric
energy converting to kinetic energy. The power transferring
the wind force energy indirectly to the heat pump system by
the traditional method is calculated with the formula as

𝑝hp = 𝜂𝑤 × 𝜂𝑇1 × 𝜂𝐺 × 𝜂𝑇2 × 𝜂𝑀 × 𝑃𝑤

= 42.19% × 𝑃𝑤, (1)

where 𝑃𝑤 is the power of wind force; 𝑝hp is the power when
reaching the heat pump system; 𝜂𝑤 is the efficiency of wind
turbine; 𝜂𝑇1 is the efficiency of the transmission between the
wind turbine and generator; 𝜂𝐺 is the efficiency of generator;𝜂𝑇2 is the transfer efficiency between the generator and
electromotor; and 𝜂𝑀 is the efficiency of electromotor.

According to the literatures, 𝜂𝑤 is around 0.59 according
to the Betz Law; 𝜂𝑇1, the efficiency of the transmission, is
around 0.95 usually; 𝜂𝐺, the efficiency of generator, is around
0.8 [11]; 𝜂𝑇2, the transfer efficiency between the generator
and electromotor is around 0.97; and 𝜂𝑀, the efficiency of
electromotor, is around 0.97. A large quantity of energy losses
are generated in the process of converting the wind force
energy to electric energy and then the electric energy to
mechanical energy driving the compressor to produce the
cool energy or hot energy [12]. Using (1), we could get that
the total theoretical efficiency of wind energy transfered to
thermal energy is 42.19%.

In this study, the wind force could drive the heat pump
system directly so that the energy conversion loss could be
reduced and the efficiency could be further increased. If an
efficient method of the heat pump driving system to generate
cool or hot energy directly with the wind force proposed
in this study is adopted, then the costs of the generator
and generator equipments can be effectively reduced, and
the efficiency of converting the wind force energy into the
mechanical energy serving a double purpose can also be
significantly improved. The power transferring of the wind
force energy directly to the heat pump system by the proposed
method is calculated with the formula

𝑝hp = 𝜂𝑤 × 𝑃𝑤. (2)

This study tests in the four average wind speeds, namely,
3 m/s, 4 m/s, 5 m/s, and 6 m/s, are taken as the basis for
performance analysis to verify the feasibility on driving the
heat pump system to produce cool water and hot water
directly with the wind force.

3. Analysis of Working Efficiency

This study analyzes the working efficiency of the cooling and
heating achieved by driving the heat pump system directly
with the vanes of wind turbine. The theoretical analysis is
detailed in the following subsections.

3.1. The Wind Energy. The wind turbine collects the kinetic
energy of the wind force through the vanes and outputs the
energy through the drive shaft, which is expressed as follows:

𝐸 = 12𝜌𝐴𝑉3𝑡, (3)

where 𝜌 denotes the air density; 𝐴 is the area of wind turbine
vanes; 𝑉 represents the wind speed; 𝑡 is the wind turbine
operation time.

3.2. The Heat Pump Energy. The cooling capacity of the heat
pump and the heat output to reduce the temperature of the
water in the chiller water tank from 𝑡𝑐2 to 𝑡𝑐1 is expressed as
follows:

𝑄𝑐 = 𝑚 × 𝑠 × Δ𝑡𝑐 = 𝑚 × 𝑠 × (𝑡𝑐2 − 𝑡𝑐1) , (4)

where 𝑚 is the water storage weight of the chiller water tank;𝑠 is the specific heat of water; Δ𝑡𝑐 is the water temperature
difference of the chiller water tank.

The heating capacity of the heat pump and the heat being
absorbed to increase the water temperature in the hot water
tank from 𝑡ℎ1 to 𝑡ℎ2 could be formulated as follows:

𝑄ℎ = 𝑚 × 𝑠 × Δ𝑡ℎ = 𝑚 × 𝑠 × (𝑡ℎ2 − 𝑡ℎ1) , (5)

where 𝑚 is the water storage weight of the hot water tank;𝑠 is the specific heat of water; Δ𝑡ℎ is the water temperature
difference of the hot water tank.
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Figure 2: Summer model (chiller) of wind directly forced heat
pump.

3.3. The Efficiency. The cooling efficiency 𝜂𝑐 or heating effi-
ciency 𝜂ℎ of the heat pump system driven directly by the vanes
of wind turbine could be formulated as follows:

𝜂𝑐 = 𝑄𝑐𝐸 × 100%,
𝜂ℎ = 𝑄ℎ𝐸 × 100%,

(6)

where 𝑄𝑐 is the cooling capacity of heat pump; 𝑄ℎ is the
heating capacity of heat pump; 𝐸 is the energy output by the
drive shaft of wind turbine.

4. The Proposed Wind Directly Forced
Heat Pump

The experimental equipment of the proposed system con-
sisted of three major parts, namely, the wind turbine, trans-
mission, and heat pump system. The detailed specification,
structure, and experimental process are shown as follows.

4.1. The Wind System and Transmission. The wind turbine
consisted of three 1.6 m long fiberglass-reinforced polymers
(FRP) vanes. The central axis is affixed onto the frame
through the bearing that is installed with a pulley. A trans-
mission is installed underneath the frame with a transmission
gear ratio of 1 : 5. The ratio of diameter of the pulley installed
on the central axis of wind turbine and that of the pulley of
transmission is 5 : 1; therefore, the rotation speed of the wind
turbine could be increased by 1 : 25 to drive the compressor of
the heat pump system.

4.2. The Heat Pump System. The heat pump system as depi-
cted in Figures 2 and 3 consisted of an open-type compressor,
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Figure 3: Winter model (heat pump) of wind directly forced heat
pump.
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Figure 4: The experimental device and measure system.

a condenser, a capillary, an evaporator, a start control valve,
and a four-way valve. During the startup stage of the wind
turbine, the control valve is open, under the connected
discharge end and suction end of the compressor. The
compressor starts up during the idle running, and the start
control valve is slowly shut off when the rotation speed of
the wind turbine reaches its maximal speed and the coolant
starts to circulate in the cooling system. The cooling capacity
and heating capacity of the heat pump in this experiment are
0.5 kW and 0.6 kW, respectively.

Two kinds of experimental modes are adopted in the
experiment. Figure 2 shows the summer model, under
which the indoor heat exchanger serves as the evaporator
and the outdoor heat exchanger serves as the condenser.
Figure 3 shows the winter model, under which the indoor
heat exchanger serves as the condenser and the outdoor
heat exchanger serves as the evaporator. The changeover
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(c) Experiment 3. Average wind speed 5 m/s
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(d) Experiment 4. Average wind speed 6 m/s

Figure 5: Experiment data of summer model (chiller operation) of heat pump.

between the two experimental models is made through
operating the 4-way valve. In the summer model, the outdoor
temperature of 35∘C and the indoor temperature of 25∘C;
while in the winter model, the outdoor temperature and
indoor temperature both are 10∘C.

The experimental device measure system is as shown in
Figure 4, where 𝑃1 is the suction pressure of the compressor;𝑃2 is the discharge pressure of the compressor; 𝑇1 is the
suction temperature of the compressor; 𝑇2 is the discharge
temperature of the compressor; 𝑇3 is the outlet temperature
of the condenser; 𝑇4 is the inlet temperature of the evapora-
tor. The above measuring points are connected with the data
logger, and the experiments are performed at the different
average wind speeds of 3 m/s, 4 m/s, 5 m/s, and 6 m/s,
respectively. Here accurate data could be obtained from the
computer and be used as the basis for analysis and discussion.

5. Results and Discussions

This section summarizes the results obtained performance of
the proposed wind directly forced heat pump. The objective

is to evaluate the working efficiency and the generalization
capability of the wind directly forced heat pump. Summer
model (chiller) and winter model (heat pump) of wind

directly forced heat pump were examined during 60 minutes
by working efficiency at the different average wind speeds of
3 m/s, 4 m/s, 5 m/s, and 6 m/s, respectively.

5.1. Working Efficiency in Summer Model (Chiller) of Wind
Directly Forced Heat Pump. Figure 2 shows the cool water
producing model of the heat pump system driven directly by
wind turbine. Figure 5 shows the measurement of the cool
water producing capacity of the heat pump system driven
directly by the wind turbine. In the experiment of the chiller,
the outdoor temperature is 35∘C and the indoor temperature

is 25∘C. The cooling capacity in the summer is measured
with a 28 liters water storage tank, and the output capacity
of the wind turbine is calculated to obtain the ratio between
the cooling capacity of the heat pump system and the output
capacity of the wind turbine. The working efficiency of the
cooling of the wind turbine is also obtained. Figure 5(a) shows
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Table 1: Summation of the experimental condition for the summer
model (chiller operation).

Experiment no. 1 2 3 4

Average wind speed (m/s) 3 4 5 6

Total duration (min) 60 60 60 60

Temperature change (∘C) 25 ∼ 23 24 ∼ 19 25 ∼ 14.5 23 ∼ 3

Cooling energy, 𝑄𝑐 (kJ) 234.42 586.04 1230.68 2344.16

Wind energy, 𝐸 (kJ) 478.57 1134.38 2215.58 3823.53

Working efficiency, 𝜂𝑐 48.99 51.66 55.55 61.30

Climate condition
the outdoor temperature is 35∘C and

the indoor temperature is 25∘C

the data at the average wind speed of 3 m/s with the relative
data calculated as follows.𝑄𝑐 is the cool water producing capacity of the heat pump
system

𝑄𝑐 = 𝑚 × 𝑠 × Δ𝑡𝑐 = 28 × 4.186 × 2
= 234.42 kJ, (7)

𝐸 is the output capacity of the wind turbine

𝐸 = 12𝜌𝐴𝑉3𝑡 = 478.57 kJ, (8)

𝜂𝑐 is the efficiency of cooling of the wind turbine

𝜂𝑐 = 𝑄𝑐𝐸 × 100% = 48.99%. (9)

Figures 5(b)–5(d) indicate the wind turbine cooling data
at the other three different wind speeds. Table 1 shows the
comparison of experimental data of four different kinds of
average wind speeds in Figure 5. The results reveal that when
the wind speed increases, the energy produced by the wind
turbine increases significantly. Thus, the cooling capacity
increases, and the efficiency of the wind turbine cooling
increases accordingly, as depicted in Figure 6.

5.2. Efficiency in Winter Model (Heat Pump) of Wind Directly
Forced Heat Pump. In order to change the heat pump system
to the hot air producing model, only the direction of the 4-
way valve needs to be adjusted, as shown in Figure 3. Figure 7
shows the measurement of the hot air producing efficiency of
the heat pump system driven directly by the wind turbine. In
the experiments of heat pump, the outdoor temperature and
the indoor temperature both are 10∘C. The heating capacity
in the winter is measured with a 28 liters water storage tank,
and the output capacity of the wind turbine is calculated
to obtain the ratio between the heating capacity of the heat
pump system and the output capacity of the wind turbine.
The working efficiency of the heating of the wind turbine is
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Figure 6: The relationship of efficiency and cooling energy versus
wind speed for the summer model (chiller operation).

also obtained. Figure 7(a) shows the data at the average wind
speed of 3 m/s with the relative data calculated as follows.𝑄ℎ is the hot air producing capacity of the heat pump
system

𝑄ℎ = 𝑚 × 𝑠 × Δ𝑡ℎ = 28 × 4.186 × 2.5
= 293.02 kJ, (10)

𝐸 is the output capacity of the wind turbine

𝐸 = 12𝜌𝐴𝑉3𝑡 = 478.57 kJ, (11)

𝜂ℎ is the efficiency of heating of the wind turbine

𝜂ℎ = 𝑄ℎ𝐸 × 100% = 61.23%. (12)

Figures 7(b)–7(d) indicate the wind turbine heating data
at the other three different wind speeds. Table 2 shows the
comparison of experimental data of four different kinds of
wind speeds in Figure 7. The results reveal that when the wind
speed increases, the energy produced by the wind turbine
increases significantly. However, the efficiency of the wind
turbine heating in Figure 8 decreases. This phenomenon
is because the heating is hard to be achieved when the
outdoor temperature is only 10∘C, so that the evaporator
and outdoor air exchange thermal energy slowly. If heating
capacity increases, it means more power will be consumed,
and thus the working efficiency goes down consequently.

5.3. Summary of Efficiency ofWindDirectly ForcedHeat Pump.
Tables 1 and 2 summarize the working efficiency of wind
turbine cooling at four different wind speeds and the working
efficiency of wind turbine heating at four different average
wind speeds, namely, 3 m/s, 4 m/s, 5 m/s, and 6 m/s. In the
summer model (chiller), the outdoor temperature is 35∘C
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(c) Experiment 3. Average wind speed 5 m/s
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(d) Experiment 4. Average wind speed 6 m/s

Figure 7: Experiment data of winter model (heat pump operation) of heat pump.

Table 2: Summation of the experimental condition for the winter
model (heat pump operation).

Experiment no. 1 2 3 4

Average wind speed
(m/s)

3 4 5 6

Total duration (min) 60 60 60 60

Temperature change (∘C) 10 ∼ 12.5 11 ∼ 16.5 10 ∼ 18.5 10 ∼ 25

Cooling energy, 𝑄ℎ (kJ) 293.02 644.64 996.27 1758.12

Wind energy, 𝐸 (kJ) 478.57 1134.38 2215.58 3823.53

Working efficiency, 𝜂ℎ 61.23 56.83 44.96 45.98

Climate condition
the outdoor temperature and the indoor

temperature both are 10∘C

and the indoor temperature is 25∘C; the working efficiency
of the cooling process is 48.99%, 51.66%, 55.55%, and 61.30%,
respectively, whereas the average cooling working efficiency
is 54.38%. In the winter model (heat pump), the outdoor

temperature and the indoor temperature both are 10∘C; the
working efficiency of the heating process is 61.23%, 56.83%,
44.96%, and 45.98%, respectively, whereas the average heat-
ing working efficiency is 52.25%. The results verify that the
heating efficiency is lower than the cooling efficiency. If other
heat sources like underground heat source, solar energy, and
other waste heat are available, then the heat pump heating
efficiency could be further improved.

6. Conclusions

The experiment results suggested that driving the heat pump
system directly with the wind force can reduce the energy
conversion losses during the processes of wind force energy
converting to electric energy and electric energy converting
to kinetic energy. Taking the air-conditioner load out of the
electric load could reduce the equipment capacity of the
power distribution project. The experimental results verified
that the cool water producing efficiency of the heat pump
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Figure 8: The relationship of efficiency and cooling energy versus
wind speed for the winter model (heat pump operation).

system driven directly by wind force is 54.38% in the outdoor
temperature of 35∘C and the indoor temperature of 25∘C; and
the hot water producing efficiency is 52.25% in the outdoor
temperature and indoor temperature both of 10∘C. The
proposed method compared with traditional method which
theoretical efficiency is 42.19% can significantly improve the
efficiency by over 10% in both cooling and heating processes.
By the time this technology is maturely developed, it could
be promoted to the areas with a large quantity of wind
farms, such as islands, coast, desert, and high-rise buildings
to achieve the purpose of energy conservation and carbon
reduction.

Nomenclature

𝑝hp: Power when reaching the heat
pump (kJ)𝑃𝑤: Power of wind force (kJ)𝜂𝑤: Efficiency of wind turbine𝜂𝑇1: Efficiency of transmission between
wind turbine and generator𝜂𝐺: Efficiency of generator𝜂𝑇2: Transfer efficiency between generator
and electromotor𝜂𝑀: Efficiency of electromotor𝜂𝑐: Cooling efficiency𝜂ℎ: Heating efficiency𝐸: Wind energy (kJ)𝜌: Air density (kg/m3)𝐴: Area of wind turbine vanes (m3)𝑉: Wind speed (m/s)𝑡: Wind turbine operation time (s)𝑄𝑐: Cooling capacity (kJ)𝑄ℎ: Heating capacity (kJ)𝑚: Water storage weight (kg)𝑠: Specific heat of water

Δ𝑡𝑐: Temperature of the water in the chiller
water tank from 𝑡c2 to 𝑡𝑐1Δ𝑡ℎ: Temperature of the water in the hot
water tank from 𝑡ℎ1 to 𝑡ℎ2.
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Experimentation and laboratory optical tests on solar components are central aspects of the research on renewable energies.
The key element of the proposed testing systems is a solar divergence collimator, which exactly reproduces in laboratory the
sunlight divergence, while commercial solar simulators are mainly aimed to replicate intensity and spectrum of the sun. Precise
solar divergence reproduction is essential to correctly assess the optical properties and to simulate the operative conditions
of a solar collecting device. Optical characterisation and experimentation can give information about production quality and
homogeneity; moreover, specific tests can address the serial production of solar components detecting defects type and location. For
Concentrating Photovoltaic systems, appropriate tests can analyze solar concentrators of various shapes, dimensions, and collection
features. Typically, to characterise a solar component the most important and commonly examined quantities are collection
efficiency, image plane analysis, and angle dependence.

1. Introduction

Solar energy concentration on reduced size surfaces, typically
photovoltaic cells or more rarely optical fibres, represents
a recent field of application within the renewable energy
studies. These technologies and solar plants appear to be
quite promising for energetic supply [1–4]. Optical systems
for solar light concentration on reduced size surfaces were
analyzed and experimented in our research laboratory since
1997 [5–9]. Our work on renewable energies includes three
main research lines: optics to concentrate and transfer solar
light by optical fibres, solar concentrators coupled to Pho-
toVoltaic cells (Concentrating PhotoVoltaic systems), and
finally sunlight collectors coupled to various devices. These
solar components can be applied in the photovoltaic field or
for internal illumination.

Laboratory experimentation and optical measurements
[5–7], on commercial solar components or samples realized
from customized optical designs, represent crucial aspects of
these researches. Optical characterization tests [10–12] can

give information about production quality and realisation
homogeneity of solar devices constituents. Dedicated and
adapted measurements can address the serial production
of solar components individuating type and location of
realisation imperfections. For Concentrating PhotoVoltaic
applications, suitable optical measurements can control the
homogeneity of collector production, comparing the optical
features among the different samples. Finally, to check the
fidelity of reproduction of the original design, the optical
characterization can be used to compare the measured values
of optical properties to the nominal values belonging to the
optical project of the component.

Solar simulators are often employed to optically charac-
terise solar components: in fact they are more frequently used
to test absorbers than collectors. However, due to the recent
technological improvements in Concentrating Photovoltaics
(CPV systems), there is an increasing request of employing
solar simulators to test CPV components.

Commercial solar simulators [13–15] are essentially
designed for experimentations on plane solar panels or single
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Figure 1: Scheme of collimator S1 (for image tests and focused image
meas. on small components).

cells, without collection optical system. In principle, a solar
simulator is a device that can reproduce, on limited areas, the
conditions of solar irradiation with specific spectral charac-
teristics and irradiance uniformity. The solar simulators on
the market perform a quite good reproduction of spectral
distribution and intensity of the solar emission: up to 200x for
continuous light and up to 5000x for pulsed light. The main
drawback of these solar simulators is that the output light has
a divergence larger than the solar one: semi-angle divergence
of few degrees, while the solar value is around 0.25∘. The
most sophisticated, so very expensive, device present on the
market can produce a collimated beam with divergence half-
angle 2.4∘ and diameter 6or divergence half-angle 1.2∘ and
diameter 12.

Image light distribution is another crucial aspect that
must be taken into account, especially for the experimen-
tation on concentrating photovoltaic components. In order
to minimise the thermal stresses and to maximise the con-
version efficiency, the CPV cells require adequate irradiance
uniformity over the cell surface.

This paper proposes a solar divergence collimator able
to exactly reproduce the solar divergence and to provide an
extremely uniform beam. Our solar divergence collimator
is applied to test solar components in a laboratory set-
up, whose main advantages are flexibility and versatility. A
possible engineering of our test system, to obtain a closed
and fixed instrument, would lose its ability to adapt the tests
to specific requirements of the solar application or particular
characteristics of the examined sample.

2. Solar Divergence Collimators

The optical collimator reproducing the solar divergence
represents the core of every laboratory set-up employed to
characterize solar components. The principal layouts for our
optical tests are presented in Figures 1, 2, 3, and 4. The source
is always realized by a white light illuminator coupled by an
optical fibre to an integrating sphere. The solar divergence is
accurately reproduced combining the sphere output diameter
S to the focal distance 𝑓𝐶 of the collimation optics, which can
be a lens or a mirror.

The solar divergence collimator can be realized in axis
(S1-S2) if the examined collectors have reduced dimensions.
Collimator S1-S2 is presented in Figures 1 and 2, showing
the two optical configurations used for image tests and
collection efficiency assessment. The setup of S1-S2 includes a
collimation lens with focal length𝑓𝐶 = 700mm and diameter𝑑𝐶 = 90mm.

Photodetector

MaskCollimation
S

Source

Integrating sphere

Mirror

lens

Figure 2: Scheme of collimator S2 (for entering light measurement
on small components).

For practical reasons, the test of solar collectors with
diameter exceeding 80 mm is realized employing the solar
divergence collimator L1-L2 in Figures 3 and 4. To clarify
the schemes, in Figures 3 and 4 the values of 𝑓𝐶 and𝑑𝐶 do not respect the real proportions, whereas they are
correctly proportioned in Figures 1 and 2. Collimator L1-
L2 has two spherical mirrors with 𝑓𝐶 = 1500mm and𝑑𝐶 = 250mm. The first acts as collimation mirror while the
second is a concentrating mirror (indicated as “Mirror” in
S2 Figure 2 and L2 Figure 4). In collimator L1-L2 the optical
axis is deflected once (L1 Figure 3) or twice (L2 Figure 4)
over the measurement plane. The bent configuration of L1-
L2 introduces some optical errors and aberrations on the
collimated beam.

The verification of the solar divergence reproduction can
be preliminary performed comparing the obtained beam
diameter with the expected value. In practice we realise a
reference target, a circle with the exact beam dimensions at
the distance of the concentrating mirror (“Mirror” in Figures
4 and 2). The reference target is placed at this distance on
the beam axis. The set-up L2 (or S2) projects a beam on it,
which should correspond to the target circle. A more precise
control of beam properties and solar divergence reproduction
is represented by the beam measurements described in
Section 4.

Concerning the optical quality of the beams, it is impor-
tant to remark that the optical layout of S1-S2 is bent once
in Figure 2, but the measured quantity is the entering light,
which is filtered (by the mask) in the axial collimator. Then
the mirror, bending the optical axis, concentrates the light
over the photodetector. In collimator L1-L2 the collimation
mirror deflects the optical axis realizing a bent collimator
with two axes forming an angle 𝛼. Then the concentrating
mirror focuses the light on the sensor, introducing a second
deflection of the optical axis (Figure 4). The crucial bend is
the first one since it affects the quality of the collimated beam
with solar divergence. Moreover the use of an integration
sphere and the precision in realizing its aperture S represent
two other sources of optical errors.

3. Aberrations of Collimated Beams

The collimators under study are of two types: S1-S2 contains
a collimation lens, while L1-L2 has a collimation mirror in
a bent configuration. Both collimators generate a series of
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Figure 3: Scheme of set-up L1 (for image tests and focused image
meas. on large components).
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Figure 4: Scheme of set-up L2 (for entering light measurement on
large components).

aberrations that contribute to degrade the definition of the
image on the detector. The value of these aberrations must
be quantified in order to identify the specific contribution
generated by the sample under test. The use of collimator S1-
S2 allows limiting the aberrations by an appropriate choice
for the collimation lens, which should be a lens with field
correction and optimized for the used spectral bandwidth.
On the other hand, employing collimator L1-L2 the aberra-
tions mainly depend on the collimator angle 𝛼 and on the
surface type of the collimation mirror. In L1-L2 of Figures
3 and 4 the collimation mirror was chosen to be spherical
because it is easy and cheap to be realized. The aberration
study was carried out considering a spherical mirror of focal
length 1500 mm and an ideal lens with focal length 250 mm,
which represents the component under test. The ideal lens
allows analyzing the aberrations of the wave front coming
out from the collimation mirror in the position where the
solar collectors are usually tested. The aberrations of the
beam generated by L1-L2 are reported in Figure 5 as standard
Zernike coefficients 𝐶𝑍, considering three collimator angles𝛼: 5∘, 15∘, and 25∘. The actual angle of the collimator L1-
L2 used in our laboratory for collector tests is 15∘ and the
laboratory set-up allows angles up to 23∘. The values of
spherical aberration, coma, astigmatism, and field curvature
are plotted versus the entrance pupil diameter of the test lens
(in millimetres), which corresponds to the beam diameter
under examination.

The 𝐶𝑍 values plotted in Figure 5 indicate that the
main contribution is represented by the astigmatism and it

improves with the diameter of the collimated beam. For beam
diameter lower than 150 mm and 𝛼 ≤ 15∘ the 𝐶𝑍 coefficients
are such that the effect of the single aberrations on the quality
of the image produced by the lens is negligible. The image
maintains high uniformity in intensity.

The degradation of image definition was estimated sim-
ulating a collimator L1-L2 with a ray-tracing optical design
software, which provided simulations reproducing the profile
of the image Sg of our source. The profiles of the image Sg are
displayed in Figures 6(a) and 6(b) for angles 𝛼 up to 25∘ and
for two beam diameters. In Figure 6(a) the beam diameter
is 150 mm, while Figure 6(b) refers to a beam diameter of
250 mm that corresponds to the total width of the solar
divergence beam. For𝛼 ≤ 15∘ the image keeps the rectangular
shape: hence it can be concluded that our collimator L1-L2 is
a very good test system for sample diameters up to 150 mm
with 𝛼 = 15∘.

As final validation, the reliability of the off-axis collimator
L1-L2 to test solar collectors was experimentally verified. This
check is reported in Figure 7 comparing the characteristics
of the image produced by an ideal lens, without aberrations,
with the image generated by a real solar collector. The
comparison of these two optical elements is useful to evaluate
the contribution of the aberrations characterizing the off-
axis spherical mirror in order to separate them from the
contributions due to the tested collector.

Figure 7 compares the profile of a real image to the profile
of a simulated image. The measured image was acquired
by a CCD camera with a Fresnel lens of diameter 180 mm
and focal length 195 mm. The simulated curve in Figure 7
is obtained for a lens with the same optical features, but
considered an ideal lens without aberrations. For the real lens
the aberrations contribution is visible on the image profile,
which results enlarged at the bottom and more smoothed and
restricted at the top of the curve. The shape of the ideal lens
image is almost rectangular, while the measured image profile
approaches a bell shape. It can thus be concluded that for
the examined measurements the aberrations of collimator L1-
L2 can be considered negligible. It is necessary to repeat this
comparison operation at every new collector test in order to
verify the degree of interaction of the measurement system
with the parameters of the sample to be measured.

4. Measurements of Collimated Beams

The research is completed by a set of experimental mea-
surements examining the solar divergence beam generated
by collimators S1-S2 and L1-L2. The detection is preformed
sampling the beam by a photodiode (of side 4 mm) displaced
on the vertical plane XY. The sensor is mounted on a
motorized translation stage, which is shifted by another
translation stage that is perpendicularly mounted. Suitable
sampling step and speed were chosen to reach a good trade-
off between high definition of acquired image and acceptable
length of measurement time. The beam of collimator S1-S2
has diameter 90 mm; hence it can be completely sampled by
our detection system, which has a maximum excursion of
150 mm. For collimator L1-L2 the beam has diameter 250 mm,
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Figure 5: Aberrations as Zernike coefficients for 𝛼 = 5∘ − 25∘.

therefore the measurement procedure is more complicated.
Two photodiodes are mounted, at a horizontal distance of
150 mm, on the same translation stage and they are displaced
together. In this way two parallel sampling are obtained in
correspondence of the left and right portion of the beam.
To take into account possible differences between the two
sensors, the double sampling is repeated exchanging the
photodiodes. The final image is then calculated averaging the
results of the two measurements.

Figure 8 shows the solar divergence beam measured on
collimator S1-S2: the left picture presents a 3D plot, while the
right picture reports a 2D image of the beam. Analogously
Figure 9 presents the 2D and 3D plots of the measurements
on the beam of collimator L1-L2.

In the measurements on the collimated beam of L1-L2 the
vertical sampling range is 150 mm while the beam diameter is
250 mm, so the images represent only the central portion of
the beam. Nevertheless the sampling is sufficient to contain

the beam in the horizontal direction and the aberrations
affect this central band of the solar divergence beam.

By a practical point of view, in our laboratory set-up L1-
L2 the minimum collimator angle 𝛼 is 15∘. This is the value
usually employed for the solar component tests, because it
minimizes the aberration effects. The beam in Figure 9 does
not show aberration effects, which result to be lower than the
detection sensitivity.

It can be concluded that both collimators are appropriate
to test solar components: the optical quality of the solar
divergence beams is very high for S1-S2 and high for L1-
L2. For collimator S1-S2 inside the diameter of 90 mm the
beam maintains very high uniformity in intensity with profile
variations within 10% of the maximum value. For the beam
of collimator L1-L2, the data fluctuations are lower than 10%
in the diameter 180 mm and lower than 20% in the diameter
210 mm. Consequently the maximum useful diameter for
accurate measurements on the beam obtained with L1-L2 can
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Figure 6: Image profiles for beam diameter 150 mm (a) or 250 mm (b).
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be considered 210 mm, while high accuracy measurements
should be performed within the diameter of 180 mm.

Two aspects could be improved in the described optical
systems that reproduce the solar divergence. The first aspect
concerns the precise value chosen for the beam divergence:
the solar divergence, as total angular aperture, ranges from
0.5253∘ (Aphelion) to 0.5421∘ (Perihelion). The second aspect
is the reproduction of the solar spectrum, typically performed
using halogen or Xenon lamps. Figure 10 presents the spec-
tra of the light emitted by several sources, comparing the
measurements to the sunlight spectrum. All measurements
are performed coupling the source to the integrating sphere.
The examined lamps cover the wavelength range of the solar
spectrum (300 nm–1500 nm), but with a different spectral
distribution. Moreover in laboratory we use an optical fibre
that selects almost the visible light (350 nm–800 nm), which
is typically the range of use and test of solar components. The
internal source of the two illuminators is a halogen lamp with

an elliptic mirror: its spectrum corresponds to the illuminator
without optical fibre (in Figure 10).

In our laboratories the solar divergence beams of Figures
8 and 9 are successfully applied as testing light to characterize
solar components. In particular we developed test configura-
tions and procedures to test solar collectors with maximum
diameter/diagonal 240 mm. For such reduced sizes the exam-
ined samples typically have various shapes, dimensions, and
collection characteristics. Therefore each solar image presents
different light levels and uniformity features, which require
the use of appropriate instrumentation and measurements
procedures.

The described optical measurements on solar collectors
consider image plane analysis, angle dependence, collection
efficiency, and spot size. The proposed characterization pro-
vides optical properties and collection performances, which
are crucial to optimise a solar exploitation device. However
on the base of the specific solar application it can be useful to
examine other aspects or assess specific quantities significant
for the examined case [16–21].

5. Image Plane Analysis

Considering the characterisation of a CPV solar collector,
some preliminary studies on the focal distance 𝑓 are essen-
tial both for image analyses and for collection efficiency
assessment. It is essential to assess the position of each
focal plane, measuring the experimental values of 𝑓 for each
collector sample. The focal plane definition is dictated by
collector design and solar system application. Solar collec-
tors are optically designed as nonimaging systems with the
main purpose of maximizing the focused energy within the
nominal image. Therefore the focal plane can simply be
individuated by maximizing the collected light over the whole
examined plane (for absorber size exceeding the nominal
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(a)

(b)

Figure 8: Measurement of the S1-S2 beam: 3D and 2D plots.

image). If the dimension of the absorber is crucial, as in
case of photovoltaic cells (or optical fibres), the image plane
can be defined maximizing the light concentrated over a
detector with shape and size of the real absorber. After the
determination of the focal distance, several experimental
measurements can then be performed to examine the image
generated by each sample of a solar collector production. In
particular for Concentrating PhotoVoltaic applications it is
fundamental to analyze the light distribution in the image
plane.

The key element of our optical tests system is the solar
divergence collimator reproducing the divergence of sunlight
rays. It can be of two types: collimator S1-S2 (Figures 1
and 2) for small components, with diameter/diagonal lower
than 80 mm, or collimator L1-L2 (Figures 3 and 4) for
larger samples, up to diameters of 240 mm. Figures 1 and 3
show the two optical systems S1 and L1 used for the image
plane analysis. The difference between the two layouts is the
collimation optics: a lens with focal length 𝑓𝐶 700 mm in S1
Figure 1 or a spherical mirror with 𝑓𝐶 1.5 m in L1 Figure 3.
Figure 11 illustrates the laboratory practical realization of
solar divergence collimator L1.

The source for L1-L2 and S2-S2 is realized by a white light
illuminator coupled to an integrating sphere using an optical

(a)

(b)

Figure 9: Measurement of the L1-L2 beam for 𝛼 = 15∘: 3D and 2D
plots.

fibre. The solar divergence is simulated combining the sphere
output diameter 𝑆 to the focal distance 𝑓𝐶 of the collimation
optics. The beam with solar divergence impinges on the
sample under test and a camera visualizes the generated
image. The sensor used to estimate the focal distance and
to examine the image plane is a CCD camera, while for
the measurement of collection efficiency the sensor is a
photodetector. Size and shape of the photodetector should
correspond to those of the absorber.

The high-definition camera is mounted on a mechan-
ical support that is usually displaced by a high-precision
micrometric translation stage, to keep a good stability of
the detection system and to allow a precise estimation of
the focal distance. Beside the high precision, the translation
stage should have high reproducibility of the positions and
large excursion. In our laboratory optical system we use a
CMOS camera with an external chip, which allows examining
collectors with very short focal distances. Figure 12 shows the
CMOS camera testing a component with a diameter of few
centimetres. The image saturation is a critical parameter in
these tests. First of all, the source level should be adapted
to obtain a good image for the camera acquisition. The
detection parameters can be properly chosen to evidence
different aspects of the image analysis. For instance the image
saturation must be avoided when determining the beam
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profile. On the other hand, the image saturation can be useful
to emphasize image borders.

It is important to remark that all these measurements
are very sensitive to misalignments between collector plane
and camera array plane. Therefore mounting stability and
alignment accuracy are essential elements to obtain reliable
and reproducible results.

To consider some defocusing effects, the mentioned
analysis can be repeated examining the parallel planes located
before and after the focal position. Moreover dedicated

Figure 12: CMOS camera examining a small solar collector.

measurements can investigate the dependence on specific
parameters of interest.

6. Angle Dependence Study

Suitably designed and especially realized configurations are
dedicated to examine angular properties and the angular
dependences of the tested components. These angular mea-
surements assess how collector features and performances
are affected by rotations, tilts, and angular misalignments
in general. These crucial aspects are connected to collection
efficiency performance, tracking errors and Field of View
aperture of the optical system. In the worse case, the angular
misalignment can cause bad illumination over the photo-
voltaic cell, generating thermal stresses.

Since every collector has its specific collection geometry,
it is consequently characterized by specific angular effects and
angle dependencies, which can be examined by appropriate
tests. Furthermore typically each application has specific
angular requirements that can be experimented or verified in
laboratory by suitable tests on angle dependence.

Finally, these angular analyses can be combined with
image plane studies or collection efficiency assessment, to
complete the research and to provide a more realistic sim-
ulation. Investigating the interactions between the separately
tested aspects, this experimentation represents a better simu-
lation of the real working conditions.

The angular tests basically require a tilt or a rotation stage,
which is combined to the instrumentation used for image
plane analyses or collection efficiency tests.

By a practical point of view, for the simulation of mount-
ing errors or angular misalignments only the collector is
rotated, while in the tracking error tests both collector and
detector are rotated with the same reference plane.

7. Collection Efficiency Test

For the applications of sunlight exploitation, the essential
quantity to be considered is the collection efficiency. The
measurements are performed on a white light collimator that
reproduces the solar divergence assessing the efficiency of
sunlight collection. The collection efficiency is obtained as
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Figure 13: Practical realization of configuration L2 (for large
components).

ratio between the light focused within the nominal image and
the light inside the entrance aperture of the collector. These
two quantities are separately measured. The focused light is
measured using collimator S1 of Figure 1 (for small collectors)
or collimator L1 (for large collectors), shown schematically in
Figure 3 and practically in Figure 11. For this measurement
the sensor is a photodetector with dimensions corresponding
to the nominal image, obtained from the optical project of the
tested collector. The beam with solar divergence illuminates
the sample under test, which is located at the focal distance
to maximize the collected light.

The second measurement concerns the light entering
through the collector entrance aperture. It is performed using
collimator S2 in Figure 2 (for small collectors) or collimator
L2 (for large collectors), reported as scheme in Figure 4
and as laboratory set-up in Figure 13. The beam with solar
divergence impinges on a suitable mask, composed of a screen
with a hole reproducing shape and size of collector entrance
aperture. The light passing through the mask is concentrated
by a spherical mirror and measured by a photodetector.

In general the optical tests are aimed to verify quality and
homogeneity of collector production and reproducibility of
the collector fabrication process. Every test checks produc-
tion homogeneity and reproducibility for the specific aspect
examined by the test; but probably the most significant results
are represented by collection efficiency assessment and focal
distance measurement.

The essential optoelectronic instrumentation employed
to assess the collection efficiency is a photodiode with large
dynamic amplifier, a mask (simulating the collector entrance
aperture), a concentrating mirror (spherical mirror), and
a translation stage. Optical systems S1 of Figure 1 and S2
Figure 2 are used to measure collectors with maximum
diagonal/diameter 80 mm. Components of larger dimensions
are tested with configurations L1 of Figure 3 and L2 Figure 4.

The current mirrors available in our laboratory have diameter
250 mm and they allow testing samples with maximum diam-
eter 240 mm. The photodetector used in our laboratory set-up
is a squared photodiode of side 18 mm. In the measurement
of entering light the image diameter of the source S on
the photodiode exceeds 15 mm, therefore the photodiode
should have suitable dimensions. This is due to the fact that
the source diameter S is dictated by the requirements of
solar divergence reproduction and by the focal length of
collimation optics.

An important aspect is to utilize the central portion of
the collimated beam, characterized by higher uniformity. The
reflectivity of the concentrating mirror should be assessed
especially because they typically are large mirrors with
diameters of 200–300 mm. Moreover the reflectivity is not
constant over the reflecting surface; hence we usually estimate
an average value, which is successively employed to rescale
the detection. Finally the entering light measurement can
be replaced by a light density assessment if the beam is
homogeneous enough.

8. Image Size Measurement

A simple and low-cost methodology allows evaluating the
light concentrated into a fibre or over a photovoltaic cell. This
experimental measurement assesses image spot dimension
and light distribution within the focused image. The optical
set-up for this image control includes a white light source
reproducing the solar divergence. The beam impinges on the
tested collector and a detection system is located in its image
plane. It consists of a photodiode combined to a multi holes
mask. Figure 14 shows an example of the multi hole mask with
8 hole diameters 𝑑, with approximate step of 0.1 mm, suitable
for images of few millimetres. The mask moves in front of
the detector and it allows measuring the light intensity Id
corresponding to the encircled image of the collector, which
is the luminous intensity focused inside a hole. This image
analysis can verify if the collector production is homogeneous
for what concerns the light distribution inside the image.
The results are expressed, in percentage, as ratio between the
encircled image light and the total light in the focal plane.
Some measurements results appear particularly interesting:
the diameter corresponding to the nominal image of the
collector and the value corresponding to the absorber (core
diameter of the optical fibre or photovoltaic cell area).

The technique to determine the image diameter Di is
based on the measurement of the encircled image light Id.
The value of Di is obtained when the Id values start to saturate,
thus indicating that the hole diameter𝑑 is exceeding Di. Some
Id results measured using a multi-hole mask are reported in
Figure 15: the Id values are plotted versus the hole diameter𝑑. For verification and comparison, Figure 15 also reports the
corresponding values estimated from an image acquired by
a CMOS camera. Considering a saturation threshold of 95%,
for the curve in Figure 15 the value of image diameter Di is
1.6 mm.

In this test the translation stage moves the multi-holes
mask behind the collector, which maintains its position. In
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Figure 14: Example of Multi hole mask.
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fact, the most critical point for this measurement is the align-
ment of each hole. The multi-hole mask should be moved in
the image plane, keeping the hole in the focal position, which
is practically obtained maximizing the photodiode output
signal.

This procedure can be applied when the image is unusable
for the camera: in case of very luminous or extremely poor
signal.

9. Conclusions

Since 1997 within our researches on renewable energies
we studied and experimented solar concentrators for small
surfaces. Our laboratory developed fibre-coupled collectors,
Concentration PhotoVoltaic (CPV) systems, and optical sys-
tems coupled to various devices. These solar components
were designed to be applied in the photovoltaic sector or for
internal lighting.

For simulating the real working conditions of a direct
exposition to the sun, collimators with solar divergence are

employed in the optical systems to test solar components.
The solar divergence is reproduced combining the output
diameter of an integrating sphere to the focal distance of
a collimation lens. The solar divergence collimator can be
realized in axis for small collectors. While collectors with
diameter/diagonal >80 mm are tested using two large spheri-
cal mirrors with focal length 1.5 m. In this case the collimation
mirror deflects the optical axis realizing a bent collimator
with two axes forming an angle 𝛼. This bent configuration
introduces some optical errors on the collimated beam with
solar divergence. In the bent collimator the beam aberrations
depend on the angle 𝛼. Measurements of the solar divergence
beams have evidenced that both collimators are appropriate
to test solar components. The collimated beams do not show
aberration effects that are lower than the detection sensitivity.
The optical quality of the solar divergence beam is very
high for the unbent collimator and high for bent collimator.
Besides high accuracy measurements can be performed in the
central part of the beam of the bent collimator.

Optical characterization and experimentation are crucial
aspects for the development of every sunlight exploitation
device and in particular for CPV systems. Optical tests can
verify quality and homogeneity of solar components produc-
tion or compare the measured values of optical features to the
nominal values estimated in the optical design.

The core of our optical testing systems is a solar diver-
gence collimator, which produces a beam with solar diver-
gence and elevated illumination uniformity. The examined
collectors can have various shape, dimensions, and con-
centration features. Hence each image presents different
light levels and concentration features, which require the
use of appropriate hardware and procedures. The described
optical tests allow determining image plane analysis, angle
dependence, collection efficiency, and image dimensions. The
mentioned features represent an exemplificative and basic
optical characterization for sunlight exploitation; however
each solar application requires adapting the tests to examine
the significant quantities and aspects.

Our research group developed optical systems and
methodologies to characterize solar components of reduced
size (max diameter/diagonal 240 mm). This dimensional
limitation on the examinable samples is only due to the
actual size of our laboratory; the sample size can be increased
extending the optical system and using mirrors with larger
diameter. In alternative, samples larger than 240 mm can be
examined in portions, averaging and combining the results
to obtain the optical characterisation of the component.
Another important case is the test of high-concentration
collectors: the solution can be either to use a reduced source
emission or to choose suitable sensors and acquisition param-
eters. However the major advantage of using a laboratory set-
up is its adaptability to sample features and solar application
needs.
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The ground and excited state properties of nT-C60 dyads and Por-nT-C60 triads (n = 4, 8, and 12) have been theoretically
investigated by using the time-dependent density functional theory together with a set of extensive multidimensional visualization
techniques. The results reveal that the length of the nT moiety strongly influences the charge transfer characters of these systems.
The charge transfer ability is largely strengthened by introducing the porphyrin group and decreases with the length of the nT
moiety. Also the adjustment of the electron transport mode of Por-nT-C60 triads by the length of the nT moiety was visualized.
It is found that Por∗-4T-C60 shows predominantly the energy transfer process generating Por-4T-1C60∗ but the charge transfer
becomes predominant for other triads, such as the direct formation of Por•+-12T-C60•− via Por∗-12T-C60. Furthermore, the
process of Por•−-8T•+-C60→Por-8T•+-C60•− via Por∗-8T-C60 has been proved to be possible. Finally, the energetically most
stable final charge transfer excited state is confirmed to be Por-nT•+-C60•−.

1. Introduction

Conjugated nanoscale molecule has attracted a lot of
attention for its potential application in molecular elec-
tronic devices, such as organic electroluminescent devices,
photovoltaic cells, field-effect transistors, nonlinear optics
and electrical conductors [1, 2] (and references therein).
Photoinduced electron transfer (PET), as a fundamental
process, has been proved to play a key role in determining
the efficiency of the photoelectric materials [3–5]. Recently,
the researchers have focused on the mechanism of PET in
organic photoconversion systems with highly efficient charge
transfer (CT) and slow charge recombination (CR) [6–8],
respectively. The kinetics of these two processes, namely,
charge transfer and/or charge recombination, are reflected by
the electron transfer rate constant [8]:

kET = k0 exp
(−βRDA

)
, (1)

where k0 is a kinetic prefactor/preexponential factor, RDA

represents the donor-acceptor distance, and β is the atten-
uation factor or dumping factor.

As known, electron and energy transfer reactions in
covalently linked donor-bridge-acceptor (D-B-A) assemblies
are strongly dependent, not only on the redox properties
D and A but also on the D-A distance and the electronic
structure of the bridge [7]. Visible light excitation, for
instance, may result in a charge transfer mediated by the
bridge from the photoexcited donor to the acceptor or from
the donor to the photoexcited acceptor. According to the
remarkable electronic and optical characteristics [9], such
as the ready accessibility, structural modifications, highly
delocalized π conjugation, low oxidation potentials, envi-
ronmental stability, and well-defined oligothiophenes (nTs)
have emerged as one of the well-investigated oligomers of
π-conjugated polymers [10–12]. The nT moiety is assumed
to mediate charge transfer between donor and acceptor and
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has been expected to serve as molecular wires for electron
transfer and energy transfer in solar cell devices [13–15]. It is
known that porphyrins and fullerenes are some of the most
ideal efficient electron-donor and acceptor materials for
conjugated oligomers and polymers in photovoltaic devices
due to their unique structural and electronic properties [11].
The molecular architectures of D-B-A systems formed by
porphyrins and fullerenes linked by various bridging groups
have been widely studied, and the PET of porphyrin-B-
fullerene-conjugated systems proceeded through bridging
states as either real or virtual intermediates [15]. Since
Ikemoto et al. synthesized the molecules that incorporate
a porphyrin as donor and fullerene as acceptor unit which
are bridged by quater-, octi-, and dodecithiophenes [9], the
porphyrin-nTs-fullerene triads have been extensively studied
as the systems that are widely used in the photoactive layer
of solar cell. To investigate the PET mechanism of these
triads, the PET processes of porphyrin-nT-C60 linked triads
(n = 4, 8, and 12), which were designed to reveal the
function of nT as a molecular wire, have been investigated
by time-resolved fluorescence and absorption spectroscopic
methods in the visible and near-IR regions [2, 16, 17].
The most energetically stable final CS state was confirmed
to be porphyrin-nT•+-C60•−, which was produced by the
hole-shift process from porphyrin•+-nT-C60•−. The rate
constant for the CS process from porphyrin ∗-nT-C60 to
porphyrin•+-nT-C60•− decreased with the length of the nT
moiety, indicating that the nT moiety acts as a molecular
wire. And the excited dynamics of these systems in various
polar solvents have been investigated. Also, the effects of
length of oligothiophene on the CS and CR processes were
discussed on the basis of the free energy changes [16, 17].

On the other hand, theoretically, the PET in porphyrin-
4T-fullerene triad has been investigated by using quantum
chemistry method as well as the 2D and 3D real space
analysis methods [15]. The theoretical analysis revealed that
there are two charge transfer (CT) mechanisms and the
weak distance dependence of the oligothiophene spacer is
benefitted from the superexchange mechanism. As known,
ultrafast charge transfer from the porphyrin to the fullerene
moiety takes place upon the photoexcitation of these triads,
following which the long-lived charge-separated states are
generated. And the length of oligothiophenes is believed to
be one important parameter to influence the efficiency of
these processes. So theoretical investigation of the effect of
the length of nT and introducing the porphyrin (donor)
into the system is another important way to study the
PET process of the conjugated nanoscale molecule systems,
because darkness still covers the nature of it. In this paper, the
PET in oligothiophene-C60 (nT-C60) dyads and porphyrin-
oligothiophene-C60 (Por-nT-C60) triads was theoretically
investigated, which reveals that the ability of charge transfer
of the Por-nT-C60 triads, as a D-B-A system, is much
stronger than that of the nT-C60 dyads, as a D-A system.
And the ground and excited states properties of these dyads
and triads are strongly influenced by the length of the nT
moieties. Also the adjustment of the electron transport mode
of Por-nT-C60 systems by the length of the nT moieties was
further visualized.

2. Method

All of quantum chemical calculations were done with
Gaussian 09 software [18]. The ground state geome-
tries of the oligothiophene-fullerene dyads and porphyrin-
oligothiophene-fullerene triads were optimized using the
density function theory (DFT) with B3LYP functional and 3-
21G basis set. Partial density of states (PDOS) was visualized
with GaussSum software. The molecular structures of them
can be seen from Figure 1. In the calculations, R=C6H13

(the side chain of oligothiophene) was repacked by H,
because they were not the direct electronic structure of the
conjugated backbone and merely aid in improving solubility
without affecting electronic properties [19]. Electronic tran-
sitions of nT-C60 and Por-nT-C60 and their donor/acceptor
part in optical absorption were performed with time-
dependent DFT (TD-DFT) [20], B3LYP functional, and 6-
31G(D) basis set, respectively.

The two-dimensional (2D) real space analysis (transition
density matrix) and three-dimensional (3D) real space
analysis (charge difference density) were described in [21–
23]. In the 2D site representation, photoexcitation creates
an electron-hole pair or an exciton by moving an electron
from an occupied orbital to an unoccupied orbital [22]. Each
element of the transition density matrix reflects the dynamics
of this exciton projected on a pair of atomic orbitals given by
its indices, which gives the probability of finding one charged
particle on site x and the second one on site y. And the
amount of the charged particles reflects the strength of the
coherence between the donor and acceptor, which is defined
by different color of the element. The 3D cube representation
has been used to analyze the charge and energy transfer
in conjugated polymers [19, 21–25], because the charge
difference density (CDD) determines the orientation and
results of the charge and energy transfer in molecular and
molecular-metal systems.

3. Results and Discussions

3.1. Ground State Properties. On the basis of the optimized
ground state geometries of nT-C60 (D-A systems) and Por-
nT-C60 (D-B-A systems), the partial densities of states
(PDOS) were calculated and are presented in Figure 2.
With the PDOS, we can find the percent contribution of
a group to each molecular orbital. As seen from Figures
2(a), 2(c), and 2(e), for nT-C60 (n = 4, 8, and 12), the
complete charge densities of the higher HOMOs are found
on the thiophene groups and the charge densities of the
lower LUMOs on the C60 group, respectively. This indicates
that the transition from these HOMOs to LUMOs of
oligothiophene-fullerene systems should be followed by the
charge transfers from thiophene to fullerene group. When
the porphyrin is introduced into the system, abbreviated as
Por-nT-C60 in this paper, the contributions of charge density
distribution to the higher HOMOs are originated from
both the porphyrin and the thiophene groups (see Figures
2(b), 2(d) and 2(f)). And the percent contribution of the
porphyrin group decreases with the length of the nT moiety.
Due to the fact that porphyrin group acts as the electron
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Figure 1: Molecular structures of nT-C60 dyads and Por-nT-C60 triads (n = 4, 8, and 12).

donor of these systems, the small charge density distribution
on it in the ground state will result in the decrease of charge
transfer from donor to acceptor and the formation of the
charge transfer excited state upon the photoexcitation. This
is in accordance with the experimental results [2] and will be
further investigated in the next section. It should be noted
that the percent contribution of charge density distribution
to the lower LUMOs molecular orbital is insensitive to the
porphyrin group, and for all Por-nT-C60 systems the charge
densities of the lower LUMOs are still completely distributed
on the C60 group.

To further investigate the charge distribution on the
oligothiophene, which is believed to be adjusted by the length
of the thiophene unit and affected by the charge transfer
process of these systems, the Mulliken charges on different
thiophene moiety are shown in Figure 3, also based on their
optimized ground state properties. By comparing Figures
3(a)–3(c), some meaningful conclusion can be obtained. In
detail, the Mulliken charge distribution is little influenced
by increasing the length of the nT moiety but largely
affected by introducing the porphyrin group. For nT-C60
dyads, the maximum distribution of Mulliken charges (with
positive character) locates on the thiophene moiety, which
is adjacent to C60 group. however, for Por-nT-C60 triads,
the Mulliken charges almost distribute on the two outer
thiophene units and the negative charges on the thiophene

moiety, neighbored to the porphyrin group, are much larger
than the positive charges on the thiophene unit, which is
adjacent to C60. These results together with the further
analysis of the excited properties of these D-A and D-B-A
systems are expected to give the direct visual evidence for
the adjustment of the ICT character by the length of bridge
and the introduction of the porphyrin group as the electron
donor part.

3.2. Excited State Properties of nT-C60 Dyads. Upon pho-
toexcitation to the excited state, some of the excited state
properties of these fullerene-based molecular materials are
changed in comparison with those in the ground state.
Table 1 gives the excited state properties of these fullerene
derivatives, including the selected electronic transition ener-
gies, the corresponding oscillator strengths, main composi-
tions, and CI coefficients. For all these fullerene derivatives,
the first excited state (S0 → S1 and abbreviated as S1)
mainly originates from the transition from HOMO to
LUMO molecular orbits. According to the above PDOS
analysis, the electronic transitions involving these orbits
are intramolecular charge transfer excited states. To further
investigate the change of the static charge distribution upon
photoexcitation, the electron-hole coherence and the charge
difference densities (CDD) of these electronic transitions
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Figure 2: Partial density of state (PDOS) of nT-C60 (n = 4, 8, and 12 are in accordance with (a), (c), and (e), resp.) and of Por-nT-C60
(n = 4, 8, and 12 are in accordance with (b), (d), and (f), resp.).



International Journal of Photoenergy 5

1 2 3 4

−0.08

−0.06

−0.04

−0.02

0

0.02
M

u
lli

ke
n

 c
h

ar
ge

 d
is

tr
ib

u
ti

on

4T-C60

Por-4T-C60

(a)

1 2 3 4 5 6 7 8

−0.08

−0.06

−0.04

−0.02

0

0.02

M
u

lli
ke

n
 c

h
ar

ge
 d

is
tr

ib
u

ti
on

8T-C60

Por-8T-C60

(b)

1 2 3 4 5 6 7 8 9 10 11 12

−0.08

−0.06

−0.04

−0.02

0

0.02

M
u

lli
ke

n
 c

h
ar

ge
 d

is
tr

ib
u

ti
on

12T-C60

Por-12T-C60

(c)

Figure 3: The distribution of Mulliken charges on the different thiophene moieties of nT-C60 dyads and Por-nT-C60 triads. The numerals
1–12 stand for the different thiophene unit, which is in the order from the thiophene unit, neighbored to the fullerene group, to the unit,
neighbored to the porphyrin group.

are calculated and visualized in the Figures 4 and 5. All
of these excited state properties were examined with two
representations, which classified as intramolecular charge
transfer (ICT) or local excited (LE) transitions (see Table 1).
From the 2D contour plots (see Figure 4) of transition
density matrix for S1 of nT-C60, we can see that the electron
hole coheres between fullerene and thiophene (shown with
yellow color), and with increasing the length of the nT moiety
the strength of coherence decreases obviously. After analyz-
ing their corresponding CDD (shown in Figure 5), we can
clearly identify that the electron transfers from thiophene to
fullerene, because the excited electrons and holes completely
reside on the fullerene and thiophene groups, respectively.
Also the change of the static charge distribution caused by
the photoexcitation is significantly influenced by the length
of the nT moiety. In other words, different thiophene unit

in nT-C60 dyad has different contribution to the transition
when the length of the nT moiety is changed. In detail, when
n = 4, the excited holes are delocalized on all these four
thiophene units; but when the length of nT increases to 8
and 12 units, the excited holes are almost distributed on the
center thiophene units, which indicates that the static charge
distribution of the outer thiophene units is almost insensitive
to the photoexcitation, especially the adjacent unit to the
fullerene group. This result is in accordance with the previous
researches and again justifies that the excited hole along the
π conjugation in 8T and 12T tends to localize in the middle
part of the chain more than that in 4T because the charge per
thiophene ring takes a maximum point in the middle of the
chain for 8T and 12T [2, 26]. Back to the above Mulliken
charge distribution analysis in the ground state, the small
distribution of Mulliken charges on the center thiophene
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units and the largest Mulliken charge distribution on the
thiophene unit, neighbored to the fullerene group, result in
the weaker electron-hole coherence between fullerene and
thiophenes of nT-C60 dyad by increasing the thiophene units
(long bridge). So we can conclude that the charge transfer
ability decreases with increasing the length of the nT moiety.

3.3. Function of nT as a Molecular Wire of Por-nT-C60
Triads. When the porphyrin is introduced into the system
as the electron donor, the static charge distributions of
the thiophene unit of Por-nT-C60 triads behave differently
upon photoexcitation to their first excited states. The
main difference materializes on the porphyrin neighbored
thiophene moiety, which has the largest negative Mulliken
charge distribution in the ground state (see Figure 3) and acts
as the main contributor for the transition from the ground
state to S1 of Por-nT-C60 triads (as shown in Figure 5). This
informs that the ability of charge transfer of the Por-nT-C60
triads, as a D-B-A system, is much stronger than that of the
nT-C60 dyads, as a D-A system. Similar to the nT-C60 dyads,
with increasing the length of the nT moiety, the account
of the excited holes on the thiophene moiety, neighbored
to the porphyrin moiety, decreases largely, which suggests
that the electron transfer abilities of Por-nT-C60 triads are
in the order of 4T > 8T > 12T and the charge density of
Por-4T•+-C60•− much larger than those in other triads [2].
This result is in accordance with the electron-hole coherence
between the thiophene and fullerene groups (as can be seen
from Figure 4). It should be noted that, for Por-4T-C60 triad,
the weaker electron-hole coherence between the porphyrin

and fullerene groups could be even found, because the space
distance between them is short enough.

Furthermore, the adjustment of the electron transport
mode of Por-nT-C60 systems by the length of the nT moieties
can be further visualized. All of the possible energy transfer
(EN) and charge transfer (CT) processes of these triads can
be summarized as follows:

Por∗-nT-C60
kCT+kEN−−−−−→Por•+-nT-C60•−

+ Por•−-nT•+-C60 + Por-nT-C60∗.
(2)

After photoexcitation of the porphyrin moiety of the
Por-nT-C60 triads, the Por∗-nT-C60 is produced, following
which the different excited state dynamic relaxation processes
take place, and controlled by the length of the nT moieties. As
can be seen from Table 1, the calculated transition energies of
Por-nT-C60 triads with the largest oscillator strengths have
been listed, from which the different dynamic processes of
these triads via Por∗-nT-C60 can be revealed. In the case of
Por-4T-C60, the twenty-seventh and twenty-eighth excited
states (S27 and S28) were calculated to be the excited state
with the larger oscillator strengths. In addition, from the
CCD plot of the S27 excited state (see Figure 5), the EN
process to the C60 moiety can be well visualized. And this
result is in good agreement with the experiment, which has
proved that the CS process to Por•+-4T-C60•− via Por∗-4T-
C60 is not possible because of the positive ΔGCS value [2].
So the 4T moiety acts as a spacer for EN, because the EN
process driven by the Dexter mechanism, which is operative
in the short-distance EN process, does not operate to RDA =
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Table 1: Selected electronic transition energies (eV) and the corresponding oscillator strengths (f ), main compositions, and CI coefficients
of nT-C60 and Por-nT-C60.

Compounds Excited states Transition energy (eV)a f b CIc Excited state propertyd

4T-C60

S1 1.7127 (724 nm) 0.0025 0.70104 (H→L) ICT

S2 1.8154 (683 nm) 0.0002 0.70047 (H→L+1) ICT

S19 2.8127 (441 nm) 1.2480 0.63249 (H→L+3) LE (4T)

Por-4T-C60

S1 1.6171 (767 nm) 0.0001 0.67616 (H→L) CT

S27 2.6127 (475 nm) 0.2022 0.52142 (H-8→L+1) LE (F)

S28 2.6146 (474 nm) 0.9764 0.59820 (H→L+5) CT

8T-C60

S1 1.5079 (822 nm) 0.0030 0.69760 (H→L) ICT

S2 1.6129 (769 nm) 0.0003 0.69703 (H→L+1) ICT

S10 2.1813 (568 nm) 2.9247 0.68669 (H→L+3) LE (8T)

Por-8T-C60

S1 1.4949 (829 nm) 0.0031 0.69223 (H→L) CT

S7 1.9918 (622 nm) 0.0092 0.62072 (H-2→L) ICT

S10 2.0660 (600 nm) 2.2460 0.58463 (H→L+3) CT

12T-C60

S1 1.4746 (841 nm) 0.0025 0.68307 (H→L) ICT

S2 1.5792 (785 nm) 0.0001 0.68245 (H→L+1) ICT

S7 1.9785 (627 nm) 4.2837 0.68219 (H→L+3) LE (12T)

Por-12T-C60

S1 1.4899 (832 nm) 0.0002 0.67812 (H→L) CT

S8 1.9462 (637 nm) 3.7154 0.55718 (H→L+3) CT

S9 1.9543 (634 nm) 0.9797 0.57073 (H-2→L+1) CT
a
The numbers in parentheses are the transition energy in wavelength. bOscillator strength. cCI coefficients are in absolute values. H stands for HOMO, and L

stands for LUMO. dF and nT in parentheses present that the density is localized on the fullerene and thiophenes units, respectively. ICT presents the complete
charge transfer state of nT-C60, and CT presents the partly charge transfer state of Por-nT-C60.

55.7Å for Por-12T-C60 [2, 27]. Reasonably, the presence of
the stronger electron-hole coherence between the porphyrin
and C60 moieties with yellow color in Por-4T-C60 triad in
Figure 4 could facilitate its EN process. After EN process,
from its CCD plot of the S1 excited state in Figure 5, the
formation of Por-4T•+-C60•−, following the charge transfer
of the nT moiety and the 1C60∗ moiety, can be easily seen. So
the excited state dynamic relaxation process of Por-4T-C60
should be described as Por∗-4T-C60→Por-4T-1C60∗ →
Por-4T•+-C60•−. For Por-12T-C60, the eighth and ninth
excited states (S8 and S9), with the largest oscillator strengths,
present the obvious charge transfer character because the
excited holes and electrons localize on porphyrin and C60
moieties, respectively (see the CCD plots of the S8 and
S9 excited state of Por-12T-C60 in Figure 5). This results
in that the direct generation of the CS state, Por•+-12T-
C60•−, is produced from Por∗-12T-C60 and indicates that
the nT moieties serve as superior molecular wires allowing
an efficient long-range CS process from the Por∗ moiety
to the C60 moiety through the large nT moiety. Similar
to Por-4T-C60, the hole-shift process of Por-12T-C60 also
takes place, which can be clearly seen from its CCD plot
of the S1 excited state in Figure 5. And the excited state
dynamic relaxation process of Por-12T-C60 should be Por∗-
12T-C60→ Por•+-12T-C60•− →Por-12T•+-C60•−. Lastly,
some different results of Por-8T-C60, as compared to those
of the experiment, were obtained here. From the CCD plot
of the S10, S7, and S1 excited states of Por-8T-C60 in Figure 5,

the excited state dynamic relaxation process of Por•−-8T•+-
C60→Por-8T•+-C60•− via Por∗-8T-C60 is well visualized
and proved to be possible. In detail, the charge transfer
between porphyrin and 8T moieties (the formation of Por•−-
8T•+-C60) takes place. Following which the excited electrons
transfer from Por•− to C60 moieties, because the electron-
acceptor abilities have been proved to be in the order of Por
≈ 8T� C60 [2]. At the same time, the hole shifts from Por•+

moiety to 8T moiety and the excited holes redistribution on
the 8T take place.

4. Conclusion

From the calculating ground state results of nT-C60 dyads
and Por-nT-C60 triads, the obvious charge transfer charac-
ters of these systems have been presented. The contribution
of the porphyrin group to the charge transfer in Por-nT-C60
triads decreases with the length of the nT moiety, and the
Mulliken charge distribution on different thiophene moiety
is largely affected by introducing the porphyrin group. For
nT-C60 dyads, the charge transfer ability decreases with
increasing the length of the nT moiety. The ability of charge
transfer of the Por-nT-C60 triads is proved to be much
stronger than that of the nT-C60 dyads and be in the order of
4T > 8T > 12T. The excited state dynamic relaxation process
of Por-4T-C60 and Por-12T-C60 can be described as Por∗-
4T-C60→Por-4T-1C60∗ →Por-4T•+-C60•− and Por∗-12T-
C60→ Por•+-12T-C60•− →Por-12T•+-C60•−, respectively.
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And for Por-8T-C60, Por•−-8T•+-C60→Por-8T•+-C60•− via
Por∗-8T-C60 has been proved to be possible.
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