
International Journal of Photoenergy

Solar Cells: From Sunlight 
into Electricity
Guest Editors: Serap Günes, M. S. A. Abdel-Mottaleb, Harald Hoppe, 
and Daniel Ayuk Mbi Egbe



Solar Cells: From Sunlight into Electricity



International Journal of Photoenergy

Solar Cells: From Sunlight into Electricity
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Claudia Mart́ınez-Alonso, Carlos A. Rodŕıguez-Castañeda, Paola Moreno-Romero, C. Selene Coria-Monroy,
and Hailin Hu
Volume 2014, Article ID 453747, 11 pages

Investigation ofThermal Instability of Additive-Based High-Efficiency Organic Photovoltaics,
En-Ping Yao, Yi-Jhe Tsai, and Wei-Chou Hsu
Volume 2014, Article ID 952528, 8 pages



Development of Hydrogenated Microcrystalline Silicon-Germanium Alloys for Improving
Long-Wavelength Absorption in Si-BasedThin-Film Solar Cells, Yen-Tang Huang, Hung-Jung Hsu,
Shin-Wei Liang, Cheng-Hang Hsu, and Chuang-Chuang Tsai
Volume 2014, Article ID 579176, 7 pages

An Alternative Approach for Improving Performance of Organic Photovoltaics by Light-Enhanced
Annealing, En-Ping Yao, Chiu-Sheng Ho, Chang Yu, E-Ling Huang, Ying-Nan Lai, and Wei-Chou Hsu
Volume 2014, Article ID 120693, 7 pages

Luminescent Solar Concentrators Fabricated by Dispersing Rare Earth Particles in PMMAWaveguide,
Cheng Liu, Ruijiang Deng, Yanlin Gong, Cheng Zou, Yong Liu, Xiang Zhou, and Baojun Li
Volume 2014, Article ID 290952, 5 pages

ExpandingThermal Plasma Chemical Vapour Deposition of ZnO:Al Layers for CIGS Solar Cells,
K. Sharma, B. L. Williams, A. Mittal, H. C. M. Knoops, B. J. Kniknie, N. J. Bakker, W. M. M. Kessels,
R. E. I. Schropp, and M. Creatore
Volume 2014, Article ID 253140, 9 pages



Editorial
Solar Cells: From Sunlight into Electricity

Serap Günes,1 M. S. A. Abdel-Mottaleb,2 Harald Hoppe,3 and Daniel Ayuk Mbi Egbe4

1Department of Physics, Faculty of Arts and Science, Yıldız Technical University, Davutpasa Campus, Esenler, 34210 Istanbul, Turkey
2Nano-Photochemistry and Solar Chemistry Lab, Department of Chemistry, Faculty of Science, Ain Shams University, Abbassia,
Cairo 11566, Egypt
3Institute of Physics, Technische Universität Ilmenau, 98693 Ilmenau, Germany
4Linz Institute for Organic Solar Cells, Johannes Kepler University of Linz, Altenberger Strasse, 4040 Linz, Austria

Correspondence should be addressed to Serap Günes; sgunes@yildiz.edu.tr
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Presently, the major part of the global energy need is covered
by fossil fuels such as coal, gas, oil, and nuclear power plants.
The conventional methods lead to serious environmental
problems and especially the ever-rising demand for these
energy carriers in conjunctionwith the expected oil depletion
can be counted as the world’s most important energy prob-
lem. Also, the uneven distribution of the oil around the whole
world threatens the world peace.

Alternative methods which could compete with the con-
ventional energy production have been approached for saving
the environment, economy, and theworld peace. Solar light to
electricity via photovoltaics has been promising alternatives
to conventional methods. As solar cells are classified into
three groups, first, second, and third generation, the first
generation which is made of crystalline silicon remains the
commercially most predominant solar cell technology. The
second-generation solar cells are the thin film solar cells
and include inorganic semiconductors such as CdTe, CdS,
and CIGS which are also commercially available. Although
the production price of these two technologies decreased
considerably over the last years, the first-generation solar
cells are still relatively expensive and production procedures
include cost and energy intensive routes. This stands as a
major drawback in their widespread use, especially in house-
hold type applications. The third generation includes use of
organic and organometallic materials and is seen as emerging
technology. Low cost, light weight, and easy integration to
flexible applications make this emerging technology worthy
of being investigated further. However, their efficiencies are

still low as compared to their inorganic counterparts and
therefore they are considered to be in the development stage
and are not yet widely commercially available. Thus, overall
many photovoltaic approaches have been studied and efforts
are currently continuing in order to provide more cost and
energy efficient solar energy solutions.

This special issue addresses the ongoing efforts towards
new results in materials science and technology related to
different types of solar cells such as organic, inorganic, and
dye sensitized solar cells. This issue contains papers on
various aspects of different generations of solar cells. These
aspects can be categorized as follows: (1) investigation of Si-
thin films and improved performance of silicon solar cells;
(2) investigations of ZnO:Al layers for CIGS solar cells;
(3) theoretical and experimental studies on PV modules,
solar concentrators, and dye sensitized solar cells; (4) further
development of various types of hybrid and organic solar
cells.
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Producing large-grained polycrystalline Si (poly-Si) film on glass substrates coatedwith conducting layers is essential for fabricating
Si thin-film solar cells with high efficiency and low cost.We investigated how the choice of conducting underlayer affected the poly-
Si layer formed on it by low-temperature (500∘C) Al-induced crystallization (AIC). The crystal orientation of the resulting poly-Si
layer strongly depended on the underlayer material: (100) was preferred for Al-doped-ZnO (AZO) and indium-tin-oxide (ITO);
(111) was preferred for TiN.This result suggests Si heterogeneously nucleated on the underlayer. The average grain size of the poly-
Si layer reached nearly 20 𝜇m for the AZO and ITO samples and no less than 60 𝜇m for the TiN sample. Thus, properly electing
the underlayer material is essential in AIC and allows large-grained Si films to be formed at low temperatures with a set crystal
orientation. These highly oriented Si layers with large grains appear promising for use as seed layers for Si light-absorption layers
as well as for advanced functional materials.

1. Introduction

High-quality crystalline Si on glass has been widely studied
for use in low-cost thin-film solar cells with high-conversion
efficiencies [1, 2]. In a polycrystalline Si (poly-Si) thin film,
if its grain size is sufficiently larger than the cell thickness
(∼10 𝜇m), the poly-Si cell can approach the efficiency of
single-crystal Si wafer [2, 3]. Additionally, controlling the
crystal orientation of the poly-Si film is essential for forming
an effective antireflection structure [4] as well as for produc-
ing epitaxial seeds, used as starting materials for advanced
functional materials [5] or aligned nanowires [6].

To form polycrystalline semiconductors on glass, alumi-
num-induced crystallization (AIC) is a possible technique
that has received much attention [7, 8]. In this technique,
an amorphous Si (a-Si) layer on an Al layer is transformed
into a crystalline phase via exchange between the Al and Si

layers during annealing at low temperatures (425–500∘C) [9–
11]. Additionally, AIC can grow either (100)- or (111)-oriented
poly-Si films with large grains (diameters of 10–100𝜇m) by
controlling the initial Al thickness [11], the interface between
the Al and Si [12], and the growth temperature [13, 14]. AIC-Si
is being researched as a seed layer for homoepitaxial growth
of a Si light-absorption layer to obtain high-efficiency thin-
film solar cells [2, 15, 16].

To measure its photovoltaic properties, AIC-Si on a glass
substrate coated with a conducting layer should be developed
[17].There are two approaches: inverted AIC [14, 18] and AIC
on conducting layers [19]. Both techniques produced poly-Si
with large grains (10–50 𝜇m) on conducting layers. However,
it is still uncertain how the conducting layer affects the crystal
quality of AIC-Si. Recently we found that the crystal quality
of AIC-Ge depends on the materials contacting Ge [20, 21].
In the present study, we prepared various conducting layers
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Figure 1: Schematic cross-sections and optical micrographs for a sample with an AZO underlayer, annealed at 500∘C for (a) 80min, (b)
100min, and (c) 130min. Each diagram corresponds to its respective optical micrograph showing the back surface of the sample through the
transparent AZO and glass.

on glass, grew AIC-Si layers on them, and investigated the
crystal quality of those AIC-Si layers. We found that the
underlayer significantly influences the crystal orientation and
grain size of the poly-Si films, demonstrating the importance
of selecting a proper conducting layer.

2. Experiment

The thin films were prepared using radio-frequency (RF)
magnetron sputtering (Sanyu Electron SVC-700RF) with an
Ar sputtering pressure of 0.2 Pa and RF power of 100W.
Al-doped-zinc-oxide (AZO, Al

2
O
3
: 2%), indium-tin-oxide

(ITO, SnO
2
: 10%), and titanium nitride (TiN) layers, each

300 nm thick, were prepared on 1 × 1 cm SiO
2
0.6mm-thick

glass substrates (Furuuchi Chemical Corporation).Thedepo-
sition rate was 24 nmmin−1 for AZO, 28 nmmin−1 for ITO,
and 3.8 nmmin−1 for TiN. Before deposition, the substrates
were cleaned with acetone, methanol, and distilled water
sequentially. For comparison, we also deposited on a bare
SiO
2
substrate. During deposition, the substrate temperature

was kept at 300∘C for AZO and ITO and at room temperature
(RT) for TiN. After depositing the underlayers, 100 nm-thick
Al and 100 nm-thick Si layers were prepared at RT, with a
deposition rate of 15 nmmin−1 for Si and 23 nmmin−1 for
Al. Between the Al and Si deposition cycles, the Al layers
were exposed to air for 48 h to form native AlO

𝑥
membranes,

limiting the diffusion of Si and Al. Finally, the samples were
annealed in N

2
at 500∘C for 5 h to induce layer exchange

between the Al and Si layers.

3. Results

Figures 1(a)–1(c) show the expected schematics of the crystal-
lization stages for the sample with an AZO underlayer, with

corresponding micrographs.Themicrographs suggest that Si
atoms diffuse into the Al layer, grow laterally, and cover the
entire region during annealing. The detailed mechanism of
this layer exchange has been well investigated in previous
studies on AIC [9–11]. We found similar growth morpholo-
gies for the samples with the ITO, TiN, and SiO

2
underlayers.

The cross-sectional structure of the sample with the
AZO underlayer was evaluated using transmission electron
microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDX). Figures 2(a) and 2(c) show low-magnification TEM
images before and after annealing, respectively, revealing
uniform laminate structures. Figures 2(b) and 2(d) show
EDX maps obtained at the same locations as in Figures
2(a) and 2(c), respectively. These EDX maps show that the
layer exchange between the Al and Si layers occurred during
annealing, causing Si to stack on AZO. The AlO

𝑥
membrane

between the Si and Al layers was not clearly detected because
it is thin (∼1 nm) [7, 12]. The magnified TEM image in
Figure 2(e) shows no dislocations or stacking faults in the
Si layer, so the AIC technique can be used to form a high-
quality Si layer on a conducting layer as well as on a bare glass
substrate [11, 13].

After removing the aluminum and oxide layers, the crys-
tal orientations of the poly-Si layers were characterized using
electron backscatter diffraction (EBSD). Prior to this, the
aluminum and oxide layers on the poly-Si layers were etched
using an HF solution (HF: 1.5%) for 1min. Figures 3(a)–3(d)
show EBSD images in the normal direction (ND) for poly-Si
layers on SiO

2
, AZO, ITO, and TiN underlayers. The crystal

orientation in the ND strongly depended on the underlayer
material: Figures 3(a) and 3(d) indicate preferential (111)
orientation for the SiO

2
and TiN samples, while Figures 3(b)

and 3(c) indicate preferential (100) orientation for the AZO
and ITO samples. Figures 3(e)–3(h) showEBSD images in the
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Figure 2: Cross-sectional TEM images and EDX maps for a sample with an AZO underlayer: (a, b) before and (c, d) after annealing (500∘C,
5 h), indicating that layer exchange occurred. (e) Magnified TEM image of the sample after annealing.

transverse direction (TD) obtained at the same locations as in
Figures 3(a)–3(d), respectively. The black solid lines indicate
random grain boundaries, drawn based on EBSD analysis.
All the samples had large grains with diameters of more than
10 𝜇m.

Figures 4(a)–4(d) show the area fractions of the crystal
orientation in the poly-Si layers as functions of angles from
⟨100⟩ and ⟨111⟩ directions. The total preferential orientation
fractions, defined as the integrated values of area fractions
from 0∘ to 20∘, were calculated as follows: 99% (111) for the

SiO
2
sample, 94% (100) for the AZO sample, 88% (100) for

the ITO sample, and 93% (111) for the TiN sample. Figures
4(e)–4(h) show the area-fraction distributions of the grain
diameters in the AIC-Si layers. The average grain diameters
were calculated as follows: 105 𝜇m for the SiO

2
sample, 19 𝜇m

for the AZO sample, 18𝜇m for the ITO sample, and 68𝜇m
for the TiN sample.The grain sizes of AIC-Si were smaller on
the conducting layers than on SiO

2
; however, all these grain

sizes are one order ofmagnitude larger than those of the poly-
Si layers formed by conventional solid-phase crystallization
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, AZO, ITO, and TiN underlayers. (a)–(d) ND and (e)–(h) TD relative to the substrate;
the ND and TDmaps are of the same regions for each sample. The colors indicate the crystal orientation, according to the inserted color key.
The black solid lines in the TD maps indicate random grain boundaries.

[17, 22]. In particular, the poly-Si we produced onTiNhad the
largest grain size among AIC-Si on conducting layers [18, 19].
These results indicate that selecting a proper conducting layer
is essential to AIC for obtaining high-quality Si layers.

4. Discussion

Here, we will discuss how the crystal orientation depended
on the underlayer. The surface roughness of the conducting
underlayers was measured using atomic force microscopy
(AFM). The root-mean-square (RMS) roughness was 0.5 nm
for SiO

2
, 11.6 nm for AZO, 4.9 nm for ITO, and 5.5 nm for

TiN.The EBSD results show no clear correlation between the
underlayer roughness and the crystal orientation of the AIC-
Si layers. Because the substrate influences the crystal quality
of a solid-phase-crystallized semiconducting film when its
nucleation occurs at the substrate [23], we attribute the
dependence of the crystal orientation on the underlayer as
a consequence of the interfacial energy between Si and the
underlayer material.

Figure 5 shows a schematic cross-section of a sample with
the vertical distribution of Si concentration. In AIC, Si atoms
diffuse into the Al layer from the a-Si layer through the AlO

𝑥

membrane [11, 12, 24]. Because the Si diffusion rate in Al (1.7
× 10−7 cm2 s−1) is several orders of magnitude higher than
that in AlO

𝑥
(3.5 × 10−15 cm2 s−1) while, annealing at 500∘C,

the Si concentration in Al, 𝐶Al is constant throughout the
Al layer [11]. In this case, Si can nucleate heterogeneously
at the surface of the underlayer. Experimental results in our
previous reports on thickness-dependent AIC of Si [14] and
Ge [20] also suggest that this nucleation heterogeneously
occurs at the surface of the substrate (SiO

2
) when the Al layer

is thin (≤100 nm) and that a preferential (111) orientation is
caused by minimization of interfacial energy between Si(Ge)

and SiO
2
. Thus, we conclude that Si nucleation likely occurs

at the underlayer. Though it is difficult to obtain the true
interfacial energies between Si and underlayers consisting of
compound materials, the difference of interfacial energy is
a possible reason behind the varying crystal orientation of
AIC-Si.

5. Conclusion

We investigated how underlayers affected the crystal quality
of AIC-Si in order to obtain high-quality poly-Si on a
conducting-layer-coated glass substrate. AIC allowed for
low-temperature (500∘C) formation of large-grained poly-
Si films on conducting layers (AZO, ITO, and TiN). The
crystal quality of the poly-Si varied dramatically on different
underlayers: the grain size and crystal orientation fraction of
the resulting poly-Si layers were 105 𝜇m and 99% (111) for the
SiO
2
sample, 19 𝜇mand 94% (100) for the AZO sample, 18 𝜇m

and 88% (100) for the ITO sample, and 68 𝜇m and 93% (111)
for the TiN sample.These results suggest that the Si nucleated
heterogeneously on the underlayer. The poly-Si we produced
on TiN had the largest grain size among all reports of poly-Si
on conducting layers so far. Thus, we conclude that selecting
a proper underlayer is absolutely essential to AIC and that
AIC is effective for obtaining large-grained Si films with a set
crystal orientation. This finding will be useful for fabricating
poly-Si thin-film solar cells, allowing for high performance at
low cost.
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AZO, ITO, and TiN underlayers. These histograms were obtained from the orientation maps shown in Figure 3. The integrated values of
the preferentially oriented area fraction from 0∘ to 20∘ are shown in (a)–(d); the average grain sizes are shown in (e)–(h).
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interfacial energy between Si and the underlayer.
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Doped films of TiO
2

/PbS/CdS have been prepared by successive ionic layer adsorption and reaction (SILAR) method. Bi- and Ag-
doped-PbS quantum dot (QD) were produced by admixing Bi3+ or Ag+ during deposition and the existing forms of the doping
element in PbS QD were analyzed. The results show that Bi3+ entered the cube space of PbS as donor yielding interstitial doping
Bi-doped-PbS QD, while Ag+ replaced Pb2+ of PbS as acceptor yielding substitutional doping Ag-doped-PbS QD. The novel Bi-
doped-PbS/CdS and Ag-doped-PbS/CdS quantum dot cosensitized solar cell (QDCSC) were fabricated and power conversion
efficiency (PCE) of 2.4% and 2.2% was achieved, respectively, under full sun illumination.

1. Introduction

Growing attention has been paid to quantum dots for their
remarkable characteristics of high absorption coefficient,
tunable band gap, and multiple exciton generation (MEG)
effect [1–4]. In theory, the PCE of QDSSCs could reach to
66% [5]; however, the actual PCE of QDSSC is not ideal
at present. Introducing impurity into QD sensitizer can
successfully improve the performance ofQDSSC [6–9].Using
this method, CdSe QDs and Mg-doped CdSe QDs deposited
onTiO

2
electrode displayed a broad spectral response [6] and

Mn-doped CdS created electronic states in themidgap region
of the CdSQD [7], while they did not give the existing formof
doping elements. Lee group reported a PbS:HgQD-sensitized
solar cell with an unprecedentedly high 𝐽SC of 30mA/cm2,
owing to reinforcing Pb–S bond via incorporation of Hg2+
ion into the interstitial site of PbS lattice and broadening the
absorption spectrum [8] and encouraging power conversion
efficiency have been achieved on such devices.

For semiconductor nanocrystals (NCs), a single dopant
which entered into NCs introduces impurity levels [10]. In
the case of multiple impurities in a single dot, the nature of

delocalization and interaction of the impurity charge carriers
may be greatly modified relative to the bulk case [11]. The
effects of doping on QD are akin to the influence of impurity
on NCs, in virtue of QD which have a stronger confinement
effect. In this report, Bi3+ and Ag+ were heavily doped into
PbS QD and created impurity energy band in the band gap of
PbS QD.

Herein, Bi- and Ag-doped-PbS quantum dot (QD) were
produced by admixing Bi3+ or Ag+ with SILAR method and
the existing forms of the doping element in PbSQDwere ana-
lyzed. Optical measurements, Hall measurement, and XPS
coupled with theoretical analysis showed that Bi3+ entered
the cube space of PbS as donor yielding interstitial doping
Bi-doped-PbS QD, while Ag+ replaced Pb2+ of PbS as accep-
tor yielding substitutional doping Ag-doped-PbS QD. The
novel quantum dot cosensitized solar cell (QDCSC) with a
photoanode of TiO

2
-Bi-doped-PbS/CdS or TiO

2
/Ag-doped-

PbS/CdS, Cu
2
S counter electrode, and sulfide/polysulfide

electrolyte was fabricated and power conversion efficiency
(PCE) of 2.4% and 2.2% was achieved, respectively, under
full sun illumination, which were higher than undoped
TiO
2
/PbS/CdS. By Uv-Vis and UPS measurements, we noted
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Table 1: Content of atoms in TiO2/Bi-doped-PbS and TiO2/Ag-doped-PbS solid film.

Sample 𝑀Pb
a/% 𝑀Bi

b/% 𝑀Cd
c/% 𝑀S

d/% 𝑀Ag
e/%

TiO2/PbS:Bi/CdS 12.56 0.0407 22.69 5.555 —
TiO2/PbS:Ag/CdS 8.216 — 17.61 4.497 0.234
a
𝑀Pb,

b
𝑀Bi,

c
𝑀Cd,

d
𝑀S, and

e
𝑀Ag: mass percent of the atom of Pb, Bi, Cd, S, and Ag.

that the changes in energy band of QD lead to the differences
in the performance of the QDCSC. The research has a great
importance on the development of QDSSC.

2. Materials and Methods

2.1. Sensitization ofQDonMesoporous TiO
2
Film. First, FTO-

coated glass substrates were cleaned by ultrasonication in an
alkaline, aqueous washing solution, rinsed with deionized
water, ethanol, and acetone, and dried with nitrogen. The
substrates were treated in an 0.04M aqueous solution of
TiCl
4
for 30min at 70∘C, rinsed with deionized water, and

dried at 450∘C for 30min. After cooling to room temperature
(25∘C), the mesoporous TiO

2
layer composed of 20-nm-

sized particles was deposited on substrates by using doctor-
blade method and annealed at 450∘C for 30min. Successive
ionic layer adsorption and reaction (SILAR) method was
employed to sensitize TiO

2
mesoporous filmwithQD. Briefly,

mesoporousTiO
2
coated electrodewas first dipped in ethanol

and deionized water (1 : 1) solution of 0.1M Pb(NO
3
)
2
for

1min, followed by dipping in methanol solution of 0.1M
Na
2
S for 1min. Between each dipping, the electrode was

thoroughly washed with ethanol or methanol and dried
with nitrogen. These processes were defined as one cycle.
Then, the TiO

2
substrate electrodes deposited with PbS were

successively dipped in ethanol solution of 0.1MCd(NO
3
)
2
for

5min andmethanol solution of 0.1MNa
2
S for another 5min.

Between each dipping, the electrode was thoroughly washed
with ethanol or methanol and dried with nitrogen. For Bi-
doped-PbS and Ag-doped-PbS QD, 5mmol of BiCl

3
and

6.7mmolAgNO
3
were added to Pb(NO

3
)
2
cationic precursor

solution, respectively. To obtain the optimum photovoltaic
performance in each condition, several coating cycles were
repeated (2 cycles for PbS, Bi-doped-PbS, andAg-doped-PbS,
6 cycles for CdS of Ag-doped-PbS/CdS, and 7 cycles for CdS
of Bi-doped-PbS/CdS).

2.2. Solar Cell Fabrication. The polishing brass plate was
cleaned by ultrasonication in an alkaline, rinsed with deion-
ized water, ethanol, isopropanol, and acetone (volume ratio
was 8 : 2), and dried with nitrogen. The clean brass plate
was etched in hydrochloric acid (35.0∼37.0%) at 80∘C for
30min and subsequently washed with deionized water and
dried with nitrogen. Polysulfide electrolyte solution com-
posed of 1M Na

2
S, 1M S, and 0.1M NaOH in deionized

water was dropped on etched brass for 15–30min and black
colored Cu

2
S formed on the brass foil. The QDs sensitized

TiO
2
electrode and Cu

2
S counter electrode were assembled

using 60mm thick sealing materials. Polysulfide electrolyte
solution was injected into the gap between photoanode and

counter electrode from the side using injector.The active area
was 0.25 cm2.

3. Results and Discussion

Field emission scanning electron microscope (FESEM,
Hitachi S-4800) was used to characterize the morphol-
ogy of the samples. As revealed by SEM images (Fig-
ures 1(a), 1(b), 1(c), and 1(d)), mesoporous films were
deposited on FTO glass. By comparing the SEM images
of TiO

2
/Bi-doped-PbS (Figure 1(a)) and TiO

2
/Bi-doped-

PbS/CdS (Figure 1(b)), TiO
2
/Ag-doped-PbS (Figure 1(c)),

andTiO
2
/Ag-doped-PbS/CdS (Figure 1(d)), the pore size dis-

tribution of mesoporous films decreased after the deposit of
CdS QDs, which confirm that the cosensitized QDs formed.
Energy dispersive X-ray spectrum (EDS) was collected to
investigate the composition of themesoporous films. Accord-
ing to the corresponding EDS spectra, the elements Bi and
Ag exist in the mesoporous films. To further determine and
analyse the elements in themesoporous films, the inductively
coupled plasma optical emission spectroscopy (ICP-OES)
measurementwas used.The results revealed that the elements
Bi and Ag exist in the corresponding mesoporous films
(Table 1), in agreement with the results obtained with EDS.

The black, red, blue, and green curves in Figure 2(a) show
X-ray powder diffraction spectra of TiO

2
mesoporous films

deposited with the pure PbS, Bi-doped-PbS, and Ag-doped-
PbS, respectively. For comparison, we find six additional
diffraction peaks that do not originate from TiO

2
, suggesting

the PbS crystal growth on the TiO
2
mesoporous film. In

addition, new diffraction peak does not appear with Bi-
doped-PbS and Ag-doped-PbS, which suggests that no new
substance is formed after doping with cation Bi3+ and Ag+.
However, a slight broadening of (311) crystal surfaces of Bi-
doped-PbS is caused by the size change after doping cation
Bi3+. According to Figure 2(b), Bi-doped-PbS/CdS and Ag-
doped-PbS/CdS cosensitized QDs have been successfully
deposited on mesoporous TiO

2
films, respectively.

The PbS, Bi-doped-PbS, and Ag-doped-PbS QDs sensi-
tized mesoporous TiO

2
films were also characterized with a

transmission electronmicroscope (TEM, FEI, Tecnai F20UT)
operating at 200KV, to investigate impact of doping on PbS
QD. TEM images show very clear lattice fringes from the
QDs (Figure 3). It is obviously that the size of Bi-doped-PbS
(Figure 3(b))QD is smaller than that of PbSQD (Figure 3(a)),
while the size of Bi-doped-PbS QD (Figure 3(c)) is equal
to that of PbS QD. This means that Bi impurity causes the
lattice contraction of PbS and Ag impurity has no effect on
the lattices of PbS, in agreement with the results obtained
with XRD. X-ray photoelectron spectroscopy (XPS) analysis
of PbS, Bi-doped-PbS, and Ag-doped-PbS QDs adsorbed on
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Figure 1: SEM images of TiO
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/Bi-doped-PbS, TiO
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/Bi-doped-PbS/CdS, TiO
2

/Ag-doped-PbS, and TiO
2

/Ag-doped-PbS/CdS. Insets in
images are corresponding EDS spectra.
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Figure 3: TEM images of (a) PbS, (b) Bi-doped-PbS, and (c) Ag-doped-PbS QDs.

Table 2:Valence state parameters of elements in PbS, Bi-doped-PbS,
and Ag-doped-PbS QDs.

Element Binding energy Valence state Valence
S 160.67 2p −2
Pb 138.32 4f 7 +2
Bi 157.86 4f 7 +3
Ag 367.5 3d 5 +1, +2

mesoporous TiO
2
surface was also performed (Figure 4). By

analyzing XPS (Table 2), the valence state of elements S, Pb,
Bi, and Ag is −2, +2, +3, and +1 (the relatively stable valence
of Ag element is +1 [11]), respectively.

Semiconductor doping is the process that changes an
intrinsic semiconductor to an extrinsic semiconductor. Hall
measurement suggests that PbS, Bi-doped-PbS, and Ag-
doped-PbS are p-type, n-type, and p-type semiconductor
(Table 3), respectively. It demonstrates that Bi impurities
“donate” their extra valence electrons to conduction band
of PbS, providing excess electrons to PbS. Excess electrons
increase the electron carrier concentration of PbS, forming
impurity energy band which lies closer to the conduction
band than the valence band. However, Ag impurities “accept”
electrons from the valence band of PbS. Excess holes increase
the hole carrier concentration of PbS, forming impurity
energy band which lies closer to the valence conduction band
than the conduction band.

The diffuse reflection absorption spectra of QDs are
shown in Figure 5(a). After doping impurities, a broad band
appeared at near infrared region which is observed for Bi-
doped-PbS and Ag-doped-PbS QD, which can be attributed
to heavily doped Bi or Ag impurities that formed impurity
band in the band gap of PbS. For Bi-doped-PbS based on
mesoporous TiO

2
film, the optical absorption of Bi-doped-

PbS was significantly enhanced in the visible light which
is obvious, indicating that Bi-doped-PbS can generate more
photogenerated electrons. In addition, Bi-doped-PbS QDs
show the obvious blue shift in the absorption spectra due
to the increase in the bulk energy band gap. In general,
the shift of the onset absorption to lower wavelengths with
decreasing particle size represents size quantization effects in
these particles [12]. For Ag-doped-PbS, there is no obvious
change expect for a broad band at near infrared region,
suggesting that the size of PbS is unchanged after doping Ag
impurities. These results are in agreement with the results
obtained with XRD and TEM.

Optical band gap of the QDs was estimated from diffuse
reflection absorption spectra using 𝛼ℎ] = 𝐴(ℎ] − 𝐸

𝑔
)
2

equation [13]. As shown in Figure 5(b), the optical band
gap of PbS, Bi-doped-PbS, and Ag-doped-PbS QD is 1.05 eV,
1.2 eV, and 1.07 eV, respectively. Ultraviolet photoelectron
spectroscopy (UPS) can determine valence band maximum
(VBM) [14]. Secondary cut-off is fitted to energy of He I
light source (21.2 eV), where extrapolation of low energy
region corresponds to potential energy of VBM from the
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Figure 4: XPS of (a) S 2s peaks, (b) Pb 4f peaks, (c) Bi 4f peaks, and (d) Ag 3d peaks for PbS, Bi-doped-PbS, andAg-doped-PbSQDs adsorbed
on mesoporous TiO

2

surface.

Table 3: Resistivity, Hall coefficient, conductivity type, carrier density, and Hall mobility of PbS:Hg thin film using Hall effect measurement
system. The measurement conducted at room temperature under applied field was adjusted from 1 to 5 kG.

Sample Field
[Gs]

Resistivity
[ohm⋅cm]

Hall coefficient
[cm3/C] Type Carrier density

[1/cm3
]

Hall mobility
[cm2/(V⋅s)]

TiO2 3000 −3.6201 × 102 −2.34155 × 106 n 2.6692 × 1012 6.4682 × 103

TiO2/PbS 3000 −7.4174 × 102 1.56716 × 106 p 3.9881 × 1012 2.1128 × 103

TiO2/PbS:Bi 3000 6.3436 × 104 −8.08514 × 103 n 7.7302 × 1014 1.2745 × 101

TiO2/PbS:Ag 3000 1.5702 × 105 4.73004 × 103 P 1.3213 × 1015 3.0123 × 102

vacuum level [8, 14] (Figure 5(b)).The position of conduction
band minimum (CBM) is estimated based on VBM and
optical band gap energy [8]. Heavily doped Bi-doped-PbS
QD is n-type semiconductor, so the impurity band is near
to CBM (Figure 6(a)), while the impurity band is near to
VBMof heavily dopedAg-doped-PbSQDbecause it is p-type
semiconductor. Band edge alignment is shown in Figure 6,
where CBMs of the doped QDsmove upward relative to pure
QDs.

Figure 7(a) shows diffuse reflection absorption spectra
of QDs cosensitized mesoporous TiO

2
films. Photocurrent

density-voltage (𝐽-𝑉) curves of the QDCSCs based on
TiO
2
/PbS(2)/CdS(7), TiO

2
/Bi-doped-PbS(2)/CdS(7), TiO

2
/

PbS(2)/CdS(6), and TiO
2
/Ag-doped-PbS(2)/CdS(6) were

presented in Figure 7(b). We show the solar cell performance
parameters in Table 4. By comparing with the corresponding
undoped system, 𝐽SC of QDCSC is essentially increased after
doping Bi or Ag impurities into PbS QDs. The 𝐽SC of the cell
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Figure 5: (a) Diffuse reflection absorption spectra, (b) the plot calculated by using 𝛼ℎ] = 𝐴(ℎ]−𝐸
𝑔

)
2 equation from absorption spectra, and

(c) UPS spectra of PbS, Bi-doped-PbS, and Ag-doped-PbS QDs.

Table 4: Photovoltaic performances extracted from current-voltage measurements of different working electrodes.

Device 𝐽sc
a/mAcm−2 𝑉oc

b/V FFc PCEd/%
PbS(2)/CdS(7) 13.929 469.261 0.357 2.337
1-20PbS:Bi(2)/CdS(7) 16.108 431.842 0.341 2.373
PbS(2)/CdS(6) 12.195 461.9 0.382 2.153
1-150PbS:Ag(2)/CdS(6) 14.825 427.549 0.351 2.224
a
𝐽sc: short-circuit photocurrent density,

b
𝑉oc: open-current voltage,

cFF: fill factor, and dPCE: power conversion efficiency.
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Figure 6: Band edge alignment diagram for (a) Bi-doped-PbS and (b) Ag-doped-PbS QDs.

Table 5: 𝑅
𝑠

, 𝑅
𝑐

, and 𝑅ct values of undoped and doped QDCSCs.

Device 𝑅
𝑠

a (Ω) 𝑅
𝑐

b (Ω) 𝑅ct
c (Ω)

PbS(2)/CdS(7) 23.57 71.08 26.83
1-20PbS:Bi(2)/CdS(7) 22.1 38.65 20.3
PbS(2)/CdS(6) 25.86 165.8 26.12
1-150PbS:Ag(2)/CdS(6) 16.33 130.7 10.76
a
𝑅
𝑠
: series resistances, b𝑅

𝑐
: electronic transfer resistances of TiO2/QDs and

electrolyte interface, and c
𝑅ct: electronic transfer resistances of photocathode

and the electrolyte solution interface.

can be influenced by the value of monochromatic incident
photon-to-electron conversion efficiency (IPCE) and spectral
response range. Doping of Bi or Ag impurities into PbS QDs
leads to improvement of the value of IPCE and broaden-
ing of spectral response range, according to IPCE spectra
(Figure 7(c)) resulting in the increase of 𝐽SC. Besides, for
the two systems, 𝑉OC is degraded as photocurrent increases,
and this may be because of the decreased shunt resistance.
The fill factors are degraded which may be due to the 𝑉OC
being degraded. Thus power conversion efficiency is slightly
improved through doping Bi or Ag impurities into PbS QDs.

The electrochemical impedance spectroscopy (EIS) is
shown in Figure 7(d). The series resistances (𝑅

𝑠
) and the

electronic transfer resistances of TiO
2
/QDs and electrolyte

interface (𝑅
𝑐
) and photocathode and the electrolyte solution

interface (𝑅ct) are summarized in Table 5 derived from the
spectra by using the equivalent circuit [15]. The 𝑅

𝑠
and 𝑅

𝑐

decrease after doping Bi3+ andAg+, indicating that the charge
transfer resistance reduces in doped QDCSCs. However,
the decreased 𝑅ct values increase the electronic transfer
resistances. Thus, the PCE of doped QDCSCs is slightly
improved.

Schematic structure of the PbS, Bi-doped-PbS, and Ag-
doped-PbS QDs is shown in Figure 8, according to results of
optical measurements, XPS, Hall measurement, and reported
articles [8, 16]. The radius of Bi3+ is equal to the clearance

radius of PbS cubes [16] which are shown in Table 6, so the
Bi3+ can enter into the cube clearance to form interstitial
doping. We infer that the (Pb–S) bonds are reinforced by
doping Bi3+, which contribute not only to a decrease of the
lattice size but to the increase of the optical band gap of PbS
QD. The radius of Ag+ is a little smaller than the clearance
radius of PbS cubes and is equal to the radius of Pb2+; thus,
Ag+ can substitute for Pb2+ to form replacement doping,
leading to lattice contraction. However, the breaking of (Pb–
S) bondsmakes lattice expansion.These two kinds of function
cause a little lattice distortion and the size of Ag-doped-PbS
is unchanged.

Based on optical measurements, UPS, and Hall mea-
surement, we inferred the internal mechanism of QDCSCs
and doped QDCSCS to explain the changes of performance
for QDCSCs after doping. From Figure 9, the significant
difference in doped QDCSCs is that there is impurity band in
doped-PbSQDs.ThePbS andCdSQDs can both absorb light,
leading to the separation of electron-hole. For Bi-doped-
PbS QDCSSC, the photogenerated electrons generated from
impurity band can be transferred to the CBM of TiO

2
, which

means that Bi is donor impurity contributing electrons. For
Ag-doped-PbS, the photogenerated electrons generated from
CdS not only can be transferred to the CBM of TiO

2
but also

to the Ag impurity band possibly, which means that Ag is
acceptor impurity contributing holes. This means that there
is higher probability recombination of electrons in impurity
band leading to the decrease of Rc for doped-PbS QDCSC.

4. Conclusions

Heavily doped-PbS QDs were prepared by doping cations
Bi3+ and Ag+ and the existence form of impurities is inter-
stitial or substitutional doping. The cation Bi3+ entered the
cube space of PbS as donor yielding interstitial doping Bi-
doped-PbS QD, and Ag+ replaced Pb2+ of PbS as acceptor
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Figure 7: (a) Diffuse reflection absorption spectra of photoanode, (b) 𝐽-𝑉 curves, (c) IPCE spectra, and (d) EIS spectra of
TiO
2

/PbS(2)/CdS(7), TiO
2

/Bi-doped-PbS(2)/CdS(7), TiO
2

/PbS(2)/CdS(6), and TiO
2

/Ag-doped-PbS(2)/CdS QDCSCs.

Table 6: Size parameters of each material in the PbS lattice.

Substance PbS lattice constant Clearance radius Radius (Pb2+) Radius (Bi3+) Radius (Ag+) Radius (S2–)
Size (Å) 5.94 ≈>1 1.19 1.03 1.15 1.84
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Figure 9: Schematic illustrations for internal mechanism of (a) TiO
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/PbS/CdS and TiO
2

/Bi-doped-PbS/CdS and (b) TiO
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/PbS/CdS and
TiO
2

/Ag-doped-PbS/CdS QDCSCs.

yielding substitutional doping Ag-doped-PbS QD. The novel
Bi-doped-PbS/CdS and Ag-doped-PbS/CdS quantum dot
cosensitized solar cell (QDCSC) were assembled and PCE
of 2.4% and 2.2% was obtained, respectively, under full sun
illumination.The analysis of the changes of energy level of the
cell has important influence upon understanding the effect of
doping in theory and the development of QDSSC.
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This investigation elucidates the physical properties of ethylene-vinyl acetate (EVA) used in the lamination process of module
encapsulation and the module performance from the optical transmission to the photoelectric power. In module encapsulation,
the effects of the lamination parameters on the module performance, transmittance, and stack adhesion have been considered
as they were found to influence the reliability of the module. The determination of the optical constants of EVA may serve as a
nondestructive analytical method for optimizing the module encapsulation, on the basis of its effects on the optical transmittance,
gel content, peel strength, and performance power.

1. Introduction

Many approaches, including the use of particular cell materi-
als [1, 2], the design of cell structures [3, 4], the use ofmodules
[5, 6], and the concentration PV collector systems [7, 8], have
been developed to increase the efficiency of the generation
of solar electricity. However, few studies have addressed the
effects of the solar module encapsulation, which has been
widely applied and typically involves optical and electrical
losses. The EVA encapsulation using ethylene vinyl acetate
copolymer as a pottant mainly determines the optical loss
of irradiance through the module structure, which affects
the photogenerated current related to the output power [9].
Therefore, the factors affecting the optical, electrical, and
adhesive properties and parameters such as the temperature
and duration of the EVA lamination process are the major
concerns which determine the transmittance, the adhesion
strength, and the output power of the photovoltaic module.
Moreover, the major bottleneck in solar module technology
concerns how to boost the collection of photo flux by using
a highly transparent module structure or by optimizing the
quality of the EVA in the lamination process.

Using the common module structure of glass/EVA/cell/
EVA/backsheet as an example, we find that such modules
have been tested in hot environments, both dry and humid,
in which EVA discoloration has been identified as well [10].
Thediscoloration of EVA, ranging fromyellow to dark brown,
has been associated with performance losses and issues of
reliability. Therefore, the primary goal of this study is to
explicate the variability of the key characteristics: the optical
transmittance, the peel strength of EVA, and the perfor-
mance power, in relation to the module lamination process.
The secondary purpose concerns the quality control of the
PV module during the process of EVA encapsulation, by
determining the optical constants.The relationships between
the optical constants of the EVA film and the lamination
temperature and duration can be derived fromboth the trans-
mittance and reflectance spectra. This investigation presents
the relationships between the optical constants, including
the refractive index and extinction coefficient, the optical
transmittance spectrum, the peel strength of EVA, and the
electrical power of the solar cell against the EVA lamination
time and temperature.
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International Journal of Photoenergy
Volume 2015, Article ID 276404, 7 pages
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Figure 1: Lamination structures: (a) EVA film for optical transmittance testing, (b) glass/EVA/Tedlar for peel testing, and (c) glass/EVA/cell/
EVA/Tedlar for power testing.
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Figure 2: (a) The configuration of EVA film preparing. (b) The EVA film was observed by optical microscope.

2. Experimental

Three test structures for the EVA film were prepared for
the test procedures, as shown in Figure 1, where a fast
curing EVA was used to form films with a thickness of
0.4mm. Figure 1(a) portrays the EVA film made for the
optical transmission tests. The EVA film was prepared by
sandwiching the precured polymer between two flat fluoro-
carbon films with 0.4mm spacers being used to control the
resulting EVA film thickness. After curing, the fluorocarbon
films and spacers were removed. The fluorocarbon film
molds produced a surface profile with the flat morphology
needed to avoid a detraction from the transmission due
to light scattering, as shown in Figure 2(a). Following the
fabrication, the surface flatness and film thickness of the
EVA were measured with digital calipers and observed by an
optical microscope, respectively, as shown in Figure 2(b).The
glass/EVA/Tedlar structure was used in the peel strength test,
and the glass/EVA/cell/EVA/Tedlar structure was used in the
electrical power testing, and they are displayed in Figures 1(b)
and 1(c), respectively.The textured glass superstrate used was
a double-side textured antireflective glass from Saint-Gobain
(Albarino S type) (http://www.nitrasklo.sk/dokumenty-na-
stiahnutie/sgg-albarino-prospekt.pdf). The encapsulant pro-
cesses for these three EVA film samples were kept consistent.

For example, the modules were mounted on the heated
surface of the laminator using a common package struc-
ture (glass/encapsulant/solar cell/encapsulant/highly reflec-
tive backsheet). The various modules were formed using var-
ious lamination times and temperatures known to optimize
the fabrication processing. According to the pressing process,
the solar module structure was placed into the laminator
at 150∘C and a vacuum in 10−2 torr was drawn from the
upper and lower chambers for 8 minutes. Next, the vacuum
of the upper chamber was held for 7 minutes to control the
lamination time, and then the solarmodule package structure
was optimally pressed and sealed. Likewise, the other lam-
inated modules can be fabricated by employing the various
lamination times and the pressing processes compatible with
any currently popular lamination machinery.

The lamination temperature was designated in the range
between 90 and 170∘C, in the experiments that involved
the NPC laminator (NPC Corp. LM-SA-170 ∗ 260-S). The
optical transmittance spectrum of the EVA film was mea-
sured using a spectrometer instrument with a wavelength (𝜆)
resolution of ±1 nm and an absolute photometric accuracy
of ±0.2% in the ultraviolet/visible range (Perkin Elmer Corp.
LAMBDA750). The spectrometer measurement followed the
standard ASTM D1003 procedure for detecting the direct
and diffuse transmittance of light, within an incidence of
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Table 1: The data for the lamination temperature, the power performance, the optical transmittance, the peel strength, the refractive index,
and the gel content for the EVA lamination of solar modules.

Lamination
temperature
(∘C)

Power difference
ratio (%)

Optical transmittance
(%) (580 nm)

Peel strength
(N/cm)

Refractive
index (580 nm)

Gel content
(%)

90 8.08 ± 0.3 89.67 ± 0.2 0.5 ± 0.5 1.60 ± 0.005 0.39 ± 8
110 8.52 ± 0.3 89.80 ± 0.2 0.55 ± 0.5 1.59 ± 0.005 0.63 ± 8
130 8.52 ± 0.3 90.04 ± 0.2 1.97 ± 0.5 1.59 ± 0.005 1.53 ± 8
150 9.53 ± 0.3 91.35 ± 0.2 9.6 ± 0.5 1.54 ± 0.005 75.89 ± 4
170 10.39 ± 0.3 91.90 ± 0.2 6.2 ± 0.5 1.50 ± 0.005 92.0 ± 4

(a) Ethylene-vinyl acetate
copolymer (weightEVA)

Weight: 1g

(b) m-Xylene 300mL
(dimethylbenzene)

(c) 90∘C heating and stirring for 

Solvent filtered to 
EVA crystal form

(weightEV )

110∘C heating for 2hours

F = fraction of filtered solvent in the polyethylene compound

Extract (%)

Gel content (%)
= 100% − extract (%)

/[(1 − F) ]= WEV ×WEVA × 100

2 hours

A

A

Figure 3: The experimental process of gel content measurement.

5∘ by an integrating sphere. The spectrometer readings were
normalized for each measurement by a standard calibration
(NIST SRM 930), using a sample of BK7 glass. To deter-
mine the optical constants, the transmittance is measured
through three kinds of thicknesses, 0.4, 1.2, and 2.0mm.
Three thicknesses prepared with known spacers, as shown in
Figure 2(a), helped determine the accuracy of the measured
optical constants without a reflectance measurement.

To probe the optical properties of the EVA film following
lamination, the optical constants, the refractive index, and the
extinction coefficient of the EVA laminated under different
parameters were determined from both the transmittance
and the reflectance spectra. The material dispersion model,
based on the Cauchy theory [11], was applied to model the
coupling, the effect of both sides of the EVA substrate in
which multiple reflections and transmissions take place.

The gel content of the cross-linking EVA was mea-
sured according to the standard ASTM D2765–11 procedure
using a xylene solution, as shown in Figure 3. The gel
content can be determined by extracting the weight ratio
between the ethylene-vinyl acetate copolymer and a solvent
filtered through the EVA crystal form. The peel strength

of the structure (glass/EVA/backsheet) was measured by the
standard ASTM D903 procedure, using an appropriate peel
testing instrument (MOGR Corp. L009). The adhesion of
EVA to glass is measured at a peel angle of 90∘ [12], a peel
rate of 36 cm/min, a peel distance of 10 cm, and a peel width
of 1 cm, under the laboratory conditions (humidity = 50±2%
and temperature = 23 ± 1∘C).The electrical power (IV curve)
of the solar cell was measured using a flash solar simulator
(BERGER Corp. PSS30).

3. Results and Discussion

Table 1 presents the data for the lamination temperature,
the power performance, the optical transmittance, the peel
strength, the refractive index, and the gel content, in the
module lamination process.The optical transmittance, power
difference ratio, and gel content increased with lamination
temperature. The refractive index decreased with lamination
temperature. The peel strength of EVA increased with the
lamination temperature up to 150∘C.

The optical transmittance of EVA film with a thick-
ness of 0.4mm increased with the lamination time, when
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Figure 4: Transmittance versus lamination time at the lamination
temperature of 150∘C.

the lamination temperature was fixed at 150∘C, as presented
in Figure 4. When the lamination time exceeded 7min, the
transmittance of the EVA was relatively good. But when the
lamination time was between 15 and 20 minutes, the optical
transmittance of the EVA film was over 92% (at 𝜆 = 580 nm).
The transmittance declined slightly as the lamination time
increased past 15 minutes, indicating that such a period of
lamination exceeds the ideal duration. Based on an absolute
transmittance repeatability of ±0.2%, the deviation of the
transmittance data, ranging from 20 seconds to 20 minutes,
at a wavelength of 580 nm, was 1.98%.

The transmission spectrum of the EVA film increased
with the lamination temperature when the duration was fixed
at 7 minutes, as displayed in Figure 5. The transmittance of
the EVAfilms changed by 2.2% as the lamination temperature
increased from 90 to 170∘C (at 𝜆 = 580 nm).

When the lamination temperature was fixed at 150∘C,
the refractive index decreased by 0.09 (𝜆 = 580 nm), as
the lamination time was increased from 3 to 10 minutes,
as presented in Figure 6. The refractive index range can
thus be tuned by changing the period of lamination from
3 to 7 minutes. The slope of the refractive index to the
lamination time showed a gentler change as the lamination
time increased over 7 minutes, revealing that the degree of
cross-linking in the EVA was slowly approaching saturation.

The dependence of the optical constants of the EVA
films on the lamination temperature was derived from the
transmittance curve when the lamination time was fixed
at 7 minutes, as displayed in Figure 7. The refractive index
declined by 0.1 (𝜆 = 580 nm) as the lamination temperature
increased from 90 to 170∘C.The refractive index declined sig-
nificantly as the lamination temperature increased from 130
to 170∘C. The extinction coefficient under these lamination
conditions was less than 3.27 × 10−10. These results indicate
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at a lamination temperature of 150∘C, and a wavelength of 580 nm.

that the refractive index of EVAdecreases as the cross-linking
gradually becomes saturated as the lamination temperature
was increased to 150∘C.

Figure 8(a) plots the transmittance and refractive index
(𝜆 = 580 nm) as a function of the lamination time at a
fixed lamination temperature of 150∘C. As the lamination
time increased from 3 to 7 minutes, the refractive index
declined rapidly. In contrast, the transmittance increased
rapidly with a longer lamination time. When the lamination
time increased beyond 7 minutes, the refractive index began
to decrease slowly. Similarly, the transmittance increased
slowly in proportion to the lamination time, growing 1.3%
from 3 to 7 minutes. Figure 8(b) plots the transmittance
and refractive index at a wavelength of 580 nm, versus the
lamination temperature for a fixed 7-minute lamination time.
As the lamination temperature increased from 90 to 130∘C,
the refractive index seemed to remain constant. But then, as
the lamination temperature increased from 130 to 170∘C, the
refractive index declined. On the contrary, the transmittance
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Figure 7: The optical constants of EVA made at various lamination
temperatures, a consistent lamination time of 7 minutes, and
wavelength of 580 nm.

increased rapidly by extending the lamination time. The
transmittance changed by 2.23% as the lamination temper-
ature increased from 90 to 170∘C.

According to the material dispersion model, based on
the Cauchy theory, the change in refractive index during
lamination could be explained by the following mechanism.
Here, two materials are interfused, the EVA and the cross-
linking agent. The refractive index is estimated with respect
to themixing of crystalline materials and was analyzed by the
effectivemediumapproach of the Bruggemanmodel [13].The
gel contents of the EVA change with the lamination time, as
the cross-linking changes the state from linear to long chains,
thus leading to a decrease in the EVA polycrystallinity and an
increase in the transmission [14, 15].

Comparing the changes in the refractive index, it is
evident that the lamination temperature affected the optical
transmittance of EVA more than the lamination time. Nev-
ertheless, if either the lamination time or the temperature
produced an EVA state close to saturation, then the optical
transmittance and the refractive index remained stable.These
results suggest that the optical loss associated with the PV
module lamination process can be reduced by tuning the
EVA processing parameters to produce a desired refractive
index.Hence, choosing the appropriate ratio of encapsulation
monomers and presetting the ideal EVA index of refraction
can increase the transmission of light within the solar cell
modules.

Figure 9(a) plots the refractive index, the gel content,
and the peel strength of the EVA against the lamination
time at a fixed lamination temperature of 150∘C. As the
lamination time increased from 40 seconds to 7 minutes,
the peel strength increased from 0.05 to 10.5N/cm; then,
as the lamination time increased beyond 7 minutes, the
peel strength decreased. In the meantime, the gel content
increased with the lamination time, having a similar trend as
the peel strength with respect to the lamination time.

As shown in Figure 9(a), the refractive index of the EVA
declined rapidly as the lamination time increased from 3 to
7 minutes. In contrast, the peel strength of EVA increased

rapidly with the lamination time. Then, when the lamination
time increased beyond 7 minutes, the refractive index fell
slowly, but the peel strength of the EVA declined. The trend
in gel content shows a stable value when the lamination time
increased from 10 to 20minutes. Comparing the results of the
peel strength and the gel content with the lamination time, a
qualified peel strength of EVAwas not achieved until the EVA
gel content neared 75%.

Figure 9(b) plots the refractive index (𝜆 = 580 nm), peel
strength, and gel content against the lamination temperature
for a fixed lamination time of 7 minutes. A relatively constant
refractive index of EVA is depicted at lamination temper-
atures under 130∘C, indicating that there was no curing
reaction taking place and resulting in a low gel content. Above
130∘C and until 170∘C, the refractive index decreased rapidly.

The peel strength of the adhesive structure of the solar
module increased rapidly, from 0.04 to 9.6N/cm, with a
lamination temperature rising from 90 to 150∘C, for a fixed
lamination time of 7 minutes. The peel strength was propor-
tional to gel content when the lamination temperature was
between 90 and 150∘C. Moreover, the industrial criterion for
both the adhesion and the gel content (>50N/cm and >75%,
resp.) can be realized when the lamination temperature is
above 150∘C.

With respect to the refractive index, the peel strength
increased rapidly when the refractive index of the EVA
decreased during the lamination process, and the maximum
EVA peel strength occurred when the refractive index of EVA
was near the midvalue between the initial and the stable
refractive index in the lamination process. For example, the
EVA had a maximum peel strength when the lamination
time was between 5 and 7 minutes, while the refractive
index of EVA was near the midvalue with the lamination
time, as shown in Figure 9(a). A similar behavior can be
found in Figure 9(b). The EVA has a maximum peel strength
when the lamination temperature is 150 to 170∘C, and the
refractive index is also near a midvalue with the lamination
temperature.

The peel strength relates to two factors: (1) the adhesion
of the silane agent to the glass or backsheet and (2) the
cross-linking agent produced during the curing reaction.
By increasing the EVA lamination temperature, oligomeric
vinyl silanes enact the adhesion reaction with the glass or
backsheet, and, simultaneously, the peroxide catalyst initiates
the cross-linking reaction, thereby achieving a stronger peel
strength.

Based on parallel studies using differential scanning
calorimetry (DSC), the peroxide catalyst of the EVA film
usually begins curing at 120∘C, and the cross-linking reaction
serves to increase the crystallinity of the EVA, yielding a
higher transmission. The above results indicate that when
the lamination temperature is above a critical temperature,
for example, ∼135∘C for the typical “fast-curing” EVA, the
curing reaction induces cross-linking [16]. When processed
in the 90∼130∘C range, the heating only serves to melt the
EVA film for lamination. The reaction temperature observed
in our work could be higher because antioxidants are gen-
erally added to the commercial EVA formulation to avoid
thermal degradation below the curing temperature of 180∘C.
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Figure 8: (a) The refractive index and optical transmittance of EVA versus the lamination time at a fixed lamination temperature of 150∘C.
(b)The refractive index and optical transmittance of EVA as functions of the lamination temperature for a fixed lamination time of 7 minutes.
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Figure 9: (a) The refractive index, gel content, and peel strength of EVA versus the lamination time at a fixed lamination temperature of
150∘C. (b)The refractive index, gel content, and peel strength of EVA as a function of the lamination temperature for a fixed lamination time
of 7 minutes.

If the antioxidants work to avoid curing, it implies that the
chemically reduced EVA exhibits lower optical transmittance
and a higher refractive index.

The above results indicate that the refractive index
changes as the gel content increases with lamination time and
temperature, which suggests that the method of determining
the refractive index of EVA could also be used to detect
the gel content of EVA. The results also indicate that the
peel strength increased rapidly as the gel content of EVA
increased before saturation, and the qualified peel strength
of EVA occurred when the gel content of EVA was near
75%. Therefore, either the refractive index or the gel content
could be used to estimate the adhesion quality of EVA, but
it is especially noteworthy to mention that measuring the gel
content is a destructive and time-consuming testing method,

whereas measuring the refractive index is nondestructive.
So in conclusion, observing the change in refractive index
during the lamination process could be a method to monitor
the gel content of EVA and control the quality of the module
during fabrication.

Figure 10 compares the relationship between the power
difference ratio (Δ𝑃/𝑃

𝑏
) and the optical transmittance with

the lamination temperature, where Δ𝑃 denotes the differ-
ence between the maximum output powers of the solar
cell before (𝑃

𝑏
) and after (𝑃

𝑎
) the lamination process. The

optical transmittance increasedwith lamination temperature,
as did the power difference ratio, implying that increasing
the transmittance of the EVA encapsulation increases the
efficiency of the solar module.
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4. Conclusions

In this study, the refractive index of an EVA encapsulation
was utilized to determine the differences in the physical
properties of the solar cell associated with lamination tem-
peratures of 90 and 170∘C and durations of 40 seconds and
10 minutes. The optical transmittance, as analyzed by the
optical constant determination, is a significant indicator for
both the adhesion reaction and the cross-linking reaction.
The curing time and temperature of the EVA can be used
as a nondestructive testing method for estimating the EVA
gel content. The EVA lamination parameters having a time
greater than 10 minutes and a temperature greater than 150∘C
accurately indicate the gel content greater than 75% and a peel
strength above 50N/cm. Determining the refractive index of
EVA might provide quality control information concerning
the EVA encapsulation, to be used in conjunction with
other data on the optical transmittance, peel strength, and
power performance, which can be engineered to optimize the
encapsulant of the solar module.
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This paper gives an overview of the development and prospect of nanotechnologies utilized in the solar cell applications. Even
though it is not clearly pointed out, nanostructures indeed have been used in the fabrication of conventional solar cells for a long
time. However, in those circumstances, only very limited benefits of nanostructures have been used to improve cell performance.
During the last decade, the development of the photovoltaic device theory and nanofabrication technology enables studies of more
complex nanostructured solar cells with higher conversion efficiency and lower production cost. The fundamental principles and
important features of these advanced solar cell designs are systematically reviewed and summarized in this paper, with a focus on
the function and role of nanostructures and the key factors affecting device performance. Among various nanostructures, special
attention is given to those relying on quantum effect.

1. Introduction

“There’s plenty of room at the bottom”—a famous talk given
by physicist Richard Feynman, who mentioned the concepts
of nanotechnology for the first time about 50 years ago. Since
then, people havemade continuous efforts to attain structural
manipulation of matters on an atomic and molecular scale in
order to make use of their unique properties. The emergence
of nanotechnology opens a lot of opportunities for newmate-
rials and devices with a vast range of applications. Recently,
it has been extensively implemented in the development
of novel solar cell structure in order to boost the energy
conversion efficiency and reduce the production cost.

Generally speaking, the nanostructure could refer to any
objects in which at least one of the three dimensions has
an intermediate size between molecular and micrometer
size structure (usually between 0.1∼100 nm). In this scale,
some interesting physical phenomena that are not present in
bulk system become pronounced and the material proper-
ties are artificially changed. Although quite a few different
kinds of nanostructures have been developed so far, they
can be classified into two major categories according to
their function and role in the solar cells, those serving as
supporting structures and those serving as light absorbers.
In either case, different advantages of nanostructures, such
as large surface area, good carrier transportation, high

absorption coefficient, long-term stability, and tunable band-
gap, have been used independently or jointly to enhance
the solar cell performance. Among these features, the band-
gap modulation by quantum confinement effect (QCE) is a
very unique characteristic of nanostructures in which the
size of dimension is comparable or smaller than the Bohr
radius of the element.This size effect makes nanostructures a
perfect candidate for the high efficiency tandem solar cells,
because in principle it is possible to use nanostructures to
build absorbers with any desired electronic band-gap that can
match different parts of the sunlight spectrum. Furthermore,
we should realize that besides electronic band structure the
QCE is also able to change the phonon band structure of the
material.

In this paper, we give a review of the fundamental
principles and important features of various nanostructured
solar cells. The benefits of nanostructures to conventional
thin film solar cells are first described and then solar cells
built on nanostructured absorbers are discussed in detail,
particularly those relying on quantum effect.

2. Nanostructures in Conventional
Thin Film Solar Cells

2.1. Nanocrystalline Silicon Solar Cell. For tens of years,
hydrogenated amorphous silicon (a-Si:H) has been widely
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used as the absorbingmaterial in thin film solar cells. In order
to boost the conversion efficiency, multijunction structures
have been studied and a record stable active area efficiency
of 13% has been demonstrated [1]. Further improvement of
cell performance requires the discovery of newmaterials with
a low defect density and good transport properties. Since
1990s, hydrogenated nanocrystalline silicon (nc-Si:H) has
been extensively studied as a potential candidate for the low
band gap absorbers in the multijunction cells [2].

In fact, nc-Si:H material is a mixture of nanometer-
sized crystallites and amorphous tissues [3]. Small crystallites
with size of a few nanometers are embedded in amorphous
silicon matrix. In nanocrystalline thin film, the presence
of small crystallites provides crystalline paths for carrier
transport, where the carrier mobility is much higher than
pure amorphous system. Hence, the nc-Si:H absorber layer
can be thick producing high photocurrent density. Another
advantage of nc-Si:Hover a-Si:Hor hydrogenated amorphous
silicon germanium (a-SiGe:H) is the reduced light-induced
degradation in the solar cell efficiency. It is shown that the
performance improvement in nc-Si:H solar cells is attributed
to the presence of small crystallite network and the crystallites
are actually not absorbers and do not contribute to the light
absorption process. Therefore, it is not that essential to opti-
mize the optical and electrical properties of the crystallites.

2.2. Nanostructured Metal Oxide in Dye-Sensitized Solar Cell.
Compared to macroscopic systems, nanostructures have
much larger surface areawhich can altermechanical, thermal,
and catalytic properties of materials. This feature has been
widely investigated in order to increase the absorption of
dye-sensitized solar cells (DSCs) and hence improve their
conversion efficiency.

In DSCs, energy conversion is realized by charge sep-
aration in sensitizer dyes adsorbed on a wide band gap
semiconductor electrode, such as transparent TiO

2
[4]. The

energy conversion efficiency of early DSCs was not high
though the sensitizer itself exhibited a very efficient charge
separation process. This was because of the very limited light
absorption by the monolayer of the dyes, resulting in low
absorption coefficient of the solar cells. This problem was
solved later by the utilization of nanoporous TiO

2
electrode

instead of relatively flat polycrystalline electrode as shown
in Figure 1 [5]. The huge surface area of nanoporous TiO

2

significantly increases the effective light absorption area of
the dyes and thereby improves the cell conversion efficiency
to higher than 10% [6].

Unlike in nc-Si:H film, the particle size of TiO
2
nanocrys-

tals plays an important role in the design of DSCs. This
is mainly correlated with the electron transport process in
the nanoporous TiO

2
electrode, which is evaluated by the

diffusion length of electrons 𝐿 = (𝐷 ∗ 𝜏)1/2, where 𝐷 is the
electron diffusion coefficient and 𝜏 is the electron lifetime.
Experimental results have shown that 𝐷 increases with
nanocrystal size, and this is probably due to the lower number
of boundaries between particles. Nevertheless, the increase of
particle size also results in a decrease of total cross-sectional
area of the boundaries (required for reasonable absorption)

FT
O

Sensitizing dye

Electrolyte

Pt

Nanocrystalline TiO2

Figure 1: Schematic diagram of the dye-sensitized solar cell with
nanoporous TiO

2

electrodes.

which increases the resistance for electron transport. In
addition, it is found that is inversely proportional to𝐷. These
competing effects indicate that there should be an optimal
particle size that gives maximum diffusion length and best
cell performance. In high efficient DSCs, the typical diameter
of the TiO

2
nanoparticles is between 10 nm and 20 nm.

Other nanostructured metal oxides have also been
investigated as alternative n-type electrodes including ZnO,
Nb
2
O
5
, and SnO

2
. Particularly, ZnO has attracted much

attention since the 1960s, because of its good carrier mobility
and flexibility in synthesis and morphology (spherical par-
ticles, rod, wires, and hollow tubes) [7, 8]. However, DSCs
using these electrodes have not shown conversion efficiency
comparable to TiO

2
-based DSCs and a lot of optimization is

required to be done.

3. Advanced Solar Cells with
Nanostructured Absorbers

3.1. Organic/Inorganic Hybrid Solar Cell. As a low cost alter-
native to silicon solar cells, hybrid solar cells consisting of
organic thin films and inorganic nanostructures are being
actively studied due to their promising performance. In this
type of cell, inexpensive and easily processable organic mate-
rials are used and inorganic semiconductor nanostructures
are embedded in the film to improve the absorption capability
and tailor the absorption spectra through QCE [9].

One of these hybrid approaches is the nanoparticle sensi-
tized solar cell, which is conceptually similar to conventional
DSCs but replaces the organic dyes with inorganic nanopar-
ticles [10]. The band gap of incorporated nanoparticles can
be properly tuned by controlling the particle size, and thus
desired absorption range and characteristics are able to be
obtained. Nanocrystals as absorption material also have the
advantage of stability due to the large extinction coefficients
and intrinsic dipole moments [11].

Another strategy for hybrid solar cells is to use inorganic
nanocrystals/conductive polymer blends which combine the
flexibility of polymers with the stability and high mobility
of inorganic nanoparticles. This approach is based on the
concept of bulk heterojunction that initially originated from
organic solar cells [12] but replaces the organic/organic
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Figure 2: Schematic diagram of a hybrid perovskite solar cell. The
“HSC” and “ESC” represent the hole selective contact and electron
selective contact, respectively.

heterojunction with inorganic/organic heterojunction. Var-
ious inorganic semiconductor nanocrystals including CdSe,
CuInS

2
, CdS, or PbS have been implemented in such a

structure [9, 11, 13–15]. This strategy indeed provides several
promising potential advantages: (1) inorganic materials have
high absorption coefficients, photoconductivity, and stability;
(2) the doping characteristics of nanostructures can be easily
tuned; (3) the size dependent QCE can change the electronic
and optical properties of nanostructures, so that hybrid
solar cells containing nanostructures with different sizes can
be used for tandem solar cells. The challenge in hybrid
solar cells using inorganic nanostructures mainly lies on
the accessibility and reproducibility of the nanostructure
synthesis routes.

Recently, the emergence of hybrid organic-inorganic per-
ovskite solar cell attracts much interest due to its significant
performance advantage over conventional hybrid solar cells
[16, 17]. This kind of solar cell utilizes the metal halide
based material most commonly CH

3
NH
3
Pbl
3
nanocrystal or

a closed variant (such as Cl, Br, I) as the light absorbers, and
the perovskite pigment is a mixture of CH

3
NH
3
X (X = Cl,

Br, I) and PbX
2
prepared by sequential vapour deposition or

solution process [18, 19]. A structural diagram of the hybrid
perovskite solar cell is schematically shown in Figure 2. Since
the first report in 2009, the conversion efficiency of hybrid
perovskite solar cell has been boosted at an unanticipated rate
by exploring novel nanomaterials and device architectures
[20–36]. Particularly, the progress in the development of
solid state transport layer with high carrier mobility has sub-
stantially improved the device performance, and a breaking
efficiency of 15.7% has been achieved by employing ZnO
nanoparticles as the electron-transport layer of the solar cell
[22, 35, 36]. In fact, besides prominent electron transport
property, ZnO nanoparticle layer can be simply deposited
by spin coating and requires no heating or sintering step,
which makes it suitable for devices on thermally sensitive
substrates. Therefore, hybrid perovskite solar cell based on
ZnO nanoparticles is considered to be a promising candidate
for low cost or flexible applications.

Although efficiencies up to 20% are predicted to be
realistically achievable [37, 38], there are still several issues
which need to be resolved before hybrid perovskite solar
cells can be commercialized.The first one is the development
of large-area fabrication method with good uniformity and

reproducibility, both of which are important for mass pro-
duction. Nevertheless, almost all the best-performing cells
reported to date only have areas smaller than 0.1 cm2 [39].
Another more challenging issue involves the fast degradation
of the solar cell performance. The structure and function of
organic components are easily influenced or even destroyed
once the ambient gas or moisture penetrates the packaging
materials and reaches the solar cell. This problem in fact
has held back the commercialization process of most organic
solar cells. Although long-term stability may be attained for
hybrid perovskite solar cell in future work, there has not yet
been any convincing report up to now [40].

3.2. Nanowire Solar Cell. In general, a nanowire is defined
as a wire-like nanostructure with a diameter of the order
of several nanometers. Due to the lack of grain boundaries
along its length, the use of nanowire as a direct conduction
path for charge carriers offers various merits in device
performance, such as large charge transport rate and small
carrier recombination probability. In addition, the nanowire
structure also exhibits superior light trapping characteristics,
resulting in much less surface reflection compared with
conventional planar structure. These advantages indicate
that it is possible to achieve high conversion efficiency in
nanowire solar cells, and, more importantly, the employment
of nanowire structure reduces the consumption of material
and releases the requirement of material quality, both of
which give rise to a substantial cost reduction. So far, there
are no rigorous classification and criterion on nanowire solar
cells. Nevertheless, they can be roughly divided into two
categories, the nanowire dye sensitized solar cell and the
nanowire solar cell based on pn junction structure.

The earliest report of nanowire dye sensitized solar cell
was from Huynh et al. in 2002, in which CdSe nanowires
were utilized as the hole conducting layer and an efficiency
of 1.7% was achieved under AM1.5 irradiation [9]. Later
Law et al. [41] demonstrated a similar structure using ZnO
nanowires instead of CdSe nanowires. This kind of solar
cell exhibited a maximum power conversion efficiency of
1.5% under AM1.5 condition. Compared with nanowire dye
sensitized solar cells, the nanowire solar cells based on
pn junction structure attract more interest and are being
extensively studied. Generally, this kind of nanowire solar cell
can be divided into three types according to the pn junction
location as shown in Figure 3.

Direct deposition of nanowire array as an antireflection
layer on the surface of traditional cells is the simplest
application of nanowires to solar cells. Theoretical analysis
suggests that semiconductor nanowires have a very low
luminous reflectance, especially in the longwavelength range.
For instance, the silicon nanowire has been demonstrated to
havemuch lower reflectance in the infrared range than that of
single crystalline and multicrystalline silicon materials [42].
This inherent optical characteristic can be attributed to the
multiscattering of light in the nanowire structure and thereby
it is advised that the effect of incident light trapping can be
optimized by adjusting the diameter and refractive index of
nanowires. So far, the conversion efficiency of nanowire array
solar cells is still relatively low compared to conventional



4 International Journal of Photoenergy
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Figure 3: Schematic diagrams of nanowire solar cells based on (a) substrate junction structure, (b) axial junction structure, and (c) radial
junction structure.

silicon solar cells [43, 44].The efficiency loss can be explained
by the presence of a large number of surface states which
results from the high density of nanowires. These surface
states are difficult to be fully passivated, so that the surface
recombination velocity is significantly increased.This finding
means that a trade-off between the nanowire density and
surface passivation effect needs to be resolved to maximize
the performance of nanowire array solar cells.

Besides using nanowire array as antireflection layer, novel
device structures with pn junction located on the nanowire
surface or inside the nanowire have also attracted increasing
interests. Researchers from Harvard University have devel-
oped an axial junction nanowire solar cell with a conversion
efficiency of 3.4% [45]. Later, Garnett and Yang proposed
a novel orthogonal network of photon absorption path and
charge carrier transport path in a radial junction nanowire
solar cell, in which the long nanowire axial enhances photon
absorption and the radial junction improves the charge
carrier collection. Theoretical calculation predicts that a
conversion efficiency of up to 11% can be obtained in a radial
junction nanowire solar cell with an electron diffusion length
of 100 nm, which is much higher than that of nanowire solar
cells with planar structure [46].

3.3. Intermediate Band Solar Cell. The approach of inter-
mediate band solar cells (IBSCs) is to introduce a con-
tinuous electronic band within the band gap of another
semiconductor material as shown in Figure 4 [47, 48]. In
the operation of IBSCs, subband gap photons of specific
energy first pump electrons from valence band (VB) to IB
(Process (1) in Figure 4). Before occurrence of nonradiative
recombination, the electrons in IB are further emitted to CB
through absorption of another subband gap photons (Process
(2) in Figure 4). The wave function of the electrons in IB
should be delocalized, which is similar as the property of
the electron wave function in CB and VB, so that radiative
absorption and recombination dominate at these energy
levels and the photons do not necessarily have to be absorbed
by the same electron in the two steps. In order to provide
both empty states for capture of electrons from VB and
occupied states for injection of electrons to CB, the IB has to
be partially filled with electrons (i.e., “metallic”). Ideally, half-
filled IB is needed to ensure that both capture and emission

CB

VB

IB

(1)

(2)

(3)

(4)

Eg

EF

Figure 4: Band structure of an intermediate band material in
equilibrium. EF is the Fermi level of the intermediate bandmaterial.
The photon absorption processes involving photons with different
energies (marked as 1, 2, 3, and 4) are also shown.

processes are equally likely. The absorption of subband gap
photons enhances the photocurrent while the output voltage
is preserved. This leads to a limiting efficiency as high as
63.2% (under maximum sun concentration 46,050 suns) for
IBSCs.This efficiency is similar as that for a three-cell tandem
solar cell and is much higher than the 40.7% conversion
efficiency for an ideal single band gap solar cell that is made
from the same material.

The existence of materials with an IB characteristic was
once controversial. However, people have now suggested
quite a few candidates, mostly in III-V, II-VI, and chal-
copyrite systems alloyed with a transition metal [49–53].
As an alternative approach, quantum dots (QDs) were also
proposed to form IBSCs [49, 54]. In this approach, the energy
levels comprising the IB arise from the confined electron
states in the QDs. The use of QDs has a few advantages
over other nanostructures such as quantum wells or wires.
This is because of the following. (1) Only QDs provide a
true zero density of states between the IB and CB [55].
This prevents nonradiative recombination between the CB
and IB [56]. (2) The optical transition from IB to CB is
strictly forbidden by selection rules in quantum wells for
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Figure 5: Band diagram for the QWSC with the MQW structure
in the intrinsic region. The photogeneration and recombination
processes are shown for both bulk and QW regions. The carrier
capture and escape routes are also shown in the figure.

light incidence perpendicular to the plane of growth. This is
definitely detrimental for the solar cell applications [57].

Although several material systems have been proposed
for the implementation of QD IBSCs, the practical exper-
imental work still mainly focuses on the InAs/GaAs QD
superlattice structure grown by molecular beam epitaxy
using the Stranski-Krastanov growth method [54, 58]. The
photocurrent generation due to the IB to CB transition, an
important indicator of true IBSC operation, has recently been
demonstrated in these devices. Nevertheless, there is still
a long way to go to achieve the advantage of conversion
efficiency in IBSCs.

3.4. Quantum Well Solar Cell. The quantum well (QW), a
1D confinement nanostructure, has been applied widely in
semiconductor devices since its emergence, including pho-
todetectors, light emitting diodes, lasers, optical modulators,
and high mobility transistors. The optical and electrical
properties of QWs are engineered to meet the particular
requirements of different applications. It is thus reasonable
to speculate that there may be some advantages of using
QWs in solar cells. The ability to modulate the band gap of
QW structures through QCE provides a means of achieving
high energy conversion efficiency due to the better band gap
match to the solar spectrum. The multiple quantum well
(MQW) structure was proposed in the early 1990s, making
a solid step in the utility of QW solar cells (QWSCs) [59].The
band diagram of a MQW solar cell is shown schematically
in Figure 5.

The QWs are located in the intrinsic region of a p-i-n
structure, and carrier photogeneration and recombination
occur in both the barrier and QW layers. For the carriers
generated in QWs to be effectively collected at the external
electrodes and thereby contribute to the photocurrent, the
carriers must be able to escape from the QWs. Besides
quantum tunneling process, thermal escape is also crucial for
achieving efficient carrier escape from QWs, which indicates
a requirement of the thermal energy and transverse electric

field in the operation of QWSCs [60–62]. Fortunately, the
thermal energy at room temperature is usually sufficient and
the probability for carrier escape can be close to unity in the
presence of a strong electrical field.

High quality growth techniques with monolayer accu-
racy, such as molecular beam epitaxy (MBE) and metal
organic vapour phase epitaxy (MOVPE), have been used
to fabricate QWSCs. According to lattice constant differ-
ence between barrier and well layers, the material systems
used in QWSCs can be categorized into lattice matched
systems, such as AlGaAs/GaAs, InGaP/GaAs, InP/InGaAs,
and InGaAsP/InP, and lattice mismatched systems including
GaAs/InGaAs, InP/InAsP, GaAsP/InGaAs, GaAs/InGaAs,
and InGaAs/InGaAsP. The initial studies of QWSCs were
mainly based on the lattice matched material systems using
GaAs or InP as the well material. Therefore, the absorption
threshold is adjusted to higher energies over a conventional,
homojunction cell formed from the GaAs or InP. Such
material systems show good solar cell performance and it is
a good way to avoid the complications caused by the strain
so that it is easier to reveal the effects from QWs and to
understand the underlying operation mechanisms.

For most solar cell applications, however, lower absorp-
tion threshold is indeed desirable. A good example is to
enhance the long wavelength absorption of high efficiency
GaAs cells. A major problem here is that there are no lattice-
matched, lower band-gap systems in nature to act as the
wells. For example, InGaAs is a particular good choice as a
well material for devices using GaAs as barriers, but it has
larger lattice constant so that compressive strain is required
to grow the InGaAs QWs. The strain builds up in each well
layer and finally results in numerous threading dislocations
through strain relaxation at the top and bottom of the MQW
stack, causing larger leakage current, worse short wavelength
quantum efficiency, and loss in open circuit voltage [63, 64].

To solve this problem, strain-balanced QWSCs have been
proposed to minimize the build-up of strain. The idea is
to compensate the strain from QWs by using barrier layers
with opposite strain [65]. A typical example of such cell
is the strain-balanced GaAsP/InGaAs QWSCs as shown in
Figure 6. Over each period, the compressive strain from the
InGaAs well layer with larger lattice constant is compensated
by the tensile strain from theGaAsP barrier layerwith smaller
lattice constant. The average lattice constant equals that of
GaAs and the average strain in the cell should approach
zero, leading to significant reduction of dislocations in this
structure.

To date, QWSCs have shown advantages in engineering
the absorption spectrum and improving the photocurrent.
However, there are still a few challenges remaining.Themost
important one is the increase of absorption of the MQW
stack. This may be solved by growing more QWs, but this
strongly depends on the availability of high quality and yield
growth technology. Another widely studied approach is the
use of light trapping schemes [66].

3.5. All Quantum Dot Tandem Solar Cell. Among various
high efficiency approaches, tandem structure is the only
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approach that has shown the capability to achieve high con-
version efficiencies (44% at ∼500 suns) beyond the Shockley-
Queisser limitation [67]. However, these cells require the
use of expensive III-V materials and manufacturing process,
which are only viable for concentrating systems. Therefore, it
would be very attractive if alternative low cost materials and
process can be adopted in such a tandem cell design.

In recent years, all quantum dot tandem solar cells which
use band-gap engineered nanocrystals as absorbing material
have been proposed as a promising high efficiency approach
[68–72]. Most of these tandem solar cells are designed to
use the most common elements such as Si, Ge, PbSe, and
PbS. This not only reduces the material cost but also secures
the long term availability of raw materials. Besides, this kind
of tandem solar cell has a good potential for large scale
manufacturing, which benefits from the integrated circuit
industries. The all quantum dot tandem solar cell with three
subcells is schematically shown in Figure 7. In the tandem
stack, the top and intermediate subcells are composed of
nanocrystals with engineered band gaps and a conventional
single junction solar cell is used as the bottom cell. The
effective band gaps of the two upper cells can be tuned by the
size of nanocrystals and their optimized values depend on the
selection of the bottom cell.

There is a series of steps involved in the realization of
a working all quantum dot tandem solar cell, including the
fabrication of band gap engineered nanocrystals, formation
of a rectifying p-n junction, and the interconnection of cells
through a tunneling layer. Of these challenges, the ability to
adjust thematerial’s band gap through quantum confinement
effect is the basis of the concept. During the past two decades,
a lot of efforts have been made in the investigation of the low
dimensional confinement properties of various nanocrystals
[72–75]. Despite intensive studies, the reliable production
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Figure 7: Schematic diagram of the all quantum dot tandem solar
cell with three subcells.

of nanocrystals using low cost fabrication techniques is still
an area of difficulty. This is because in order to accurately
tune the band gap, certain aspects of nanocrystal materials
need to be precisely controlled, such as crystallite size
and distribution, barrier thickness, and defect passivation.
Recently, two interesting techniques have been reported to
provide relatively controllable growth of nanocrystals with
size-tunable energy gaps [72, 76–80]. The superlattice struc-
ture fabricated using tradition thin film techniques such as
sputtering allows for an easy integration with current silicon
process technology, while the solution-based process which
produces colloidal semiconductor nanocrystals shows great
advantages for the fabrication of low-cost structures. Besides
controllable synthesis of nanocrystals, the manipulation of
electrical properties of nanocrystals also needs to be studied
in order to form a rectifying pn junction for charge separation
[81]. In summary, continued efforts are required to further
improve the quality of the nanostructures and understand
more deeply the underlying physics on the path to the
realization of a working all quantum dot tandem solar cell.

3.6. Hot Carrier Solar Cell. In traditional solar cells, pho-
tocarriers relax from their initial energetic position to the
band edge by thermal emission process before they can
be extracted out from the devices. As a consequence, a
huge amount of absorbed energy is wasted especially for
high energy photons. In 1982, a kind of photovoltaic device
called hot carrier solar cells (HCSCs) was proposed to timely
extract the energetic photocarriers, so that the thermalization
loss can be minimized and the solar cell efficiency can be
remarkably improved [82]. In principle the efficiency of
HCSCs can be as high as 67% under AM1.5 irradiation and
even achieve 86% under concentrated illumination [83].
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Figure 8: The energy band diagram of a hot carrier solar cell.
Photogenerated electron-hole pairs in the absorber are kept hot at an
elevated temperature before they are extracted out from the energy-
selective contacts.

As shown from the schematic diagram in Figure 8, in
order to build a complete HCSC, we need to figure out
two things: the absorber with extremely slow cooling rate
of hot carriers and the extraction contact with a narrow
energy range [83–85]. During the last decade, most efforts
in this area are devoted to the discovery of appropriate hot
carrier absorber material. In fact, since the emergence of
HCSC, low dimensional structures are considered to be most
promising for reducing the hot carrier cooling rate [86, 87].
Theoretical and experimental work have demonstrated that
the unique properties of nanostructures are responsible for
the reduced cooling rate, such asmore stringent conservation
rules in the carrier-phonon interaction which couple carriers
to fewer vibration modes and the carrier localization effect
that prevents carrier cooling by out-diffusion from the hot
phonon regions [88–90]. In the meantime, nanostructures
have also shown some potential in the fabrication of selective
energy contact [85, 91–93]. Unfortunately, however, until now
noworking device has yet beenmade forHCSCs, whichmore
or less reflects that the development of HCSCs is now facing
serious challenge. This might be related to the fact that it
is quite difficult to use current manufacturing techniques to
produce the nanostructures required by HCSCs. Moreover,
the lack of customized characterization facilities andmethods
also hinders the development of new materials and device
structures.

4. Conclusions and Future Directions

There has been a long history of using nanostructures in
photovoltaic devices.Thefirst application of such strategywas
made to improve the performance of conventional thin film
solar cells. Although some positive effects of nanostructures
are clearly observed in these devices, they are still less
competitive due to the inherent limitation of the absorber
performance. Therefore, the development of nanostructured
absorbers which combines advantages of quantum confined
energy levels and low cost processes is considered to be rather
important for the realization of next-generation photovoltaic
concepts. Up to now, diverse designs have been proposed to

utilize the unique flexibility of nanostructures to optimize
photon absorption, carrier generation, and charge separation.
Theoretical calculation illustrates promising high efficiencies
for these devices despite of their different approaches. In
practice, however, a competitive technology needs to meet
other requirements besides efficiency such as spectral robust-
ness, ease of manufacture, and long-term stability. None of
nanostructured solar cells matches all these goals yet.

Hybrid solar cells combining inorganic nanoparticles and
conductive polymer blends are the best developed so far and
further improvement is likely to reduce the overall dollar
per watt cost. Recently, the discovery of perovskite material
significantly improves the absorption capacity of hybrid solar
cells thus leading to an efficiency boost. This makes hybrid
perovskite solar cell an ideal candidate for the portable or
flexible applications. In such kind of solar cells, long-term
stability seems to be amore challenging issue than conversion
efficiency according to existing research and experiment
results. The development of more stable hybrid structure and
appropriate packaging technique is important for the future
development of hybrid perovskite solar cell.

Tandem solar cells with multiple energy thresholds in
theory have very high efficiency. More importantly, their
embedded QW and QD absorbers could be made from low
cost, abundant, nontoxic, and stable materials. Therefore,
tandem solar cells are considered to be a competitive tech-
nology that can significantly increase the implementation
of photovoltaics. Nevertheless, despite the well-developed
methods for the preparation of nanostructures, these devices
still have difficulties in carrier transportation and extraction.
Further research should focus on the suppression of carrier
recombination and the formation of high quality junctions
and metal contacts.

Compared with hybrid cells and tandem cells, work on
other approaches is still at a much earlier stage.The nanowire
solar cells suffer from relatively low efficiency limit, and inter-
mediate level devices and hot carrier cells still have serious
theoretical questions to answer. In addition to the solar cells
mentioned in this paper, some more advanced concepts can
also be realized by the implementation of nanostructures,
such as multiple carrier generation, up/down conversion,
thermophotonics, and thermophotovoltaics [94–97]. These
esoteric approaches seem to be impractical at present, but a
few of them might become possible as understanding of the
topic continues to improve.

Besides being used as absorber materials, nanostructures
are attracting increasing attention as alternative light trapping
structures for thin film solar cells. During the last few
years, several different approaches have been developed for
nanophotonic light trapping. The periodic structure is the
best developed approach with good understanding of fun-
damental mechanisms and mature processing technologies.
According to the number of dimensions, there are three
kinds of periodic structures, Bragg stacks, gratings, and
photonic crystals [98–102]. Plasmonic structure is another
promising approach for nanophotonic light trapping. The
discrete metal nanoparticles on the surface randomly scatter
incident light into the active layer of solar cell, thus resulting
in enhancement of light absorption [103–107]. In contrast
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to the traditional method such as surface texturing, the use
of nanophotonic structures is a better choice for thin film
solar cells, since they will not affect the surface topography
of the thin films, which has a notable impact on the device
performance. In future work, themanufacturing cost of these
structures needs to be significantly reduced, particularly for
large area substrates. Otherwise, they are unlikely to be used
for commercial production.
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A uniformed poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C
61

-butyric acid methyl ester (PCBM) blended film prepared by
using spin-coating process is achieved by addition of 10% hydroxyl group end-functionalized P3HT (HOC-P3HT-COH) as a
compatibilizer. Ratio of P3HT/PCBM on a spin-coated film has been improved from 1 : 1.22 on the edge and 1 : 0.85 in the center
of substrate (substrate size, 2 cm × 3 cm) to 1 : 1.03 on the edge and 1 : 0.94 in the center for P3HT/HOC-P3HT-COH/PCBM film
(1 : 0.1 : 1). Homogeneous and reproducible polymer solar cell with an average of 3.71% power conversion efficiency under AM1.5G
irradiation is fabricated with 10% HOC-P3HT-COH in P3HT/PCBM layer.

1. Introduction

Power conversion efficiency (𝜂) of organic solar cells has
increased from 0.04% of a bilayer device [1] to more than
8% of bulk heterojunction (BHJ) devices [2]. A major
breakthrough is the introduction of BHJmorphology [3].The
BHJ morphology creates large interfacial area between the
electron donors and electron acceptors that increases the effi-
ciency of exciton dissociation and generates higher current
density (𝐽sc) of the BHJ devices. Evidently, morphology of the
active layer plays a very important role in the performance
optimization of polymer solar cells [4]. Among the electron
donors and the electron acceptors, P3HT and PCBM have
been widely used as model materials in the active layer for
polymer solar cells. Researchers [5–12] find the performance
of P3HT/PCBM based polymer solar cells highly relied on
the ratio of P3HT/PCBM. Domain size of PCBM increases
significantly after thermal annealing as the content of PCBM
increases in the P3HT/PCBMfilm.This will lead to decreased
interfacial area between P3HT and PCBM and will end
up with lower 𝐽sc. Additionally, hole mobility and electron
mobility also vary with P3HT/PCBM ratio. A balanced hole
and electron mobility in P3HT/PCBM blend occurs as the
P3HT/PCBMratio is between 1 : 0.8 and 1 : 1 [6, 7]. Crystalline

structure of P3HT/PCBM film characterized by scattering
techniques [8–10] also reveals a high dependency on the
P3HT/PCBM ratio. Generally high performance solar cells
are fabricatedwith P3HT/PCBMratios between 1 : 0.8 and 1 : 1
[11, 12].

Based on the above information, a uniformed distribu-
tion of P3HT/PCBM is crucial if a reproducible large area
photovoltaic module is going to be processed. It comes to
our attention to examine the distribution of P3HT/PCBM
ratio across a glass substrate (2 cm × 3 cm) by using spin-
coating process, which is themost commonly used technique
in laboratory. In this study, P3HT/PCBM ratio across a
2 cm × 3 cm glass substrate is determined by using a UV-
Vis spectroscopy technique. Effect of P3HT/PCBM ratio on
the annealed P3HT/PCBM film is characterized by opti-
cal microscopy (OM). A synthesized hydroxyl group end-
functionalized P3HT (HOC-P3HT-COH) is added to the
P3HT/PCBM film to control the P3HT/PCBM ratio across
the glass substrate.

2. Materials and Methods

2.1. Materials. P3HT (𝑀
𝑛
= 25,000) and PCBM were pur-

chased from Aldrich Corporation and were used without
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Figure 1: Illustration of sample preparation and identification of spin-coated P3HT/PCBM (1 : 1) and P3HT/HOC-P3HT-COH/PCBM
(1 : 0.1 : 1) films from 1% dichlorobenzene solutions.

further purification. HOC-P3HT-COH was synthesized fol-
lowing a reportedmethod [13].The synthesized HOC-P3HT-
COH has a 𝑀

𝑛
of 28,700, and a polydispersity index (PDI)

of 1.89. NMR analysis [14] showed the regioregularity of the
HOC-P3HT-COHwas 95% and that for the purchased P3HT
was 93%.

2.2. Sample Preparation. 1% P3HT/PCBM (1 : 1) and 1%
P3HT/HOC-P3HT-COH/PCBM(1 : 0.1 : 1) in o-dichloroben-
zene (ODCB, spectroscopy grade, purchased from Aldrich)
were spin-coated on 2 cm × 3 cm glass substrates (500 rpm
3 seconds and 1000 rpm 10 seconds). The spin-coated films
were annealed at 150∘C for 30 minutes for UV-Vis spectro-
scopy and OMmeasurements.

2.3. Device Fabrication. ITO substrate (sheet resistance =
12Ω/◻) was cleaned in an ultrasonic machine following by
treatment with O

2
plasma. A 30 nm PEDOT:PSS (Baytron

PH from HC Starck) layer was coated on the ITO substrate
and dried at 140∘C for 10min underN

2
atmosphere. A 100 nm

P3HT/PCBM (1 : 1) or P3HT/HOC-P3HT-COH/PCBM film
(1 : 0.1 : 1) was spin-coated and annealed at 150∘C for 10min.
Ca (10 nm)/Al (100 nm) film was thermally evaporated as
cathode at 1.0 × 10−6 torrs.

2.4. Characterization. The molecular weight of P3HT
and HOC-P3HT-COH was measured by a Viscotek
DM400/LR40 Gel Permeation Chromatography (GPC)
using standard polystyrene as reference. Regioregularity
was determined by a Bruker AV-300 Nuclear Magnetic
Resonance. UV-Visible absorption measurements were
carried out with a Shimadzu UV-2101C Spectrometer. The

morphology of the P3HT/PCBM and P3HT/PCBM/HOC-
P3HT-COH films was studied using an Olympus Optical
Microscopy (OM model: BH2). I-V parameters of the
fabricated devices were measured by an Oriel Class A Solar
Simulator 91160A under AM1.5G irradiation (100mW/cm2)
calibrated by a NREL certified reference solar cell.

3. Results and Discussion

Spin-coating process [15] is a widely used technique in the
research of polymer solar cells in laboratory. A blended
photoactive layer such as P3HT/PCBM is spin-coated on a
PEDOT:PSS precoated ITO substrate. This film is subject to
different processes such as thermal annealing [16–18] and
solvent annealing [19] before deposition of cathodematerials.
A polymer solar cell is ready for testing after these processes.
Many factors such as composition of P3HT/PCBM [6, 7, 11,
12], annealing conditions [16–18], and solvent selection [20]
affect the final performance of polymer solar cells. Composi-
tion of the P3HT/PCBM active layer is one of the key factors
that are highly correlated with the device performance. It
is shown that performance of an optimized P3HT/PCBM
based polymer solar cell has a P3HT/PCBM ratio between
1 : 0.8 and 1 : 1.0 [6, 7, 11, 12] and the performance deteriorates
significantly outside this range. It becomes very important
if a consistent P3HT/PCBM ratio across substrate can be
achieved for a large size polymer solar cell. To examine this
issue, a P3HT/PCBM (1 : 1) solution in dichlorobenzene is
spin-coated on a 2 cm × 3 cm substrate for evaluation. This
substrate is divided into five regions symmetrically (Figure 1).
Thicknesses of regions 1, 2, and 3 are 120 nm, 109 nm,
and 95 nm, respectively, for P3HT/PCBM film. Thicknesses
of regions 1, 2, and 3 for the P3HT/PCBM/10% HOC-
P3HT-COH film are 111 nm, 113 nm, and 112 nm, respectively.
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Figure 2: Optical microscopy photos (×100) of the distribution of aggregated PCBM domains in annealed (150∘C, 30min) P3HT/PCBM
(1 : 1) film across a 2 cm × 3 cm glass substrate (edge: regions 1 and 5; center: region 3).
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Figure 3: UV-Vis spectra of (a) P3HT/PCBM (1 :𝑋) (calibration curve) and (b) P3HT/PCBM (1 : 1) absorption in regions 1, 2, and 3.

Compositions of P3HT/PCBM between center and edge are
characterized.

As reported in literatures, PCBM tends to aggregate and
form large domain size in a P3HT/PCBM film upon thermal
treatment [16–18]. Therefore, it will be possible to evaluate if
the distribution of PCBM/P3HT is uniformed by using an
optical microscope [21]. As shown in Figure 2, density of
aggregated PCBM domains increases gradually from center
of the substrate (region 3) to the edge of the substrate
(regions 1 and 5).This indicates a higher PCBMconcentration
on the edge than that in the center after the spin-coating
process. To further find out the actual P3HT/PCBM ratios
in these regions, a UV-Vis calibration curve is constructed
(Figure 3(a)). P3HT/PCBM in different regions (1, 2, and
3) is dissolved in dichlorobenzene and UV-Vis spectra are
measured (assuming the coating is symmetry during the
spin-coating process [15]). As shown in Figure 3(b), the
relative intensity of I

331
(absorption of PCBM and P3HT) to

I
463

(absorption of P3HT) increases from region 3 (center)
to region 1 (edge), indicating higher PCBM concentration on

Table 1: List of ratio of 𝐼PCBM to 𝐼P3HT and actual P3HT/PCBM
compositions (1 : 1, theoretically, without compatibilizer) in regions
1, 2, and 3 of the substrate.

Region 1 (edge) Region 2 Region 3 (center)
𝐼PCBM/𝐼P3HT 1.07 0.91 0.75
P3HT : PCBM 1 : 1.22 1 : 1.04 1 : 0.85

the edge (region 1). The relative intensity of 𝐼PCBM to 𝐼P3HT in
different regions is calculated by

𝐼PCBM
𝐼P3HT
= [
(𝐼
331
− 0.2191)

𝐼
463

] , (1)

where 0.2191 is the absorption intensity of P3HT at 331 nm.
The corresponding P3HT/PCBM ratios obtained by using
calibration curve are listed in Table 1. The 1% P3HT/PCBM
solution in dichlorobenzene is 1 : 1. Ideally, the ratio of
P3HT/PCBM will be 1 : 1 across the substrate. The actual
P3HT/PCBM ratio in the center is 1 : 0.85 and that on the edge
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Figure 4: Optical microscopy photos (×100) of the distribution of aggregated PCBM domains in annealed (150∘C, 30min) P3HT/HOC-
P3HT-COH/PCBM (1 : 0.1 : 1) film across a 2 cm × 3 cm glass substrate (edge: regions 1 and 5; center: region 3).
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Figure 5: UV-Vis spectra of (a) P3HT/HOC-P3HT-COH/PCBM (1 : 0.1 : X) (calibration curve) and (b) P3HT/HOC-P3HT-COH/PCBM
absorption in regions 1, 2, and 3.

is 1 : 1.22. Parts of the PCBMmolecules aremoved further out-
side the center region during the spin-coating process. P3HT
and PCBM are homogeneously dissolved in dichlorobenzene
and they are distributed independently from each other in
the solution. However, P3HT is a polymeric material with
many entanglements betweenmolecules and PCBM is a small
molecule with no such entanglements in solution. Upon spin-
coating from a common solvent-dichlorobenzene, P3HT and
PCBM bear with different extent of centrifugal forces [15]
and exhibit different coating behavior. Parts of the PCBM
are taken away from the center region and are moved to the
outer region.The difference in coating behavior of P3HT and
PCBM ends upwith a composition variation in P3HT/PCBM
ratio across the substrate.

Hydroxyl group end-functionalized P3HT (HOC-P3HT-
COH) has been proved as an effective compatibilizer in the
stabilization of P3HT/PCBM blend [13]. H-bonds between
the hydroxyl group of HOC-P3HT-COH and ester group
of PCBM stabilize the morphology of P3HT/PCBM blend.
As HOC-P3HT-COH is added to the P3HT/PCBM solution,

P3HT and PCBM molecules are physically linked through
the H-bond formation. P3HT/HOC-P3HT-COH/PCBM can
be treated as a physically bonded molecule during the spin-
coating process. As a 1% P3HT/HOC-P3HT-COH/PCBM
solution is spin-coated onto a substrate, P3HT, HOC-P3HT-
COH, and PCBM do not separate. They form a uniformed
coating across the substrate. As shown in Figure 4, distribu-
tion of aggregated PCBM domains is uniformed across the
substrate that indicates a consistent P3HT/PCBM compo-
sition across the substrate. It is very important that HOC-
P3HT-COH not only stabilizes the P3HT/PCBM morphol-
ogy, but also homogeneously disperses the PCBM in P3HT. A
UV-Vis absorption calibration curve of P3HT/HOC-P3HT-
COH/PCBM (1 : 0.1 : X) is constructed (Figure 5(a)) to
determine the P3HT/PCBM ratio in regions 1, 2, and 3. As
shown in Figure 5(b), the relative intensity ratios of I

331
to

I
463

in the region 1, region 2, and region 3 are very similar
revealing the information that the ratios of P3HT/PCBM are
consistent in these three regions. The actual P3HT/PCBM
ratios determined by calibrated UV-Vis absorption curve are
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Figure 6: J-V curves of (a) P3HT/PCBM (1 : 1) and (b) P3HT/HOC-P3HT-COH/PCBM (1 : 0.1 : 1) based polymer solar cells with a device
structure of ITO/PEDOT:PSS (40 nm)/active layer (100 nm)/Ca/Al in different regions (1–5) of the same substrate.

Table 2: List of ratio of 𝐼PCBM to 𝐼P3HT and actual PCBM/P3HT∗
compositions (1 : 1.1, theoretically, with compatibilizer) in regions 1,
2, and 3 of the substrate.

Region 1 (edge) Region 2 Region 3 (center)
𝐼PCBM/𝐼P3HT 1.00 1.01 1.02
P3HT∗ : PCBM 1 : 0.94 1 : 0.95 1 : 1.03
P3HT∗: P3HT + 10wt% HOC-P3HT-COH.

1 : 0.94 (region 1), 1 : 0.95 (region 2), and 1 : 1.03 (region 3)
(Table 2). These values are close to the P3HT/PCBM ratio
(1 : 0.91) in solution if the absorption of 10% HOC-P3HT-
COH is taken into consideration.

To examine how the P3HT/PCBM ratio affects perfor-
mance of polymer solar cells in the different regions of the
same substrate, an ITO substrate is patterned in the form as
illustrated in inlet of Figure 6. Five devices are symmetrically
designed on a 2 cm × 3 cm substrate. As shown in Figure 6, 𝐽sc
of devices with 10% HOC-P3HT-COH in the active layer are
all higher than thosewithoutHOC-P3HT-COH, respectively.
It has been shown [13] that reduction of PCBM aggregation is
one of the factors leading to higher 𝐽sc value in a polymer solar
cell with HOC-P3HT-COH in the active layer. Moreover,
thermal stability of the P3HT/PCBM layer is also improved
with addition ofHOC-P3HT-COH in the P3HT/PCBM layer.

In this study, consistency of device performance in dif-
ferent regions on a 2 cm × 3 cm substrate has been improved
as shown in Tables 3 and 4. Standard deviation of 𝐽sc,
𝑉oc, FF, and 𝜂 for the devices (devices 1–5 as illustrated
in Figure 6) with HOC-P3HT-COH in the active layer is
all lower than that without HOC-P3HT-COH in the active
layer, respectively. These results reveal that incorporation of
HOC-P3HT-COH as compatibilizer improves performance
deviation of devices in a 2 cm × 3 cm substrate, which is

Table 3: Solar cells performance of P3HT/PCBM (1 : 1) based
polymer solar cells in different regions of a 2 cm × 3 cm substrate.
The active layer is thermally treated at 150∘C for 10 minutes.

(a) P3HT/PCBM 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
Region 1 7.49 0.66 0.62 3.07
Region 2 7.52 0.66 0.63 3.13
Region 3 8.22 0.64 0.63 3.29
Region 4 8.13 0.64 0.63 3.28
Region 5 7.47 0.65 0.6 2.93
Average value 7.77 0.65 0.62 3.14
Standard deviation 0.375 0.010 0.013 0.151

Table 4: Solar cells performance of P3HT/HOC-P3HT-
COH/PCBM (1 : 0.1 : 1) based polymer solar cells in different
regions of a 2 cm × 3 cm substrate. The active layer is thermally
treated at 150∘C for 10 minutes.

P3HT/PCBM/10%
HOC-P3HT-COH 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)

Region 1 9.56 0.64 0.6 3.66
Region 2 9.89 0.64 0.6 3.79
Region 3 9.75 0.64 0.61 3.77
Region 4 10 0.64 0.59 3.77
Region 5 9.27 0.63 0.61 3.56
Average value 9.70 0.64 0.60 3.71
Standard deviation 0.289 0.005 0.008 0.098

highly related to P3HT/PCBM ratio across the substrate.
As mentioned previously, the P3HT/PCBM ratio has a high
deviation from the center of the substrate (1 : 0.85) to the edge
of the substrate (1 : 1.22) without HOC-P3HT-COH in the
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film (Table 1). This deviation is diminished by addition of
HOC-P3HT-COH to the P3HT/PCBM layer (Table 2) that
matches the results from the device performance as shown
in Tables 3 and 4. A high performance polymer solar cell
with an average of 3.71% power conversion efficiency and
low standard deviation under AM1.5G irradiation is prepared
with 10% HOC-P3HT-COH in P3HT/PCBM (1 : 1).

4. Conclusions

Compositions of P3HT/PCBM in a 2 cm × 3 cm have been
found to be inconsistent from the center part of substrate
to the edge of the substrate. Concentration of PCBM tends
to be higher on the edge of substrate. This can be solved
by adding a hydroxyl group end-functionalized P3HT as
a compatibilizer to the P3HT and PCBM. Composition
variation across the substrate becomes consistent across the
substrate. This will possibly improve the performance of
a large area polymer solar cell because of homogeneous
distribution of P3HT/PCBM on the substrate.
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Different etching times are used to etch silicon wafers. Effects of surface morphology on wafer minority carrier lifetime, passivation
quality, and heterojunction solar cell (HJ) performance are investigated.The numbers of mountains and valleys, defined as turning
points, on wafer surfaces are used to explain the minority carrier lifetime variations. For a wafer with a smaller amount of turning
points, hydrogenated amorphous silicon (a-Si:H) passivation quality can be comparable to ideal iodine-ethanol solution passivation.
If the wafer has a notable amount of turning points, the carrier lifetime decreases as the a-Si:H layer will not be able to be well-
deposited on turning points. Furthermore, the PC1D simulation indicates that an optimal device conversion efficiency of 21.94%
can be achieved at an etching time of 60min, where a best combination of short-circuit current and open-circuit voltage is obtained.

1. Introduction

In recent years, heterojunction (HJ) silicon solar cells have
been drawing increasing attention owing to their high con-
version efficiency (up to 24.7%) [1–3], low fabrication temper-
ature [4], low temperature-conversion efficiency dependence
[5], and shorter fabrication time. The HJ cells make use of
the large band gap of hydrogenated amorphous silicon (a-
Si:H) as an emitter with silicon wafer, and the electrons or
holes can move in one direction only due to the large band
offset. However, dangling bonds on the wafer surfaces serve
as recombination centers for the carriers. Such recombination
losses will mainly affect the device open-circuit voltage (𝑉oc),
the resistance losses that affect the fill factor (FF), and
the optical losses which have direct impact to the short-
circuit current density (𝐽sc). Several improvements have been
reported. One of the most important approaches is the inser-
tion of intrinsic (i-) a-Si:H at the interface between a-Si:H

emitter and wafer to passive dangling bonds on wafer
surfaces, thus reducing recombination losses [6]. Another
concern is the reflection losses at the front surface due to
the large refractive index of a-Si:H. To reduce the optical
losses two practical methods have been used, (i) using an
antireflection coating [7] and (ii) texturing the wafer surface
[8–10]. Currently, wet etching by an alkaline solution is the
standard process for industrial solar cell texturing. The most
widely used etching solution is a low concentration potassium
hydroxide (KOH) or sodium hydroxide (NaOH) solution in
water with the addition of isopropyl alcohol (IPA) to achieve
good lateral uniformity of pyramidal structures across the Si
wafer surface bymodifying the surface wettability [11, 12].The
wet etching process not only roughens wafer surfaces but also
removes sawing damage simultaneously. However, only few
groups have achieved high efficiency HJ solar cells [13, 14]
because the wet etching texturization can have significant
influences on carrier lifetime. Iencinella et al. [15] reported
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Figure 1: The SEMmicrographs and corresponding surface profiles for the wafers with an etching time of (a) 0, (b) 30, (c) 60, (d) 90, and (e)
120min.

that the K+ and Na+ released from etching solutions are
extremely fast-diffusing alkali metal ions that can possibly
cause contamination of wafers and limit carrier lifetime.
Furthermore, IPA is highly volatile so that its fraction in
the etching solution is not easy to remain constant. Several
methods have been proposed in an attempt to improve
the texturization. Stegemann et al. and Kegel et al. [16, 17]
indicated that a-Si:H/c-Si solar cells fabricated on IPA-free

textured wafers conversion efficiencies above 20% were
achieved by quantitative evaluation and optimization of the
texture and interface passivation. Deligiannis et al. [18] used
repeated cycles of nitride acid oxidation procedure to remove
contamination and nanoscale roughness on the facets of
pyramidal structures to improve passivation quality. Li et
al. [19] used NaClO to produce smaller pyramids than that
created byKOHorNaOH, and the small pyramids can lead to
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better coverage and contact between a-Si:H and wafer. Some
groups also used dry etching techniques [20], but so far they
have no reports of a HJ solar cell with a conversion efficiency
higher than 17%.

In this study, we adopt industrial standard texturization
using KOH and IPA mixed solution. Different etching times
are used to etch silicon wafers so as to remove saw damage
and produce rough surfaces.The impact of etching times and
resultant surfacemorphologies on carrier lifetime and surface
passivation quality are investigated. Furthermore, simulation
was carried out to evaluate the cell characteristics.

2. Experimental

Single polished, 𝑝-type, ⟨100⟩ single-crystal silicon wafers
with thickness of 250 𝜇m, resistivity of 1–10Ω-cm, and area of
15.6 × 15.6 cm2 were used as substrates. Wafers were cleaned
and then dipped in a 2%HF solution for 30 s to remove native
oxide, prior to the etching process. Pyramidal texturization
was carried out in a 5wt.% KOH solution with 2wt.% IPA
at 85∘C for different etching time (from 0 to 120min). The
alkaline solution can cause pyramidal structures on the wafer
surface because of the difference in etching rates of (100) and
(111) planes. The involved chemical reactions can be found
in [21]. During etching, hydrogen bubbles are created, and
IPA is used for removal of the bubbles, so that the better
lateral uniformity of the pyramids across the wafer surface
can be achieved. After etching, an RCA2 clean, consisting of
a solution of 6 : 1 : 1 H

2
O :HCl : H

2
O
2
, was performed at 80∘C

for 5min to remove metal ions that might possibly remain
on the wafer surface. The passivation of the wafer surface
dangling bonds was done by two methods, iodine-ethanol
solution passivation and a-Si:H passivation. The a-Si:H was
deposited by PECVD, and the detailed deposition conditions
can be found in [22].

For HJ solar cell simulation, the device structure was
indium tin oxide (ITO)/(n) a-Si/(i) a-Si/(p) c-Si/Al back
surface field (Al-BSF). The main properties of the layers in
the device structure were obtained by experimental charac-
terization of each layer. The (i) and (n) a-Si:H thicknesses
were 5 and 10 nm, respectively. ITO film with a thickness of
90 nmwas deposited using electron-gun evaporation in order
to enhance the lateral conductivity and minimize reflection
losses. Al film with a thickness of 5𝜇m was sputtered on the
wafer backside and annealed at 800∘C for 30 s.

The film thickness was evaluated by using an alpha-step
profiler. The wafer minority carrier lifetime was measured
using quasi-steady-state photoconductance (QSSPC) system.
The texture morphologies were observed by scanning elec-
tron microscopy (SEM) and high resolution transmission
electron microscopy (HRTEM).

3. Results and Discussion

Figure 1 shows the SEM micrographs and surface profiles of
the wafers etched for 0–120min. Pyramids are formed as the
etching rate in a ⟨100⟩ orientation is far higher than that in a
⟨111⟩ orientation [23, 24]. The pyramids size increases with
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Figure 2: Effective minority carrier lifetime of wafers with different
etching time and different passivation methods.

increasing the etching time and seems to reach themaximum
at 90min. Further increasing of the etching time to 120min
leads to overetching which reduces the pyramids size. It is
worth noticing that, from the surface profiles, the edges of the
pyramids are not smooth but rather contain several smaller
subpyramids. We define a “turning point” as the point at the
mountain or the valley of a pyramid with a base width larger
than 1 𝜇m.The numbers of the counted turning points, which
are also labeled in the figure, are 0, 17, 21, 45, and 33 for the
wafers etched for 0, 30, 60, 90, and 120min, respectively. Note
that the 90min etched wafers thus have not only the highest
surface roughness but also the largest number of turning
points.

Figure 2 shows the carrier lifetime of the wafers with
different etching times and passivation methods. In par-
ticular, the a-Si:H passivation is compared to the iodine-
ethanol solution passivation, which is generally used to
evaluate the optimal passivation conditions. It can be seen
that, without any passivation, all the carrier lifetimes of the
wafers are low, in the range of 25–50 𝜇s, due to high amount
of surface dangling bonds. The effect of the etching time
is thus covered. Considering the wafers with iodine-ethanol
solution passivation, the lifetime is significantly higher than
that of the unpassivated wafers and increases from 148
through 325, 321, and 153 to 225 𝜇s when the etching time
increases from 0 to 120min. The low values of the nonetched
wafers result from the lack of saw damage removal, while
the lifetime variation between the etched wafers could be
related to increased surface defect states due to expanded
surface area and decreased mobility due to the increased
roughness [25]. The lifetimes of the wafers with a-Si:H
thin-film passivation are similar to the wafers with iodine-
ethanol solution passivation at the etching time of 0, 30,
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Figure 3: (a) Surface profile of the 90min etched wafer and schematic diagrams of the wafer surface dangling bonds (b) without passivation,
(c) passivated by iodine-ethanol solution and (d) a-Si:H.

and 60min, and this implies the high passivation quality of
our a-Si:H films. Nevertheless, the difference of the lifetimes
between the wafers with the two passivation methods at
90min becomes larger, suggesting a significantly weakened
passivation capability of a-Si:H compared to iodine-ethanol
solution passivation.

Figure 3 shows schematic diagrams of surface passivation
using iodine-ethanol solution and a-Si:H thin-film. As shown
in Figure 3(b), a large number of dangling bonds exist on
the surface of a wafer. During the iodine-ethanol solution
passivation process, the surface dangling bonds (Si∘) are
removed, according to

Si∘ + (OH)–(CH
2
)–(CH

3
)

+
1

2
I
2
→ Si–O–(CH

2
)–(CH

3
) +H+ + I−

(1)

Detailed information can be found in [26]. Since ethanol is
liquid phase, it could uniformly contact with wafer surfaces
and provide great passivation quality, as shown in Figure 3(c).
On the other hand, silicon and hydrogen atoms are solid
phase, so that they might irregularly deposit on the wafer
surfaces, as is shown in Figure 3(d). The passivation quality
especially at the mountain and valley regions is expected to
be reduced. In other words, a-Si:H is assumed to have a lower
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Figure 4: HRTEM cross-sectional micrographs of (a) peak, (b) valley, and (c) hillside of a pyramid of the 90min etched wafer passivated by
a-Si:H.

passivation capability for a wafer having more mountains or
valleys (i.e., more turning points). Therefore, this possibly
explains the lower lifetime of the 90min etched wafer with
a-Si:H passivation as compared to that with iodine-ethanol
passivation.

The cross-sectional morphologies of the etched wafers
are investigated, and they show similar results without dis-
tinguishable difference. As a representative, Figure 4 shows
the TEM cross-sectional images of a pyramid on surfaces of

the 90min etched wafer with a-Si:H passivation. Figures 4(a)
and 4(b) confirm (i) difficulty of deposition of a-Si:H on the
mountain and valley regions, where the interfaces between a-
Si:H andwafer are deteriorate, and (ii) nonuniform thickness,
which can be a severe problem for a HJ solar cell since the a-
Si:H layer is typically very thin. Even small thickness variation
may result in large deviation from the optimal passivation
condition. In addition, a-Si:H deposited at the mountains
and valleys can possibly have low film properties, which
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Figure 5: (a) Simulated open-circuit voltage and conversion efficiency as a function of minor carrier lifetimes. (b) Simulated 𝐽-𝑉 curves of
HJ solar cell with different etching times.

Table 1: Simulation parameters for HJ silicon solar cells.

Device parameter Value
Device area (cm2) 1
Emitter contact resistance (Ω) 6 × 10−3

Base contact resistance (Ω) 5 × 10−3

Internal conductance (S) 3 × 10−3

Device structure n-Si/i-Si/c-Si/Al-BSF
Rear reflectance (%) 90
Light source One sun (AM 1.5G, 100mW/cm2, 25∘C)
Layer parameter a-Si:H (n) a-Si:H (i) c-Si (p) Al-BSF
Thickness (𝜇m) 0.01 0.005 250 5
Band gap (eV) 1.92 1.7 1.12 1.12
Dielectric constant 11.9 11.9 11.9 11.7
Doping concentration (cm−3) 1 × 1019 — 1 × 1016 1 × 1019

Etching time (min) 0 30 60 90 120
∗Wafer effective lifetime (𝜇s) 133.81 307.45 300.12 95.81 187.16
∗Wafer front reflectance (%) 38.67 22.67 12.66 11.06 14.69
∗Device front reflectance with ITO (%) 13.36 4.95 2.60 2.71 3.02
∗Measured from experimental data.

is reported to be detrimental to final device performance
[27]. On the contrary, the hillside region shows a clear
interface between wafer and a-Si:H, as shown in Figure 4(c).
Therefore, these TEM images support the mechanism of a-
Si:H passivation proposed previously.

The experimental values of the carrier lifetimes of the
wafers with different etching times and with a-Si:H passiva-
tion were input to the one-dimensional simulation software
PC1D [28, 29] to provide theoretical analysis about the
cell performance. The main parameters are summarized in
Table 1. The simulation result of 𝑉oc, which is the mostly

affected, and the conversion efficiency (𝜂) of the HJ solar cells
as function of the carrier lifetime are plotted in Figure 5(a).
Generally, an increased carrier lifetime will lead to a reduced
diode dark current and thus improve 𝑉oc, according to [30]

𝑉oc =
𝑘𝑇

𝑞
ln(
𝐽sc
𝐽
0

) , (2)

where 𝑘𝑇/𝑞 is the thermal voltage and 𝐽
0
is the diode dark

current. In order to exclude variables other than the lifetime,
the reflectance was kept to a constant value of 5%, so that 𝐽sc
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in (2) would be influenced mainly by carrier lifetime as given
by [31]

𝐽sc = 𝑞𝐺√𝐷𝑝𝜏𝑝 + √𝐷𝑛𝜏𝑛, (3)

where 𝐺 is the carrier generation rate, 𝐷
𝑝

(𝐷
𝑛
) is the

diffusion coefficient of holes (electrons), and 𝜏
𝑝
(𝜏
𝑛
) is the

lifetime of holes (electrons). Three regions are divided for
discussion. Firstly, the wafer lifetimes ranging from 25 to
50𝜇s correspond to the wafers without passivation, so that
𝐽
0
is large due to huge amount of surface dangling bonds. In

this region, 𝑉oc is less than 630mV and 𝜂 is lower than 20%.
Secondly, the lifetimes in the range of 80–150 𝜇s result from
thewafers having saw damage or considerable turning points,
leading to poor a-Si:H passivation quality. The intermediate
𝑉oc of about 640–650mV and 𝜂 of 20.5%–21% are observed.
Thirdly, high lifetime regions of 250–400𝜇s can correspond
to a wafer with little turning points and a good a-Si:H
passivation close to the ideal passivation conditions. The
resultant 𝑉oc and 𝜂 can be higher than 660mV and 22%,
respectively.

Figure 5(b) shows the 𝐼-𝑉 characteristics and external
parameters of the HJ solar cells with different wafer etching
times. Note that the effect of light reflection caused by surface
roughness of the etched wafers was taken into account by
inputting the experimental front reflectance values of the
fabricated devices with ITO. The ITO acts as not only front
electrode but also antireflective layer, so that the device reflec-
tion is significantly lower than that of the wafers. The device
reflectance values are 13.36%, 4.95%, 2.60%, 2.71%, and 3.02%
for the etching times of 0, 30, 60, 90, and 120min, respectively.
𝑉oc values still match well the result shown in Figure 5(a),
in which the poor passivation region corresponds to the 0,
90, and 120min etching times, while the good passivation
region corresponds to the 30 and 60min etching times. The
trend of 𝐽sc is mainly determined by the device reflectance
and the carrier lifetime, shown in (3). The former has much
larger dependence on 𝐽sc. FF does not change significantly
as the wafer etching time varies. It should be noted that the
optimal 𝜂 is determined by a trade-off between 𝑉oc and 𝐽sc.
These two parameters increase for the early etching stage
(0–40min). However, when the etching time increases, 𝐽sc
remains increasing until the etching time exceeds 90min,
while 𝑉oc decreases due to the notable amount of turning
points produced. Overall, the maximum 𝜂 of 21.94% occurs
at the etching time of 60min.

4. Conclusions

This study investigates the influence of the etching time on a-
Si:Hpassivation capability, wafer carrier lifetime, andHJ solar
cell performance. It is found that different etching time will
greatly affect the a-Si:H passivation capability according to
the produced turning points. A small number of the turning
points lead to good a-Si:H passivation capability which can
even be comparable to the ideal iodine-ethanol solution
passivation. However, a wafer with high turning points may
lead to poor a-Si:H passivation which greatly reduces the

carrier lifetime. The a-Si:H layer is found to be difficultly
well-deposited at the turning points as evidenced by the fact
that the interfaces between the a-Si:H and wafer surface are
deteriorate. Finally, with different etching time, there is a
trade-off between𝑉oc and 𝐽sc to obtain the optimal conversion
efficiency. In this case, the maximum conversion efficiency is
21.94% for a HJ solar cell with a wafer etching time of 60min.
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and P. Thony, “Key issues for accurate simulation of a-Si:H/c-Si
heterojunction solar cells,” Energy Procedia, vol. 8, pp. 174–179,
2011.

[29] L. Zhao, H. L. Li, C. L. Zhou, H. W. Diao, and W. J. Wang,
“Optimized resistivity of p-type Si substrate for HIT solar
cell with Al back surface field by computer simulation,” Solar
Energy, vol. 83, no. 6, pp. 812–816, 2009.

[30] M. H. Vishkasougheh and B. Tunaboylu, “Simulation of high
efficiency silicon solar cells with a hetero-junction microcrys-
talline intrinsic thin layer,”Energy Conversion andManagement,
vol. 72, pp. 141–146, 2013.

[31] J.-Y. Jung, Z. Guo, S.-W. Jee et al., “A waferscale Si wire solar cell
using radial and bulk p-n junctions,” Nanotechnology, vol. 21,
no. 44, Article ID 445303, 2010.



Research Article
Fabrication and Characterization of Dye-Sensitized Solar Cells
for Greenhouse Application

Jeum-Jong Kim,1 Mangu Kang,1 Ock Keum Kwak,2 Yong-Jin Yoon,3

Kil Sik Min,4 and Moo-Jung Chu1

1 IT Materials and Components Laboratory, Electronics and Telecommunications Research Institute,
Daejeon 305-700, Republic of Korea

2 Sun Moon University, Asan-si, Chungnam 336-708, Republic of Korea
3 Department of Chemistry and Research Institute of Natural Science, Graduate School for Molecular Materials and Nanochemistry,
Gyeongsang National University, Jinju 660-701, Republic of Korea

4Department of Chemistry Education, Kyungpook National University, Daegu 702-701, Republic of Korea

Correspondence should be addressed to Kil Sik Min; minks@knu.ac.kr and Moo-Jung Chu; mjc@etri.re.kr

Received 24 June 2014; Accepted 20 August 2014; Published 8 September 2014

Academic Editor: Mohamed Sabry A Abdel-Mottaleb

Copyright © 2014 Jeum-Jong Kim 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.

We have developed dye-sensitized solar cells using novel sensitizers with enhanced transmittance of red (625–675 nm) and blue
(425–475 nm) wavebands to control the illumination condition in the greenhouse. Novel ruthenium bipyridyl sensitizers with
general formulas (Me

3

PhN)
4

[Ru(dcbpy)
2

(NCS)
2

] (JJ-7) and (Me
3

BnN)
4

[Ru(dcbpy)
2

(NCS)
2

] (JJ-9) have been synthesized and
demonstrated as efficient sensitizers in dye-sensitized solar cells for greenhouse application. Under standard AM 1.5 sunlight, the
solar cell of JJ-7 using a liquid-based electrolyte exhibits a short-circuit photocurrent density of 8.49mA/cm2, an open-circuit
voltage of 0.83V, and a fill factor of 0.71, corresponding to an overall conversion efficiency of 4.96% on 5 𝜇m TiO

2

film. The
transmittance of JJ-7 and JJ-9 shows 62.0% and 61.0% at 660 nm and 18.0% and 15.0% at 440 nm for cultivation on 5𝜇m TiO

2

film, respectively.

1. Introduction

A dye-sensitized solar cell (DSSC) is an electrochemical
device that uses light-absorbing dye molecules adsorbed on
semiconductor nanoparticles to generate electricity from the
sunlight [1–5]. Current researches on the DSSCs are focused
on the development of cell materials and manufacturing
techniques that give high conversion efficiency, low cost, and
stability [6–8].The preparation of dye-sensitized solar cell for
greenhouse is involved in the light manipulation for plant
growth and energy-saving. The light manipulation in green-
house is very important to improve the quantity and quality
of the agricultural products. The cladding materials [9–13]
and artificial lights [14–20] (LED or high-pressure sodium
lamps) are used to manipulate the light in greenhouse for
plant growth.Until now, no dye-sensitized solar cells (DSSCs)
have been applied in greenhouse for plant growth and energy-
saving. The most important wavebands for plant growth are

the absorption peaks of chlorophyll located in the red (625–
675 nm) and blue (425–475 nm) regions, respectively.The red
spectrum band is known to be involved in photosynthesis
and the blue band is related to the photomorphogenic and
the phototropic responses of plants [21]. Therefore, dye-
sensitized solar cells for greenhouse can be used as technically
advanced photoselective coverings that control the environ-
mental conditions to optimize the productivity and quality
of farm products and save energy. For the plant growth and
energy-saving, we have focused on the development of novel
sensitizers forDSSCswith enhanced transmittance of red and
blue wavebands and high performance. This approach is to
synthesize efficient ruthenium sensitizers through a system-
atic tuning of the LUMO and HOMO energy levels by intro-
ducing a ligand with a high-lying 𝜋∗ molecular orbital or by
stabilizing the metal t

2g orbital. Here, we report the synthesis
of novel ruthenium(II) sensitizers (JJ-7 and JJ-9) for green-
house DSSCs and their photovoltaic performance (Figure 1).
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Figure 1: Molecular structures of JJ-7 and JJ-9.
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Scheme 1: Schematic diagram for the synthesis of sensitizers JJ-7 and JJ-9.

2. Results and Discussion

The synthetic route for the preparation of JJ-7 and JJ-9 is
depicted in Scheme 1. JJ-7 and JJ-9 were prepared by reac-
tion of cis-dithiocyanatobis(2,2-bipyridine-4,4-dicarboxy-
late)ruthenium(II) sensitizer (N3) dye, trimethylphenylam-
moniumhydroxide, and benzyltrimethylammoniumhydrox-
ide, respectively.The analytical and spectroscopic data of two
sensitizers are consistent with the formulated structures.

Figures 2 and 3 show plant growth of greenhouse and
their transmittance spectra using cladding materials. Plant 1
was grown under solar light and plants 2, 3, 4, and 5 were
grown using IR cladding material, blue cladding material,
green cladding material, and red cladding material, respec-
tively (Figure 3). The UV-Vis spectrum of red cladding mate-
rial displays transmittance band over 570 nm in visible and
IR region.This band is similar to the real solar light spectrum
band at red (625–675 nm) waveband. On the other hand, blue

and green cladding materials are not transmitted at red (625–
675 nm) waveband (Figure 2). We have cultivated lettuce
in greenhouse covered with cladding materials. The lettuce
growth in red cladding material is more superior in quantity
and quality to other cladding materials, but the lettuce in
red cladding material does not appear red color (Figure 3). In
order to obtain red color of lettuce like the real solar light, we
need not only red waveband (625–675 nm) but also suitable
blue (425–475 nm) waveband. Therefore, we have developed
greenhouse dye-sensitized solar cells using novel sensitizers
with transmittance at both red and blue wavebands.

Figure 4 shows the UV-Vis spectra of JJ-7 and JJ-9,
together with the N719 absorption spectrum as a reference.
The UV-vis spectrum of JJ-7 displays two absorption bands
at 380 and 514 nm, which are characteristic of the metal-to-
ligand charge transfer (MLCT) bands [22, 23].The low energy
MLCT band at 514 nm of JJ-7 is 10 nm blue-shifted relative to
that of N719 (524 nm). The band at 440 nm of JJ-7 exhibits
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Figure 3: Growth of plant under solar light (1), IR claddingmaterial
(2), green cladding material (3), blue cladding material (4), and red
cladding material (5).

a molar extinction coefficient of 4.5 × 103M−1 cm−1, which is
slightly lower than that of N719 dye (5.4× 103M−1 cm−1).The
blue-shift and lower molar extinction coefficient are due to
an increase in the energy of the LUMO of the ligand, causing
the 𝜋-𝜋∗ and d𝜋-𝜋∗ transitions to occur at higher energies
[24]. Also, the UV-Vis spectra of JJ-9 display two absorption
bands at 380 and 514 nm and amolar extinction coefficient of
JJ-9 is 4.7 × 103M−1 cm−1 at 440 nm. We also observed that
the sensitizers JJ-7 and JJ-9 exhibited strong luminescence
maxima at 660–700 nm when they were excited with their
MLCT bands in EtOH at 298K.

The ultraviolet-visible transmittance spectra of JJ-7 and
JJ-9 adsorbed on TiO

2
film are shown in Figure 5 together

with the N719 transmittance spectrum as a reference. The
transmittance of JJ-7 and JJ-9 on 5 𝜇m TiO

2
film exhibits

62.0% and 61.0% at red (660 nm) and 18.0% and 15.0% at
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Figure 4: Absorption and emission spectra of JJ-7 (blue line), JJ-9
(orange line), andN719 (red line) in EtOH.

blue (440 nm) wavelength for plant production and quality,
respectively, which is higher than the corresponding value
for N719 (48.0% at red (660 nm) and 7.0% at blue (440 nm)
wavelength). Also, the transmittance of JJ-7 and JJ-9 on
10 𝜇mTiO

2
film shows 62.9% and 60.5% at red (660 nm) and

7.5% and 6.3% at blue (440 nm) wavelength for plant produc-
tion and quality, respectively, which is higher than the corre-
sponding value for N719 (37.9% at red (660 nm) and 1.5% at
blue (440 nm) wavelength). The higher transmittance of JJ-
7 and JJ-9 compared with N719 is attributable to increased



4 International Journal of Photoenergy

0

10

20

30

40

50

60

70

80

 JJ-9

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 N719
 JJ-7

300 400 500 600 700 800

(a)

0

10

20

30

40

50

60

70

80

 JJ-9
Tr

an
sm

itt
an

ce
 (%

)

Wavelength (nm)

 N719
 JJ-7

300 400 500 600 700 800

(b)

Figure 5: Transmittance spectra of JJ-7 (blue line), JJ-9 (orange line), andN719 (red line) (a) adsorbed on 5𝜇m TiO
2

film and (b) adsorbed
on 10 𝜇m TiO

2

film.

0

2

4

6

8

10

12

Voltage (V)

JJ-7

N719
JJ-9

0.0 0.2 0.4 0.6 0.8

Cu
rr

en
t d

en
sit

y 
(m

A
/c

m
2
)

(a)

0

2

4

6

8

12

10

16

14

Voltage (V)

JJ-7

N719
JJ-9

0.0 0.2 0.4 0.6 0.8

Cu
rr

en
t d

en
sit

y 
(m

A
/c

m
2
)

(b)

Figure 6: J-V curves of JJ-7 (blue line), JJ-9 (orange line), andN719 (red line) using (a) 5𝜇m TiO
2

film and (b) 10 𝜇m TiO
2

film.

HOMO-LUMO energy gaps by electron-withdrawing abili-
ties in a ligand and low molar extinction coefficient.

The J-V curves for the devices based on JJ-7 and JJ-
9 are shown and compared with those of N719 in Figure
6. Under standard global AM 1.5 solar conditions, when
5 𝜇m TiO

2
film was used, the JJ-7 and JJ-9 sensitized cell

gave a short circuit photocurrent density (𝐽sc) of 8.49 and

9.40mA cm−2, an open circuit voltage (𝑉oc) of 0.83 and 0.78V,
and a fill factor (FF) of 0.71 and 0.69, corresponding to overall
conversion efficiency (𝜂) of 4.96% and 5.07%, respectively
(Table 1). Under the same condition, theN719 sensitized cell
gave a 𝐽sc of 10.34mA cm−2, a 𝑉oc of 0.82V, and a FF of
0.74, corresponding to 𝜂 of 6.25%. When 10 𝜇m TiO

2
film

was used, the JJ-7 and JJ-9 sensitized cell gave short circuit
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Table 1: Optical, redox, and DSSC performance parameters of dyes.

Dye 𝜆abs
a/nm &

𝜆trans
b/nm (%)

𝐸redox
c/V 𝐸

0-0
d/V 𝐸LUMO

e/V 𝐽sc (mA cm−2)
(5/10𝜇m)

𝑉oc (V)
(5/10𝜇m)

FF
(5/10𝜇m)

𝜂
f (%)

(5/10𝜇m)

JJ-7 380, 514 & 440 (18),
660 (62) 1.07 2.08 −1.01 8.49/11.68 0.83/0.80 0.71/0.71 4.96/6.58

JJ-9 380, 514 & 440 (15),
660 (61) 1.03 2.06 −1.03 9.40/12.62 0.78/0.80 0.69/0.69 5.07/6.93

N719 382, 524 & 440 (7),
660 (48) 2.03g (1.97h) 10.34/13.87 0.82/0.79 0.74/0.70 6.25/7.67

aAbsorption spectra were measured in EtOH solution. bTransmittance spectra were measured on 1-layer TiO2 film. cRedox potential of dyes on TiO2 was
measured in CH3CN with 0.1M (𝑛-C4H9)4NPF6 as a scan rate of 100mV s−1 (vs. NHE). d𝐸

0-0 values were estimated from the onset of absorption spectrum.
e
𝐸LUMO was calculated by 𝐸ox − 𝐸0-0.

fPerformances of DSSCs were measured with 0.18 cm2 working area. Electrolyte: 0.6M DMPImI, 0.05M I2, 0.5M TBP,
and 0.1M LiI in acetonitrile. gEnergy level calculated by experiment. hEnergy level calculated at the B3LYP/3-21 G.

photocurrent density (𝐽sc) of 11.68 and 12.62mA cm−2, an
open circuit voltage (𝑉oc) of 0.80 and 0.80V, and a fill factor
(FF) of 0.71 and 0.69, corresponding to overall conversion
efficiency (𝜂) of 6.58% and 6.93%, respectively (Table 1).
Under the same condition, the N719 sensitized cell gave
a 𝐽sc of 13.87mA cm−2, a 𝑉oc of 0.79V, and a FF of 0.70,
corresponding to 𝜂 of 7.67%. A slightly lower 𝐽sc of JJ-7
and JJ-9 relative to N719 can be related to the increase of
transmittance and the sparse packing of the JJ-7 and JJ-
9 monolayers on the TiO

2
electrodes. To clarify the above

explanations, we measured the amount of dyes adsorbed on
TiO
2
film by desorbing the dyes from the TiO

2
surface with

KOH. The amounts of three dyes adsorbed on TiO
2
film

were measured to be 2.94 × 10−7, 3.02 × 10−7, and 3.76 ×
10−7mmol cm−2 for JJ-7, JJ-9, andN719, respectively.The low
adsorption of JJ-7 and JJ-9 can be due to the presence of
bulky protecting groups with electron withdrawing abilities
of tetra-substituted ammonium groups and the electrostatic
repulsion of negatively charged carboxylic groups.

The electrochemical properties of the two sensitizers JJ-
7 and JJ-9 were studied by cyclic voltammetry in CH

3
CN

with 0.1M tetrabutylammonium hexafluorophosphate using
TiO
2
film with adsorbed dyes as working electrode. The

oxidation potentials of JJ-7 and JJ-9 adsorbed on TiO
2
film

show quasi-reversible couples at 1.07V and 1.03V versus
NHE, respectively (Table 1). The RuIII/II oxidation potentials
of JJ-7 and JJ-9 are more positive than that of N719. The
HOMO-LUMO energy band gaps (𝐸

0-0) of JJ-7 and JJ-9
determined from the intersection of absorption and emission
spectra are 2.08 and 2.06 eV, respectively,more increased than
that of N719 (1.85 eV for experimental calculation [25] and
1.97 eV for theoretical calculation by B3LYP/3-21 G [26, 27]).
This reflects the increased electron withdrawing properties of
ligand with tetra-substituted ammonium groups. The reduc-
tion potentials of two dyes calculated from the oxidation
potentials and the 𝐸

0-0 determined from the intersection of
absorption and emission spectra are −1.01 V for JJ-7 and
−1.03V for JJ-9 versus NHE. A negative shift in the reduction
potential of JJ-7 and JJ-9 compared to N719 is attributable
to electron-withdrawing abilities in ligands and increased
HOMO-LUMO energy band gaps.

Figure 7 shows intensity of radiation in dye-sensitized
solar cell using JJ-7 and N719 sensitizers. After making box,

we have measured the intensity of radiation as in Figure 7.
The radiation intensities for JJ-7 sensitizers with both 5 and
10 𝜇m TiO

2
thickness films are much higher than that of

N719 sensitizer with 5𝜇m TiO
2
thickness film. This result

demonstrates that the novel JJ-7 sensitizer is very effective
in greenhouse dye-sensitized solar cell to grow plant. On the
other hand, the existingN719 sensitizer is not useful because
of the low quantity of light.The different light quantity might
be caused by the differentmolecular structure of the dyes.The
high quantity of light in JJ-7 compared to that of N719 may
be due to the defects of adsorption of JJ-7 sensitizer on the
TiO
2
electrodes.

In conclusion, two novel ruthenium bipyridyl sensitiz-
ers have been synthesized and characterized. A solar-to-
electricity conversion efficiency of 4.96% (for 5𝜇mTiO

2
film)

and 6.58% (for 10 𝜇m TiO
2
film) for JJ-7 is comparable to

6.25% (for 5𝜇m TiO
2
film) and 7.67% (for 10 𝜇m TiO

2
film)

for the N719-sensitized solar cell. The high transmittance
(62% at 660 nm and 18% at 440 nm) of JJ-7 is attributed to
its low absorption extinction coefficient ofMLCT band in the
visible region and blue-shift by an increased HOMO-LUMO
energy band gap. We believe that the development of highly
efficient sensitizers for greenhouse dye-sensitized solar cell
is possible through meticulously molecular engineering, and
work on these is now in progress.

3. Experimental Section

3.1. Fabrication of Dye-Sensitized Solar Cells. Fluorine-doped
tin oxide (FTO) glass plates (Pilkington TEC Glass-TEC
8, solar 2.3mm thickness) were cleaned in a detergent
solution using an ultrasonic bath for 30min and then rinsed
with water and ethanol. Then, the plates were immersed in
40mM TiCl

4
(aqueous) at 70∘C for 30min and washed with

water and ethanol. A transparent nanocrystalline layer was
prepared on the FTO glass plates by using a doctor blade
printing TiO

2
paste (Solaronix, Ti-Nanoxide T/SP), which

was then dried for 2 h at 25∘C. The TiO
2
electrodes were

gradually heated under an air flow at 325∘C for 5min, at
375∘C for 5min, at 450∘C for 15min, and at 500∘C for 15min.
The thickness of the transparent layer was measured by using
an Alpha-step 250 surface profilometer (Tencor Instruments,
San Jose, CA). The resulting film was composed of a 5
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and 10 𝜇m thick transparent layer. The TiO
2
electrodes were

treated again with TiCl
4
at 70∘C for 30min and sintered at

500∘C for 30min.Then, they were immersed in JJ-7 and JJ-9
(0.3mM in ethanol) solutions and kept at room temperature
for 24 h. FTO plates for the counter electrodes were cleaned
in an ultrasonic bath in H

2
O, acetone, and 0.1M aqueous

HCl, subsequently. The counter electrodes were prepared
by placing a drop of an H

2
PtCl
6
solution (2mg Pt in 1mL

ethanol) on an FTO plate and heating it (at 400∘C) for
15min.The dye adsorbed TiO

2
electrodes and the Pt counter

electrodes were assembled into a sealed sandwich-type cell
by heating at 80∘C using a hot-melt ionomer film (Surlyn)
as a spacer between the electrodes. A drop of the electrolyte
consisting of 0.6M 1,2-dimethyl-3-propylimidazolium iodide
(DMPII), 0.05M I

2
, 0.1M LiI, and 0.5M tert-butylpyridine

in acetonitrile was placed in the drilled hole of the counter
electrode and was driven into the cell via vacuum backfilling.
Finally, the hole was sealed using additional Surlyn and a
cover glass (0.1mm thickness).

3.2. Typical Procedures and Analytical Data

JJ-7 Complex. A mixture of N3 (100mg, 0.141mmol)
and trimethylphenylammonium hydroxide (434mg,
0.708mmol) in MeOH (2mL) was stirred at room temp-
erature for 2 h. The pure product JJ-7 was obtained by
Sephadex LH-20 column with methanol as eluent. Yield:
97%. 1H NMR (CD

3
OD): 9.43 (d, 2H, 𝐽 = 5.7Hz), 8.90

(s, 2H), 8.74 (s, 2H), 8.13 (dd, 2H, 𝐽 = 5.7Hz), 7.93 (m,
6H), 7.63–7.50 (m, 18H, 3.70 (s, 36H). Anal. calcd for
C
62
H
68
N
10
O
8
RuS
2
: C, 59.74; H, 5.50. Found: C, 59.77;

H,5.48.

JJ-9 Complex. A mixture of N3 (100mg, 0.141mmol)
and benzyltrimethylammonium hydroxide (296mg,

0.708mmol) in MeOH (2mL) was stirred at room tempera-
ture for 2 h.The pure product JJ-9 was obtained by Sephadex
LH-20 column with methanol as eluent. Yield: 94%. 1H
NMR (CD

3
OD): 9.41 (d, 2H, 𝐽 = 5.8Hz), 8.91 (s, 2H), 8.75

(s, 2H), 8.10 (dd, 2H, 𝐽 = 5.8Hz), 7.54 (m, 24H), 4.55 (s, 8H),
3.12 (s, 36H). Anal. calcd for C

66
H
76
N
10
O
8
RuS
2
: C, 60.86; H,

5.88. Found: C, 60.78; H, 5.94.
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“Plastic films for agricultural applications,” Journal of Plastic
Film and Sheeting, vol. 22, no. 2, pp. 85–102, 2006.

[14] W. Fang and R. C. Jao,Transplant Production in the 21st Century,
2000.

[15] R.Moe, S. O. Grimstad, andH. R. Gislerød, “The use of artificial
light in year round production of greenhouse crops in Norway,”
Acta Horticulturae, vol. 711, pp. 35–42, 2006.

[16] H.-H. Kim, R. M. Wheeler, J. C. Sager, N. C. Yorio, and G.
D. Goins, “Light-emitting diodes as an illumination source for
plants: a review of research at Kennedy Space Center,” Habita-
tion, vol. 10, no. 2, pp. 71–78, 2005.

[17] E. Ono and H. Watanabe, “Plant factories blossom,” Resource:
Engineering & Technology for Sustainable World, vol. 13, no. 2,
pp. 13–14, 2006.

[18] R. C. Morrow, “LED lighting in horticulture,” HortScience, vol.
43, no. 7, pp. 1947–1950, 2008.

[19] G. D. Massa, H. H. Kim, R. M. Wheeler, and C. A. Mitchell,
“Plant productivity in response to LED lighting,” HortScience,
vol. 43, no. 7, pp. 1951–1956, 2008.

[20] N. Yeh and J.-P. Chung, “High-brightness LEDs—energy effi-
cient lighting sources and their potential in indoor plant culti-
vation,” Renewable and Sustainable Energy Reviews, vol. 13, no.
8, pp. 2175–2180, 2009.

[21] I. Vänninen, D. M. Pinto, A. I. Nissinen, N. S. Johansen, and L.
Shipp, “In the light of new greenhouse technologies: 1. Plant-
mediated effects of artificial lighting on arthropods and tritro-
phic interactions,” Annals of Applied Biology, vol. 157, no. 3, pp.
393–414, 2010.

[22] T. Bessho, E. Yoneda, J.-H. Yum et al., “New paradigm in
molecular engineering of sensitizers for solar cell applications,”
Journal of the American Chemical Society, vol. 131, no. 16, pp.
5930–5934, 2009.

[23] F. Mater, T. H. Ghaddar, K. Walley, T. DosSantos, J. R. Durrant,
and B. O’Regan, “A new ruthenium polypyridyl dye, TG6,
whose performance in dye-sensitized solar cells is surprisingly
close to that of N719, the ‘dye to beat’ for 17 years ,” Journal of
Materials Chemistry, vol. 18, pp. 4246–4253, 2008.

[24] M. K. Nazeeruddin, R. Humphry-Baker, P. Liska, and M.
Grätzel, “Investigation of sensitizer adsorption and the influ-
ence of protons on current and voltage of a dye-sensitized nano-
crystalline TiO

2

solar cell,”The Journal of Physical Chemistry B,
vol. 107, no. 34, pp. 8981–8987, 2003.

[25] Y. Lee, S. R. Jang, R. Vittal, andK. J. Kim, “Dinuclear Ru(II) dyes
for improved performance of dye-sensitized TiO

2

solar cells,”
New Journal of Chemistry, vol. 31, no. 12, pp. 2120–2126, 2007.

[26] M. K. Nazeeruddin, F. De Angelis, S. Fantacci et al., “Com-
bined experimental and DFT-TDDFT computational study of
photoelectrochemical cell ruthenium sensitizers,” Journal of the
American Chemical Society, vol. 127, no. 48, pp. 16835–16847,
2005.

[27] M. K. Nazeeruddin, T. Bessho, L. Cevey et al., “A high molar
extinction coefficient charge transfer sensitizer and its applica-
tion in dye-sensitized solar cell,” Journal of Photochemistry and
Photobiology A: Chemistry, vol. 185, no. 2-3, pp. 331–337, 2007.



Research Article
J-Aggregates of Amphiphilic Cyanine Dyes for Dye-Sensitized
Solar Cells: A Combination between Computational Chemistry
and Experimental Device Physics

M. S. A. Abdel-Mottaleb,1 Mohamed M. S. Abdel-Mottaleb,2

Hoda S. Hafez,1,3 and Mona Saif1,4

1 Nano-Photochemistry and Solarchemistry Labs, Department of Chemistry, Faculty of Science, Ain Shams University,
Abbassia, Cairo 11566, Egypt

2 Center for Nanotechnology, School of Engineering and Applied Sciences, Nile University, Juhayna Square, Sheikh Zayed,
6th of October City, Giza 12588, Egypt

3 Nano-Photochemistry Laboratory, Environmental Studies and Research Institute, University of Sadat City (USC),
Sadat City 32879, Egypt

4Department of Chemistry, Faculty of Education, Ain Shams University, Roxy, Cairo 11341, Egypt

Correspondence should be addressed to M. S. A. Abdel-Mottaleb; phochem08@photoenergy.org

Received 26 May 2014; Revised 13 July 2014; Accepted 21 July 2014; Published 26 August 2014

Academic Editor: Serap Gunes

Copyright © 2014 M. S. A. Abdel-Mottaleb et al.This is an open access article distributed under the Creative CommonsAttribution
License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the originalwork is properly cited.

We report on the design and structure principles of 5,5-6,6-tetrachloro-1,1-dioctyl-3,3-bis-(3-carboxypropyl)-benzimid-
acarbocyanine (Dye 1). Suchmetal-free amphiphilic cyanine dyes havemany applications in dye-sensitized solar cells. AFM surface
topographic investigation of amphiphilic molecules of Dye 1 adsorbed on TiO

2

anode reveals the ability of spontaneous self-
organization into highly ordered aggregates of fiber-like structure. These aggregates are known to exhibit outstanding optical
properties of J-aggregates, namely, efficient exciton coupling and fast exciton energy migration, which are essential for building
up artificial light harvesting to the photovoltaic device. A light-to-electricity conversion efficiency of DSSC based on the metal
free amphiphilic Dye 1 is 𝜂 = 3.75, which is about 50% of that based on metal-based N719 Ru-dye (Di-tetrabutylammoniumcis-
bis(isothiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II)). DFT and TD-DFT studies show that large intramolecular
charge transfer takes place from the HOMO to LUMO. HOMO is localized on a part of the molecule with almost no contribution
from the carboxylic moiety. This clearly indicates that the anchoring carboxylic group plays a minor role.

1. Introduction

The design and synthesis of functional dyes have lately
received much attention due to their potential applications as
sensitizers in dye-sensitized solar cell (DSSC) [1]. Dyes with
wide absorption range, specifically in the visible region, and
containing an anchoring group such as carboxylic acids, are
ideal candidates [2].TheDSSCprocess requires light-induced
excitation of a HOMO electron. The anchoring group then
acts as a bridge and injects this excited electron into the
conduction band of TiO

2
and the dye gets oxidized. The

oxidized dye is then neutralized to ground state by I
2
/I
3

−

redox system [3].The efficiency of the cell is affected by three
factors: the energy difference between the excited state of
the dye and the conduction band of the semiconductor, the
efficiency and nature of the dye-semiconductor binding, and
the properties of the redox couple in the electrolyte [2].
Additionally, the electron density should be localized near
the injecting group in the excited state [4]. It has also been
shown that the redox potential of adsorbed dye depends on
the pH of the electrolyte and on the potential applied to the
semiconductor [5]. By choosing an appropriate sensitizer, the
tuning of the photoresponse of the semiconductor can be
optimized [6].
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The most successful charge transfer metal complexes
of organic molecules employed so far in DSSC are cis-
dithiocyanatobis-(2,2-bipyridyl-4,4-dicarboxylato)ruthe-
nium(II) (red dye) and trithiocyanato 4,4,4-tricar-
boxy2,2,6,2-terpyridine ruthenium(II) (black dye), which
yields overall conversion efficiencies of up to 11% under
AM1.5 irradiation [7]. However, ruthenium dyes are very
expensive. To overcome the high cost, metal free sensitizers
such as organic dyes and natural dyes are being investigated
as alternative sensitizers for DSSC applications [8]. Recent
literature reports indicate achievement of efficiency of 9.8%
using organic dyes [9]. Several organic dyes have been
reported in the literature [10, 11]. Although the main aim
is to fabricate and optimize dyes of high efficiency, it is
also of interest to investigate dyes from the viewpoint of
fundamental research connected to issues like conjugation,
charge transfer, and binding on TiO

2
surface.

The self-assembly of amphiphilic molecules into fibrous
structures has been studied extensively due to their high
potential for many profitable applications. Although very
different in their head group chemistry, many natural as
well as synthetic amphiphilic compounds derived from
carbohydrates, carbocyanine dyes, or amino acids tend to
form twisted fibrous structures by molecular self-assembly
in water predominantly [12–15]. For example, the spectral
properties and photostability of the (Dye 1; Figure 1) J-aggre-
gate have been investigated in solution and upon adsorption
on TiO

2
nanoparticles [12]. The self-assembly of Dye 1 has

been also studied on a glass surface by noncontact atomic
force microscopy (NCAFM). The dye molecules form a
well-defined fiber-like structure that extends for tens of
micrometers. The internal structure of the fibers has been
clearly resolved and showed a number of small tubes wrapped
around each other to form a helical structure [12].

As a new promising sensitizer for DSSC, here we are
reporting studies on Dye 1, which exhibits interesting charac-
teristics of self-organization and better charge transportation.
It would be of interest to carry out a detailed DFT study
of such a dye, to understand its donation capacity, and to
shed light on the nature of interaction with TiO

2
anode. The

light-to-electricity conversion efficiency (𝜂) of DSSC based
on that dye (Dye 1) as ametal-free dye sensitizer has been also
tested. Reasonably good efficiency compared to the standard
DSSC based on N719 dye sensitizer has been obtained with
the solar device based on Dye 1 that indicated a good charge
communication between the dye sensitizer and the TiO

2

conduction band electrode.

2. Experimental

2.1. Materials and Device Fabrication. The J-aggregating
5,5-6,6-tetrachloro-1,1-dioctyl-3,3-bis-(3-carboxypropyl)-
benzimidacarbocyanine (Dye 1) was obtained from FEW
Chemicals GmbH, Wolfen, Germany, and was used as
received. The absorption spectra of the free dye solution and
the adsorbed dye on the TiO

2
film were already published

in our previous work [12]. Exactly similar findings were
obtained in this work.

N

N

N

O

O
O O

R
R

Cl

Cl

Cl

Cl
N+

Figure 1: Chemical structure of Dye 1, where R = (CH
2

)
8

H.
Perchlorate is the counter anion.

The DSSCs were fabricated using the N719 dye and
TiO
2
film electrodes included in a sample kit donated by

Dyesol Company, Australia. The TiO
2
coated anodes with

approximate thickness of 9 ± 1 𝜇m and effective area of =
0.16 cm2 were sintered at 450∘C for 4 hours and air-cooled
before being immersed overnight in acetonitrile solutions
of 2.8 × 10−4M of Dye 1 or N719. After the substrate was
adequately washed with anhydrous alcohol and dried in
moisture free air, the dye-sensitized TiO

2
electrode was

obtained. A DSSC was assembled by filling an electrolyte
solution (0.6M tetrapropylammonium iodide, 0.1M iodine,
0.1M lithium iodide, and 0.5M 4-tertbutylpyridine (TBP) in
acetonitrile) between the dye-sensitized TiO

2
electrode and

a platinized conducting glass electrode. The two electrodes
were clipped together, and a sealing sheet was used as sealant
to prevent the electrolyte solution from leaking.

2.2. Photocurrent-Voltage Curves Measurements. The photo-
voltaic testing of Dye 1 and N719 DSSCs was carried out
by measuring the 𝐽-𝑉 character curves using Keithley 2400
source meter and homemade software, under simulated AM
1.5 solar illumination at 100mWcm−2 from a halogen lamp
in ambient atmosphere.

The fill factor (FF) and overall light-to-electrical energy
conversion efficiency (𝜂) of DSSC were calculated according
to the following well-known equations:

FF =
𝑉max × 𝐽max
𝑉OC × 𝐽SC

,

𝜂 (%) = (
𝑃max
𝑃in
) × 100 =

𝑉max × 𝐽max
𝑃in
× 100

=
𝑉OC × 𝐽SC × FF
𝑃in

× 100,

(1)

where the 𝑃max is the maximum power output point in
the 𝐽-𝑉-curve yielding maximum product of current 𝐽max
(mA⋅cm−2) and voltage 𝑉max (V), 𝑃in is the radiation power
incident on the cell (mW⋅cm−2), 𝐽SC is the short-circuit cur-
rent density (mA⋅cm−2), and 𝑉OC is the open-circuit voltage
(V), respectively. Profit 6 (Quantum Soft, Switzerland) was
used for data analysis and handling.
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Figure 2: (a) NCAFM image of Dye 1 J-aggregates adsorbed on the TiO
2

anode. (b) The topographic profile along the line indicated in the
topography image in (a).

(a) (b)

Figure 3: DFT Optimized geometry of simplified Dye 1 (Cl atoms are not taken into account and where R group = CH
3

group). (a) Front
view (180∘ on the plane of paper) and (b) 90∘ twisted view (perpendicular to the plane of the paper) reveal nonplanar molecule.

2.3. AFM Imaging. Noncontact AFM measurements of Dye
1 J-aggregates adsorbed on the TiO

2
anode were performed.

One type of aggregates of well-defined fiber-like structure
is clearly evident, Figure 2(a). Figure 2(b) shows the topo-
graphic profile along the line indicated in the topography
image in (a), length = 286 nm and height = 25.9 nm. Pico
Image Basic software was used to build a basic surface
analysis report on multilayer measurement data that is input
from Agilent AFM 5500 Atomic Force Microscope (AFM)
(N9410S), Agilent Technologies. Measurements were carried
out via Dr. M. Ghobashy at National Center of Radiation
Research, Atomic Energy Authority, Nasr City, Cairo, Egypt.

2.4. Computational Details. The geometry optimization of
the positively charged molecule in its doublet ground state
was carried out in vacuum as implemented in the Gaussian
09 package [16]. The geometry of Dye 1 was optimized using
the hybrid exchange-correlation B3LYP [16] functional with

the 6-31G(d,p) basis set.The same computationalmethodwas
applied to single TiO

2
molecule.

Gausview 5, Gaussian Inc. (USA), was used for graphs
visualization.

3. Results and Discussion

3.1.Molecular Interactions: SimplifiedView. To investigate the
structural and frontier orbitals of the interacting molecules
included in the light to electricity energy conversion device,
we performed DFT and time-dependent (TD) DFT calcu-
lations on simplified molecules. The results are depicted in
Figures 3, 4, and 5. Optimized geometry of Dye 1 molecule
studies shows that large intramolecular charge transfer takes
place from the HOMO to LUMO, and the donor moiety is
not coplanar with the other conjugated part of the molecule
(twisted by (∼22∘)) resulting in unsymmetrical orientation of
the carboxylic groups, Figure 3. Furthermore, the anchoring
carboxylic group is not contributing to frontier orbitals and
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(a)

(b)

Figure 4: The (a) contour surface of HOMO and (b) presents contour surface of LUMO. Shown are the contour isosurfaces of orbital
amplitude 0.02 (red) and −0.02 (green).

thus seems to play a minor role in this type of molecules.
This could give an idea about the correlation between the
monomer molecular structure and performance in DSSC
device, as discussed below. Additionally, based on its contri-
bution to the frontier molecular orbitals (Figures 4 and 5)
when interacting with TiO

2
, the carboxylic groups of Dye 1

should be excluded.

3.2. Surface Orientation of Dye 1: Topographic Imaging. The
self-assembly of amphiphilic molecules into fibrous struc-
tures has been the subject of numerous studies over past
decades due to various current and promising technical appli-
cations [12–14]. Although very different in their head group
chemistry many natural as well as synthetic amphiphilic
compounds derived from carbohydrates, carbocyanine dyes,
or amino acids tend to form fibrous structures by molecular
self-assembly in water predominantly twisted ribbons or
tubes. Figure 2 shows the NCAFM image of Dye 1 aggregates
adsorbed on the surface of the TiO

2
anode. One type

of aggregates of well-defined fiber-like structure is clearly
evident. It is horizontally aligned.This should result in better
electronic charge transportation and thus a more efficient
photovoltaic device. The following sections will shed more
light on this expectation.

3.3. Performance of the Photovoltaic Device. The photo-
current-voltage properties of DSSCs using either Dye 1 or
N719 were measured and shown in Figure 6. The fill factors
and the current-to-electricity photovoltaic efficiencies were
FF = 0.69 and 0.79 and 𝜂 = 3.75% and 7.6% for Dye 1 and
N719 based devices, respectively. An illustrative energy level
diagram (Figure 7) describes the electron charge donation
from the sensitizer Dye 1 [16]. Moreover, the experimental
results could be explained on the basis of the DFT compu-
tations and AFM topographic image (Figure 2). The frontier
orbitals of the self-assembled Dye 1 (depicted in Figure 3) do
not spread over the carboxylic groups and, therefore, it is
difficult to expect that these “anchoring” carboxylic groups
play a significant role in the process of charge transportation
to the TiO

2
conduction band. Moreover, Dye 1 molecules

appear to be oriented in horizontal tube-like aggregates on
the surface of the TiO

2
anode. The long-range electron

transport to TiO
2
anode seems to be occurring through

the terminals of the molecular helical wire cable. Although
better charge transport within the long helical aggregate
wire cable occurs, less effective TiO

2
anode molecules are

involved in receiving electronic charge. Recent studies on
similar J-aggregatemolecule favor our explanation [15].Thus,
it could be concluded that the orientation of J-aggregates
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(a) (b)

(c) (d)

Figure 5: TiO
2

single molecule charge distributions in frontiers orbitals. The molecular orbitals were calculated at the TDDFT-B3LYP/6-
31G+(d,p) level of theory.The upper plots present HOMO. (a) TiO

2

HOMO 3D surface representing charge density. (b) TiO
2

HOMO surface
superimposed on the 2D contour of charge density and the lower plots present surface of LUMO. (c) TiO

2

LUMO 3D surface representing
charge density. (d) TiO

2

LUMO surface superimposed on the 2D contour of charge density. Shown are the contour surfaces of orbital
amplitude 0.02 (red) and −0.02 (green).
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Figure 6: Current voltage plots for light-to-electricity conversion devices (DSSCs) based on amphiphilic Dye (1) and N719 Dye (2) effective
surface area of = 0.16 cm2. Power plot of the amphiphilic dye is also depicted. Visible light (halogen lamp) intensity = 100mW⋅cm−2.
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Figure 7: Schematic simplified representation of the energy level
diagram of Dye 1 (HOMO-LUMO) and TiO

2

(VB-CB). Arrows
represent possible electron transport pathway from Dye 1 to CB
of TiO

2

. Light absorption results in creating excited state Dye 1
(HOMO-LUMO transition) from which charge transport to the CD
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.

affects the electron transport capabilities in these artificial
light-harvesting device systems.

4. Conclusion

Frontier orbitals of Dye 1—TiO
2
molecules have been cal-

culated at DFT-B3LYP/6-31G+(d,p) level of theory, which
exclude any significant role of the carboxylic groups in the
dye anchor.The AFM topographic imaging of Dye 1 points to
horizontal alignment of aggregates of Dye 1 assuring efficient
charge transport through the helical wire’s terminals to a
limited number of receiving centers on the TiO

2
anode.

Consequently, such a way of alignment of Dye 1 on the anode
of DSSC leads to a lower electron relay. Contrary to our
expectation, this is reflected on lower efficient light harvesting
DSSC device.

However, a relatively reasonable efficient DSSC device
that is based on a metal-free dye sensitizer (Dye 1) has
been obtained. The fill factors and the current-to-electricity
photovoltaic efficiencies were FF = 0.69 and 0.79 and 𝜂 =
3.75% and 7.6% for Dye 1 and N719 based devices, respec-
tively. It is concluded that the nature of interaction with the
anode and orientation of structural hierarchy dramatically
affects the electron transport capabilities in these artificial
light-harvesting device systems. Moreover, the anchoring
carboxylic groups are not engaged in the electron transport
process.
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A photovoltaic (PV) model is proposed on Matlab/Simulink environment considering the real atmospheric conditions and this
PV model is tested with different PV panels technologies (monocrystalline silicon, polycrystalline silicon, and thin film). The
meteorological data of Istanbul—the location of the study—such as irradiance, cell temperature, and wind speed are taken into
account in the proposed model for each technology. Eventually, the power outputs of the PV module under real atmospheric
conditions are measured for resistive loading and these powers are compared with the results of proposed PVmodel. As a result of
the comparison, it is shown that the proposed model is more compatible for monocrystal silicon and thin-film modules; however,
it does not show a good correlation with polycrystalline silicon PV module.

1. Introduction

Solar energy is one of the most important renewable energy
sources because it is being environmentally friendly, sustain-
able, and fuel cost-free. Therefore, studies and applications
related to PV systems are increasing continuously.

PV modules are semiconductor structures that convert
solar energy into electrical energy. PV systems have been
used in many applications such as satellite systems, commu-
nication systems, water pumps, electric vehicle applications,
and solar power plants. The two most important factors
determining energy outputs of PV are radiation and cell
temperature. PV cell performances given in the datasheets are
defined under standard test conditions (radiation 1000W/m2
and the temperature 25∘C) [1]. On the other hand, it is
necessary to know the characteristics of PV panels for
different environmental conditions since they face unusually
altering conditions when they are used in real environment.

Many different studies have been conducted in the lit-
erature to obtain PV model [1–8] that include single-diode
model [1–3] and double-diode model [9]. Although double-
diode model has the most accurate results; it includes too
many parameters and complex expressions [9]. It has been
observed that single-diode model also gave accurate results
in many studies [10, 11]. In a majority of these models catalog

values are compared with experimental results by taking into
account different environmental conditions [8, 12–14].

In this paper, single-diode model is used to develop an
enhanced model in Simulink which takes irradiance, cell
temperature, andwind speed values into consideration simul-
taneously.The presentedmodel was applied on three different
PV technologies (monocrystalline, polycrystalline, and thin
film) individually while supplying a certain resistive load
and comparedwith experimentally obtained PVpanel values.
This paper is organized as follows. Mathematical expressions
and proposed model are presented in Section 2. Section 3
presents the experimental setup designed to measure the
actual ambient conditions and power output of PV panels.
The obtained results are presented and discussed in Section 4
and conclusion is given in Section 5.

2. Numerical Background and Modeling

Reference [2] was used as a basis for the model proposed
in this study. Simplified equivalent circuit model used in the
PV model is shown in Figure 1. In this model, PV current is
calculated as a function of voltage.Themodel was carried out
by using only PV panel’s datasheet values. In the proposed
model, input parameters are irradiance, cell temperature, and
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Figure 1: Simplified equivalent circuit model.

wind speed and the output parameters are the PV current, PV
voltage, and PV power.

PV cell output current (𝐼
𝑦
) is a function of PV output

voltage (𝑉
𝑦
). PV modules are modeled using the following

mathematical equations [2]:

𝐼
𝑦
= 𝐼SC ⋅ [1 − 𝐾1 ⋅ (𝑒

(𝑉𝑦/(𝐾2 ⋅𝑉OC)) − 1)] , (1)

where

𝐾
1
= (1 −
𝐼MP
𝐼SC
) ⋅ 𝑒
(−𝑉MP/(𝐾2 ⋅𝑉OC)),

𝐾
2
=
((𝑉MP/𝑉OC) − 1)

ln (1 − (𝐼MP/𝐼SC))
.

(2)

It is seen from (2) that𝐾
1
and𝐾

2
coefficient change according

to different PV panel parameters. Variation of these param-
eters according to the irradiance and/or cell temperature is
given below [2]:

𝐼SC (𝐺, 𝑇𝐶) = 𝐼SCS ⋅
𝐺

𝐺
𝑆

⋅ [1 + 𝛼 ⋅ (𝑇
𝐶
− 𝑇
𝑆
)] ,

𝐼MP (𝐺, 𝑇𝐶) = 𝐼MPS ⋅
𝐺

𝐺
𝑆

⋅ [1 + 𝛼 ⋅ (𝑇
𝐶
− 𝑇
𝑆
)] ,

𝑉OC (𝑇𝐶) = 𝑉OCS + 𝛽 ⋅ (𝑇𝐶 − 𝑇𝑆) ,

𝑉MP (𝑇𝐶) = 𝑉MPS + 𝛽 ⋅ (𝑇𝐶 − 𝑇𝑆) .

(3)

Theparameters 𝐼SCS, 𝐼MPS,𝑉OCS, and𝑉MPS are the values given
in themanufacturer’s catalog and defined for the standard test
conditions (𝐺

𝑆
= 1000W/m2 and 𝑇

𝑆
= 25
∘C). 𝐺 and 𝑇

𝐶

represent the radiation and cell temperature, respectively. 𝛼
and 𝛽 show the current temperature coefficient and voltage
temperature coefficient, respectively.

PV cell temperature is considered as equal to the ambient
temperature in some studies in the literature, which is not
the actual case in every situation. In this study, the PV
cell temperature is calculated as a function of the ambient
temperature and irradiance variation [15]:

𝑇
𝐶
= 1.14 ⋅ (𝑇 − 𝑇

𝑆
) + 0.0175 ⋅ (𝐺 − 300) + 30. (4)
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Figure 2: The Matlab/Simulink block diagram of PV model.

In addition, wind speed has also effect on PV cell temperature
and this effect is taken into account separately for calculating
the PV cell temperature for each module:

𝑇
𝐶
= 1.14 ⋅ (𝑇 − 𝑇

𝑆
) + 0.0175 ⋅ (𝐺 − 300)

− 𝑘
𝑟
⋅ 𝑤 + 30.

(5)

The coefficient 𝑘
𝑟
varies for each PV technology. In this

study, 𝑘
𝑟
is taken as 1.509 for monocrystalline, as 1.468 for

polycrystalline, and as 1.450 for thin-film technology [16].
The Simulink block diagram related to proposed PV model
is given in Figure 2.

The cell temperature block involved in the Simulink
scheme of PV model is for calculation of cell temperature
by considering radiation, ambient temperature, and the wind
speed as in (5). Load & Measurement block is engaged for
measurement of PV panel load current and PV panel load
voltage. The block diagram of PV panel subsystem is shown
in Figure 3.

Themodel given in Figure 3 is obtained from (1)–(3).The
cell parameters block in the block diagram uses 𝐼SC, 𝐼MP,𝑉OC,
and 𝑉MP values obtained in the standard test conditions to
determine actual values of these parameters depending on the
cell temperature and radiation.TheCell Current block, which
also takes place in the block diagram, calculates PV current
by utilizing (1).

3. Experimental Setup and Methodology

In this study, the obtained results from PV model were
compared with the experimental results to show the accuracy
of the PVmodel.The current and voltage values of PV panels
were measured at ambient conditions for three different
PV technologies. PV panels were combined together on a
platform as shown in Figure 4 and the platform is mounted
with 41∘ angle on the roof of faculty building.

The datasheet parameters of PV panels used in the study
are given in Table 1.

A pyranometer located with tilt angle of platform (41∘)
was used to measure the incident global radiation on the
surface of PV panels. The measurement setup is shown in
Figure 5.

Aweather station is used tomeasure outdoor temperature
and wind speed data to be used as input parameters to
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Table 1: Characteristic parameters of PV panels.

Technology Monocrystalline Thin film Polycrystalline
Peak power (W) 50 55 60
Short circuit current (𝐼SC) (A) 3.14 1.57 3.97
Open circuit voltage (𝑉OC) (V) 21.4 61.44 21.70
Maximum power current (𝐼MP) (A) 2.88 1.21 3.41
Maximum power voltage (𝑉MP) (V) 17.4 45.45 17.60
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Figure 3: PV panel subsystem block diagram.

Figure 4: The platform with three different PV panel technologies
positioned with 41∘ tilt angle.

the model. A schematic representation of PV model input
parameters and current and voltage measurements of three
different panels are given in Figure 6.

Each panel output is connected to the resistive loads
with different values. A resistance with minimum value is

Figure 5: Measurement setup of incident global radiation on the
platform.

connected in series with loads to measure output currents
of PV panels. By the experimental setup, the measured
data of the incident global radiation on the surface of
PV panels, current and voltage values of PV panels, out-
door temperature, and wind speed data were recorded for
1680 minutes with 15-minute intervals. During the period
of measurements, incident global irradiance has changed
between 0W/m2 and 967.25W/m2 and wind speed changed
between 0m/s and 5.8m/s. Temperature is measured as
28∘C and 17.1∘C as the maximum and the minimum values,
respectively.
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Figure 7: Comparison of the simulation results and monocrys-
talline silicon panel measurement.

4. Result and Discussion

The irradiance, temperature, and wind speed values mea-
sured at the actual ambient conditions are used as input
parameters in Matlab/Simulink models. Afterward, PV cur-
rent, voltage, and power values were obtained from models.
Simulation results are compared with the measured power
values of PV panels under ambient conditions and accuracy
of the model is tested. Comparison of the measured power
values at different weather conditions from monocrystalline
silicon panel output and model output is shown in Figure 7.

The figure depicts that the results from the model mainly
overlap the experimental results. It has been calculated
numerical evaluation that energy measurements obtained
from the model for the measuring period has only 3.25%
deviation from experimental results.
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Figure 8: Comparison of the simulation results and polycrystalline
silicon panel measurement.

Figure 8 illustrates the comparison of model output and
the measured power values of polycrystalline silicon technol-
ogy panel output at different weather conditions.

The measured power values of polycrystalline silicon
technology panel output do not show a good correlation with
the data of the related model, as in other technologies. More-
over, numerical evaluation showed that there is difference
between the energy value obtained from related model and
experimental results up to 13.93%. It can be said from this
result that suggested model is not very compatible for panels
with polycrystalline silicon.

Comparison of measured values and power output of the
model related to panels with thin-film technology is given
in Figure 9. For thin-film technology, the results obtained
from the model are consistent with the experimental results.
The numerical evaluation also confirms this with a result of
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Figure 9: Comparison of the simulation results and thin-film panel
measurement.

3.70% deviation between model output and experimentally
measured values under real conditions.

5. Conclusion

In this study, a mathematical model of a PV panel is devel-
oped considering the irradiance, cell temperature, and wind
speed values. This model is tested under a specific resistive
load for three different PV panel technologies.Measurements
showed that cell temperature and wind speed have significant
effect on PV panel output power. The energy output values
of three panels are calculated from both measured values
under ambient conditions and values of proposed PV model
during the measurement period (1680min). The comparison
of the obtained energy values showed that the proposed
PV model has a deviation of 3.25% for monocrystalline
silicon PV panels, 3.70% for thin-film panels, and 13.93%
for polycrystalline silicon panels. The results show that the
proposed model gives near real-like results for PV panels
having monocrystalline silicon technology and thin-film
technology. However, the proposed model could not exhibit
a good performance for polycrystalline PV panels.

Nomenclature

𝐼
𝑦
: PV output current
𝑉
𝑦
: PV output voltage
𝐼SCS: Short circuit current at standard test

conditions (STC)
𝐼MPS: Maximum power point current at STC
𝑉OCS: Open circuit voltage at STC
𝑉MPS: Maximum power point voltage at STC
𝐼SC: Short circuit current
𝐼MP: Maximum power point current

𝑉OC: Open circuit voltage
𝑉MP: Maximum power point voltage
𝐺: Irradiance
𝐺
𝑆
: Irradiance at STC (1000 W/m2)
𝑇: Outdoor temperature (∘C)
𝑇
𝐶
: Cell temperature (∘C)
𝑇
𝑆
: Temperature at STC (25∘C)
𝑤: Wind speed (m/s).
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Cadmium sulfide nanoparticles (CdS-n) are excellent electron acceptor for hybrid solar cell applications. However, the particle
size and properties of the CdS-n products depend largely on the synthesis methodologies. In this work, CdS-n were synthetized
by microwave heating using thioacetamide (TA) or thiourea (TU) as sulfur sources. The obtained CdS-n(TA) showed a random
distribution of hexagonal particles and contained TA residues. The latter could originate the charge carrier recombination process
and cause a low photovoltage (𝑉oc, 0.3 V) in the hybrid solar cells formed by the inorganic particles and poly(3-hexylthiophene)
(P3HT). Under similar synthesis conditions, in contrast, CdS-n synthesized with TU consisted of spherical particles with similar
size and contained carbonyl groups at their surface. CdS-n(TU) could be well dispersed in the nonpolar P3HT solution, leading
to a 𝑉oc of about 0.6–0.8V in the resulting CdS-n(TU) : P3HT solar cells. The results of this work suggest that the reactant sources
in microwave methods can affect the physicochemical properties of the obtained inorganic semiconductor nanoparticles, which
finally influenced the photovoltaic performance of related hybrid solar cells.

1. Introduction

During the last two decades, organic semiconductors have
shown the potential to form organic heterojunctions that
can be used as light emission diode or photovoltaic solar
cells. A heterojunction is built with two types of semicon-
ductors in touch: one is n-type or electron acceptor (A) and
another one is p-type or electron donor (D). Most organic
semiconductors are good electron donors, and few are good
electron acceptors. On the other hand, the majority of
inorganic semiconductors are good candidates to be electron
acceptors. Hybrid solar cells are heterojunctions formed by
one inorganic electron acceptor and one organic electron
donor.They combine the stability and large electron mobility
of inorganic semiconductors with low temperature solution
processed flexible organic polymer material that makes them
a promising alternative for low-cost, large-area, mechanically
flexible solar cells. The light-electricity conversion efficiency
of a hybrid solar cell is strongly dependent on the exciton

dissociation efficiency, which, in turn, is a function of
the morphology of the D-A active layer. The organic and
inorganic components of the active layer in a hybrid solar
cell can be prepared as two adjacent compact thin films, two
diffused layers, or a blend or composite (bulk) layer of two
interpenetrated components. The large D-A interface area of
a bulk layer enhances the exciton dissociation efficiency, and
the most efficient hybrid solar cells (and organic solar cells
in general) were made with bulk active layers with inorganic
nanoparticles mixed with a conducting polymer to create a
heterogeneous composite with large interface area [1–6].

Several inorganic semiconductor nanoparticles have been
used in hybrid solar cells [7–9]. In particular, cadmium
sulfide (CdS) is an excellent photosensitive material and has
a direct band-gap (𝐸

𝑔
) of 2.42 eV. The good match of its

energy levels with those of organic semiconductors makes it
a good candidate as electron acceptor coupled with poly(3-
hexylthiophene) (P3HT) as electron donor to form the active
layer in hybrid solar cells [7, 10–12]. A conversion efficiency
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of 1.06% has been reported in hybrid solar cells with P3HT
and CdS nanoparticles sensitized with the ruthenium dyes
(N719) [12]; without the dye, the CdS-P3HT heterojunctions
only showed an efficiency of 0.06%. Thin films of CdS were
deposited by spray pirolisis and used as active layer with
P3HT to obtain an efficiency of 0.15% [13]. When CdS
nanoparticles were formed along the P3HT main chains, the
corresponding solar cells showed an efficiency of 2.9% [14].
The best conversion efficiency of CdS-P3HT solar cells is
reported as 4.1% with quantum dots of CdS deposited on
P3HT nanowires to reach a high interfacial surface [11].

There are several methods to obtain CdS nanoparticles
like gas phase reaction (with H

2
S or sulfur vapor), solvother-

malmethod, solution precipitation,microwave-assisted solu-
tion precipitation, and so forth. Due to the fast and homo-
geneous heating effects of microwave irradiation, microwave
assisted heating methods have the advantages of short
reacting time, high energy efficiency, and the ability to
induce the formation of particles with small size, narrow
size distribution, and high purity [15–20]. For solar cell
applications, however, it is very important to study how the
preparation conditions affect the physicochemical properties
of synthesized CdS products and, especially, the photovoltaic
performance of corresponding hybrid solar cells. In this
work, CdS nanoparticles (CdS-n) were synthesized bymicro-
wave-assisted solution precipitation method with two dif-
ferent sulfur compounds: thioacetamide (TA) and thiou-
rea (TU). The structural and optical properties of the ob-
tained products, CdS-n(TA) and CdS-n(TU), were analyzed
and compared. It is found that the former were random
distributed hexagonal particles, whereas the latter were
almost monodispersed spherical ones. The surface impuri-
ties in the obtained products were also analyzed. Inverted
ITO/CdS-f/CdS-n:P3HT/CP-Au solar cells were prepared,
in which ITO (indium-tin oxide) was the transparent con-
ductor, CdS-f the thin film of CdS, CdS-n the nanoparticles
of CdS, andCP the carbon paint as buffer layer betweenP3HT
and gold contact (Au). The advantage of the inverted cells
was the substitution of the unstable organic buffer poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
by a much more stable CdS-f. It was demonstrated that the
use of an adequate sulfur source in microwave synthesis of
CdS was an important issue for hybrid solar cell applications.

2. Experimental

Thechemical solution for CdS-n(TA) synthesis bymicrowave
heating consisted of 0.03M solution of CdCl

2
(Reasol), 1mM

solution of sodium citrate (HOC(COONa)(CH
2
COONa)

2
)

(Fermont, 99.9%), 0.67M solution of KOH (J. T. Baker 88%)
to keep the pH value of the solution slightly higher than
7, and 0.03M solution of TA (CH

3
CSNH

2
) (Fermont) in

deionized water. In the case of CdS-n(TU), the solution was
made of 0.03M solution of CdCl

2
(Reasol), 0.01mM solution

of sodiumcitrate (HOC(COONa)(CH
2
COONa)

2
) (Fermont,

99.9%), 0.1M solution of KOH (J. T. Baker 88%) to keep
the pH value of the solution between 8.4 and 8.8, and 0.3M
solution of TU (NH

2
CSNH

2
) (Fermont 99.3%) in deionized

water. In both cases, the reaction temperature was set at 50,
100, or 150∘C, the reaction time for 10 or 30min, and the
power of themicrowave oven at 600W.The chemical solution
turned from transparent to yellow color after microwave
heating, suggesting the formation of cadmium sulfide. The
obtained CdS-n precipitates were washed by centrifugation
with methanol and dried at room temperature. The reaction
yield was increased with the reaction temperature and time.
After synthesis at 50, 100, or 150∘C for 30min, the dried
CdS-n(TA) products were 5, 52, or 66mg, respectively, for
a 100mL of reaction solution. In the case of CdS-n(TU), the
product yields were 132mg after synthesis at 100∘C for 30min
and 207mg after reaction at 150∘C for 10min. And, for the
synthesis at 50∘C for 30min, no precipitate could be obtained
from the centrifugal separation. Therefore, for solar cell
application, 50∘C was not adequate as reaction temperature
to achieve a reasonable amount of CdS-n product.

The structural and optical properties of cadmium sul-
fide products were analyzed using different methods. X-ray
diffraction (XRD) patterns of CdS-n powders were recorded
in a Rigaku Ultima IV X-ray diffractometer (CuK-radiation
𝜆 = 0.154 nm), employing scanning rate of 1 deg/min in 2𝜃
range from 10 to 70∘. Scanning electron microscope (SEM)
analysis with the attachment of an energy dispersive X-ray
spectroscopy (EDS) was performed in aHitachi FE-5500. FT-
IR spectra of CdS-n powders in KBr pellets were recorded in
a spectrum GX Perkin-Elmer. Photoluminescence spectra of
CdS-n powders dispersed in water were taken in a Perkin-
Elmer fluorimeter LS55 with 390 nm as excitationwavelength
for emission spectra and a filter of 430 nm to eliminate the
second harmonic signals.The concentration of the powder in
water was chosen as about 0.13 or 0.32mg/mL tomaintain the
particles as much separated as possible. Optical absorbance
spectra of thin film samples were recorded in a Shimadzu
spectrophotometer (UV3101 PC).

For solar cell preparation, thin films of cadmium sulfide
(CdS-f), of thickness of about 50 nm, were deposited by
chemical bath deposition [21] on transparent conductive
glass substrates (indium-tin-oxide, ITO, coated glass with
sheet resistance of 15Ω per square, Lumtec). CdS-f acts as
hole blocking layers in hybrid solar cells. The active layers
were formed by CdS-n and poly(3-hexylthiophene) (P3HT,
Aldrich regioregular, 97%). They were prepared as bulk or
diffused layers. In the case of bulk structure (Scheme 1(a)),
dried CdS-n powder was blended with P3HT solution in
1,4-dichlorobenzene (DCB). The weight ratio between CdS-
n and P3HT was varied as CdS-n : P3HT = 1 : 1, 3 : 1, or 6 : 1.
More percentage of CdS-n powder led to poor adhesion of
the composite films on the substrate; less amount of the same
powder caused poor photovoltaic performance. The mixed
solution was dripped on the CdS thin film and dried at 70–
80∘C. For the diffused layer (Scheme 1(b)), microwave pre-
pared CdS-n powders were dispersed in dimethyl sulfoxide
(DMSO) or DCB. The CdS-n suspensions were deposited by
spin-coating on top of the CdS-f surface and dried in air to
form a porous CdS-n layer. Then a P3HT solution in DCB
was dropped on top of that porous layer, which was rapidly
filled by the polymer solution. After a fast drying process at
70–80∘C, a diffused double layer of CdS-n/P3HTwas formed.
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Scheme 1: Cross-section scheme of (a) bulk CdS-n:P3HT and (b) diffused CdS-n/P3HT active layers in hybrid solar cells.

All the active layers, bulk or diffused, were annealed at
170∘C for 10min in air [22]. After cooling, carbon paint (CP)
solution was spread first on the surface of active layers and
dried in air. Then gold contacts of about 40 nm of thickness
were deposited by thermal evaporation on top of CP.The use
of CP was to improve the ohmic contact between P3HT and
Au and avoid the gold atom diffusion towards the active layer
[23]. The final structure of the cells was ITO/CdS-f/active
layer/CP/Au, and all the devices were annealed in air at 110∘C
for 10min to improve the junction between the metal contact
and the active layer. For comparison purpose, reference
cell samples were also prepared in which the active layers
were formed only by thin films of CdS (50 nm) and P3HT.
The structure of those cells was ITO/CdS-f/P3HT/CP/Au.
Current-voltage (I-V) curves of solar cells were taken under
illumination of one sun with a solar simulator (Oriel). The
intensity of theXenon lampwas adjusted to 100mW/cm2.The
external quantum efficiency of solar cells was measured in a
solar simulator (Science Tech) with a Xenon lamp of 150W.
All the electrical characterizations of hybrid solar cells were
carried out in air under ambient conditions.

3. Results and Discussion

Higher reaction temperature in a solution synthesis always
favors the crystal growth and particle agglomeration.
Figure 1(a) shows the XRD patterns of CdS-n(TA) products
prepared at three different temperatures: 50, 100, and 150∘C.
The diffraction peak positions and relative intensities suggest
a CdS hexagonal structure (Geenockite, PDF#41-1049) in
the CdS-n(TA) products. The absolute diffraction peak
intensities increase with the reaction temperature, and by
using Scherrer equation it is found that the average crystallite
size in CdS-n(TA)-150∘C samples was about 34.2 nm, and

Table 1: Crystallite and particle sizes of CdS-n(TA) and CdS-n(TU)
products, synthesized at different temperatures, measured by XRD
and SEM, respectively.

CdS-n
synthesis temperature (∘C)

Crystal size
by XRD (nm)

Particle size
by SEM (nm)

TA TU TA TU
150 34.2 11.7 35 137
100 16.6 9.2 16.8 98
50 8.7 <<8.7 9 50

the same parameter for CdS-n(TA)-100∘C ones was about
16.8 nm. For CdS-n(TA) products synthesized at 50∘C, they
may contain very small crystallites of about 8.7 nm since
the diffraction peaks were quite broad located at the same
angles of crystalline CdS. On the other hand, the effect of
the reaction temperature on the morphology of CdS-n(TA)
products can be observed in their SEMmicrographs (Figures
1(b), 1(c), and 1(d)). At lower reaction temperatures (50
and 100∘C) the products consisted in agglomeration of
small particles. The particle size was larger as the synthesis
temperature was higher. After synthesis at 150∘C, large
hexagonal particles of about hundreds of nanometers were
observed. Table 1 lists the crystallite and particle sizes of
CdS-n(TA) and CdS-n(TU) products, measured by XRD
and SEM, respectively. In literature, CdS hexagonal particles
of different sizes were reported in [18] using thiocyanate
as sulfur source by microwave heating. The fact that the
reaction temperature promotes the particle growth observed
in this work was also reported elsewhere [24].

The effect of reaction temperature on the sizes of CdS-
n(TU) nanoparticles prepared with thiourea as sulfur source
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Figure 1: (a) XRD patterns and SEMmicrographs of CdS-n(TA) products synthesized at (b) 50∘C, (c) 100∘C, and (d) 150∘C for 30min.

was also analyzed and similar results were obtained. In this
case, the reaction yield at 50∘C was even less than that of
CdS-n(TA)-50∘C product that could not be able to gather
sufficient power for structural analysis. Figure 2(a) exhibits
the XRD patterns of CdS-n(TU) products synthesized at
100∘C for 30min and at 150∘C for 10min. The shorter
reaction time was chosen for 150∘C reaction temperature
to avoid the formation of large crystallites, and even then
the effect of temperature on the crystal growth was clearly
observed. The average crystallite size was about 9.2 nm for
CdS-n(TU) synthesized at 100∘C for 30min and 11.7 nm for
those synthesized at 150∘C for 10min. Figures 2(b) and 2(c)
give SEM images of the same two samples and it is clear
that the higher temperature, the larger the particle size (see
Table 1). The most important feature of CdS-n(TU) products
is the formation of monodisperse spherical particles in all
the samples, independent of the reaction temperature and
pH values, which was not observed in CdS-n(TA) ones. The
formation of monodisperse CdS nanocrystallites of about
2 nm by microwave heating was observed in 2001 [15] with
thiourea in DMF after very short microwave irradiation time
(18 seconds or longer). It seems that, for longer microwave
irradiation like 10 or 30min, the nanocrystallites were larger,
of 9.2 or 11.7 nm, respectively, and they gathered into spherical

particles. The average particle size was about 98 nm for
CdS-n(TU) products synthesized at 100∘C for 30min and
137 nm for those synthesized at 150∘C for 10min (Table 1).
In summary, the reaction temperature is determinant for
crystallite and particle size, although the particlemorphology
of cadmium sulfide particles depends on the sulfur reactant
source.

The difference between the CdS-n(TA) and CdS-n(TU)
products was also observed in their respective optical prop-
erties. Under white light, the first looked like orange-yellow,
whereas the second green-yellow.Thephotoluminescent (PL)
spectra of both CdS-n products describe better that differ-
ence. Figures 3(a) and 3(b) show, respectively, the original
PL spectra and the corresponding deconvolutions of a pair
of CdS-n(TU) and CdS-n(TA) powder samples dispersed
in water. The two powders were synthesized under similar
conditions (at 100∘C for 30min). Due to the relatively low
intensity of the incident light from a xenon lamp in a fluores-
cence spectrometer, large part of the emission spectra could
come from surface states of the CdS-n particles. Three main
bands were observed in all the CdS-n PL spectra centered
at 450 nm, 490 nm, and 525 nm approximately. The emission
band at about 450 nm came from the very small cadmium
sulfide particles [17, 25]; its presence was an indication of
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Figure 2: (a) XRD patterns and SEMmicrographs of CdS-n(TU) products synthesized at (b) 100∘C for 30min and (c) 150∘C for 10min.

sufficient dilution of particles/clusters in water solution. The
emission band of 490 nm (2.53 eV) corresponds to the band
edge transitions of CdS nanocrystals, whereas that of 525 nm
(2.36 eV) corresponds to the band edge transitions in bulk
CdS [26–29]. The broad emission bands at around 550 nm
(2.25 eV) and 620 nm (2 eV) could be electron transitions
from conduction band edge to surface states of large crys-
tallite/particles [30, 31]. The main differences in PL spectra
of these two CdS-n products are as follows. The first one
was the relative intensities of two blue-green emission bands.
In CdS-n(TU) sample (Figure 3(a)), the intensity of 490–
495 nm (blue-green) emission band was much higher than
that of 525–530 nm (green) one. In the CdS-n(TA) sample
(Figure 3(b)), however, those two bands showed similar
intensities. This is congruent with the size of crystallites in
the two products (9.2 nm for the former and 16.8 nm for the
latter). The second difference was the relative intensities of
the broad longer wavelength (orange-red) emission bands at
around 540–570 nm. It is suggested that CdS-n(TA) samples
could not be dispersed quite well in water solution and
contained large clusters (Figure 1(c)). As a consequence,
they gave a large surface state emission of bulk material
around 567 nm. Finally, the effect of reaction temperature
on PL spectra was also observed in the relative intensities of

the emission bands of CdS-n products. Figure 3 only shows
the case of CdS-n(TA) samples, and the same tendency was
observed in the case of CdS-n(TU) ones. At lower reaction
temperature (50∘C), the percentage of nanoparticle emission
bands, 490 nm, was higher (Figure 3(c)). As the reaction
temperature was elevated to 100 or 150∘C, the emission
from surface states (550 nm) was predominant (Figures 3(b)
and 3(d)) due to the larger particles/agglomeration. The PL
spectra of CdS compounds confirmed the correlation of
product color and crystalline size and revealed the effect of
sulfur source (also the synthesis temperature) on particle size
and agglomeration degree in cadmium sulfide products as
well.

To achieve hybrid solar cells with good photovoltaic
parameters, the purity of CdS products and their dispersion
in P3HT solution are two important issues. The presence of
impurities at the surface of CdS particles could induce charge
carrier recombination centers at the interface between CdS-
n and P3HT, leading to lower values of photovoltage at open
circuit (𝑉oc). On the other hand, the poormiscibility between
the inorganic particles and the polymer could limit the inter-
face area and results in lower photocurrent at short circuit
(𝐽sc). The possible presence of impurities in CdS-n products
was analyzed by FT-IR and EDS techniques. Figure 4 shows
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Figure 3: Photoluminiscent spectra of (a) CdS-n(TU) synthesized at 100∘C for 30min and CdS-n(TA) products synthesized at (b) 100∘C, (c)
50∘C, and (d) 150∘C for 30min.

the FT-IR transmittance spectra of the same CdS-n(TA)
and CdS-n(TU) samples of Figures 3(a) and 3(b). For CdS-
n(TA) sample (Figure 4), very weak NH

2
stretch bands were

observed at about 3400 cm−1, and the strong NH
2
bending

or scissoring band at 1600 cm−1 [32] was evident. The bands
at 2920 and 2850 should be antisymmetric and symmetric
stretching bands of CH

3
, and the band around 1396 cm−1

should be C–N stretch [32]. In literature, it is mentioned that
the pair around 1112 and 623 cm−1 were stretching bands of
C=S stretch in cadmium-thioacetamide composites prepared
by sonochemical method [33]. The presence of vibration
bands that correspond to the chemical bonds of CH

3
, C–

N, C=S, and NH
2
suggests that molecules of thioacetamide

TA (CH
3
(CS)NH

2
), could remain as impurities in the final

CdS-n(TA) products. Furthermore, EDS results of the same
sample confirmed the presence of Cd, S, C, and N elements.

Therefore, it is concluded that CdS-n(TA) products contained
trace of TA after synthesis and washing process.

From the FT-IR spectrum of the CdS-n(TU) sample
(Figure 4), on the other hand, only two strong bands were
observed: 1572 and 1423 cm−1. Since the antisymmetric CO

2

stretch of CH
3
COO
2
Na is around 1576 cm−1 and the sym-

metric CO
2
stretch is usually seen at 1450–1360 cm−1 [32],

it is reasonable to assume that those two absorption bands
observed inCdS(TU) sample could be of CO

2

− groups. Other
bands at lower wavenumbers, 1277 cm−1, for example, could
be ester C–O stretching and 1124 cm−1 the C–C–O or C–O–
C stretching. EDS analysis of the same sample indicated that
high concentration of carbon and oxygen atoms was found
at the surface of CdS-n(TU) sample, which confirmed the
presence of CO

2

− groups as suggested by the FT-IR spectrum.
Since sodium citrate was the only compound that contains
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Table 2: Photocurrent density at short circuit (𝐽sc), photovoltage at open circuit (𝑉oc), fill factor (FF), and conversion efficiency (𝜂)
of hybrid solar cells with CdS-n(TA) with diffused structure: ITO/CdS-f/CdS-n(TA)/P3HT/CP/Au and bulk structure: ITO/CdS-f/CdS-
n(TA):P3HT/CP/Au.

Solar cell for CdS-n(TA)
Cell number Diffused structure 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
1 CdS-n-150∘C 0.94 0.20 0.27 0.05
2 CdS-n-100∘C 1.51 0.27 0.31 0.13
3 CdS-n-50∘C 1.42 0.47 0.38 0.26
Cell number Bulk structure 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
4 1 : 1 0.7 0.26 0.32 0.059
5 3 : 1 0.08 0.09 0.25 0.002
6 6 : 1 0.19 0.12 0.25 0.006
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Figure 4: FT-IR spectra of CdS-n(TU) and CdS-n(TA) in KBr
pellets, synthesized at 100∘C for 30min.

those carbonyl groups and the vibrations of its chemical
bonds, CH

2
or C–O–C, were not observed in FT-IR spectra

of the CdS-n(TU) products, it seems that the combination
of microwave heating and solution reaction with thiourea
made the decomposition of sodium citrate, leaving the CO

2

−

groups at the surface of CdS-n(TU) samples.
The test of dispersion of the two types of CdS-n particles

in P3HT solutions was made by blending the inorganic
powder with the solution of P3HT in DCB solvent. The
mass relation between CdS-n powder and P3HT molecules
was chosen 6 : 1 in order to facilitate the observation in
optical microscope. The mixture solutions were deposited
on glass slides to form composite or bulk layers of CdS-
n:P3HT. Figure 5 shows optical micrographs of those lay-
ers: CdS-n(TU):P3HT (Figure 5(a)) and CdS-n(TA):P3HT
(Figure 5(b)). Notable phase segregation was observed in the
second case, indicating that nanoparticles of CdS synthesized
with TA could not be separated by polymer molecules.Those
synthesized with TU, however, showed a good miscibility
with conducting polymer, suggesting hydrophobic character-
istic of CdS-n(TU) powder that would benefit the subsequent
photovoltaic properties, as will be discussed later on.

The influence of sulfur source on the photovoltaic per-
formance of hybrid solar cells was observed in photocurrent
density-voltage (J-V) curves of several CdS-n and P3HT
based solar cells. Table 2 shows the photovoltaic parame-
ters of CdS-n(TA)/P3HT cells with diffused active layer:
ITO/CdS-f/CdS-n(TA)/P3HT/CP/Au (see Scheme 1(a)). In
it, the effect of the synthesis temperature of CdS-n(TA)
powders on the solar cell performance was clearly observed.
The best photovoltaic performance was observed in CdS-
n(TA) sample synthesized at 50∘C with 𝐽sc as 1.42mA/cm2
and 𝑉oc as 0.47V. The second best was found in CdS-n(TA)
sample synthesized at 100∘C, and the CdS-n(TA) powder
synthesized at 150∘C gave the worst solar cell performance
among the three. The results of this group of cells were
consistent with the fact that smaller crystallites or particles,
obtained at lower reaction temperatures, created larger inter-
facial area with P3HT and, consequently, larger𝑉oc and 𝐽sc of
the corresponding solar cells.

The effect of active layer geometric structure on the
photovoltaic performance of the corresponding solar cell
was also studied. Since the CdS-n product yield at 50∘C
was too low, the rest of the solar cells samples were made
with CdS-n products obtained at 100∘C for 30min. Table 2
also gives the photovoltaic parameters of bulk layer cells of
CdS-n(TA) synthesized at 100∘C for 30min: ITO/CdS-f/CdS-
n(TA):P3HT/CP/Au (see Scheme 1(b)). In this case, the mass
ratio between CdS-n(TA) and P3HT was varied: 1 : 1, 3 : 1,
and 6 : 1. Compared to the diffused cells, the photovoltaic
performance of the bulk samples was worse.Themain reason
could be the poor miscibility between CdS-n(TA) product
and P3HT solution, as observed in Figure 5(b), that led to a
very deficient charge carrier generation and transport in the
composite layer formed by CdS-n(TA) and P3HT.

When CdS-n(TU) product was used in bulk solar cells,
the good miscibility between CdS-n(TU) nanoparticles and
P3HT solution produced much better photovoltaic perfor-
mance than the CdS-n(TA) one, as indicated in Table 3. The
three mass ratios of CdS-n(TU):P3HT, 1 : 1, 3 : 1, and 6 : 1, gave
𝑉oc values between 0.6 and 0.75V and 𝐽sc between 1.7 and
2.1mA/cm2, systematically higher than their peers in Table 2.
The powders of CdS-n(TU) were synthesized at 100∘C for
30min in these three cell samples. The best cell was made
with amass ratio of CdS-n(TU) :P3HT equal to 3 : 1, obtaining
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(a)
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Figure 5: Optical micrographs of CdS-n:P3HT bulk or composite layers with CdS-n:P3HT mass ratio of 6 : 1. The CdS-n products in the
layers were (a) CdS-n(TU) and (b) CdS-n(TA).

Table 3: Photocurrent density at short circuit (𝐽sc), photovoltage at open circuit (𝑉oc), fill factor (FF), and conversion efficiency (𝜂)
of hybrid solar cells with CdS-n(TU) with diffused structure: ITO/CdS-f/CdS-n(TU)/P3HT/CP/Au, bulk structure: ITO/CdS-f/CdS-
n(TU):P3HT/CP/Au, and reference cell: ITO/CdS-f/P3HT/CP/Au.

Solar cell for CdS-n(TU)
Cell number Diffused structure 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
7 DMSO 0.80 0.78 0.34 0.22
8 DCB 1.74 0.67 0.34 0.40
Cell number Bulk structure 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
9 1 : 1 (CdS-n-150∘C-for 10min) 0.94 0.60 0.33 0.19
10 1 : 1 (CdS-n-150∘C-for 30min) 1.48 0.76 0.32 0.36
11 3 : 1 (CdS-n-150∘C-for 30min) 2.10 0.72 0.35 0.55
12 6 : 1 (CdS-n-150∘C-for 30min) 1.54 0.66 0.32 0.33
Cell number Reference cell 𝐽sc (mA/cm2) 𝑉oc (V) FF 𝜂 (%)
13 ITO/CdS-f/P3HT/CP/Au 0.24 0.43 0.30 0.30

𝐽sc = 2.1mA/cm2, 𝑉oc = 0.72V, and the conversion efficiency
of 0.55%. In the same Table 3, the photovoltaic parameters
of the hybrid bulk cell with CdS-n(TU) powder synthetized
at 150∘C for 10min and a mass ratio of CdS-n(TU):P3HT =
1 : 1 were also exhibited. The lower values of 𝐽sc and 𝑉oc of
the cell should result from larger cadmium sulfide particle
size obtained at higher reaction temperature that reduced
the interfacial area. As a consequence, smaller possibility
of exciton dissociation should be ocurred on the reduced
interfacial area. Which was the same tendency observed
in diffused cells with CdS-n(TA) synthesized at different
reaction temperatures (Table 2).

The good dispersion of CdS-n(TU) in nonpolar solvent
also benefits the photovoltaic performance of the correspond-
ing hybrid cells with diffused layers. Two solvents were tried
to disperse CdS-n(TU) products, one nonpolar (DCB) and
one polar (DMSO). It was observed experimentally that the
powder was better dispersed in DCB than in DMSO; the
carbonyl groups (CO

2

−) on the surface of the CdS-n(TU)
product could facilitate its miscibility with nonpolar solvent
more than with the polar one. The two CdS-(TU) solutions
were deposited by spin-coating on CdS-f substrates, followed
by deposition of P3HT solution to form diffused active

layers. The photovoltaic parameters of those cells (Table 3)
indicate that the 𝑉oc was not affected notably by the type
of solvent for inorganic nanoparticle dispersion. However,
the photocurrent of the cells was much higher if the CdS-
n(TU) powder was originally dispersed in DCB. It suggests
that a good dispersion of the CdS-n(TU) product in DCB
led to well-dispersed nanoparticles at the surface of CdS-
f. When the P3HT solution was dropped on them, a larger
interface areawas formed between the inorganic particles and
polymer, and as a result, larger probability of exciton split and
consequently larger photocurrent of the cells was obtained
under illumination.

From solar cell application point of view, the use of nano-
particles of CdS has the impact on the photovoltaic
performance of the resulting cells. Table 3 also gives the
photovoltaic parameters of the reference cell (ITO/ CdS-
f/P3HT/CP-Au) in which no CdS nanoparticles were
included. The photovoltaic phenomenon was produced at
the interface of CdS thin film and P3HT layer. The current
density (𝐽) versus voltage (𝑉) semilogarithmic curves of
the best cells achieved in this work was compared with
that of the reference cell (Figure 6). It is observed that the
addition of CdS nanoparticle layer on top of CdS thin film



International Journal of Photoenergy 9

0.0 0.2 0.4 0.6 0.8 1.0
0.01

0.1

1

10

Voltage (V)

Cell numbert 13

Cell number 3

Cell number 8

J
(m

A
/c

m
2
)

−0.4 −0.2

(a)

0.01

0.1

1

10

Voltage (V)

Cell number 13

Cell number 4

Cell number 11

0.0 0.2 0.4 0.6 0.8 1.0−0.4 −0.2

J
(m

A
/c

m
2
)

(b)

Figure 6: J-V semilogarithmic curves of the best hybrid solar cells with active layers of (a) diffused CdS-n/P3HT (cell number 3 in Table 2;
cells numbers 8 and 13 in Table 3) and (b) bulk CdS-n:P3HT layers (cell number 4 in Table 2; cells numbers 11 and 13 in Table 3).
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Figure 7: Optical absorbance spectra of (a) ITO/CdS-f, (b) ITO/
CdS-f/CdS-n(TU), and (c) ITO/CdS-f/CdS-n(TU):P3HT, and the
external quantum efficiency of (d) ITO/CdS-f/CdS-n(TU):P3HT/
CP/Au solar cell (cell number 10 in Table 3).

(diffused cells, Scheme 1(a)) improved significantly the 𝐽sc
as well as the fill factor (FF), independent of the type of
CdS-n (Figure 6(a)). The 𝑉oc, on the other hand, did depend
on the sulfur source during the synthesis of CdS-n; those
synthesized with TU gave larger 𝑉oc value, whereas CdS-n
synthesized with TA gave the same 𝑉oc value as the reference
cell. When the composite film of CdS-n:P3HT was added
onto the CdS-f, larger photocurrent density was produced
for both types of CdS-n. The 𝑉oc value depended again on
the synthesis procedure of CdS-n; CdS-n(TU) improved it
and CdS-n(TA) worsened it, in comparison with that of the
reference.

Finally, optical absorbance spectra of different layers in
a typical cell sample and the external quantum efficiency

(EQE) of the cell were shown in Figure 7. It is observed that
the addition of CdS nanoparticle layer on top of the CdS thin
film increased the optical absorbance in the whole UV-Vis
range.This could help the photogeneration of charge carriers
in hybrid solar cells and as a result, increased the photocur-
rent density of the corresponding cells, as shown in Tables
2 and 3 as well as in Figure 6.TheEQE spectrum suggests that
the main photocurrent came from the optical absorption by
CdS phase, which could be due to the illumination from CdS
side.

In summary, different sulfur sources could lead cadmium
sulfide particles with different surface chemistry and struc-
tural and optical properties under similar synthesis condi-
tions under microwave irradiation. Other parameters such
as pH values, reactant concentration [20], and irradiation
time [15] could also affect the products’ properties. By its
simple procedure and rapid reaction time,microwave heating
is an effective synthesis method that allows the formation
of inorganic nanoparticles with different morphology and
properties for low cost solar cell applications.

4. Conclusions

Cadmium sulfide nanoparticles (CdS-n) were obtained by
microwave heating method. Under similar synthesis condi-
tions, the sulfur source, thioacetamide (TA) or thiourea (TU),
makes difference on the morphology and surface impurities
of the CdS-n products, as well as on their miscibility with
poly(3-hexilthiophene) (P3HT) solution. All these factors
influence the photovoltaic behavior of the corresponding
CdS-n/P3HT hybrid solar cells; those with CdS-n(TA) gave
smaller𝑉oc than that of CdS-n(TU), independent of the active
layer geometric structure of the cells. The reason could be
the presence of the CH

3
, C=S, or NH

2
groups in CdS-n(TA)

products that act as charge recombination centers at the CdS-
n(TA)/P3HT interface. CdS-n(TU) product, on the other
hand, contained smaller crystallites which agglomerated as
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spherical particles. The lack of sulfur source impurities in
CdS-n(TU) and its good dispersion in P3HT solution seemed
to benefit the 𝑉oc and 𝐽sc of the corresponding solar cells,
giving 𝑉oc = 0.72V, 𝐽sc = 2.1mA/cm2, and a conversion
efficiency of about 0.55%.
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Most photovoltaics operate at high temperature under sunlight. In this work, the thermal instability of diiodooctane-based high-
efficiency bulk heterojunction (BHJ) organic photovoltaics (OPVs) is studied. The BHJ layers were heated to various temperatures
to investigate the changes in their physical properties using atomic force microscopy phase images. The mobilities of the carriers
were characterized at various temperatures using the space-charge-limited current method, and the carrier lifetime was calculated
by applying impedance spectroscopy to the simulated equivalent circuit of the OPV devices.

1. Introduction

Organic photovoltaics (OPVs) have received interest due to
their simple fabrication and potential for large-area devices
[1]. OPVs commonly have a bulk heterojunction (BHJ) [2–
7] structure, where p-type (donor) and n-type (acceptor)
materials aremixed to increase the area of the donor/acceptor
interface to effectively extract electrons and holes from
excitons. The efficiencies of single and tandem OPVs have
reached around 9% [8] and 10.2% [9].

OPVs with a BHJ structure can be fabricated using
a solution process. The morphology of the active layer
determines light soaking performance.The carrier extraction
from excitons to the electrodes is difficult to control. To form
a BHJ layer with a favorable morphology, methods such as
thermal annealing, solvent annealing, and additive addition
have been applied tomodify the crystallization ofmaterials to
improve the interaction and interpenetration between holes
and electrons. Recently, additives such as diiodooctane (DIO)
[10, 11], 1,8-octanedithiol (OT) [12], 1-chloronaphthalene
(CN) [13], and nitrobenzene (NB) [14] have been introduced
to change the morphology of the BHJ layer. These changes
are due to the difference in volatility between the main
solvent and the additive and the difference in solubility
between the donor and acceptor materials and that of

themain solvent and the additive.High-efficiencyOPV single
cells have been derived [8] using a light-harvesting layer,
thieno[3,4-b]thiophene/benzodithiophene (PTB7): [6, 6]-
phenyl C71-butyric acid methyl ester (PC

71
BM), blended

with 3% DIO, reaching a power conversion efficiency (PCE)
of 9.214%.

Although high-performance devices have been obtained
by controlling the morphology of the BHJ layer, to prevent
the PCE from degrading, the arrangement of the donor
and acceptor materials should be stable under working
conditions. However, most photovoltaics are exposed to
direct sunlight, and thus they harvest not only light but also
radiant heat. In OPVs, heat determines the crystallization of
the donor and acceptor materials and affects the morphology
of the BHJ layer. Hence, the thermal stability of the donor
and acceptor materials in the BHJ layer is very critical to the
performance ofOPVdevices exposed to sunlight.Thepresent
study investigates the thermal stability of high-efficiency
OPV devices based on poly[(4,8-bis-(2-ethylhexyloxy)-
benzo[1,2-b;4,5-b ]dithiophene)-2,6-diyl-alt-(4-(2-ethyl-
hexanoyl)-thieno[3,4-b]thiopene)-2,6-diyl] (PBDTTT-C):
PC
71
BM BHJ blended with 3% DIO in dichlorobenzene.

The effect of heat on the morphological and electrical
characteristics of DIO-modified BHJ is investigated.
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Figure 1: The J-V curves of the OPV devices with the PBDTTT-C:PC
71

BM layers (a) without and (b) with DIO heated under different
temperatures for 5 minutes.

Table 1: The 𝐽-𝑉 characteristics the OPV devices with the PBDTTT-C:PC71BM layers heated under different temperatures for 5 minutes.

𝑉oc (V) 𝐽sc (mA/cm2) FF (%) PCE (%) (max.) PCE (%) (min./avg.)

Without DIO

Non 0.781 10.86 54.18 4.6 4.38/4.46
60∘C 0.778 11.12 53.55 4.63 4.39/4.57
70∘C 0.778 11.3 52.36 4.6 4.51/4.53
80∘C 0.781 11.14 52.37 4.56 4.32/4.36
90∘C 0.774 11.33 52.32 4.59 4.35/4.4
100∘C 0.767 10.68 53.71 4.4 4.2/4.32

With 3% DIO

Non 0.71 13.87 63.06 6.21 6.09/6.14
60∘C 0.719 13.88 61.16 6.11 6.03/6.07
70∘C 0.724 13.66 52.99 5.24 4.89/5.05
80∘C 0.726 13.07 51.94 4.93 4.83/4.9
90∘C 0.726 13.04 50.95 4.83 4.71/4.77
100∘C 0.725 12.68 48.24 4.43 4.13/4.26

2. Experimental Details

PBDTTT-C:PC
71
BM-basedOPVswere fabricated on indium

tin oxide- (ITO-) coated glass substrates. The substrates were
cleaned with acetone, isopropanol, and deionized water in an
ultrasonic cleaner. Before poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) was coated onto ITO,
the substrates were treated with UV zone for 15min. After
a ∼30 nm thick layer of PEDOT:PSS was deposited, the film
was annealed for 15min at 120∘C.Then, a ∼90 nm thick layer
of PBDTTT-C:PC

71
BMwas spin-coated on the PEDOT:PSS.

The concentration of the PBDTTT-C:PC
71
BM (1 : 1.5) blend

solution for spin-coating was 10mg/mL (polymer/solvent).
1,2-Dichlorobenzene (DCB) was used as the solvent. DIO
was added into the solution (at 3%) to DCB prior to the
spin-coating process. Calcium (Ca) and aluminum (Al)
layers were deposited on PBDTTT-C:PC

71
BM in a thermal

evaporator with thicknesses of 20 and 100 nm, respectively.
The device, with a structure of ITO/PEDOT:PSS/PBDTTT-
C:PC
71
BM/Ca/Al, had an area of 0.1 cm2.

The current density-voltage (J-V) characteristics of the
OPV devices were measured using a Keithley 2400 source
measure unit under AM 1.5G illumination at 100mW/cm2
with a Newport Thermal Oriel 91192 1000-W solar simulator.
The external quantum efficiency (EQE) values of the devices
were derived using a halogen-tungsten lamp, amonochroma-
tor, an optical chopper, and a lock-in amplifier. The photon
flux was calibrated using a silicon photodiode.

3. Results and Discussion

3.1. J-V Characteristics. The PBDTTT-C:PC
71
BM films with-

out DIO were heated to temperatures of 60 to 100∘C, respec-
tively, for 5min on a hot plate. The J-V curves of the devices
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Figure 2:The AFM phase images of the PBDTTT-C:PC
71

BM films with 3% DIO heated under (a) room temperature, (b) 70∘C, (c) 80∘C, (d)
90∘C, and (e) 100∘C for 5 minutes.

for various temperatures are shown in Figure 1(a) and the
optoelectronic properties are shown in Table 1. As shown,
there is little difference in performance for temperatures up to
90∘C. In contrast, the device performance drops slightly at a
temperature of 100∘C, indicating that the interaction between

PBDTTT-C and PC
71
BM in the PBDTTT-C:PC

71
BM film

without DIO begins to vary at 100∘C. The morphology of
BHJ films without DIO should thus be quite stable below
100∘C. With 3% DIO in the PBDTTT-C:PC

71
BM films, the

more favorable morphology would be obtained leading to
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Figure 3: The EQE spectra of the OPV devices with the PBDTTT-C:PC
71

BM layers (a) without DIO and (b) with 3% DIO heated under
different temperatures for 5 minutes.

better performance, and the thermal stability of the BHJ films
should be more important. Figure 1(b) shows the J-V curves
of the OPV devices with PBDTTT-C:PC

71
BM film with 3%

DIO heated to 60 to 100∘C, respectively, for 5min. The
optoelectronic properties are listed in Table 1 with 10 devices
for each condition. There is nearly no physical difference
between the PBDTTT-C:PC

71
BM film without heating and

that heated at 60∘C according to the similar J-V character-
istics. However, the device performance drops significantly
for temperatures of 70∘C and higher.The open-circuit voltage
(𝑉oc) increases slightly and the short-circuit current density
(𝐽sc) slightly decreases with increasing temperature. The fill
factor (FF) decays dramatically with temperature, dominat-
ing the degradation of the PCE. Consequently, although the
J-V characteristics of the PBDTTT-C:PC

71
BM-based OPV

device with DIO are better than those of the device without
DIO, the thermal stability of the former is much worse than
that of the latter.

3.2. AFM Phase Images. The heating temperatures applied
to the films are not high enough to break the chains of
PBDTTT-C and burn PC

71
BM, and thus the degradation of

the J-V characteristics must be attributed to the variation
of the interaction between the polymer and PC

71
BM in

the BHJ layer, which correlates to the morphology of the
films. Figure 2 shows the atomic force microscopy (AFM)
phase images of the PBDTTT-C:PC

71
BM film without ther-

mal treatment and those heated to 70, 80, 90, and 100∘C,
respectively, for 5min. As shown, the phase variation range
is large (from ±5∘ to ±10∘) for temperatures of 70 and 80∘C,
becoming even larger (±100∘) at 90 and 100∘C. Moreover,
the phase separation becomes increasingly obvious with
increasing temperature due to the morphological difference

between PC
71
BM clusters and PBDTTT-C chains leading to

completely different interactions between the two materials
at different temperatures. The more obvious the phase sepa-
ration, the worse the performance. This is especially true for
the device heated to 100∘C, whose phase image is extremely
different from those of the others.

3.3. EQE and SCLC. The morphology directly affects the
carrier penetration in the BHJ layer and thus determines
the current collected at the electrodes. Figure 3 shows the
EQE values of the devices with the PBDTTT-C:PC

71
BM layer

without and with 3% DIO without thermal treatment and
those heated to 70, 80, 90, and 100∘C, respectively, for 5min.
The films without DIO under different heating temperatures
show nearly no difference on the EQE spectra corresponding
to the stable result of the J-V characteristicsmentioned above.
To the films with 3% DIO, the EQE decreases with increasing
temperature; however, there is no obvious variation in the
shape of the curves, which implies that the heating process
does not change the original characteristics of the materials
in the BHJ films but instead affects the arrangement of the
polymer chains and PC

71
BM molecules. The EQE curves of

the devices heated to 70, 80, and 90∘C are similar, as with
J-V characteristics. With heating to 100∘C, the EQE drops
by about 20%, accompanied by a significant drop in J-V
performance and entirely different phase images compared to
those of the other devices. The variation on the EQE value is
partially determined by the absorption issue of the PBDTTT-
C:PC
71
BM layer. Figure 4 shows the absorption spectra of

the PBDTTT-C:PC
71
BM films without thermal treatment

and those heated to 70, 80, 90, and 100∘C, respectively, for
5min. As shown, the absorption intensity of the PBDTTT-
C:PC
71
BM film decreases slightly with the increasing of the
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Figure 5: The dark J-V curves on log-log plots of the (a) hole-only and (b) electron-only OPV devices with the PBDTTT-C:PC
71

BM layers
with 3% DIO heated under different temperatures for 5 minutes.

heating temperature, which indicates that the morphological
variation on the bulk heterojunction layer from the heating
process affects the absorption property of the film, but hardly.
Therefore, the result from the absorption spectra is still
insufficient to elucidate the significant drop on the EQE data.
However, the EQE performance is also related to the carrier
penetration, which corresponds to the carrier mobility. The
hole and electronmobilities in the PBDTTT-C:PC

71
BM layer

of devices heated to various temperatures were extracted

using the space-charge-limited current (SCLC) method [15,
16].The structures of hole-only and electron-only devices are
ITO/PEDOT:PSS/PBDTTT-C:PC

71
BM/molybdenum triox-

ide (MoO
3
)/Al and Al/PBDTTT-C:PC

71
BM/Ca/Al, respec-

tively. The J-V curves of devices heated to various tem-
peratures are shown in Figure 5. According to the J-V
characteristics of the hole-only and electron-only devices, the
steady-state current density 𝐽SCLC is theoretically a function
of the applied voltage V, the film thickness d, the relative
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Figure 6:The (a) Cole-Cole plot, (b) equivalent circuit, and (c) simulated data of𝑅
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and𝐶
1

of the OPV devices with the PBDTTT-C:PC
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BM
layers heated under different temperatures for 5 minutes.

dielectric constant 𝜀
𝑟
, the vacuum permeability 𝜀

0
, and the

steady-state charge-carrier mobility 𝜇SCLC:

𝐽SCLC =
9

8
𝜇SCLC𝜀𝑟𝜀0

𝑉
2

𝑑3
. (1)

The relative dielectric constant was assumed to be 3, and
the extracted mobilities are reported in the inset of Figures
5(a) and 5(b), respectively. As the PBDTTT-C:PC

71
BM film

was heated from 70 to 100∘C, the hole mobility and electron
mobility of the hole-only and electron-only devices dropped
gradually, which indicates that the electron and hole mobil-
ities are getting worse simultaneously with the increasing
temperature. However, the hole mobility degrades much

more severely than does electron mobility, which indicates
that the morphology change of PC

71
BM clusters caused by

heating not only reduces the transmission of electrons to the
cathode on the acceptor material (PC

71
BM), but also breaks

the paths for the penetration of holes to the anode on the
donor material (P3HT).

3.4. Impedance Analysis. Morphology also affects the donor/
acceptor interface and thus determines the efficiency of the
electron and hole extraction from excitons. Therefore, the
PBDTTT-C:PC

71
BM films heated to different temperatures

were analyzed using impedance spectroscopy.The impedance
spectra, also called Cole-Cole plots, of the devices are shown
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Table 2: The simulated data of 𝑅
1

and 𝐶
1

by applying the Cole-Cole plot into equivalent circuit.

𝑅
1

(Ω) 𝐶
1

(F) 𝜏avg (second) PCE (%)
Non 540.48 1.7463𝐸 − 08 9.4384𝐸 − 06 6.21
70∘C 585.65 1.5688𝐸 − 08 9.1877𝐸 − 06 5.24
80∘C 621.86 1.3334𝐸 − 08 8.2919𝐸 − 06 4.93
90∘C 641.35 1.1874𝐸 − 08 7.6154𝐸 − 06 4.83
100∘C 692.81 1.0436𝐸 − 08 7.2302𝐸 − 06 4.43

in Figure 6(a), and a simple equivalent circuit model of
the OPV device is shown in Figure 6(b), where the shunt
pair with 𝑅

1
and 𝐶

1
corresponds to the resistance and

capacitance of active layer, the shunt pair with 𝑅
2
and 𝐶

2

corresponds to the resistance and capacitance of the interface
between PEDOT:PSS/PBDTTT-C:PC

71
BM and PBDTTT-

C:PC
71
BM/Ca, and 𝑅

3
corresponds to the resistance of

the electrodes and wires connected for measurement. In
Figure 6(a), the radius of the Cole-Cole plot increases with
temperature, which implies that the resistance of the whole
device increases.The elements in each part of the device were
simulated by applying the Cole-Cole plot to the equivalent
circuit model, since the morphology of active layer is affected
by heat. The 𝑅

1
and 𝐶

1
values are shown in Figure 6(c) and

listed in Table 2. The thickness of the active layer remains
mostly unchanged at around 90 nm before and after the
heating process, and thus the increase of 𝑅

1
with temperature

indicates that the penetration of carriers in the BHJ layer
degrades, which is consistent with previous results. 𝐶

1
drops

gradually with increasing temperature, indicating that the
effective dielectric constant of the PBDTTT-C:PC

71
BM layer

decreases. In fact, the interaction between PBDTTT-C chains
andPC

71
BMmolecules is still not clear enough.Nevertheless,

the carrier transition time [17], also called the average carrier
lifetime, in the BHJ layer can be calculated as

𝜏avg = 𝑅 × 𝐶, (2)

where 𝜏avg is the average carrier lifetime, 𝑅 is the resistance,
and 𝐶 is the capacitance.The 𝑅

1
and 𝐶

1
values of each device

were substituted into (2) to obtain the average carrier lifetime.
The results are listed in Table 2. The data indicate that the
average carrier lifetime decreases with increasing temper-
ature, which means that the holes and electrons are more
likely to recombine in the BHJ layer at higher temperature.
Therefore, the average carrier lifetime directly corresponds
to the performance of the OPV devices, where shorter
lifetimes lead to lower PCE values, as shown in Table 2.These
simulations prove that the electrical interaction between
PBDTTT-C chains and PC

70
BM molecules in the BHJ layer

becomes unfavorable for OPV devices at temperatures over
70∘C.

4. Conclusion

In this work, the effect of temperature on the performance
of DIO-blended high-efficiency BHJ OPV devices was inves-
tigated. An unfavorable morphology of the BHJ layer was
observed inAFMphase images after heating to over 70∘C.The

morphology obtained at high temperature not only degraded
the EQE characteristics of the BHJ layer but also diminished
the carrier penetration, which degraded the performance
of the OPV devices. The average carrier lifetimes in the
BHJ layer, derived from impedance spectra, shortened with
increasing temperature, decreasing the PCE. The thermal
stability of OPV devices with DIO is thus a critical issue.
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[12] T. Salim, L. H. Wong, B. Bräuer et al., “Solvent additives and
their effects on blend morphologies of bulk heterojunctions,”
Journal of Materials Chemistry, vol. 21, no. 2, pp. 242–250, 2011.

[13] F.-C. Chen, H.-C. Tseng, and C.-J. Ko, “Solvent mixtures for
improving device efficiency of polymer photovoltaic devices,”
Applied Physics Letters, vol. 92, no. 10, Article ID 103316, 2008.
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Hydrogenated microcrystalline silicon-germanium (𝜇c-Si
1−𝑥

Ge
𝑥

:H) alloys were developed for application in Si-based thin-film
solar cells. The effects of the germane concentration (𝑅GeH4 ) and the hydrogen ratio (𝑅H2 ) on the 𝜇c-Si

1−𝑥

Ge
𝑥

:H alloys and the
corresponding single-junction thin-film solar cells were studied. The behaviors of Ge incorporation in a-Si

1−𝑥

Ge
𝑥

:H and 𝜇c-
Si
1−𝑥

Ge
𝑥

:H were also compared. Similar to a-Si
1−𝑥

Ge
𝑥

:H, the preferential Ge incorporation was observed in 𝜇c-Si
1−𝑥

Ge
𝑥

:H.
Moreover, a higher 𝑅H2 significantly promoted Ge incorporation for a-Si

1−𝑥

Ge
𝑥

:H, while the Ge content was not affected by 𝑅H2
in 𝜇c-Si

1−𝑥

Ge
𝑥

:H growth. Furthermore, to eliminate the crystallization effect, the 0.9 𝜇m thick absorbers with a similar crystalline
volume fraction were applied. With the increasing 𝑅GeH4 , the accompanied increase in Ge content of 𝜇c-Si

1−𝑥

Ge
𝑥

:H narrowed the
bandgap and markedly enhanced the long-wavelength absorption. However, the bias-dependent EQE measurement revealed that
too much Ge incorporation in absorber deteriorated carrier collection and cell performance. With the optimization of 𝑅H2 and
𝑅GeH4 , the single-junction 𝜇c-Si1−𝑥Ge𝑥:H cell achieved an efficiency of 5.48%, corresponding to the crystalline volume fraction of
50.5% and Ge content of 13.2 at.%. Compared to 𝜇c-Si:H cell, the external quantum efficiency at 800 nm had a relative increase by
33.1%.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) has been widely
studied [1, 2] and employed as an absorber in silicon thin-
film solar cells [3] because of its high absorption coefficient
in the visible range of the solar spectrum and the feasibility
of large area deposition. However, the solar spectrum is
distributed from ultraviolet to near-infrared (IR) region. The
bandgap of approximately 1.75 eV [4] for a-Si:H limits the
absorption in IR region. On the concept of light absorption,
only the photons having the energies larger than the bandgap
of absorbers can contribute to photoexcited carriers [5]. For
effective use of the low-energy photon in the solar spectrum,
the development of a lower-bandgap material is important.
Accordingly, the integration of lower-bandgap material and
the concept of spectrum splitting have been applied as multi-
junction thin-film solar cells for allowing more efficient use

of solar spectrum. Compared to single-junction solar cell,
the multijunction cell generally has a broadened and effective
spectral response.The more efficient light absorption is attri-
buted to the component cells with different bandgap
absorbers, which leads to a higher cell efficiency. Yunaz et al.
have demonstrated a potential efficiency over 20% by using
AMPS-1D simulation for the Si-based multijunction thin-
film solar cell [6]. Other groups have integrated a-Si:H and
hydrogenated microcrystalline silicon (𝜇c-Si:H) absorbers
into tandem structure cells with a stabilized efficiency over
10% [7–9]. Moreover, Yan et al. have reported an a-Si:H/a-
SiGe:H/𝜇c-Si:H triple-junction cell reached a recorded effi-
ciency of 16.3% [10].

Due to a lower bandgap of 1.1 eV [5], 𝜇c-Si:H has been
utilized as an absorber for IR absorption [11–14]. In addition,
𝜇c-Si:H has a minor Staebler-Wronski effect (SWE) [14],
which has less impact on the long term film quality and
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cell performance than amorphousmaterial. Nevertheless, the
indirect bandgap nature of 𝜇c-Si:H leads to a low absorption
coefficient. Therefore, a thick 𝜇c-Si:H absorber is usually
needed to obtain adequate IR absorption. Matsui et al. have
reported that theGe incorporation inmicrocrystalline silicon
network led to a bandgap narrowing and an increase in IR
absorption, with the consequence of a thinner 𝜇c-Si

1−𝑥
Ge
𝑥
:H

absorber in the cells [15–17]. The 𝜇c-Si
1−𝑥

Ge
𝑥
:H consists of

an amorphous-crystalline mixed phase of binary SiGe alloys,
which are affected by the deposition parameters including
the hydrogen ratio (𝑅H2) and the germane concentration
(𝑅GeH4). The addition of Ge to Si network not only lowers
the bandgap, but could also reduce the crystallization of
the films. The crystalline volume fraction can not only
influence the electrical properties including bandgap and
carrier collection, but also change the optical absorption.The
trade-off between crystallization and Ge incorporation of 𝜇c-
Si
1−𝑥

Ge
𝑥
:H alloys should be carefully manipulated for the

requirement of IR absorption.
Previous works on 𝜇c-Si

1−𝑥
Ge
𝑥
:H alloy [18, 19] have

reported the effect of Ge incorporation by varying 𝑅GeH4 but
have not yet considered the accompanied variation of crystal-
lization. In thiswork, to eliminate the effect of different degree
of crystallization, the 𝜇c-Si

1−𝑥
Ge
𝑥
:H absorber with a similar

crystalline volume fraction was applied to indeed discuss the
effect of Ge content on cell performance. Furthermore, we
compared the behaviors of the Ge incorporation in a-
Si
1−𝑥

Ge
𝑥
:H and 𝜇c-Si

1−𝑥
Ge
𝑥
:H alloys. The effects of 𝑅H2 and

𝑅GeH4 on Ge incorporation were discussed.

2. Experimental Detail

Silicon thin films including 𝜇c-Si
1−𝑥

Ge
𝑥
:H were deposited

by a single-chamber process in a multichamber plasma-
enhanced chemical vapor deposition (PECVD) system
equipped with 27.12MHz rf power, NF

3
in situ plasma clean-

ing, and a load-lock chamber. The films were prepared on
Corning EAGLE XG glass substrate at approximately 200∘C.
A gas mixture of highly H

2
-diluted SiH

4
and GeH

4
was

introduced to deposit 𝜇c-Si
1−𝑥

Ge
𝑥
:H thin films. The 𝑅H2 ,

defined as [H
2
]/[SiH

4
], was varied from 71.4 to 123.0. The

𝑅GeH4 , defined as [GeH
4
]/[GeH

4
+ SiH

4
], was changed from

0 to 6.8%. In contrast, the lower 𝑅H2 varied from 0 to 6 and
the 𝑅GeH4 varied from 8.3% to 16.7% were employed for a-
Si
1−𝑥

Ge
𝑥
:H deposition.The filmGe content was calculated by

the integrated intensities of Ge3d and Si2p core lines using the
quantitativeX-ray photoelectron spectroscopy (XPS) analysis
[20–22]. A presputtering was conducted to eliminate con-
taminations and native oxides on the film surface. We have
found in our previous work that the Ge content would have
variation in the incubation layer. This incubation region
(approximately 0.1 𝜇m) occupied only small part of the
absorbing layer (∼0.9 𝜇m). The measured Ge content shown
in the paper should be representative for the absorbing layer.
The crystalline volume fraction was estimated from Raman
spectra, whichwere obtained from a high-resolution confocal
Raman microscope with an excitation laser at a wavelength
of 488 nm. The dark and photocoplanar conductivities of
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Figure 1: The variations of (a) Ge content and (b) incorporation
efficiency versus 𝑅H2 in amorphous [23] and microcrystalline SiGe
alloys with different 𝑅GeH4 .

the prepared films were obtained by an 𝐼-𝑉 measurement
system equipped with an AM1.5G illumination. A spec-
trophotometer was used to determine the transmittance and
the reflectance of the films. The optical bandgap (𝐸

04
) was

obtained when the absorption coefficient is 104 cm−1.
The commercial textured SnO

2
:F-coated substrates were

utilized for preparing superstrate p-i-n𝜇c-Si
1−𝑥

Ge
𝑥
:H cells. A

0.9 𝜇mthick𝜇c-Si
1−𝑥

Ge
𝑥
:H absorberwas employed in single-

junction solar cells with a p-type 𝜇c-Si:H layer and an
n-type hydrogenated microcrystalline silicon oxide (𝜇c-
SiO
𝑦
:H) layer.The cell was characterized by an AM1.5G solar

simulator. The area of the device for measurement was
0.25 cm2 whichwas defined by the silver electrode. Ameasur-
ing system having monochromator, chopper, lock-in ampli-
fier, and 𝐼-𝑉 meter was applied to measure the external
quantum efficiency (EQE).

3. Results and Discussion

3.1. Ge-Incorporation in Amorphous and Crystalline Silicon-
Germanium Alloys. The dependence of Ge content ([Ge]) on
𝑅H2 with different 𝑅GeH4 in amorphous and microcrystalline
SiGe alloys is shown in Figure 1(a). As can be seen, the
Ge content in a-Si

1−𝑥
Ge
𝑥
:H alloys rapidly increased as 𝑅H2

increased from 0 to 2 at a fixed 𝑅GeH4 and tended to
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saturate as𝑅H2 was larger than 2.The phenomenon suggested
that the hydrogen atoms promoted Ge incorporation in the
amorphous network [23]. One possible reason may relate
to the sticky nature of GeH

3
species more than the SiH

3

species. The diffusion length of GeH
3
species is less than

SiH
3
species during the growth of SiGe alloy [24], which

makes it more difficult to reach the energetically favorable
sites on the film surface. As a result, Ge is easier to form
weak bonds than Si in SiGe binary network. When the
atomic hydrogen is sufficient in plasma, a high H-coverage
growth surface and local heating lead to well-relaxed network
[25–27]. Thus, rigid Ge-related bonds increase as increasing
hydrogen.Accordingly,moreGe atoms can be left in the films.

In high hydrogen-containing gasmixturewith𝑅H2 over 2,
the saturation of Ge content was observed for a-Si

1−𝑥
Ge
𝑥
:H

alloys. Presumably, the sufficient hydrogen atoms promote
rigid Ge bonding in the films. Compared to a-Si

1−𝑥
Ge
𝑥
:H

alloys, a much higher hydrogen diluted gas mixture is needed
for the crystallization of the 𝜇c-Si

1−𝑥
Ge
𝑥
:H. When the 𝑅H2

was over 85 at a fixed 𝑅GeH4 , Ge content was not significantly
changed, suggesting that the effect of hydrogen for Ge
incorporation in the 𝜇c-Si

1−𝑥
Ge
𝑥
:H films has less impact.

The resulting Ge content in the 𝜇c-Si
1−𝑥

Ge
𝑥
:H film with

increasing 𝑅H2 was kept at approximately 13 and 16.7 at.%,
with 𝑅GeH4 of 5.0% and 7.1%, respectively.

In addition to theGe content, the incorporation efficiency
of Ge was also discussed. The incorporation efficiency repre-
sents the ratio of the transformation from GeH

4
to film Ge

content, defined as [Ge]/𝑅GeH4 . As shown in Figure 1(b), the
tendency of incorporation efficiency of a-Si

1−𝑥
Ge
𝑥
:H and 𝜇c-

Si
1−𝑥

Ge
𝑥
:H films was similar to that of the film Ge content

with the increasing 𝑅H2 . The Ge incorporation efficiency was
larger than one in both amorphous andmicrocrystalline SiGe
alloys. This suggests that Ge was preferentially incorporated
into films more than Si. The incorporation efficiency over 1
also indicates that the change of 𝑅GeH4 alters the Ge content
significantly, as well as the film characteristics. One of the
reasons was the less dissociation energy of GeH

4
compared to

SiH
4
. The more efficient decomposition of GeH

4
was known

from SiH
4
-GeH

4
-H
2
discharge plasma field [28]. However,

addingmoreGeH
4
decreased theGe incorporation efficiency.

More produced sticky GeH
3
precursors led to an increase

in the weak Ge-related bonds [29, 30]. Consequently, under
the hydrogen-containing atmospheres, the probability of
the SiH

3
replacement on a weak Ge-bonded site may be

enhanced, which reduced the effective Ge incorporation.
In short, the preferential incorporation of Ge in SiGe

alloys was observed. Compared to high 𝑅H2 environment,
the Ge content in SiGe alloys was affected by the hydrogen
significantly in low𝑅H2 environment.MoreGe content can be
achieved by addingmore GeH

4
in the gas mixture. Neverthe-

less, with increasing Ge content, the incorporation efficiency
of Ge into solid phase decreased with increasing 𝑅GeH4 .

3.2. Effect of the Hydrogen Ratio on Film Properties and Cell
Performance. The microstructure of 𝜇c-Si

1−𝑥
Ge
𝑥
:H films

deposited with different 𝑅H2 at 𝑅GeH4 of 5% was studied by
the Raman spectroscopy. Figure 2 shows the resulting Raman
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Figure 2: The Raman spectra of 𝜇c-Si
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Ge
𝑥

:H films with different
𝑅H2 .

spectra, where the transverse optical (TO)modesmainly con-
sisted of amorphous, intermediate phase and crystalline Si-Si
networks [31]. The TO mode of amorphous Si-Si network is
distributed as a Gaussian function at 480 cm−1. This is
attributed to the Si-Si network in short-range order. The full
width of half maximum and the Raman shift of a-Si phase are
related to the variation of bonding angle of a-Si network
[32, 33]. For the narrow c-Si Lorenzian peak, the TO mode
is at 520 cm−1. When the c-Si grain becomes as small as few
nanometers in a crystalline-to-amorphous transition region,
the Raman shift of c-Si peak decreases because ofmomentum
conservation [34, 35]. The peak of intermediate phase is in a
Raman shift ranging approximately from 490 to 510 cm−1.
This is ascribed to the defective part of the Si-Si crystallines,
which include small size crystallite, bond dilation at grain
boundaries, or a silicon wurtzite phase consisting of twins
[36, 37]. When the 𝑅H2 increased from 83.5 to 120.3, more
crystalline phase is accompanied with less amorphous phase.
However, the resulting c-Si peak constantly appeared near
512 cm−1 as increasing 𝑅H2 . In previous work [17, 38, 39],
when Ge presents nearby the crystallites, the c-Si peak has a
red-shift. In addition, the increased Ge content was in a
linear correlation with decreasing c-Si peak. As mentioned in
Section 3.1, Ge content was unchanged in the 𝜇c-Si

1−𝑥
Ge
𝑥
:H

films at a fixed 𝑅GeH4 .The higher degree of crystallization at a
higher 𝑅H2 is contributed to more crystallites in the films. In
addition, there was no significant difference in Raman spec-
tra at approximately 300 cm−1 for 𝜇c-SiGe:H samples. This
may be due to a low Ge content used in this study, which
contributed to negligible Ge-Ge TO mode signal from the
crystal phase [40].

Effect of 𝑅H2 on 𝑋𝐶 and optical bandgap (𝐸
04
) is shown

in Figure 3.The crystalline volume fraction (𝑋
𝐶
) is defined by

(𝐼
520
+ 𝐼
510
)/(𝐼
520
+ 𝐼
510
+ 𝐼
480
), where 𝐼

520
, 𝐼
510

, and 𝐼
480

were
the integrated intensities of crystalline, intermediate, and
amorphous phase, respectively [41, 42]. With a kept 𝑅GeH4 ,
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Table 1: Properties of 𝜇c-Si1−𝑥Ge𝑥:H absorber and the corresponding performance of single-junction cells with different 𝑅H2 of 88.6, 94.9,
101.3, 124.1. The 𝑅GeH4

of these cells was kept at 5.0%.

𝑅H2 𝑋
𝐶

(%) 𝐸
04

(eV) 𝑉OC (mV) 𝐽SC (mA/cm2) FF (%) Eff. (%)
88.6 44.0 1.91 485 17.17 58.9 4.90
94.9 52.8 1.90 475 18.61 62.0 5.48
101.3 59.1 1.89 460 18.80 62.4 5.40
124.1 70.6 1.87 430 19.25 59.4 4.91
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Figure 3: Effect of 𝑅H2 on the properties of 𝜇c-Si
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:H films
preparedwith𝑅GeH4 of 0 and 5.0%.The circle and the square symbols
represent the crystalline volume fraction (𝑋

𝐶

) and the bandgap
(𝐸
04

), respectively.

the 𝑋
𝐶
increased with increasing 𝑅H2 . More H

2
in the gas

mixture promoted the crystallization of 𝜇c-Si
1−𝑥

Ge
𝑥
:H

growth. Moreover, given the same 𝑋
𝐶
, the 𝑅H2 required for

𝜇c-Si
1−𝑥

Ge
𝑥
:H was much larger than that for 𝜇c-Si:H. This

suggests that adding GeH
4
significantly suppressed crys-

talline growth.This should be due to the distorted Si network
by incorporating Ge, and more Ge-induced defects in the
film, which needs more H-atom to be eliminated. When 𝑅H2
was varied from 83.5 to 124.1 and 𝑅GeH4 was kept at 5%, the
𝑋
𝐶
increased from 25.2% to 70.6%, corresponding to the

decreased 𝐸
04
from 1.93 to 1.87 eV.Themore crystalline phase

led to a narrower bandgap, which shifted light absorption to
IR. To investigate the effect of𝑋

𝐶
of 𝜇c-Si

1−𝑥
Ge
𝑥
:H absorbers

on cell performance, we further employed different 𝜇c-
Si
1−𝑥

Ge
𝑥
:H alloys as absorbers by changing the 𝑅H2 .

Figure 4 shows the cell structure and the 𝐽-𝑉 charac-
teristics of 𝜇c-Si

1−𝑥
Ge
𝑥
:H p-i-n single-junction cells using

absorbers prepared with different 𝑅H2 . This cell performance
is shown in Table 1. Accompanied with the increasing 𝑅H2
from 88.6 to 124.1, the resulting bandgap narrowing of the
absorber influenced the internal electric field and decreased
the𝑉OC from 485 to 430mV. On the contrary, the 𝐽SC was sig-
nificantly enhanced from 17.17 to 19.25mA/cm2. More crys-
talline phase in the film contributed to more photocurrent in
the cells due to the lower bandgap. When the 𝑅H2 was 94.9,
the corresponding𝑋

𝐶
of the absorber was 50.5%which led to

an optimal cell efficiency of 5.48%.
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Figure 4: Schematic diagram of the cell structure and the 𝐽-𝑉
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:H solar cells with different 𝑅H2 as
𝑅GeH4 was 5.0%. 𝑅H2 = 88.6 (dot dash line), 94.9 (black line), 101.3
(gray line), and 124.1 (dash line).

3.3. Effect of the Germane Concentration on Film Properties
and Cell Performance. In Section 3.1, we have shown that the
𝑅GeH4 significantly changed the Ge content in the film. To
reveal the effect of 𝑅GeH4 on cell performance is therefore
important for improving long-wavelength absorption. The
𝜇c-Si
1−𝑥

Ge
𝑥
:H absorbers in single-junction solar cells were

prepared with different 𝑅GeH4 of 0, 3.7%, 5.0%, and 6.8%. In
addition, the 𝜇c-Si

1−𝑥
Ge
𝑥
:H absorber with a similar 𝑋

𝐶
of

approximately 55% was applied to eliminate the effect of the
crystallization of absorber on the cell performance.When the
𝑅GeH4 increased from 0 to 5.0%, the filmGe content increased
from 0 to 13.2 at.%, as shown in Table 2. As a result, the
bandgap decreased from 1.96 to 1.85 eV, corresponding to a
reduction in 𝑉OC of 90mV. The worsened FF from 71.0% to
59.3% may be due to the more Ge-related defects created in
the absorber with increasing Ge incorporation. With more
Ge incorporationwhich reduced the bandgap of the absorber,
the 𝐽SC significantly increased from 17.38 to 18.50mA/cm2 due
to more optical absorption. When the 𝑅GeH4 was 6.8%, the
film Ge content further went up to 18.0 at.%, which resulted
in the degraded cell performance. The 𝑉OC, FF, and 𝐽SC
decreased to 370mV, 53.0%, and 17.27mA/cm2, respectively.

The improvement of 𝐽SC according to the change of
Ge content can be revealed by the EQE measurement. As
shown in Figure 5, no significant drop in spectral response in
short-wavelength region was observed as the 𝑅GeH4 increased
from 0 to 5%, while the spectral response in the range of
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Table 2: Properties of 𝜇c-Si
1−𝑥

Ge
𝑥

:H absorber and the corresponding performance of single-junction cells with different 𝑅GeH4
of 0, 3.7%,

5%, and 6.8%. The 𝑋
𝐶

of these cells was kept at approximately 55%.

𝑅GeH4
𝑅H2

[Ge] (at.%) 𝐸
04

(eV) QE800 nm (%) 𝑉OC (mV) 𝐽SC (mA/cm2) FF (%) Eff. (%)
0 81.0 0 1.96 26.6 540 17.38 71.0 6.67
3.7 104.8 8.8 1.89 28.3 490 17.16 62.2 5.23
5.0 109.5 13.2 1.85 35.4 460 18.50 59.3 5.04
6.8 166.1 18.0 1.83 31.0 370 17.27 53.0 3.83
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Figure 5: The spectral response of 𝜇c-Si
1−𝑥

Ge
𝑥

:H p-i-n solar cells.
The 𝜇c-Si

1−𝑥

Ge
𝑥

:H absorbers were prepared with the 𝑅GeH4 of 0%
(black fine line), 3.7% (gray bold line), 5% (black bold line), and 6.8%
(dash line).

600–1100 nmwas enhanced.The external quantum efficiency
at 800 nm increased from 26.6% to 35.4%. This relative
increase of 33.1% in spectral response suggested that Ge
incorporation effectively enhances the optical absorption
in the infrared region. However, the red-to-IR response
reduced as the absorber was prepared with 𝑅GeH4 of 6.8%.
Too much Ge incorporation could degrade the transport of
carriers generated in the long-wavelength region, which will
be discussed in the next section. Besides, when the 𝑅GeH4
was 6.8%, the 𝜇c-Si

1−𝑥
Ge
𝑥
:H absorber near p/i interface may

preferentially grow in amorphous phase. Compared tomicro-
crystalline phase, amorphous phase generally has higher
short-wavelength absorption. As a result, the increase in the
spectral response range of 300–500 nm was observed.

The results of EQE measurement for the 𝜇c-Si
1−𝑥

Ge
𝑥
:H

cells having absorber prepared with 𝑅GeH4 of 5.0% and
6.8% were presented in Figure 6. The spectral response was
measured under 0 and−2 bias voltages to reveal the difference
in carrier transport. If a reverse voltage bias of −2V was
applied to the device, the electric built-in field can be enlarged
and the photogenerated carriers trapped by the defects can
be driven out. If the cell having defects was measured with
the reverse bias, the spectral response would be enlarged. For
the 𝜇c-Si

1−𝑥
Ge
𝑥
:H cell employing the absorber prepared by

𝑅GeH4 of 6.8%, the difference of 𝐽SC as measured by EQE with
0 and −2 bias voltages was 1.05mA/cm2. In comparison, the
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Figure 6: Spectral response of 𝜇c-Si
1−𝑥

Ge
𝑥

:H cell measured with
(dash line) and without (solid line) bias voltage. The absorbers were
prepared with 𝑅GeH4 of 5.0% and 6.8%.

difference of 𝐽SC for 𝜇c-Si
1−𝑥

Ge
𝑥
:H cell employing absorber

prepared with 𝑅GeH4 of 5.0% under the same bias voltages
was less than 0.25mA/cm2. The result indicates that too
much Ge incorporation would lead to the degraded carrier
collection and worsen cell performance. Moreover, in con-
trast to the photogenerated electrons, the holes generated
by long-wavelength photons near back contact would drift
toward longer distance. The change in spectral response was
presumably due to the degraded hole collection [43].

4. Conclusion

The effects of 𝑅GeH4 and 𝑅H2 on 𝜇c-Si1−𝑥Ge𝑥:H alloys and
the corresponding single-junction cells were studied. Simi-
lar to a-Si

1−𝑥
Ge
𝑥
:H, the preferential Ge incorporation was

observed in 𝜇c-Si
1−𝑥

Ge
𝑥
:H. Moreover, a higher 𝑅H2 signif-

icantly promoted Ge incorporation for a-Si
1−𝑥

Ge
𝑥
:H, while

the Ge content was not affected by 𝑅H2 in 𝜇c-Si1−𝑥Ge𝑥:H
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growth. To eliminate the crystallization effect, the 0.9𝜇m
thick absorbers with a similar crystalline volume fraction
were applied. With the increasing 𝑅GeH4 , the accompanied
increase in Ge content of 𝜇c-Si

1−𝑥
Ge
𝑥
:H narrowed the

bandgap and edly enhanced the long-wavelength absorption.
When the𝑅GeH4 increased from0 to 5%, the spectral response
at 800 nm was significantly improved from 26.6% to 35.4%,
which was a relative increase by 33.1%. However, the bias-
dependent EQE measurement revealed that too much Ge
incorporation in absorber deteriorated carrier collection and
cell performance. With the optimization of 𝑅H2 and 𝑅GeH4 ,
the single-junction 𝜇c-Si

1−𝑥
Ge
𝑥
:H cell achieved an efficiency

of 5.48%, corresponding to the crystalline volume fraction of
50.5% and Ge content of 13.2 at.%. Future work will include
the application of 𝜇c-Si

1−𝑥
Ge
𝑥
:H absorbers in the tandem cell

structure.
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This work proposes an approach for improving the performance of poly(3-hexylthiophene) (P3HT-) based organic photovoltaics
(OPVs). P3HT-based bulk heterojunction (BHJ) film can absorb the energy from 532 nm laser light and be transformed into
favorable morphology. A combination of traditional thermal annealing and laser annealing improved device performance, with
a slight increase in fill factor and a significant improvement in short-circuit current density. Better crystallization and a higher
degree of molecular order in the thermal/laser coannealed P3HT-based BHJ film were observed through X-ray diffraction and
Raman spectroscopy.

1. Introduction

Organic photovoltaics (OPVs) have attracted tremendous
interest recently for renewable energy applications due to
their low cost for large-area fabrication, light weight, and
compatible processing on flexible substrates [1, 2]. Recently,
poly(3-hexylthiophene) (P3HT) has been extensively studied
due to its promising physical properties, including a high
hole mobility of around 10−3 cm2/Vs, a wide light absorption
spectrum, and excellent environmental stability [3–6]. When
P3HT is blended with fullerene derivatives, such as [6,6]-
phenyl C

61
butyric acid methyl ester (PCBM) [1] and indene-

C
60
-bisadduct (ICBA) [7], to build a bulk heterojunction

(BHJ), it always plays a good role to mix with each fullerene
derivative, which can lead to a fill factor (FF) of 65∼72%.

BHJ should be a favorable structure for the light harvest-
ing layer of OPVs. However, their morphology is thus very
critical to OPV device performance. For P3HT-based BHJs,
the morphology can be tuned via treatments such as solvent-
vapor treatment [8–10], ultraviolet- (UV-) ozone exposure
[11], microwave treatment [12, 13], pulsed-laser treatment
[14], adding solvent additive [15–17], and thermal anneal-
ing treatment [18–21]. These methods efficiently change
the morphology of P3HT-based BHJs and improve device

performance. Thermal annealing treatment is most com-
monly applied to P3HT-based BHJs since it yields close-
packed crystalline structures and strong interchain interac-
tions [18–20].

Flexible substrates can be used for OPVs. However, long-
term thermal annealing is challengingwhen building a device
on a flexible substrate since the film may crack and become
damaged due to the bending of the substrate. A method
for transferring energy to the BHJ film and modifying its
morphologywithout creating toomuch heat is thus desirable.
Li et al. [21] applied a standard low-intensity fluorescent lamp
to PCDTBT:PC

60
BM blend film before thermal annealing

and improved device lifetime and performance. Using amore
exact wavelength of light that can be absorbed by thematerial
will make the energy transfer process more efficient. P3HT
has good absorption of light in the range of 500 to 560 nm.
Therefore, P3HT will absorb the energy of light in this range
shining on a P3HT-based BHJ film with sufficient power.
In this work, a 532 nm green laser was used to irradiate
P3HT:PCBM film at 50mW as an annealing process to
modify the film morphology. Thermal annealing only, laser
annealing only, and thermal/laser coannealing treatments are
compared.
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Figure 1: 𝐽-𝑉 characteristics of organic photovoltaic deviceswith (a) thermal annealing process and (b) laser annealing process under different
duration.

2. Experimental Details

2.1. Device Fabrication. Indium tin oxide (ITO)-coated glass
with a sheet resistance of 5 ohm/sq was utilized as the
substrate of the OPV device.The substrates were sequentially
cleaned in an ultrasonic bath with deionized water, acetone,
and isopropanol, respectively, and then baked at 100∘C for
at least 1 h in an oven. The clean substrates were treated by
O
2
plasma at 10W for 1min. Then, poly(3,4-ethylenedioxy-

thiophene):poly(styrenesulfonate) (PEDOT:PSS), fromH. C.
Starck (CLEVIOS P VP AI4083), was spin-coated onto the
ITO substrate at 4000 rpm (∼35 nm) and then baked at 120∘C
for 15min on a hot plate. The P3HT:PCBM, at a weight
ratio of 1 : 1 and dissolved in 1,2-dichlorobenzene (DCB)
solution with a concentration of 2wt%, was spin-coated
onto PEDOT:PSS at 800 rpm for 30 s (∼200 nm). After the
deposition of the P3HT:PCBM layer, the film was thermally
annealed on a hot plate or irradiatedwith a 532 nm laser beam
(diameter: 0.7mm) at 50mW or annealed on a hot plate and
irradiated with a 532 nm laser beam simultaneously. After
the P3HT:PCBM film had been thermally or laser annealed,
LiF and Al were deposited at thicknesses of 1 and 100 nm,
respectively, under a 3 × 10−6 Torr vacuum in a thermal
evaporator. The device area was defined by a shadow mask
to be 0.3 × 0.3 cm2.

2.2. Device Measurement. The current density-voltage (𝐽-𝑉)
characteristics of the OPV devices were measured by a
Keithley 2400 source meter with an Oriel solar simulator
system equipped with a xenon lamp and an AM 1.5G spectral
filter. Additionally, the power conversion efficiency (PCE)
of the solar cells was calculated using a Newport 91150V
standard reference cell under a simulated light intensity of
100mW/cm2. The external quantum efficiency (EQE) was

measured using an EQE measurement system (QE-3000,
Titan Electro-Optics Co., Ltd.).

2.3. Film Characterization. The absorption spectrum was
characterized using a JASCO UV-670/FP-6600 ultraviolet-
visible (UV-vis) spectrophotometer. The X-ray diffraction
(XRD) patterns were recorded by a Rigaku D/MAX2500
rotating-anode X-ray generator. Raman spectra were mea-
sured with a Renishaw Raman system.

3. Results and Discussion

3.1. 𝐽-𝑉 Characteristics of OPV Devices. Figure 1(a) shows
the 𝐽-𝑉 characteristics of devices with P3HT:PCBM layer
thermally annealed at 130∘C for 0, 1, 5, and 10min. The
best device performance was obtained for the P3HT:PCBM
film annealed for 10min (more details can be found in our
previous work [22]), with improvement in the short-circuit
current density (𝐽sc) and FF. To compare laser annealing
with thermal annealing, the 𝐽-𝑉 characteristics of devices
subjected to 532-nm laser annealing at 50mW for 0, 1, 5,
and 10min are shown in Figure 1(b). Details of the 𝐽-𝑉
characteristics of devices treated with thermal annealing and
laser annealing for various durations are listed in Table 1. For
the P3HT:PCBMfilm laser annealed for 1min, the 𝐽sc value of
the device was nearly twice that obtained without annealing.
The 𝐽sc value further increased when the laser annealing time
was increased to 5min. However, a further increase to 10min
did not greatly affect device performance. The optimal laser
annealing time is thus 5min; however, the performance was
not comparable to the device annealed by heat.

The 𝐽-𝑉 characteristics of devices with P3HT:PCBM film
treated with thermal annealing and laser annealing simul-
taneously (thermal/laser coannealing) for various durations
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Table 1: The 𝑉oc, 𝐽sc, FF, and PCE of the devices without annealing treatment, with thermal annealing process, and with laser annealing
process under different duration.

Device
treatment

Treated time
(min) 𝑉oc (V)

𝐽sc
(mA/cm2) FF PCE

(%)
Nontreated — 0.61 3.11 0.49 0.93

Thermal
annealing

1 0.61 4.99 0.52 1.58
5 0.62 8.78 0.59 3.21
10 0.62 9.52 0.60 3.54

Laser annealing
1 0.61 5.55 0.52 1.76
5 0.61 7.38 0.52 2.34
10 0.61 7.20 0.52 2.28

Table 2: The 𝑉oc, 𝐽sc, FF, and PCE of the devices with thermal/laser coannealing process under different duration.

Device treatment Treated time (min) 𝑉oc (V) 𝐽sc (mA/cm2) FF PCE (%)
Nontreated — 0.61 3.11 0.49 0.93

Thermal and laser coannealing
1 0.61 6.83 0.53 2.21
5 0.62 11.22 0.59 4.10
10 0.62 10.55 0.60 3.92

are shown in Figure 2 and detailed in Table 2. Thermal/laser
coannealed P3HT:PCBM film obtained better performance
with the treating duration as 1, 5, and 10min The significant
enhancement in 𝐽sc dominated the improvement of the
device. A PCE of 4.10% was obtained with thermal/laser
coannealing for 5min.The PCE remained at around 4%, sug-
gesting little change in morphology, when the coannealing
time was further increased to 10min. As a result, the ther-
mal/laser coannealing process improved device performance
compared to that obtained with thermal annealing only.
Moreover, compared to the traditional thermal annealing
process, the thermal/laser coannealing process requires half
the time to obtain a given level of device performance.

3.2. Absorption and EQE Spectra. Figure 3(a) shows the
UV-vis absorption spectra of P3HT:PCBM films without
annealing treatment, treated with thermal annealing only
for 10min and treated with thermal/laser coannealing for
5min. There is a red shift for the films treated by thermal
annealing only and thermal/laser coannealing compared
to the unannealed film. The variation in the absorption
spectrum may be due to the demixing of PCBM from
P3HT, and thus an enhanced crystallinity of P3HT.Therefore,
the interchain interactions among P3HT became stronger,
leading to a longer conjugated length and a lower band gap
between 𝜋 and 𝜋∗ orbitals [23]. Moreover, since the number
of photons absorbed from the light corresponds to the current
produced from the light harvesting layer, the intensity of the
absorption spectrum could simply indicate the improvement
in the 𝐽sc value of the devices, as shown above. Figure 3(b)
shows the EQE of the devices with P3HT:PCBM films
without any treatment, treated with thermal annealing only
for 10min and treated with thermal/laser coannealing for
5min. A significant enhancement in EQE can be observed
after annealing treatment. The EQE of the film treated with
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Figure 2: 𝐽-𝑉 characteristics of organic photovoltaic devices with
thermal/laser coannealing process under different duration.

thermal/laser coannealing for 5min is higher than that of the
film treated with thermal annealing only for 10min which
matches the improvement on 𝐽sc of the devices as shown
above. Hence, after adding laser treatment under thermal
annealing process, the absorption ability of P3HT:PCBMfilm
was enhanced resulting in higher 𝐽sc of the device which
declared that more favorable morphology was derived.

3.3. XRD Analysis. To investigate the morphological differ-
ence between P3HT:PCBM films, XRD was used to estimate
the crystallinity of P3HT in the films. Figure 4 shows theXRD
patterns of P3HT:PCBM films without any treatment, treated
with thermal annealing only for 10min and treated with
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Figure 3: The (a) UV-vis absorption spectrum of P3HT:PCBM films and (b) the external quantum efficiency of the devices under different
annealing process.
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Figure 4: XRD spectra of P3HT:PCBM films under different
annealing process. The insets show the zoomed-in graph of XRD
spectra with the range from 2𝜃 = 4.5∘ to 2𝜃 = 6.5∘.

thermal/laser coannealing for 5min. Obvious diffraction
peaks appear at 2𝜃 = 5.58∘, 5.39∘, and 5.38∘ for each film.
These peaks originate from polymer crystallites of the (100)
orientation (backbone parallel and side-chains perpendicular
to the substrate) [24–26]. The corresponding lattice constant
𝑑 can be calculated using Bragg’s law as

𝑛𝜆 = 2𝑑 sin 𝜃, (1)

where 𝜆 (=0.154056 nm) is the wavelength of the incident
beam, 2𝜃 is the angle between the incident and scattered
X-ray wave vectors, and 𝑛 is the interference order. The
lattice constant 𝑑 of the films without any treatment, treated
with thermal annealing only for 10min and treated with
thermal/laser coannealing for 5min, was calculated as 1.58,
1.63, and 1.64 nm, respectively. A higher lattice constant cor-
responds to a larger grain boundary of crystallization, which
means that the grain boundary of crystal P3HT was similarly
enlarged with thermal annealing only and thermal/laser
coannealing. Moreover, the intensity of the peak is correlated
with the crystallinity of P3HT.Therefore, annealing with heat
and a laser simultaneously leads to better crystallinity of
P3HT than that obtained with heat only. Combining laser
and thermal annealing promotes the formation of crystalline
P3HT domains and enhances carrier transport due to more
resonance of 𝜋-electrons in the polymer chain [27–30]. Li
et al. [21] found that most of the contribution from light
annealing (through a fluorescent lamp) is related to the
formation of PCBMclusters in the BHJ layer. However, in this
work, the laser light was mainly absorbed by P3HT since its
wavelength matches the absorbance of P3HT but not PCBM.
Therefore, the crystallinity of P3HT chains dominates the
variation of the morphology of the BHJ film, as shown in the
XRD analysis.

3.4. AFM Phase Analysis. The morphological variation of
P3HT:PCBM films treated with various annealing processes
was analyzed using atomic force microscopy (AFM) phase
images, as shown in Figure 5. Figure 5(a) shows that there
is no obvious phase separation on the surface of the
P3HT:PCBM film without any annealing treatment. For the
P3HT:PCBM film treated with thermal annealing only for
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Figure 5: AFM phase images of P3HT:PCBM films (a) without annealing treatment, (b) with thermal annealing for 10min, and (c) with
laser/thermal coannealing for 5min.

10min (Figure 5(b)), significant phase separation with large
grain sizes can be observed, which indicates that thermal
annealing results in better crystallization of P3HT chains.
Moreover, the phase image of the film treated with ther-
mal/laser coannealing for 5min (Figure 5(c)) shows even
more phase separation and larger grain sizes, indicating
much better crystallization of P3HT chains. The AFM phase
analysis shows a great variation in the morphology of
P3HT:PCBM films treated with various annealing processes,
which supports the XRD analysis. These results confirm that
thermal annealing changes the morphology of P3HT:PCBM
film and improves device performance. Introducing laser
light into the annealing process makes the morphology of
P3HT:PCBM film more favorable and leads to better PCE.

3.5. Raman Analysis. Figure 6 shows the normalized Raman
spectra of P3HT:PCBM films without any treatment, treated
with thermal annealing only for 10min and treated with

thermal/laser coannealing for 5min under 514 nm resonant
excitation. The main in-plane ring skeleton modes at ∼
1445 cm−1 (symmetric C=C stretch mode) and ∼1381 cm−1
(C–C intraring stretch mode), the interring C–C stretch
mode at ∼1208 cm−1, the C–H bending mode with the C–
C interring stretch mode at ∼1180 cm−1, and the C–S–C
deformation mode at 728 cm−1 appear. Among these Raman
modes, this study focused on the two main in-plane ring
skeletonmodes at∼1445 and∼1381 cm−1, as they are supposed
to be sensitive to the 𝜋-electron delocalization (conjugation
length) of P3HT molecules [30, 31]. In Figure 6, compared
to the P3HT:PCBM film without any treatment, the Raman
peak of the C=C symmetric stretch mode shifted to a
lower wavenumber, from 1455 cm−1 to 1453 cm−1, for the
film treated with thermal annealing for 10min, and an even
lower wavenumber, from 1455 cm−1 to 1450 cm−1, and for the
film treated with thermal/laser coannealing for 5min. The
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Figure 6: Normalized Raman spectrum wave numbers (C=C
and C–C modes) of P3HT:PCBM films under different annealing
process. The inset shows the aromatic form and quinoid form of the
P3HT interchain.

decrease in the wavenumber of the peak position indicates
that the aromatic form of polymer rings transformed into the
quinoid form [31], as shown in the inset in Figure 6. With
more quinoid form polymer rings, more delocalized con-
jugated 𝜋-electrons were obtained, which enhanced charge
transfer. The full width at half maximum (FWHM) of this
C=C mode for the P3HT:PCBM film annealed by heat only
(35 cm−1) is smaller than that of the film without any treat-
ment (39 cm−1), reflecting the higher degree of molecular
order of the former. Moreover, the FWHM of the film
treated with thermal/laser coannealing (34 cm−1) was slightly
smaller than that of the film treated by thermal annealing
only, implying a better molecular order. A more favorable
morphology of P3HT:PCBM film was thus obtained with
thermal/laser coannealing, which led to better absorbance
and charge transfer of the BHJ and improved 𝐽sc of the device.

4. Conclusion

This study proposed an annealing method that combines
laser annealing and thermal annealing and applied it to
P3HT:PCBM films. P3HT:PCBM films treated with ther-
mal/laser coannealing had a more favorable morphology and
better carrier transport than those of the film treated with
thermal annealing only. The better carrier transport in the
BHJ layer led to higher 𝐽sc and FF values and improved
the device PCE. Since the devices are improved with less
heat, the process is suitable for fabricating devices on flexible
substrates.
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Luminescent solar concentrators (LSCs) were fabricated by dispersing CaAlSiN
3

: Eu2+ particles in a PMMA waveguide. A series
of LSCs (dimension 5.0 cm × 5.0 cm × 0.5 cm) with different CaAlSiN

3

: Eu2+ particle concentration were obtained and their
performancewas evaluated.Themaximumoptical concentration ratio is 1.23with a power conversion efficiency of 1.44% for the LSC
containing 0.5 wt% CaAlSiN

3

: Eu2+ particles concentration. This strategy of dispersing rare earth particles in PMMA waveguide
represents an alternative approach to producing highly durable LSCs.

1. Introduction

Luminescent solar concentrators (LSCs) were introduced in
the 1970s as an approach to lowering the costs of solar power
[1]. Such LSCs have received great interest recently because
of their potential for achieving high optical concentration
ratios without tracking the sun [2–5].Waveguide-based LSCs
can absorb short wavelength sunlight and then reemit it at
longer wavelengths. A large fraction of the emitted light is
trapped in thewaveguide through total internal reflection and
concentrated toward small solar cells attached to the edges
of the waveguide. To date, numerous types of luminescent
materials have been developed and tested for use in LSCs,
including organic dyes [6, 7], quantum dots [8, 9], and rare
earth materials [10–13]. However, both organic dyes and
quantum dots suffer from self-absorption caused by overlap
between their absorption and emission bands. This limits
the optical concentration ratios of such LSCs to approx-
imately one. Compared with organic dyes and quantum
dots, rare earth materials feature large Stokes shifts between
their absorption and emission bands and have considerable
promise for applications in LSC. Among such rare earth
materials, CaAlSiN

3
: Eu2+ emits wavelength in the range

of 600–700 nm, which can be efficiently absorbed by solar
cells. This material combines the excellent chemical stability
of nitridosilicates with the unique luminescent features of

Eu2+ ions including (1) a broad absorption bandwidth to
utilize the solar spectrum efficiently, (2) large Stokes shift to
minimize overlap of the absorption and emission spectral
that lead to self-absorption losses, and (3) high fluorescent
quantum yield [14, 15]. These features are particularly desir-
able for producing efficient and durable LSCs. Poly(methyl
methacrylate) (PMMA) is a typical waveguide material with
high transparency (92% for visible light) and a high refractive
index (𝑛 = 1.49) that can also be easily processed [16].
In this work, LSCs were fabricated, consisting of a PMMA
waveguide dispersed with CaAlSiN

3
: Eu2+ particles using

a modified procedure that was previously used to form a
CdSe/ZnS quantum dot-PMMA composite [17]. The per-
formance of the LSCs was investigated experimentally and
compared with corresponding LSCs based on organic dyes
and quantum dots.

2. Experiment

2.1. Fabrication of LSCs. LSCs were prepared with fixed
dimensions of 5.0 cm × 5.0 cm × 0.5 cm and varying con-
centration of CaAlSiN

3
: Eu2+ particles. These particles were

purchased from a commercial supplier (Grirem Advanced
Materials, China) with a quantum efficiency of 83% and
an absorption efficiency of 92%. The particle size ranges
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Figure 1: Excitation and emission of the CaAlSiN
3

: Eu2+ particles
with a Stokes shift of 112 nm.

from 5 to 30 𝜇m with an average diameter of 11𝜇m. The
excitation and emission spectra of the particles are shown
in Figure 1. To fabricate the LSC, the CaAlSiN

3
: Eu2+ par-

ticles were first dispersed in a methyl methacrylate (MMA)
monomer solution by ultrasonic stirring. During the stirring,
azobisisobutyronitrile (AIBN) was added to the solution at
an AIBN/MMA weight ratio of 0.1 wt%. The mixture was
heated to 90∘C using a thermostatic water bath for 30min to
complete prepolymerization and then cooled to room tem-
perature. The solution was poured into molds (0.5 cm thick)
and then placed in an oven at 50∘C for longer than 20 hours
for postpolymerization. The oven temperature was increased
to 100∘C for 1 hour to complete polymerization. Finally, the
as-prepared 0.5 cm thick PMMA plates were cut into LSCs
with areas of 5 cm × 5 cm by laser cutting. By controlling
the CaAlSiN

3
: Eu2+ particles concentration, a series of LSCs

were fabricated at 0.10 wt%, 0.25wt%, 0.50wt%, 1.00wt%,
and 2.00wt%. Figure 2 shows photographs of a LSC con-
taining CaAlSiN

3
: Eu2+ particle concentration of 0.5 wt%.

An optical microscope image (Figure 2(a)) of the LSC shows
that the particles (an individual particle is indicated by a red
circle) are randomly dispersed in the PMMAmatrix without
agglomeration. Figures 2(b) and 2(c) show photographs of
the LSC illuminated by ambient and ultraviolet (UV) light,
respectively. Excitation by UV light results in strong red
emission.

2.2. Performance Evaluation of LSCs. To evaluate the per-
formance of LSCs with different CaAlSiN

3
: Eu2+ particle

concentration, a sample holder was fabricated, shown in
Figure 3(a). The sample holder contains three adjustable
support brackets mounted with normal silver mirrors (>95%
reflectance) and a back mirror (dimension 5 cm × 5 cm).
During measurement, a laser cut monocrystalline silicon (c-
Si) solar cell (5 cm × 0.5 cm) was attached to the output
edge of the LSC before being placed in the sample holder
(see Figure 3(b)). By illuminating the LSC using a solar

simulator (Newport’s Oriel 91192) under AM 1.5 condi-
tions (100mW/cm2) as shown schematically in Figure 4(a),
the current-voltage (𝐼-𝑉) curve of the attached solar cell was
measured via a source meter (Keithley 2400). Figure 4(b)
shows the 𝐼-𝑉 curves of the solar cell attached to LSCs with
CaAlSiN

3
: Eu2+ particle concentration of 0.10, 0.25, 0.50,

1.00, and 2.00wt%. For comparison, the 𝐼-𝑉 curve of the solar
cell illuminated directly by the solar simulator is also given
in Figure 4(b) (dashed black line) indicating a conversion
efficiency of 11.70%, a short circuit current of 84.83mA, and
an open circuit voltage of 0.55V. According to the 𝐼-𝑉 curves
of the solar cell, electrical power output of the solar cell
as a function of the voltage was obtained (Figure 5) and
the maximum electrical power output (𝑃out) was found out,
which reflects the light output at the edge of the LSC. The
relationship between 𝑃out and the CaAlSiN

3
: Eu2+ particle

concentration of the LSCs is plotted in Figure 5 inset. As
CaAlSiN

3
: Eu2+ particle concentration increases,𝑃out reaches

a maximum of 36.04mW at 0.5 wt%, before declining.

3. Results and Discussion

Power conversion efficiency (𝜂PCE) relates to the electrical
power output from the solar cell attached to LSC in relation
to the incident light power on the top surface of the LSC.
The concentration ratio (𝐶) is defined as the ratio between
incoming and outgoing optical radiance. 𝜂PCE and𝐶 are given
by

𝜂PCE =
𝑃out
𝑃in
,

𝐶 = 𝐺
𝑃out
𝑃in𝜂0
,

(1)

where 𝐺 is the geometric gain which means the ratio of LSC
illuminated surface area to the area of the edge where the
solar cell is attached, 𝑃in is the incident light power on the
top surface of the LSC, 𝑃out is the electrical power output
measured from the solar cell attached to the LSC, and 𝜂

0

is the bare cell conversion efficiency. In our case, 𝐺 = 10,
𝜂
0
= 11.70%, 𝑃in = 2.5W (100mW/cm2× (5 × 5 cm2)), and
𝑃out varies with the CaAlSiN

3
: Eu2+ particle concentration

dispersed in LSCs with a maximum value of 36.04mW at
a particle concentration of 0.5 wt% (see Section 2.2). The
highest power conversion efficiency calculated from (1) is
𝜂PCE = 1.44%, with an optical concentration ratio of 𝐶 =
1.23. This indicates the electrical power output of the solar
cell attached to LSC increases to 123% of that of the bare
cell. The concentration of the CaAlSiN

3
: Eu2+ influences the

performance of LSCs. For the particle concentration of less
than 0.5 wt%, the efficiency of the LSCs increases with the
increasing particle concentration becausemore solar photons
are absorbed by the LSCs. For the particle concentration
of greater than 0.5 wt%, the efficiency decreases with the
increasing particle concentration, because the increasing
particle concentration results in greater self-absorption and
scattering loss. So, the LSC with a particle concentration of
0.5 wt% exhibits the best performance.
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The 𝐶 and 𝜂PCE of an LSC depend strongly on the LSC
dimensions and the number and type of solar cells attached.
For a 5 cm × 5 cm sized LSCs based on commercial quantum
dots (for the same case of a single mc-Si solar cell attached to
the LSC), typically reported 𝜂PCE values are generally below
0.5% and the highest 𝐶 values are below one [9, 18]. Our
best result of 𝜂PCE = 1.44% represents a 3-fold increase over
the reported values (𝜂PCE ≈ 0.5%). Although this result is
less than the highest reported values for similar LSC systems
based on organic dyes (𝜂PCE = 2.9%, with 𝐶 ≈ 1.7) [6],
CaAlSiN

3
: Eu2+ particles have greater chemical stability than

organic dyes, which may lead to a more durable LSC. In
addition, the theoretical limit of the concentration ratio for
an LSC is related to the Stokes shift, by 𝐶lim ≈ (𝑒

3

em/𝑒
3

abs) ×
exp[(𝑒abs − 𝑒em)/𝑘𝐵𝑇], where 𝑒abs and 𝑒em are the absorbed
and emitted photon energies, respectively [19]. The larger
Stokes shift reduces the self-absorption loss and allows for a
higher concentration ratio. In this work, the excitation and
emission bandof theCaAlSiN

3
: Eu2+ particles feature a larger

Stokes shift (112 nm, see Figure 1) than the typical for organic
dyes (≈25 nm for Red305 dye [7]). This contributes to lower
loss through self-absorption in the waveguide structure of
LSCs. So, theoretically, LSCs using CaAlSiN

3
: Eu2+ particles

should have better performance than those based on organic
dyes. However, unlike organic dyes, these inorganic particles
are not fully miscible with the MMA monomer during the
fabrication and have size greater than the wavelength of
visible light. This may lead to partial scattering of light out
of the waveguide structure, lowering the performance of
the LSCs. To improve the LSC performance, scattering loss
could be reduced by using nanosized particles or matching
the refractive index of the waveguide matrix to that of the
CaAlSiN

3
: Eu2+ particles [12].

4. Conclusion

Using CaAlSiN
3
: Eu2+ particles, we demonstrated a strategy

for dispersing rare earth particles in a PMMA waveguide
for use in LSCs. The highest optical concentration ratio we
measured is 𝐶 = 1.23, with a 𝜂PCE of 1.44% for a 5 cm ×
5 cm-LSC with a CaAlSiN

3
: Eu2+ particle concentration of

0.5 wt%. Although the experiments were carried out using
CaAlSiN

3
: Eu2+ particles, this strategy may be extended to

other rare earth particle systems. This work demonstrates
that dispersing rare earth particles in PMMA waveguides is
a promising approach to generating high performance LSCs.
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Aluminium-doped zinc oxide (ZnO:Al) grown by expanding thermal plasma chemical vapour deposition (ETP-CVD) has
demonstrated excellent electrical and optical properties, which make it an attractive candidate as a transparent conductive oxide
for photovoltaic applications. However, when depositing ZnO:Al on CIGS solar cell stacks, one should be aware that high substrate
temperature processing (i.e., >200∘C) can damage the crucial underlying layers/interfaces (such as CIGS/CdS and CdS/i-ZnO). In
this paper, the potential of adopting ETP-CVDZnO:Al in CIGS solar cells is assessed: the effect of substrate temperature during film
deposition on both the electrical properties of the ZnO:Al and the eventual performance of the CIGS solar cells was investigated.
For ZnO:Al films grown using the high thermal budget (HTB) condition, lower resistivities, 𝜌, were achievable (∼5 × 10−4Ω⋅cm)
than those grown using the low thermal budget (LTB) conditions (∼2 × 10−3Ω⋅cm), whereas higher CIGS conversion efficiencies
were obtained for the LTB condition (up to 10.9%) than for theHTB condition (up to 9.0%).Whereas such temperature-dependence
of CIGS device parameters has previously been linked with chemical migration between individual layers, we demonstrate that in
this case it is primarily attributed to the prevalence of shunt currents.

1. Introduction

Recently, very high conversion efficiencies of up to 20.8%
have been demonstrated for CIGS solar cells [1]. The CIGS
absorber layer has a direct band gap, and it is tunable
from ∼1.02 eV for copper indium selenide (CuInSe

2
) to ∼

1.65 eV for copper gallium selenide (CuGaSe
2
) [2–4]. The

typical structure for a CIGS solar cell is ZnO:Al/i-ZnO/CdS/
CIGS/Mo/glass [3, 5]. Undoped ZnO (i-ZnO) with a typical
thickness of ∼50 nm, situated between the CdS buffer layer
and the transparent front contact, is included to provide local
series resistance to limit the detrimental effect of electrical
inhomogeneities, for example, short circuits [6–8]. Al-doped
ZnO (ZnO:Al) on top of the i-ZnO layer acts as the front
contact: it should be conductive enough (resistivity should
generally be in the range of 10−4Ω⋅cm) to provide transport
to generated charge carriers and also should be optically

transparent (>80 %) in the active range of the CIGS device
(1–3 eV). Note that the upper limit of the active range is
dependent on the band gap of the CIGS layer, that is, from
750 nm to 1200 nm (some state-of-the-art devices [9] have
high quantum efficiency throughout the range 350–1100 nm)
and so the optical requirements may vary [7, 8].

Owing to the optical and electrical requirements
described above, the deposition of ZnO:Al on CIGS solar
cells is a critical step in cell development, not the least
because the process should be compatible with (i.e., induce
no damage) the underlying stack. Sputtering has been
commonly used to deposit ZnO:Al thin films, and CIGS
solar cells with sputtered ZnO:Al have shown efficiencies
as high as 20% [10]. An alternative to sputtering is the
expanding thermal plasma chemical vapour deposition
(ETP-CVD) technique. ETP-CVD has shown the capability
to grow high-quality ZnO:Al (resistivity ∼10−4Ω⋅cm and
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Table 1:The experimental parameters used to deposit ZnO:Al layers at low thermal budget (LTB) and high thermal budget (HTB) conditions.

Condition ΦDEZ (g/h) ΦTMA (g/h) ΦAr (slm) ΦO2 (slm) 𝑝 (mbar) Temp.
set-point (∘C) He flow Time

(min)
Final temp.
𝑇
𝑓

(∘C)
LTB 4.5 0.6 1.5 100 2 100 On 3.3–13.3 140–290
HTB 4.5 0.6 1 100 2 100 Off 6.0–30.4 158–392

transparency >85%) at temperatures above 200∘C, with high
growth rates (1 nm/s), and accompanied by a negligible ion
bombardment (<2 eV) at the substrate [11, 12]. ETP-CVD has
already been employed at industrial scales for the deposition
of SiNx antireflection layers and passivation layers [13] and
ZnO:Al front contacts for a-Si:H solar cells [14].

In this work, the feasibility of ETP-CVD grown ZnO:Al
as a front contact in CIGS is investigated. Since CIGS solar
cell efficiencies have elsewhere been shown to degrade when
devices are subject to high temperatures [15], particular
interest is paid to the effect of ZnO:Al deposition conditions
on the solar cell performance parameters. Low resistivities
were achieved for ETP-CVD grown ZnO:Al, that is, as
low as 6⋅10−4 ohm⋅cm for a film thickness of 300 nm, but
the efficiency of the finished CIGS devices was seen to be
particularly sensitive to the substrate temperature reached
during the ETP-CVD process. Whereas such temperature-
dependence has been linked in literature [15] to thermally
induced chemical migration between individual layers, we
demonstrate that in our case it is primarily linked to the
presence of macroscale defects, inducing the prevalence of
shunt currents upon thermal exposure. Shunt-causing pin-
hole defects were intrinsically present in the CIGS layer, and
their detrimental impact was exacerbated by high thermal
budget ZnO:Al deposition conditions, thus demonstrating
that the processing restrictions for the front contact are highly
dependent on the quality of the underlying films.

2. Experimental

In this work, ZnO:Al films were deposited by means of a
remote plasma-enhanced chemical vapour deposition pro-
cess, that is, the ETP-CVD technique [16, 17]. In the cascaded
arc plasma source, a DC discharge is generated in Ar gas
at subatmospheric pressure between three cathode tips and
an anode plate. The discharge is current controlled by a DC
power supply and the power dissipated is typically within the
2–5 kW range [18, 19]. The plasma in the arc has an electron
density of 1022m−3 and an electron temperature of ∼1 eV.
The plasma emanates from the arc source (which is typically
at 200–600mbar) through a nozzle and expands into the
deposition chamberwhich is at a pressure of 2mbar [20]. Due
to the pressure difference, the plasma expands supersonically
and dissociates gaseous precursors that are injected upstream
in the expanding plasma. The precursor gases used were
diethylzinc (DEZ) and trimethylaluminium (TMA). These
liquid precursors were supplied to the reactor chamber
utilizing Bronkhorst Hi-Tec mass flow controllers for vapour
flow and liquid containing bubblers.The vapour based dosing
system was used to dose the premixed precursors (TMA and

DEZ) into the reactor. O
2
was injected into the reactor via an

injection ring placed at 6.5 cm from the plasma source exit,
whereas the precursorswere injected in the backgroundof the
plasma. The injected precursors ionize via charge exchange
reactionswith theAr ions in the plasmabefore recombination
reactions with electrons dissociate the precursor molecular
ions into the depositing radicals [21, 22].

Three 2.5 cm × 2.5 cm substrates were used during each
deposition: one CIGS solar cell on glass, for device character-
isation, and two SiO

2
(450 nm)/c-Si wafers, used as reference

samples to characterise the optoelectronic properties of the
ZnO:Al films. In the reactor, the substrate holder was heated
to 100∘C for 15minutes prior to deposition.The active plasma
mixture is transported towards the substrate at a velocity in
the range 500–1000m/s [18, 19]. Such high convective flux
is responsible for an increase in the substrate temperature
during deposition. The extent of this additional heating is
greater when higher Ar flows and/or arc currents are used
since a larger density of reactive species reach the substrate.
The heating effect is enhanced by a longer deposition time.

The ZnO:Al deposition parameters of the two conditions
used here are shown in Table 1. All parameters were kept
constant except for the Ar flow rate. For both conditions,
preliminary growth runs were made to check the final
temperature (𝑇

𝑓
) reached following a range of deposition

times, using temperature-sensitive stickers mounted on the
samples (Table 1 includes these data). In both cases, the
temperature increased linearly with time from the set-point
of 100∘C. Since higher temperatures (𝑇

𝑓
= 158–392∘C) were

achieved when using 1 slm Ar in the absence of He back flow,
this is denoted by the high thermal budget (HTB) condition,
whereas the use of 1.5 slm Ar, combined with He back flow,
is defined as the low thermal budget (LTB) condition (𝑇

𝑓
=

140–290∘C).Note that the thermal budget was predominantly
determined by the deposition time: because the HTB condi-
tion yielded much slower growth rates (0.35–0.38 nm/s) than
the LTB condition (0.9–1.0 nm/s), longer deposition times
were necessary in the former case to accumulate comparable
film thicknesses.

The ZnO:Al/i-ZnO/CdS/CIGS/Mo/glass device fabrica-
tion process is summarised in Table 2. The table includes
the deposition techniques used for each of the individual
films and the film thicknesses. The maximum temperature
reached during the entire process was 550∘C (which occurs
during coevaporation of the CIGS layer). For contacting, Au
finger contacts were deposited onto the ZnO:Al by thermal
evaporation, and individual cells (5 × 10mm)were defined by
scribing. For comparison, a reference cell was made whereby
RF sputteringwas used (rather than ETP-CVD) to deposit the
ZnO:Al front contact, and in this case the substrate reached
a maximum temperature of only 60∘C.
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Figure 1: Variation of resistivity, 𝜌, andmobility, 𝜇, as a function of ETP-CVDZnO:Al layer thickness for (a) low thermal budget and (b) high
thermal budget conditions. Note that resistivity of the sputtered ZnO:Al films (650 nm thick, used for the reference cell) was ∼8 × 10−4Ω⋅cm.
Sheet resistances (Ω/◻) are indicated next to the resistivity data points.

Table 2: Structure of CIGS solar cell, with the deposition procedures
and film thicknesses included for each layer.

Layer Thickness Deposition method
ZnO:Al 100–800 nm ETP-CVD (reference: RF sputtering)
i-ZnO 50 nm RF sputtering
CdS 35 nm Chemical bath deposition
CIGS 2 𝜇m Coevaporation
Mo 300–400 nm Sputtering
Soda-lime
glass 1mm —

Several diagnostics were used to analyse the material
properties of ZnO:Al films and the CIGS solar cell character-
istics. Carrier concentrations and film thicknesses of ZnO:Al
were computed upon fitting spectroscopic ellipsometry data
with an optical mode—this method is described in detail in
[23]. Resistivities were measured using the four-point-probe
technique, and electrical mobilities were calculated from
these resistivity values and the (optically determined) carrier
concentrations. Chemical compositions were determined by
X-ray photoelectron spectroscopy (XPS). Current density-
voltage (𝐽-𝑉) data was recorded under AM1.5 conditions (at
25∘C) and also in the dark. Note that the quoted solar cell
performance parameters (Figure 2) are for the best individual
cells measured from each sample (each sample typically had
6–9 cells). Scanning electron microscopy was employed for
imaging the samples, with micrographs being acquired in
secondary electron mode. Elemental depth profiles of CIGS
cells were measured by time-of-flight secondary ion mass
spectrometry (TOF-SIMS), using a TOF-SIMS IV instrument
operated in positive mode with 2 keV Cs+ ions for sputtering.

3. Results and Discussion

3.1. Characterization of ZnO:Al Films. Figure 1 shows the
variation of resistivity and mobility as a function of film
thickness for both conditions. The LTB condition results in
films with a minimum resistivity of 2 × 10−3Ω⋅cm and a
maximum mobility of 6 cm2/Vs (for a film thickness of ∼
800 nm). On the other hand, the ZnO:Al films deposited
at HTB had a minimum resistivity of 5 × 10−4Ω⋅cm and a
mobility of 28 cm2/Vs (for a film thickness of ∼500 nm). It
is worth mentioning that the thinnest sample of the HTB
condition had higher mobility and lower resistivity than
the thickest sample of the LTB condition. Note that the
resistivity of the sputtered ZnO:Al film (400 nm thick) that
was used for the reference cell was ∼8 × 10−4Ω⋅cm, that is,
higher than the minimum achieved for ETP-CVD ZnO:Al
films.

For both ETP-CVD conditions, XPS analysis confirmed
that the composition of the ZnO:Al filmswas not significantly
influenced by the choice of deposition conditions. The O/Zn
ratio was 1.09 ± 0.10 and 0.98 ± 0.09 in LTB and HTB
conditions, respectively, and the Al content was ∼2 at. %
in both cases. The carrier concentrations were similar—(5.5
± 0.5) × 1020 cm−3 for LTB and (4.5 ± 0.5) × 1020 cm−3 for
HTB—and so the lower resistivity values achieved for HTB
conditions can entirely be attributed to the higher mobility.
As discussed in depth in our previous publications [11, 12],
the high mobilities achieved at HTB are the result of the
development of the grain size with film thickness; that is,
grain boundary scattering is progressively reduced upon
grain size development [11, 12]. Therefore, it is inferred that
the lower mobilities achieved using LTB conditions are a
result of reduced grain size development. With regards to
optical transmittance, note that in our previous work we
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Figure 2: Variation of short circuit density (𝐽sc), fill factor (FF), conversion efficiency (𝜂), open circuit voltage (𝑉oc), series resistance (𝑅𝑆),
and shunt resistance (𝑅SH) as a function of ZnO:Al layer thickness for (a) low thermal budget and (b) high thermal budget conditions. Solar
cell parameters of the reference cell are indicated by the open triangles. Dashed lines are used as a guide to the eye.

demonstrated that ZnO:Al films, grown by ETP-CVD using
similar conditions as here and having similar carrier concen-
trations (∼5 × 1020 cm−3), have transmittances >80% in the
range 350–900 nm and 60–80% in the range 900–1100 nm
[20].

3.2. CIGS Solar Cell Characterisation. Figure 2 shows the
solar cell parameters (short circuit current density (𝐽sc), fill
factor (FF), open circuit voltage (𝑉oc), conversion efficiency
(𝜂), shunt resistance (𝑅SH), and series resistances (𝑅

𝑆
)) as a

function of ZnO:Al layer thickness for both conditions. 𝑅SH
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and𝑅
𝑆
were calculated from the gradients of the 𝐽-𝑉 curves at

short circuit and open circuit conditions, respectively. A 𝑉oc
of 600mV and conversion efficiency of 10.9% was achieved
with a thin 125 nmZnO:Al layer deposited at LTB conditions.
With increasing ZnO:Al layer thickness (and hence, increas-
ing deposition time) a decrease in𝑉oc, FF and, 𝜂 (Figure 2(a))
was observed. For instance, for ∼730 nm ZnO:Al, we found
that 𝜂 = 4.1%, 𝑉oc = 383mV, and FF = 37.5%. No such
systematic degradation of 𝐽sc was evident. A similar trend
was observed for ZnO:Al films deposited at HTB conditions:
the highest efficiency achieved was 9% for ∼100 nm ZnO:Al
and the lowest efficiency was 1.3% for ∼530 nm ZnO:Al. In
this case, 𝑉oc decreased to very low values (∼100mV), and
a gradual decrease in 𝐽sc with increasing ZnO:Al thickness
was also seen (from 30mA⋅cm−2 to 24mA⋅cm−2). Since the
thicker ZnO:Al films actually have a lower sheet resistance
than the thinner films (values included in Figure 1), the
performance loss with increasing ZnO:Al thickness suggests
that the higher thermal budget that is associated with longer
deposition times causes degradation of the underlying solar
cell stack (this is discussed in detail below). This is consistent
with the observation that a lower peak efficiency and a
more pronounced degradation with deposition time were
obtained for theHTB conditions than for the LTB conditions.
Furthermore, the reference sample, for which the ZnO:Al
was sputter-deposited at a lower temperature, had higher 𝜂
(13.8%) and 𝑉oc (627mV) than all devices with ETP-CVD
grown ZnO:Al. The lower efficiencies obtained from the
ETP-CVD process are not considered to be related to the
electrical quality of the films given that the series resistance
of all devices was comparable to that of the reference cell.
However, given that the resistivities of the ZnO:Al layers
on the best ETP-CVD completed cells were higher than
those of the sputtered ZnO:Al layers on the reference cell,
this comparability is to be attributed to a “levelling” effect
provided by the Au finger contacts. On the contrary, the
shunt resistance was highly dependent on ZnO:Al deposition
conditions, and this is now discussed in more detail.

Figure 3 shows the 𝐽-𝑉 curves of the best and worst
samples from both LTB and HTB conditions. It is clear from
the increasing gradient at 𝑉 = 0 that 𝑅sh is lower following
HTB deposition of ZnO:Al. Indeed, as shown in Figure 2,
𝑅sh decreases with increasing ZnO:Al thickness to very low
values in both LTB and HTB cases (12Ω⋅cm2 for the lowest
efficiency device, 𝜂 = 1.3%), alongside the decrease in all other
performance parameters. Typically, low 𝑅sh values are only
detrimental to FF, but, for particularly low 𝑅sh, both 𝑉oc and
𝐽sc will also be significantly affected (in the case of 𝐽sc, this is
only true when𝑅

𝑆
is nonnegligible, i.e., ≥1Ω⋅cm2).Therefore,

the degradation of 𝑅sh could be sufficient to account for the
degradation of all other parameters.

Interestingly, in the literature, thermally induced degra-
dation of CIGS solar cells has been attributed primarily to𝑉oc
loss upon excessive Cd diffusion from the CdS window layer
into the CIGS absorber. In this scenario, Cd diffusion causes
the formation of a buried junction towards the back contact
and a lower built-in potential (which defines the upper limit
to 𝑉oc) [15]. To investigate whether significant elemental
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Figure 3: 𝐽-𝑉 curves of four CIGS samples. Cells with 11% and
4.1% conversion efficiency for the thinner and thickest ZnO:Al were
generated using low thermal budget ZnO:Al deposition conditions,
whilst the 9.1% and 1.3% cells also for the thinner and thickest were
developed using high thermal budget conditions.

migration occurred also in our devices, TOF-SIMS depth
profiles were performed on both the 10.9% LTB device and
the 1.3% HTB device, and this data is shown in Figure 4. No
evidence of significant (or, indeed, comparable to literature
[15]) Cd diffusion into the CIGS layer was detected in the case
of the HTB conditions. In comparison, Kijima and Nakada
[15], who exposed CIGS devices to postgrowth annealing at
higher temperatures of up to 400∘C, showed that the Cd
counts in the top 200 nm of the CIGS layer increased by an
order of magnitude following annealing.

Looking for alternative paths to the degradation of 𝑅sh, it
is interesting to notice that the parameters of the reference
cell have also a low 𝑅sh, when compared to state-of-the-
art devices [1, 24]. We presently attribute this to macroscale
defects that were found in the devices, as highlighted by the
SEM analysis in Figure 5. In detail, the image in Figure 5(a)
was taken after CIGS deposition and shows a large particle
(>10 𝜇m in size and confirmed to be CuSex by energy
dispersive X-ray analysis) that formed during the three-stage
evaporation of CIGS. This particle evidently forms at the
expense of the film in the surrounding area, thus creating
a crater (or pinhole) in the CIGS film. Figure 5(b) shows a
similar structure following ZnO:Al/i-ZnO/CdS deposition;
the CuSex particle has been removed, leaving a pinhole in the
absorber layer, into which the window layers are deposited.
These images are representative of a number of similar
features found in all devices (approximately 1–5 per cell),
whichwere an intrinsic feature of theCIGS layer, regardless of
which ZnO:Al process is used. We therefore hypothesize that
the cell performance degradation upon increased thermal
budget exposure is driven by shunting phenomena involving
the abovementioned defects.

In order to gain more insight into the shunting phenom-
ena, dark 𝐽-𝑉 curves weremeasured for samples with varying
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Figure 4: TOF-SIMS depth profiles of ZnO:Al/CdS/CIGS region in (a) a low thermal budget grown device with 𝜂 = 10.9% and (b) a high
thermal budget device with 𝜂 = 1.3%. Note that the onset of the constituent elements within CdS and CIGS layers are shifted along the 𝑥-axis
in (b) since the device had a thicker ZnO:Al front contact.

(a) (b)

Figure 5: Secondary-electron SEM images of shunt-causing defects. (a) Following CIGS deposition, numerous CuSex particles were found
within crater-like defects. (b) Following ZnO:Al/i-ZnO/CdS deposition, the CuSex particles are no longer seen, but numerous craters remain.

ZnO:Al thicknesses, both for LTB and HTB conditions
(Figures 6(a) and 6(b), resp.).The response from the reference
sample (with sputtered ZnO:Al) is included in each case and
this is described first since it serves as the baseline device with
the highest efficiency. As indicated in the figure, there are two
distinct regions in the reference 𝐽-𝑉 data. Region 1: in reverse
bias and low forward bias (<0.5 V), the curve is flattened out
and is mostly symmetric about the zero bias axis. Region 2:
at high forward bias (>0.5 V), the gradient increases and the
device exhibits the expected diode-like behaviour. This two-
region behaviour is universally observed for a number of
different solar cell technologies that are affected by shunting
[25]. As the dark current, 𝐽

𝐷
, is commonly expressed by the

modified Shockley diode equation,

𝐽
𝐷
= 𝐽
0
(exp(
𝑞 (𝑉 − 𝐽

𝐷
𝑅
𝑆
)

𝑛𝑘𝑇
) − 1) +

𝑉 − 𝐽
𝐷
𝑅
𝑆

𝑅SH
, (1)

where 𝐽
0
is the reverse saturation current, 𝑛 is the diode

ideality factor, 𝑘 is Boltzmann’s constant, and 𝑇 is the
temperature, it is clear that region 1 is dominated by the
second term, the leakage current, and region 2 by the first
term, the diode current (the rollover at high forward bias is
typically attributed to series resistance).The LTB sample with
a ZnO:Al thickness of ∼250 nm (𝜂 = 10.2%) has a similar
shaped curve to that of the reference but has comparatively
higher current in region 1 and lower current in region 2,
indicating that the leakage current term is more dominant.
With increasing ZnO:Al thickness (and hence increasing
thermal budget), the curves become increasingly flattened
out (as shown by the sample with a ZnO:Al thickness of
∼730 nm and 𝜂 = 4.1%), indicating that they are increasingly
dominated by the leakage current.The increases in current in
the leakage current region with increased ZnO:Al thickness
are indicated by the bold arrow in the figure. The same
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Figure 6: Dark 𝐽-𝑉 curves of CIGS samples with the ZnO:Al layer deposited under (a) low thermal budget and (b) high thermal budget
conditions for different ZnO:Al thicknesses in each case (thickness values are indicated on each curve). The response from the reference cell
is also included. (c) A comparison of the dark 𝐽-𝑉 response for low thermal budget (𝑑AZO = 247 nm), high thermal budget (𝑑AZO = 433 nm),
and reference samples. Bold arrows in (a)–(c) indicate the increased leakage current with increased thermal budget. (d) Ideality factor as a
function of voltage, calculated for the curves shown in (c) using the ideal diode equation.

trend is seen for the HTB thickness series (Figure 6(b)). In
Figure 6(c), the 𝐽-𝑉 data of the LTB sample with ∼250 nm
thick ZnO:Al, the HTB sample with ∼430 nm thick ZnO:Al,
and the reference sample are compared to clearly demonstrate
their different behaviour.

To further elucidate the two-region 𝐽-𝑉 behaviour and
the effect of thermal budget, plots of the ideality factor, 𝑛, as
a function of 𝑉 were made (Figure 6(d)). The ideality factor
is calculated from the gradients of ln(𝐽

𝐷
) − 𝑉 plots and since

this gradient is not constant, neither is 𝑛. We note that this
method of calculating 𝑛 does not account for the parasitic
resistances and so the extracted 𝑛 values are out of the normal
range (1 < 𝑛 < 2), but, importantly, they serve as a measure
of the degree of nonideality at various biases (further note that
larger 𝑛 values can also be due to excessive recombination).
For the reference and the LTB samples, 𝑛 increases with𝑉 and
reaches a maximum in the leakage current dominated region

(region 1) and then decreases and reaches a local minimum
in the diode current dominated region (region 2). However,
for the HTB sample, the recovery to lower 𝑛 values at high
bias is not observed, which again indicates that the leakage
current dominates throughout. Figure 6(d) also includes the
expected ideal diode response of the reference cell, that is,
with zero leakage current (plotted using the lowest 𝑛 value in
the bias range). Any shift from this ideal response to higher
current values in region 1 is attributed to the contribution of
the leakage current, as was seen for all devices.

Evidently, the degradation of the cell performance upon
exposure of the samples to an increasing thermal budget is to
be attributed to a significant increase in the leakage current
(decrease in 𝑅sh) and a consequent reduction of FF, 𝑉oc, and
even 𝐽sc. Because a leakage current is already present in the
reference cell, we infer that the mechanisms of shunting are
most certainly related to pinholes in the CIGS layer that
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are caused by unwanted CuSex secondary-phase formation
during CIGS evaporation.

4. Conclusions

In summary, aluminium-doped zinc oxide layers for CIGS
solar cells were deposited under LTB and HTB conditions
by the ETP-CVD technique. ZnO:Al layers grown at HTB
have better electrical properties compared to ZnO:Al layers
grown at LTB. However, higher solar cell efficiencies were
obtained when using LTB conditions (11% for a ZnO:Al
thickness of ∼125 nm) than when using HTB conditions
(9% for a ZnO:Al thickness of ∼100 nm). Device efficiency
was primarily limited by low shunt resistances; this was
attributed to pinholes in the CIGS layer, whose detrimental
effect on efficiency was enhanced upon use of high thermal
budget ZnO:Al deposition. The thermal enhancement of
shunt currents through macroscale defects (pinholes) was
deemed to be a more significant factor than the previously
reported effect of chemicalmigration, and this points out that
the processing restrictions for transparent conducting oxide
(TCO) deposition in CIGS solar cell development are defined
by the structural integrity of the active layers onto which the
TCOs are grown.
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[24] A. Chirilă, S. Buecheler, F. Pianezzi et al., “Highly efficient
Cu(In,Ga)Se2 solar cells grown on flexible polymer films,”
Nature Materials, vol. 10, no. 11, pp. 857–861, 2011.

[25] S. Dongaonkar, J. D. Servaites, G. M. Ford et al., “Universality
of non-Ohmic shunt leakage in thin-film solar cells,” Journal of
Applied Physics, vol. 108, no. 12, Article ID 124509, 2010.




