
International Journal of Photoenergy

Thin-Film Photovoltaics 
2013
Guest Editors: Gaetano Di Marco, Antonino Bartolotta,  
Francesco Bonaccorso, Stefano Caramori, Giuseppe Calogero, 
and Leonardo Palmisano 



Thin-Film Photovoltaics 2013



International Journal of Photoenergy

Thin-Film Photovoltaics 2013

Guest Editors: Gaetano Di Marco, Antonino Bartolotta,
FrancescoBonaccorso, StefanoCaramori,GiuseppeCalogero,
and Leonardo Palmisano



Copyright © 2014 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “International Journal of Photoenergy.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

M. Sabry Abdel-Mottaleb, Egypt
Nihal Ahmad, USA
Nicolas Alonso-Vante, France
Wayne A. Anderson, USA
Vincenzo Augugliaro, Italy
Detlef W. Bahnemann, Germany
Mohammad A. Behnajady, Iran
Ignazio Renato Bellobono, Italy
Raghu N. Bhattacharya, USA
Pramod H. Borse, India
Gion Calzaferri, Switzerland
Adriana G. Casas, Argentina
Wonyong Choi, Korea
Vra Cimrova, Czech Republic
Vikram Dalal, USA
Dionysios Dionysiou, USA
Mahmoud M. El-Nahass, Egypt
Ahmed Ennaoui, Germany
Chris Ferekides, USA
Beverley Glass, Australia
Mohammed A. Gondal, KSA
Shinya Higashimoto, Japan
Yadong Jiang, China

Chun-Sheng Jiang, USA
Shahed Khan, USA
Cooper Harold Langford, Canada
Yuexiang Li, China
Stefan Lis, Poland
Niyaz Mohammad Mahmoodi, Iran
Dionissios Mantzavinos, Greece
Ugo Mazzucato, Italy
Jacek Miller, Poland
Jarugu N. Moorthy, India
Franca Morazzoni, Italy
Fabrice Morlet-Savary, France
Ebinazar B. Namdas, Australia
Maria da Graa P. Neves, Portugal
Leonidas Palilis, Greece
Leonardo Palmisano, Italy
Ravindra K. Pandey, USA
David Lee Phillips, Hong Kong
Pierre Pichat, France
Gianluca Li Puma, UK
Xie Quan, China
Tijana Rajh, USA
Peter Robertson, UK

Avigdor Scherz, Israel
Lukas Schmidt-Mende, Germany
Panagiotis Smirniotis, USA
Zofia Stasicka, Poland
Juliusz Sworakowski, Poland
Nobuyuki Tamaoki, Japan
G. N. Tiwari, India
Nikolai V. Tkachenko, Finland
Veronica Vaida, USA
Roel van De Krol, Germany
Mark van Der Auweraer, Belgium
Ezequiel Wolcan, Argentina
Man Shing Wong, Hong Kong
David Worrall, UK
Fahrettin Yakuphanoglu, Turkey
Minjoong Yoon, Republic of Korea
Hongtao Yu, USA
Jimmy C. Yu, Hong Kong
Klaas Zachariasse, Germany
Lizhi Zhang, China
Jincai Zhao, China



Contents

Thin-Film Photovoltaics 2013, Gaetano Di Marco, Antonino Bartolotta, Francesco Bonaccorso,
Stefano Caramori, Giuseppe Calogero, and Leonardo Palmisano
Volume 2013, Article ID 675321, 3 pages

Reliability Analysis of III-V Solar Cells Grown on Recycled GaAs Substrates and an Electroplated Nickel
Substrate, Ray-Hua Horng, Ming-Chun Tseng, and Shui-Yang Lien
Volume 2013, Article ID 108696, 9 pages

Effect of TCO/𝜇c-Si:H Interface Modification on Hydrogenated Microcrystalline SiliconThin-Film
Solar Cells, Shin-Wei Liang, Cheng-Hang Hsu, and Chuang-Chuang Tsai
Volume 2013, Article ID 756084, 6 pages

The Effect of Bandgap Graded Absorber on the Performance of a-Si1xGex:H Single-Junction Cells with
𝜇c-SiOx:H N-Type Layer, Hung-Jung Hsu, Cheng-Hang Hsu, and Chuang-Chuang Tsai
Volume 2013, Article ID 364638, 6 pages

Effects of Anodic Buffer Layer in Top-Illuminated Organic Solar Cell with Silver Electrodes,
Tien-Lung Chiu, Himadri Mandal, Mi Zhang, Shun-Po Yang, and Ya-Ting Chuang
Volume 2013, Article ID 131984, 7 pages

Near Infrared Lateral Photovoltaic Effect in LaTiO3 Films, Wujun Jin, Shasha Zhang, Hao Ni,
Wenfeng Xiang, Jianfeng Xi, Xin Feng, and Kun Zhao
Volume 2013, Article ID 352738, 5 pages

Optical and Structural Investigation of CdSe Quantum Dots Dispersed in PVAMatrix and Photovoltaic
Applications, Pallabi Phukan and Dulen Saikia
Volume 2013, Article ID 728280, 6 pages

Dye-Sensitized Solar Cells with Anatase TiO2 Nanorods Prepared by Hydrothermal Method,
Ming-Jer Jeng, Yi-Lun Wung, Liann-Be Chang, and Lee Chow
Volume 2013, Article ID 280253, 8 pages

Photovoltaic Performance of ZnO Nanorod and ZnO :CdO Nanocomposite Layers in Dye-Sensitized
Solar Cells (DSSCs), Sule Erten-Ela
Volume 2013, Article ID 436831, 6 pages

Effects of Sulfurization Temperature on Properties of CZTS Films by Vacuum Evaporation and
Sulfurization Method, Jie Zhang, Bo Long, Shuying Cheng, and Weibo Zhang
Volume 2013, Article ID 986076, 6 pages

Spectroscopic and Morphological Studies of Metal-Organic and Metal-Free Dyes onto Titania Films for
Dye-Sensitized Solar Cells, Gabriella Di Carlo, Daniela Caschera, Roberta G. Toro, Cristina Riccucci,
Gabriel M. Ingo, Giuseppina Padeletti, Luisa De Marco, Giuseppe Gigli, Giovanna Pennesi, Gloria Zanotti,
Anna M. Paoletti, and Nicola Angelini
Volume 2013, Article ID 582786, 11 pages



Thin Film CIGS Solar Cells, Photovoltaic Modules, and the Problems of Modeling, Antonino Parisi,
Luciano Curcio, Vincenzo Rocca, Salvatore Stivala, Alfonso C. Cino, Alessandro C. Busacca,
Giovanni Cipriani, Diego La Cascia, Vincenzo Di Dio, Rosario Miceli, and Giuseppe Ricco Galluzzo
Volume 2013, Article ID 817424, 11 pages

Effectively Improved SiO2-TiO2 Composite Films Applied in Commercial Multicrystalline Silicon Solar
Cells, Chih-Hsiang Yang, Shui-Yang Lien, Chia-Ho Chu, Chung-Yuan Kung, Tieh-Fei Cheng,
and Pai-Tsun Chen
Volume 2013, Article ID 823254, 8 pages

Enhanced Photoelectrochemical Response from Copper Antimony Zinc SulfideThin Films on
Transparent Conducting Electrode, Prashant K. Sarswat and Michael L. Free
Volume 2013, Article ID 154694, 7 pages

𝐶-𝑉 Calculations in CdS/CdTeThin Films Solar Cells with a CdS
𝑥
Te
1−𝑥

Interlayer,
A. Gonzalez-Cisneros, F. L. Castillo-Alvarado, J. Ortiz-Lopez, and G. Contreras-Puente
Volume 2013, Article ID 513217, 4 pages

Effect of Hydrogen Content in Intrinsic a-Si:H on Performances of Heterojunction Solar Cells,
Yun-Shao Cho, Chia-Hsun Hsu, Shui-Yang Lien, Dong-Sing Wuu, and In-Cha Hsieh
Volume 2013, Article ID 121875, 6 pages

Numerical Simulation of Luminescent Downshifting in Top Cell of Monolithic Tandem Solar Cells,
Mahfoud Abderrezek, Mohamed Fathi, Farid Djahli, and Mohammed Ayad
Volume 2013, Article ID 480634, 6 pages

Effects of Hole-Collecting Buffer Layers and Electrodes on the Performance of Flexible Plastic Organic
Photovoltaics, Sungho Woo, Hong-Kun Lyu, Yoon Soo Han, and Youngkyoo Kim
Volume 2013, Article ID 398912, 8 pages

Enhanced Efficiency of GaAs Single-Junction Solar Cells with Inverted-Cone-Shaped Nanoholes
Fabricated Using Anodic AluminumOxide Masks, Kangho Kim, Hoang Duy Nguyen, Sunil Mho,
and Jaejin Lee
Volume 2013, Article ID 539765, 5 pages

Characterization and Modeling of CdS/CdTe HeterojunctionThin-Film Solar Cell for High Efficiency
Performance, Hamid Fardi and Fatima Buny
Volume 2013, Article ID 576952, 6 pages

Nanostructured ZnO, TiO2, and Composite ZnO/TiO2 Films for Application in Dye-Sensitized Solar
Cells, Myrsini Giannouli
Volume 2013, Article ID 612095, 8 pages

Material Properties of Laser-WeldedThin Silicon Foils, M. T. Hessmann, T. Kunz, M. Voigt, K. Cvecek,
M. Schmidt, A. Bochmann, S. Christiansen, R. Auer, and C. J. Brabec
Volume 2013, Article ID 724502, 6 pages



The Effects of Malonic Acid Derivatives and Acetic Acid Derivatives as Coadsorbents on the
Photovoltaic Performance of Dye-Sensitized Solar Cells, Hiroaki Matsuyoshi, Haruo Tomita, Hitoshi
Nishino,
Hiroki Sakamoto, and Kyohei Manabe
Volume 2013, Article ID 439717, 6 pages

Advantages of N-Type Hydrogenated Microcrystalline Silicon Oxide Films for Micromorph Silicon
Solar Cells, Amornrat Limmanee, Songkiate Kittisontirak, Sorapong Inthisang, Taweewat Krajangsang,
Jaran Sritharathikhun, and Kobsak Sriprapha
Volume 2013, Article ID 513284, 5 pages



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2014, Article ID 675321, 3 pages
http://dx.doi.org/10.1155/2014/675321

Editorial
Thin-Film Photovoltaics 2013

Gaetano Di Marco,1 Antonino Bartolotta,1 Francesco Bonaccorso,1 Stefano Caramori,2

Giuseppe Calogero,1 and Leonardo Palmisano3

1 CNR-IPCF, Istituto per i Processi Chimico-Fisici, Viale Ferdinando Stagno d’Alcontres 37, 98158 Messina, Italy
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This special issue is the third edition in a series that has the
purpose to collect original contributions by specialists in the
field of thin-films photovoltaics (PVs). The fundamental
mechanisms at the base of architectures and working prin-
ciples of PV devices have been investigated both theoretically
and experimentally. Particular attention has been paid to key
aspects such as electronic transport in semiconducting mate-
rials, modelling, structural investigation, sensitizing agents,
and so forth, with the aim to increase the efficiency of PV
technologies. The contributions are very heterogeneous and
although, for some articles, just proofs of principle devices are
presented, for others a more viable commercial application
can be foreseen. Here we give a brief overview, highlighting
the main results, of the articles enclosed in this volume.

In “The effects of malonic acid derivatives and acetic acid
derivatives as coadsorbents on the photovoltaic performance of
dye-sensitized solar cells”, the coadsorption of malonic acid
and acid derivatives are instrumental in improving both pho-
tocurrent and photovoltage of solar cells.This is probably due
to suppression of self-quenching of the excited states and in-
creased electron-injection yields, in parallel to suppression of
electron recapture by I

3

−.
In “Dye-sensitized solar cells with anatase TiO2 nanorods

prepared by hydrothermal method”, the photoanode in the
dye-sensitized solar cell (DSSC) can be optimized by improv-
ing the electron collection efficiency, as consequence of the
exploitation of nanocrystalline materials with high purity,
well-controlled crystallinity, and enhanced surface area such
as hydrothermal anatase nanorodswith a large surface rough-
ness. These nanostructures can also be associated with TiO

2

nanoparticles to prepare highly efficient multiple layer pho-
toanodes.

In “Nanostructured ZnO, TiO2, and composite ZnO/TiO2
films for application in dye-sensitized solar cells”, efficiency and
stability of photoanodes obtained from composite semicon-
ductor films (ZnO/TiO

2
) and sensitized with the organic

molecules Coumarin 343 and Rose Bengal are investigated. It
is observed that DSSCs with ZnO/TiO

2
ratio equal to 90/10

have higher stability than the other cells. The performances
of DSSCs using various multicomponent electrolytes are
assessed.

In “Spectroscopic and morphological studies of metal-
organic andmetal-free dyes onto titania films for dye-sensitized
solar cells”, the spectroscopicbehavior of cis-di(thiocyanato)
bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II) (N719),
3-(5-(4-(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic
acid (D5), and a push-pull zinc phthalocyanine sensitizer
(ZnPc) adsorbed onto three types of titania thin films with
different morphology were investigated. The mesoporous
titania films deposited by spin-coating and by doctor-blade
were compared with P25 (Degussa) titania deposited by doc-
tor-blade. The use of mesoporous structure allows increasing
the dye loading and it is considered promising to realize thin
titania photoanodes with high harvesting properties.

In “Effects of hole-collecting buffer layers and electrodes on
the performance of flexible plastic organic photovoltaics”, the
influences on the performance of flexible plastic organic pho-
tovoltaic (OPV) devices caused by the sheet resistance of
hole-collecting electrodes (ITO) and by the conductivity of a
hole-collecting buffer layers are investigated in detail. These
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results indicated that the series resistance originating from
the limited surface conductivity may quickly become a major
issue to consider in the fabrication of large area cells.

In “Photovoltaic performance of ZnO nanorod and
ZnO:CdO nanocomposite layers in dye-sensitized solar cells
(DSSCs)”, a triphenylene diamine sensitizer was synthesized
and its absorption spectra, electrochemical behavior, and
photovoltaic performance for a potential application in
DSSCswere investigated. In the study two different electrodes
are employed: ZnO nanorod and ZnO:CdO nanocomposite.
The best photovoltaic performance was demonstrated with
the ZnO:CdO nanocomposite electrode based DSSCs with
respect to the ZnO nanorod electrode one.

In “Effects of anodic buffer layer in top-illuminated organic
solar cell with silver electrodes”, a relatively efficient molecular
planar heterojunction is achieved by spinning a buffer layer of
PEDOT:PSS on Ag-AgOx anodes. The PEDOT:PSS thin film
separates the active layer far from the Ag anode preventing
metal quenching and redistributing the strong internal opti-
cal field toward dissociated interface.The thickness andmor-
phology of this anodic buffer layer are the key factors in deter-
mining device performances.

In “Effect of bandgap graded absorber on the performance
of a-Si

1−xGex:H single-junction cells with 𝜇c-SiOx:H N-type
layer”, the effect of bandgap grading of absorbers on the per-
formance of a-Si

1−xGex:H cells using 𝜇c-SiOx:H n-layer is re-
ported.The influence of the p/i and the i/n grading widths on
carrier collection and photon absorption in the cells were
evaluated in terms of external quantum efficiency (EQE),
total reflection spectra of cells, and the J-V measurement.
Compared to those without grading, these cells show im-
proved efficiency from 5.5 to 7.5%.

In “Numerical simulation of luminescent downshifting in
top cell of monolithic tandem solar cells”, the performances in
monolithic tandem solar cells is limited by the short-circuit
current density matching between the top and the bottom
cells. A theoretical survey of the luminescence downshifting
approach for this device, in order to increase the short circuit
current density in the top cell, is presented. The PV glass
encapsulation material is replaced with Poly(methyl metha-
crylate) which is doped with diverse kinds of organic dyes.

In “Effectively improved SiO2-TiO2 composite films applied
in commercial multicrystalline silicon solar cells”, a sol-gel
spin-coating technique for fabricating composite films, alter-
native to plasma enhanced chemical vapor deposition
(PECVD) for fabricating antireflective coatings (ARCs), use-
ful to increase the efficiency of multicrystalline solar cells, is
proposed.This result proves that sol-gel-depositedARCs pro-
cess has potential applications in manufacturing low-cost,
large-area solar cells.

In “Effect of hydrogen content in intrinsic a-Si:H on per-
formances of heterojunction solar cells”, the influences of hy-
drogen content in intrinsic hydrogenated amorphous silicon
(i-a-Si:H) on performances of heterojunction (HJ) solar cells
are investigated. Simulation and experimental results are per-
formed to evaluate solar cells with higher i-layer hydrogen
content and HJ solar cells with low hydrogen, respectively.
The presence of voids and Si particles is explained from
plasma point of view using optical emission spectroscopy.

In “Characterization and modeling of CdS/CdTe hetero-
junction thin-film solar cell for high efficiency performance”,
device simulation is used to investigate the photoelectric effic-
iency in CdTe/CdSc solar cell. The roles of several limiting
factors such as back contact Schottky barrier, doping density,
thickness, recombination velocity, and extended CdTe layer
are examined. Results obtained indicate that higher perfor-
mance efficiency may be achieved by adding and optimizing
an extendedCdTe electron reflector layer at the back Schottky
contact.

In “Enhanced photoelectrochemical response from copper
antimony zinc sulfide thin films on transparent conducting elec-
trode”, it is reported that the presence of zinc in copper anti-
mony sulfide thin films influenced the photoelectrochemical
performance and in particular gave rise to an enhancement of
the photocurrent. A detailed investigation was carried out by
changing the stoichiometry of films and the correspond-
ing surface and optical characterization results have been
evaluated.

In “Material properties of laser-welded thin silicon foils”,
the properties of extended monocrystalline silicon base foils
consisting of individual thin silicon wafers welded together
are studied.The different approaches of (i) laser spot welding
with low constant feed speed, (ii) laser line welding, and (iii)
keyhole welding were compared. The cross-sections of the
foils were analyzed by electron backscatter diffraction to
reveal changes in the crystal structure after laser irradiation.
The induced internal stress was investigated bymicro-Raman
analysis. The keyhole welding was found to be the most fav-
orable process to produce thin silicon foils.

In “Advantages of N-type hydrogenated microcrystalline
silicon oxide films for micromorph silicon solar cells”, a detailed
investigation on the advantages to use N-type hydrogenated
microcrystalline silicon oxide films in micromorph silicon
solar cells is reported. The electrical and optical properties of
the micromorph silicon solar cells were evaluated via the
open circuit voltage, fill factor and the short circuit density.

In “Enhanced efficiency of GaAs single-junction solar cells
with inverted-cone-shaped nanoholes fabricated using anodic
aluminum oxide masks”, the growth and fabrication of GaAs
solar cells with various methods are investigated. Anodized
aluminumoxidemasks were prepared from an aluminum foil
by a two-step anodization method. Nanoholes were formed
on the top surface of the solar cells after the anodized alu-
minum oxide mask removal. Photovoltaic and optical char-
acteristics of the GaAs solar cells in the presence and in the
absence of the nanohole arrays and the dependence of the
efficiency enhancement on the etching depth of the nano-
holes were investigated.

In “Thin film CIGS solar cells, photovoltaic modules, and
the problems of modeling”, are focused on the methodological
problems ofmodeling at cell structure and photovoltaicmod-
ule levels for thin film CIGS solar cells. The structural cell
simulation and the five-parameter analysis of a commercial
CIGS module have been described. From their comparison,
the authors have extracted the values of the local parasitic net-
work resistance to be associated with the structural simula-
tion of the cell, thus obtaining a good agreement between the
two models.



International Journal of Photoenergy 3

In “Reliability analysis of III-V solar cells grown on recycled
GaAs substrates and an electroplated nickel substrate”, the reli-
ability of III–V solar cell grown on new/recycled GaAs sub-
strate and thin-film solar cell transferred on electroplated Ni
substrate has been explored. The work aims to achieve two
basic goals. The first is to provide a thin-film solar cell char-
acterized by high heat dissipation values and, in this context,
the thermal conductivity 𝜅 of Ni (=91W/m⋅K) is better than
that of GaAs (55W/m⋅K). The second target is to reuse the
GaAs substrate after the epitaxial lift-off processing for cost
reduction.

In “Optical and structural investigation of CdSe quantum
dots dispersed in PVAmatrix and its photovoltaic application”,
the effect of the concentrations of the cadmium source on the
optical properties of CdSe quantum dots (QDs) dispersed in
polyvinyl alcohol (PVA) matrix thin films was investigated
through UV-Vis absorption spectroscopy. The CdSe QDs
were synthesized via simple heat induced thermolysis tech-
nique. The structural analysis, particle size determination,
and morphological studies of the CdSe/PVA nanocomposite
thin films were done with the help of X-ray diffraction (XRD)
and transmission electronmicroscopy (TEM). Furthermore a
CdSe/CdTe based solar cell was prepared and its photovoltaic
parameters were measured and reported.

In “Near infrared lateral photovoltaic effect in LaTiO3
films”, LaTiO

3
(LTO) films grown epitaxially by physical layer

deposition (PLD) on SrTiO
3
(STO) substrate have shown

great potential application in NIR position-sensitive detector.
The irradiated as-grown LTO/STO structure presented a near
infrared lateral photovoltaic effect, with the open-circuit pho-
tovoltage of the LTO film dependent on the laser beam posi-
tion. It was demonstrated that photosensitivity can be modi-
fied with bias current.

In “Effect of TCO/𝜇c-Si:H interface modification on hydro-
genated microcrystalline silicon thin-film solar cells”, a very
thin aluminum-doped zinc oxide (AZO) coating (3–5 nm)
was capped onto the textured fluorine-doped tin oxide (FTO)
glass to maintain high light trapping and preserve the quality
of the TCO/𝜇c-Si:H interface for c-Si:H single-junction solar
cells. The AZO coating avoids the Sn reduction on the FTO
surface during the Si-based thin-film deposition with hydro-
gen rich plasma exposure.The as-obtained𝜇c-Si:H cell exhib-
ited a significantly higher 𝐽SC from 15.97 to 19.40mA/cm2 and
an increased conversion efficiency from 5.69% to 7.09%, with
respect to standard FTO photoanode.

In “Effect of sulfurization temperature on properties of
CZTS films by vacuum evaporation and sulfurization method,”
copper zinc tin sulfur thin films (CZTS) thanks to their high
absorption coefficient are suitable absorbers for thin-films
solar cells. CZTS were prepared on glass substrates by vac-
uum evaporation and sulfurization method. The optimiza-
tion of the thin-films deposition and sulfurization tempera-
ture permitted a control on their crystallite size, density, and
consequently the electrical properties. The authors reported
1.49 eV, 9.37Ω⋅cm, 1.714 × 1017 cm−3, and 3.89 cm2/(Vs) for
band gap energy, resistivity, carrier concentration, andmobil-
ity of the CZTS thin films, respectively.

In “C-V calculations in CdS/CdTe thin films solar cells with
a 𝐶𝑑𝑆

𝑥
𝑇𝑒
1−𝑥

interlayer”, theoretical effect of interlayer

ternary compound CdS
𝑥
CdTe
1−𝑥

formation in CdS/CdTe
solar cell, due to chemical interdiffusion interface, was evalu-
ated.The authors predicted how the ternary layer acquires the
properties of CdS behaving like an N-type semiconductor.
The understanding of this “additive” interlayer will be useful
for the optimization and efficiency improvement of CdS/
CdTe thin-film solar cells.

Gaetano Di Marco
Antonino Bartolotta

Francesco Bonaccorso
Stefano Caramori
Giuseppe Calogero

Leonardo Palmisano
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This study involved analyzing the reliability of two types of III-V solar cells: (1) III-V solar cells grown on new and recycled gallium
arsenide (GaAs) substrates and (2) the III-V solar cells transferred onto an electroplated nickel (Ni) substrate as III-V thin-film
solar cells by using a cross-shaped pattern epitaxial lift-off (CPELO) process. The III-V solar cells were grown on new and recycled
GaAs substrates to evaluate the reliability of the substrate.The recycled GaAs substrate was fabricated by using the CPELO process.
The performance of the solar cells grown on the recycled GaAs substrate was affected by the uneven surface morphology of the
recycled GaAs substrate, which caused the propagation of these dislocations into the subsequently grown active layer of the solar
cell.The III-V solar cells were transferred onto an electroplated Ni substrate, which was also fabricated by using CPELO technology.
The degradation of the III-V thin-film solar cell after conducting a thermal shock test could have been caused by microcracks or
microvoids in the active layer or interface of the heterojunction, which resulted in the reduction of the external quantum efficiency
response and the increase of recombination loss.

1. Introduction

High manufacturing cost is the major limitation for III-V
electronic devices because the single crystal substrates (gal-
lium arsenide, GaAs, or germanium, Ge, substrates) used to
obtain the desired high crystalline quality are expensive. For
example, multijunction III-V solar cells are always grown on
single crystal GaAs substrates to prevent the degradation of
the high bandgap junction caused by misfit dislocation from
the low bandgap junction [1].

In general, single crystal substrates do not involve the
photovoltaic effect. Therefore, the epitaxial structure of III-V
solar cells can be transferred to any desired functional sub-
strate [2]. Lightweight substrates [3] and materials with high
thermal conductivities [4] can also be used as carrier sub-
strates in space and terrestrial concentrator applications,
respectively. Aluminum arsenide (AlAs) layers are usually
used as the sacrificial layer betweenGaAs substrates and solar
cell structures; therefore, epitaxial lift-off (ELO), a recycled

substrate method, could potentially lower manufacturing
costs. The chemical etchant used for the ELO process is an
aqueous HF solution. However, prolonged exposure to the
HF etchant increases the surface roughness of a wafer because
of the byproduct from the chemical reaction between AlAs
and the HF etchant [5], preventing the direct reuse of wafer
and deteriorating the performance of a solar cell. To solve
this problem, using different concentrations of chemical
etchant tomodify surfacemorphology of wafer was proposed
[6]. Chemical cleaning is difficult to conduct because the
etching mechanisms are sensitive to wafer contamination.
Furthermore, the IBM Corporation [5] proposed using a
surface-tension-assisted epitaxial lift-off (STA-ELO) process
to separate a device layer from a GaAs substrate by using
aqueous hydrochloric acid (HCl), which selectively etches an
AlInP sacrificial layer inserted between the device film and
the substrate. The novel ELO process minimizes the amount
of postetching residue and keeps the surface smooth, which
leads to the direct reuse of the GaAs substrate.
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Figure 1: Device fabrication flowchart of experiment design.

In our previous study [7], an etching stop layer was added
to the epitaxial structure of a III-V solar cell to prevent
damage to the GaAs substrate caused by prolonged exposure
to the HF solution. In addition, the etching stop layer pro-
tected the device structure of thin-film III-V solar cells during
the lift-off process. Exposing the GaAs substrate to the HF
solution roughens the surface of the GaAs substrate, which
could be avoided by using a special epilayer design: GaAs
substrate/GaAs buffer 1/etching stop layer/GaAs buffer 2/sac-
rificial layer/GaAs buffer 3/etch stop layer/device structure.
Optimally, the GaAs substrate can be reused twice [7]. Apply-
ing the proposed technique substantially reduces the manu-
facturing cost. In this study, the performance reliability of an
III-V solar cell grown on new and recycled GaAs substrates
and III-V solar cells transferred onto an electroplated nickel
(Ni) substrate as III-V thin-film solar cells were studied.

2. Experiments

Single junction GaAs solar cells were epitaxially grown by
using low-pressure metalorganic chemical vapor deposition
on 2-inch-diameter (100) GaAs wafers with a misorien-
tation of 15∘ toward ⟨111⟩. The growth temperature and
reactor pressure were 650∘C and 60mbar, respectively. The
device fabrication flowchart is shown in Figure 1. The
epitaxial structure of the GaAs solar cell consisted of
GaAs buffer 1/etching stop layer/GaAs buffer 2/sacrifice
layer (AlAs)/GaAs buffer 3/etching stop layer/heavily Mg-
doped GaAs contact layer (0.2𝜇m)/Ga

0.49
In
0.51

P:Mgwindow
layer (0.02𝜇m)/GaAs:Mg emitter layer (0.5 𝜇m)/GaAs:Si
base layer (1.5 𝜇m)/Ga

0.49
In
0.51

P:Si back surface field (BSF;
0.2 𝜇m)/heavily Si-doped GaAs contact layer (0.2𝜇m) (top of
Figure 1). The GaAs solar cell structure was transferred onto
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an electroplated Ni substrate with a mirror structure as III-V
thin-film solar cell by using a cross-shaped pattern epitaxial
lift-off (CPELO) process, which is denoted as the “TF cell”
and shown in the bottom right of Figure 1.

After the CPELO process was complete, the GaAs buffer
3 and etching stop layer were removed using a chemical solu-
tion. AuGe/Au/Ni (50/150/300 nm) metal films were used to
define the cross-shaped pattern array using photolithography.
A cross-shaped hole was etched by using inductively coupled
plasma-reactive ion etching (ICP-RIE) from the heavily Si-
doped GaAs contact layer (N+) to GaAs buffer 2. The metal
layer (AuGe/Au/Ni) provided a hard mask for the ICP-
RIE dry etching process as well as a seed layer for the
subsequently used Ni substrates (50𝜇m thick), which were
directly electroplated onto the bottomof the solar cell without
using an adhesive layer. The bottom contact metal of the
AuGe/Au/Ni layer was deposited onto the heavily Si-doped
GaAs contact layer (N+) by using a thermal evaporation
system.AuGe/Au/Ni functioned as an ohmic contact with the
solar cell and ametal reflector for incident light.Details on the
CPELO process, recycled GaAs substrate process, and solar
cell fabrication process are described in the authors’ previous
study [7]. In this study, a conventional single junction solar
cell was grown on the recycled GaAs substrate to evaluate
the quality of this substrate, as shown in the bottom left of
Figure 1. The regrowth and chemical cleaning process was
repeated 1–4 times after performing the ELO process to form
a recycled GaAs substrate. The solar cell fabricated on the
new GaAs substrate was prepared and labeled “Initial” for
comparison. The solar cell structures grown on the GaAs
substrate were labeled “1st,” “2nd,” “3rd,” and “4th” according
to the number of times they were recycled for comparison.
The solar cell fabrication procedure is described as follows.
First the front grid metal of AuBe/Au with coverage of
approximately 10% was deposited and annealed. After that,
the bottom contact metal of AuGe/Au was deposited on the
heavily Si-doped GaAs layer by using thermal evaporation.
Finally, SiO

2
(𝑛 = 1.42) and TiO

2
(𝑛 = 2.32) were deposited

on the top surface as an antireflection coating to reduce the
surface reflection of the solar cell. The external quantum
efficiency (EQE) was measured by using the Newport-Oriel
IQE-200 system with a quartz-tungsten halogen lamp and
monochromator at 25∘C.The spot size was 1mm × 1mm.The
AM1.5G solar irradiation was obtained from a 150W solar
simulator (SAN-EI XES-40S1) with a one-sun air mass 1.5
global filter, and a 100mW/cm2 light intensity was calibrated
using a Si-based reference cell with a KG-5 filter at 25∘C.
The photovoltaic parameters underwent continuous strong
light soaking in a home-built test facility, consisting of a
xenon lamp light source and a heater system. The solar
cells were heated to 60∘C and exposed to the xenon lamp
(200mW/cm2) to estimate the reliability of using the recycled
GaAs substrate to grow solar cells. A thermal shock test
of the III-V thin-film solar cells was performed 1500 times
at temperature cycles of −40∘C∼150∘C at a ramp setting of
40∘C/min and a dwell time of 5min.
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Figure 2: (004) XRD rocking curves of solar cell device epilayer and
GaAs substrates (the 𝑦-axis is shown in linear scale).The left insert
figure is GaAs substrate after epitaxial lift-off and without chemical
cleaning; right insert figure is solar cell device epilayer transferred
to the Ni substrate.

3. Results and Discussion

3.1. Analysis of the Recycled GaAs Substrates. Evaluating the
quality of the thin epilayer transferred to the Ni substrate
is crucial. The GaAs substrate and the solar cell device
epilayer with the Ni substrate were examined by using X-
ray diffraction (XRD) rocking curves of the (004) reflection
to confirm crystalline quality, as shown in Figure 2. Based
on the XRD results, the full widths at half maximum of the
350 𝜇m-thick GaAs substrate and solar cell device epilayer
on the Ni substrate were 53 and 54 arcsec, respectively. The
inset of Figure 2 shows a photograph of the 2 inch GaAs
epilayer transferred onto the Ni substrate and the separated
GaAs substrate before they were chemical cleaning. On the
left side of Figure 2, the gold ring on the edge of the
separated GaAs substrate was the residual seed layer of the
electroplating process and was removed during the chemical
cleaning process. The practical area of the electroplating
process was the center of the blackness zone of the separated
GaAs substrate. Therefore, the area of the solar cell device
epilayer transferred onto the electroplated Ni substrate was
slightly smaller than a diameter of 2 inches. The diameter of
the electroplated Ni substrate was reduced to 6mm because
of the electroplating process (compared with the 2-inchGaAs
substrate); the electroplatedNi substrate with solar cell device
epilayer is shown on the right side of Figure 2.

Figure 3 shows the electronic properties of the single
junction solar cells grown on the new and recycled GaAs
substrates.Thedetailed performance of the initial and the 1st–
4th solar cell devices is summarized in Table 1. The reverse-
bias dark I-V characteristics in a p-n junction can serve as
sensitive tools for monitoring crystalline defect reduction
[8]. The solar cells can be measured to confirm the presence
of recombination centers; a comparison of the solar cells
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Table 1: Performance of III-V solar cell grown on new/recycled GaAs substrate and GaAs thin film solar cell transferred onto Ni substrate
before and after thermal shock test.

𝑉oc (V) 𝐽sc (mA/cm2) FF (%) 𝜂 (%) 𝐼
01
(A) 𝐼

02
(A) 𝑅

𝑠
(Ω) 𝑅sh (Ω)

III-V solar cells grown on new and recycled GaAs substrate
Recycled times

Initial device 0.99 22.59 81.54 18.23 1.34 × 10
−20
1.69 × 10

−13 15.6 3.23 × 10
6

1st device 0.99 22.42 80.86 17.94 8.22 × 10
−20
2.52 × 10

−12 17.4 2.80 × 10
6

2nd device 0.97 22.47 80.47 17.53 1.06 × 10
−19
5.22 × 10

−12 19.4 2.30 × 10
6

3rd device 0.83 20.64 76.52 13.10 2.01 × 10
−17
6.33 × 10

−11 43.5 1.07 × 10
6

4th device 0.82 19.40 74.01 11.77 3.72 × 10
−17
4.05 × 10

−11 56.5 1.47 × 10
5

Performance of GaAs thin films solar cell with Ni substrate before and after thermal shock test
Thermal shock test times

0 time 0.99 22.37 80.01 17.71 3.32 × 10
−20
2.47 × 10

−12 15.8 3.10 × 10
6

800 times 0.98 21.74 78.48 16.72 5.54 × 10
−20
3.32 × 10

−12 21.8 2.10 × 10
6

1200 times 0.97 21.10 77.89 15.94 6.02 × 10
−20
4.24 × 10

−12 27.5 1.25 × 10
6

1500 times 0.95 20.19 76.41 14.65 1.70 × 10
−19
5.50 × 10

−12 43.3 2.50 × 10
5

𝐼01 and 𝐼02: diode saturation current, 𝑅𝑠: series resistances, and 𝑅sh: shunt resistances.
Initial device: the GaAs solar cell grown on new GaAs substrate; 1st, 2nd, 3rd, and 4th devices: the GaAs solar cell grown on recycled GaAs substate.
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Figure 3: Photovoltaic performance comparison of single-junction
solar cells grown on the new and recycled GaAs substrate.

grown on the new and recycled GaAs substrates is shown in
Figure 4.The reverse-bias leakage current of the solar cell was
increased at the reverse bias of 5V when the GaAs substrate
was recycled because of the high amount of recombination
centers in the depletion region.The high reverse-bias leakage
current was caused by defects in the solar cells; crystalline
deformation and strain relaxation were expected to form
recombination centers and deteriorate the performance of the
solar cells by increasing the reverse-bias leakage current.

The EQE responses of the solar cells grown on the new
and the recycled GaAs substrates (Figure 5) were measured
to evaluate the effect of crystalline defects on photovoltaic
performance. The overall profile of the EQE responses was

clearly influenced by the recycled number of GaAs substrate.
As shown in Figure 5(a), the EQE response of the solar cells
grown on the new GaAs substrate (the initial device) was
considerably higher than that of the solar cells grown on
recycled GaAs substrates (the 1st–4th devices), especially at
the wavelength range of 600 to 870 nm (details are shown
in the inset of Figure 5(a)). This could be attributed to
the increase in density of defects [9], such as dislocation
defects, strain-relaxation induced dislocation, or recombina-
tion loss. Generally, the EQE response of a solar cell can
be attributed to the following three factors: the absorption
coefficient of the active layer, surface recombination velocity,
and minority carrier lifetime [10]. The absorption coefficient
and the surface recombination velocity are dependent on
the thicknesses of the active layers and the window layer.
These factors mainly depend on epilayer quality, especially
minority carrier lifetime. The defective creations resulted in
a short minority carrier lifetime, which contributed to the
high reverse saturation current of the solar cells and the poor
EQE responses at all wavelengths. Solar cells with higher EQE
response probably have longer minority-carrier lifetimes. As
shown in Figure 5(b), the EQE responses of the solar cells
grown on the new and the recycledGaAs substratesmeasured
after a light soaking test were lower than those measured
before the light soaking test.

3.2. Reliability Analysis of the III-V Thin-Film Solar Cell. The
thermal shock test (TST) is crucial for III-V thin-film solar
cells with Ni substrates because of the considerable mismatch
in thermal expansion coefficients between the epilayers (6.5×
10−6/K) and Ni (13.4 × 10−6/K). The performance of the thin-
film GaAs solar cells after conducting 1500 thermal shock
tests is shown in Figure 6.The performance of 20 cell samples
was summarized, with an error bar to further evaluate the
quality of the thin-film GaAs solar cells. The 20 different cell
samples were selected from two-time experimental results.
The corresponding open circuit voltage (𝑉oc), short circuit
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Figure 4: Reverse-bias dark I-V characteristics of the solar cells
grown on new and recycled GaAs substrate.

current density (𝐽sc), fill factor (FF), and 𝜂 for the TF cells
were collected from the closed square point of the 𝑦-axis by
using an error bar to further investigate the degradation of
thin-film solar cells (summarized in Table 1).

The performance of the TF-cells did not substantially
degrade before 800 thermal shock tests. After 1200 ther-
mal shock tests, the performance of the TF-cells was 90%
lower than the initial performance. The degradation of TF-
cells could be attributed to two reasons: the presence of a
microcrack in the epilayer or microvoids in the electroplated
substrate/seed layer interface or seed layer/epilayer interface.
Microcracks can cause a solar cell’s current leakage rate to
increase, which deteriorates 𝑉oc and 𝐽sc [11]. Moreover, the
microvoids could cause the deformation of the GaAs epilayer,
resulting in dislocation (misfit or threading dislocations)
at the heteroepitaxial interface. The distortion of the het-
eroepitaxial interface causes the doping concentration of the
epilayer to decrease, which further reduces the FF [12, 13].

A scanning acoustic microscope (SAM) equipped with
a 140MHz probe (SAM, Hitachi FS300II) was used to
examine whether microcracks or microvoids existed in the
the electroplated substrate/seed layer or seed layer/epilayer
interfaces after the thermal shock tests. The SAM images
(shown in Figure 7) show that no substantial microcracks
existed in the epilayer with the Ni substrate.

Moreover, scanning electron microscopy (SEM) was per-
formed to examine the surface morphology of the TF-cells
after the thermal shock tests were conducted and to further
observe themicrocracks ormicrovoids. Figure 8(a) shows the
electrode pattern for the TF cells. Figures 8(b)–8(d) show the
surface morphologies of the TF cells at amplification factors
of 3000×, 5000×, and 7000×. The SEM images did not show
substantial microcracks in the epilayer, on which the thermal

shock test was performed 1500 times. Two reasons could
explain this observation. First, SAM and, especially, SEM
cannot provide overall observations of high amplification
factors. The observational image area was small for high
amplification factors; therefore, some details could have been
missed when performing SEM. Second, the deformation of
the GaAs epilayer may have caused dislocation (misfit or
threading dislocations) in the epilayer structure.The disloca-
tion could not propagate to the surface; therefore, it could not
be observed on the surface by using SEM or SAM. The SEM
and SAM images cannot exhibit distortion of the crystalline
structure or dislocation (misfit or threading dislocations)
at the epilayer structure, confirming the reason for the
deterioration of the GaAs thin-film solar cells transferred
onto the electroplated substrate after thermal shock tests.The
reverse-bias dark I-V curves and double diode modes of the
solar cells are provided in SectionC to further understand the
degradation of thin-film solar cells.

The EQE responses of the solar cells transferred onto
the electroplated Ni substrate undergone various numbers of
thermal shock test times, which were used to evaluate the
effects of mismatched thermal expansion coefficients on the
photovoltaic performance, are shown in Figure 9.The overall
profiles of the EQE responses were clearly influenced by the
number of thermal shock tests. This could be because of the
substantial mismatch in thermal expansion coefficients that
distorted the crystalline quality of the active layers by gen-
erating dislocations (e.g., the increased leakage current and
recombination loss). The dislocations were associated with
threading dislocations, which propagate upward through the
epilayer to the surface or active layer of solar cells. The
propagation of dislocations influences the interface defects
of solar cells in the heterostructure (e.g., the window/emitter
layer and base/BSF layer). The performance of solar cells is
considerably influenced by the heterostructure design.

Two types of surface recombination occurred in the solar
cells. The first type of surface recombination (labeled 𝑆

𝑝
)

occurred in the interface of the windows/emitter layer, and
the second type (labeled 𝑆

𝑛
) occurred in the interface of the

base/BSF layer. A high 𝑆
𝑝
caused the blue response (the range

of short wavelengths) [14, 15] to decrease dramatically. How-
ever, a high 𝑆

𝑝
also caused a reduction in the red response

(the range of long wavelengths). By contrast, a high 𝑆
𝑛
caused

a reduction only the in red response [16]. An increase in the
surface recombination of solar cells also increases the dark
current of the solar cells, reducing the 𝑉oc. To confirm this
observation, the double diode mode of the solar cells and the
reverse-bias dark I-V characteristics are provided.

The reverse-bias leakage currents of the solar cells were
measured to confirm the presence of recombination centers.
The comparisons of solar cells that underwent various num-
bers of thermal shock tests are shown in Figure 10. When 800
thermal shock tests were performed, the reverse-bias leakage
currents of solar cells were drastically increased at the reverse
bias of 5V because of the great amount of recombination
centers in the depletion region. A dramatic decrease of 3
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Figure 5: EQE responses of solar cell grown on new and recycled GaAs substrate; (a) before light soaking test (b) with light soaking test of
267 hours. (The inset figure is the magnification of EQE curve at wavelength from 600 to 870 nm.)
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Figure 6:The degradation faction of conversion efficiency for GaAs
thin-film solar cell transferred to electroplated Ni substrate after
thermal shock test (cycle time are 0, 800, 1200, and 1500 times). The
insert is the I-V curve of thin-films GaAs solar cell with different
thermal shock test times.

orders of magnitude in the reverse-bias leakage currents of
solar cells from 0 to 1500 thermal shock tests was at the
reverse bias of 5V because of the dislocation generated from
microcracks or microvoids.

3.3. Analysis of the Double-Diode Model of Solar Cells. The
double-diode model of solar cells under illumination condi-
tions was used to fit the I-V curve using (1) [17].The solar cells

Figure 7: SAM images of TF-cells after the thermal shock test.

grown on the new and the recycled GaAs substrates and the
GaAs solar cell transferred onto the electroplatedNi substrate
as thin-film solar cell which underwent various numbers of
thermal shock tests, are given as follows:

𝐼 = 𝐼
𝑝ℎ
− 𝐼
01
(exp
𝑞 (𝑉 + 𝐼𝑅

𝑠
)

𝑘𝑇
− 1)

− 𝐼
02
(exp
𝑉 + 𝐼𝑅

𝑠

2𝑘𝑇
− 1) −
𝑉 + 𝐼𝑅

𝑠

𝑅sh
,

(1)

where 𝑘 is the Boltzmann’s constant, 𝑇 is the cell’s temper-
ature, 𝑞 is the elementary charge, 𝐼ph is the photocurrent,
𝐼
01

and 𝐼
02

are the diode saturation currents (with diode
ideality factors of 1 and 2, resp.), and 𝑅

𝑠
and 𝑅sh are the

series resistance and shunt resistance, respectively. The val-
ues of 𝐼

01
can be associated with similar minority carrier

diffusion lengths and interface recombination velocities. The
𝐼
02

corresponds with the recombination in the depletion
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Figure 8: SEM images of the TF cell after the thermal shock test; (a) electrode pattern for the TF-cell; surface morphology images of the TF
cell with amplification factors of (b) 3000×, (c) 5000×, and (d) 7000×.

region. If the number of crystalline defects increases sub-
stantially, the recombination of minority carriers occurs in
the depletion region, which, in turn, contributes to items in
the 𝐼
02
[18].

Theperformance of solar cells grown onnew and recycled
GaAs substrates andGaAs thin-film solar cells grown on elec-
troplated Ni substrates, which underwent various numbers
of thermal shock tests, are summarized in Table 1. For the
recycled GaAs substrates, the 𝑉oc and FF of the solar cells
grown on new or recycled GaAs substrates were considerably
deteriorated. The 𝑉oc of solar cells grown on recycled GaAs
substrates decreased when recycled more than 2 times. A
low 𝑉oc could be caused by solar cell interface defects in
the heterostructure because the surface roughness of the
recycled GaAs substrate rapidly increased from 0.255 nm to
4.420 nm. It was reported that a low 𝑉oc results from high
diode saturation currents (𝐼

0
) in solar cells. A high diode

saturation current was attributable to the recombination loss
caused by defects in both the quasineutral and space-charge
regions of the solar cell [19, 20].

The 𝐼
01
and 𝐼
02
values of the solar cells grown on the new

and the recycled GaAs substrates were considerably altered

by the number of recycled times. A dramatic decrease of 3
and 2 orders of magnitude in the 𝐼

01
and 𝐼
02
terms from the

initial device to the 4th ELO TF cell was observed because of
the uneven surface morphology, especially for the 𝐼

01
term.

The 𝐼
02

increased because of two factors. The first factor
was the size of the high concentrator solar cells. They
are inherently small devices that have huge perimeter-to-
area ratios; therefore, they are strongly affected by changes
in the recombination properties of the perimeter (a main
contribution to the 𝐼

02
factor is the recombination at the PN

junction [18]). Another possible factor was the generation of a
great number of dislocations in the space charge region [20].
If the amount of dislocations considerably increases, then the
recombination in the space charge regions contributes to 𝐼

02
.

The reduction in the FF is principally attributable to two
factors. The first factor is the high series resistance (𝑅

𝑠
) and

shunt resistance (𝑅sh); the second factor is the low doping
level of the emitter layer to increase 𝑅

𝑠
. The principal factor

in most studies has been 𝑅
𝑠
. The FF considerably decayed

in the 3rd and 4th ELO TF-cells compared with that of the
initial cell. In this study, the low FF of the 3rd and 4th
ELO TF-cells is attributable to poor crystalline quality and
the deteriorated doping-level of the contact layer caused by
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Figure 10: Reverse-bias dark I-V characteristics of the thin-film
solar cells grown on electroplate nickel substrate.

the high surface roughness of the recycled GaAs substrate or
wafer contamination.

For the GaAs thin-film solar cells grown on the electro-
plated Ni substrate, a dramatic decrease in 1 order of mag-
nitude in the 𝐼

01
term from 0 to 1500 thermal shock tests was

observed because of microcracks or microvoids in the active
layer or interface of the heterojunction. The microcracks
or microvoids were generated during thermal shock tests
because of a great mismatch in thermal expansion coeffi-
cients. The variation range of the 𝐼

02
term did not consider-

ably exceed 1 order of magnitude. Because of the high crys-
talline quality of the active layer, the different thermal shock
tests did not considerably deteriorate the TF-cell.

4. Conclusion

A reliability analysis of III-V solar cells grown on new and
recycled GaAs substrates and a III-V solar cell transferred
onto an electroplated Ni substrate as III-V thin-film solar cell
are reported. For the solar cells grown on the new and the
recycled GaAs substrates, the main factor for the degradation
of solar cell performance was the surface morphology of the
recycled GaAs substrate. The uneven surface morphology
caused the quality of the subsequently active layer of the solar
cell to deteriorate and affected the 𝑉oc and FF. The perform-
ance of the TF cell that underwent numerous shock tests
was not considerably influenced after 800 thermal shock
tests. After 1500 thermal shock tests, a substantial amount
of microcracks or microvoids were generated in the active
layer of the solar cell, which deteriorated the performance,
especially the EQE response of the solar cell.
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The effects of H
2
plasma exposure on optical, electrical, and structural properties of fluorine-doped tin oxide (FTO) and AZO/FTO

substrates have been investigated. With increasing the time of H
2
-plasma exposure, the hydrogen radical and ions penetrated

through the FTO surface to form more suboxides such as SnO and metallic Sn, which was confirmed by the XPS analysis. The Sn
reduction on the FTO surface can be effectively eliminated by capping the FTOwith a very thin layer of sputtered aluminum-doped
zinc oxide (AZO), as confirmed by the XPS analysis. By using the AZO/FTO as front TCOwith the subsequent annealing, the p-i-n
𝜇c-Si:H cell exhibited a significantly enhanced 𝐽SC from 15.97 to 19.40mA/cm2 and an increased conversion efficiency from 5.69%
to 7.09%.This significant enhancement was ascribed to the effective elimination of the Sn reduction on the FTO surface by the thin
AZO layer during the Si-based thin-film deposition with hydrogen-rich plasma exposure. Moreover, the subsequent annealing of
the sputtered AZO could lead to less defects as well as a better interface of AZO/FTO.

1. Introduction

Hydrogenated microcrystalline silicon (𝜇c-Si:H) is a promis-
ing material for high efficiency thin-film solar cells due to its
advantages of reduced light-induced degradation and a lower
bandgap, which lead to a higher photocurrent compared
to hydrogenated amorphous silicon [1–6]. However, the
superstrate p-i-n 𝜇c-Si:H solar cells are usually prepared by
exposing the textured transparent conductive oxide (TCO)
substrate to strongly hydrogen-diluted silane plasma. This
can lead to the interactions of TCO with hydrogen plasma
which results in chemical reduction of TCO surface. Schade
et al. reported that the optical transmission of tin oxide was
reduced by the formation of an oxygen-depleted surface layer
due to the chemical reduction of the oxide by the hydrogen
plasma [7]. This surface of chemical reduction containing
Sn and SnO not only affected the optical properties of the
film but also may act as the source for Sn diffusion into
the subsequent deposited film upon the tin oxide. Several
groups have also studied the chemical reduction of a tin
oxide surface due to hydrogen or argon plasma exposure
[8–12]. To eliminate or alleviate the chemical reduction of

the TCO surface, other group has replaced indium tin oxide
(ITO) or fluorine-doped tin oxide (FTO) with a layer of
textured aluminum-doped zinc oxide (AZO), which is more
resistant to plasma damage [13, 14]. However, thicker layers
of sputtered AZO are not so desirable, with their flattened
surface, which tend to show reduced haze and poor light
trapping. In this study, we introduced a very thin AZO
coating (3–5 nm) onto the textured FTO glass tomaintain the
light trapping and preserve the quality of the TCO/𝜇c-Si:H
interface for 𝜇c-Si:H single-junction solar cells.

2. Experimental Details

A commercial textured FTO (SnO
2
:F) glass was used as a

substrate for a superstrate (glass/FTO/p-i-n) 𝜇c-Si:H single-
junction solar cells. A very thin layer of AZO (3–5 nm) was
capped on the top of the textured FTO film by a radio
frequency magnetron sputtering system, using a commercial
AZO target with 4 inches in diameter at the power of 100W.
The target-substrate distance was 15 cm, and the substrate
temperature was room temperature. Subsequent annealing
of the FTO or AZO/FTO (FTO capped with a very thin
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AZO) films was done in O
2
or N
2
environment at 200∘C

for up to 4 hours. The 1.2𝜇m-thick 𝜇c-Si:H single-junction
solar cells were prepared by a 27.12MHz PECVD system
with NF

3
in situ plasma cleaning and a load-lock system.

The doped and undoped 𝜇c-Si:H thin films were deposited
by introducing SiH

4
, B
2
H
6
, PH
3
, and CO

2
with high H

2

dilution.
To investigate the property change of FTO andAZO/FTO

films after H
2
plasma exposure, the H

2
plasma was generated

by the 27.12MHz PECVD system with H
2
flow rate of

800 sccm, a pressure of 500 Pa, and a power density of
0.33W/cm2. These were the same deposition parameters of
𝜇c-Si:H p-layer except the introduction of SiH

4
and B

2
H
6
.

The optical and electrical properties of the FTO or AZO/FTO
films were measured by a UV-Vis-IR spectroscopy and a Hall
measurement, respectively. To further identify the plasma-
induced changes on the FTO surface, an X-ray photoelectron
spectroscopy (XPS) was performed on both treated and
untreated samples, and the morphology was studied by a
scanning electron microscopy (SEM). All XPS spectra were
obtained in a fixed analyzer transmissionmode, with 280 and
55 eV pass energies for survey spectra and high resolution
spectra, respectively. AM 1.5G solar simulator and external
quantum efficiency (EQE) were employed for the device
characterization. The cell area was defined by the metal
electrode which was 0.25 cm2.

3. Results and Discussion

To simulate the condition of the 𝜇c-Si:H p-layer deposition
on the FTO films, we exposed the FTO substrate in the H

2
-

plasma for 72 seconds, which was the same conditions as
the 𝜇c-Si:H p-layer except the SiH

4
and B

2
H
6
. To examine

the durability of FTO substrate after H
2
-plasma exposure,

a very thin layer of AZO (3–5 nm) was capped on the top
of the textured FTO film for comparison with the only
FTO substrate, due to the better chemical resistance of AZO
against H

2
-plasma exposure.

Figure 1 shows the effect ofH
2
-plasma treatment duration

on optical transmission for FTO and AZO capped FTO
(AZO/FTO) films. As the time of H

2
-plasma exposure

increased from 0 to 900 seconds, the total transmission
of FTO samples decreased from 81.41% to 46.71% at the
wavelength of 550 nm, and the diffuse transmission exhibited
the same trend. The decrease in transmission should be
ascribed to the increased reflection and absorption of the
increasing metallic Sn and the suboxide, SnO, with the
increasing penetration depth of hydrogen ions. Chantarat
et al. also mentioned that the optical bandgap became
narrower due to the upward valence band and the downward
conduction band since the both excess Sn and SnOmay create
crystal disorder and trap electron carriers [15]. Moreover,
the AZO/FTO after 72-second H

2
-plasma exposure showed

comparable transmission compared to the FTO without H
2
-

plasma exposure, which should be due to the suppression of
tin reduction by the thin AZO.This indicated that a very thin
layer of AZO can significantly mitigate the deterioration of
optical transmission after H

2
-plasma exposure.
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Figure 1: Effect of H
2
-plasma treatment time on optical transmis-

sion of FTO and AZO/FTO films.

We further investigated the effect of chemical reduction
on electrical properties of FTO andAZO/FTO films after H

2
-

plasma exposure. Although the combination of the surface
layer after H

2
-plasma exposure and the underlying FTO

was inhomogeneous, the dependence of the sheet resistance
on the time of H

2
-plasma exposure can still be obtained

by the Hall measurement. As the time of H
2
-plasma expo-

sure increased from 0 to 900 seconds, the sheet resistance
increased from 6.76 to 10.00Ω/sq. With the increasing
exposure time, the hydrogen radical and ions penetrated
through the FTO surface to form more suboxides such as
SnO and Sn, which was revealed by the XPS. The decrease
in the sheet resistance was ascribed to the formation of less
conductive suboxides as SnO [9]. Moreover, after the same
time of 72-second H

2
-plasma exposure, the FTO substrate

showed a sheet resistance of 8.52Ω/sq and the AZO/FTO
substrate showed a sheet resistance of 7.75Ω/sq, which should
be ascribed to the restraint on tin reduction by the thin
AZO. Based on the mention above, the thin layer of AZO
can alleviate the deterioration of sheet resistance and optical
transmission after H

2
-plasma exposure.

Figure 2 displays the plane-view SEM images of the
textured FTO films with or without H

2
plasma exposure.

The sharp microstructures on the FTO films before H
2

plasma exposure were approximately 100–500 nm in grain
size. After the H

2
-plasma exposure for 72 seconds, the

surface morphology exhibited many small particles (20–
30 nm in grain size) on the original FTO. As the time of H

2
-

plasma exposure increased to 900 seconds, the original FTO
microstructures were damaged heavily and the size of small
particles increased to 50 nm. These small particles may be
ascribed to the reduction of the SnO

2
:F (FTO) surface which

became SnO and metallic Sn with increasing the duration
of plasma exposure [9]. The study also reported that the
thickness of the surface layer of chemical reductionwas found
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(a) (b)

(c)

Figure 2: Plane-view SEM images of the textured FTO films (a) without H
2
plasma exposure, or with the H

2
plasma exposure for (b) 72

seconds and (c) 900 seconds.

to be 100 and 150 nm after H
2
-plasma (0.25W/cm2, 13 Pa)

exposure for 900 and 1800 seconds, respectively. In contrast,
the surface damage and chemical reduction in our study
would be more severe due to the higher power density and
higher pressure (0.33W/cm2, 500 Pa).

The combination of the optical, electrical, and structural
results showed the FTO films were deteriorated after H

2
-

plasma exposure, whichmay be originated from the chemical
reduction to form the metallic Sn or suboxides of SnO. To
further identify the plasma-induced changes on the SnO

2

surface, the survey spectra and high solution spectra of XPS
were obtained. The measured signals including oxygen and
carbon (a surface contaminant) were not shown for brevity.
The Sn 3d

5/2
peaks of high solution spectra as a function

of H
2
plasma exposure for FTO and AZO/FTO films were

shown in Figure 3. A single Sn peak of the FTO without H
2
-

plasma exposure was observed at 487.0 eV. As the time of H
2
-

plasma exposure increased from 0 to 900 seconds, the main
peak shifted to lower binding energy. Schade et al. reported
that the core level peak of SnO

2
is 487.0 eV, the main SnO

peak is 486.7 eV, and the peak at 484.6 eV is due to elemental
Sn [7]. These results confirmed that FTO film was reduced
to the suboxide as SnO and metallic Sn with the increasing
H
2
-plasma exposure duration. However, the AZO/FTO after

72-second H
2
-plasma exposure showed similar main peak at
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Figure 3: Sn 3d
5/2

signal of XPS spectrumas a function ofH
2
plasma

exposure time for FTO and AZO/FTO films.

487.0 eV compared to the FTO without H
2
-plasma exposure.

This demonstrated that a layer of AZO can effectively protect
the FTO films from chemical reduction during H

2
-plasma

exposure.
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(a) (b)

Figure 4: Plane-view SEM images of the 5 nm AZO capped FTO films (a) without and (b) with 72-second H
2
-plasma exposure.

The plane-view SEM images of the surface morphology
of 5 nm AZO layer capped FTO films with and without 72-
second H

2
-plasma exposure are shown in Figure 4. Before

72-second H
2
-plasma exposure, the thin AZO layer covered

well on the original FTO texture, as shown in Figure 4(a).
Compared to the FTO films undergoing 72-second H

2
-

plasma exposure (shown in Figure 2(b)), the amount of the
small particles on the original FTO microstructure arising
from chemical reduction was significantly lowered by cap-
ping the 5 nm-thick AZO, which is shown in Figure 4(b).
Combined with the XPS results, this confirmed that 5 nm-
thick AZO layer can prevent the FTO surface from the
reduction of tin oxide and ion bombardment during H

2
-

plasma exposure. However, due to the less conductive nature
of AZO material, the AZO film should be kept as thin
as possible to retain the optoelectrical properties, while
maintaining chemical reduction resistance. In this study, we
have found that an optimized thickness of 5 nm-thick AZO
film was obtained for the resistance to the hydrogen plasma
as well as the cell performance. Based on the above results,
the AZO/FTO structure with subsequent annealing in O

2
or

N
2
environment at 200∘Cwas employed for the fabrication of
𝜇c-Si:H solar cells.

Figure 5 provides the J-V characteristics of 1.2 𝜇m-thick
𝜇c-Si:H single-junction cells using the FTO or AZO/FTO as
front TCO with subsequent annealing in N

2
or O
2
environ-

ment.The p-i-n𝜇c-Si:H cell using only FTO exhibited a lower
short circuit current density (𝐽SC) of 15.97mA/cm2 and a
poor conversion efficiency of 5.69%. By using the unannealed
AZO/FTO as front TCO, the 𝐽SC increased to 17.42mA/cm2.
This was attributed to more optical transmission through the
AZO/FTO substrate into the absorber due to the elimination
of Sn reduction, which was confirmed by the results of
optical transmission, as shown in Figure 1. However, the low
efficiency and FF implied that the interface of TCO or TCO
itself may need subsequent annealing for sputtered AZO.
By using the AZO/FTO as front TCO with the subsequent
annealing at 200∘C in O

2
environment for 0.5 hour, the p-i-n

𝜇c-Si:H cell exhibited a surprisingly enhanced 𝐽SC from 15.97
to 19.40mA/cm2, and the increased conversion efficiency
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Figure 5: J-V characteristics of 1.2𝜇m-thick 𝜇c-Si:H single-junction
cells using the FTO or AZO/FTO with subsequent annealing in N

2

or O
2
environment as front TCO.

from 5.69% to 7.09%. This significant enhancement was
ascribed to the effective elimination of the Sn reduction on
the FTO surface by the thin AZO layer during the Si-based
thin-film deposition with hydrogen-rich plasma exposure.
Moreover, the subsequent annealing of sputtered AZO could
diminish the sputtering damage, leading to less defects and
better interface ofAZO/FTO.These results also corresponded
to the quantum efficiency measurement, as demonstrated in
Figure 6.

Figure 6 reveals the quantum efficiency (QE) of 1.2 𝜇m-
thick p-i-n 𝜇c-Si:H cells using the FTO or AZO/FTO as front
TCO with subsequent annealing in N

2
or O
2
environment.

Compared to the 𝜇c-Si:H cell using only FTO, the quan-
tum efficiency of the 𝜇c-Si:H cell using AZO/FTO without
annealing increased over wide wavelength range due to the
suppression of the Sn reduction. The 0.5 hour annealing
treatment of AZO/FTO in N

2
environment exhibited higher

quantum efficiency than that of the AZO/FTO without
annealing. The major QE enhancement at the wavelength
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Figure 6: Quantum efficiency of 1.2 𝜇m-thick p-i-n 𝜇c-Si:H single-
junction cells using the FTO or AZO/FTO as front TCO with
subsequent annealing in N
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or O
2
environment.

from 550 to 1100 nm may originate from the increased
transmission after annealing in N

2
environment due to the

reduction in the density of grain boundaries [16]. Besides,
it is observed that the AZO/FTO after annealing in O

2

environment showed even higher quantum efficiency across
whole measured wavelength than that in N

2
environment,

which might be ascribed to the higher transmission after
annealing in O

2
environment due to the decreased bulk

defects and a small increase in bandgap [17]. By employing
the AZO/FTO with O

2
annealing treatment for 0.5 hour, the

𝜇c-Si:H solar cell exhibited a relative enhancement of the
QE of more than 25% compared to the FTO configuration
without annealing.

4. Conclusion

The effects of H
2
plasma exposure on optical, electrical,

and structural properties of FTO and AZO/FTO substrates
have been investigated. With increasing the time of H

2
-

plasma exposure, the hydrogen radical and ions penetrated
through the FTO surface of chemical reduction to form
more suboxides such as SnO and metallic Sn, which was
confirmed by the XPS analysis. The Sn reduction on the
FTO surface can be effectively eliminated by capping the
FTO with a very thin layer of sputtered AZO (3–5 nm), as
confirmed by the XPS analysis. By using the AZO/FTO as
front TCO with the subsequent annealing, the p-i-n 𝜇c-
Si:H cell exhibited a significantly enhanced 𝐽SC from 15.97 to
19.40mA/cm2 and an increased conversion efficiency from
5.69% to 7.09%. This significant enhancement was ascribed
to the effective elimination of the Sn reduction on the FTO
surface by the thin AZO layer during the Si-based thin-film
deposition with hydrogen-rich plasma exposure. Moreover,
the subsequent annealing of the sputtered AZO could lead
to less defects as well as a better interface of AZO/FTO.
The quantum efficiency of the AZO/FTO configuration cell

exhibited a relative enhancement ofmore than 25% compared
to the FTO configuration without annealing.
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We reported the effect of bandgap grading of absorbers on the performance of a-Si
1−xGex:H cells employing 𝜇c-SiOx:H n-layer.The

influence of bandgap grading widths extended from the p-layer (the p/i grading) and the n-layer (the i/n grading) to the absorber on
the cell performance which were systematically studied. The p/i grading reduced the interface defects and thus improved the 𝑉OC.
The reduced 𝐽SC and FF were presumably due to the degraded hole transport by the potential gradient of p/i grading. Increasing
the i/n grading width improved the carrier collection significantly. The EQE, the 𝐽SC, and the FF were improved substantially.
Bias-dependent EQE revealed that the carrier collection is efficient in the cell employing optimal i/n grading. On the other hand,
increasing the i/n grading width was accompanied by the decrease in long-wavelength response which potentially constrained the
i/n grading width. Compared to the cell without grading, the a-Si

1−xGex:H cells with optimal p/i and i/n grading width improved
the efficiency from 5.5 to 7.5%.

1. Introduction

Hydrogenated amorphous silicon germanium (a-Si
1−xGex:H)

has been shown to be a promising material for low-bandgap
absorber in themultijunction structure [1]. Yan et al. reported
that an initial efficiency over 16% was achieved by using
a-Si:H/a-Si

1−xGex:H/nc-Si:H triple-stacked structure and
by employing n-type microcrystalline silicon oxide (𝜇c-
SiOx:H(n)) as the n-layer for each subcell [2]. The 𝜇c-
SiOx:H(n) has larger bandgap and lower refractive index
compared to conventional amorphous ormicrocrystalline sil-
icon n-layer, which reduced the parasitic absorption loss and
increased the current density of component cell due to inter-
nal reflection, respectively [3, 4]. Moreover, the 𝜇c-SiOx:H(n)
has been intensively studied for the application as the inter-
mediate reflecting layer between component cells [5, 6], as
the window layer in the n-side illuminated 𝜇c-Si:H single-
junction cells [7], and as the back reflector in a-Si:H single-
junction cells [8]. We also found that the 𝜇c-SiOx:H(n)
functioned well as back reflector in a-Si

1−xGex:H single-junc-
tion cells in our previous work [9].This functional 𝜇c-SiOx:H
n-layer can significantly improve the performance of single-
and multijunction cells.

On the other hand, one of the major challenges in
developing a-Si

1−xGex:H solar cells is the defective interfaces
between the low-bandgap a-Si

1−xGex:H absorber and the
doped layers, which deteriorated, cell performance signifi-
cantly. The p/i and the i/n interfaces contained considerable
defects due to sharp changes inmaterial composition [4].The
situation is even worse at the interface between the undoped
a-Si
1−xGex:H and n-type 𝜇c-SiOx:H. High defect density at

the interfaces increases the carrier recombination loss and
weakened the built-in electric field in the absorber, which
leads to the decrease in 𝑉OC, 𝐽SC, and FF. Guha et al. have
reported that the employment of bandgap graded layers in
the absorber can facilitate carrier collection, strengthen the
built-in electric field, and thus improve the cell efficiency [10].
Several groups have reported the optimized bandgap grad-
ing structure in a-Si

1−xGex:H absorber with a-Si:H n-layer
through numerical simulation approaches [11–16]. However,
there are still possibilities in designing the graded bandgap
structure.

In this work, we systematically investigated the effect of
bandgap grading widths on the performance and spectral
responses of a-Si

1−xGex:H cells with 𝜇c-SiOx:H(n) as n-layer.
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The biased quantum efficiency serves as an important tool in
the investigation of carrier collection losses in a-Si

1−xGex:H
single-junction cells [15]. This approach would give us physi-
cal insight into the correlation among carrier collection, car-
rier generation, and bandgap grading width in the absorber.

2. Materials and Methods

Silicon-based thin films were prepared in a 27.12MHz single-
chamber PECVD system with a load-lock and a transfer
chamber. Gas mixture of SiH

4
, GeH

4
, CO
2
, B
2
H
6
, PH
3
, and

H
2
was used as source gases. N-type 𝜇c-SiOx:H layer was

prepared under power of 30W and CO
2
-to-SiH

4
flow ratio

of 0.54. The resulting refractive index (at wavelength of
650 nm) and the optical bandgap, 𝐸

04
(photon energy where

the absorption coefficient is 104 cm−1), were 3.2 and 2.2 eV,
respectively.The a-Si

1−xGex:H single-junction solar cells were
deposited on the SnO

2
:F coated glass substrates in a p-i-n

superstrate configuration. The bandgap graded absorber was
prepared by continuously varying the germane-to-silane flow
rate ratio during the deposition processwhilemaintaining the
total thickness of the absorber at 230 nm.Thebandgap graded
layers were extended from the p/i and i/n interfaces toward
the middle of the absorber with the bandgap changed from
1.75 to 1.53 eV. Photoconductivities of the bandgap graded lay-
ers decreased from 1.2 × 10−5 to 3.1 × 10−6 S/cmwhile the dark
conductivities are quite similar (∼4 × 10−10 S/cm) with
decreasing the bandgap from 1.75 to 1.53 eV. After the deposi-
tion, the cells were transferred to a sputter chamber to deposit
the ITO/Ag back contacts.

The bandgaps were obtained by analyzing the trans-
mittance and reflection spectra of a-Si

1−xGex:H films using
Tauc’s method [17]. The optical reflection of cells was
measured by UV/VIS spectroscopy. The external quantum
efficiency (EQE) was characterized under both short-circuit
and voltage-biased conditions. The 𝐽-𝑉 characteristics of a-
Si
1−xGex:H single-junction solar cells were obtained from the
𝐽-𝑉measurement under illumination of AM1.5G light source
with the electrode area of 0.25 cm2.

3. Results and Discussion

3.1. Inefficient Carrier Collection in a-Si
1−xGex:H Single-

Junction Cells with Single-Bandgap Absorber. Figure 1 shows
the external quantum efficiency (EQE) of a-Si

1−xGex:H
single-junction cells measured under different reverse biases.
Bandgap graded layers were not employed in this cell. As the
bias voltage increased from 0 to −0.5 V, the EQE increased
significantly in longer wavelength region (>450 nm). Further
increase in bias voltage from −1.0 to −1.5 V had onlymarginal
enhancement in EQEwhich indicated thatmost carriers were
extracted from the device. The difference in EQE between 0
and −1.5 V revealed that the carrier collection is inefficient
in a-Si

1−xGex:H cells using single-bandgap absorber. We
believed that the asymmetric EQE enhancement is due to the
inefficient hole collection coming from the low drift mobility
of holes in amorphous material. Both the bulk defects and
interface defects can trap carriers and hinder photogenerated
carriers from being collected. Moreover, trapped carriers can

100

80

60

40

20

0
300 400 500 600 700 800 900

Wavelength (nm)

EQ
E 

(%
)

a-Si1−xGex :H single-junction cells 

−1.5V

−1.5V

0V

Bias voltage
0V

−1.0V−0.5V

Figure 1: External quantumefficiency (EQE) of a-Si
1−xGex:H single-

junction cells with different reverse biases. The bias voltage was
changed from 0 to −1.5 V.

weaken the built-in electric field in themiddle of the absorber
which worsened the carrier collection efficiency. To mitigate
the detrimental effect of the inefficient carrier collection in
the single-bandgap absorber, we employ the bandgap graded
layers extended from the p/i and the i/n interfaces toward
the middle of the absorber. The effect of p/i and i/n grading
widths on cell performance was systematically studied.

The schematic band structures of a-Si
1−xGex:H single-

junction solar cells without and with bandgap grading at the
p/i and the i/n interfaces were illustrated in Figures 2(a) and
2(b). The valence and the conduction band were assumed to
shift equally as the film Ge content varied in the bandgap
graded layer. The lowest bandgap of a-Si

1−xGex:H undoped-
layer was 1.53 eV, while the a-Si:H p-layer and 𝜇c-SiOx:H
n-layer had bandgaps of 1.75 eV and 1.1 eV, respectively.
The bandgap of 𝜇c-SiOx:H n-layer was approximately 1.1 eV
because of its microcrystalline nature and the low oxygen (∼4
at.%) we used. The bandgaps of the bandgap graded layers
were changed from 1.75 to 1.53 eV. To investigate the appro-
priate bandgap grading structure, the p/i grading width was
varied from 0 to 70 nm and the i/n grading width was varied
from 0 to 180 nm. The total thickness of a-Si

1−xGex:H was
fixed at 230 nm for every cell presented.

3.2. The Effect of p/i Grading Width on the Performance
of a-Si

1−xGex:H Single-Junction Cells. Figure 3 illustrates the
absorptance (𝐴) and EQE of a-Si

1−xGex:H single-junction
cells as a function of the p/i grading width. The EQEs
were measured under 0 and −0.5 V bias voltages. For EQEs
measured under short-circuit condition (0V), increasing the
p/i grading width from 0 to 20 nm reduced the EQE at wave-
length from 700 to 800 nm. Since the absorptance of cells
had no noticeable change in this region, the decrease in EQE
can be attributed to the degradation of carrier collection. Pre-
sumably, the degraded hole collection was responsible for the
reduced EQE [10–12]. Holes generated by long-wavelength
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Figure 2: The schematic band structure of a-Si
1−xGex:H single-junction cell (a) without bandgap grading and (b) with bandgap grading at

both the p/i and the i/n interfaces.
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Figure 3: Absorptance (𝐴) and EQEof a-Si
1−xGex:H single-junction

cells measured with 0V and −0.5 V biases as a function of the p/i
grading width. The p/i grading width was changed from 0 to 70 nm
meanwhile keeping the total thickness of the absorber as 230 nm for
all the cells.

photons near back contact would travel longer distance
before being collected than the generated electrons. The
potential gradient created by the p/i gradingwould hinder the
hole transport which made the hole collection more difficult.
Further increase in the p/i grading width to 70 nm reduced
the EQE from 550 to 900 nm, which revealed that the hole
collection was further degraded.

Table 1 summarizes the difference of current densities
(Δ𝐽) measured with bias voltages of 0 and −0.5 V in EQE as
a function of the p/i grading width. The Δ𝐽 increased from
1.07 to 1.40mA/cm2 as the p/i grading width increased from
0 to 70 nm. The increased Δ𝐽manifested that the p/i grading
degraded the carrier collection.

The performance of a-Si
1−xGex:H single-junction cells

with different p/i grading width was demonstrated in
Figure 4. The short-circuit current (𝐽SC) and FF were slightly
decreased as the p/i grading width increased from 0 to 20 nm.

Table 1: The reverse saturation current (𝐽
0
) and the difference of

current densities (Δ𝐽) measured with bias voltages of 0 and −0.5 V
in EQE as a function of the p/i grading width.

𝑝/𝑖 grading width (nm) 0 20 70
Δ𝐽 (𝐽EQE(−0.5V) − 𝐽EQE(0V))
(mA/cm2)

1.07 1.44 1.40

𝐽
0
(A) 2.8 × 10

−8
1.3 × 10

−9
2.9 × 10

−9

Further increase in the grading width to 70 nm reduced the
𝐽SC and the FF to 14.6mA/cm2 and 0.50, respectively. The
reduction in the 𝐽SC and the FF as the gradingwidth increased
from 0 to 70 nm was due to the degraded hole transport
arising from the reduced potential gradient created by the p/i
grading.

On the other hand, as the p/i grading width increased
from 0 to 20 nm, the open-circuit voltage (𝑉OC) increased
from 0.63 to 0.67V. Further increase in the grading width to
70 nm increased the 𝑉OC to 0.69V. The improvement in 𝑉OC
may be due to the reduced defects at interfaces by bandgap
graded layers [11, 12, 14]. Table 1 summarizes the reverse
saturation current (𝐽

0
) of cells with different p/i grading

width. As the grading width increased from 0 to 20 nm, the
𝐽
0
decreased approximately one order in magnitude from
2.8 × 10

−8 to 1.3 × 10−9 A. The reduction in 𝐽
0
revealed that

the defect density at the p/i interface was reduced by the
bandgap graded layers, which improved the 𝑉OC. In conse-
quence, the thickness of the p/i grading width should be 10 to
20 nm to reduce the interface defects meanwhile minimizing
the loss in 𝐽SC and FF.

3.3. Effect of i/n Grading Width on the Performance of
a-Si
1−xGex:H Single-Junction Cells. Figure 5 illustrates the

absorptance (𝐴) and EQE of a-Si
1−xGex:H cells with different

i/n grading width. The p/i grading width and the total
thickness of absorber were 15 and 230 nm, respectively, for all
the cells. As the i/n gradingwidth increased from 0 to 100 nm,
the EQE at wavelength from 400 to 720 nm improved signif-
icantly. Since the absorptance had no obvious change from
400 to 720 nm, the increased EQE in this region can be
attributed to the improved hole collection. Presumably,
the potential gradient established by i/n grading facilitated
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Figure 4: The performance of a-Si
1−xGex:H single-junction cells as a function of the p/i grading width under illumination of AM1.5G light

source. The p/i grading width was changed from 0 to 70 nmmeanwhile keeping the total thickness of the absorber at 230 nm for all the cells.
The lines were drawn to guide the eye.
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and the total thickness of the absorber at 15 and 230 nm, respectively.

the hole transport. Also, the i/n grading modified the dis-
tribution of defects in the absorber which strengthened the
built-in electric field that improved the carrier collection
[11, 12, 14]. The reduction at the wavelength approximately
750 nm as the i/n grading width increased from 0 to 100 nm

coincided with the decrease in absorptance in the same
region, which was due to the reduction in carrier generation
by the wider-bandgap graded layers.

As the i/n grading width increased from 100 to 160 nm,
the EQE was further improved at wavelength from 650
to 750 nm while the EQE from 750 to 900 nm decreased
noticeably. The former was due to the improved carrier
collection while the latter, which coincided with the reduc-
tion in absorptance, revealed that the carrier generation was
further reduced by wider bandgap graded absorbers. Further
increase of i/n grading width to 180 nm reduced the EQE at
the wavelength from 680 to 900 nm, which implied that the
carrier generation was further suppressed.

The effect of the i/n grading width on the performance of
a-Si
1−xGex:H cells was demonstrated in Figure 6. As the i/n

grading width increased from 0 to 180 nm, the𝑉OC increased
monotonically from 0.66 to 0.69V. The improvement in 𝑉OC
was due to the reduced defect density at the interfaces and the
redistribution of defects in the absorber which strengthened
the built-in electric field [11, 12, 14]. Since the p/i interface is
the dominant junction for high 𝑉OC, the modification of the
i/n grading width had relatively smaller improvement on𝑉OC
than the p/i grading presented in Figure 4.

In addition, when the i/n grading width increased from 0
to 100 nm, the 𝐽SC increased significantly from approximately
15 to 16mA/cm2 and the FF increased from 0.56 to 0.61
accordingly. The increase in 𝐽SC and FF suggested that the
i/n grading enhanced the carrier collection in the absorber.
Presumably, the potential gradient created by the i/n grading
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Figure 6: The performance of a-Si
1−xGex:H single-junction cells as a function of the i/n grading width under illumination of AM1.5G light

source. The p/i grading width and the total thickness of absorber were 15 and 230 nm, respectively, for all the cells. The lines were drawn to
guide the eye.

facilitated the hole transport and also strengthened the built-
in electric field in the absorber [12, 14]. As the i/n grading
width increased from 100 to 160 nm, the 𝐽SC seemed saturated
at approximately 16.5mA/cm2 while the FF increased from
0.61 to 0.65 monotonically. The increased FF suggested that
the carrier collectionwas further improved by the i/n grading.
The saturated 𝐽SC was due to the cancellation of improved
EQE at wavelength from 650 to 750 nm and the reduced EQE
from 750 to 900 nm as shown in Figure 5. Further increase
in the i/n grading width to 180 nm improved the FF to 0.66
while reducing 𝐽SC to 16.1mA/cm2 due to the reduced longer-
wavelength response. The cell efficiency improved signifi-
cantly from 5.5% to 7.5% as the i/n grading width increased
from0 to 180 nm.However, since a-Si

1−xGex:H cellswere gen-
erally used as bottom cells, thicker i/n grading width would
lead to substantial reduction in long-wavelength response
which may be potentially unfavorable in the tandem cell
design. As a result, the i/n grading should be as thick as 100
to 160 nm to take advantage of the improved carrier collection
meanwhile minimizing the reduction in longer-wavelength
response.

Figure 7 compares the EQEs of a-Si
1−xGex:H cells with

and without bandgap graded layers measured under different
bias voltages. The cell without bandgap grading exhibited
substantially larger increase at wavelength from 400 to
900 nm under −0.5 V bias. In contrast, the cell employing
bandgap graded layers showed onlymarginal increase in EQE
under −0.5 V at wavelength from 450 to 700 nm, which sug-
gested that most carriers were extracted under short-circuit
condition. This result suggested that the bandgap graded
layers improved the carrier collection significantly and thus
can make a more efficient light management in a-Si

1−xGex:H
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Figure 7: Comparison between EQEs of a-Si
1−xGex:H single-

junction cells with and without bandgap graded layers at the p/i and
the i/n regions. The circle and square symbols denote the cell with
and without bandgap grading, respectively. The p/i and i/n grading
widths and the total thickness of absorber were 15, 160, and 230 nm,
respectively. The EQEs measured under reverse bias of −0.5 V were
represented by the dash lines.

cells. On the other hand, the reduction in the EQE at wave-
length below 400 nm with reverse bias was probably due to
the electron collection issues or the signal instability of the
EQE system under biased condition. Further exploration on
the nonlinear bandgap grading profiles shall lead to enhanced
longer-wavelength response.
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4. Conclusions

In this work, the effect of bandgap grading of absorbers on
the performance of a-Si

1−xGex:H cells employing 𝜇c-SiOx:H
n-layer was investigated. The influence of the p/i and the i/n
grading widths on carrier collection and photon absorption
in the cells was evaluated by the bias-dependent EQE mea-
surement, the total reflection spectra of cells, and the 𝐽-𝑉
characteristics. The cell employing 20 nm thick p/i grading
improved the𝑉OC by 0.4V,whichwas 6.3% relative increment
compared to the cell without grading.The p/i grading seemed
to reduce the interface defects as evidenced by the decreased
dark leakage current. On the other hand, the cell with
160 nm thick i/n grading relatively enhanced the 𝑉OC, 𝐽SC,
FF, and efficiency by 5.0%, 10.4%, 11.0%, and 28.7%, respec-
tively, compared to the cell without i/n grading. The bias-
dependent EQE manifested that the carrier collection was
significantly improved which was likely due to the facilitation
of hole transport. One trade-off was the long-wavelength
response reduced with the increasing of i/n grading width.
Compared to the cell without grading, the a-Si

1−xGex:H
cells with optimal p/i and i/n grading widths improved the
efficiency from 5.5 to 7.5%.
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An efficient ITO-free top-illuminated organic photovoltaic (TOPV) based on small molecular planar heterojunction was achieved
by spinning a buffer layer of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), on the Ag-AgO

𝑥
anode. The

PEDOT:PSS thin film separates the active layer far from the Ag anode to prevent metal quenching and redistributes the strong
internal optical field toward dissociated interface. The thickness and morphology of this anodic buffer layer are the key factors
in determining device performances. The uniform buffer layer contributes a large short-circuit current and open-circuit voltage,
benefiting the final power conversion efficiency (PCE). The TOPV device with an optimal PEDOT:PSS thickness of about 30 nm
on Ag-AgO

𝑥
anode exhibits the maximum PCE of 1.49%. It appreciates a 1.37-fold enhancement in PCE over that of TOPV device

without buffer layer.

1. Introduction

Organic photovoltaic (OPV) cells based on a small molecular
planar heterojunction have attracted much attention since
Tang reported the first efficient device in 1986 [1]. At present,
the power conversion efficiency (PCE) of OPV cells is less
than that of inorganic solar cells [2, 3]. However, OPV is
a promising candidate for the next generation renewable
power source because of its easily tunable optical and
electrical properties, simple process, flexible application, and
low cost [4–7]. The continuous improvement of PCE has
focused on material development, interface modification,
structural engineering, and absorption enhancement [8–11].
In addition, there is an increasing trend towards the indium-
tin-oxide- (ITO-) free devices because of the potential
indium shortages and flexible applications [12–15]. OPV
plays a capital role in the concept of flexibility applied tomass
production by roll-to-roll process [16–18]. Hence, the inter-
face modification between organic layer and substitute anode
is an important factor affecting device performance [19].
Various materials are suitable for use as the anode, including
aurum (Au) [20], aluminum (Al) [21], silver (Ag) [19, 22], and

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) [4, 23].

In our previous reports [24, 25], we used Ag film as
the anode and cathode to obtain an efficient top-illuminated
organic photovoltaic (TOPV) device. However, many studies
indicated thatmetal-induced exciton quenching degrades the
number of excitons by nonradiative energy transfer to the
metal [26–28]. For OPV device without anodic or cathodic
buffer layer, the exciton quenching occurs in active layer close
to metallic anode or cathode, leading to the demoted PCE
[29–31]. The strength of exciton quenching depends on the
exciton drift-length from formation to the donor/acceptor
dissociated interface and the distance between exciton and
quencher. It can be foreseen that the metal-induced exci-
ton quenching effects in planar heterojunction OPV is
stronger than that in bulk heterojunction one, because of the
longer drift-length. Currently, bathocuproine (BCP) or 4,7-
diphenyl-1, 10-phenanthroline (BPhen), and so forth become
an essential cathodic buffer layer to prevent the cathodic
quenching to achieve the efficient planar heterojunctionOPV
device. Hence, to further upgrade the PCE of our TOPV
device with Ag anode, the anodic buffer layer to separate
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the active layer far from anode and so prevent the anodic
metal quenching is out of necessity.

Several metal oxides used to be buffer layer were reported
to induce exciton quenching, for example, molybdenum tri-
oxide (MoO

3
) [32], calciumoxide (CaO) [33], tin oxide (SnO)

[34], and so forth. Hence, the high conductive polymeric thin
film, PEDOT:PSS, is considered to be the anodic buffer layer
that alleviates the exciton quenching in our TOPV devices.
Thus, a great enhancement in short-circuit current (𝐽sc) of
the TOPV device could be anticipated by using the anodic
and cathodic buffer layers at the same time to prevent exciton
quenching.

In this paper, we investigate the optimization of the
optical-electrical performance of a TOPV device to obtain
the maximal PCE by utilizing a series of anodic buffer layers
fabricated at various spin speeds. By characterizing these
buffer layers, their thicknesses and surface morphologies
were found to be important parameters that affect the optical
field distribution and carrier dynamics inside device and then
determine the final device performance.

2. Experiment

The basic layer configuration of TOPV follows that in
our previous report, comprising a glass substrate/Ag-AgO

𝑥

(100 nm)/PEDOT:PSS (0 to 7000 rpm)/copper phthalocya-
nine (CuPc 20 nm)/fullerene (C

60
40 nm)/BCP (7 nm)/

Ag (12.5 nm)/naphthylphenylbiphenyldiamine (NPB 40 nm)
[25], where CuPc is electron donor layer, C

60
is electron

acceptor layer, BCP is exciton block layer to prevent the
cathodic quenching, and NPB is capping layer to have more
incident photons. Natively, Ag with lowwork function 4.2 e.V
is suitable for electron collection as cathode and its film
thickness determines the optical behaviors, highly reflection
or semitransparence. AgO

𝑥
was formed on the surface of

thick Ag film usingUV-Ozone (Jelightmode: 42) for 45 sec to
raise the work function for anode application. In our previous
work, we disclosed that 45 sec UV-Ozone treatment was the
optimal parameter for the Ag anode of TOPV. In fabricating
the buffer layer, PEDOT:PSS was spun onto the Ag-AgO

𝑥

anode at 500 rpm for 10 sec, and then at 1000 to 8000 rpm
for 20 sec. The physical properties of these buffer layers
were sequentially characterized by dynamic forcemicroscope
(DFM: SEIKO SPA400), water contact angle analysis, photo-
electron spectrometer (Riken Keiki AC-2), and spectrometer
(Hitachi U4100). Apart from PEDOT:PSS layer, the organic
thin films and Ag films were deposited by a multisource
thermal evaporator under high vacuum 5 × 10−6 and 2 ×
10−5 Torr, respectively.The active area of each cell was 4mm2
defined by the anode and cathode mask cross-section. These
devices were carefully encapsulated in a glovebox. Their
dark/illuminated current densities (𝐽) versus voltage (𝑉)
curves were measured using a source meter (Keithley 2400)
without/with an AM 1.5G 1-sun solar simulator (Newport
91195A).We also employed a system comprising a solar simu-
lator (Newport 66983), a monochromator (Newport 74045),
a lock-in amplifier (Stanford Research SR830), a chopper
(Stanford Research SR540) and some optical components, to
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measure their external quantum efficiency (EQE) spectra. In
addition, the refractive index and absorption coefficient of
the each single thin film were measured with the use of a
ellipsometer (Raditech SE-950).

3. Results and Discussions

To prove that the exciton quenching effect induced by metal
oxide and it can be neglected by using PEDOT:PSS, we fabri-
cated five thin films on glass substrates such as Alq

3
(10 nm),

PEDOT:PSS (20 nm), PEDOT:PSS (20 nm)/Alq
3
(10 nm),

and MoO
3
(1 nm)/Alq

3
(10 nm), MoO

3
doped Alq

3
(doping

ratio in volume 1 : 10, 11 nm) to measure their photolumines-
cence (PL) spectra as shown in Figure 1, using spectrometer
(Hitachi F4500) with the fixed excitation wavelength of
350 nm. One can see that Alq

3
and PEDOT:PSS/Alq

3
show

the almost identical PL intensity. It means that the energy
transfer between PEDOT:PSS and excitons in Alq

3
layer

is negligible. Less exciton quenching effect resulting from
PEDOT:PSS can be detected.However, theMoO

3
/Alq
3
shows

the decayed PL intensity due to exciton quenching effect [32].
A number of excitons in Alq

3
layer are quenched by MoO

3
,

especially their position closed to MoO
3
. The considerable

exciton quenching can be observed when MoO
3
doped

into Alq
3
layer because the distances between MoO

3
atoms

and excitons are very short, corresponding to the strongest
nonradiative energy transfer between them. Reasonably, its
PL intensity is almost naught comparing to that of the pure
PEDOT:PSS film. It means that MoO

3
does actuate the

exciton quenching effects, whereas PEDOT:PSS does not.
Good surface wettability of anode substrate is a basic

requirement for the following uniform film deposition [35].
The wetted substrate corresponding to the small static water
contact angle benefits the qualified film deposition in atomic
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Figure 2: Static water contact angle on the surface of Ag, Ag-AgO
𝑥
, Ag-AgO

𝑥
/PEDOT:PSS thin films is 56∘, 48∘, and 31∘, respectively.

layer by layer without aggregated islands. There is an agree-
ment on that the organic film deposition on the wetter
substrate exhibits the higher carrier mobility, less defect
formation, and smoother surface roughness and is good for
device performance [35–37]. Figure 2 shows photos for the
static water contact angle on the surface of Ag, Ag-AgO

𝑥
,

and Ag-AgO
𝑥
/PEDOT:PSS thin films, used to assess surface

wettability. The original Ag film surface is hydrophobic and
exhibits a large water contact angle of 56∘. After 45 sec UV-
Ozone treatment, the water contact angle a little reduces
to 48∘ due to the generation of AgO

𝑥
on the Ag surface.

There is ±1∘ and ±2∘ uncertainty in the contact angle on
the different Ag and Ag-AgO

𝑥
film surfaces, respectively. To

improve further the anodic surface wettability, we coated the
anode surface with PEDOT:PSS. UV-Ozone treatment of Ag
surface is helpful for the sequential PEDOT:PSS coating to
avoid film breakage, because the contact angle of PEDOT:PSS
on bare Ag surface is very large [38]. For example, forming a
PEDOT:PSS at 5000 rpmprovides the conspicuous decease in
water contact angle to 31∘ as shown in Figure 2. The average
water contact angle on various PEDOT:PSS surfaces fabri-
cated at the spin speed of 1000 to 8000 rpm is 30.1∘± 3∘. This
implies that PEDOT:PSS lamination easily transforms the
hydrophobic AgO

𝑥
surface to be hydrophilic. In addition, the

work function of Ag, Ag-AgO
𝑥
, and Ag-AgO

𝑥
/PEDOT:PSS

thin films were 4.16, 4.9, and 5.1 eV, respectively. Hence, the
fabrication of Ag-AgO

𝑥
/PEDOT:PSS anode provides good

wettability and high work function, suitable for organic layer
deposition.

We characterized layer thickness and surface roughness
for the various PEDOT:PSS films as shown in Figure 3.
As coating speed increased, the thickness of PEDOT:PSS
films thinned due to the greater centrifugal force. The figure
shows that film thickness fabricated at 1000, 3000, 5000, and
7000 rpm were 59.7, 39.8, 29, 11.9 nm, respectively. Under our
coating process, the uniformity of film thickness was greater
than 90% while the spin speed is greater than 3000 rpm.
Distinctively, the uniformity of film thickness less than 70%
was observed as spin speed less than 2000 rpm. The average
roughness (𝑅

𝑎
) of 5 × 5 𝜇m2 scanning area dwindles as spin

speed grows from 1000 rpm to 5000 rpm, and then 𝑅
𝑎
gets

large as the spin speed over 5000 rpm. The 𝑅
𝑎
curve shows

two distinct tendencies with a demarcation at 5000 rpm,
beyond which speed, defects appear on the PEDOT:PSS
surface. Two inserted DFM photos in Figure 3 exhibit the
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PEDOT:PSS films fabricated at 1000 to 8000 rpm on Ag-AgO
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anode. The inset DFM photos show the surface of 5000 and
7000 rpm films.

smooth surface at 5000 rpm, and the appearance of holes on
the surface at 7000 rpm.This defect formation results from an
interaction between the weak surface tension of PEDOT:PSS
solution and the strongly hydrophobic AgO

𝑥
surface. Hence,

a PEDOT:PSS film thickness of less than 20 nm is hard to
obtain with perfect surface using AgO

𝑥
substrate because the

surface tension of PEDOT:PSS solution is not strong enough
to allow spreading on the hydrophobic AgO

𝑥
surface. This

problem can be anticipated to be much greater for the bare
Ag substrate.

Figure 4 presents the wavelength dependent reflective
index (𝑛) and absorption coefficient (𝑘), as well as sim-
ulated optical field distribution inside the TOPV devices
with/without 30 nm PEDOT:PSS layer. The involved refrac-
tive indexes and absorption coefficients of the organic layers
such as PEDOT:PSS, CuPc, C

60
, and BCP were individually

measured from a fixed layer thickness of 50 nm utilizing
an ellipsometer (Raditech SE-950) as shown in Figure 4(a).
Furthermore, the simulation program was using the optical
model of transfer matrix to illustrate the optical field distri-
bution inside TOPV as shown in Figures 4(b) and 4(c) [39–
41]. Both simulate diagrams show two divisions in the optical
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Figure 4: (a) Wavelength dependent refractive index (𝑛) and absorption coefficient (𝑘). Simulated optical field distribution inside TOPVs
(b) with and (c) without 30 nm PEDOT:PSS layer.

field spectrum with a boundary near 550 nm, dominated
by the refractive index of the CuPc thin film. Comparing
these two diagrams, the inserted PEDOT:PSS layer causes
a rearrangement of the optical field. Also it is obvious to
detect that the thickness of PEDOT:PSS is efficiently used
to adjust the region of stronger optical field close to or far
from the anode. In particular, the optical field intensity near
the interface between donor (CuPc) and acceptor (C

60
) is the

critical region to dissociate the excitons and determine the
converted current. Here, the 30 nm PEDOT:PSS shifts the
stronger optical field region (red part) towards the CuPc and
C
60
junction, reducing the exciton-loss in drift and increasing

the probability of exciton dissociation. This implies that
the device with 30 nm PEDOT:PSS has a higher converted
current.

We used our series anodes to fabricate the TOPV
devices. Figure 5 shows 𝐽-𝑉 performances of the devices
were measured in the dark. The control TOPV device
without PEDOT:PSS indicates the best 𝐽-𝑉 performance,
caused by the short distance between anode and cathode.

For a fixed driving voltage, the small electrode separation
distance produces the strong electrical field inside device
and accelerates the carrier mobility of organic layers [42].
Although the PEDOT:PSS generally used to be the con-
ducting polymer layer, its thickness is still a key factor in
determining anisotropic layer conductivity [43, 44]. Sand-
wiching it in between two electrodes, bulk conduction of
PEDOT:PSS layer diminishes as increasing film thickness.
Hence, 1000 rpm OPV device with the thickest PEDOT:PSS
film presents a poor 𝐽-𝑉 behavior. Decreasing PEDOT:PSS
film thickness by rising spin speed improves bulk conduction
and reduces the electrode separation distance, leading to the
improvement in 𝐽-𝑉 performance. However, the 7000 rpm
corresponding to a very thin film exhibits degrade 𝐽-𝑉
performance. This is resulted from some defects on the
film surface to hinder the carrier transport at the interface
between anode and CuPc. Among these cases, the optimal
spin speed is 5000 rpm to form a PEDOT:PSS thin film
with good conduction and smooth surface without defects.
However, it is hard to avoid that an electrical lag exists
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Figure 6: 𝐽-𝑉 characteristics of TOPVs under AM1.5 solar simula-
tor illumination.

between the optimal device and control device, due to the
additional PEDOT:PSS layer.

Figure 6 illustrates 𝐽-𝑉curves of OPV devices under
AM1.5 solar simulator illumination. Table 1 lists the photo-
voltaic characterizations: open-circuit voltage (𝑉oc), short-
circuit current (𝐽sc), fill factor (FF), PCE, shunt resistor (𝑅sh),
and series resistor (𝑅

𝑠
). The OPV devices incorporated with

various PEDOT:PSS films have an almost identical 𝑉oc to
each other (0.53–0.54V). The 𝑉oc values are greater than
0.49V as indicated for the control OPV device containing
Ag-AgO

𝑥
anode. The reason for this is that PEDOT:PSS has

a greater work function than that of AgO
𝑥
. Their 𝐽sc values

are 2.74, 4.77, 4.8, and 4.56mA/cm2 for 1000, 3000, 5000,
and 7000 rpm fabrication spin speeds, respectively. As spin

speed raises from 1000 to 5000 rpm, the diminishing film
thickness results in enhanced 𝐽sc, because of the better bulk
conduction of PEDOT:PSS film, the greater carrier mobility
of organic layer, and the stronger optical filed intensity nears
the exciton dissociation region. Distinctively, a degraded 𝐽sc
obtained at 7000 rpm device is resulted from the deteriorated
hole collection induced by a few defects at the interface
between CuPc and anode. Beyond 3000 rpm, OPV devices
have greater 𝐽sc values than 3.54mA/cm2 seen for control
device because the presence of PEDOT:PSS reduced the
energy barrier between organic layer and anode, benefits the
hole transport at this interface, and moves the strong optical
field close to exciton dissociation region. Furthermore, the
reported effect of exciton quench close to the Ag anode is
eliminated by incorporating a PEDOT:PSS layer. Taking into
account FF, the control device has an excellent FF of 61.66%
coming from the smallest 𝑅

𝑠
and the largest 𝑅sh. Here, the

FF is slightly affected by 𝑅sh, as the 𝑅sh values are all greater
than 1 kΩ⋅cm2; the difference in 𝑅sh among these devices is
negligible. Notably, 𝑅

𝑠
is affected by the conduction of anode

substrate to determine FF. Hence, the control device with the
excellent conductor Ag-AgO

𝑥
anode shows the smallest 𝑅

𝑠
of

0.56Ω⋅cm2.The thinner PEDOT:PSS filmperforms the better
bulk conduction to reduce the 𝑅

𝑠
from 21.15 to 2.13 Ω⋅cm2,

except 7000 rpm device with few defects on the PEDOT:PSS
film surface.These defects hindered the carrier transport and
lowered bulk conduction of the anode. Reasonably, 7000 rpm
device shows the increased 𝑅

𝑠
behavior. Hence, the spin

speed of 5000 rpm is an optimal fabrication parameter for
formation of buffer layer on the anode of TOPV device and
provides the average PCE of 1.44% (maximum is 1.49%). It
is significant that 1.38-fold PCE enhancement was obtained
by inserting a PEDOT:PSS buffer layer between AgO

𝑥
and

organic layer.
Figure 7 depicts the EQE spectra of devices and the

absorption spectrum of CuPc andC
60
. It is clear that there are

two divisions of each EQE spectrum individually mirroring
the CuPc andC

60
absorption band. Accordingly, it can be eas-

ily understood that the thickest case, 1000 rpm device, shows
the lowest EQE for the whole band. Excluding this worse
case, the uniform PEDOT:PSS thin film obviously improves
EQE at the CuPc band. The interface modification between
CuPc and anode is responsible for observable improvement
at CuPc band. Defects on the 7000 rpm PEDOT:PSS surface
indicate a small degradation at CuPc band. In this study,
we did not have any modifications near the cathode. The
EQE peak wavelength at C

60
band blueshifts with decreasing

PEDOT:PSS thickness, dominated by the cavity effect inside
device in a manner similar to the description in Figure 4.
The EQE amplitude at the C

60
band is affected by the optical

field distribution. 5000 rpmdevice shows a better overall EQE
spectrum, particularly for the C

60
band. This device exhibits

the greatest PCE of all devices.

4. Conclusion

In summary, we have successfully introduced PEDOT:PSS
as an anode buffer layer to enhance the work function of



6 International Journal of Photoenergy

Table 1: Photovoltaic characteristics of TOPVs with various PEDOT:PSS thin films on Ag-AgO
𝑥
anode.

PEDOT:PSS 𝑉oc (V) 𝐽sc (mA/cm2) FF (%) Eff (%) 𝑅sh (kΩ∗cm
2) 𝑅

𝑠
(Ω∗cm2)

UVO 45 s 0.48 ± 0.01 3.54 ± 0.02 61.66 ± 0.18 1.08 ± 0.02 1.36 ± 0.02 0.56 ± 0.2

1000 rpm 0.54 ± 0.01 2.74 ± 0.04 45.71 ± 0.15 0.69 ± 0.02 1.48 ± 0.02 21.15 ± 2.51

3000 rpm 0.54 4.77 ± 0.05 52.26 ± 0.82 1.36 ± 0.02 1.12 ± 0.05 7.47 ± 1.1

5000 rpm 0.53 ± 0.01 4.8 ± 0.05 58.4 ± 0.38 1.44 ± 0.05 1.08 ± 0.01 2.13 ± 0.8

7000 rpm 0.53 4.56 ± 0.02 57.41 ± 0.24 1.39 ± 0.01 1.14 ± 0.06 3.69 ± 0.13
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Figure 7: EQE spectra of TOPVs and absorption spectra of CuPc
and C

60
.

Ag anode and then eliminated the energy barrier between
organic layer and anode, thereby preventing the anode
quenching and enhancing the 𝐽sc for TOPV device. After
characterizing PEDOT:PSS layers fabricated at various spin
speeds, the optimal film thickness ∼30 nm with good mor-
phological quality could be obtained at 5000 rpm. In partic-
ular, a great enhancement in 𝐽sc was observed by assembling
the TOPV device with a PEDOT:PSS buffer layer fabricated
at this optimal spin parameter. The optimized device offered
a 1.37-fold enhancement in PCE compared to that of OPV
without a buffer layer.
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We have reported on the lateral photovoltaic effect of LaTiO
3
films epitaxially grown on (100) SrTiO

3
substrates. Under illumination

of continuous 1064 nm laser beam on the LaTiO
3
film through SrTiO

3
substrate, the open-circuit photovoltage depended linearly

on the illuminated position.The photosensitivity can be modified by bias current.These results indicated that the LaTiO
3
films give

rise to a potentially photoelectronic device for near infrared position-sensitive detection.

1. Introduction

Lateral photovoltaic effect (LPE) discovered by Schottky in
1930 has been widely used as position sensitive detectors
(PSDs) in many fields requiring precision measurements,
such as robotic vision, remote optical alignment, machine
tool alignment, and medical instrumentation, [1, 2]. In
order to improve the sensitivity and linearity of PSDs,
many researchers have made efforts to study LPE in var-
ious kinds of materials systems, such as conventional p-n
junctions, hydrogenated amorphous silicon based structures,
porous silicon, Ti/Si amorphous superlattices, semicon-
ducting polymer, metal-semiconductor and metal-insulator-
semiconductor structures, modulation-doped AlGaAs/GaAs
heterostructure, and Cu

2
O nanoscale film, [3–11]. Almost all

of the reported LPEs were applied in visible or ultraviolet
region, while works concerning large LPE in near infrared
(NIR) region have been rarely reported [10, 11].

Recently, the strongly correlated electron systems com-
posed of transition-metal oxides have attracted many inter-
ests [12, 13]. By the advanced preparation technology of thin
film, such as terminate oxide substrates at well-defined ionic
planes, pulsed-laser deposition (PLD) and molecular-beam
epitaxy (MBE), and high-pressure reflection high-energy
electron diffraction, many new physical phenomena have
been discovered in oxide interfaces [14, 15]. Ohtomo et al.
have studied the Mott insulator LaTiO

3
(LTO) embedded

in the band insulator LaTiO
3
(STO) and found interface-

specific conducting states between the two different insula-
tors [16–18]. And then the investigations of LaTiO

3
/SrTiO

3

have been focused on their electro-optic properties [19–
23]. These results have shown that the different structures
among bulk materials, films, and interfaces have generated a
large difference in physical properties, even when the same
component materials are used.

In this paper, we have grown epitaxial LTO films on
STO substrates using PLD technique and presented a near
infrared lateral photovoltaic effect by irradiating the structure
of LTO/STO. The open-circuit photovoltage of the LTO
film depended linearly on illuminated 1064 nm laser beam
position. The photosensitivity can be modified with bias
current. The results demonstrated that the present film has a
great potential application in NIR position-sensitive detector.

2. Experimental

TheLTO filmwith a thickness of about 100 nmwas deposited
on a 0.5 mm thick single crystalline (100) STO substrate with
an area of 5.0mm× 5.0mm using a polycrystalline La

2
Ti
2
O
7

target by pulsed laser deposition. The substrate temperature
was kept at 850∘C and the oxygen background pressure was
2.38 × 10

−6 Torr. After the deposition, the LTO film was then
cooled to room temperature with the substrate heater power
cutoff.The structure of the sample was characterized by X-ray
diffraction (XRD).

The schematic setup for LPE measurement is shown in
the inset of Figure 2(b). For photovoltaic measurement, two
silver electrodes of 4.0mm × 1.0mm in area, separated by
about 3.0mm, were fabricated on the as-prepared LTO film
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Figure 1: (a) XRD pattern of LTO/STO sample. (b)The typical I-V characteristics of the LTO/STO at room temperature.The top inset shows
the schematic measurement setup. The bottom inset shows the temperature dependence of resistance of LTO/STO film.

0.006

0.004

0.002

0.000

−0.002

−0.004

−0.006

Ph
ot

ov
ol

ta
ge

 (V
)

Time (s)
−40 −20 0 20

1.5mm

−1.3mm

(a)

0.0 0.5 1.0 1.5

0.000

0.002

0.004

0.006
A

Laser spot position (mm)

B

LTO
STO

Position sensitivity:

x

Ph
ot

ov
ol

ta
ge

 (V
)

−0.002

−0.004

−0.006 3.7mV/mm

−0.5−1.0−1.5

h𝛾

(b)

Figure 2: (a)The typical waveforms recorded by oscilloscope with 1MΩ input impedance without any bias when laser spot irradiated region
from A to B. (b) The steady waveforms’ peak voltages depended linearly on the spot positions through the zero point.

surface. A small area of 1mm diameter was irradiated on the
LTO/STO interface by a 1064 nm continuum solid state laser.
The lateral photovoltage (LPV) between the Ag electrodes A
(𝑥 = 1.5mm) and B (𝑥 = −1.5mm) on the LTO film surface
was measured and recorded by a sampling oscilloscope of
350MHz terminated into 1MΩ at ambient temperature.

3. Results and Discussion

The XRD scan curve of the LTO/STO is presented in
Figure 1(a). Except for the diffraction peaks of STO (𝑙00)
and LTO (00𝑙), there are no diffraction peaks from impurity
phases or randomly oriented grains, indicating that the LTO

film is a single phase and (001) oriented. Figure 1(b) shows the
typical current-voltage (I-V) curve of the LTO filmmeasured
by tuning the applied voltage with a pulse-modulated voltage
source at room temperature, and the resistance of the sample
increases with the temperature range from 20 to 300K as
shown in the inset. These results were consistent with the
metallic behavior and also confirmed the ohmic contacts
between electrodes and LTO surface.

Figure 2(a) shows the typical waveforms recorded by
oscilloscope when the 1064 nm laser irradiated the LTO film
through the STO substrate at different positions 𝑥 (from
A to B shown in the inset of Figure 2(b)). The on-sample
laser power is 98mW. When the laser irradiated the sample,
the LPV rises fast at the beginning of about 3 s and then
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Figure 3: (a) The typical waveforms with different on-sample laser power from 7.8 to 98mW at 𝑥 = −1.4mm. (b) The LPV dependence on
the on-sample laser power.
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Figure 4: (a) The typical waveforms with bias currents applied from 0 to 500𝜇A at 𝑥 = 1.5mm. (b) The photoinduced LPV defined by
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gets stable. The LPVs at 𝑥 = 1.5mm and 𝑥 = −1.3mm
were 5.52mV and −4.52mV, respectively. The LPV was
dramatically changed when the laser irradiated at different
positions, and Figure 2(b) shows the LPV as a function of
laser spot position. It is clear that the photovoltage shows
good linear relationship with the illuminated position. The
position sensitivity of LPV in the sample is about 3.7mV/mm.

In addition we also measured the photovoltaic responses
at−1.4mmwith the laser power increasing from7.8 to 98mW
(see Figure 3(a)). Figure 3(b) shows the photovoltaic response
dependence on laser power. It is clear that the LPV is linear to
the light power as the power is increased, which means that
the position sensitivities of LPV are stable.

To improve the laser position photovoltaic sensitivity, a
bias current was applied to the sample. LPVs were measured

by gradually increasing the bias current from 0 to 500𝜇A
under 1064 nm laser illumination at 𝑥 = 1.5mm. The on-
sample power was kept at 98mW. The 𝑉

𝐵
in Figure 4(a)

denotes the baseline recorded by the oscilloscope for laser-off
state, which was caused by the external bias and the input
impedance, and shifts from 0.3 to 325mV for bias current
from0 to 500𝜇A.Thephotoinduced LPVdefined by (𝑉

𝑃
−𝑉
𝑅
)

is plotted in Figure 4(b) as a function of the applied bias and
increases from ∼5 to 22mV with bias increasing from 0 to
500𝜇A.

In our case the band gap of LTO and STO is ∼0.2 eV
and ∼3.2 eV, respectively. When we used 1064 nm laser to
scan the back STO side of sample, the photon can pass
through the STO substrate without being absorbed. Under
the illumination in LTO, electrons were excited from valance
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band to conduction band by absorbing the photon energy
and generated nonequilibrium carriers. The light-induced
nonequilibrium electrons in LTO will thus generate a gra-
dient laterally between the illuminated and nonilluminated
zones, resulting in excess electrons diffusing laterally along
the film away from the illuminated spot toward two sides
(at anode and cathode). When the lateral distance of the
laser spot from each contact is different, the electron density
impacting in built-in electric field is different. Thus a lateral
photovoltage is generated to be proportional to the differ-
ence of electron density between two lateral electrodes and
strongly dependent on laser spot position.

Previously the PSDs based on LPE were mainly concen-
trated in the visible or ultraviolet region. The large IR LPE
has been a challenge for a long time because the light in this
region is hard to be absorbed. Recently a lateral photovoltage
position sensitivity of 16.4mV/mm/mW was observed at
832 nm light wavelength in nanoscale Co/Si structures [10].
Under pulsed IR laser irradiation the position sensitivity of
Cu
2
O/Si thin film PSD reached 15.3mV/mm [11]. Different

from the reported IR PSD [10, 11], the present NIR PSD is
composed of LTO film and STO substrate, named as all-
perovskite-oxide (APO) PSD. The waveform of the present
detector shows that the rising time of LPV is about 3 seconds.
To meet the challenges of applying APO in NIR PSD, we will
improve the position sensitivity and resolve the slow response
time in the future.

4. Conclusions

In summary, lateral photovoltaic effect was investigated in
LTOfilm.TheLPVswere observed by choppingmechanically
1064 nm continuous laser beam, which showed a linear
relationship with irradiated position, suggesting a potential
application for position sensitive detectors at room temper-
ature. The strong dependence on the laser intensity and bias
current implied that LTO film may be of great use in light
power measurement.
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CdSe quantum dots (QDs) dispersed in polyvinyl alcohol (PVA) matrix with their sizes within the quantum dot regime have been
synthesized via a simple heat induced thermolysis technique.The effect of the concentrations of the cadmium source on the optical
properties of CdSe/PVA thin films was investigated through UV-Vis absorption spectroscopy. The structural analysis and particle
size determination as well as morphological studies of the CdSe/PVA nanocomposite thin films were done with the help of X-ray
diffraction (XRD) and transmission electron microscopy (TEM). The XRD analysis reveals that CdSe/PVA nanocomposite thin
film has a hexagonal (wurtzite) structure. A prototype thin film solar cell of CdSe/CdTe has been synthesized and its photovoltaic
parameters were measured.

1. Introduction

Polymer nanocomposites are diverse and versatile functional
materials in which nanoscale (1–100 nm) inorganic parti-
cles are dispersed in an organic polymer matrix to dis-
play enhanced optical, mechanical, magnetic, and optoelec-
tronic properties [1–3]. The incorporation of semiconductor
nanoparticles into polymer matrices is of great importance
because of the potential applications of the resultingmaterials
in wide variety of fields such as in fabrication of electronic
devices [4–6], catalysis [7], gas sensors [8, 9], and nonlinear
optics [10]. Bulk CdSe is a direct bandgap (1.74 eV) II-VI
semiconductor with an exciton Bohr radius of 6 nm [11, 12]. It
exhibits either sphalerite cubic (zinc-blende type) or hexago-
nal (wurtzite type) structure.The hexagonal state is the stable
phase while the sphalerite cubic is the metastable state [13].
From technological perspective, CdSe nanoparticles (NPs)
are of significant interest because of their unique quan-
tum confinement properties, bright photoluminescence, nar-
row emission band, and photostability [14]. CdSe-polymer
nanocomposites find potential applications in the fabrication
of devices like photovoltaic cells, laser, thin film transistors,
light emitting diodes, and other nanoscale devices [15, 16].
Many methods have been developed to synthesize CdSe

in thin film form which includes chemical bath deposition
(CBD) [17], vacuum evaporation [18], electrodeposition [19],
spray pyrolysis [20], and successive ionic layer adsorption
and reaction (SILAR) [21]. However, among these, CBD
technique is preferable for the synthesis of polymer-capped
CdSe nanocomposite thin film as it is easy to handle, cost
effective, and suitable for large area deposition [22, 23].

In recent years, various works have focused on the
synthesis and characterization of cadmium selenide (CdSe)
QDs in polymericmatrices bywet chemical syntheticmethod
[24–29]. Pecherska et al. successfully prepared CdSe QDs
embedded in polymer matrix, and the effects of annealing
temperature on the luminescent properties of the nanostruc-
tures were investigated [24]. PVA-capped CdSe NPs were
synthesized by Shah et al. via a simple chemical route and
studied the influence of precursor concentration, aging time,
and reaction temperature on the size of the as-synthesized
CdSe NPs as well as on their optical properties [25]. Photo-
luminescence properties of CdSe-PVA nanocomposites with
small and narrow size distribution obtained by varying the
polymer concentrations were reported by Kushwaha et al.
[26]. Ma et al. reported the room temperature synthesis of
CdSe nanoparticles dispersed in PVA matrix via one-step
solution growth technique and studied their optical and
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structural properties [27]. Suo et al. fabricated the poly (vinyl
alcohol) nanocomposite thin film reinforced with CdSe-
ZnS quantum dots by drop casting method and investigated
their optical properties [28]. Mansur et al. reported the
synthesis and characterization of CdSe nanoparticles using
acid-functionalized PVAas capping ligands via aqueous route
at room temperature by methods of colloidal chemistry [29].

The aim of the present study is to synthesize CdSe/PVA
nanocomposite thin films tunedwith hexagonal phase by heat
induced thermolysis technique and also to study the effect
of concentrations of cadmium ion on its optical properties.
The optimised CdSe/PVA nanocomposite thin film will
be utilised for fabrication and evaluation of a prototype
CdSe/CdTe solar cell.

2. Experimental

2.1. Materials and Characterizing Techniques. All reagents
such as sodium sulphite (Na

2
SO
3
),metallic seleniumpowder,

cadmium chloride (CdCl
2
⋅H
2
O), and polyvinyl alcohol were

purchased from Merk (India) Ltd. and used directly as
received without any further purification. Deionised water
was used throughout the experimental work.

The structural properties of theCdSe/PVA thin filmswere
analysed with a RigakuUltima-IVX-ray diffractometer using
CuK𝛼 radiations operated at 40 kV and 40mA. For optical
studies, absorption spectra were recorded with a Scinco (S
3100) PD UV-Vis spectrophotometer. The high resolution
transmission electron microscopy (HRTEM) images were
taken by a TECNAI-T 30 model instrument operated at an
accelerating voltage of 300 kV.Thephotovoltaic parameters of
the cell were measured by Keithley-2400 source meter under
illumination with a 100mWcm−2 (1 SUN) xenon lamp.

2.2. Synthesis of CdSe/PVA Nanocomposite. The CdSe/PVA
nanocomposite thin films were deposited on chemically
clean glass substrate by reacting Cd2+ dispersed PVA with
sodium selenosulphite via heat induced thermolysis tech-
nique. The synthesis technique is derived from Saikia et al.
[30] for CdS/PVA nanocomposite thin film. At first, 1M
sodium selenosulphite (Na

2
SeSO
3
) solution was prepared by

adding 0.05mol of powdered selenium into 100mL of 1M
sodium sulphite (Na

2
SO
3
) solution. The resultant mixture

was refluxed at 70∘C for 3 hr with constant stirring. After
refluxing, the final solutionwas filteredwith aWhatman filter
paper and was stored in the dark at (60 ± 5)∘C to prevent
decomposition against its instability at room temperature.

In a typical reaction, a matrix solution was prepared
by adding 1mL of 0.01M cadmium chloride into 20mL of
5% (W/V) aqueous solution of PVA and stirred continuously
for 15–20 minutes. 1mL of diluted sodium selenosulphite
(0.1M) was added drop by drop into this matrix solution,
and the reactants were stirred continuously for another
15 minutes. On stirring, the resulting precursor solution
becomes transparent, and gradually the colour changes to
orange. The final solution containing Cd2+ and Se2− ions
in the polymeric matrix was coated onto chemically clean
glass substrate by dip coating technique and then subjected

to thermolysis at 300∘C. The colour of the film changes from
transparent to brown within 15–20 minutes indicating the
formation of CdSe nanocrystals in the PVA matrix. A set
of five samples were prepared for various concentrations of
CdCl
2
(0.01M, 0.05M, 0.1M, 0.6M, and 1.1M) and a fixed

concentration of Na
2
SeSO
3
(0.1M). Further, the films were

annealed at 100∘C for 6 hours.The samples were labelled as S1,
S2, S3, S4, and S5 for CdCl

2
concentrations of 0.01M, 0.05M,

0.1M, 0.6M, and 1.1M, respectively.

2.3. Fabrication of the Cell. A thin film solar cell with the
structure Glass/ITO/CdSe/CdTe/Al has been fabricated in
which CdSe layer was deposited on top of the ITO coated
glass substrate by heat induced thermolysis technique at
300∘C as described above. Prior to the deposition of CdTe
thin film, the CdSe thin film was annealed at 100∘C for 6
hours. Then, a layer of CdTe was deposited on the top of the
CdSe layer by the thermal evaporation method at a pressure
of 10−6mbar. Finally, a layer of Al was deposited on the top as
a back contact by the thermal evaporation method. The final
cell structure is shown in Figure 4(a), and the device had an
area of 1 × 1 cm2.

3. Results and Discussions

3.1. Optical Studies. The UV-Vis absorption spectra of the
CdSe/PVA nanocomposite thin films (S1, S2, S3, S4, and S5)
are shown in Figure 1(a). The absorbance in the spectra is
found to increase gradually as the concentration of CdCl

2
is

increased from 0.01M to 1.1M. It is observed that at a lower
concentration of CdCl

2
(S1, S2), the CdSe/PVA thin films

exhibited low absorbance, and no absorption peakwas found,
while those deposited at higher concentration of CdCl

2
(S3,

S4, S5) exhibited high absorbance and prominent peaks were
observed (in the range of 560 nm–660 nm). The absorption
edges in the CdSe thin films (S1 to S4) are found to be
blue-shifted relative to the bulk CdSe band edge of 713 nm
[25, 29], whereas the absorption edge in case of sample S5
is red-shifted. The blue shift in the absorption edges may
be attributed due to the quantum confinement effect in
CdSe nanoparticles [25, 31]. From the spectra, it is observed
that the sharp increase in absorbance near the fundamental
absorption edge for the CdSe/PVA thin films (S4 and S5)
is an indication of good crystalline nature of the films [32].
The red shift in the spectra (S5) indicates the formation of
nanoparticles greater than the exciton Bohr radius (EBR) of
CdSe [25, 31].

The optical bandgaps of the films were obtained using the
following equation [33] for a semiconductor:

𝐴 =
𝑘(ℎ] − 𝐸𝑔)

𝑚/2

ℎ]
, (1)

where 𝐴 is the absorbance,𝐾 a constant, and𝑚 equal to 1 for
direct transition and 2 for indirect transition. Linearity of the
plots of (𝐴ℎ])2 versus photon energy ℎ] for the CdSe/PVA
films indicates that the material is of direct bandgap nature.

The extrapolation of the straight line to the (𝐴ℎ])2 =
0 axis (Figure 1(b)) gives the energy bandgap of the film
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Figure 1: (a) UV-Vis absorption spectra of CdSe/PVA nanocom-
posite thin films (S1, S2, S3, S4, and S5) prepared by thermolysis at
300∘C. (b) Bandgap calculation of CdSe/PVA nanocomposite thin
films (S3, S4, and S5) prepared by thermolysis at 300∘C.

material (S3, S4, and S5). The bandgaps of the films S3 and
S4 were found to be 2.1 eV and 1.8 eV, respectively, which is
higher than that of the bulk CdSe bandgap of 1.74 eV. But
the bandgap of the film S5 is found to be 1.6 eV which is
smaller than the bulk bandgap of CdSe and as such is not
preferable for application in solar cell. The increase in the

Re
lat

iv
e i

nt
en

sit
y 

(a
.u

.)

Diffraction angle (2𝜃)
20 25 30 35 40 45 50 55 60 65 70

002

101
102

110

103
202

210

Figure 2: XRD of CdSe thin film (S4) prepared by thermolysis at
300∘C.

Table 1: Bandgap, shift in bandgap, and particle size calculated from
absorption spectra.

Sample Bandgap from
UV-Vis (eV)

Shift in
bandgap (eV)

Particle size
from EMA (nm)

S3 2.1 0.36 4.5
S4 1.8 0.06 11.1

bandgap is due to the formation of small size CdSeNPs. From
the bandgap information, the size of the CdSe nanoparticles
for the samples S3 and S4 was calculated using effective
mass approximation (EMA) method [31] and the following
equation for a semiconductor:

𝐸gn − 𝐸gb =
(ℎ
2
𝜋
2
/2𝑅
2
)

𝜇
, (2)

where 𝜇 is the effective mass of the specimen [1/𝜇 = 1/𝑚
𝑒

∗
+

1/𝑚
ℎ

∗
], 𝑚
𝑒

∗ is the effective mass of electron (0.13𝑚
𝑒
), 𝑚
ℎ

∗

is the effective mass of hole (0.45𝑚
𝑒
), 𝑅 is the radius of the

particle, 𝐸gb is the bulk bandgap, and 𝐸gn is the bandgap of
the sample. The observations are shown in Table 1.

From the above discussion, it is found that the film S4 is
preferable for application as window layer in solar cell due to
its suitable bandgap and high absorbance in the visible range.

3.2. XRD Analysis. A typical X-ray diffraction pattern of
CdSe/PVA nanocomposite thin film (sample S4) is shown
in Figure 2. The XRD pattern shows several peaks at 2𝜃
values of 22.1∘, 31.1∘, 35∘, 40.5∘, 45.36∘, 55.1∘, and 65.4∘ which
may be assigned to the diffraction lines produced by the
(002), (101), (102), (110), (103), (202), and (210) planes of
hexagonal (wurtzite) structure of CdSe, respectively [14, 34].
The appearance of the (102) and (103) reflection planes at
diffraction angles 2𝜃 = 35.1∘ and 45.36∘ is an indication of
the hexagonal (wurtzite) structure of CdSe thin film [35].The
appearance ofmany peaks in theXRDpattern is an indication
of polycrystalline nature of the CdSe thin film.The crystallite
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Figure 3: (a) TEM image of CdSe thin film (S4) prepared by thermolysis at 300∘C. (b) HRTEM image of CdSe thin film (S4) prepared by
thermolysis at 300∘C. (c) SAED image of CdSe thin film (S4) prepared by thermolysis at 300∘C. (d) Size distribution of CdSe nanoparticles.

size in CdSe thin film is evaluated from the intensity peaks of
XRD by a Gaussian fit, using Debye-Scherrer formula:

𝐷 =
0.9𝜆

𝛽 cos 𝜃
, (3)

where𝛽 is the full width at halfmaximum,𝜆 is thewavelength
for X-ray used, and 𝜃 is Bragg’s angle.

3.3. TEM Analysis. The TEM micrograph of CdSe/PVA
nanocomposite thin film (S4) prepared at 300∘C is presented
in Figure 3(a). From the micrograph, it is observed that CdSe
NPs has uniform size distribution with an average size of
4-5 nm in diameter, almost spherical in shape and are well
dispersedwithin the pores of PVAmatrix.TheHRTEM image
of CdSe NPs (S4) is depicted in Figure 3(b).The image shows
the lattice fringes in the as-synthesized CdSe/PVA thin film
and the spacing between the lattice fringes was found to be
0.23 nmwhich is very close to the 𝑑 value of 0.22 nm (Table 2)
for (110) reflection plane in the XRD spectrum. The selected
area electron diffraction (SAED) pattern of the CdSe/PVA
thin filmprepared at 300∘C is shown in Figure 3(c).TheSAED

pattern indicates the hexagonal phase of the as-synthesized
CdSe NPs. The analysis of particle size distribution is done
with the help of histogram and is presented in Figure 3(d).
The size histogram of CdSe nanoparticles is constructed by
counting the total numbers of particles spread on the region
of TEM grid as shown in Figure 3(a). Out of 41 numbers
of total calculated particles, highest population is obtained
in the 4–6 nm size range. From the analysis, it is found that
as-synthesized CdSe nanoparticles exhibit an average size of
about 4–6 nm in diameter. A comparative study of the average
grain size of CdSe NPs obtained by TEM, EMA, and XRD
measurements is presented in Table 3.

4. Characterization of the Cell

The current-voltage (I-V) characteristic of the CdSe/CdTe
solar cell was measured with a Keithley (M: 2400) source
meter under one sun illumination intensity and is shown
in Figure 4(b). The photovoltaic parameters are tabulated in
Table 4. A conversion efficiency of 2.43% has been obtained
for the cell.
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Figure 4: (a) Experimental setup for measuring the current-
voltage characteristics of CdSe/CdTe thin film solar cell and (b) I-V
characteristics of CdSe/CdTe thin film solar cell.

Table 2:Grain size and structural parameters of CdSe thin film from
XRD.

Sample 2𝜃
(degree)

Reflection
planes (hkl)

d value
( ́Å)

Grain size
(nm)

Average
grain size
(nm)

S4

22.1 002 4.0117 13.3

10.69

31.1 101 3.0299 7
35 102 2.8077 10.93
40.5 110 2.2213 13.6
45.36 103 1.9977 8.45
55.1 202 1.6643 9.3
65.4 210 1.4254 12.2

5. Conclusion

CdSe quantum dots of average size of 4–6 nm in diameter
dispersed in PVA matrix have been synthesized in thin film
form by heat induced thermolysis technique.TheXRD analy-
sis indicated the hexagonal (wurtzite) structure of CdSe/PVA
nanocomposite thin film. The optical studies reveal that
CdSe/PVA nanocomposite thin film prepared from 0.6M

Table 3: Average grain size obtained from XRD, EMA, and TEM
analysis.

Sample Growth
temperature

Particle size
from XRD

(nm)

Particle size
from EMA

(nm)

Particle size
from TEM

(nm)
S4 300∘C 10.69 11.1 5

Table 4: Photovoltaic parameters for the CdSe/CdTe thin film solar
cell under 100mWcm−2 illumination intensity.

Solar cell 𝐼 (mWcm−2) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) 𝜂 (%)
CdSe/CdTe 100 290 33 25.3 2.43
𝐼, 𝑉oc, 𝐽sc, FF, and 𝜂 represent illumination intensity, open circuit voltage,
short circuit current density, fill factor, and efficiency, respectively.

concentration of CdCl
2
(S4) is found to be suitable for

application as a window layer in fabrication of solar cell. The
efficiency of the as-fabricatedCdSe/CdTe solar cell was found
to be 2.43%.
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The hydrothermal method provides an effective reaction environment for the synthesis of nanocrystalline materials with high
purity and well-controlled crystallinity. In this work, we started with various sizes of commercial TiO

2
powders and used the

hydrothermal method to prepare TiO
2
thin films. We found that the synthesized TiO

2
nanorods were thin and long when smaller

TiO
2
particleswere used, while larger TiO

2
particles produced thicker and shorter nanorods.We also found that TiO

2
films prepared

by TiO
2
nanorods exhibited larger surface roughness than those prepared by the commercial TiO

2
particles. It was found that a

pure anatase phase of TiO
2
nanorods can be obtained from the hydrothermal method. The dye-sensitized solar cells fabricated

with TiO
2
nanorods exhibited a higher solar efficiency than those fabricated with commercial TiO

2
nanoparticles directly. Further,

triple-layer structures of TiO
2
thin films with different particle sizes were investigated to improve the solar efficiency.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attractedmuch atten-
tion as possible candidates for low cost, high stability, and
high efficient solar cells [1, 2]. There are many innovations
in this emerging technology such as new dyes which are
absorbed at a wider range of wavelengths and the intro-
duction of nanostructure titanium oxides (TiO

2
) to increase

the surface area [3–5]. The DSSCs with the nanostructure
titanium oxide/Porphyrins dye thin films on transparent
conducting oxide- (TCO-) coated glass can achieve a solar
efficiency as high as 13% [6]. The major improvements of the
research are made not only by introducing highly absorbing
dyes as light harvesters, but also by using the nanostructure
layer to improve the absorption and collection efficiency.
In principle, fast electron transport and slow recombination
will be needed to obtain a high solar conversion efficiency.
For conventional DSSC, the mesoporous film consisted of
nanocrystalline TiO

2
particles, enjoying the advantages of

a large surface for greater dye adsorption and facilitating
electrolyte diffusionwithin their pores [7–12].The hydrother-
mal method provides an effective reaction environment for
the synthesis of nanocrystalline TiO

2
with high purity and

well-controlled crystallinity [13–15]. Therefore, we use the
hydrothermalmethod to prepare TiO

2
thin films in this work.

The Taguchi method [16–20] is used to find the optimal
parameters for the formation of high-quality TiO

2
films. The

Taguchi method [16] is a process optimization technique that
investigates howmultiparameters affect the performance of a
process. It can minimize the variation in a process through
robust design of experiments. The Taguchi method uses
orthogonal arrays [17] to organize the parameters affecting
the process and the levels at which they should be varied.
It allows for the determination of factors mostly affecting a
process performance characteristic with a minimum amount
of experimentation. Generally, it employs a generic signal-
to-noise (𝑆/𝑁) ratio to quantify the variation. These 𝑆/𝑁
ratios are used as measures of the effect of noise factors on
performance characteristics.There are several 𝑆/𝑁 ratio types
of characteristics: larger is better, nominal is best, smaller is
better, and so forth [16, 18].

In addition, it is known that the strong back-scattering
light due to the large particles near the conducting glass
results in a light loss. To reduce light loss due to this strong
back-scattering light, multiple-layer structure of TiO

2
with
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Table 1: Level of process parameters.

Symbol Factor level 1 2 3
A NaOH concentration (M) 10 8 12
B TiO2 particle size (nm) 14 21 100
C Autoclave temperature (∘C) 180 200 230
D Annealing temperature (∘C) 450 500 550

different particle sizes has been proposed in the past [21–27].
Here triple TiO

2
layer structure with small particle sizes is at

the bottom, medium sizes in the middle, and large particle
sizes on top which are also investigated to improve the solar
performance of DSSCs.

2. Experiments

The 2 cm × 1.5 cm fluorine-doped SnO
2
- (FTO-) coated

glass electrodes (sheet resistance 8Ω/◻) were cleaned by
acetone, isopropanol, and deionizedwater sequentially. In the
hydrothermal procedure, 3 g TiO

2
powderswere placed into a

Teflon lined autoclave of 100mL capacity. The autoclave was
filled with 8M, 10M, or 12M NaOH aqueous solution and
sealed into a stainless steel tank and maintained at 180∘C for
24 hrs. It was cooled down naturally to room temperature.
The obtained sodium titanate was put into 200mL of 1N
HCl aqueous solution at pH = 2 and stirred for 24 h. This
HCl treatment was repeatedmany times in order to exchange
Na+ ions completely by H+ ions leading to the formation
of hydrogen titanate nanorods. Then these hydrogen titanate
nanorods were washed with distilled water until the pH
reached 7 and filtered to obtain the precipitated hydrogen
titanate nanorods. These nanorods were dehydrated and
recrystallized into the anatase TiO

2
nanorods. Table 1 shows

the four factors and three levels used in our experiment
according to the Taguchi method [16–20]. If three levels
were assigned to each of these factors, then conventional
method would require 34 or 81 experiments to find the
optimal condition. Using the Taguchi method, we can reduce
the number of experiments to nine. The orthogonal array
of L9 type [17] is used and shown in Table 2. This design
requires nine experiments with four parameters at three
levels of each. The interactions of these four parameters were
neglected. TiO

2
solutions are prepared by mixing 3 g of TiO

2

powders, 1mL of titanium tetraisopropoxide (TTIP), 0.5 g
of Polyethylene glycol (PEG), and 0.5mL of triton X-100 in
50mL of isopropanol (IPA). The mixture was then grinded
and stirred by zirconia ball for 8 hours. It is known that the
addition of TTIP in the solution can reduce the surface crack
and the PEG canmake a porous thin film after annealing.The
TiO
2
thin films were formed by spin-coating TiO

2
solutions

on FTO-coated glass and annealed at 500∘C for one hour.
The coated TiO

2
photo-electrodes were then immersed for

24 hrs in a hydrous ethanol solution containing 3 × 10−4M
N719 dye. The liquid electrolyte consisted of 1M lithium
Iodide (LiI), 0.1M Iodine (I

2
), 0.5M 4-tert-butyl pyridine

(TBP), and 0.6M 1,2-Dimethyl-3-propylimidazolium iodide
(DMPII) in acetonitrile. The cathode electrode was made of
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Figure 1: The factor effects on the 𝑆/𝑁 ratio.

FTO-coated glass, which was further coated with H
2
PtCl
6

precursor and annealed at 450∘C for 30min. The cell was
fabricated by applying a surlyn spacer, which is a hot-melting
film with a thickness of 60 𝜇m, between two electrodes. Two
FTO-coated glasses were made with the surlyn heated at
100∘C.The electrolyte was injected into the space between the
electrodes by capillary action. Finally, these two FTO-coated
glasseswere sealed completely.The active area of cells is 1 cm2.
The photocurrent-voltage (𝐼-𝑉) characteristic curves were
measured using Keithley 2420 under AM1.5G illumination.

3. Results and Discussions

Nine different hydrothermal experiments were performed
using the design parameter combinations shown in Table 2.
Three specimens were fabricated for each of the parameter
combinations. The factor effects on the solar efficiency and
𝑆/𝑁 ratio for each experiment are listed in Table 3. The
higher solar efficiency is the indication of better performance.
Therefore, the larger-is-better criterion was selected for the
solar efficiency to obtain the optimal solar performance.
The following 𝑆/𝑁 ratios for the larger-is-better case can be
calculated [16, 18]:

(
𝑆

𝑁
)
LB
= −10 log

∑
𝑛

𝑖=1
1/(𝑦
𝑖
)
2

𝑛
, (1)

where (𝑆/𝑁)LB stands for the larger-is-better signal-to-noise
ratio, 𝑦

𝑖
is the individually measured solar efficiency, and 𝑛 is

the number of solar cell samplesmeasured. Figure 1 shows the
factor effects on the 𝑆/𝑁 ratio.The larger slopemeans that the
factor has a stronger effect on solar efficiency. It indicates that
NaOH concentration (factor A) has a stronger effect on solar
efficiency. The annealing temperature (factor D) is the next
most significant factor. The objective is to maximize the 𝑆/𝑁
ratio. This implies that one can obtain high solar efficiency
by using the factor with higher 𝑆/𝑁 ratio. It is clear from
Figure 1 that the highest 𝑆/𝑁 ratio values in each factor are
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Table 2: Taguchi L9 orthogonal array.

Order Factor
A NaOH concentration (M) B TiO2 particle size (nm) C Autoclave temperature (∘C) D Annealing temperature (∘C)

1 10M 14 nm 180∘C 450∘C
2 10M 21 nm 200∘C 500∘C
3 10M 100 nm 230∘C 550∘C
4 8M 14 nm 200∘C 550∘C
5 8M 21 nm 230∘C 450∘C
6 8M 100 nm 180∘C 500∘C
7 12M 14 nm 230∘C 500∘C
8 12M 21 nm 180∘C 550∘C
9 12M 100 nm 200∘C 450∘C

Table 3: The factor effects on the solar efficiency and 𝑆/𝑁 ratio.

Factor Efficiency (%) 𝑆/𝑁 ratio
A NaOH
concentration (M)

B TiO2 particle size
(nm)

C Autoclave
temperature (∘C)

D Annealing
temperature (∘C)

1 1 1 1 2.31 7.27
1 2 2 2 1.80 5.11
1 3 3 3 1.57 3.92
2 1 2 3 1.27 2.08
2 2 3 1 2.06 6.28
2 3 1 2 1.32 2.41
3 1 3 2 1.11 0.91
3 2 1 3 1.23 1.80
3 3 2 1 1.27 2.08

5.43, 4.39, 3.82, and 5.21, which correspond to the factor A1,
B2, C1, and D1, respectively. Therefore, the best parameters
of hydrothermal methods are (A1) NaOH concentration of
10M, (B2) commercial TiO

2
particle size of 21 nm, (C1) the

temperature of 180∘C, and (D1) the annealing temperature of
450∘C. Thus, these best parameters were used to prepare our
TiO
2
nanorods.

Figures 2(a) and 2(b) show the surface morphology of
TiO
2
films prepared by commercial TiO

2
particles and TiO

2

nanorods which we prepared using hydrothermal methods,
respectively. Clearly, a particle-like surface in the film is
prepared using commercial particles versus a nanorod-
shape surface in the film prepared by our TiO

2
nanorods.

From atomic force microscopy (AFM) measurement, it is
observed that the mean roughness (∼63 nm) of the TiO

2

thin films prepared by the TiO
2
nanorods is larger than that

(∼41.5 nm) prepared by the commercial TiO
2
particles. The

large surface roughness in TiO
2
nanorods is beneficial for

dye adsorption. In addition, a very pure anatase structure
of TiO

2
nanorods is obtained by the hydrothermal method,

as shown in Figure 3. There are no characteristic peaks of
other impurity phases such as sodium titanium oxide or
rutile TiO

2
, except pure anatase TiO

2
nanorods. This pure

anatase structure of TiO
2
is extremely important to achieve

high performance for electrons transport and dye adsorption

in TiO
2
-based dye-sensitized solar cells [28, 29]. Figure 4

compares the 𝐼-𝑉 characteristics of dye-sensitized solar cell
prepared with hydrothermally grown TiO

2
nanorods and the

DSSC prepared with commercial TiO
2
particles. The dye-

sensitized solar cells preparedwith the hydrothermally grown
TiO
2
nanorods clearly exhibit higher solar efficiency than that

prepared with the commercial TiO
2
particles. This is due to

the fact that TiO
2
nanorods have large surface area and pure

anatase structure, which can absorb more dye and therefore
better photoresponse.

It is also noted that the size of TiO
2
nanorods syn-

thesized by hydrothermal method depends on the initial
TiO
2
particle size. The nanorods are thin and long when

small-size TiO
2
particles (size ∼14 nm) are used; however

the nanorods become thick and short when large-size TiO
2

particles, are used (size, ∼100 nm), as shown in Figures 5(a)
and 5(b). One can control the shape of TiO

2
nanorods

by suitably choosing the initial TiO
2
particle sizes used in

the hydrothermal process. Next we will examine the effect
of TiO

2
thin film thickness on the solar efficiency of the

fabricated DSSCs. In Figure 6, the cross-section scanning
electron microscopy (SEM) images of different thickness of
TiO
2
thin films are shown. We can see that a nanorod-like

morphology is observed when 21 nm TiO
2
powder is used

in the hydrothermal reaction. The optical absorption and
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(a) (b)

Figure 2: Surface morphology of TiO
2
thin films prepared by (a) commercial particles and (b) hydrothermal method.
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Figure 3: XRD spectra of TiO
2
thin films prepared by hydrothermal method (red color) and commercial particle (blue color).
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(a) (b)

Figure 5: Nanorod size dependence on the using of the particle size of (a) 14 nm and (b) 100 nm.
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Figure 6: The cross-section scanning electron microscopy (SEM) images of TiO
2
thin films with different thicknesses.

𝐼-𝑉 characteristic curve of dye-sensitized solar cells with
different TiO

2
thicknesses are shown in Figures 7(a) and 7(b),

respectively. The optical absorption initially increases with
increasing TiO

2
thickness and reaches a maximum at 12 𝜇m.

For further increase in the TiO
2
film thickness, the light

absorption begins to drop. The same behavior is observed in
the photocurrent, as shown in Figure 7(b). The solar perfor-
mance parameters of DSSCs with different TiO

2
thicknesses

are listed in Table 4. The efficiencies of DSSCs with the TiO
2

thicknesses of 3.5, 5, 9.5, 12, and 15 𝜇mare 2.12, 2.44, 2.63, 2.85,
and 2.67%, respectively. The DSSC with the TiO

2
thicknesses

of 12 𝜇m exhibits the highest efficiency. It is known that
dye in the film will build up with increasing TiO

2
thickness

and hence increase the photocurrent. However, thicker TiO
2

layers will result in a decrease in the transmittance of light

through these TiO
2
layers and thus reduce the incident light

absorbed by the dyes. In addition, the charge recombination
between electrons from the excited dye to the conduction
band of TiO

2
and the I3− ions in the electrolyte will become

more difficult in thicker TiO
2
layers. Thus, there exists an

optimal TiO
2
thickness to achieve higher solar efficiency for

each particle size. In this work, the optimal TiO
2
thickness

is 12 𝜇m for particle size of 21 nm used in the hydrothermal
reaction.

It is known that large-size TiO
2
particles have the advan-

tage of strong light scattering ability, while small size TiO
2

particles have the advantages of large contact area and low
contact resistance [18–24]. In order to take the advantages of
both the strong light scattering and the large contact area/low
contact resistance, we constructed a triple-layer TiO

2
DSSC



6 International Journal of Photoenergy

Table 4: Solar performance parameters of DSSCs with different TiO2 thicknesses.

Working area: 1 cm2
𝑉oc (V) 𝐽sc (mA/cm2) Fill factor Efficiency (%)

3.5 um 0.79 3.63 0.62 2.12
5 um 0.76 4.73 0.62 2.44
9.5 um 0.77 5.25 0.64 2.63
12 um 0.76 5.89 0.63 2.85
15 um 0.76 5.58 0.62 2.67
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Figure 7: (a) Light absorption and (b) 𝐼-𝑉 curve of dye-sensitized solar cells with different TiO
2
thicknesses.

Table 5: Solar performance parameters of DSSCs with different
particle sizes on the top in triple TiO2 layers.

Particle size (nm) 𝑉oc (V) 𝐽sc (mA/cm2) Fill
factor

Efficiency
(%)

50/hy21/9/FTO 0.67 8.85 0.61 3.62

100/hy21/9/FTO 0.75 12.02 0.62 5.68

200/hy21/9/FTO 0.76 14.32 0.61 6.54

with varying TiO
2
particle size. The structure of the triple-

layer TiO
2
DSSC is as follows: (1) a TiO

2
thin film prepared

with 9 nm TiO
2
particles is on the bottom layer; (2) a TiO

2

film prepared with hydrothermally grown TiO
2
nanorods

is placed on the middle layer; (3) on the top, TiO
2
films

are prepared with three different sizes of 50 nm, 100 nm,
and 200 nm TiO

2
nanorods used for comparison. Figure 8(a)

shows the cross-sectional scanning electron microscopy
(SEM) images of TiO

2
thin films with triple-layer structures.

The 𝐼-𝑉 curves of dye-sensitized solar cells with triple-layer
structures are shown in Figure 8(b). The solar performance
parameters of DSSCs with triple-layer structures are listed in
Table 5. The efficiencies of DSSCs with the scattering layer
prepared by 50, 100, and 200 nm particles are 3.62, 5.68,

and 6.54%, respectively. The TiO
2
layers with larger particle

sizes on the top layer exhibit higher solar efficiency than that
with smaller particle sizes due to the strong back-scattering
effect. It is known that smaller particles of TiO

2
layers have

large surface area and adsorb more dyes. Hence, it has low
contact resistance and high photocurrent. The strong back-
scattering light due to large particle size will also increase
the reabsorption in the small particle size of TiO

2
layer. This

smaller particle size on the bottom is beneficial to recapture
the scattering light from the top scattering layer. The larger
particle sizes of TiO

2
layers on the top can enhance the back-

scattering light effectively and result in higher photocurrent.
Thus, the combination of larger particle sizes of TiO

2
on the

top and smaller particle sizes of TiO
2
at the bottom will be

better for achieving higher solar efficiency.

4. Conclusions

The dye-sensitized solar cells with the TiO
2
prepared by

the hydrothermal method have demonstrated good solar
performance. A high surface roughness and pure anatase
structure are achieved by this method. The dye-sensitized
solar cells with the TiO

2
nanorods exhibit higher solar

efficiency than that with the commercial TiO
2
particles. The

optimal TiO
2
thickness depends on the nanorod sizes of
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Figure 8: (a) The cross-section scanning electron microscopy
(SEM) images of TiO

2
thin films with triple layer structures. (b) 𝐼-𝑉

curve of dye-sensitized solar cells with triple layer structures of TiO
2

thin films.

TiO
2
layer for achieving the maximum efficiency. The TiO

2

nanorod size formed through the hydrothermal method will
depend on the initial TiO

2
particle size.
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Triphenylene diamine sensitizer comprising donor, electron conducting, and anchoring group is synthesized for a potential
application in dye-sensitized solar cells. Absorption spectrum, electrochemical and photovoltaic properties of triphenylene diamine
have been investigated. Twodifferent electrodes are used for dye-sensitized solar cells.Theperformances of ZnOnanorod electrodes
are compared to ZnO : CdO nanocomposite electrode. Also, the theoretical calculations for HOMO and LUMO orbitals are used
to estimate the photovoltaic properties of organic sensitizer in the design stage. ZnO : CdO nanocomposite electrode-based dye-
sensitized solar cell sensitized with organic sensitizer exhibits higher efficiencies than ZnO nanorod electrode. For a typical device,
a solar energy conversion efficiency (𝜂) of 0.80 based on ZnO : CdO nanocomposite is achieved under simulated AM 1.5 solar
irradiation (100mWcm−2) with a short circuit photocurrent density (𝐽sc) of 3.10mA/cm2, an open-circuit voltage (𝑉oc) of 480 mV,
and a fill factor (FF) of 0.57. These results suggest that the ZnO : CdO nanocomposite system is a good selection and a promising
candidate for electrode system in dye-sensitized solar cells.

1. Introduction

Themodern society has intensively consumed energy resou-
rces, a large portion of which is accounted for by fossil fuel,
such as petroleum, coal and natural gas. Development of
alternative, renewable sources of energy is essential to reduce
emission of carbon dioxide and other harmful substances
when fossil fuel is burnt, as well as attain stable energy
provision. Solar energy is one of several promising clean
energy sources that could contribute to a stable energy supply
and mitigate global environmental issues. In particular, the
direct creation of electric energy is made possible through
a solar cell. Much attention is now being focused on solar
cells as potential energy-conversion systems. Dye sensitized
nanocrystalline solar cells (DSSC) are of great interest as
a cost-effective alternative to conventional silicon photo-
voltaics. The photoanode in DSSC is a mesoporous metal
oxide film, sensitized by a monolayer of dye molecules. Upon
visible light absorption, excited sensitizer molecules inject
an electron into the conduction band of metal oxide. These
carriers are transported and collected by a contact electrode
[1, 2]. Among the other metal oxides such as SnO

2
, In
2
O
3
,

and WO
3
, ZnO nanostructures are promising materials for

photovoltaic materials in solar cell. ZnO has large exiton
binding energy (60MeV) with the 3.4 eV energy band gap.
Physical properties are similar to TiO

2
but its electron

mobility is higher by 2-3 orders of magnitude [3–5].
A sensitizer, as the light-harvesting component in a dye-

sensitized solar cell (DSSC), is of paramount importance
to photovoltaic performance. The sensitizer is attached to
the surface of a mesoporous wide band-gap semiconductor
serving as electron transporter [6–8]. The interest in metal-
free, organic dyes with high extinction coefficients has grown
in recent years for organic solar cell research. In order to
investigate organic dyes and, in the longer run, prepare an
efficient solar cell dye, a number of different organic dyes
are designed and synthesized [9–13]. Dye-sensitized solar
cells (DSSCs) appear to be highly promising alternatives
to more expensive solar cell technologies. Considering the
current maximal level of overall conversion efficiency (𝜂)
under simulated sunlight for DSSCs (12%), improvements in
efficiency and durability would certainly facilitate widespread
utilization of this technology. It is clear that there are a
number of factors determining the efficiency of solar cells,
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but the structural and physical properties of the sensitizer are
clearly important ones [14, 15].

In this study, triphenylene diamine-based organic sensi-
tizer is synthesized for dye sensitized solar cell application.
Theoretical calculations for HOMO and LUMO orbitals
of triphenyl diamine sensitizer are used to estimate the
photovoltaic properties of organic sensitizer. Electrochemical
properties are also investigated. Dye sensitized solar cell is
operated with 4𝜇m thicknesses of ZnO nanorod electrode.
To obtain the better efficiency in dye sensitized solar cell,
ZnO : CdO nanocomposite structure is prepared. Efficiencies
of ZnO : CdO nanocomposite-based dye sensitized solar cell
are compared to ZnO nanorod-based dye sensitized solar
cell. Results show that ZnO : CdO nanocomposite electrodes
have higher efficiencies than ZnO nanorods. And ZnO : CdO
nanocomposite electrodes are promising materials for dye
sensitized solar cells.

2. Experimental

2.1. Materials. Tetraphenylbenzidine, triphenyl phosphine,
POCl

3
, cyanoacetic acid, and piperidine are purchased from

Aldrich. Solvents are of spectroscopic grade and are used
without any further purification.

2.2. Synthesis and Characterization of Triphenylene Diamines.
Thesynthesis of TPDdye is conducted in two stepswithmod-
erate yields. Tetraphenylbenzidine is supplied from Aldrich
company. First reaction is the Vilsmeier reaction, to form
aldehyde product.

In the second reaction, the aldehyde is condensed with
cyanoacetic acid bymeans of the Knoevenagel reaction in the
presence of piperidine to form the target compound of TPD.

2.3. Synthesis and Characterization of TPD Dye

2.3.1. SynthesisMethod of TPD. Aldehyde product and acrylic
acid product are synthesized in the following procedure.

(1) Step (synthesis of 4-[[4-(diphenylamino)biphenyl-4-
yl](phenyl)amino]benzaldehyde). POCl

3
(1.36mmol, 0.2 g)

is stirred in a two-necked flask at 0∘C for 1 hour in dried
DMF under argon atmosphere. After additional stirring for
1 h at room temperature, this solution is added to a stirred
solution of 5 g (0.0097mol) of N,N-Bis(diphenyl)benzidine
in 20mL of 1,2-dichloroethane. This reaction mixture is
stirred for another hour at 60∘C and allowed to cool to
room temperature. Hereafter, the mixture is poured into a
solution of 10 g sodium acetate in 100mL water, and this
mixture is extracted three times with dichloromethane.
The combined organic layers are washed twice with water
and dried over magnesium sulfate. After filtration and
evaporation of the solvent, a yellow solid is obtained. The
desired monoformylated product is isolated from this crude
product by column chromatography using silica gel and
solvent as the eluent, 4-[[4-(diphenylamino)biphenyl-4-yl]
(phenyl)amino]benzaldehyde, yellow crystals; molecular
structure is analysed with 1H NMR spectrum. 1H NMR

(CDCl
3
): (ppm), 9.83 (1H, s, -CHO), 7.71 (2H, d, Ar-H), 7.55

(2H, t, Ar-H), 7.48 (2H, t, Ar-H), 7.21 (21H, m, Ar-H).
(2) Step (Synthesis of (2Z)-2-(cyanomethyl)-3-{4-[[4-

(diphenylamino)biphenyl-4-yl](phenyl)amino]phenyl}acrylic
acid, TPD).To a solution of 4-[[4-(diphenylamino)biphenyl-
4-yl](phenyl)amino]benzaldehyde (0.16mmol, 72.3mg) and
cyanoacetic acid (0.32mmol, 27.95mg) in a mixture of
tetrahydrofuran :methanol (1 : 1) is added catalytic amount of
piperidine, after which the solution is stirred for 2 h at 40∘C.
The solvent mixture is evaporated under reduced pressure
and the resulting material is extracted with chloroform
and 0.1M HCl solution, washed with water, and dried over
magnesium sulfate. The product is purified by column
chromatography using silicagel and chloroform:methanol as
the eluent. Molecular structure is characterized with IR and
1H NMR spectrum, mass and elemantal analysis. IR (KBr):
cm−1, 3551, 3412, 3031, 2214, 1583, 1487, 1392, 1323, 1270, 1178,
1074, 1028, 1003, 959, 818, 788, 749, 723, 693, 667. 1H NMR
(DMSO-d

6
): (ppm), 7.88 (1H, s, -CH=), 7.79 (2H, d, Ar-H),

7.60 (4H, q, Ar-H), 7.36 (6H, m, Ar-H), 7.15 (5H, m, Ar-H),
7.10 (10H, m, Ar-H). MS/(ESI/100 eV):m/z: 583. C

40
H
29
N
3
O
2

(583): Calcd: C 82.31%, H 5.01%, N 7.20%, O 5.48%; found: C
82.33%, H 5.00%, N 7.23%, O 5.48%.

Figure 1 shows the molecular structure of organic sensi-
tizer. Absorption spectrum of TPD is taken in chlorobenzene
solvent (Figure 2). It show that organic sensitizer absorbs in
the visible region between 380–550 nm.

2.4. Synthesis of ZnO Nanorods and CdO Nanostructures.
ZnOnanorods andCdOnanostructures are synthesized from
zinc salt andCadmium salt inwater solution using hydrother-
mal reaction. Microwave method is used fort he synthesis
of ZnO and CdO nanostructures. In a typical experiment,
zinc acetate is dissolved in 25mL deionized water in a
beaker.The concentration of zinc acetate dehydrate is 0.55M.
The solution is stirred with magnetic bar at 100∘C for 1
hour until a transparent mixture is obtained. Subsequently,
solution is loaded into a 100 mL Teflon-lined container.Then
solution is irradiated by microwave energy in the microwave
oven at 200∘C for 60 minutes (CEM MARS-5, frequency
2.45GHz, maximum power 700 W, multimode oven). Then
the solution is poured into a beaker and heated at 200∘C
until water is evaporated. After wet precipitate is dried in
an oven at 90∘C for 12 h. Finally, white powder is calcined
in a furnace at 200∘C for 36 hours. For CdO synthesis, we
followed the same experimental method using cadmium
acetate dehydrate. White powder is calcined at 450∘C for
36 hours. Brown CdO nanoparticles are obtained. To obtain
ZnO : CdO nanocomposite, ZnO is mixed with 5% CdO
nanostructures.

3. Results and Discussion

3.1. AFM Image ofThin Film of Organic Sensitizer. Morpholo-
gy of organic material is another important factor for DSSCs.
The surface morphology of thin film of triphenylene diamine
is prepared in chlorobenzene solvent on FTO glass by using
spin coater in 1500 rpm. Atomic force microscopy (AFM)
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Figure 3: Atomic Force Microscopy of Organic Sensitizer on FTO
Glass.

image is taken in in noncontact mode (Figure 3). These mea-
surements are performed under ambient conditions using
a commercial scanning probe microscope. The AFM topo-
graphic image obtained is processed using the XEI program.
Atomic force microscopy image of TPD which has 16.84 nm
rms value is shown in Figure 3 on FTO glass.

Figure 4: Ground State Optimization of Dye.

3.2. Theoretical Calculations of HOMO and LUMO Frontier
Orbital of Organic Sensitizer. All ground-state geometry opti-
mization and HOMO-LUMO orbital calculations are per-
formed with the Gaussian 03 program package. Figure 4
shows the ground state optimization of organic dye. The
HOMO is primarily comprised of 𝜋 framework of the
triphenylene diamine, with significant contributions from
𝜋 electrons of the diphenylamino substituents (Figure 5(a))
whereas LUMO is very clearly confined to the 𝜋 system of
anchoring group (Figure 5(b)).

3.3. SEM and XRD Analysis of ZnO and ZnO : CdO Nano-
electrodes. The crystal structures of the ZnO nanorods are
investigated using XRD. The XRD pattern reveals that with
the use of calcinationmethod, ZnOnanorods are formed.The
diffraction peaks positioned at 2𝜃 values of 31.8, 34.5, 36.3,
47.6, 56.6, 62.9, 66.3, 68.0, 69.2, 72.5, and 76.9∘ can be indexed
to the hexagonal wurtzite phase of zinc oxide.TheNano-CdO
materials are characterized using X-ray diffraction analysis
(XRD). The XRD pattern shows the formation of nano-CdO
materials. The diffraction peaks positioned at 2𝜃 values of
32.9, 38.2, 55.2, 65.8, 69.2, 81.9∘ can be indexed to the phase
of Cadmium oxide. Figure 6 shows the SEM images of ZnO
nanorod (a) and ZnO : CdO nanocomposite (b).

3.4. Electrochemistry of Triphenylene Diamine Consisting of
Anchoring Groups. 𝐸HOMO and 𝐸LUMO values of triphenylen-
ediamine comprising anchoring groups are calculated by
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(a) (b)

Figure 5: HOMO and LUMO Frontier Orbitals of Organic Sensitizer, HOMO Level (a), LUMO Level (b).

(a) (b)

Figure 6: SEM image of ZnO nanorod (a) and ZnO : CdO nanocomposite (b).

using cyclic voltammograms. Solutions of TPD dye are
prepared in dichloromethane (10−3M). A three electrode cell
set-up employed for the measurements consisted of glassy
carbon working electrode, Pt wire counter electrode and
Ag/AgCl reference electrode, all placed in a glass vessel.
Tetrabutylamonium hexafluorophosphate (TBAPF

6
), 0.1M,

is used as supporting electrolyte. Ferrocene is used as internal
reference electrode. Table 1 summarizes the voltammetric
behavior of 10−3M solution of TPD. 𝐸HOMO and 𝐸LUMO
levels are calculated from the onset potentials of oxidation
and reduction and by assuming the energy level of fer-
rocene/ferrocenium (Fc/Fc+) to be 4.8 eV below the vacuum
level. Results shows that TPD sensitizer can inject electrons
to conduction band of metaloxide semiconductor.

3.5. Photovoltaic Device Fabrication and Characterization of
DSSCs. The construction of the dye sensitized solar cell
device requires first cleaning of the fluorine doped tin oxide
(FTO) coated glass substrates in a detergent solution using
an ultrasonic bath for 15min, rinsed with water and ethanol.
TPD has been used to manufacture solar cell devices to
explore current-voltage characteristics using 4 𝜇m thickness
of ZnO nanorod electrode and 4𝜇m ZnO :CdO nanocom-
posite electrode (ZnO: 5% CdO) for comparison to elec-
trode efficiencies. Electrodes are immersed into the TPD
solution (0.5mM in a mixture of acetonitrile: tert-butanol;
chlorobenzene (volume ratio: 1 : 1 : 3) containing and kept

Table 1: Redox potentials of TPD derivatives.

𝐸oxidation
a

(Volt)
𝐸reduction

b

(Volt) 𝐸ferrocene
c
𝐸HOMO

d
𝐸LUMO

e
𝐸Band Gap

f

[TPD] 0.85 −1.08 0.39 5.26 3.33 1.93
aFirst oxidation potentials of TPD.
bReduction potentials of TPD.
cPotentials of ferrocene, internal reference electrode.
dHOMO energy level of TPD.
eLUMO energy level of TPD.
fEnergy Band Gap of TPD.

at room temperature overnight. TPD adsorbed ZnO and
ZnO : CdO coated glasses are washed with pure chloroben-
zene. The stained electrode and Pt-counter electrode are
assembled into a sealed sandwich-type cell by heating with
a hot-melt ionomer film (Surlyn 1702, Du-Pont) as a spacer
between the electrodes. Platinized FTO glasses are used as
counter electrode. Platinization of counter electrodes is done
by coating of FTO glasses with 1% solution of hydrogen
hexachloroplatinate (Aldrich) in 2-propanol and annealing at
400∘C for 30min. Cells are prepared in sandwich geometry.
Surlyn 1702 (DuPont) frame is used as a spacer and a ther-
moplastic sealant between the two electrodes. Cells prepared
in this way are then sealed by heating at 100∘C. A drop of
electrolyte solution (electrolyte of 0.6M N-methyl-N-butyl-
imidazolium iodide (BMII) + 0.1M LiI + 0.05M I

2
+ 0.5M
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Figure 7: Schematic drawing of dye sensitized solar cells.

4-tert-butylpyridine (TBP) in acetonitrile) is placed on the
drilled hole in the counter electrode of the assembled cell and
is driven into the cell via vacuum backfilling. Finally, the hole
is sealed using additional Bynel and a cover glass (0.1mm
thickness). Active areas of the cells are adjusted to 1 cm2. I-V
data collection is made by using Keithley 2400 Sourcemeter
and LabView data acquisition software. I-V characteristics of
dye sensitized solar cell in dark and under illumination are
shown in Figure 6.

The entire energy conversion efficiency, 𝜂, is calculated by
means of the following equations:

𝜂 =
𝑉oc𝐼scFF
𝑃light
, (1)

here,𝑉oc is open circuit voltage (V), 𝐼sc is short circuit current
(mA/cm2), and FF is fill factor:

FF =
𝑉max𝐼max
𝑉oc𝐼sc
, (2)

where, 𝑉max and 𝐼max are voltage and current at the point of
maximum power output of cell.

Figure 7 shows the schematic illustration of dye sensitized
solar cell.

3.6. Performance of Dye Sensitized Solar Cells. The TPD
sensitizer has been used to manufacture solar cell devices to
explore current-voltage characteristics by using 4 𝜇m ZnO
electrode and 4 𝜇mZnO :CdO layers. Under standard global
AM 1.5 solar conditions, the organic sensitizer is tested
for other electrode using 4𝜇m ZnO nanorod and 4𝜇m
ZnO : CdO nanocomposite electrode for better comparison
to electrode efficiency. Dye sensitized solar cell using 4𝜇m
ZnO nanorod electrode exhibits a short-circuit photocurrent

Table 2: Photovoltaic performance of ZnO and ZnO : CdO-based
dye sensitized solar cells.

𝐽sc (mAcm−2) 𝑉oc (mV) FF 𝜂 (%)
ZnO 1.61 600 0.60 0.58
ZnO : CdO 3.10 480 0.57 0.80
Z907 11.54 772 0.66 5.72
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Figure 8: 𝐽-𝑉 curve of ZnO and ZnO : CdO-based DSSCs.

density (𝐽sc) of 1.61mA/cm2, an open-circuit voltage (𝑉oc)
of 600mV, and a fill factor (FF) of 0.60, corresponding to
an overall conversion efficiency, 𝜂 of 0.58%. Normally, ZnO
has lower efficiency than TiO

2
electrode because of ZnO

crystal defects. Ruthenium Z907 gives higher efficiency in
TiO
2
with overall conversion efficiency of 5.72 and short

circuit photocurrent density of 11.54mA/cm2 in our lab-
oratory condition. For this reason, 𝑛-type ZnO is doped
with 𝑛-type CdO nanomaterial to improve the crystal qual-
ity of ZnO nanorods. 5% CdO nanostructures are mixed
with ZnO nanorods to improve the crystal quality of ZnO
nanorods. 4 𝜇m ZnO : CdO nanocomposite electrode is used
for improving the dye sensitized solar cell efficiency. We
have tested several ratios of ZnO : CdO composite, %5 CdO
ratio is the optimum ratio for our experiments. ZnO : CdO-
based dye sensitized solar cell using TPD sensitizer gives a
short-circuit photocurrent density (𝐽sc) of 3.10mA/cm2, an
open-circuit voltage (𝑉oc) of 480mV, and a fill factor (FF) of
0.57, corresponding to an overall conversion efficiency 𝜂 of
0.80%. ZnO nanorod electrode shows lower efficiency than
ZnO : CdO electrode. Figure 8 shows the 𝐽-𝑉 curve of all dye
sensitized solar cells. And all photovoltaic characterization
results are shown in Table 2. Results show that ZnO : CdO
nanocomposite is a good selection and improves the solar
cell efficiency. According to SEM images in Figure 6, ZnO
morphology is completely changed after doping with 5%
CdO. Crystal morphology effects the dye sensitized solar cell
efficiency.
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In line with these statements, the higher efficiency is
reported under standard conditions obtained for TPD sensi-
tizer using 4 𝜇m ZnO: CdO layers. ZnO : CdO nanocompo-
site-based solar cells shows remarkably good efficiencies
according to ZnO nanorod for the application of DSSCs.

4. Conclusion

In this paper, we have successfully fabricated dye sensitized
solar cells using ZnO nanorod electrode and ZnO : CdO
nanocomposite electrode. We report the good efficiency
obtained with 4𝜇m ZnO :CdO layers under standard condi-
tions for TPD dye that performs a short-circuit photocurrent
density (𝐽sc) of 3.10mA/cm2, an open-circuit voltage (𝑉oc)
of 480mV, and a fill factor (FF) of 0.57, corresponding to
an overall conversion efficiency 𝜂 of 0.80%. ZnO nanorod-
based DSSC gives a short-circuit photocurrent density (𝐽sc)
of 1.61mA/cm2, an open-circuit voltage (𝑉oc) of 600, and a
fill factor (FF) of 0.60, corresponding to an overall conversion
efficiency 𝜂 of 0.58%. As a conclusion, ZnO : CdO electrode
exhibits higher efficiencies than ZnO nanorod electrode.
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Copper zinc tin sulfur (CZTS) thin films have been extensively studied in recent years for their advantages of low cost, high
absorption coefficient (≥104 cm−1), appropriate band gap (∼1.5 eV), and nontoxicity. CZTS thin films are promising materials of
solar cells like copper indium gallium selenide (CIGS). In this work, CZTS thin films were prepared on glass substrates by vacuum
evaporation and sulfurization method. Sn/Cu/ZnS (CZT) precursors were deposited by thermal evaporation and then sulfurized
in N
2
+ H
2
S atmosphere at temperatures of 360–560∘C to produce polycrystalline CZTS thin films. It is found that there are

some impurity phases in the thin films with the sulfurization temperature less than 500∘C, and the crystallite size of CZTS is
quite small. With the further increase of the sulfurization temperature, the obtained thin films exhibit preferred (112) orientation
with larger crystallite size and higher density. When the sulfurization temperature is 500∘C, the band gap energy, resistivity, carrier
concentration, and mobility of the CZTS thin films are 1.49 eV, 9.37Ω ⋅ cm, 1.714 × 1017 cm−3, and 3.89 cm2/(V ⋅ s), respectively.
Therefore, the prepared CZTS thin films are suitable for absorbers of solar cells.

1. Introduction

Cu
2
ZnSnS

4
(CZTS) is one of the promising materials for

absorbers in thin film solar cells because of its excellent
properties for obtaining high efficiency; that is, it has a direct
band gap of 1.51 eV, very close to optimum band gap of
semiconductor used for photovoltaic conversion, and high
absorption coefficient (≥104 cm−1) [1]. At the same time, it has
versatile electrical properties which can suitably be tailored
and tuned to the specific need in a given device structure [2–
5]. Variousmethods have been reported to fabricate theCZTS
thin films including thermal evaporation [6], sputtering [7],
pulsed laser deposition [8], electroplating [9], and hydrazine
process [10].The best efficiencies reported for the pure CZTS
solar cells so far have been 8.4% using thermal evaporation
and sulfurization [11]. In the study, the CZTS thin films were
deposited using a 150∘C vacuum thermal evaporation pro-
cess and subsequent short (5min) high-temperature (570∘C)
atmospheric pressure annealing.Though the efficiency of the
solar cells is high, the annealing temperature is a little high
and it does not correspond to the designing rule of solar

cells. Therefore, choosing a lower sulfurization temperature
to produce CZTS thin films is important.

In our study, we also use thermal evaporation and sulfur-
izationmethod to produceCZTS thin films. And the effects of
the sulfurization temperature on the structural, optical, and
electrical properties of the CZTS films are investigated.

2. Experiment Details

We fabricated CZTS thin films on floating glasses substrates
by vapor-phase sulfurization of thermal and electron-beam
(E-B) evaporated precursors. This process consisted of two
stages with the sequential evaporation of precursors followed
by the vapor-phase sulfurization. We formed the stacked
precursors on the substrates by depositing ZnS layers with
E-B evaporation, Cu and Sn layers with thermal evaporation
orderly. The thickness of each layer was controlled by a film
thickness monitor (FTM) on the evaporation equipment.
And the thicknesses of the three layers are shown in Table 1
according to the ratio of the constituents. We sulfurized
the precursors in an annealing furnace in the atmosphere
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Table 1: The parameters of the CZT precursors.

Precursors 𝑑Sn(nm)
𝑑Cu
(nm)

𝑑ZnS
(nm) 𝑛Zn/𝑛Sn 𝑛Cu/(𝑛Sn + 𝑛Zn)

CZT 145 120 360 1.70 0.704

Table 2: Samples at different sulfurization temperatures (𝑇
𝑠
).

Sample S11 S12 S13 S14 S15
𝑇
𝑠
(∘C) 360 400 450 500 560

of N
2
+ H
2
S (5%) at temperatures of 360∘C–560∘C for 2

hours. After sulfurization of the precursors, CZTS thin films
were formed. The samples obtained at different sulfurization
temperatures are listed in Table 2.

The film thickness was measured by a stylus profiler
(TENCORD100).The crystallinity of theCZTS thin filmswas
ascertained by an X-ray diffractometer with Cu K𝛼 radiation
(𝜆 = 1.5406 Å). The optical characteristics of the CZTS films
were performed by a PerkinElmer Lambda 900 UV/VIS/NIR
spectrometer in the wavelength range from 300 nm to
1400 nm at room temperature. The surface morphology
was observed by a scanning electron microscope (SEM)
(HITACHI S-4800) and an atom force microscope (AFM)
(Bruker). AHMS-3000 hall measurement systemwas used to
carry out the carrier concentration, mobility, and resistivity.

3. Results and Discussions

3.1. Structure and Morphology. Figure 1 shows the XRD
patterns of the CZTS films obtained at different sulfurization
temperatures. For the films sulfurized at 360∘C and 400∘C,
in the XRD patterns, there exist peaks from CZTS (JCPDS-
ICDD no. 00-026-0575). However, there are also several
peaks from SnS (JCPDS-ICDD no. 01-073-1859) and CuS
(JCPDS-ICDD no. 01-075-2233). When the sulfurization
temperature is 450∘C, the phases of CuS and SnS disappear
but there are some XRD peaks from SnS

2
(JCPDS-ICDD

no. 00-022-0951) besides those from CZTS. When the sul-
furization temperature is about 500∘C and 560∘C, the peaks
from secondary phases disappear, and there are only the XRD
peaks of CZTS. The result indicates that the CZTS thin films
sulfurized below 500∘C are a mixture of CZTS polycrystals
with SnS, CuS, and SnS

2
as intermediates, and there is only

the CZTS phase with the sulfurization temperature above
500∘C.The films have the preferred (112) orientation, and the
intensity of peak (112) is increased with the increase of the
sulfurization temperature.

The size 𝐷
ℎ𝑘𝑙

of the crystallites is determined from XRD
data by the Scherrer formula:

𝐷
ℎ𝑘𝑙
=
𝐾𝜆

𝛽 cos 𝜃
, (1)

where 𝐾 is a constant, 𝛽 is full width at half maximum
(FWHM) in radians, 𝜆 is the wavelength of X-ray, and 𝜃 is the
Bragg angle [12]. The 𝐾, 𝜆 values are taken as 0.89, 1.5406 Å
for the calculations, respectively.
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Figure 1: The XRD patterns of the CZTS films obtained at different
sulfurization temperatures.

Table 3:TheFWHMvalues and grain sizes of (112) orientation of the
CZTS thin films obtained at different sulfurization temperatures.

Sample S11 S12 S13 S14 S15
𝑇
𝑠
(∘C) 360 400 450 500 560

FWHM (∘) 0.1968 0.1574 0.1378 0.1200 0.1181
Grain size (nm) 39.92 49.91 57.01 65.47 66.52

Table 4:The 𝑅ms values of the CZTS thin films obtained at different
sulfurization temperatures.

Sample S11 S12 S13 S14 S15
𝑅ms (nm) 167.2 157.7 116.4 81.0 75.2

Table 3 shows the variation of the grain size from (112)
orientation with the sulfurization temperature. With the
increase of the sulfurization temperature from 360∘C to
560∘C, the grain size becomes larger and larger (from
39.92 nm to 66.52 nm).

Figures 2(a)–2(e) show the SEM graphs of the CZTS
thin films obtained at different sulfurization temperatures.
Figure 2(f) only shows the AFM image of sample S15 for
simplification, and Table 4 shows the mean root roughness
(Rms) of the CZTS films. We can see that, with the increase
of the sulfurization temperature, the grain sizes of the CZTS
samples become larger, and the surfaces of the thin films
become smoother and denser, which is in agreement with
Tables 3 and 4. When the sulfurization temperature is less
than 500∘C, the CZTS may not be completely synthesized,
and thus there are some secondary phases like SnS, SnS

2
, and

CuS as shown in the XRD patterns. When the temperature is
500∘C, the film is the most compact. When the temperature
is higher than 500∘C, the secondary phases disappear and the
grain size of the film becomes larger, as seen in Figure 2(e).
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Figure 2: The SEM images of the CZTS thin films samples obtained at different sulfurization temperatures: (a) S11 (360∘C), (b) S12 (400∘C),
(c) S13 (450∘C), (d) S14 (500∘C), (e) S15 (560∘C), and (f) AFM image of sample S15.

Table 5: The values of 𝐸
𝑔
and 𝛼 of the CZTS thin films obtained at

different sulfurization temperatures.

Sample 𝑇
𝑠
(∘C) 𝐸

𝑔
(eV) 𝜆

0
(nm) 𝛼(𝜆

0
) (cm−1)

S11 360 1.38 898.6 3.25 × 10
4

S12 400 1.40 885.7 4.43 × 10
4

S13 450 1.45 855.2 2.66 × 10
4

S14 500 1.49 832.2 2.19 × 10
4

S15 560 1.57 789.8 1.18 × 10
4

But there are some voids on the surface of the CZTS thin
films. It may be due to the loss of Sn at higher sulfurization
temperature (≥500∘C) [13]. It is obvious that the sulfurization
temperature has some effects on the phase and crystallinity
of the CZTS thin films. Therefore, the suitable sulfurization
temperature of CZTS films should be no less than 500∘C.

3.2. Optical Properties. Figure 3 shows the optical properties
of the CZTS thin films obtained at different sulfurization
temperatures. And Table 5 shows the values of 𝐸

𝑔
and 𝛼 of

the CZTS thin films. From Figures 3(a) and 3(b), we can see
that, with the decrease of the sulfurization temperature, the
transmittance and reflectance of theCZTSfilms decrease.The
reasons may be as follows. One could be due to the surface
roughness and the crystallinity. From the SEM graphs and
Table 4, it can be seen that, with the decrease of the sulfu-
rization temperature, the surfaces become rougher, resulting
in more light scattering. The other one may be due to the
secondary phases because the secondary phases are increased

with the decrease of the sulfurization temperature. However,
most of these compounds have lower energy gap; thus they
can absorb light with longer wavelength. Therefore, in the
near-infrared waveband, the lower the sulfurization temper-
ature is, the smaller transmittance and reflectance of the
CZTS thin films are.

Figure 3(c) shows the absorptance versus the photon
energy (ℎ]) of theCZTS thin filmswith different sulfurization
temperatures. With the decrease of the sulfurization temper-
ature, the absorptance of the samples in the near-infrared
waveband increases. The main reason may be due to the
existence of the secondary phases. Figure 3(d) shows that the
absorption coefficient (𝛼) versus ℎ] of the CZTS thin films.
FromFigure 3(d), we can see that the absorption edge and the
stable 𝛼 are increased with the increase of the sulfurization
temperature. Figure 3(e) gives that the energy bandgap (𝐸

𝑔
)

of the CZTS thin films becomes larger with the increase of
the sulfurization temperature; the detailed data are listed in
Table 5. Therefore, the temperature has some effects on the
crystallinity, phase, and optical properties of the CZTS thin
films. When the sulfurization temperature is below 500∘C,
there are some secondary phases, resulting in the worse
crystallinity, rougher surface, and smaller 𝐸

𝑔
. When the sul-

furization temperature is above 500∘C, not only the grain size
becomes larger, but also the 𝐸

𝑔
is very close to the optimum

bandgap of semiconductor used for photovoltaic conversion.

3.3. Electrical Properties. Figure 4 shows the electrical prop-
erties of the CZTS thin films obtained at different sulfuriza-
tion temperatures. All the films are of p-type conductivity.
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Figure 3: The optical properties of the CZTS thin films obtained at different sulfurization temperatures: (a) T, (b) R, (c) absorptance, (d) 𝛼,
and (e) 𝐸

𝑔
.



International Journal of Photoenergy 5

350 400 450 500 550

1022

1021

1020

1019

1018

1017

1016

p
(c

m
−
1
)

Sulfurization temperature (∘C)

5.676∗1021

1.288∗1019

8.705∗1017

1.714∗1017

5.138∗1016

(a)

350 400 450 500 550
0

1

2

3

4

5

6

0.003

1.87

4.44
3.89

2.19

0.37

0.26

27.36
9.37

3.27

𝜌
(Ω

·cm
)

101

100

10−1

10−2

10−3

Sulfurization temperature (∘C)

𝜇
(c

m
2
/(

V
·s
))

(b)

Figure 4: The electrical properties of the CZTS thin films obtained at different sulfurization temperatures: (a) carrier concentration (𝑝), (b)
mobility (𝜇) and resistivity (𝜌).

With the increase of the sulfurization temperatures, the car-
rier concentration is decreased firstly and then increased
slowly. But the variation tendency of the mobility and the
resistivity are opposite to those of the carrier concentration.
Because there are still some binary and ternary compounds in
the samples under the low sulfurization temperature, these
compounds make the carrier concentration increase. At the
same time, they would result in the appearance of some
defects and grain boundaries, so the mobility is decreased
gradually. With the increase of the sulfurization temperature,
the mixed phases are declined. When the temperature is
450∘C, we can judge the existence of SnS

2
phase according

to the XRD patterns. Whereas SnS
2
is a kind of compound

with high resistivity, it may result in the highest resistivity
(27.36Ω⋅cm) and the lowest carrier concentration (5.138 ×
1016 cm−1) of the films. With the increase of the sulfurization
temperature, Sn and Zn are lost seriously, resulting in the
enlargement of 𝑛Cu/(𝑛Sn + 𝑛Zn). Thus, the carrier concen-
tration is increased, and the resistivity is decreased gradually.
From the above discussion, we can conclude that the CZTS
thin films sulfurized at 500∘C have the best electrical proper-
ties.

4. Conclusions

The CZTS films were deposited on the glass substrates by
thermal and E-B evaporation following sulfurization. With
the increase the sulfurization temperature, the crystalline
grain size becomes larger, and thereby the crystallinity of
the CZTS thin films becomes better. With the increase of
the sulfurization temperature, the 𝐸

𝑔
of the samples is close

to the optimum band gap of the semiconductor used for
photovoltaic conversion. At the sulfurization temperature of
500∘C, the CZTS thin films have the best electrical properties
for PV application.
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We have investigated the spectroscopic behavior of three different sensitizers adsorbed onto titania thin films in order to
gain information both on the electron transfer process from dye to titania and on the anchorage of the chromophore onto
the semiconductor. We have examined by UV-Vis and fluorescence spectroscopy the widely used ruthenium complex cis-
di(thiocyanato)bis(2,2-bipyridyl-4,4-dicarboxylato)ruthenium(II) (N719), the more recently developed organic molecular 3-(5-
(4-(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic acid (D5), and a push-pull zinc phthalocyanine sensitizer (ZnPc). Three
type of titania films with different morphology, characterized by SEM and FT-IR measurement, were considered: a mesoporous
transparent film deposited by spin-coating (TiMS), a semiopaque film deposited by doctor-blade from mesoporous titania
(TiMS DB) and a semiopaque filmdeposited by doctor-blade formcommercial P25 titania (P25 DB).Theuse of TiMS is responsible
for the adsorption of a higher amount of dye since the mesoporous structure allows increasing the interfacial area between dye and
titania. Moreover, the fluorescence emission peak is weaker when the sensitizers are adsorbed onto TiMS. These findings suggest
that mesostructured films could be considered the most promising substrates to realize photoanodes with a fast electron transfer
process.

1. Introduction

Dye-sensitized solar cells (DSSCs) are receiving increasing
attention during the last decades since they are considered
a viable and cost-effective technology for the conversion
of sunlight into electricity [1–3]. In these devices, metal-
organic or metal-free dyes are chemically adsorbed onto
a wide band gap semiconductor oxide [1–8]. The working

principle of a DSSCs system is based on the photochemical
and photophysical processes: upon photoexcitation of the
dyes by visible light, electrons are excited from the ground
state of the dye to its excited state, and then their injection
can occur from the excited dye into the conduction band of
the semiconductor.

To achieve a high power conversion efficiency, the elec-
tron injection process must be certain and faster than
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the competing fluorescence and nonradiative processes. This
photoinduced electron transfer leads to the production of
photocurrent and consequently it is crucial to the device
efficiency [1–3].

In DSSCs, the sensitizer is one of the critical components
as it absorbs sunlight and induces the charge separation
process. In order to enhance power conversion efficiencies of
DSSCs, it is imperative to improve the light-harvesting abil-
ity of the dyes. It is also fundamental to investigate and to
optimize the dye-substrate interaction that is involved in the
electron transfer process [9].

Ruthenium sensitizers, such as cis-di(thiocyanato)-
bis[2,2-bipyridyl-4,4-dicarboxylic acid] ruthenium (II)
(N3) or its bistetrabutylammonium (TBA) salt counterpart
(N719), in combination with thick titania films (>12–15mm)
have shown solar-to-electric power conversion efficiencies
up to 11% [2, 10]. Several groups have also developed
metal-free organic sensitizers, that are less expensive, and
obtained efficiencies in the range of 4–8% [11–15]. Interest
has been recently devoted to the design of sensitizers that are
able to absorb at the near infrared region, by extending the
spectral range for the photocurrent generation with respect
to Ru-complexes. Porphyrins and phthalocyanines are being
currently considered to this specific aim, and meaningful
results have been achieved [16–18].

The critical factors that influence sensitization are the
excited-state redox potential, which should match the energy
of the conduction band edge of the semiconductor substrate,
the light-harvesting ability, and the electron transfer process
that is influenced by the electronic coupling between the
lowest unoccupied molecular orbital (LUMO) of the dye and
the TiO

2
conduction band. One of the major factors for low

conversion efficiency of many organic dyes in the DSSC is the
formation of dye aggregates on the semiconductor surface.
Therefore, to obtain optimal performance, aggregation of
dyes needs to be avoided by promoting the chemisorption
onto the substrate and by increasing the surface area of the
semiconductor oxide. High surface area substrates can also
promote the adsorption of a larger amount of dye molecules
enhancing the light-harvesting efficiency. However, in order
to improve the power conversion efficiency of photoanodes
for DSSCs, it is necessary to achieve both optimal morpho-
logical properties and fast electron transport [19–22].

To gain information about the photoinduced electron
transfer process from the sensitizers to the semiconductors
and indications about the linkage between dye and substrate,
the study of the spectroscopic features of chromophores onto
the semiconductor is of crucial importance. Absorption and
steady-state emission spectral features can give information
on the dye interaction with the substrate, since they are
influenced by the chemical environment of the sensitizers and
hence, it is expected that the structural and chemical nature
of the sensitizers and the structural properties of titania
substrates have a key role in determining the final spectral
features of the chromophore. Moreover, time-resolved fluo-
rescence decay can provide insights into the electron injection
process, since it is competitive with fluorescence relaxation.
Electron injection is found to generally occur with a time
much shorter than the excited-state lifetime of typical dyes,

therefore time-resolved fluorescence decay studies are very
useful to understand these dynamic photoinduced processes.

Herein, for the purpose of comparison, three different
dyes were examined: the widely used inorganic ruthenium
complex cis-di(thiocyanato) bis(2,2-bipyridyl-4,4-dicar-
boxylato)ruthenium(II) (N719), the more recently developed
organic molecular 3-(5-(4-(diphenylamino) styryl)thiophen-
2-yl)-2-cyanoacrylic acid (D5) [15], and the push-pull
zinc phthalocyanine sensitizer (ZnPc) [23]. The dyes were
adsorbed onto three types of thin film titania substrates:
mesoporous transparent titania deposited by spin-coating
(TiMS), mesoporous titania deposited by doctor-blade
(TiMS DB) and commercial P25 titania deposited by
doctor-blade (P25 DB). Titania films were characterized
by scanning electron microscopy (SEM) and by Fourier
transform infrared (FT-IR) spectroscopy, whereas the dye-
sensitized films were studied by UV-Vis and fluorescence
spectroscopy.

2. Experimental Section

2.1. Preparation of Titania Thin Films

2.1.1. Transparent andMesoporous Films. Mesoporous titania
films were synthesized using the P123 block copolymer as
template in order to obtain an ordered porous structure
with a controlled geometry. The titania precursor solutions
were prepared according to the procedures described in the
literature using pluronic surfactant [24].

In a typical synthesis, 1.4mL of concentrated HCl were
slowly added to 2.1 g of titanium(IV) ethoxide at room tem-
perature. In another flask, 0.65 g of P123 were dissolved in 6 g
of 1-butanol and subsequently added to the titanium solution.
The system was kept under stirring at room temperature
for 3 hours. The as-prepared solution of titania precursor
was deposited on FTO conducting glass substrates (Dyesol,
15Ω sq−1) by spin-coating at 2400 rpm. After aging at 25∘C
for 2 days, optically uniform and transparent films were
obtained. These films were calcined at 350 for 30 minutes
using a ramp rate of 1∘C/min to remove the template and the
residual organic precursors. TiO

2
electrodes were obtained

by deposition of three layers with a final calcination at
350∘C for 2 hours and were labeled as TiMS (Table 1). The
resulting mesoscopic oxide film was around 1 𝜇m thick and
transparent.

2.1.2. Semiopaque Films from Mesoporous Titania. Mesopo-
rous titania powder was prepared from the solution of tita-
nium (IV) ethoxide and P123 described above after aging at
25∘C for 5 days and subsequent calcination at 350∘C for 4
hours using a ramp rate of 1∘C/min, according to a recently
published procedure [25].

Titania films were prepared from mesoporous titania
powder by using the doctor-blade technique, according to
a procedure described elsewhere [26]. Dried powder was
dispersed in ethanol (EtOH), treated with ultrasonic bath
for 30min, then stirred at 50∘C for 1 h. This procedure was
repeated three times in order to obtain a homogeneous and
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Table 1: Details about the preparation of titania films.

Sample TiO2 source
Deposition
technique

TiMS Alcoholic solution of titanium(IV)
ethoxide and P123 Spin-coating

TiMS DB
Mesoporous titania powder prepared

from alcoholic solution of
titanium(IV) ethoxide and P123

Doctor-blade

P25 DB Commercial P25 titania powder Doctor-blade

opalescent colloidal suspension. The latter was mixed with
ethylcellulose (5–15mPa∗s) previously dissolved in ethanol
(10% w/w) and stirred again at 50∘C overnight. Terpineol
was added, and the resulting mixture was further stirred for
6 h. Finally ethanol was removed by a rotary evaporator to
obtain pastes suitable for doctor-blade deposition. The paste
had the following weight percentage composition: TiO

2
: 4%;

ethylcellulose: 2%; terpineol: 94%. The so-obtained titania
paste was deposited on the FTO conducting glass (Dyesol,
15Ω sq−1). Two edges of the FTO glass plate were covered
with a layer of adhesive tape (3M Magic) to control the
thickness of the film; successively the titania paste was spread
uniformly on the substrate by sliding a glass rod along the
tape spacer. After drying the coated plates were sintered in
air for 1 h at 450∘C and labelled as TiMS DB (Table 1). The
resulting mesoscopic oxide film was around 1 𝜇m thick and
semiopaque.

2.1.3. Semiopaque Films from Commercial Titania. Reference
titania films were prepared from commercial P25 titania
powder by using the doctor-blade technique, according to
a procedure described elsewhere [26]. Briefly, acetic acid,
water and ethanol were added drop by drop into a mortar
containing P25 titanium dioxide nanoparticles (provided by
Evonik Degussa). The TiO

2
dispersion was transferred with

excess of ethanol into a beaker for stirring a sonication steps;
then anhydrous terpineol and ethyl cellulose (previously
dissolved in ethanol) were added. After further stirring and
sonication steps the dispersion was concentrated by rotary
evaporator. The final colloidal paste was characterized by the
following composition (wt/wt): 5% TiO

2
, 0.5% acetic acid,

2.5% ethylcellulose, 87% terpineol, and 5% ethanol. The so-
obtained titania paste was deposited on the FTO conducting
glass (Dyesol, 15Ω sq−1). Two edges of the FTO glass plate
were covered with a layer of adhesive tape (3M Magic) to
control the thickness of the film; successively the titania paste
was spread uniformly on the substrate by sliding a glass
rod along the tape spacer. After drying, the coated plates
were sintered in air for 1 h at 450∘C and labelled as P25 DB
(Table 1). The resulting mesoscopic oxide film was around
1 𝜇m thick and semiopaque.

2.2. Adsorption ofDyes ontoTitania Films. Thedye-sensitized
films were prepared using a 0.2mM N719 solution (ditetra-
butylammonium cis-bis(isothiocyanato) bis(2,2-bipyridyl-
4,4-dicarboxylato)ruthenium(II)), which was obtained by

dissolving the dye in a mixture of acetonitrile and tert-butyl
alcohol (1 : 1 volume ratio). The titania films were immersed
into the N719 solution overnight at room temperature. After
that all the dyed films were washed with acetonitrile and
stored in the dark.

A similar procedure was used for the adsorption of D5
and ZnPc. The D5 dye was dissolved in acetonitrile to obtain
a dye concentration of 0.2mM, whereas the solution of ZnPc
was obtained by dissolution in ethanol (0.89mg of dye in
10mL of ethanol).

2.3. Characterization. UV-vis spectra of the films were col-
lected in the wavelength range 300–870 nm using a dou-
ble beam spectrophotometer V-660 (Jasco) equipped with
an integrated sphere. The absorbance of the dye solution
was measured using a quartz cell of thickness 1 cm. The
absorbance of dye-TiO

2
systems was recorded using 60mm

integrated sphere.
Steady-state fluorescence spectra for dyes solution and

dyes-TiO
2
films were recorded in a Jobin Yvon Fluorolog3

spectrofluorometer, using grids of 5 nm for the excitation and
5 nm for emission.

Time-resolved fluorescence measurements were carried
out by a time-correlated single-photon-counting (TCSPC)
system (Horiba-Jobin Yvon). Time-resolved measurements
are carried on exciting the samples using a 405 nm pulsed
laser diode and collecting the emission decay at the cor-
responding maximum emission wavelength for the specific
analysed dye. The fluorescence decay profiles were analysed
through decay analysis software (DAS6a HORIBA Scientific)
to a multiexponential decay equation. The quality of the fits
was checked by examining the residual distribution and the
𝜒
2 value.
Both steady-state and time-resolved fluorescence mea-

surements of thin films TiO
2
systems were collected in right-

angle (RA) configuration with a tilt angle of 30∘ to minimize
substrate scattering effects.

Fourier transform infrared (FT-IR) spectrawere collected
using a Jasco 4100 FT/IR spectrophotometer equipped with
an attenuated total reflectance (ATR) unit. The samples for
the analysis were prepared through preliminary drying at
120∘C.

FE-SEM characterizations were carried out with a high-
brilliance LEO 1530 field emission scanning electron micro-
scope apparatus equipped with an INCA 450 energy-
dispersive X-ray spectrometer (EDS) and a four-sector
backscattered electron detector (BSD). Before the analysis,
the surfaceswere coatedwith a thin layer of carbon in order to
avoid charging effects. The carbon coating was deposited by
using an Emitech sputter coater K550 unit, a K 250 carbon-
coating attachment, and a carbon cord at a pressure of 1 ×
10−2mbar in order to produce a carbon film with a thickness
of a few nanometers.

3. Results and Discussion

The spectral properties of different dyes have been compared
in order to investigate the electron transfer process from the
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Figure 1: Chemical structure of the dyes: N719, D5, and ZnPc.

dye to the conduction band of titania films that is respon-
sible for the production of photocurrent in DSSCs. Metal-
organic and metal-free dyes were adsorbed onto transparent
and semiopaque mesoporous titania thin films and onto a
semiopaque film form commercial P25 titania. In particular,
we have investigated the behaviour of a ruthenium complex
(N719), an organic dye (D5), and a zinc phthalocyanine
system (ZnPc).The chemical structure of these dyes is shown
in Figure 1.

All the dyes have been adsorbed onto titania films
with different morphology: a mesoporous transparent
film deposited by spin-coating (TiMS), a semiopaque
film deposited by doctor-blade from mesoporous titania
(TiMS DB), and a semiopaque film deposited by doctor-
blade form commercial P25 titania (P25 DB). The
preparation of the films was properly tailored in order
to get thin substrates with a comparable thickness of about
1 𝜇m.

3.1. FTIR Characterization. The surface functional groups of
titania substrates play an important role in the chemisorption
of the dyes. Indeed, the sensitizers that we are considering
in this work are usually bonded to titania through their
carboxylic groups, which interact with hydroxyl groups at
titania surface.

ATR-FTIR measurements were used to investigate the
amount of hydroxyl groups in the different titania films, and
the spectra are displayed in Figure 2. Furthermore, by these
analyses it is also possible to get more information on the
presence of carbon species in the samples.

The ATR-FTIR spectra show similar trends, but with
some significant differences. The bending vibration band of
the surface hydroxyl groups is observed at about 1630 cm−1,
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Figure 2: ATR-FTIR spectra of titania thin films: (a) P25 DB, (b)
TiMS DB, and (c) TiMS.

and the corresponding stretching vibration peak is located at
3200–3600 cm−1 [27, 28]. From these spectra, a significantly
higher amount of hydroxyl groups was noticed in transparent
titania thin films (TiMS).This could be attributed to the lower
sinterization temperature (350∘C instead of 450∘C used for
DB films) that allows preserving a high amount of hydroxyl
surface groups, and it seems also reasonable to assume that it
could be also related to a higher surface area. On the contrary,
the film from Degussa P25 has the lowest amount of surface
hydroxyl groups.

Analyzing the FTIR spectra, it can also be observed that
titania films contain carbon groups. Indeed, the peaks at
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Table 2: Peak position of UV-Vis absorbance and fluorescence
emission.

Sample 𝜆Abs (nm) 𝜆Em (nm)
N719 310, 386, 537 728
N719@P25 DB 478 726
N719@TiMS DB 474 719
N719@TiMS 492 720
D5 300, 479 630
D5@P25 DB 468 605
D5@TiMS DB 469 623
D5@TiMS 472 618
ZnPc 352, 613, 687 694
ZnPc@P25 DB 689 695
ZnPc@TiMS DB 692 698
ZnPc@TiMS 689 702

about 1000–1100 cm−1 suggest the presence of Ti–O–C bonds
[27]. Furthermore, the peak at about 1400 cm−1 has been
attributed to asymmetric bending vibrations of C–H bonds
[27, 28]. The observation from FTIR that the films contain
Ti–O–C and C–H bonds indicates the presence of residual
organic groups.The intensity of these signals for P25 DB and
TiMS is comparable, whereas the residual carbon content is
apparently lower for TiMS DB film (Figure 2).

3.2. Morphological Investigation. Further insights into the
structural properties of titania films were obtained through
FE-SEM analysis. The micrographs of titania surface films
prepared by doctor-blade (Figure 3) reveal that when com-
mercial P25 was used for the formulation of the paste the
photoanode surface consists of small nanoparticles with
voids into the structure. By using mesoporous titania, the
photoanode surface is composed of small nanoparticles and
a porous structure can be observed. It is worth to notice
that in TiMS DB the surface morphology is more uniform
with the presence of small pores that could increase the
interface betweendye and titania, whereas larger voids are not
detected.

In TiMS prepared by spin-coating, the surface mor-
phology is completely different. The films are furthermore
compact, and can be observed the presence of domains with
an ordered structure. The latter are mesoporous channels,
which are responsible for a nanoporous structure and high
surface area.

3.3. UV-Vis and Fluorescence Measurements. In order to gain
information on the anchorage of the chromophore onto the
semiconductor and on the electron transfer process from the
dyes to titania, the spectroscopic features of the dye solutions
and of the dye-sensitized titania films have been investigated.

The absorption and the steady-state fluorescence spectra
of the free dye solutions and the corresponding dye-sensitized
TiO
2
films were recorded, and the data are summarized in

Table 2.
The absorption spectra of N719 sensitized TiO

2
films

along with the reference spectrum of the free dye in an

acetonitrile and tert-butyl alcohol solution (1 : 1 volume ratio)
are shown in Figure 4. In particular, the UV-vis absorption
spectrum of N719 solution is dominated by two broad bands
at around 386 and 537 nm, generally assigned to a Metal-to-
Ligand Charge-Transfer (MLCT) transition in which an elec-
tron is transferred from Ru to one of the bipyridine ligands,
and an intense UV absorption at around 310 nm attributed
to an electronic transition between the 𝜋-𝜋∗ orbitals of
the dcbpyH ligands [29–31]. When the N719 molecules are
adsorbed onto the surface of mesoporous TiO

2
films, the

MLCT band at 537 nm becomes predominant and shifts at
lowerwavelengths depending on the consideredTiO

2
system.

The measured blue shifts for all the dye-sensitized TiO
2

systems are reported in Table 2; as it can be seen it is higher
for the N719 adsorbed onto TiO

2
films obtained by doctor-

blade (P25 and TiMS DB), whereas it is lower for the N719
adsorbed onto transparent TiO

2
obtained by spin-coating

technique (TiMS). The observed shifts in the absorption
spectra are probably due to chemical interactions between
the dye and the semiconductor TiO

2
surface, which modify

HOMO and LUMO levels of the adsorbed complexes with
respect to those of the free dye. At the same time, we would
like to underline the higher absorption intensity shown by
the transparentN719@TiMS systemswith respect to the other
TiO
2
systems, which may indicate that this transparent layer

can adsorb more N719 molecules compared with the other
TiO
2
layers having the same thickness.This is also confirmed

by the intense red coloration of the TiMS sample after the dye
adsorption. These findings are in agreement with ATR-FTIR
results previously discussed, since the most intense peaks in
UV-vis spectra of dye-sensitized TiMS films is promoted by
the presence of a high number of surface hydroxyl groups.

A similar trend has been also found in the case of the
metal-free organic dye D5 adsorbed on TiO

2
mesoporous

systems (Table 2). Two absorption bands at 479 nm and
300 nm are visible in the Uv-Vis spectrum of dye solution;
the band in the UV region corresponds to a 𝜋-𝜋∗ transition
of the conjugated molecules, whereas the band in the Vis
can be assigned to an intramolecular charge-transfer state
between the diphenylaniline electron donating moiety and
the cyanoacetic acceptor [15]. When the dye is attached to
TiO
2
surface, a blue shift of the absorption maximum at

479 nm is found (Table 2). Also in the case of D5, the trans-
parent TiMS thin films have the highest intense absorption
band and the lowst blue shift with respect to those observed
for D5@TiMS DB and D5@P25 DB, thus indicating a higher
dye uptaking.

The fluorescence measurements of N719 and D5 sensi-
tized mesoporous TiO

2
systems, reported in Figures 5 and

6, show the characteristic fluorescence emission of the free
dyes but shifted to lower wavelenghts. In the case of N719
(Figure 5), for example, upon excitation at 𝜆ex = 510 nm, the
solution has an emission maximum at 728 nm, which shifts
at 725, 719, and 720 nm for N719@P25 DB, N719@TiMS DB,
and N719@TiMS, respectively. In analogy, the D5 sensitized
TiO
2
systems have a blue shift in the emission spectra

(Figure 6) that depend on the TiO
2
system. More interesting,

if we consider the intensity of the emission band for both of
the two sets of samplewe observe that they decrease following
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Figure 3: FE-SEM images of surface titania films: (a) P25 DB, (b) TiMS DB, and (c) TiMS.
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Figure 4: Uv-Vis absorbance for N719 solution and N719 sensitised
TiO
2
systems.

the order P25 DB > TiMS DB > TiMS. The reduction in
the emission intensity is thus more evident in the case of
transparentmesoporousTiO

2
layer, andwehypothesized that

it can be associated in first approximation to a better andmore
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Figure 5: Steady-state fluorescence emission for N719 solution and
N719 sensitised TiO

2
systems.

efficient electron injection process from the excited state of
the dye to the conduction band of the semiconductor.

The UV-Vis absorption spectra of the compound ZnPc
in EtOH and on mesoporous TiO

2
films are displayed in
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Figure 6: Steady-state fluorescence emission for D5 solution and
D5 sensitised TiO

2
systems. The emission intensity values for D5

sensitised TiO
2
systems are multiplied by a factor 5.

Figure 7. The UV-Vis absorption spectrum of ZnPc exhibits
an intense Soret band (300–400 nm) due to the 𝜋-𝜋∗ tran-
sition with charge-transfer character and a strong Q band
centered at 687 nm [32]. In addition, compared with the
solution, the zinc phthalocyanine derivative on mesoporous
TiO
2
films show broader absorption spectra extended to

800 nm, suggesting the formation of aggregate on the surface
of the semiconductor [33]. The absorption spectra of the
phthalocyanine adsorbed onto TiO

2
systems exhibit a small

red shift (Table 2) that may be due to the presence of car-
boxylic protons of phthalocyanine, which, upon adsorption
on TiO

2
, release the proton and bind to Ti4+ centres.The Ti4+

sites act as electron withdrawing and produce the observed
red shift in the absorption bands [34].

Figure 8 shows the steady-state fluorescence emission
spectra (𝜆ex = 400 nm) of ZnPc solution: the typical
phthalocyanine emission band centred around 700 nm is
easily visible [35]. The ZnPc@P25 DB, ZnPc@TiMS DB, and
ZnPc@TiMS exhibit a strong Q band emission peak at
695 nm, 698 nm, and 702 nm, respectively. In analogy to the
other two dyes, when ZnPc is adsorbed onto the TiO

2
layers,

a net decrease in the emission intensity can be observed, thus
suggesting the possibility of an electron injection process.

Time-correlated single-photon counting (TCSPC) mea-
surements are performed to obtain information about the
decay times of the relaxed excited state at S

1
of the dye

interacting with the semiconductor materials. As reported
by several studies [18, 23, 36, 37], TCSPC measurements can
be useful to evaluate the photoelectron injection dynamics
in dye-sensitized semiconductor films. In Figure 9 the time-
resolved emission kinetics for the three dyes in solution
and the correspondent dye sensitised TiO

2
systems are

shown. In particular, the emission decay measurements are
collected at 𝜆em = 730 nm (Figure 9(a)) for N719, at 𝜆em =
640 nm (Figure 9(b)) for D5, and at 𝜆ex = 700 nm for ZnPc
(Figure 9(c)).

Fluorescence emission decay curves of the N719 solution
have been deconvoluted by a biexponential function, while
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Figure 7: Uv-Vis absorbance for ZnPc solution and ZnPc sensitised
TiO
2
systems.
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Figure 8: Steady-state fluorescence emission for ZnPc solution and
ZnPc sensitised TiO
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systems. The emission intensity values for

ZnPc5 sensitised TiO
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for N719 interacting with different TiO
2
based films, the

decays have amore complex behaviour and need a three com-
ponent exponential function. The results shown in Table 3
reveal that for dye solution the most significative time value
(𝜏
1
) is about 3 ns (𝐴

1
= 93%) and a little percent of molecules

decay with a time of 𝜏
2
= 27.7 ns (𝐴

2
= 7%). The longer decay

is comparable with time decay reported in the literature for
N719 systems [38], while the shorter excited-state lifetime
indicates an enhancing of the nonradiative deactivation
channels, probably due to the presence of protons on carboxyl
groups [39]. The 𝜏

1
= 3 ns value appears to be retained in

N719-TiO
2
systems, but the corresponding amplitude (𝐴

1
)

decreases from 93% in solution to 30% in solid state. Also the
longest time decay in solution (𝜏

2
= 27.7 ns) is preservedwhen

the dye is adsorbed on TiO
2
surface, but this value is lower
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Figure 9: Fluorescence kinetics of (a) N719 solution and N719 sensitised TiO
2
systems, (b) D5 solution and D5 sensitised TiO

2
systems, and

(c) ZnPc solution and ZnPc sensitised TiO
2
systems.

(𝜏
2
= 15 ns in solid state) because dyemolecules are now closer

to each other than in solution, and this results in the quench-
ing phenomena. In addition, a third shorter time appears
(0.56 ns for N719@P25 DB, 0.41 ns for N719@TiMS DB and
0.36 ns for N719@TiMS) that can be related to the electron
transfer process from the excited state of the dye to the
conduction band of the semiconductor.

Lifetime of D5 dye in solution is analysed by a three
exponential component function, and the result of 0.14 ns,
associated with the most significative amplitude (𝐴

1
= 80%),

presents a good agreement with analogous systems [40].
However, for D5 sensitised TiO

2
systems the resolution of

the TCSPC setup does not allow for resolving numerically
the changes in lifetime. They are all sub 0.01 ns, a time

close to the time response of the detector. Nevertheless, just
from a qualitatively point of view, it is interesting to observe
that D5@TiMS system seems to have the sharpest decay
profile with respect to D5@TiMS DB and D5@P25 DB. The
better quenching effect could be related to a different dye-
TiO
2
interaction that could promote electron injection in

semiconductor bands.
In the case of ZnPc solution, the fluorescence emission

decay exhibits a monoexponential behaviour with a lifetime
of 3 ns, comparable for values reported in the literature for
unsubstituted phthalocyanine systems [18, 41].

ZnPc sensitised TiO
2
systems fluorescence emission

decays, instead, are analysed using a three component expo-
nential function and the results are summarized in Table 3.
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Table 3: Lifetime decay of dye-TiO2 systems.

Sample 𝜏
1
(ns) 𝜏

2
(ns) 𝜏

3
(ns) 𝐴

1
(%) 𝐴

2
(%) 𝐴

3
(%) 𝜒2

N719 2.89 27.7 — 93 7 — 1.2
N719@P25 DB 3.44 15.8 0.56 32 20 48 1.2
N719@TiMS DB 2.74 14.5 0.41 33 20 47 1.2
N719@TiMS 2.60 15.6 0.36 32 15 53 1.2
D5 0.14 0.63 1.61 80 9 11 1.0
D5@P25 DB <0.01 — —
D5@TiMS DB <0.01 — —
D5@TiMS <0.01 — —
ZnPc 3 1.2
ZnPc@P25 DB 2.05 0.48 0.05 24 29 47 1.3
ZnPc@TiMS DB 2.46 0.87 0.13 21 23 56 1.1
ZnPc@TiMS 1.87 0.78 0.11 10 33 57 1.2

From the fitting results, the 𝜏
1
component is preserved in

solid state systems, even if the molecule population asso-
ciated to this decay mechanism decreases to 10–20%. The
component 𝜏

2
, observable only in solid state systems, can be

associated to a quenching effect with a mechanism similar
to the behavior of J aggregates in solution [42]. The faster
time decay component in dye-TiO

2
system (𝜏

3
) could be,

in principle, indicative of an efficient injection occurring
at the interface between dye molecules and semiconductor
surface. Mesoporous TiO

2
systems present 𝜏

3
decay very

similar in value (0.13 ns for ZnPc@TiMS DB and 0.11 ns for
ZnPc@TIMS), while ZnPc@P25 DB shows a quite lower 𝜏

3

component, about 0.05 ns.
The two observed fast time decays 𝜏

2
and 𝜏

3
in dyes-

TiO
2
systems could be also attributable to a contemporary

presence of different injection processes; due to different
possible configurations of ZnPc molecules when they are
interacting with TiO

2
surface, one is more favourable than

the other.

4. Conclusions

The steady-state measurements and fluorescence emission
decay of the dye-sensitized titania films suggest that the trans-
parent mesoporous titania film (TiMS) could be responsible
for a more efficient electronic injection when N719 and D5
are used as sensitizers. Indeed, the emission peak of these
dyes has a lower intensity onto TiMS, and a faster time decay
was observed. In the case of ZnPc, the fluorescence emission
decay is faster if the dye is adsorbed onto P25 DB. Probably
the formation of dye aggregates hinders the diffusion into
the mesoporous structure, and only the external surface area
can interact with the sensitizer. The mesoporous structure
of TiMS could not be accessible to ZnPc aggregates with a
consequent lower performance.

These findings suggest that mesoporous titania films
could be considered the most efficient substrates for the
adsorption of N719 and D5 to realize a photoanode with high
efficient electronic injection.

In fact, as spectroscopic measurements showed, the
N719@TiMS presents the highest UV-vis absorbance value,

compared to the other TiO
2
substrates, but the highest

decrease in fluorescence emission intensity. These results
suggest a strong interaction between the dye and the TiO

2

substrate, and this condition is particularly favourable to
enhance the electron injection.
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Starting from the results regarding a nonvacuum technique to fabricate CIGS thin films for solar cells by means of single-step
electrodeposition, we focus on the methodological problems of modeling at cell structure and photovoltaic module levels. As
a matter of fact, electrodeposition is known as a practical alternative to costly vacuum-based technologies for semiconductor
processing in the photovoltaic device sector, but it can lead to quite different structural and electrical properties. For this reason, a
greater effort is required to ensure that the perspectives of the electrical engineer and thematerial scientist are given an opportunity
for a closer comparison and a common language. Derived parameters from ongoing experiments have been used for simulation
with the different approaches, in order to develop a set of tools which can be used to put together modeling both at single cell
structure and complete module levels.

1. Introduction

Thin film solar cells based on a compound of the elements
Copper, Indium, Gallium, and Selenium, that is, CIGS
semiconductors, are considered as highly promising light-to-
electricity converters thanks to their direct bandgaps which
can be efficiently matched to the solar spectrum [1]. Among
different fabrication methods suitable for the absorber layer,
electrodeposition represents an important alternative to the
expensive vacuum-based technologies. Using a single-step
electrodeposition, several groups have fabricated CIGS films
[2], and in some case an efficiency exceeding 15% has been
reported [3], not too far from top performances made pos-
sible by the most studied vacuum-based three-stage process
[1].

One of the most important requirements for successful
application of the one-step electrodeposition here consid-
ered, for CIGS film production, is to control composition
of deposited films in a reliable and reproducible way (it is
noteworthy that we found several technological requirements
in common with optical applications we had previously

developed in different research contexts, to which we address
the reader [4–19]).

Furthermore, film formation must be manufacturing
friendly, possibly eliminating the selenization step, which is
environmentally undesired due to the toxicity of Se.

In some recent works [20, 21], we described our first
results on the option to fabricate CIGS-based solar cells
directly using electrodeposited films by adjusting the con-
centration of the solution and eliminating the unwanted
selenization step. Within the limits of the present discussion,
it will be enough to mention that (1) electrodeposition of
CIGS, with a controlled and reproducible Cu/(In+Ga) and
Ga/(In+Ga)molar ratios, has been presented and (2) Cu-In-
Se-Ga content and formation of secondary phases before and
after the annealing process have been investigated [4, 6].

Also, in the context of our research project, it is required
to derive parameters from ongoing experiments on the
layered junction structures and use them for simulation with
different approaches, in order to develop a set of tools which
can be used to put together modeling both at single cell and
module levels, what we will describe here. To complete the
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overall picture of the ongoing activity, we will mention that
we are adapting a previous sensor measurement setup tomap
solar cell performance with a light-beam-induced current
(LBIC) configuration [22–24].

In particular, from real data, we have derived the five-
parameter model and the complete characteristic of a CIGS
module. Afterwards, from a structural model, setting real
CIGS cells parameters, we have derived the cell characteristic.
A circuitalmodel—able to describe the cells interconnections
and packaging—took into account the simulated cells data,
has been finally compared with the previously mentioned
module simulation. This comparison could be very useful to
determine the internal parameters that extend the structural
cells model to themodule characteristics, so that the different
perspectives of the electrical engineer and the material
scientist are given an opportunity for a closer collaboration
and a common language we are actively looking for [25].

Hence, this paper is organized as follows. In Section 2 we
describe a general introduction tomodel simulationmethods
and the five-parameter analysis of a real CIGS module.
Then, structural cell simulation is described in Section 3
together with a parasitic network resistance modeling and a
comparison with the module data. Finally, conclusions are
drawn in Section 4.

2. Five Lumped Parameters Simulation

A photovoltaic (PV) module mathematical model is a very
useful tool to evaluate electrical energy production during the
operative working of PV plants [26]. Moreover, such models
are important to perform economic evaluations and compare
different PV plants implementations [27–30].

In the literature, seldomparametricmathematicalmodels
have been proposed to simulate the solar cell functioning
on the basis of distributed parameters equivalent circuits,
while lumped parameters equivalent circuits are largely more
common [31–35]. Among the lumped parameters models,
there are different implementations that consider four, five,
or six parameters with various threshold accuracies. Model
parameters can be evaluated on the basis of the numerical
data from the manufacturers [31–34, 36, 37]. Finally, fitting
methods are used to match 𝐼-𝑉 characteristic curves with
different temperature and irradiance values.

Among lumped parameters equivalent circuitmodels, the
five-parameter one has been here taken into account. The
lumped parameters single diode model (Figure 1), thanks
to the shunt resistor (𝑅sh), is able to simulate, with good
accuracy, the solar cell working condition. It is also able to
work correctly even at low irradiance conditions and it shows
a lower computational burden in comparison, for example, to
the double diode model.

The five lumped cell parameters are described herein:
(i) the photoelectric current that depends on tempera-

ture, radiation, and structural characteristics (𝐼
𝐿
);

(ii) the diode saturation current that depends on temper-
ature and structural characteristics (𝐼

0
);

(iii) the diode quality factor that depends on the cell
junction characteristics (𝛾);

RshIdiode
Ish V

I

IL

Rs

Figure 1: Five lumped parameters cell model.

(iv) the series resistance that depends on the structural
characteristics of the cell (𝑅

𝑠
);

(v) the shunt resistance that depends on the structural
characteristics of the cell (𝑅sh).

The photocurrent depends on cell irradiance, temperature,
and structural characteristics. Moreover, it is directly propor-
tional to the irradiancy. The diode, in the equivalent circuit,
represents the recombination current in the quasi-neutral
region of the p-n junction [32, 38]. The standard Shockley
equation for the circuit in Figure 1 is as follows:

𝐼diode = 𝐼0 [𝑒
𝑞((𝑉+𝐼𝑅

𝑠
)/(𝑘𝛾𝑇

𝑐
))
− 1] , (1)

where

(i) 𝑞 is the electron charge [C],
(ii) 𝑇
𝑐
is the cell temperature [K],

(iii) 𝑘 is the Boltzmann constant [J/K],
(iv) 𝑉 is the cell output voltage [V],
(v) 𝐼 is the cell output current [A].

The diode thermal voltage 𝛾(𝑘𝑇
𝑐
/𝑞) is also indicated with 𝑉

𝑡
.

The series resistance 𝑅
𝑠
represent internal losses of differ-

ent kind; more relevant are [39, 40]

(i) front and back electrode resistances;
(ii) lead resistance;
(iii) metal semiconductor ohmic contact.

The shunt resistance takes into account the overall photo-
voltaic cell dispersion currents.

Eventually, the analytic relation of the cell characteristic
is

𝐼 = 𝐼
𝐿
− 𝐼
0
[𝑒
𝑞((𝑉+𝐼𝑅

𝑠
)/(𝑘𝛾𝑇

𝑐
))
− 1] −

𝑉 + 𝐼𝑅
𝑠

𝑅sh
. (2)

It is fortunate that the same model can be extended to rep-
resent even the photovoltaic module when identical cells—
also at the same temperature and irradiation—are connected
either in series or in parallel.

For example, for the series of two cells, using the five-
parameter model, the equivalent circuit is that depicted in
Figure 2 [41, 42].

Having the two cells identical, at the same temperature
and irradiated at the same intensity, we obtain
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Figure 2: Equivalent circuit of the two cell series.
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Figure 3: Equivalent circuit of a two identical cell series.

(i) 𝐼
𝐿1
= 𝐼
𝐿2
;

(ii) 𝑉
1
= 𝑉
2
;

(iii) 𝐼diode1 = 𝐼diode2 having the two identical diodes the
same working conditions;

(iv) 𝑅
𝑠1
= 𝑅
𝑠2
;

(v) 𝑅sh1 = 𝑅sh2;
(vi) 𝐼sh1 = 𝐼sh2.

The aforementioned two cells scheme, in the previous
hypothesis, is equivalent in the final analysis to the following
simpler circuit of Figure 3 [41, 43, 44].

The extension to𝑁CS cells, connected in series, is obvious
and the analytic relation for the module is then

𝐼 = 𝐼
𝐿
− 𝐼
0
[𝑒
𝑞((𝑉+𝐼𝑅

𝑠
)/𝑘𝛾𝑁CS𝑇𝑐) − 1] −

𝑉 + 𝐼𝑅
𝑠

𝑅sh
. (3)

In order to evaluate the five-parameter values, the method
hereafter reported has been adopted [33, 45, 46]. Equation
(3) is written by the three characteristic points: maximum
power, short-circuit, and open-circuit points, obtaining (4),
(5), and (6), respectively. Moreover, the 𝑑𝑃/𝑑𝑉 = 0 condition
by the maximum power point is derived, giving (7). Finally,
the fifth equation is obtained by calculating the 𝑑𝐼/𝑑𝑉 value
calculated in the short-circuit point, which results in (8).

Equations (4) and (6) allow to evaluate 𝐼ref
0

(9). Equations (9)
and (5) are developed to build (10), where the three unknowns
𝑅
𝑠
, 𝑅sh, and 𝑉𝑡 have to be evaluated. Equation (10) together

with (7) and (8) allow to get (12) and (13).𝑅
𝑠
,𝑅sh and𝑉𝑡 values

are determined from (10), (12), and (13) through the iterative
method hereafter reported:

𝐼
ref
SC = 𝐼

ref
𝐿
− 𝐼

ref
0
⋅ 𝑒
(𝐼

ref
SC𝑅𝑠)/(𝑁CS𝑉𝑡) −

𝐼
ref
SC𝑅𝑠

𝑅sh
, (4)

𝐼
ref
MP = 𝐼

ref
𝐿
− 𝐼

ref
0
⋅ 𝑒
(𝑉

ref
MP+𝐼

ref
MP𝑅𝑠)/(𝑁CS𝑉𝑡)

−
𝑉

ref
MP + 𝐼

ref
MP𝑅𝑠

𝑅sh
,

(5)

𝐼
ref
𝐿
− 𝐼

ref
0
⋅ 𝑒
(𝑉

ref
OC)/(𝑁CS𝑉𝑡) −

𝑉
ref
OC
𝑅sh

= 0, (6)

𝑑𝑃

𝑑𝑉

𝑉=𝑉refMP ,𝐼=𝐼
ref
MP

= 𝐼
ref
MP +

𝑑𝐼

𝑑𝑉

𝑉=𝑉refMP ,𝐼=𝐼
ref
MP

𝑉
ref
MP = 0, (7)

𝑑𝐼

𝑑𝑉

𝐼=𝐼refSC

= −
1

𝑅sh
, (8)

𝐼
ref
0
= (𝐼

ref
SC −

𝑉
ref
OC − 𝐼

ref
SC𝑅𝑠

𝑅sh
) ⋅ 𝑒
−(𝑉

ref
OC)/(𝑁CS𝑉𝑡), (9)

𝐼
ref
MP = 𝐼

ref
SC −

𝑉
ref
MP + 𝐼

ref
MP ⋅ 𝑅𝑠 − 𝐼

ref
SC ⋅ 𝑅𝑠

𝑅sh

− (𝐼
ref
SC −

𝑉
ref
OC − 𝐼

ref
SC ⋅ 𝑅𝑠

𝑅sh
)𝐾
𝑇
,

(10)

where

𝐾
𝑇
= 𝑒
(𝑉

ref
MP+𝐼

ref
MP𝑅𝑠−𝑉

ref
OC)/(𝑁CS𝑉𝑡) (11)

𝑑𝑃

𝑑𝑉

𝑉=𝑉refMP ,𝐼=𝐼
ref
MP

= 𝐼
ref
MP

+ 𝑉
ref
MP

⋅

−
(𝐼

ref
SC𝑅sh − 𝑉

ref
OC + 𝐼

ref
SC𝑅𝑠)⋅𝑒

(𝑉
ref
MP+𝐼

ref
MP𝑅𝑠−𝑉

ref
OC)/(𝑁CS𝑉𝑡)

𝑁CS𝑉𝑡𝑅sh
−

1

𝑅sh

1 +
(𝐼

ref
SC𝑅sh − 𝑉

ref
OC + 𝐼

ref
SC𝑅𝑠) ⋅ 𝑒

(𝑉
ref
MP+𝐼

ref
MP𝑅𝑠−𝑉

ref
OC)/(𝑁CS𝑉𝑡)

𝑁CS𝑉𝑡𝑅sh
+
𝑅
𝑠

𝑅sh
(12)
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−
1

𝑅sh

𝐼=𝐼refSC

=

−
(𝐼

ref
SC𝑅sh − 𝑉

ref
OC + 𝐼

ref
SC𝑅𝑠) ⋅ 𝑒

(𝐼
ref
SC𝑅𝑠−𝑉

ref
OC)/(𝑁CS𝑉𝑡)

𝑁CS𝑉𝑡𝑅sh
−

1

𝑅sh

1 +
(𝐼

ref
SC𝑅sh − 𝑉

ref
OC + 𝐼

ref
SC𝑅𝑠) ⋅ 𝑒

(𝐼
ref
SC𝑅𝑠−𝑉

ref
OC)/(𝑁CS𝑉𝑡)

𝑁CS𝑉𝑡𝑅sh
+
𝑅
𝑠

𝑅sh
.

(13)

In the equations detailed previously, standard test conditions,
that is, STC, are indicate with “ref ” as apex. To summarize
the adopted iterative method, a block diagram is traced in
Figure 4 [46].

At the first stage, the 𝑅
𝑠
and 𝑅sh starting values are

arbitrarily chosen and put into (10), in order to evaluate 𝑉
𝑡
.

Subsequently, (13) is used to evaluate 𝑅sh. The new 𝑅sh value
is put into (12) in order to check the 𝑑𝑃/𝑑𝑉 = 0 condition.
If 𝑑𝑃/𝑑𝑉 = 0, the latter 𝑅sh value is the right one and (2)
can be used to evaluate the 𝛾 form factor; otherwise, the
𝑅sh initial value has to be changed and the iteration goes
on. The previously mentioned equations can be adopted in
that form only under standard conditions. For this reason,
it is necessary to take into account the changes of the 𝐼

0
,

𝐼
𝐿
, 𝐼SC, and 𝑉OC parameters with respect to temperature and

irradiation. According to [46, 47],

(i) 𝐼
0
does not depend on irradiation but only on temper-

ature;
(ii) 𝐼
𝐿
depends only on temperature;

(iii) 𝐼SC depends both on temperature and irradiation;
(iv) 𝑉OC depends only on irradiation.

The following equations describe what was stated previously:

𝐼
0
(𝑇) = (𝐼SC (𝑇) −

𝑉OC (𝑇) − 𝐼SC (𝑇) 𝑅𝑠
𝑅sh

) ⋅ 𝑒
−𝑉OC(𝑇)/(𝑁CS𝑉𝑡),

(14)

𝑉OC (𝑇) = 𝑉
ref
OC + 𝜇𝑉OC

(𝑇
𝐶
− 𝑇

ref
𝐶
) , (15)

𝐼SC (𝑇) = 𝐼
ref
SC [1 +

𝜇
𝐼SC

100
(𝑇
𝐶
− 𝑇

ref
𝐶
)] , (16)

𝐼SC (𝐺) = 𝐼
ref
SC ⋅

𝐺

𝐺ref , (17)

𝐼
𝐿
(𝐺) = 𝐼

ref
𝐿
⋅
𝐺

𝐺ref , (18)

𝐼
𝐿 (𝐺, 𝑇) =

𝐺

𝐺ref ⋅ [𝐼0 (𝑇) ⋅ 𝑒
𝑉OC(𝑇)/(𝑁CS𝑉𝑡) +

𝑉OC (𝑇)

𝑅sh
] , (19)

𝐼SC (𝐺, 𝑇) =
𝐺

𝐺ref ⋅ 𝐼SC (𝑇)

=
𝐺

𝐺ref ⋅ 𝐼
ref
SC [1 +

𝜇
𝐼SC

100
(𝑇
𝐶
− 𝑇

ref
𝐶
)] ,

(20)

where

(i) 𝜇
𝐼SC

is the short-circuit current temperature coeffi-
cient;

(ii) 𝜇
𝑉OC

is the open-circuit voltage temperature coeffi-
cient.

Therefore, (14), (15), (19), and (20) represent the five-
parameter mathematical model under changing temperature
and radiation conditions. Finally, the PV module output
voltage can be expressed to good purpose by (21), derived
from (1):

𝑉 = [ln(𝐼𝐿 − 𝐼
𝐼
0

+ 1 −
𝑉 + 𝐼𝑅

𝑠

𝐼
0
𝑅sh

)]𝑁CS𝑉𝑡 − 𝐼𝑅𝑠. (21)

For example, considering a commercial module with the
following nominal data:

(i) 𝐼SC = 6.50A,
(ii) 𝑉OC = 46.8V,
(iii) 𝐼MP = 5.70A,
(iv) 𝑉MP = 34.4V,
(v) 𝜇
𝐼SC
= −0.03%/K,

(vi) 𝜇
𝑉OC

= −0.33%/K,

the resulting five lumped parameter values are:

(i) 𝛾 = 1.5,
(ii) 𝑅
𝑠
= 0.94Ω,

(iii) 𝑅sh = 120Ω,
(iv) 𝐼
𝐿
= 6.6A,

(v) 𝐼
0
= 3.7 ⋅ 10

−7 A.

In the following picture (Figure 5), the behavior of the
commercial module characteristic obtained from the five-
parameter model in depicted, which will be used later on for
a paired comparison.

3. The Structural Model from the Cell to
the Module

In parallel to the previously described approach, usually the
first choice for the electrical engineer, it is worthwhile to
follow as well the microscopic point of view, more familiar
to the material scientist. In order to generate a current,
energy derived from the sun must impact on a photovoltaic
device having a preexisting electrical field such that free
electrons can succeed in separating from holes. Nowadays,
numerical simulation offers advantages to the design, per-
formance prediction, and comprehension of the fundamental
phenomena ruling the operation of complex devices, such as
solar cells, also allowing to investigate the physics of their
inner processes.

Our tool of choice was wxAMPS, a software capable
of representing the electrical transport phenomena and the
optical response of a wide variety of layered structures like
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Figure 5: 𝐼-𝑉 curve from the five-parametermodel of a commercial
PV module.

those typical of solar cells. For this reason, it was also
applied to simulate the behavior of the solar cell discussed

in this work. This software is an updated version, rewritten
in C++, of the one-dimensional simulation programAnalysis
of Microelectronic and Photonic Structures (AMPS-1D) that
was initially developed by Fonash et al. at Pennsylvania
State University [48, 49]. Various layers of stacked materials,
producing homojunctions, heterojunctions, and multijunc-
tions, can be studied by appropriately selecting characteristic
parameters.

Thus, wxAMPS is a modern, often updated, solar cell
simulator for modeling one-dimensional devices composed
of several materials. It accepts the same input parameters
as AMPS and is based on similar physical principles and
numerical descriptions of defects and recombinations [49],
while adding tunnelling effects based on trap-assisted and
intraband tunnelling models [50, 51]. This program incorpo-
rates a new algorithm combining the Gummel and Newton
methods. In fact, Gummel’s method alone is of limited
usefulness when simulating devices with very high defect
densities, while Newton’s method alone works poorly when
determining intraband tunnelling current. The advantages
of the combination are in terms of better stability and
more consistent convergence in problems in which intraband



6 International Journal of Photoenergy

tunnelling is critical in the determination of precise solutions
[52].

With wxAMPS, a hypothetically unlimited number of
layers can be modeled; this added flexibility is suited to
tailoring designs of devices with parameters, at any given
depth profile, so as to establish optimal degrees of efficiency
conversions for solar cells. The program allows data input
through three main windows that represent the ambient con-
ditions, the properties of differentmaterials for the individual
layers, and the resolving model (trap-assisted tunnelling or
intraband). You can use the simulation parameters provided
by the University of Illinois, Engineering Wiki [53], or
you can set custom data as needed. Operating temperature,
solar spectrum, quantum efficiency, front and back contact
data, surface recombination velocity, and bias voltages are
the environmental parameters which set device working
conditions. Once stored, ambient conditions are defined for
environment simulation, but new settings can be edited by
users loading a properly tailored file. In detail, it is possible to
take into account the values ofΦ

𝐵
(the barrier height defined

as 𝐸
𝑐
− 𝐸
𝑓
) for the front and back contacts and reflection

coefficients [54].
Thematerial properties of each layer are divided into four

groups accessed by separate tabs: electrical, defect, optical,
and advanced. A grid allows users to control and edit the
overall structure of the device. Tables organize material
properties and these are provided by a Wiki [53] website or
are editable using common worksheets. Likewise, absorption
coefficients can be edited directly by users or be loaded from
external data files.

Once all required input is entered, it is possible to
start data analysis. The results are displayed by an efficient
graphical layout that presents them. Output data can be
provided in two main forms: directly through the graphical
user interface or indirectly through files readable by common
spreadsheet programs.

A CIGS thin film solar cell structure, with parameters
derived from our experiments, was simulated after speci-
fying, as the input data, the material parameters for each
individual layer of the stacked device structures. Specifically,
several layers including the top contact, bottom contact,
intrinsic ZnO layer, CdS buffer layer, high-recombination
interface, surface defect layer on top of the CIGS film, and
CIGS absorber defined the CIGS solar-cell structure. The
employed thicknesses of structural layers and the material
parameters, which by the way fall into the acceptable ranges
reported in the literature [55], are shown in Table 1.

As usual, room temperature and standard sunlight (AM
1.5G) were the assumed working conditions. Furthermore,
the material parameters used in the simulations were kept
unchanged. Tables 2 and 3 summarize material Gaussian
defect states and contact parameters, respectively; Table 4
provides an explanation of the symbols used in the previous
tables. The front and back contacts are solely defined by their
work functionsΦ

𝐵
.

Considering that an accurate optical assessment of a
photovoltaic cell is hardly trivial, in order to facilitate the
discussion and describe the considered simplifications, we
will try to follow and illustrate reflections and absorptions to

Table 1: Simulationmaterial parameters of the CIGS thin-film solar
cell.

Parameter ZnO :Al ZnO CdS CIGS
𝑑 (𝜇m) 0.5 0.2 0.05 3
𝜀
𝑅

9 9 10 13.6
𝐸
𝑔
(eV) 3.3 3.3 2.4 1.18

𝜒 (eV) 4.4 4.4 4.2 4.5
𝑁
𝐶
[cm−3] 2.2 ⋅ 10

18
2.2 ⋅ 10

18
2.2 ⋅ 10

18
2.2 ⋅ 10

18

𝑁
𝑉
[cm−3] 1.8 ⋅ 10

19
1.8 ⋅ 10

19
1.8 ⋅ 10

19
1.8 ⋅ 10

19

𝜇
𝑛
[cm2/(V⋅s)] 100 100 100 100

𝜇
𝑝
[cm2/(V⋅s)] 25 25 25 25

𝑁
𝐷
[cm−3] 1 ⋅ 10

18
1 ⋅ 10
7

1.1 ⋅ 10
18 0

𝑁
𝐴
[cm−3] 0 0 0 2 ⋅ 10

16

Table 2: Simulation material Gaussian defect for the CIGS solar
layers.

Parameter ZnO :Al ZnO CdS CIGS
Defect type Donor Donor Acceptor Donor
Energy level [eV] 1.65 1.65 1.2 0.6
Deviation [eV] 0.1 0.1 0.1 0.1
𝜎
𝑛
[cm2] 1 × 10−12 1 × 10−12 1 × 10−17 5 × 10−13

𝜎
𝑝
[cm2] 1 × 10−15 1 × 10−15 1 × 10−12 1 × 10−15

𝑁
𝑡
[cm−3] 1 × 1017 1 × 1017 1 × 1018 1 × 1014

Table 3: Contact parameters applied to the simulations.

Parameter Back contact Front contact
𝜙
𝐵
[eV] 0.66 0

𝑆
𝑛
[cm/s] 2 × 10

7
1 × 10

7

𝑆
𝑝
[cm/s] 2 × 10

7
1 × 10

7

Table 4: Explanation of the symbols used to describe the simulation
parameters.

Parameter Explanation
𝐷 Layer thickness
𝜀
𝑅

Permittivity constant
𝜒 Electron affinity

𝑁
𝐶
/𝑁
𝑉

Effective density of states in the conduction
/valence band

𝜇
𝑛
/𝜇
𝑛

Mobility of electrons/holes
𝜎
𝑛
/𝜎
𝑝 Capture cross-section of electrons/holes

𝑁
𝐷
/𝑁
𝐴

Doping concentration
𝑁
𝑡

Defect concentration
𝜙
𝐵

Potential barrier height
𝑆
𝑛
/𝑆
𝑝 Surface recombination velocity of electrons/holes

which photons from incident sunlight impacting on cells are
exposed in their path.

As illustrated in Figure 6, incident rays reflect at the
air-glass (1), glass-encapsulant (3), and encapsulant-cell (5)
interfaces. In the latter case, reflection is often diffuse, leading



International Journal of Photoenergy 7

1

2

3

4

5

6

7

Glass

Encapsulant

CIGS cell

Molybdenum

Figure 6: Cross-sectional diagram of a conventional photovoltaic
module (not in scale), and the optical loss as described in the text.
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Figure 7: 𝐼-𝑉 curve (per cm2) a simulated CIGS solar cell.

to some of the reflected light being totally internally reflected
at the glass-air interface, remaining within the cell.

Furthermore, incident rays are absorbed by the glass
(2), the encapsulant (4), and the cell’s antireflection coating
or metal fingers (6). In addition, further losses arise from
incident rays within interspace between adjacent cells (7).

These seven interactions depend on the light’s incident
wavelength and angle [56].

In order to take into account overall losses due to
reflection and absorption, we have set to 0.2 the reflection
coefficient for light impinging on the uppermost surface.
Instead, for the back surface, the reflection coefficient was set
to 0.9.

As well known, a CIGS solar cell presents a composite
structure and the study is difficult due to this stratified win-
dow, consisting of a thin Al doped ZnO layer, an un-doped
ZnO, a CdS buffer layer (or using Cd-free buffer layers). In
order to predict the behavior of solar cells with a complex
structure, as in the case in analysis, it is important to use
specific and detailed physical models which are implemented
to the computer, so that the effect of considered inputmaterial
parameters can be defined and assessed quantitatively.

Figure 7 shows the 𝐼-𝑉 characteristic (per cm2), calcu-
lated using wxAMPS again, of the CIGS solar cell structure
having material parameters listed in Tables 1–4, at room
temperature and standard sunlight (AM 1.5G).

IshIL Idiode Vcell

−

+

IcellRs internal

Rsh internal

Figure 8: The one diode model for a p-n-junction solar cell.

Now, we will recall a brief qualitative description of the
𝐼-𝑉 characteristic curve of a common solar cell. In fact, a
normal 𝐼-𝑉 curve presents a smooth shape in which it is
possible to distinguish three distinct voltage regions: first,
above 0V, a slightly sloped region; second, below 𝑉OC, a
steeply sloped and, in the region of the maximum power
point, a “knee.” As shown in Figure 7, normally the three
regions are smooth and continuous, but the position of the
knee depends on cell technology andmanufacturer. In detail,
crystalline silicon cells show sharper knees whereas thin film
solar cells have gradual knees. The slopes of the curve in the
first two regions are caused by parasitic effects.

Truth be told, several causes lead to the power dissipation
in solar cells, but among these the most important is power
dissipation due to parasitic resistances. Figure 8 represents
the one diode equivalent circuit for a p-n-junction solar cell
and, in this model, solar cells are described as a current
generator in parallel with a diode and a shunt resistance,
internal 𝑅sh of cell which all are connected in series with
another resistance, internal 𝑅

𝑠
of cell. 𝐼

𝐿
is the photo-

generated current and 𝐼diode is the current within a p-n-
junction solar cell diode whereas 𝐼sh and 𝐼cell are the currents
into parasitic resistances (i.e., internal 𝑅sh and 𝑅

𝑠
). In order

to design a performing solar cell, internal 𝑅
𝑠
should be as low

as possible and 𝑅sh as high as possible.
For a typical CIGS cell, formation of internal series

resistance (𝑅
𝑠
) of the cell, is mainly due to a ZnO:Al layer

film resistance (typically 15Ω/◻), resistances of various cell
layers, and resistance of top and back contacts. In particular,
the contact resistance between CIGS absorber layer and
Molybdenum (back contact) can be ohmic or junction-like
depending on type and CIGS doping level.

It is assumable that in a common solar cell,𝑅sh arises from
current leakingwithin the cell in high-conducting paths cross
the p-n-junction or around the edges. Shunt paths, that is,
high-conducting paths, within the material can be a result
of presence of the impurities or crystal damage during the
production phases [57].

The simulation program wxAmps takes into account
overall volume resistances and the two resistances of back and
top contact that arise in different device layers. In particular,
Figure 7 shows 𝐼-𝑉 curve obtained from simulations with
wxAmps. This curve shows that the simulated cell has an
internal series resistance equal to 1.8 [Ω × cm2] and an inter-
nal shunt resistance equal to 890 [Ω × cm2], respectively.

In order to determine the electrical behaviour of the
module, starting from individual cells, other resistive contri-
butions to those simply derivable from 𝐼-𝑉 characteristic of
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Figure 10: Effects of parasitic resistance on the simulated 𝐼-𝑉
characteristics of 230 cm2 CIGS solar cell. (a) Increasing external
series resistance. (b) Increasing external shunt resistance.

elementary cell must be added: sheet resistance of ZnO:Al,
grid contributions, and interconnection resistance between
module cells (i.e., metallic interconnections and contacts)
[58].

Such contributions shall be considered separately because
wxAmps is a one-dimensional simulator and device’s cross-
sectional dimensions and interconnections between cells are
neglected. Similarly, we must also consider additional shunt
resistance of overall module mainly due to the fact that
shunt paths exist in photovoltaic solar cell interconnects and
module 𝐼sc mismatch.

In detail, this additional shunt resistance is due to defects
in materials or degradation of interconnections between cells
monolithically integrated in amodule. Dielectric material in-
homogeneities and defects in thin-film solar cells or crystal
damage that can produce a variation of the shunt resistance,
extending to cells (shunt currents through the p-n junction),
have been observed experimentally [59]. Unintentional par-
tial shorting of cell near edges can cause a highly ohmic shunt
path, for example, connection between front-front and the
back-back contacts of all cells. Shunt currents between the
front and back contacts of cells are other possible causes.

The set of all these additional resistances are simplified
considering electrical model of Figure 9 obtained adding
the resistors 𝑅sh external and 𝑅s external. The electric model was
properly evaluated to switch from single cell to complete
module. The module considered in our study consists of 72
cells in series and each having an area of around 230 cm2.

This step complicates the discussion by introducing (as
we have seen) a network of parasitic resistances.

If 𝑅sh external and 𝑅s external are taken into account, accord-
ing to scheme in Figure 9, 𝐼-𝑉, equation of module can be
written as a function of single cell:

𝐼mod =
𝑅sh external ∗ 𝐼cell

𝑅sh external + (𝑅sh external/2)

−
𝑉mod /𝑁

𝑅shexternal + (𝑅shexternal/2)
.

(22)

𝑅s external and 𝑅sh external are detrimental to solar cell and
module performance, in fact, both reduce fill factor as is
illustrated in Figures 10(a) and 10(b).

The current 𝐼sh leaking through the 𝑅sh of module
decreases current output, 𝐼module, to intended load. The
smaller 𝑅sh, the greater 𝐼sh, and lower 𝐼module for a given
voltage,V. A very low 𝑅sh reduces𝑉OC but does not affect 𝐼sh.
𝑅
𝑠
gives rise to a potential drop, which reduces the voltage

output, V, but leaves 𝑉OC unaffected, whereas a very high 𝑅
𝑠

reduces 𝐼SC.
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Figure 11: 𝐼-𝑉 curve from the five parameter model and structural
model with parasitic resistances.

4. Comparison of Models and Conclusions

From the comparison of the five lumped parameters and
the structural model of a PV commercial module, we have
extracted the values of the local parasitic network resistances
to be associated with the structural simulation. Figure 11
shows the good agreement which can be obtained between
the two models.

Further refinements are required, but we think that the
approach and methods here described can lead to the devel-
opment of an important tool to evaluate intermediate results
during CIGS cell technology development and assessment of
its impact on global electrical module performance.

This is particularly useful in the course of a research
activity which encompasses a variety of contributions from
technical subjects such as electrochemistry, semiconductor
science, electrical and electronic engineering, and optical
measurements. We are trying to keep as linked as possible,
during the task of modeling, both the level of single cell
structure and that of the complete photovoltaic module. In
other words, it is our way to look actively for a common
language, so that the different perspectives of the electrical
engineer and the material scientist are given an opportunity
for a closer collaboration.

We are currently applying this approach to the fabrication
of thin filmCIGS solar cells bymeans of single-step electrode-
position, a technique which appears fairly easy and low cost
but, at the same time, can lead to quite different structural
and electrical properties, so that a reasonable estimation of
its impact on module characteristics is required in all the
intermediate steps of our project.

Conflict of Interests

Professor Rosario Miceli, declares the following: “MATLAB”
and “SIMULINK” are registered trademarks of The Math-
Works, Inc. “wxAMPS” is a freeware software made available

by the University of Illinois at Urbana-Champaign (UIUC),
in collaboration with Nankai University of China. In both
cases all the authors do not have any conflict of interests with
the content of the paper.

Acknowledgments

The activity described previously has been supported by
the PON 01 1725 “Nuove tecnologie fotovoltaiche per sis-
temi intelligenti integrati in Edifici” and the PON 02 00355
“Tecnologie per l’ENERGia e l’Efficienza energETICa—
ENERGETIC” Research Programs. Contributions came also
from SDESLab University of Palermo. Finally, the authors
express their gratitude to Professor Rockett, Yiming Liu, and
Professor Fonash for making freely available their simulation
software wxAMPS.

References

[1] T. Unold and C. A. Kaufmann, “1.18-chalcopyrite thin-film
materials and solar cells,” in Comprehensive Renewable Energy,
E. C. A. Sayigh, Ed., pp. 399–422, Elsevier, Oxford, UK, 2012.

[2] V. S. Saji, I.-H. Choi, and C.-W. Lee, “Progress in electrode-
posited absorber layer for CuIn

1−𝑥
Ga
𝑥
Se
2
(CIGS) solar cells,”

Solar Energy, vol. 85, no. 11, pp. 2666–2678, 2011.
[3] R. N. Bhattacharya, W. Batchelor, J. F. Hiltner, and J. R. Sites,

“Thin-film Culn
1−𝑥

Ga
𝑥
Se
2
photovoltaic cells from solution-

based precursor layers,” Applied Physics Letters, vol. 75, no. 10,
pp. 1431–1433, 1999.

[4] A. C. Busacca, A. C. Cino, S. Riva-Sanseverino, M. Ravaro, and
G. Assanto, “Silicamasks for improved surface poling of lithium
niobate,” Electronics Letters, vol. 41, no. 2, pp. 92–94, 2005.

[5] A. C. Busacca, E. D’Asaro, A. Pasquazi, S. Stivala, and G.
Assanto, “Ultraviolet generation in periodically poled lithium
tantalate waveguides,” Applied Physics Letters, vol. 93, no. 12,
Article ID 121117, 2008.

[6] A. C. Busacca, C. A. Santini, S. R. Sanseverino et al., “Surface
periodic poling in congruent lithium tantalate,” Electronics
Letters, vol. 42, no. 9, pp. 546–547, 2006.

[7] A. C. Busacca, C. L. Sones, R. W. Eason, and S. Mailis,
“First-order quasi-phase-matched blue light generation in
surface-poled Ti:indiffused lithium niobate waveguides,”
Applied Physics Letters, vol. 84, no. 22, pp. 4430–4432, 2004.

[8] A. C. Busacca, S. Stivala, L. Curcio, and G. Assanto, “Parametric
conversion in micrometer and submicrometer structured fer-
roelectric crystals by surface poling,” International Journal of
Optics, vol. 2012, Article ID 606892, 11 pages, 2012.

[9] A. C. Busacca, S. Stivala, L. Curcio, and P. Livreri, “Random
quasi-phase matching in congruent lithium tantalate waveg-
uides by proton exchange,” Electronics Letters, vol. 48, pp. 783–
784, 2012.

[10] E. Cantelar, M. Domenech, G. Lifante et al., “Multi-line NIR-
RGB emission in Nd:LiNbO

3
RPE optical waveguides,” Elec-

tronics Letters, vol. 43, no. 11, pp. 632–633, 2007.
[11] E. Cantelar, G. Lifante, F. Cussó et al., “Dual-polarization-
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Composite silicon dioxide-titanium dioxide (SiO
2
-TiO
2
) films are deposited on a large area of 15.6 × 15.6 cm2 textured

multicrystalline silicon solar cells to increase the incident light trapped within the device. For further improvement of the
antireflective coatings (ARCs) quality, dimethylformamide (DMF) solution is added to the original SiO

2
-TiO
2
solutions. DMF

solution solves the cracking problem, thus effectively decreasing reflectance as well as surface recombination. The ARCs prepared
by sol-gel process and plasma-enhanced chemical vapor deposition (PECVD) on multicrystalline silicon substrate are compared.
The average efficiency of the devices with improved sol-gel ARCs is 16.3%, only 0.5% lower than that of devices with PECVDARCs
(16.8%). However, from equipment depreciation point of view (the expiration date of equipment is generally considered as 5 years),
the running cost (USD/watt) of sol-gel technique is 80% lower than that of PECVD method for the first five years and 66% lower
than that of PECVD method from the start of the sixth year. This result proves that sol-gel-deposited ARCs process has potential
applications in manufacturing low-cost, large-area solar cells.

1. Introduction

Antireflective coatings (ARCs) are now widely used in mass
produced silicon photovoltaics [1–3]. High quality ARCs
must be designed accurately on mono- and multicrystalline
silicon solar cell surfaces, not only to passivate the sur-
face dangling bonds acting as recombination centers [4–
8], but also to minimize the loss of optical absorption. The
conventional plasma-enhanced chemical vapor deposition
(PECVD) technique is employed generally to deposit antire-
flection layers such as Si

3
N
4
and SiO

2
[9–13]. However,

this technique is always associated with vacuum processes
and dangerous process gases. Therefore, replacing PECVD
by other cost-effective methods can considerably reduce
production costs of manufacturers and raise the security of
the clean-room environment. Sol-gel spin-coating method
applied extensively in preparing lots of different kinds of

coated films has become a popular technique for the past
thirty years due to its high process speed, low-cost, contin-
uous production, and suitability for the large-area process
[14–17]. Nevertheless, ARCs deposited on textured silicon
wafers by sol-gelmethod presentworse uniformity than those
deposited by PECVD technique. The severest nonuniformity
areas resulting from centrifugal force appear on four corners
of the substrate. For overcoming it, we control the spin rate of
the spin coater, spin duration, and adjust the concentration of
sol-gel solutions. Further, adding dimethylformamide (DMF)
solution to the composite films is a critical step to solve the
problem of film cracking. Mostly, cracks are caused owing to
different coefficients of thermal expansion between the air
and ARCs films [18–20]. Although the basic properties of
most kinds of sol-gel-deposited films have been discussed, the
application of composite films in solar cell research is not well
investigated.
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This study proposes a simple low-cost sol-gel method of
preparing high-quality ARCs on large area multicrystalline
wafers. DMF solution can help ARCs to be effectively coated
on irregular and rough wafer surfaces treated by acid textur-
ing.The average efficiency of solar cells with sol-gel-deposited
antireflective films approaches that of ready-made crystalline
solar cells. Thus, using sol-gel method instead of PECVD
technique to deposit ARCs has potential applications in mass
production of solar cells.

2. Experiment

2.1. Preparation of Sol-Gel Solution and Process of Spin
Coating. The experimental SiO

2
-TiO
2
colloid solutions in

this study contained varying volume ratios of SiO
2
and TiO

2

solutions. The SiO
2
solution was prepared by reacting metal

alkoxide with a mixture of a critical amount of water and
hydrochloric acid (HCl) catalyst in a medium diluted with
ethyl alcohol solvent. Tetraethyl orthosilicate (Si(OC

2
H
5
)
4
)

was then added into the resultant solutions and stirred with
a magnetic stirrer. The TiO

2
solution was prepared similarly

except that titanium isopropoxide (Ti(OC
3
H
9
)
4
) was added

instead of (Si(OC
2
H
5
)
4
).The SiO

2
and TiO

2
were thenmixed

separately in different volume ratios. Tables 1, 2, and 3 show
the detailed information for all solutions. Finally, a small
amount of DMF was added into the SiO

2
-TiO
2
synthetic

colloid solution.
After adding several drops of synthetic solution to the

15.6 × 15.6 cm2 multicrystalline wafers, the wafers were spin-
coated for two rounds. The first coating was applied at a
speed of 150 rpm to ensure uniform composite films, and
the second round was performed at 330 rpm to obtain the
desired film thickness. Each film was then prebaked at 80∘C
for 20min and postbaked at 200∘C for 40min in atmosphere.
Then, samples were further annealed in a quartz furnace from
100∘C to 850∘C for around 30 seconds firstly. Then furnace
temperature cooled down from 850∘C to around 100∘C and
lasted for 30 seconds.

Optical characteristics such as refractive index, thickness,
and reflectance of films were subsequently measured by
ellipsometer and fiber coupled CCD array spectrometer,
respectively.

2.2. Design of Antireflection Coatings. More incident light is
essential formono- andmulticrystalline solar cells to enhance
their short-circuit current (𝐽sc). In some applications, zero
reflectance is needed throughout a narrow spectrum band or
at a single wavelength. For a substrate with a single ARC, the
light from the ARC-substrate interface is reflected back to the
ambient (air)-ARC interface with a phase change of 180∘ and
interfere with the light reflected from the interface between
ambient (air) and ARC in the opposite direction. In this state,
the reflectance 𝑅 can be described as

𝑅 = [
𝑛
2

ARC − 𝑛0𝑛sub

𝑛2ARC + 𝑛0𝑛sub
]

2

, (1)

Table 1: Preparation of SiO2 solution.

Contents Ratio Adding order
H2O/HCl 0.2/0.0005 1
C2H5OH 0.5 2
Si(OC2H5)4 0.05 3

Table 2: Preparation of TiO2 solution.

Contents Ratio Adding order
H2O/HCl 1 1
C2H5OH 80 2
Ti(OC3H9)4 1 3

Table 3: Preparation of mixed SiO2-TiO2 solution.

Contents Notation
Ratio of SiO2 to TiO2 0.05∼10
Coating rate (r.p.m) 100∼400
DMF ((CH3)2NCHO) (%) 0∼20

where 𝑛ARC, 𝑛0, and 𝑛sub are the refractive indices of the
ARC material, air, and substrate, respectively. To obtain zero
reflectance, the term of 𝑛2ARC − 𝑛0𝑛sub must be zero. The
resulting boundary condition can then be described as

𝑛ARC = √𝑛0𝑛sub. (2)

Moreover, the optimum thickness and refractive index with a
minimum reflectance for a single-layer ARC can be deduced
from

𝜆
0
= 4𝑛ARC𝑑ARC, (3)

where 𝜆
0
is the midrange wavelength of 630 nm, and where

𝑛ARC and 𝑑ARC are the refractive index and layer thickness,
respectively [21].

2.3. Solar Cell Performance. Solar cells were fabricated from
boron-doped multicrystalline Si wafers with resistivity of
approximately 15Ω-cm.Wafers were textured using hydroflu-
oric acid. After forming the emitter region by thermal
diffusion of phosphorous atoms in a quartz tube furnace at
850∘C, the back surface field was formed by annealing the
aluminum contact deposited using screen printing method.
The composite SiO

2
-TiO
2
films and Si

3
N
4
films were then

deposited on the front of solar cells by spin-coating and
PECVD techniques, respectively. Quasi-Steady-State Photo-
conductance lifetime measurement technique (QSSPC) was
carried out to evaluate the surface passivation effect of the
ARCs on silicon substrate. Front silver contact prepared
through screen printing method was then annealed at 700∘C
for 30min. Finally, effective illuminated light (AM 1.5G)
from the solar simulator was slightly decreased by the grid-
type collecting electrode, which occupied about 8% of the
front surface area.
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Figure 1: (a) Refractive index spectra and (b) refractive index at 630 nm for pure TiO
2
and SiO

2
-TiO
2
composite films deposited on

monocrystalline substrates.
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Figure 2: (a) XPS spectra and (b) O1s spectra for different ratios of SiO
2
-TiO
2
composite films.

3. Results and Discussion

When designing an ARC, the goal is to determine the
refractive index and thickness of SiO

2
-TiO
2
films that provide

optimal performance along the desired spectrum. Figure 1(a)
shows refractive index spectra for pure TiO

2
and SiO

2
-TiO
2

composite films deposited on monocrystalline substrates.
The average refractive index is defined as the average value
of all points on each curve. It can be found that as the
pure TiO

2
solution adds more volumes of SiO

2
solution,

the average refractive index decreases obviously from 2.1 to
1.45. Figure 1(b) further shows the different refractive indices
corresponding to each ratio of SiO

2
to TiO

2
(SiO
2
/TiO
2
) at

a wavelength of 630 nm. At this wavelength, spectral photon

intensity is the highest, and the strongest destructive inter-
ference happens, causing light to be trapped in devices [21].
Based on the boundary condition equation (2) mentioned
previously, the appropriate refractive index 1.85 is obtained
while the SiO

2
/TiO
2
ratio is 0.1.

For analyzing the properties of composite films, X-ray
photoelectron spectroscopy (XPS) spectra for pure SiO

2
film,

pure TiO
2
film, and theirmixture films in different SiO

2
/TiO
2

ratios is carried out within the binding energy of 0–1200 eV
as shown in Figure 2(a). The Si 2p, Si 2s, Ti 2p, and O
1s binding energy locate at 103.1, 155, 456.6, and 532.4 eV,
respectively.The C 1s peak is 284.7 eV, which is attributable to
carbon contamination at the outer surface of the composite
films. The Ti 2p peaks gradually disappear with increasing of
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Figure 3: Cross-sectional SEM images (a) before firing and (b) after firing of SiO
2
-TiO
2
composite films.

SiO
2
/TiO
2
ratio, whereas the Si 2s and Si 2p peaks strengthen,

which validates that the components of all composite films
changedmomentarily. Figure 2(b) shows the results of further
analysis of the behaviors of O 1s peaks in composite filmswith
various SiO

2
/TiO
2
ratios. The peak shifts from low binding

energy (Ti–O bonds) to high binding energy (Si–O bond).
Characteristics of composite filmget close to that of pure SiO

2

film. From the materials analysis perspective, these changes
explain why the refractive index of SiO

2
-TiO
2
composite

films changes as different SiO
2
/TiO
2
ratios.

Since the ratio of SiO
2
/TiO
2
has been optimized to 0.1, we

start to investigate the properties of composite films based on
this ratio in later experiment. Figure 3 is a scanning electron
microscope (SEM) cross-sectional image of the SiO

2
-TiO
2

composite films before and after annealing process. It can
be seen in Figure 3(a) that, by adjusting spinning speed, the
SiO
2
-TiO
2
composite film can be coated to the surface of tex-

turedmulticrystalline wafer smoothly, but is still loose before
annealing. After annealing at 850∘C for 30 seconds, thickness
of ARC decreases from 93.3 nm to 75.4 nm as shown in
Figure 3(b). The film becomes denser, probably attributed
to firing of the organic solvent and removal of resin [22].
However, in this case, a desirable thickness approximating
85 nm is calculated using (3) shown previously. A 10 nm
deviation exists between theoretical value and experimental
result, leading to a very slight influence on cell’s performance.
It’s really difficult to control the film thickness accurately
of using sol-gel technique; therefore, how to improve this
disadvantage is a critical issue in the future.

The SEM images of surface morphology of composite
SiO
2
-TiO
2
films with DMF ranging from 0% to 15% are

schematically presented in Figure 4. Figure 4(a) exhibits lots
of cracks in the composite SiO

2
-TiO
2
film without DMF.

From the zoomed insert, visible cracks spread on the bottom
of notches formed by acid texturing. The cracks, which
probably formed during the annealing process, decrease the
absorption of incident photons. Worse light absorption may
lead to lower light-generated carriers, thus decreasing the 𝐽sc
of solar devices. Figures 4(b) to 4(d) show that adding 5%
to 15% DMF to SiO

2
-TiO
2
solutions gradually improves the

crack problems.When the DMF ratio reaches 15%, the cracks
are almost entirely eliminated. This phenomenon may be

probably explained that DMF solution can not only diminish
the reaction rate of sol hydrolyzing-polycondensation and
prevent the little sol particle from growing up, but also
promotes the lateral connection of particles by combining
the hydrogen bonds with intermediates of sol during gelling
process. Moreover, the pore tension of mixture solution
could be diminished by DMF solution in thermal process,
leading to lower vapor pressure. Hence, the composite films
are coated uniformly. According to QSSPC measurement
(not shown here), the lifetime of excess minor carrier of
each composite film with 0% to 15% DMF solution are 2,
8, 17, and 23 𝜇s, respectively, revealing that as the cracks in
the films reduce, the lifetimes becomes higher. Compared
to the lifetime of monocrystalline silicon substrate, these
relative low lifetime values can be attributed to lots of grain
boundaries in multicrystalline silicon substrate, which act as
recombination centers.

Figure 5 displays the optical reflectance spectra of pure
TiO
2
films, SiO

2
-TiO
2
composite films with different vol-

ume of DMF, and Si
3
N
4
films fabricated by PECVD. The

results show that the PECVD ARC has a higher reflectance
compared to other films prepared by sol-gel technique at
wavelengths lower than 500 nm. This relatively high value
is attributed to its relatively higher refractive index of Si

3
N
4

at short wavelength [16]. The PECVD ARC has an aver-
age reflectance of approximately 9.5%, and its minimum
reflectance is approximately 1.5% at wavelengths approximat-
ing 770 nm. Further comparison of the curves of the other
composite films with and without DMF shows that lowest
average reflectance is obtained while the mixed SiO

2
-TiO
2

solution plus 15% DMF, presenting an average reflectance
of 9% and minimum reflectance of approximately 4% at
the wavelength around 670 nm. Obviously, composite films
without cracks provide suitable path for incident light, reduc-
ing the reflection loss considerably. In summary, the entire
measured tendency corresponds well with the SEM images
shown in Figure 4, revealing the feasibility of adding DMF
solution.

Figure 6 compares performances of solar cells between
PECVD-ARC cells (ready-made multicrystalline cells for
mass production) and improved sol-gel-ARC cells. All per-
formance parameters for the fifty devices with optimal sol-gel
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fabricated by PECVD.

ARCs are highly consistent, which confirms the reliability of
the process.The optimum average efficiency is approximately
16.3%, about 0.5% lower than the average efficiency (around
16.8%) of PECVD-ARC cells.This 0.5% discrepancy is caused

mainly by short-circuit current and open-circuit voltage
(𝑉oc). The chief reason of the lower 𝐽sc of those sol-gel-
ARCs devices can be discussed in two factors: reflectance
and lifetime. As noted in Figure 5, the average reflectance of
sol-gel-ARCs devices plus 15% DMF solution is 9%, which is
lower than 9.5% of the PECVD-ARCs devices. It is expected
that sol-gel-ARC device should absorb more incident light
resulting in higher 𝐽sc. However, average 𝐽sc of the sol-gel-
ARCs devices is 34.9 lower than 35.2mA/cm2 of the PECVD-
ARC devices, which implies that the carrier lifetime substan-
tially affects 𝐽sc. Noted that the mean lifetime of PECVD-
ARCs devices is around 27𝜇s and of the sol-gel-ARCs devices
is around 23 𝜇s. Moreover, lower mean lifetime of the sol-gel-
ARCs devices also affects their 𝑉oc performance. Michl et al.
indicated that the excess minor carrier lifetime substantially
affects the 𝑉oc in multicrystalline devices [23]. This result is
consistent with the experimental trend in this study. Hence,
further studies are needed to improve the interface quality
between a sol-gel-ARC and a silicon substrate.

Figure 7 compares the appearance of a PECVD-ARC
device (Figure 7(a)) with a sol-gel-ARC device (Figure 7(b)).
Before fabrication of the ARCs, both devices initially have the
samemulticrystalline silicon substrates. It can be seen that the
colors of both devices are nearly the same after fabricating
ARCs. Very little color variation is caused by the different
reflectance of both devices at visible wavelength spectrum.
The deep blue sol-gel-ARC is quite uniform without any
uncoated areas formed on the four corners of the substrate,
indicating that the proposed sol-gel process can potentially
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Table 4: Cost in fabricating ARCs.

Cost in ARC process
(USD)

PECVD
(Si3N4)

Spin-coating
(SiO2-TiO2)

Equipments 1,040,000 33,333
Materials (1 year) 407,000 121,300
Running cost/Per Watt
(first five years) 0.0154 0.003

Running cost/Per Watt
(five years later) 0.01 0.003

replace the PECVDprocess for themass production of single-
and multicrystalline silicon solar cells.

Table 4 provided by Gallant Precision Machining Co.,
Ltd., Taiwan compares equipment cost, materials cost, and
running cost between various ARCs fabrication methods.
The expiration date of equipment is generally considered
as five years. From equipment depreciation point of view,
the running cost (USD/watt) of sol-gel technique is around
80% lower than that of PECVD method for first five years
and around 66% lower than that of PECVD method from
the start of the sixth year. Although the efficiency of sol-
gel-ARC device is lower than that of PECVD-ARC device,
a huge difference in manufacturing cost still makes sol-gel-
ARC device have enough competitiveness.

For further increasing efficiency of the proposed sol-gel-
ARCs cells, it is necessary to fabricate double or even triple
layers ARCs. A single layer ARC is able to be nonreflective
only at one wavelength, often at the middle of the visible
region, but multiple layers are more effective over the whole
visible spectrum. Moreover, high conversion efficiency of
monocrystalline silicon solar cells can probably be realized
with the same sol-gel process.

4. Conclusion

A study aiming to improve the quality of sol-gel ARCs that
could help increase the efficiency of multicrystalline solar
cells is presented in this work. The effective refractive index
and thickness of the films are adjusted by controlling the
spin rate and annealing temperature. Average reflectance is
eventually reduced to 9% by adding DMF solution to reduce
cracks in the film while the average efficiency of devices
is improved to 16.3%. Although the efficiency 16.3% still
trails that of the ready-made multicrystalline solar cells by
approximately 0.5%, the reliability and uniformity as well as
lower running cost are highly attractive to manufacturers.
In the future, use of the sol-gel technique, which combines
spin-coating with furnace annealing to prepare ARCs, could
enable a more efficient and a continuous mass production of
Si solar cells compared to the use of PECVD method, which
requires an expensive vacuumprocess and dangerous process
gases.
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Copper antimony sulfide (CAS) is a relatively new class of sustainable absorber material, utilizing cost effective and abundant
elements. Band gap engineered, modified CAS thin films were synthesized using electrodeposition and elevated temperature
sulfurization approach. A testing analog of copper zinc antimony sulfide (CZAS) film-electrolyte interface was created in order
to evaluate photoelectrochemical performance of the thin film of absorber materials. Eu3+/Eu2+ redox couple was selected for this
purpose, based on its relative band offset with copper antimony sulfide. It was observed that zinc has a significant effect on CAS
film properties. An enhanced photocurrent was observed for CAS film, modified with zinc addition. A detailed investigation has
been carried out by changing stoichiometry, and corresponding surface and optical characterization results have been evaluated. A
summary of favorable processing parameters of the films showing enhanced photoelectrochemical response is presented.

1. Introduction

Sulphosalt group compounds such as chalcostibite (CuSbS
2
),

famatinite (Cu
3
SbS
4
), and tetrahedrite (Cu

12
Sb
4
S
13
) are part

of a relatively new class of material containing antimony.
This class can be utilized for thin film solar cell, photo-
electrochemical hydrogen production, and thermoelectric-
ity production as well as its application as a topological
insulator [1–4]. The sulphosalts containing Cu, Sb, and S
are commonly known as “CAS” which is generally a p-type
semiconducting material [1–3]. It is worth noting that most
of these elements are cost effective and abundant.This class of
compounds (or minerals) was widely explored during 1960s
and 1980s and it was found that their electronic properties
are highly dependent on valance electrons in unit cells [5, 6].
It was reported that some CAS sulphosalts act as large band
gap semiconductors while some are metallic compounds,
depending on the number of valence electrons and the
stoichiometry. Interestingly, ab initio calculations suggest the
presence of a “nontrivial 3D topological insulating” phase [4].
It was also anticipated that the electronic properties of such a

class of materials can be tuned by changing various cations
and anions. Recently, optical properties of these materials
have been explored and it was observed that CAS compounds
with different stoichiometry exhibit different band gaps. The
band gap of Cu

12
Sb
4
S
13
is ∼1.72 eV, CuSbS

2
shows a band gap

of 1.38 eV, and Cu
3
SbS
3
has a band gap of 1.84 eV [1–4]. It was

concluded that the band gap of this class of compounds is tun-
able and can be varied between 0.9 and 1.9 eV [1, 4].This range
of band gap is perfectly suitable for thin film photovoltaic
cells and solar hydrogen splitting [1–4]. Recently, various
solution-processed and vacuum based techniques have been
utilized to grow thin films of CAS such as solvothermal
(nanocrystal ink printing), electrodeposition-sulfur anneal-
ing, and heat treatment of Sb

2
S
3
-CuS layer [1–3, 7]. In most

cases, assessments of the photovoltaic properties of these
thin films were conducted using a photoelectrochemical cell.
Earlier published reports suggest that photoelectrochemical
response for chalcostibite thin film coated on ITO electrode
was ∼0.09mA/cm2 at saturation, whereas film synthesized
using electrodeposition annealing shows the change in offset
current of ∼0.08mA/cm2 [2, 7]. It is important to note that
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this change in photocurrent is relatively low compared to
other types of chalcogenide films [8]. Such inefficiency can
hinder the sufficient utilization of CAS for solar cell appli-
cations. It is highly essential, therefore, to make additional
efforts for the enhancement of photovoltaic properties of
CASmaterial. One of the approaches can be the modification
of film stoichiometry and experimental parameters. It was
reported that zinc is one of the common substitutes for
copper antimony sulfide sulphosalt [5, 6]. For tetrahedrite
(also a class of copper antimony zinc (or iron) sulfide),
it was reported that up to ∼30% of copper substitution is
possible with zinc or iron [5, 6]. Phase relations of quaternary
Cu-Zn-Sb-S or Cu-Fe-Sb-S were discussed by Tatsuka and
Morimoto [5]. It was reported that tetrahedrite is more stable
when it contains a relatively high amount of copper. It was
concluded that tetrahedrite decomposes into iron (or zinc)
rich tetrahedrite, antimony, famatinite, and digenite. It was
also reported that the Cu-Sb-S alloy system is less stable
compared to the iron (or zinc) bearing CAS alloy system at
room temperature [5]. Hence, in view of this information, we
have systematically synthesized and investigated Cu-Zn-Sb-
S (CZAS) type of thin films, which is a modification of CAS
films, on an FTO substrate.

2. Experiments

Electrodeposition of Cu-Zn-SbThin Films and Subsequent Sul-
furization.ThinCZAS filmswere electrochemically grown on
a fluorinated tin oxide (FTO) substrate using a bath contain-
ing ions of interest (Cu2+, Zn2+, and Sb3+). Coelectrodepo-
sition was done using a 3-electrode cell connected to Gamry
Instruments Reference 600 potentiostat operated by Virtual
Front Panel software. For synthesis of zinc-copper-antimony
alloy thin as-deposited film, we utilized 50mL of electrolyte
containing copper sulfate pentahydrate, zinc sulfate, and anti-
mony trichloride. It was reported that an excess of antimony
is required in order to produce famatinite with low CuS
[1, 5]. In light of this information, three different experiments
were conducted for synthesis of as-deposited film (sample
1: 0.016M CuSO

4
⋅ 5H
2
O, 0.043M SbCl

3
, 0.062M ZnSO

4
;

sample 2: 0.016M CuSO
4
⋅ 5H
2
O, 0.0172M SbCl

3
, 0.094M

ZnSO
4
; sample 3: 0.016M CuSO

4
⋅ 5H
2
O, 0.062M SbCl

3
,

0.038M ZnSO
4
). The pHs of these baths were 1.57, 2.3,

and 1.9, respectively. To mitigate preferential electroplating,
potassium sodium tartrate was used as a complexing or
chelating agent. It is a very common method to modify
the electrode potential of different metal ions closure in the
electrolyte (or plating solution) by conversion of simple ions
into complex ions [9]. The electrodepositions were carried
out at ∼−1.6V. Time of electrodeposition was limited to
∼160–180 s, in order to obtain 1–1.5 𝜇m thick as-deposited
film. The precursor’s films were annealed (duration ∼2 h) in
an evaporated sulfur environment to get CZAS thin film.
Sulfurization was carried out in a tube furnace (temperature
∼450∘ C), in an argon environment. Photoelectrochemical
study was conducted using a Gamry PCI4/750 Potentiostat
and a three-electrode system containing CZAS electrode,
saturated calomel reference electrode (SCE), and a platinum

counter electrode, which were immersed in an aqueous
solution of 0.07M Eu(NO

3
)
3
⋅ 6H
2
O. The advantages of

europium nitrate have been discussed elsewhere [10]. To
examine the photoelectrochemical responses of the CZAS
films, the change in transient photocurrents was monitored,
which were generated during alternating illumination from a
high-intensity white light optical illuminator.

2.1. Film Characterization. Thin films were investigated
by X-ray diffraction (XRD), scanning electron microscopy
(SEM), X-ray photoelectron spectroscopy (XPS), Raman
spectroscopy, and UV-Vis spectroscopy, in order to evaluate
phase and structure, oxidation state, and morphological
features. XRD patterns were obtained using a Philips X’Pert
XRD diffractometer with Cu K𝛼 radiation over the 2𝜃
range 20–80∘. For high resolution, small step sizes and a
receiving slit size of 1/8∘ were used. SEM was performed
using an FEI Quanta 600 scanning electron microscope.
Raman spectra were obtained by using anR 3000QEportable
Raman spectrometer (made by Raman Systems). A 785 nm
laser with a power of ∼140mW was used for excitation.
Optical transmittance measurements were performed using
an Ocean Optics spectrophotometer equipped with OOI
Base 32 software. X-ray photoelectron spectroscopy (XPS)
measurements were carried out using the monochromatic
AlK
𝛼
source equipped Kratos Axis Ultra DLD instrument.

The spot size was ∼400𝜇m, dwell time was ∼200ms, and step
size was kept ∼1 eV.

3. Results and Discussion

Figures 1(a) and 1(b) show the X-ray diffractograms of CZAS
thin films deposited on FTO substrate. It can be seen that
apart from main characteristics peaks, SnO

2
peaks are also

prominent in this diffractogram for sample from experi-
ment 1 (see Figure 1(a)). This diffraction analysis suggests
the presence of famatinite CAS (strong peaks at ∼28.67∘
and 33.7∘) as well as peak at ∼56∘ [1]. Sample 2 shows
one distinct peak at ∼29.7∘ and two low-intensity peaks at
∼34∘ and 50∘, respectively. These peaks closely match with
diffraction pattern of tetrahedrite [3, 11]. Sample 3 shows
almost amorphous behavior; hence, most of the analysis was
focused on sample 1 and sample 2. Further investigation was
also conducted to confirm phase and purity of these samples.
We have synthesized some filmswith a relatively high amount
of antimony; hence, the possibility of binary sulfide will be
investigated in XPS analysis.

Raman spectra of thin films are shown in Figure 2. It
can be seen that for sample 1, two distinct peaks at ∼335
and 365 cm−1 are present. For sample 2 an intense peak
was found at ∼362 cm−1. Sample 3 shows a low-intensity
peak at ∼305 cm−1. For reference and comparison, we have
investigated Raman spectra of copper antimony chalcogenide
minerals [12]. It was found from the literature that chalcostib-
ite shows a strong Raman peak at ∼337 cm−1, tetrahedrite at
∼351 cm−1, and famatinite at ∼333 cm−1 (strong peak), 283
and 369 cm−1 (low-intensity peak) [12]. Based on these values
and our observation it can be said that experiment 1 results in
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Figure 1: X-ray diffraction pattern of modified copper antimony sulfide thin film: (a) sample 1; and (b) sample 2.
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Figure 2: Raman spectra of copper antimony sulfide thin films of
different stoichiometry and FTO coated glass sample.

the formation of famatinite phase. It was observed that our
Raman peaks show a shift (from the standard peak position
of undoped Cu

3
SbS
4
) towards higher frequency for CZAS

film. Such an observation can be explained. Analysis of Bilbao
Crystallographic Server suggests that for famatinite,𝐴

1
mode

is Raman active and strong, very similar to that for a kesterite
crystal structure [13, 14]. For a structurally similar compound,
CZTS, it was reported that 𝐴

1
symmetry mode, which is

a vibrational mode, shift in the frequencies of these peaks
is only due to different force constants fM−S and free from
change in reduced mass effects [15]. The larger force constant
generally results in higher Raman frequencies. Famatinite is
a class I-V-VI type of semiconductor and it crystallizes in an
ordered sphalerite superstructure with a 142𝑚 space group
with lattice parameters 𝑎 = 𝑏 = 5.391 Å and 𝑐 = 10.764 Å
[1]. In randomly substituted CAS: Zn solid solution, zinc

occupies a copper position in the lattice [5, 6]. Hence, there is
a possibility of newZn-S bonds in a lattice. As themass of zinc
is greater than copper, which indicates fZn-S > fCu-S, hence, it
results in the shifting of a strong Raman peak. It is very likely
that the strong Raman peak from sample 2 is characteristic
of a tetrahedrite peak, which is possibly shifted due to
stoichiometry modifications. Such modification often causes
a change in bonding interaction. Both samples 1 and 2 were
prepared from the electrochemical bath containing similar
concentrations of copper but bath 1 contained a relatively low
amount of zinc. Sample 2 contains high zinc, hence, more
shift in Raman peak position is expected. Raman spectra of
samples were also compared with standard samples of Sb

2
S
3

from the database. It was concluded that the presence of Sb
2
S
3

results in strong peaks at ∼270 and 305 cm−1 [12], however,
we did not observe strong peaks at these wavenumbers
for samples 1 and 2. Such observation also eliminates the
possibility of enhanced presence of Sb

2
S
3
for samples 1 and

2. On the other hand, sample 3 shows a low-intensity peak at
∼306 cm−1, which indicates the presence of antimony sulfide.
This investigation also suggests that there is less possibility of
𝛽-Cu
3
SbS
3
as there is an absence of a strong peak at∼321 cm−1

[16]. It is essential to note that sample 1 (famatinite rich film
doped with zinc) and sample 2 (tetrahedrite rich film doped
with zinc) are more photoactive. The formation of Cu

3
SbS
3

(famatinite) at 400∘C is more spontaneous compared to
CuSbS

2
, Cu
2
S, and Sb

2
S
3
[17]. It was concluded that the

formation of Cu
3
SbS
3
and CuSbS

2
from the parent elements

is more favorable rather than from secondary sulfide phase
[5, 6, 17]. The formation of famatinite from tetrahedrite is
also spontaneous and remains up to temperature ∼770∘C. It
is important to mention that no strong Raman peaks of FTO
were obtained in Raman spectra of CZAS film. In contrast,
very strong peaks, which correspond to FTO, were observed
inXRD.An investigation of FTO coated glass sample suggests
that its Raman intensity is very low compared toCZAS coated
sample (see Figure 2). In this situation there are various
Raman peaks of FTO between 250 and 500 cm−1, although
they are not visible in CZAS spectra.
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Figure 3: Scanning electron micrograph of modified copper antimony sulfide coated substrate: (a) low-magnification image of sample 1, (b)
low-magnification image of sample 1 (different area), (c) high-magnification image of sample 1, (d) high-magnification image of sample 1
showing flower-like structures, (e) low-magnification image of sample 2, and (f) high-magnification image of sample 2.

The SEM images of CZAS samples are shown in Figures
3(a)–3(f). KCN etching was not performed in any of our
samples presented and evaluated in this report. A low-
magnification SEM image (sample 1) suggests that CZAS film
forms over the entire FTO substrate (see Figure 3(a)). No
peel or cracking is observed. Figure 3(b) shows an image
from another area, which suggests that film is rough. It
also can be seen that film contains a spherical-globular
type of grains in most places. Grain size of film extends
from 500 nm to 1𝜇m. High-resolution imaging (Figure 3(c))
suggests that most of the grains are adjacent to each other

and in many cases they form clusters of grains. Another
high-resolution image (Figure 3(d)) suggests that thin film
from sample 1 contains flake- and flower-like crystals. The
average diameters for these crystals are ∼100 nm. A low-
magnification image (Figure 3(e)) of sample 2 suggests that
grains are more uniform compared to sample 1. Although
most of the grains and film composition are uniform, at some
places a few grains with different texture (Figure 3(f)) can
be seen. Such texture indicates the possibility of secondary
phase traces. It can be observed that most portions of the film
are crack free; however, some pinholes are present. Such an
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Figure 4: X-ray photoelectron spectroscopy of sample 1: (a) Cu 2p peaks, (b) Sb 3d doublet, (c) S 2p peaks, and (d) Zn 2p doublet.

observation suggests that zinc has a significant effect on film
morphology, which subsequently affects device performance.
Recent investigation by Warren et al. [18] indicates that high
photon to current efficiency can be due to many factors,
but spatial distribution of current carrying domains in the
crystals plays an important role. It is very likely that high-
structural complexity results in high photocurrent.

Sample showing highest photocurrent response (from
experiment 1) was chosen for XPS analysis. A 2p doublet for
copper at 932.3 and 952.1 eV (2p

3/2
and 2p

1/2
) was separated

by a gap of 19.8 eV (see Figure 4(a)). These positions and
gap are indications of the Cu(I) oxidation state [19, 20]. We
did not observe any satellite peaks, which correspond to the
Cu(II) oxidation state. The antimony lines are found at 530.8
and 540 eV (see Figure 4(b)) and are separated with a gap
of 9.2 eV, which perfectly matches with 3d doublet (3d

5/2

and 3d
3/2

) [19]. Careful observation indicates that each of
these peaks is overlapped with peaks at 529.6 and 539 eV.
This observation suggests the presence of Sb(III) oxidation
state. It was reported that a controlled sample of amorphous
Sb
2
S
3
also shows peaks at very similar positions ∼529.60 and

538.97 eV [21]. A shift towards higher binding energy was

found which indicates that Sb is present in the form of Sb5+.
It suggests the presence of A

3

IBVX
4
type crystal structure.

One of the doublets (Figure 4(c)) of S 2p perfectly matches
with the reported value of 2p

1/2
at ∼162.9 eV [19]. The S

2p line also shows asymmetry, which is due to spin orbit
coupling. In XPS spectra Zn 2p doublet (see Figure 4(d)) was
observed at ∼1022 eV (2p

3/2
) and 1045 eV (2p

1/2
), which was

consistent with the standard splitting ∼22.9 eV. It suggests
Zn(II) oxidation state [19]. Elemental analysis suggests that
the atomic ratio of Cu : Zn : Sb : S is 1.18 : 0.40 : 1.90 : 7.2.

The optical properties of CZAS thin films (samples
1 and 2) were analyzed using Ultra Violet-Visible optical
transmission spectroscopy. The transmittance of a CZAS
film was examined as a function of wavelength. Using the
transmittance data from the absorption spectra, the energy
gap of thin film can be determined as follows:

𝛼 = 𝐴(ℎ] − 𝐸
𝑔
)
1/2
, (1)

where 𝛼 is the absorption coefficient, 𝐴 is a constant, ℎ]
is the incident photon energy, and 𝐸

𝑔
is the energy gap.

Figure 5 shows squared absorption coefficient and incident
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Figure 6: Photoelectrochemical response of CZAS thin films
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solution.

photon energy relationship for CZAS films, deposited on
FTO coated glass. By extrapolating the squared absorption
coefficient versus photon energy curve to zero, the band gap
was evaluated to be ∼2.20 eV (sample 1) and ∼2.25 eV (sample
2).

The current density potential plots obtained after pho-
toelectrochemical examination for three different samples
are shown in Figure 6. 𝐽-𝑉 curves were recorded during
white LED illumination (incident illuminance on substrate
∼3.2 × 10

4 lux at wavelength of ∼550 nm) and in the dark.

The photocurrent was recorded during chopping illumina-
tion and change in photocurrent was evaluated for relative
photovoltaic performance.The highest photoelectrochemical
response of the film (experiment 1) is ∼0.15mA. The dark
current was very insignificant up to the biased potential of
∼−0.6V (SCE) but started increasing beyond a potential ∼
−0.7V. It should be noted that this photocurrent response
is relatively high (∼1.7 times greater), compared to earlier
reported values [2, 7]. Sample 2, which was prepared from
the bath of depleted antimony and high zinc, showed a
relatively low current response. Highest current response
for this sample was ∼0.08mA, which is approximately half
of the first sample. The lowest current response (overall)
was obtained for sample 3, which contains the highest
level of antimony. Dark current for this sample was also
higher. The high photocurrent response from sample 1
can be explained based on the presence of a more stable
crystalline phase, structural complexity, relatively low-band
gap of film, and more uniform and interconnected grains.
On the other hand, sample 2 shows some secondary phase
traces on SEM, which can create a trap or recombination
centers throughout the filmvolume. Such a phenomenonmay
diminish the photovoltaic performance. Another possibility
of reduced photoelectrochemical performance of sample
2 is a relatively high band gap, compared to sample 1.
More analysis such as simulations using density functional
theory tools and finite-difference time-domain methods are
required to explain such behavior in detail. This work is in
progress.

4. Conclusions

In summary, modified copper antimony sulfide thin films
were synthesized using electrochemical growth of “Cu-Sb-
Zn” alloy and subsequent elevated temperature sulfurization.
These films were investigated for phase and structural analy-
ses as well as for photoelectrochemical performance. Raman
andXRDcharacterizations suggest that film grownon sample
1 is a famatinite rich, while sample 2 contains a tetrahedrite
rich film. High-zinc content results in the strengthening of
the force constant which subsequently causes shifting of the
Raman peak towards higher frequency. The band gap of
the film deposited on sample 1 (moderate antimony) was ∼
2.20 eV, whereas band gap of the sample 2 (zinc rich film) was
∼2.25 eV.Thin film synthesized from an electrochemical bath
containing a moderate level of antimony chloride, shows the
highest photocurrent response. However, film from bath with
excess antimony exhibits very poor photoelectrochemical
response. Enhanced photoelectrochemical response of the
modifiedCAS filmwas explained on the basis of amore stable
crystalline phase, a low-band gap of film, and more uniform-
interconnected grains.
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In CdS/CdTe solar cells, chemical interdiffusion at the interface gives rise to the formation of an interlayer of the ternary
compound CdS

𝑥
CdTe

1−𝑥
. In this work, we evaluate the effects of this interlayer in CdS/CdTe photovoltaic cells in order to improve

theoretical results describing experimental 𝐶-𝑉 (capacitance versus voltage) characteristics. We extended our previous theoretical
methodology developed on the basis of three cardinal equations (Castillo-Alvarado et al., 2010).The present results provide a better
fit to experimental data obtained fromCdS/CdTe solar cells grown in our laboratory by the chemical bath deposition (for CdS film)
and the close-spaced vapor transport (for CdTe film) techniques.

1. Introduction

Polycrystalline solar cells based on the thin films technol-
ogy are outstanding candidates for an aggressive expansion
of the photovoltaic industry. During the past few years,
despite the world economic recession, the photovoltaic
market has continued to grow. In Europe and Asia, the
market has expanded from the Mega Watt (MW) to the
Giga Watt (GW) scale. PV installations grew to 7.3GW
in 2009, which represents 20% from the previous year.
The various forecast scenarios predict an increase in the
demand from 15.4 to 37GW in 2014, more than five times
the size of the 2009 market [1, 2]. Today, there is much
interest and research activity concerning second generation
solar cells based on polycrystalline cadmium telluride CdTe
thin films and cadmium sulfide CdS as “window” layer.
Capacitance versus voltage is one of the most important
techniques for the device characterization. In this work,
we extend the theoretical model used in a previous paper
[3] in order to take into account the formation of a layer
of the ternary compound CdS

𝑥
Te
1−𝑥

(𝑥, the concentra-
tion) at the CdS/CdTe interface generated by interdiffu-
sion processes [4]. During manufacturing of these solar
cells, the CdTe/CdS interface is subjected to relatively high

temperatures giving rise to atomic interdiffusion and the
formation of an interfacial region of composition Cd

𝑥
Te
1−𝑥

.
The understanding of this ternary CdS

𝑥
Te
1−𝑥

interlayer will
help to conceive improvements in the efficiency of the
photovoltaic cell. In this work, we use a 𝐶-𝑉 theoretical
method for the determination of the interface charge density
𝜎 in the CdS/ternary/CdTe heterojunction and the band
discontinuity Δ𝐸V simultaneously. The methodology is based
on three cardinal equations as discussed in the theory below.
For comparison with our calculations, we used solar cells
of maximum efficiency (12.4%) fabricated in our group
[5].

2. Theoretical Method

We present the methodology for the simultaneous calcu-
lations of the valence band offset Δ𝐸V and the interface
charge density 𝜎. It is assumed that these two quantities are
independent of the bias voltage. This assumption is justified
because we are interested in heterojunctions with fixed defect
densities.

The clue for obtaining the energy bands at both sides of
the interfaces are (a) the two interfacial potentials (𝜑

𝑠1
, 𝜑
𝑠2
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which give the band bending at each side of the interface),
(b) the energy increment of the valence band, and (c) the
interface charge density. In addition to these, three cardinal
equations originating from the displacement of the band line-
up equation, charge neutrality, and the total capacitance of
the interface are necessary. This method makes no use of any
approximations and provides simultaneous determination of
the discontinuities of the valence band and the interfacial
charge density.

Assuming that the heterojunction is like a parallel plate
capacitor, the capacitance-voltage characteristics for low bias
voltages 𝑉

𝑎
are given by

𝐶 = [
𝑞𝜀
𝑆1
𝜀
𝑆2
𝑁
𝑑
𝑁
𝑎

2(𝜀
𝑆1
𝑁
𝑎
+ 𝜀
𝑆2
𝑁
𝑑
)
]

1/2

∗ (𝑉
𝑑
− 𝑉
𝑎
)
−1/2

, (1)

where 𝑉
𝑑
is the potential well in the heterojunction, 𝑉

𝑎
is

the bias voltage, 𝑞 is the electron charge, 𝑁
𝑎
is the

acceptor concentration, 𝑁
𝑑
is the donor concentration,

and 𝜀
𝑆1

and 𝜀
𝑆2

are the dielectric constants of n-type and
p-type semiconductor [6]. Therefore, in our case, we have
a linear dependence of 1/𝐶

2 versus 𝑉
𝑎
close to 𝑉

𝑎
= 0.

We solve numerically the band energy in any site of
the heterojunction using the interface according to the
experimental data [7]; the spectral response of champion
CdS/CdTe solar cells has an increase in a photon energy
close to the band gap CdS. Thus, we have assumed in
our equations that the physical properties of the ternary
compound are closer to those of CdS for each part of the
ternary compound, which are the total bending on each side
of the two heterojunction (CdTe/CdS

𝑥
Te
1−𝑥

).
We note that the total band curvature at each side of the

interface depends on the bias voltage 𝑉
𝑎
, that is, 𝜑

𝑆1
(𝑉
𝑎
) and

𝜑
𝑆2
(𝑉
𝑎
). We assume that the discontinuities of the valence

band and the charge density at the interface are independent
of the applied voltage, which is a usual assumption for low
voltages. Validity of this assumption is validated by a good
agreement with experiment.

Because there are a fixed equal number of separated
positive and negative charges at the interface between differ-
ent materials, we consider that the region of spatial charge
behaves like a parallel plate capacitor.

2.1. Cardinal Equations for the CdTe/CdS
𝑥
Te
1−𝑥

Interface
(𝐶-𝑉 Matching Method). The band line-up equation in this
case is (Figure 1)

𝐸
𝐹𝑉1

− 𝐸
𝐹𝑉2

− Δ𝐸
𝑉(ternary) − 𝑞𝑉

𝑎
= 𝑞 [𝜑

𝑆2
(𝑉
𝑎
) − 𝜑
𝑆1

(𝑉
𝑎
)] ,

(2)

where “𝑥” is the ternary concentration and𝐸
𝐹𝑉1

and𝐸
𝐹𝑉2

are
the differences between the quasi-Fermi energy levels with
subscripts 1 and 2 corresponding to CdTe and CdS

𝑥
Te
1−𝑥

,

Ternary

Ef
𝜑1 < 0

𝜑1 < 0 𝜑2 > 0
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Figure 1: Energy band (band lineup) diagram of two n-p hetero-
junctions under reversible bias. The reference level for the potential
of each semiconductor is at the intrinsic energy level. We assume
that the ternary behaves like an n-type semiconductor for union
with CdTe.

respectively. The valence band offset Δ𝐸
𝑉(ternary) and the

respective bulk valence band levels are given by

𝐸
𝐹𝑉1

= 𝐸
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2
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3
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.

(3)

The separation between the quasi-Fermi energy levels is
determined for the bias voltage:

𝐸
𝐹𝑛1

= 𝐸
𝐹𝑝2

+ 𝑞𝑉
𝑎
, (4)

where 𝑉
𝑎
is the bias voltage in the p-n junction.

The charge neutrality equation under nonequilibrium is
given by

𝑄
1
[𝜑
𝑆1

(𝑉
𝑎
)] + 𝑄

2
[𝜑
𝑆2

(𝑉
𝑎
)] + 𝑞𝜎 = 0, (5)

where the expressions for the semiconductor charge under
nonequilibrium, 𝑄

1
and 𝑄

2
, are the half semiconductor

charges (per unit area) which are given by [8]

𝑄
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,

(6)

where

sign = {
+1, 𝑢 < 0

−1, 𝑢 > 0.
(7)

Here, 𝑢∗ = 𝛽((𝜑
𝐹1

+ 𝜑
𝐹2

)/2) and 𝛽 = 𝑞/𝑘𝑇.
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The third cardinal equation is obtained from the expres-
sion of the half capacitance per unit area of the device:

1

𝐶CdTe−ter
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, (8)
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(9)

1

𝐶Total
≈

1

𝐶CdTe−ter
. (10)

It is important to note that the energy gap of the ternary is not
a simple linear combination but a more complex function of
𝑥 [9]:

𝐸
𝑔
(𝑥) = (1 − 𝑥) 𝐸

𝑔
(CdS) + 𝑥𝐸

𝑔
(CdTe) − 𝑏𝑥 (1 − 𝑥) , (11)

where 𝑏 is the “optical bowing coefficient” given by 1.69 eV
and the valence band offset Δ𝐸

𝑉
.

3. Results

We find the ternary concentration value of 0.75 with the best
fitting of the curve, which is in good agreement with the
results described by Cediel et al. [10]. The various quantities
or constants in the cardinal equations were taken from the
previous paper [3]. We show the result of the 𝐶-𝑉 fitting
method in Figure 2 for a voltage range from0 to 0.5V.Amuch
better fit is obtained by assuming the formation of a ternary
compound at the CdTe/CdS interface.

In addition, we have also obtained the values of the
valence band offset and the interface charge density simul-
taneously, namely,

Δ𝐸
𝑉

= 0.99 eV,

𝜎 = 1 × 10
13 cm−2,

(12)

which are in good agreement with the reported values [9, 11,
12].

4. Conclusions

In summary, we have calculated the capacitance versus
applied voltage of CdS/CdTe thin film solar cells considering
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Figure 2: Calculated 𝐶-𝑉 characteristics of a CdTe/CdS PV cell
assuming the formation of a ternary compound at the CdTe/CdS
interface. Comparison is made with 𝐶-𝑉 measurements of a 12.4%
efficient PV cell [5] and with calculated results within a model
without the assumption of the ternary compound at the interface
[3].

the formation of a CdS
𝑥
Te
1−𝑥

interlayer using the 𝐶-𝑉
matching method. Our results are in better agreement with
experimental data than our previous theoretical results that
did not assume the presence of the CdS

𝑥
Te
1−𝑥

interlayer. We
may also say that the ternary layer acquires the properties of
CdS and behaves like the type n semiconductor instead of the
CdS itself. This could be taken as evidence of the existence of
a ternary compound that plays an important role in solar cell
devices. This can be taken as evidence of the existence of the
ternary interlayer which plays an important role in the solar
cell.
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Influences of hydrogen content in intrinsic hydrogenated amorphous silicon (i-a-Si:H) on performances of heterojunction (HJ)
solar cells are investigated. The simulation result shows that in the range of 0–18% of the i-layer hydrogen content, solar cells with
higher i-layer hydrogen content can have higher degree of dangling bond passivation on single crystalline silicon (c-Si) surface.
In addition, the experimental result shows that HJ solar cells with a low hydrogen content have a poor a-Si:H/c-Si interface. The
deteriorate interface is assumed to be attributed to (i) voids created by insufficiently passivated c-Si surface dangling bonds, (ii) voids
formed by SiH

2
clusters, and (iii) Si particles caused by gas phase particle formation in silane plasma. The proposed assumption is

well supported and explained from the plasma point of view using optical emission spectroscopy.

1. Introduction

The hydrogenated amorphous silicon/crystalline silicon (a-
Si:H/c-Si) heterojunction (HJ) solar cell is one of the most
interesting technological solutions for the photovoltaic mar-
ket owing to its excellent performance and also its low pro-
cessing costs. Some groups have already reported encourag-
ing results for silicon HJ cells with a-Si:H emitters deposited
by plasma-enhanced chemical vapor deposition (PECVD)
[1]. Recently, efficiencies of up to 23% using PECVD have
been demonstrated [2, 3]. In HJ solar cells, the control of
the interface between different materials is an important
factor for high-cell performances. Particularly, the reduction
of carrier recombination at the p/n interface is critical.
Extensive studies have also demonstrated that the use of a
very thin intrinsic (i-) a-Si:H buffer layer inserted at the
interface can minimize the interface recombination and thus
increase the efficiency of HJ solar cells [4–6].

In i-a-Si:H deposition, process parameters should be
carefully controlled since they determine the film properties.
It is found that lowering the deposition temperature tended
to raise Si-H

2
bond concentration and thus lowering the

dangling bond passivation quality [7]. High temperature can

somewhat lead to partial epitaxial Si growth which con-
tains more defects than amorphous films [8, 9]. Moreover,
hydrogen dilution is usually adopted for lowering electron
temperature and suppressing poly silane radicals [10, 11].
A moderate dilution ratio is reported to result in a longer
effective lifetime of Si wafer [12]. However, the effects of i-
layer hydrogen content and plasma status on performances
of HJ solar cells are rarely reported.

In this study, the i-layer hydrogen content effect is inves-
tigated by computational simulation. Then, we practically
fabricate 156 × 156mm2 large-size HJ solar cells with high-
and low-hydrogen content to validate the simulation result.
Furthermore, the interface quality between i-layer and c-Si in
high- and low-hydrogen content cases is discussed from the
plasma emission spectra point of view.

2. Experimental

The two-dimensional, commercially available software Sil-
vaco technology computer aided design (TCAD), from Sil-
vaco Inc., was used to solve the Poisson equation coupledwith
the continuity equations of electrons and holes for virtual
devices by dividing the whole structure into finite elements.
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Table 1: TCAD input parameters for n-Si/i-Si/c-Si HJ solar cells
with various hydrogen content of i-layer.

Device parameters Value
Device area (cm2) 1
Front surface Texture
Solar cell structure n-Si/i-Si/c-Si/BSF
Exterior rear
reflectance (%) 90

Light source One sun (AM 1.5, 100mW/cm2)
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 11.7 11.7 11.7 11.7
Electron affinity (eV) 3.9 3.9 4.05 4.05
Electron mobility
(cm2/V−1s−1) 20 20 1417 200

Hole mobility (cm2/V−1s−1) 10 10 470 80
Doping concentration
(cm−3) 1 × 10

19
1 × 10

19
1 × 10

16
1 × 10

19

Hydrogen content (%) — 0–18 — —

The physical models that we used were Shockley-Read-Hall
recombination model and concentration-dependent life-
times. The photogeneration model including a ray tracing
algorithm was used for calculating the transmission and
absorption of incident light in the semiconductor layers. The
solar cells considered here operate under the global standard
solar spectrum (AM1.5G) illumination with 100mW/cm2
total incident power density. The model structure was (n)
a-Si:H/(i) a-Si:H/(p) c-Si/aluminum back surface field (Al-
BSF). For the individual layer and the a-Si:H/c-Si interfaces,
the distributions of defect states are specified. Note that for a-
Si:H-related materials, the correct material parameters could
be varied subject to their preparation conditions. Table 1 sum-
marizes the main parameters used for calculation including
measured and assumed values which can be found elsewhere
[13–16].The correlation between the i-layer hydrogen content
and performance indicators of solar cells is calculated.

For HJ solar cell fabrication, the cell structure was
Al/indium tin oxide (ITO)/(n) a-Si/(i) a-Si/(p) c-Si/Al-BSF.
The boron-doped c-Si wafers with thickness of 250 nm,
resistivity of 1–10 Ωcm, and surface texturization were used
as a substrate. The sample size was 156 × 156mm2. To form
the Al-BSF, a 5 𝜇m Al film was sputtered on the wafer
backside followed by annealing at 800∘C for 30 s. The depo-
sition of the n-type a-Si:H was done in a PECVD system
with the following process parameters: plasma frequency of
27.12MHz, power density of 37.5mW/cm2, substrate temper-
ature of 200∘C, deposition pressure of 90 Pa, SiH

4
flow rate

of 40 sccm, and total gases flow rate (PH
3
+ SiH

4
+ H
2
) of

125 sccm. The i-layers with low- and high-hydrogen content
were prepared using hydrogen dilution ratios, H

2
/SiH
4
, of

0 and 8, respectively. Detailed parameters for the i-a-Si:H
layers are summarised in Table 2. The thicknesses of n-layer
and i-layer were 10 nm and 5 nm, respectively. The ITO with

Table 2: Deposition conditions of low-H and high-H.

Parameter Value
Low-H High-H

Power density (mW/cm2) 25 25
Pressure (Pa) 90 90
Electrode-to-substrate distance (mm) 30 30
Substrate temperature (∘C) 180 180
SiH4 flow rate (sccm) 40 40
H2 flow rate (sccm) 0 320
Hydrogen content (%) 6 18

thickness of 90 nm was formed using sputtering to enhance
the lateral conductivity and minimize reflection losses. For
i-a-Si:H film properties, Fourier transform infrared (FTIR)
spectroscopy was used to determine hydrogen content in the
films. The hydrogen content (𝐶H) was calculated from the
integrated intensity of the Si-H rocking/wagging mode at
640 cm−1 in the FTIR spectra using the following formula
[17]:

𝐶H =
𝐴
𝜔

𝑁Si
∫
𝜔
𝑟/𝑤

𝛼 (𝜔)

𝜔
𝑑𝜔, (1)

where 𝛼(𝜔) is the absorption coefficient of the film at the
wavenumber 𝜔, 𝜔

𝑟/𝑤
stands for the rocking/wagging bands

around640 cm−1.𝐴
𝜔
= 1.6 × 10

19 cm−2 is the proportionality
constant and 𝑁Si = 5 × 10

22 cm−3 is the atomic density of
pure silicon. The film thickness was evaluated by an alpha-
step profiler (Tencor, alpha-step 500). For HJ solar cells,
J-V characteristics were measured under AM1.5G (1 sun,
100mW/cm2) solar simulator irradiation. External quantum
efficiencies (EQE) were measured using a lock-in amplifier
with a current preamplifier under short-circuit conditions.
The devices were illuminated by monochromatic light from
a 150W xenon lamp passing through a monochromator. A
calibrated single crystalline silicon photodiode with known
spectral response was used as a reference.The cross-sectional
microstructure image was observed by high-resolution trans-
mission electron microscopy (HRTEM). For plasma char-
acterization, optical emission spectroscopy (OES) [18, 19]
equipped with a spectra colorimeter was used to collect
optical emission spectra of the plasma glowed.Themeasuring
point was near the substrate surface.

3. Results and Discussion

Figure 1 schematically shows themechanism of passivation of
dangling bonds at c-Si surface. Without surface passivation,
the dangling bonds act as recombination centers to trap elec-
trons, resulting in a large recombination rate at the a-Si:H/c-
Si interface of final HJ solar cells. These dangling bonds can
be passivated by H atoms to obtain a relatively high-quality
heterojunction.This in turn implies that H content in the i-a-
Si:H layer plays a crucial role on the c-Si surface passivation
for HJ solar cells. In this study the H content in the i-layer is
controlled by adjusting the input hydrogen gas flow rate, and
their relationship is shown in Figure 1(b). It can be seen that
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Figure 1: (a) Scheme of the mechanism of surface passivation on
c-Si. (b) The relationship between hydrogen flow rate and i-layer
hydrogen content.

the hydrogen content increases with increasing the hydrogen
gas flow rate due to more H atoms incorporated in the i-layer
during the deposition process. However, theH content finally
saturates to a value of about 18% at the hydrogen flow rate of
320 sccm. According to this result, in TCAD simulation the
H content is set to be in the range of 0–18% to investigate its
effect on the device performances.

Figure 2 shows the TCAD simulation result of the device
external parameters such as open-circuit voltage (𝑉oc), short-
circuit current density (𝐽sc), fill factor (FF), and conversion
efficiency (𝜂) as a function of the H content in the i-layer.
It can be seen that 𝑉oc show a strong dependence on the i-
layer H content. The pure i-a-Si (H content = 0%) leads to
𝑉oc of 0.55V, while the i-a-Si:H with H content of 6%–12%
results in 𝑉oc around 0.6V. Increasing the H content up to
18% further improves the 𝑉oc to 0.72V. The better a-Si:H/c-
Si interface passivation with an increase in i-layer H content
could decrease the interface defect (dangling bond) density
and recombination for carriers that overcome the a-Si:H/c-
Si barrier, and thus could be the reason for the increase in
𝑉oc with an increase in i-layer H content [20]. 𝐽sc and FF also
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Figure 2: Simulation results of the performances of HJ solar cells as
a function of the i-layer hydrogen content.

show a similar tendency to that of𝑉oc. Consequently, 𝜂 can be
significantly improved from about 11.7% to 19.7% when the H
content increases from0% to 18%. It is worth pointing out that
high-H content i-layer leads to high-cell performances, which
agrees well with the proposed mechanism of passivation
mentioned above.

To validate the simulation result, experimental tests were
carried out. The i-layers with low-H content of 6% and high-
H content of 18% were selected for device fabrication. For
each type of i-layer, 10 HJ solar cells were fabricated and
their performances are quite close to each other with an error
of less than 3%. Figure 3(a) illustrates the J-V characteristics
of the two types of HJ solar cells. It is observed that the
tendency of the experimental result is in good agreementwith
the simulation data. The high-H cell has better conversion
efficiency indicating an improved surface passivation. As
compared to the low-H cell, 𝑉oc, 𝐽sc, and FF are improved by
12.1%, 9.3%, and 9.4%, respectively. This consequently leads
to an increase in 𝜂 by about 34.2%. Note that FF values are
slightly lower than the corresponding simulation values since
the resistances of Al, ITO, and their interface are not taken
into account in the simulation work.
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Figure 3: Experimental results of (a) J-V characteristics and (b) EQE spectra response for HJ solar cells with different i-layer hydrogen
content.
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Figure 4: HRTEM images of the i-a-Si:H/p c-Si interface for (a) low-H and (b) high-H HJ solar cells.

The 𝐽sc of the fabricated low- and high-H solar cells can
be investigated byEQEmeasurement as shown inFigure 3(b).
Clearly, the EQE response can be divided into twowavelength
regions. First, in the wavelength range of 300 to 700 nm, EQE
values of the high-H cell are always higher than these of the
low-H cell. Since blue light is absorbed close to the surface,
the higher blue portion of EQE reflects a lower surface
recombination and thus reflect better collection efficiency
of minority carriers. Note that although the absorption of
the two a-Si:H layers possibly may not be the same, the

absorption loss due to very thin a-Si:H is trivial and is not one
of the factors causing the observed EQE difference. Second,
in the wavelength range of 700 to 1100 nm, the EQE values
of the two cells become similar, since the light absorption
depth in this wavelength range corresponds to deeper region
in c-Si and thus irrelevant to the junction properties. The
EQE at the wavelength of 1100 nm [21], close to the cut-
off wavelength, is still over 20% owing to contributions of
surface texturing and back surface field [22]. In summary
the EQE result indicates that the higher 𝐽sc of the high-H
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Figure 5: Optical emission spectra for the plasmas during low- and
high-H i-layer deposition.

cells, as observed in Figure 3(a), is a consequence of themuch
higher spectral response in the short wavelengths due to
better surface passivation.

The cross-sectional HRTEM images of a-Si:H/c-Si inter-
face in low- and high-H cells are shown in Figures 4(a) and
4(b), respectively. The a-Si:H layer (including i- and n-layer)
thickness of about 15 nm can also be evidenced by the TEM
images. Interestingly, the low-H interface is deteriorated,
whereas the interface region in the high-H case is quite
smooth. The poor interface region can be assumed to mainly
result from two factors. First, it is likely that the interface
region contains voids or vacancies related to unpassivated
dangling bonds on c-Si surface, illustrated in Figure 1(a),
or from SiH

2
bonds clustered in the i-layer [23]. Second,

it seems that particles occur around the interface, and this
phenomenon can be linked to plasma gas particle formation
to c-Si substrate interaction. The assumptions are further
discussed and explained below using the OES spectra from
the plasma point of view.

Figure 5 compares the OES spectra between plasmas
during i-layer deposition of low- and high-H solar cells. The
peaks shown in the spectra result from several collision of
energetic electrons with gas molecules involving the forma-
tion of neutral (SiH

3
, SiH
2
, SiH, Si), emissive (Si∗, SiH∗), and

ionic (SiH +
𝑥
) species, as given by [24, 25]

SiH
4
+ e

→ SiH
3
+H + e (4.0 eV; 𝜏 > 20ms)

→ SiH
2
+H
2
+ e (2.2 eV; 𝜏 < 3ms)

→ SiH +H
2
+H + e (5.7 eV; 𝜏 < 3ms)

→ Si + 2H
2
+ e (4.2 eV; 𝜏 < 3ms)

(2)

SiH
2
→ Si∗ +H

2 (3)

Si∗ → Si + ℎ] (4.9–5.1 eV) (4)

SiH
3
→ SiH∗ +H

2 (5)

SiH∗ → SiH + ℎ] (3 eV) (6)

where e is the electron, h] is the released photon energy,
and 𝜏 is the life time of the Si-based radicals. Among the
various radicals, SiH

2
-related reactions described in (3), and

(4) finally release a photon energy from Si∗ radiative decay
corresponding to a wavelength of 252 nm. Interestingly, this
released photon is detected by OES only in the plasma for the
low-H cell, while this peak vanishes for the high-H cell.Thus,
the plasma in low-H i-layer deposition contains amuch larger
amount of SiH

2
, finally leading to void-rich and low-quality

i-layer [26, 27]. In addition, another effect accompanied with
high SiH

2
amount is the increased generation rate of poly

silane (gas particle formation), Si
2
H
6
, according to [28]

SiH
2
+ SiH

4
→ Si

2
H
6 (7)

The resultant Si
2
H
6
species will interfere with film deposition

and thus lead to a poor interface. Therefore, the OES spectra
confirm the assumptions as mentioned in Figure 4. On the
contrary, the Si-related peak found in the spectra of the high-
H cell is only SiH∗ at 414 nm (see (5) and (6)), and thus the
increased proportion of SiH

3
is beneficial to the film growth

with high qualities [29] leading to a smooth interface shown
in Figure 4(b).

4. Conclusions

In this study, the effect of a-Si:H i-layer hydrogen content
of 0–18% on performances of HJ solar cells is investigated.
Both of the experimental and simulation results indicate
that the i-layer with high-hydrogen content can lead to a
higher degree of dangling bond passivation on c-Si surface.
Compared to low-H i-layer, HJ solar cells with a high-H i-
layer is found to have the i-layer/c-Si interface with reduced
surface recombination and increased collection efficiency for
blue light generated carriers. In addition to surface dangling
bond passivation, the low-H solar cell exhibits a deteriorate
i-layer/c-Si interface. The OES spectra clearly show the
presence of Si∗ peak only found in the plasma of low-H i-layer
deposition suggesting that the large SiH

2
portion may finally

create voids and Si particles and thus decrease the i-layer/c-Si
interface quality.
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The increase in the conversion efficiency of monolithic tandem solar cells is limited by the short-circuit current density matching
between the top and the bottom cells. Generally, the top cell presents the lowest current in the two subcells. In this paper, in order
to increase the short-circuit current density in the top cell, we present a theoretical survey of the luminescence downshifting (LDS)
approach for the design of monolithic tandem solar cells. The photovoltaic (PV) glass encapsulation material is replaced with a
polymer material of polymethyl methacrylate (PMMA) type which is doped with diverse kinds of organic dyes. The performance
of the n-p-p+ GaInP structure has been simulated as a function of the organic dyes. Gains achieved for the short-circuit current
density and conversion efficiency are, respectively, 13.13% and 13.38%, under AM1.5G illumination spectra.

1. Introduction

Multijunction solar cells can increase the efficiency of the
cell by introducing another semiconductor able to reduce
losses in high energy photons. There are three approaches,
monolithic cells, mechanically stacked cells, and spatial-
configuration approaches [1]. The monolithic solar cells
present an elegant approach in reducing the number of
processing steps by using a single substrate, but it requires two
main conditions: first, the thin layers of epitaxial semiconduc-
torsmust have closer lattice constant parameters, and second,
wemust have an adequate currentmatching between subcells.
However, in this series connection, the subcell with the lowest
photocurrent, limits the current generated by the full device
structure [1, 2]. To fulfill the second criterion, we must adjust
the top cell thickness because it presents lower short-circuit
current density compared with the bottom cell of the tandem
structure. Generally, we adjust short-circuit current density
by adjusting the thickness of the top cell’s base layer [2].

In 1990, under one-sun air mass 1.5 global radiation
(AM1.5G) condition, efficiencies greater than 27% were
achieved by changing the top-cell thickness to ensure current
matching [3, 4]. However, increasing the thickness of the

base layer in the top cell leads to an increase in absorption
losses, the radiances in tandem solar cells are attenuated
exponentially with respect to the thickness of layer.

In the present study, we propose an alternative method
to increase the short-circuit current density in the top cell,
based on themanipulation of the incident spectrumbefore its
absorption by the solar cell; the idea is to substitute PV glass
encapsulation materials with a thin layer of polymer material
PMMA doped with optically active components. It has
been shown in previous works that this approach results in
performance improvement on some single junctions (CdTe,
mc-Si, c-Si, GaAs, and CIGS) [5–7]. Besides, it reduces the
cost and weight of the final PV module.

2. Materials and Methods

2.1. Luminescence Downshifting Principle. Originally, lumi-
nescent Downshifting (LDS) was first proposed in the late
seventies by Hovel et al. [8]. The LDS approach is based on
shifting parts of high energy photons from the ultraviolet
(UV) region where the quantum efficiency (QE) of the cell
is poor to the visible and infrared regions where the QE is
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Table 1: Optical properties of diver’s kinds of dyes used.

Dyes Absorption range (nm) Emission range (nm) Max abs. (nm) Max emis. (nm) LQE (%)
Violet 570 300–410 400–520 378 413 94
Yellow 083 350–500 460–600 476 490 99
Orange 240 440–550 520–650 524 539 100

higher. A thin layer of PMMA doped with organic dyes plays
the role of a photon converter; it absorbs UV photons before
they are absorbed by the encapsulated material and emits
them in a longer wavelength. Figure 1 illustrates the concept
of downshifting introduced by organic dyes on the AM1.5G
solar spectrum [9]. Also, we see that the GaInP solar cell uses
photon energies in the range between 300 nm and 660 nm; it
has a significant visible spectrum and a poor sensitivity in the
violet and blue regions [10].

For better matching between the LDS layer and the
response of GaInP solar cell, organic dyes need to be selected
to absorb photons at a short wavelength, where theGaInP cell
exhibits lowquantumefficiency, then reemits themat a longer
wavelength where the solar cell exhibits a significantly better
response.

2.2. Encapsulation Material and Luminescent Dyes. Poly-
methyl methacrylate (PMMA) is an excellent photovoltaic
encapsulation material which was introduced recently in
the manufacturing process of photovoltaic modules. It has
a set of appealing mechanical and optical properties [11],
in addition to its high transmittance spectrum along the
regionwhere the solar cell’s response is high. PMMA is robust
against heat treatments that the solar cells undergo during
their manufacturing process; besides, it has a photostability
extending over long periods of 20–25 years [10]. It is also
recyclable and has an excellent stability against ultraviolet
(UV) radiations [12].

In the present study, we will investigate the three fluores-
cent organic dyes (BASF Lumogen Violet 570 (V570), Yellow
083 (Y083), and Orange 240 (O240)) [13]. They are all made
of napthalomide and perylene molecules, manufactured by
BASF (Ludwigshafen, Germany). These organic dyes were
studied in several papers of McIntosh et al. [12, 14].They have
many features; namely, they are cheap, photostable to UV,
and easy to process in polymeric matrices, and they exhibit
near-unity luminescence quantum efficiencies (LQE) [6].The
optical properties of dopants are listed in Table 1.

2.3. GaInP Devices. In this work, we have introduced an LDS
layer on the top cell of the monolithic tandem solar cell
studied by Takamoto et al. [21]. Figure 2 shows a schematic
diagram of the tandem solar cell studied with LDS layer. The
technological parameters for the different layers (thickness
and doping level), used in this paper, are the same as those
used by Takamoto et al. [21]. The top cell consists of a layer
𝑝 + Ga

0.5
In
0.5
P BSF, a base layer 𝑝 Ga

0.5
In
0.5
P, an emitter 𝑛 +

Ga
0.5
In
0.5
P, and the window 𝑛 + Al

0.52
In
0.48

P. The ZnS/MgF
2

antireflection coating (ARC) layer allows the reduction of the
average reflectivity in the wavelength region between 400 and

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

QE GaInP

Poor QE region

High QE region

Downshifting

0

20

40

60

80

100

Q
E 

(%
)

Sp
ec

tr
al

 ra
di

an
ce

 (W
∗

m
−
2
∗

nm
−
1
)

300 400 500 600 700 800
Wavelength, 𝜆 (nm)

AM1.5 G

Figure 1: Solar spectrumAM1.5G, quantum efficiency ofGaInP cell,
and principle of downshifting.

n/p GaAs bottom cell

Incident light

LDS layer 3 mm

ARC (MgF2/ZnS)

P+/N+ tunnel junction

Window 0.03 𝜇m

0.05 𝜇m

n < 2E+18 cm−3

Emitter n = 3E+18 cm−3

Base 1.5 𝜇m p = 1.5E+17 cm−3

BSF 0.5 𝜇m p+ = 2E+18 cm−3

AlInP

GaInP

GaInP

GaInP

Figure 2: Schematic of a multijunction solar cell with LDS layer.

900 nm to less than 2% [21].Themain parameters used in the
calculations are shown in Table 2.

Simulations of the heterostructure were performed using
the solar cells simulator SCAPS1-D (solar cell capacitance
simulator in one dimension), developed at ELIS laboratory
(Electronics and Information Systems) in GENT University,
Belgium [22].

2.4. SimulationMethods. To study the gain in the efficiency of
GaInP solar cells as a function of the organic dyes, we made
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Table 2: Main material parameters used in the simulation.

Material GaInP AlInP
Band Gap (eV) 1.9 [15] 2.4 [1]
Electron affinity (eV) 4.1 [15] 4.2 [1]
CB effective density of states
(cm−3)

1.3𝐸 + 20

[15]
1.08𝐸 + 20

[16]
VB effective density of states
(cm−3)

1.28𝐸 + 19

[15]
1.28𝐸 + 19

[16]

Electron thermal velocity (cm/s) 1.00𝐸 + 6

[15]
1.00𝐸 + 7

[16]

Hole thermal velocity (cm/s) 1.00𝐸 + 6

[15]
1.00𝐸 + 7

[16]

Electron mobility (cm2/Vs) Varied
[17, 18] 100 [16]

Hole mobility (cm2/Vs) 40 [17, 18] 10 [16]
Lattice constant 𝑎 (A∘) 5.65 [15] 5.65 [15]

Absorption coefficients 𝛼 (m−1) Data from
[19]

Data from
[20]

a luminescent cascade (absorption and reemission) of pho-
tons so that a wide absorption can be reached. Several dyes
can be mixed together within one layer in order to improve
their absorption bandwidth, the Violet 570 absorption peak
lies in the low QE region; however, it emits photons at
wavelengths of Yellow 083 absorption range. This last emits
photons at wavelengths of Orange 240 absorption range
which in turn emits photon in the high QE region of the cell
that ensures a better exploitation of the incident spectrum
by the cell. Table 3 presents the three mixtures used in
our study; the thickness of the PMMA used for the three
samples is 3mm; dyes’ concentration was chosen to yield a
peak absorption around 70%–90% in a 3mm thick sample,
typically the PMMA concentration is around 2-3 ppm (parts
per million) [23].

The LDS layer is assumed to have complete absorption
of all light incidents with wavelengths shorter than 400 nm.
These dyes (Violet 570, Yellow 083, and Orange 240) were
chosen because of their relatively high absorption coefficients
and photoluminescent quantum yield (PLQY) [23].

When the structure (GaInP with LDS layer) is exposed to
the incident solar spectrum 𝜑

𝑠
(𝜆), it is affected and modified

by absorption and emission of photons in the PMMAmixed
layer. The resulting spectrum 𝜑

𝑠𝑎𝑒
(𝜆) is calculated from the

amount of the absorbed and emitted photons. Furthermore,
three quarters of the emitted photons are directed towards the
solar cell, due to the internal reflection within the converter
layer; the dye emission is isotropic [24].

The amount of photons absorbed depends on the thick-
ness and the concentration of dyes in the LDS layer and
is determined from the absorption spectrum of the dyes.
The photon flux density decays exponentially after crossing
a distance 𝑥 in PMMA layer 𝜑(𝑥, 𝜆) = 𝜑

0
(𝜆) exp(−𝛼(𝜆) × 𝑥)

where 𝛼(𝜆) is the absorption coefficient (cm−1) of the LDS
layer, and the exponential term is given by 𝛼(𝜆)×𝑥 = 𝜀

𝜆
×𝐶×

𝐷, where 𝜀
𝜆
is the molar extinction coefficient (M−1 cm−1),

𝐶 is the concentration (M), and 𝐷 is the thickness of film

Table 3: The three mixed samples of PMMA doped with organic
dyes used in the present study.

Sample Characteristic
S1 PMMA doped with Violet 570 dye
S2 S1 + Yellow 083 dye
S3 S2 + Orange 240 dye

(cm). In addition, the absorption is enhanced if the thickness
of the PMMA and the concentration of the dyes are higher,
besides, the amount of photons emitted in the infrared region
𝜑
𝑒
(𝜆) is calculated from the dyes emission spectrum, and the

resulting spectrum 𝜑
𝑠𝑎𝑒
(𝜆) serves as an input for the solar cell

simulation models [24, 25]:

𝜑
𝑠𝑎𝑒
(𝜆) = 𝜑

𝑠
(𝜆) − 𝜑

𝑎
(𝜆) + 𝜑

𝑒
(𝜆) , (1)

where 𝜑
𝑠
(𝜆) is the incident solar spectrum, 𝜑

𝑎
(𝜆) the amount

of photons absorbed by dyes introduced in PMMA layer, and
𝜑
𝑒
(𝜆) the amount of photons emitted by dyes introduced in

PMMA layer.
The short-circuit current density (𝐽sc) of a solar cell is

a function of the cell’s quantum efficiency QE (𝜆) and the
resulting spectrum 𝜑

𝑠𝑎𝑒
(𝜆):

𝐽sc = 𝑞∫
𝜆
2

𝜆
1

QE (𝜆) × 𝜑
𝑠𝑎𝑒
(𝜆) 𝑑 (𝜆) , (2)

where 𝑞 is the elementary charge and 𝜆
1
and 𝜆

2
define the

range of the spectrum for which the 𝐽sc is to be calculated.
It follows that, in order to increase the short-circuit

current density in the cell, more photonsmust be shifted from
the poor QE region to the higher QE region.

3. Simulation Results and Discussions

The performance of the GaInP solar cell was simulated
without an LDS layer, and the obtained results were in
accordance with those in the literature [21]. When an LDS
layer is introduced on the top of the solar cell, organic dyes
produce a substantial modification on the incident AM1.5G
spectrum; they oblige the photons in the ultraviolet region to
shift towards the visible region. The simulation is carried out
for different numbers of organic dyes (S1, S2, and S3); for each
case the effect on AM1.5G spectrum is shown in Figure 3.

SCAPS-1D simulations were carried out using the three
samples of mixed dyes (S1, S2, and S3), using the resulting
modified spectrum as an input for our simulationmodel.The
variation of fill factor and open-circuit voltage with respect to
the number of dyes added is presented in Figure 4 where it is
clear that the open circuit voltage (𝑉oc) and fill factor (FF) do
not change significantly. This is due to the fact that there is
no change in the electronic properties of the semiconductor
material or in the resistance of the device.

On the other hand, we see from Figure 5 that the vari-
ations in the short circuit current density and conversion
efficiency are substantial. The increase in conversion effi-
ciency is a result of the increasing current generation because
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Figure 3: The luminescent downshift (LDS) effect on the AM1.5G solar spectrum.

84.0

84.2

84.4

84.6

84.8

85.0

85.2

85.4

FF

Number of dyes added

FF
 (%

)

1.415

1.420

1.425

1.430

1.435

1.440

Without S1 S2 S3

Voc

V
oc

(V
)

(a)

−1.3

−1.2

−1.1

−1.0

−0.9

−0.8

−0.7

−0.6

−0.5

Number of dyes added

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1.5

S1 S2 S3

Δ
FF

 (%
)

ΔFF
ΔVoc

Δ
V

oc
(V

)

(b)

Figure 4: Simulation results of the variation of (a) fill factor and open-circuit voltage with the number of dyes added and (b) increase in fill
factor and open-circuit voltage with the number of dyes added.
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Figure 5: Simulation results of (a) the short-circuit current density and conversion efficiency variation with the number of dyes added and
(b) the increase in the short-circuit current density and conversion efficiency variation with the number of dyes added.

Table 4: Short-circuit current density and efficiency of the GaInP solar cell with and without LDS.

𝐽sc (mA/cm2)
GaInP cell
without PMMA

𝐽sc (mA/cm2)
GaInP cell with
PMMA doped

(S3)

𝜂 (%)
GaInP cell without

PMMA

𝜂 (%)
GaInP cell with
PMMA doped

(S3)

𝐽sc current improve
(%)

Efficiency 𝜂 improve
(%)

15.23 17.23 18.32 20.79 13.13 13.48

the short-circuit current density varies proportionally with
the quantity of photons shifted by the LDS layer.

The study of the improvements brought by the LDS layer
on the GaInP solar cell, as a function of the number of dyes
added, has shown that better results are achieved for the
samples S1 and S2 (violet, violet, and yellow) with gains in
short-circuit current density of 6.63% and 4.86%, respec-
tively, whereas the addition of the third dye contributes only
with 1.64% in the total increase.This is due to the fact that the
QEofGaInP is poor in the absorption and emission spectrum
of the two samples S1 and S2; hence, there is more photon
transfer from UV and blue regions, where the collection
probability of these photons is lower to the visible region,
where the probability of collection is higher. Furthermore,
when we add the third dye (orange 240) to S2, it induces
absorption and reemission of photons in the regionwhere the
QE of the cell is already high (QE above 80%). So, there is less
contribution in the collected current of the GaInP solar cell.

The simulated J-V characteristics of the GaInP structure
with and without our specific downshift (PMMA doped with
S3) are shown in Figure 6 where we observe an important
increase in the short circuit current density and the cell’s con-
version efficiency. The gains in short-circuit current density
and the conversion efficiency are summarized in Table 4.

4. Conclusion

We proved, in this work, that the performances of the
GaInP top monolithic solar cell are improved by introducing
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Figure 6: Simulation results of GaInP solar cell characteristics with
and without LDS PMMA layer.

luminescence downshifting (LDS) layers. These perfor-
mances have been simulated as a function of the mixture of
the organic dyes (Violet 570, Yellow 083, and Orange 240).
The simulation results have shown that, under the AM1.5G
illumination spectrum, increases in the short-circuit current
density and in the conversion efficiency of 13.13% and 13.48%
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are, respectively, achieved by using an LDS layer doped by a
mixture of the three dyes (Violet 570, Yellow 083, and Orange
240).

The two organic dyes Violet 570 and Yellow 083 have a
great contribution in augmenting the efficiency of the solar
cell compared to the Orange 240 dye; hence, they are more
suited for GaInP solar cells with an LDS layer.

The use of an LDS layer allowed an increase in the
efficiency of the GaInP top cell to values above 20%. Finally,
in order to improve the solar cell performances, we plan in
future works to study the behavior of the tandem solar cell
with several dyes concentrations and obtain the optimum
concentration corresponding to this structure.
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Here we report the influences of the sheet resistance (𝑅sheet) of a hole-collecting electrode (indium tin oxide, ITO) and the
conductivity of a hole-collecting buffer layer (poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS) on the device
performance of flexible plastic organic photovoltaic (OPV) devices. The series resistance (𝑅

𝑆
) of OPV devices steeply increases

with increasing 𝑅sheet of the ITO electrode, which leads to a significant decrease of short-circuit current density (𝐽SC) and fill factor
(FF) and power conversion efficiency, while the open-circuit voltage (𝑉OC) was almost constant. By applying high-conductivity
PEDOT:PSS, the efficiency of OPV devices with high 𝑅sheet values of 160Ω/◻ and 510Ω/◻ is greatly improved, by a factor of 3.5 and
6.5, respectively. These results indicate that the conductivities of ITO and PEDOT:PSS will become more important to consider for
manufacturing large-area flexible plastic OPV modules.

1. Introduction

Organic photovoltaic (OPV) devices have attracted consid-
erable attention as a promising solution for next-generation
solar energy conversion, due to their potential to realize
low-cost, flexible, large-area, and simple solution processed
photovoltaics [1, 2]. The power conversion efficiency (PCE)
of OPVs has been greatly improved by introducing donor-
acceptor bulk hetero junction (BHJ) structures, with a PCE
of about 5% being achieved for a single junction cell based
on blend systems of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-C

61
-butyric acid methyl ester (PCBM) [3–5].

There is still further potential to increase the PCE to above
10% by using low band gap materials and/or tandem cell
structures [1, 6, 7]. To date, however, most studies have
focused on performance improvement based on an indium-
tin-oxide- (ITO-) coated rigid glass substrate so that the
advantages of organic-based photovoltaic devices have not
been fully exploited. A plastic substrate with an ITO electrode
is considered the best candidate to achieve a fully flexible

OPV [8]. To increase the transparency and conductivity of
an ITO thin film, it is necessary to heat the substrate at
200∼300∘C to enhance the ITO crystallization as well as to
facilitate diffusion and substitution of tin ions during the ITO
deposition process.With a plastic substrate, however, heating
beyond that temperature is difficult due to its poor thermal
stability, and thus the conductivity of ITO becomes lower
than that of glass-based substrates. Probable limiting factor
of the PCE for flexible plastic substrate-based OPVs relative
to OPVs based on glass substrates are the low conductivity
of the ITO electrode and the temperature limitation of the
postthermal annealing process of the photoactive layer due
to the weak thermal properties of plastic substrates.

Kang et al. reported that reducing 𝑅sheet of the ITO
electrode led to enhanced device performance by decreasing
the 𝑅
𝑆
value of OPV devices [9].Therefore, it is imperative to

mitigate the high 𝑅sheet (or bulk resistance) problem of ITO
electrodes in flexible plastic substrate-based OPVs and/or
large-area OPV module products. In case of using the same
photoactive material and cathode electrode, the conductivity
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of the hole-collecting buffer layer (HCBL) is another factor
related to the 𝑅

𝑆
of OPV devices. The most commonly used

HCBL material for OPVs is PEDOT:PSS, which plays an
important role in organic electronics such as controlling
the hole transport conditions, reducing surface roughness of
the substrate, and converting nonohmic contacts into ohmic
states. Representative commercially available PEDOT:PSS
include CLEVIOS P VP AI 4083 (AI4083) and CLEVIOS
PH 500 (PH500), with conductivity of 10−3 S cm−1 and
10∼50 S cm−1, respectively [10, 11]. It is well known that a
highly conductive PEDOT:PSS would be helpful to enhance
PCE by providing fast charge transfer with small resistance
as well as improved surface or interface properties. Ko et al.
[12] andHu et al. reported that improved device performance
could be attributed to the reduction of the resistance of
PEDOT:PSS by doping organic solvents [13]. Xiao et al. [14]
and Sun et al. suggested that enhanced performance can
also be achieved through an increase of light absorption
in the active layer by improving light scattering and by
obtaining high surface area with solvent-treated PEDOT:PSS
[15]. Lastly, improvement of interfacial properties and align-
ment of surface free energy between PEDOT:PSS and the
active layer could be another factor to facilitate greater
device performance [16–18]. However, the aforementioned
experiments weremostly performed on glass-based low𝑅sheet
ITO electrodes (∼10Ω/◻). Therefore, the influence of the
PEDOT:PSS conductivity on the performance of OPVs with
a high 𝑅sheet ITO electrode warrants further study for under-
standing delicate changes in final solar module performances
when flexible plastic OPV devices are commercialized.

In this work, we investigated the effect of 𝑅sheet of ITO
electrode on the performance of OPV devices and also
assessed whether the high 𝑅sheet of an ITO electrode on
a flexible substrate could be compensated by using high-
conductivity PEDOT:PSS in the normal configuration of flex-
ible substrate/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al. Our
results show that the conductivity of ITO and PEDOT:PSS
strongly affects devices parameters including short-circuit
current density (𝐽SC), fill factor (FF), and PCE through their
influence on the device 𝑅

𝑆
.

2. Experimental

2.1. Materials and Device Fabrication. To investigate the
influence of ITO and PEDOT:PSS conductivity on the
device efficiency, we fabricated a total of 8 devices using
four types of substrates, glass/ITO (6Ω/◻, from SUNIC
System Ltd., Republic of Korea), poly(ethylene naphthalate)
(PEN)/ITO (21Ω/◻, from Peccell Co., Japan), poly(ether
sulfone) (PES)/ITO (160Ω/◻, from I-component Co., Repub-
lic of Korea), and poly(ethylene terephthalate) (PET)/ITO
(510Ω/◻, fromToray Industries Inc., Japan), with two types of
PEDOT:PSS buffer layers, AI4083 and PH500 (modified with
5% DMSO in our laboratory), from Heraeus Precious Metals
GmbH & Co. KG.

TheOPVdevices were fabricated as follows: the patterned
ITO substrates were sequentially cleaned by ultrasonic treat-
ment in methanol, de-ionized water, and isopropyl alcohol

and dried in a vacuum oven. After being treated with UV-O
3

for 15min, PEDOT:PSS was immediately spin-coated on the
ITO substrate.The coated PEDOT:PSS films were baked on a
hot plate for 15min at 120∘C to give a thickness of 30 nm and
transferred to a glove box filled with N

2
gas for the remaining

fabrication steps. P3HT and PCBM with weight ratios of
1 : 0.9 were dissolved in chlorobenzene, followed by stirring
for 24 h at 50∘C. An active layer consisting of P3HT:PCBM
blends was spin-cast on top of the PEDOT:PSS layer and
dried on a hot plate for 40min at 50∘C to give a thickness
of 120 nm. A top electrode consisting of a LiF (1 nm) layer
and a subsequentAl (100 nm) layerwere deposited by thermal
evaporation under a vacuum of ∼10−7 Torr. The deposited Al
electrode defines an active area of the device as 0.09 cm2.
The prepared devices were directly annealed on a hot plate
for 15min at 120∘C. Although the device annealing process is
generally performed at 140∘C∼150∘C for glass-based OPVs in
order to develop well-ordered active layer morphology and
enhance the device efficiency, we conducted the annealing
process for all devices including a glass/ITO reference at
120∘Cbecause of device failure of our plastic/ITO-basedOPV
devices annealed at temperature over 130∘C.

2.2. Measurements. The conductivity of the ITO electrode
was measured in a unit of Ω/◻ (𝑅sheet) by the 4-point
probe method (CMT-series, Advanced Instrument Technol-
ogy) [19], and the transmittance was measured with a UV-
Vis spectrometer (Lambda 750, PerkinElmer). Photocurrent
density-voltage (J-V) measurements were performed with a
Keithley model 2400 Source Meter and a Newport 91192
solar simulator system (equipped with a 1 KW xenon arc
lamp, Oriel). Light intensity was adjusted to simulated AM1.5
radiation at 100mW/cm2 with a Radiant Power EnergyMeter
(model 70260, Oriel). The 𝑅

𝑆
value of OPV was calculated

from the inverse slope of the J-V curve at high cell voltages
(𝐽 = 0). All measurements were carried out under ambient
conditions at room temperature.

3. Results and Discussion

To compare the performance of OPVs according to the
conductivity of the ITO electrode and the PEDOT:PSS buffer
layer, we fabricated several identically structured devices,
but with different substrates of glass/ITO (6Ω/◻), PEN/ITO
(21Ω/◻), PES/ITO (160Ω/◻), and PET/ITO (510Ω/◻) and
also with different PEDOT:PSS of AI4083, PH500, as shown
in Figure 1 (note the chemical structures of plastic substrates
just below the device structures in Figure 1(b)). The conduc-
tivities of two different PEDOT:PSS samples are also given
in this figure. As shown in Figure 1(c), the OPV devices
fabricated with the plastic substrates were bendable and
flexible even in small sizes compared to that fabricated with
glass substrate.

The optical transmittance spectra of ITO-coated glass
and three different ITO-coated plastic substrates are given
in Figure 2. The transmittance at the wavelength between
450 nm and 550 nm was slightly lower for the plastic sub-
strates than the glass substrate, whereas it was reversed
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Figure 1: (a) Chemical structure of materials used in this work, (b) device structures with four different ITO substrates (glass and flexible
plastics) and two different buffer layers (AI4083 and PH500) (note the chemical structures of plastic substrates), and (c) photographs of OPV
devices fabricated using glass (left) and flexible plastic (right) substrates.

between 550 nm and 650 nm for the PEN and PET substrates
(note that the P3HT absorption ends at around 650 nm).
Interestingly, the PES substrate exhibited a sensitive transmit-
tance response with the wavelength, which is different from
other substrates.

The current density-voltage (J-V) characteristics of OPV
devices under illumination of the simulated solar light
(AM1.5, 100mW/cm2) are shown in Figure 3. All devices
show similar open-circuit voltage (𝑉OC) of about 0.6V,
suggesting good contact between the active layer and the
buffer layers. For the devices using AI4083, their 𝐽SC, FF, and
PCE are, however, significantly decreased, from 6.2mA/cm2,
0.605, and 2.3% in the glass/ITO device to 0.5mA/cm2, 0.139,
and 0.04% in the PET/ITO device, respectively. We note that
the relatively lowPCEof 2.3% in the glass/ITOdevicewas due
to the low postannealing temperature at 120∘C after device
fabrication, as mentioned in the Experimental section (our
normal device has a PCE of over 3% after postannealing
treatment at 140∼150∘C, as reported previously [20, 21]).

Based on the J-V characteristics, we tried to analyze the
main factor to decrease the PCE with increasing substrate
𝑅sheet. The efficiency of an OPV is typically influenced by the
following relation [22]:

𝜂 = 𝜂
𝑎
× 𝜂
𝑔
× 𝜂diff × 𝜂dis × 𝜂tr × 𝜂𝑐, (1)

where 𝜂
𝑎
is the photon absorption efficiency, 𝜂

𝑔
is the

generation efficiency of excitons, 𝜂diff is the exciton diffusion
efficiency, 𝜂dis is the efficiency of hole-electron separation
(exciton dissociation), 𝜂tr is the efficiency of carrier transport
in the active layer towards the electrodes, and 𝜂

𝑐
is the

charge collection efficiency at the respective electrodes. We
can assume that each device has equal capacity of 𝜂

𝑔
, 𝜂diff,

𝜂dis, and 𝜂tr, because their device structure including active
(P3HT:PCBM) and buffer (AI4083) layers is exactly the same.
𝜂
𝑎
and 𝜂

𝑐
then remain as responsible factors. From Figure 1,

the average optical transmittance of the ITO substrates at the
wavelength of 400–700 nm is above 70%. The difference in
transmittance among the ITO substrates, which is directly
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Figure 2: Optical transmittance of four different ITO substrates
used in this work. The sheet resistance of each substrate is given in
the legend.

related to 𝜂
𝑎
, is within 20%, while their 𝑅sheet difference

is almost two orders. Thus, the decreasing photovoltaic
performance with increasing 𝑅sheet of the substrate is not
significantly related to the transmittance of the base substrate,
but rather to the high 𝑅sheet of the ITO electrode. This
reflects that themain factor of limitation is the hole collection
efficiency at the hole-collecting electrode (𝜂

𝑐
), not the light

absorption difference (𝜂
𝑎
). Hence we tried to correlate the

device performances with the conductivity of each substrate
which can represent the hole collection efficiency in Figure 4.

Figure 4 presents the𝑉OC, 𝐽SC, FF, PCE, and𝑅𝑆 changes as
a function of𝑅sheet (ITO) of the substrates under illumination
of AM1.5, which clearly shows the relations between these
parameters. The 𝑉OC is almost independent of 𝑅sheet of ITO,
as mentioned before. However, the 𝐽SC and FF values grad-
ually decreased with increasing 𝑅sheet of the ITO, resulting
in a decrease of the PCE. Moreover, the decreasing trend in
𝐽SC, FF, and PCE is closely connected with the increase of
𝑅
𝑆
of the devices. The hole collection efficiency at the anode

(𝜂
𝑐
) is usually affected by 𝑅

𝑆
, which is also the dominant

parameter determining the FF by altering the slope of the J-
V curve near the 𝑉OC and is a key factor for high-efficiency
solar cells [22–25]. 𝑅

𝑆
represents the total resistance of the

cell and depends on the resistivity of the organic material(s),
the metal electrodes, and the metal/organic interface [24].
As all devices were fabricated with the same structure and
active materials under an identical process, it is reasonable
to assume that the resistances of PEDOT:PSS, P3HT:PCBM,
and LiF/Al remained constant among devices. Therefore, 𝑅

𝑆

is mainly changed with 𝑅sheet of the ITO anode in our case.
Xue et al. reported that the contribution of 𝑅sheet of the
ITO electrode to the 𝑅

𝑆
of an OPV is more critical in the

fabrication of the OPV for a large area of more than 0.01 cm2
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Figure 3: Current density-voltage (J-V) characteristics of OPV
devices fabricated using four different ITO substrates and hole-
collecting buffer layers (PEDOT:PSS: (a) AI4083 and (b) PH500).
All measurements were performed under illumination of simulated
solar light (AM1.5, 100mW/cm2).

[26]. Several other reports have described the effect of 𝑅sheet
on the 𝑅

𝑆
and the cell design rule to minimize the 𝑅

𝑆
in large

area devices [27–31].
As additional indirect evidence for poor hole extraction

(collection) due to the high-resistivity ITO, we can see a kink
(or S-curve) characteristic in devices with high 𝑅

𝑆
such as

PET/ITO/AI4083 and PES/ITO/AI4083. This kink causes a
negative curvature that can substantially reduce the FF, and
therefore the solar cell performance. The kink of the J-V
curve under illumination was due to several reasons, such
as large interfacial energy gaps at the electrode-active layer



International Journal of Photoenergy 5

0 100 200 300 400 500
0.2

0.3

0.4

0.5

0.6

0.7

Rsheet (Ω/□)

0

2

4

6

8

10

VOC AI4083
VOC PH500

JSC AI4083
JSC PH500

V
O

C
(V

)

J S
C

(m
A

/c
m

2
)

(a)

0 100 200 300 400 500

0.0

0.2

0.4

0.6

FF AI4083
FF PH500

PCE AI4083
PCE PH500

FF

PC
E 

(%
)

Rsheet (Ω/□)

0

1

2

3

4

(b)

0 50 100 150 450 500
0

100

200

600

700

R
S

(Ω
cm

2
)

Rsheet (Ω/□)

RS AI4083
RS PH500

(c)

Figure 4: (a) Open-circuit voltage (𝑉OC) and short-circuit current density (𝐽SC), (b) FF and PCE, and (c) series resistance (𝑅
𝑆
) as a function

of the sheet resistance (𝑅sheet) of the ITO electrode on the substrates.

interface, unbalanced mobility between holes and electrons
[32, 33], nonuniform contact or incomplete coverage of the
metal over the active layer [34, 35], slow charge transfer at
one of the electrical contacts of the active layer [36], strong
interfacial dipoles, defects, and traps that can create barriers
for charge extraction [37], and defect-induced nonefficient
extraction of charge leading to buildup of a counter field
[38, 39].These can be summarized that the kink characteristic
is caused by a counterfield created by accumulated space
charges fromunbalanced charge carrier extraction. In devices
incorporating our high-resistivity ITO substrate, we may
reasonably suppose that separated holes undergo restricted
extraction at the anode and show a kink J-V curve.

Next, we checked whether these losses that originate
from the high 𝑅sheet ITO can be reduced by using a high-
conductivity buffer layer. The conductivity of PEDOT:PSS

can be increased by up to two or three orders of magnitude
by adding high-boiling point and/or polar compounds such
as diethylene glycol (DEG), ethylene glycol (EG), dimethyl-
sulfoxide (DMSO), sorbitol, and glycerol, due to the phase
separation of each PEDOT-rich region and PSS-rich region,
as reported in previous works [40–42]. We used PH500
doped with 5% DMSO (in this report, we call it PH500) to
improve the conductivity up to 500Ω/◻. From Figures 3 and
4, the 𝐽SC, FF, and PCEwere greatly improved by using a high-
conductivity PH500 buffer layer. Typically, the effect of high-
conductivity PH500 is more pronounced with the high 𝑅sheet
of the ITO electrode. As a result, PCE and𝑅

𝑆
are, respectively,

improved by a factor of 3.5 and 1.29 for PES/ITO and 6.5 and
4.25 for PET/ITO (see Table 1). This indicates that the poor
conductivity of the ITO electrode can be partly compensated
by a high-conductivity buffer layer via the reduction of 𝑅

𝑆
.
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Table 1: Summary of device parameters for organic photovoltaic devices with four different ITO substrates (glass and flexible plastics) and
two different buffer layers (AI4083 and PH500).

Substrate PEDOT : PSS 𝑉OC (V) 𝐽SC (mA/cm2) FF PCE (%) 𝑅
𝑆
(Ω cm2)a

Glass/ITO AI4083
PH500

0.61
0.61 (1.00)b 6.20

6.50 (1.05)b 0.605
0.609 (1.01)b 2.30

2.43 (1.06)b 9.0
8.1 (1.11)b

PEN/ITO AI4083
PH500

0.60
0.60 (1.00)b 3.68

6.44 (1.75)b 0.464
0.440 (0.95)b 1.02

1.69 (1.66)b 12.0
10.1 (1.19)b

PES/ITO AI4083
PH500

0.61
0.60 (0.98)b 2.07

4.06 (1.96)b 0.159
0.289 (1.82)b 0.20

0.70 (3.50)b 159.7
123.9 (1.29)b

PET/ITO AI4083
PH500

0.58
0.60 (1.03)b 0.50

2.23 (4.46)b 0.139
0.193 (1.39)b 0.04

0.26 (6.50)b 708.8
166.8 (4.25)b

Glass/PH500 (ITO-free) 0.61 3.98 0.364 0.88 90.5
a
𝑅𝑆 is calculated from the inverse slope of 𝐽-𝑉 curve at high cell voltages (𝐽 = 0). bThe numbers in parentheses denote the ratio of PH500 to AI4083 (for𝑉OC,
𝐽SC, FF, and PCE) or the ratio of AI4083 to PH500 (for 𝑅𝑆).
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Figure 5: J-V characteristics of the ITO-free OPV device (glass/
PEDOT:PSS(PH500)/P3HT:PCBM/LiF/Al), the PET/ITO-based
flexible plastic device (PET/ITO/PEDOT:PSS(PH500)/P3HT:
PCBM/ LiF/Al), and the PES/ITO-based flexible plastic device
(PES/ITO/PEDOT:PSS(PH500)/P3HT:PCBM/LiF/Al).

Finally, we can suppose that an ITO electrode with
similar or higher resistance than the buffer layer is not as
helpful as an ITO-free case to extract hole carriers, because
interfacial resistance at inorganic ITO/organic PEDOT:PSS
inevitably arises. From this assumption, we fabricated an
ITO-free device using PH500 (spin-coating at 2500 rpm,
30 nm, 500Ω/◻) as an anode.

Figure 5 and Table 1 show that the ITO-free device has
not only equivalent or higher 𝐽SC but also a high FF with
an improved kink curve compared with devices made on
PET/ITO or PES/ITO. This indicates that the interface prop-
erty between ITO and PEDOT:PSS is also another important
consideration when developing high-efficiency large-area
OPVs, as discussed in many reports [16, 17, 24].

4. Conclusions

Eight different OPV devices using four different types of ITO
substrates have been fabricated to investigate the influence
of the hole-collecting electrode (ITO) and buffer layers
(PEDOT:PSS). The optical transmittance of flexible plastic
substrates was slightly lower than that of the glass substrate.
The J-V curve shape became worse as the ITO conductivity of
substrates increased irrespective of the kind of PEDOT:PSS,
indicating significant effect of the 𝑅sheet of the ITO electrode
in different substrates on the performance of OPV devices.
However, the high-conductivity buffer layer (PH500) resulted
in better device performances than the low-conductivity
buffer layer (AI4083), which supports that the conductivity of
hole-collecting buffer layer can compensate for the increase
of 𝑅
𝑆
in OPV devices with a high 𝑅sheet ITO electrode. The

present result showed that the high conductivities of hole-
collecting electrode (ITO) and buffer layer (PEDOT:PSS) are
together beneficial to realize an efficient OPV devices by
increasing the FF as well as the 𝐽SC through reduction of
the 𝑅
𝑆
of devices. Therefore, new transparent electrode and

buffer layer materials with high conductivity should be key
technological components for successful commercialization
of OPV modules.
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The GaAs solar cells are grown by low-pressure metalorganic chemical vapor deposition (LP-MOCVD) and fabricated by
photolithography, metal evaporation, annealing, and wet chemical etch processes. Anodized aluminum oxide (AAO) masks are
prepared from an aluminum foil by a two-step anodization method. Inductively coupled plasma dry etching is used to etch and
define the nanoarray structures on top of an InGaP window layer of the GaAs solar cells.The inverted-cone-shaped nanoholes with
a surface diameter of about 50 nm are formed on the top surface of the solar cells after the AAO mask removal. Photovoltaic and
optical characteristics of the GaAs solar cells with and without the nanohole arrays are investigated. The reflectance of the AAO
nanopatterned samples is lower than that of the planar GaAs solar cell in the measured range. The short-circuit current density
increased up to 11.63% and the conversion efficiency improved from 10.53 to 11.57% under 1-sun AM 1.5G conditions by using the
nanohole arrays. Dependence of the efficiency enhancement on the etching depth of the nanohole arrays is also investigated.These
results show that the nanohole arrays fabricated with an AAO technique may be employed to improve the light absorption and, in
turn, the conversion efficiency of the GaAs solar cell.

1. Introduction

GaAs is commonly used to fabricate the high conversion
efficiency III-V solar cell based on multijunction tandem
structure. An InGaP layer is utilized as a window layer on
top of the GaAs emitter in a GaAs-based solar cell. Because
of refractive index difference between InGaP and air, more
than 30% of the incident light can be reflected from the
surface of the solar cells [1]. It is therefore necessary to use
an antireflection coating layer for improving the conversion
efficiency. An antireflection coating using multilayers with
different refractive index materials such as MgF

2
, ZnS, ZnO,

SiO
2
, SiN
𝑥
, and TiO

𝑥
is usually used for the conventional

solar cells [2–4]. However, this layer can invoke unexpected
problems such as adhesion and thermal mismatch when the
solar cell operates under the strong-irradiation condition.
To overcome these drawbacks, surface texturing techniques

have been successfully introduced [1, 5–7]. By patterning
the window surface layer, one can significantly reduce
the reflection of the incident light through the enhanced
absorption from the textured structures. Nanopatterning
structures using metal nanoparticles or photonic crystal have
attracted much attention because they can improve the light
absorption due to the plasmonic and spontaneous effects
[8, 9]. Several groups reported on using two-dimensional
photonic crystals to improve conversion efficiency of Si or Ge
solar cells [10, 11]. However, using expensive nanopatterning
technique such as electron-beam lithography increases device
cost significantly. Therefore, nonlithographic approach using
nanoporous anodic aluminum oxide (AAO) template has
attracted a lot of attention as a key nanofabrication method
due to its simple and low-cost process [12]. Moreover, with
the AAO mask, we can fabricate the nanohole arrays with
a small diameter (below 100 nm) that is difficult to make by
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the conventional lithographymethods. It is worth noting that
by using such a small opening mask, we can fabricate the
nanoholes with an inverted cone shape that is close to the
optimized form for the light-management architectures to
achieve the high-efficiency solar cells [13].

In this study, we report on the improvement of the
GaAs solar cells with the nanohole arrays on the InGaP
window layer. The AAOmasks with an opening size of about
50 nm are prepared using a two-step anodization process.
The inverted-cone-shaped (ICS) nanoholes with different
depths are formed on the surface of the solar cell after
inductively coupled-plasma reactive-ion-etching (ICP-RIE)
processes. The conversion efficiency improved from 10.53
to 11.57% under 1-sun AM 1.5G conditions by using the
nanohole arrays.

2. Experiment Details

The GaAs single-junction solar cell structures, as shown in
Figure 1, are grown in a metalorganic chemical vapor depo-
sition (MOCVD) system on n-type GaAs (100) substrates.
Trimethylgallium (TMGa) and trimethylindium (TMIn) are
used as group III precursors, while arsine (AsH

3
) and phos-

phine (PH
3
) are used as As and P sources, respectively. Silane

(SiH
4
) and diethylzinc (DEZn) are used as n- and p-doping

sources, respectively. Ultra-high purity hydrogen gas (H
2
) is

used as a carrier gas. The reactor pressure and temperature
are kept at 50mbar and 680∘C, respectively. Device structures
from the substrate to the top consist of a 0.2 𝜇m thick GaAs
buffer layer for high crystal quality, a 0.05𝜇m thick highly
doped In

0.5
Ga
0.5
P back surface field (BSF) layer, a 3.5𝜇m

thick GaAs base layer, a 0.5 𝜇m thick GaAs emitter layer, a
0.2 𝜇m thick highly doped In

0.5
Ga
0.5
P window layer, and a

0.3 𝜇m thick GaAs cap layer for ohmic contact.
The solar cell devices with the aperture area of 0.25 cm2

are made using conventional fabrication processes. Metal
contacts are defined by a UV photolithography technique.
AuGe/Ni/Au and Ti/Pt/Au layers are deposited by an e-
beam evaporator for the n- and p-type ohmic contacts,
respectively.The samples then are annealed in an RTA station
at 385∘C for 30 s. The InGaP window layer is exposed by
selectively etching p+-GaAs cap layer in an acid solution
(CA :H

2
O
2
: H
2
O = 25 : 1 : 75).

Nanohole arrays are patterned on the surface of the
solar cell by an ICP-RIE etching using the AAO mask. The
AAO masks are prepared by a typical two-step anodization
process using a grain-free aluminum foil (99.99%, 100 𝜇m
in thickness, Tokai). The aluminum foil is electropolished
in a 1 : 4 solution of perchloric acid and ethanol. After the
first anodization in the 0.3M oxalic acid at 40V for 8 h, the
anodized oxide layer on the Al foil is removed in a mixture of
H
3
PO
4
and CrO

3
. The sample is then exposed for the second

anodization step resulting in a thin alumina film of 500–
600 nm on top of the Al foil by controlling the anodization
duration. A saturated HgCl

2
solution is used to remove the

Al film at the bottom, leaving a thick anodized alumina
layer. The removal of the barrier layer and hole widening
are conducted in a 5wt % H

3
PO
4
solution. The AAO masks
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Ohmic p-GaAs

p-GaAs
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Emitter
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Figure 1: Schematic structure of the fabricatedGaAs single-junction
solar cells.

are designed with a hole size of about 40 nm and a distance
between holes of about 100 nm in a quasihexagonal geometry
[14]. The AAO mask is placed on top of the GaAs solar cell
structure. ICP-RIE etching is then applied to transfer the
nanopattern from the AAO mask to the window layer of the
solar cell. The etching process uses a mixture of BCl

3
and Cl

2

with the flows of 5 and 30 sccm, respectively, under an ICP
source power of 200W and an RF bias power of 50W at a
chamber pressure of 10mTorr. The depths of the nanohole
arrays are controlled by etching time that is varied from 10
to 60 s. The nanohole arrays are finally formed on top of the
GaAs solar cell after removing the AAOmasks. A GaAs solar
cell without the nanohole pattern is used as a reference for
the solar cell performance investigation. The morphologies
of the GaAs solar cell with the nanohole arrays are studied
by a field emission scanning electron microscopy (FE-SEM).
To study the loss of the incident light, we carried out
reflectance measurements at room temperature with a UV-
Vis-NIR Cary 5000 Spectrometer from 300 to 900 nm. The
photovoltaic current density-voltage (J-V) characteristics of
the GaAs solar cells are evaluated by a solar simulator under
1-sun air mass (AM) 1.5 G-conditions at room temperature.
The photocurrent response of the fabricated cells is also
investigated with a quantum efficiency measurement system
at room temperature.

3. Results and Discussions

Figure 2 shows the SEM images of the nanohole arrays on
the solar cells. After a 40 s ICP/RIE etching and removal of
the AAOmask, the nanohole arrays have the quasihexagonal
symmetry with a mean diameter and depth of about 50 and
64 nm, respectively. The holes that formed on top of the
solar cells are slightly larger than those of the AAO masks
because the AAOmasksmay be etched out during the plasma
etching process and/or the surfaces of solar cells in contact
with the AAO masks are not completely smooth [12]. It is
worth to note that the nanohole arrays retain an ICS form
as can be observed clearly in the inset of Figure 2(b). The
ICS nanoholes can be formed after a short-time dry etching
process using masks with a small opening [15]. The depths of
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50nm

(a)

(b)

Figure 2: (a) Top- and (b) tilt-view FE-SEM images of the nanohole
arrays formed on the InGaP window layer after ICP etching. The
nanoholes have inverted-cone-shaped form with a top diameter of
about 50 nm and a depth of about 64 nm after 40 s etching.The inset
in (b) shows amagnification of the inverted-cone-shapednanoholes.

the nanohole arrays are measured to be about 16, 48, 64, and
95 nm for 10, 30, 40, and 60 s etching times, respectively.

Figure 3(a) shows the reflectance spectra at the surface of
the fabricated solar cell with andwithout the nanohole arrays.
It can be seen that all nanopatterned surfaces have lower
reflectances compared to the planar surface in the measured
wavelength regions. In addition, the reflectance is reduced
with the increase of the hole depth. The reduction of the
reflectance at the nanopatterned surfaces may originate from
the two possible mechanisms. The first one is based on the
redistribution of the incident light. When the incident light
comes to the solar cell surface with the nanohole arrays,
it can be scattered by the subwavelength holes and will be
redistributed. This redistribution results in a reduction of
the reflectance at the textured surface [16, 17]. The second
mechanism is based on the Fresnel reflection suppression
[17], that is, a gradual change in the refractive index along the
surface with the ICS nanoholes. The ICS nanohole structure
may result in a Fresnel reflection suppression when the
incident light comes to the solar cell surfaces. Figure 3(b)
shows the calculated effective refractive indices near the
surfaces of the solar cells with and without the ICS nanohole
arrays at a wavelength of 600 nm [18]. In the non-patterned
solar cell with a planar InGaP window layer, the refractive
index changes sharply from air (𝑛air = 1) to InGaP (𝑛InGaP =
3.62) at 600 nm. When the ICS nanoholes are fabricated

on the InGaP window layer, the refractive index changes
gradually because the hole diameter reduces continuously
from the top to the bottom. Because the reflection from an
interface between two materials with refractive indices of 𝑛

1

and 𝑛
2
is proportional to (𝑛

1
− 𝑛
2
)
1/2 [19], the refractive index

gradient exhibited by the nanohole arrays leads to a lower
reflection over a wavelength range of interest.

Figure 4 shows the external quantum efficiency (EQE) of
the GaAs solar cells with and without the nanohole arrays at
different wavelengths. It reveals that the EQE of the nanohole
patterned solar cell is enhanced in the longwavelength region
near the bandgap energy of GaAs (700–900 nm), while this
value is slightly reduced in the short wavelength region
compared to that of the planar surface solar cell. In the
long wavelength region, the photocurrent can be further
increased as the nanohole array depths increase. This may be
attributed to a better light trapping with the deeper nanohole
arrays. In the short wavelength region, the loss of high energy
photons by thermalization and surface recombination due
to the increased surface states of the InGaP window layer
is more dominant than the efficiency gain by light trapping
effect [13, 20]. However, this reduction is small compared
to the enhancement of EQE at the long wavelength region
in the solar cells with the nanohole arrays. As a result, the
total conversion efficiency of the solar cell with the deeper
nanohole arrays shows a higher value compared to that of the
planar or shallow patterned solar cell, as shown in Figure 5.

Figure 5 shows the J-V characteristics of the GaAs single-
junction solar cell with and without the nanohole arrays. The
corresponding parameters are summarized in Table 1. It can
be seen that the photovoltaic characteristics vary with the
depth of the nanohole arrays. Especially, the short-circuit
current density (𝐽sc) changes a lot compared to the other
parameters due to the lower reflection. 𝐽sc is increased up to
7.2, 10.4, 11.6, and 12.9% when the depths of the nanohole
arrays on the surface of the GaAs solar cell are 16, 48,
64, and 95 nm, respectively. However, it is found that fill
factor (FF) and open-circuit voltage (𝑉oc) are degraded when
the nanohole depth increases. This may be attributed to
the plasma-induced damage during the anisotropic etching
process [21]. The damage is a complex function of many
plasma characteristics such as the plasma energy, chem-
istry of plasma gas, pressure, and temperature. The plasma-
induced surface states can cause a significant increase of
carrier recombination at the etched surfaces and a decrease
of the carrier life time, in turn, resulting in the reduction
of the photocurrent. Taking into account the competition
between the reduction of reflectance and the plasma damages
by the deep nanohole arrays, we found that about 64 nm
hole depth is the optimized value for the improvement of
conversion efficiency in the studied system. The conversion
efficiency improved from 10.53 to 11.57% under 1-sun AM
1.5G conditions by using 64 nm deep hole arrays.

4. Conclusion

In summary, the ICS nanohole arrays with the depths of
16, 48, 64, and 95 nm have been fabricated on the InGaP
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Figure 3: (a) Reflectance spectra at the surfaces of the solar cells with and without nanohole arrays and (b) calculated effective refractive
index at 𝜆 = 600 nm near the surface of the solar cells with and without inverted-cone-shaped nanoholes.
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arrays.

window layer of the GaAs single-junction solar cells using
the AAO masks. Characteristics of the solar cells with
and without the nanohole arrays have been investigated by
the reflectance, external quantum efficiency, and current
density-voltage curve measurements. The solar cells with the
nanohole arrays show a lower surface reflectance compared
to the unpatterned planar sample. The surface reflection is
reducedwith the increase of the nanohole depth.The external
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Figure 5: J-V curves of the GaAs solar cells with and without the
nanohole arrays.

quantum efficiency of the solar cell with the nanohole arrays
is improved at the wavelength region near the GaAs bandgap
energy due to the enhanced light absorption. The current
density-voltage characteristics of the solar cells show that the
conversion efficiency can be increased from 10.53 to 11.57%
under the AM 1.5G conditions by using the 64 nm deep ICS
nanohole arrays.
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Table 1: Current density-voltage characteristics of the GaAs single-
junction solar cells with various depths of the nano-hole arrays.

Sample 𝑉oc (V) 𝐽sc (mA/cm2) FF (%) Eff. (%)
Planar surface 0.994 13.622 77.81 10.53
16 nm depth 0.996 14.605 76.55 11.14
48 nm depth 0.995 15.044 75.87 11.36
64 nm depth 1.009 15.206 75.39 11.57
95 nm depth 0.973 15.373 72.52 10.85
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Device simulation is used to investigate the current-voltage efficiency performance in CdTe/CdS photovoltaic solar cell. The role
of several limiting factors such as back contact Schottky barrier and its relationship to the doping density and layer thickness is
examined. The role of surface recombination velocity at back contact interface and extended CdTe layer is included. The base
CdS/CdTe experimental device used in this study shows an efficiency of 16-17%. Simulation analysis is used to optimize the
experimental base device under AM1.5 solar spectrum. Results obtained indicate that higher performance efficiency may be
achieved by adding and optimizing an extended CdTe electron reflector layer at the back Schottky contact. In the optimization
of the CdS/CdTe cell an extended electron reflector region with a barrier height of 0.1 eV and a doping density of 7×1018 cm−3 with
an optimum thickness of 100 nm results in best cell efficiency performance of 19.83% compared with the experimental data.

1. Introduction

Among the thin-film solar cells, the commonly used are
amorphous silicon, CuInGaSe2, and CdTe. At the present,
the amorphous silicon solar cells have the largest market
share in the world with less a fraction of one percent to
CuInGaSe2 and about a few percen to CdTe cells. The benefit
of using CdTe is for being a direct bandgap material with
high absorption (in relationship with silicon) and the ease
of device processing, can be deposited on glass in thin film
typically a few micrometers and at low temperature [1–7].

Large-area CdTe photovoltaic panels can be economically
fabricated, potentially making the CdTe thin-film solar cell
a leading alternative energy source. However, the recorded
experimental CdTe efficiency of 16.5% is much less than its
theoretical maximum efficiency of 29%, where the open-
circuit voltage of 0.845V is well below what is expected for
its bandgap of 1.42 eV [8–10].The experimental measurement
obtained by others is used as a benchmark for the optimiza-
tion of the CdS/CdTe cell and for the development of the
strategies to improve the efficiency referred to here as base
device [11].

An important issue related to the limiting performance of
the CdTe cells is the back contact. Experimental works show

that the CdTe cells at back contact form Schottky barrier thus
degrading the cell efficiency and performance [12–18]. Other
limiting factors in performance of CdTe cells are related to the
unavailability of the physical material properties which is at
incubator status when compared with the mature technology
of the silicon and silicon electronics [19–26].

Themodeling approach adopted in this paper allows us to
examine device design and the role of material parameters in
the performance and efficiency of the cell. Device simulation
is used to predict the characteristics of CdS/CdTe heterojunc-
tion solar cells by identifying material parameters essential
for improving the cell performance. Issues related to doping
concentration, surface recombination, and extended region
back contact Schottky barrier are investigated.

Themodeling work on CdTe structures is based on simu-
lation program, AFORS-HET [27–29].The software program
has been used in the development and design of several solar
cells in the past. The device modeling solves relatively large
number of nonlinear and tightly coupled partial differential
diffusion equations and uses several position-dependent
material and transport parameters that make it robust. The
device equations are solved over a set of mesh geometry. In
addition, for solar cell structures the model includes optical
absorption and a broad spectrum of light input that can be
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Table 1: Material parameters used in the simulation [10–12].

Parameter CdTe CdS ZnO (TCO)
𝐸
𝑔
(eV) 1.42 2.53 3.4

Electron Affinity (eV) 4.28 4.5 4.5
𝜇n (cm2/v⋅s) 500 340 100
𝜇p (cm2/v⋅s) 60 50 25
Relative Dielectric Constant 10.9 8.9 9
Density of state for electron (cm−3) 7.8 × 10

17
2.22 × 10

18
2.22 × 10

18

Density of state for hole (cm−3) 1.8 × 10
19

1.8 × 10
19

1.9 × 10
19

Index of Refraction 2.76 2.51 2.006
Doping Density (cm−3) 7 × 10

16–7 × 1018 p-type 1 × 10
18 n-type 1 × 10

18 n-type
ZnO/CdS Δ𝐸

𝑐
(eV) 0.0

ZnO/CdS Δ𝐸V (eV) 0.87
CdS/CdTe Δ𝐸

𝑐
(eV) 0.22

CdS/CdTe Δ𝐸V (eV) 0.89

Glass

TC
O MetalCdS 

Device region modeled

CdTe 
extended 
region 
(ER)

Schottky 
barrier 
contact

CdTe (p-type)

Figure 1: The configuration of a CdTe thin-film solar cell. A 2𝜇m
CdTe layer, a 40 nm CdS layer, and 0.5𝜇m TCO(ZnO) are assumed
for the simulation; layers are not scaled. Light is illuminated from
left.

supplied to properly simulate the characteristics of a solar cell.
In the next sections we will show in detail that the program
works well for CdTe/CdS photovoltaic devices.

2. Device Design and Analysis

The schematic of a CdTe thin-film solar cell used in the simu-
lation with TCO/CdS(n-type)/CdTe(p-type)/metal structure
is shown in Figure 1.

In this design, the carrier density of CdTe p-type layer is
7 × 10

16 cm−3 (similar to the experimental data) with heavy
doped CdS n-layer of 1 × 1018 cm−3. The CdTe is a direct
bandgap semiconductor with a large absorption coefficient.
Because of this important optical property, very thin CdTe
layers can be used for photovoltaic applications. For the
simulation, we have used a film thickness of 2 𝜇m as in
the typical CdTe solar cell manufacturing [30–35]. Table 1
shows the characteristics of ZnO-TCO layer. A 500 nm thick
TCO layer with an n-type doping density of 1 × 1018 cm−3 is
assumed. For this structure, the depletion region is formed in
CdTe absorption layer.That is, a 2𝜇mCdTe cell and a doping
density of 7 × 1016 cm−3 become fully depleted. It is desirable
to have photons absorbed in this region where light induced
carriers can be collected with the assistance of the built-in
electric field. Similarly, at a wavelength of 600 nm, a 2𝜇m
of CdTe layer will absorb more than 99% of incident light,

making CdTe a suitable candidate for absorption material for
photovoltaic applications.

Other device parameters are CdS layer with a thickness of
a 40 nm and ZnO transparent conductive oxide (TCO) layer
with a thickness of 0.5𝜇m. The TCO layer with a bandgap
energy of about 3.4 eV is used to minimize the optical loss
where at this high sun energy TCO prevents less blue light
from reaching CdTe for a thick CdS layer.

The layer ofCdTe is assumed to have an electron affinity of
4.28 eV and a bandgap of 1.42 eV. In order to create an ohmic
contact, a metal with a work function greater than or equal to
5.7 eV (the sum of electron affinity and bandgap) is required.
As a result most metal contacts applied to p-type CdTe such
as copper with work function of 4.6 eV, nickel with 5.1 eV, or
titanium with 4.3 eV create nonohmic Schottky type barrier
contact which limits the overall performance efficiency of the
CdTe cell [36, 37]. As shown in Figure 4, the incorporation of
an electron reflector (ER) at back contact is proposed by other
investigators to improve the open-circuit voltage of solar cells,
and to improve the efficiency of CdTe thin film [3, 8, 10–12].

In a heavily doped p-typemetal back contact, themajority
of hole carriers are transported by the tunneling in a thin
junction of approximately a few nanometer.The optimization
and development of the back contact is a limiting factor
addressed in this paper and crucial for achieving a high
efficiency cell.

3. Experimental Data

A device structure similar to one described in reference
[11] is considered. As shown in Figure 3, the measured
room temperature dark current-voltage characteristics of the
ZnO/CdTe/CdS cell are compared with the simulation result.
Data of Table 1 is used in the simulation analysis [10–12].
In addition, a carrier lifetime of 5 × 10−10 s is used. In this
model it is assumed that the recombination center is located
at the center of the bandgap energy resulting in modeling
the recombination of carriers with a constant lifetime. The
analysis shows that there is an extended portion of the
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Table 2: Current-voltage characteristics of a CdTe cell with different
Schottky barrier heights.

Barrier
height (eV) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Efficiency (%)

0.1 916 28.36 75.91 19.72
0.2 916 28.35 75.76 19.67
0.4 830 28.23 69.8 16.36
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Figure 2: Band diagram of TCO/CdS/CdTe cell without electron
reflector layer.

current-voltage curve (less than 0.8V) that can be modeled
with an ideality factor of about 2 where recombination in
the space charge region is dominating. In this comparison
the goal was not to obtain a best fit but rather to develop a
realistic device structure to study the effect of back Schottky
contact on the performance of the cell. Here, a structure with
the p-type CdTe doping of 7 × 1016 cm−3 and a thickness
of 2𝜇m becomes the base device for our optimization. This
device shows a maximum short-circuit current density of
about 28.4mA/cm2 whichwill be used throughout this study.

Simulation results for a base device show that by reducing
the barrier height 𝜑e from 0.4 to 0.1 eV a higher open-circuit
voltage may be obtained while the short-circuit current
remains virtually constant. These results are summarized in
Table 2. In addition a higher overall cell efficiency can be
achieved with the reduced 𝜑e. An optimized device shows
a 𝜑e of about 0.1 eV. The base device has an efficiency of
about 16.38% similar to the experimental data. Moreover, the
base device shows an efficiency of about 17.46% assuming an
ohmic contact with an infinite surface recombination velocity
of 1 × 107 cm/s (Figure 5). We chose the simulation data and
analysis mostly around a device with a barrier height of 0.3–
0.4 eV as this number is more closely related to a realistic
CdTe device structure with back Schottky contact [12, 15–
18, 31].

In the absence of an electron reflector or extended region,
the band bending of the back surface results in surface
recombination degrading the device performance (Figure 2).
The surface recombination velocity is a function not only of
the material quality and the device but also of the doping
level. The exact value of surface recombination velocity
is frequently not known but typically extracted from the
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Figure 3: Current-voltage characteristics of thin-film CdS/CdTe
cell. The measured experimental data is taken from [11].
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Figure 4: Band diagram of TCO/CdS/CdTe cell with added
electron-reflector-extended region (ER layer).
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Figure 5: The simulated photocurrent voltage for both ohmic
contact and Schottky contact with a barrier height (𝜑e) of 0.4 eV.
No extended region is used.

measured data of a given device. The back surface recom-
bination is considered a major limitation factor on a cell’s
performance in thin devices. The built-in field at the back
surface can drive the carriers away from the back surface,
thereby affecting recombination rate. In addition, the electric
field at back surface may also increase the probability for
electron-hole generation near the back contact. A higher
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Figure 6: Effect of surface recombination velocity at back contact on cell performance. An ER thickness of 100 nm and a doping density of
7 × 10

18 cm−3 are assumed; (a) barrier height of 0.1 eV; (b) barrier height of 0.4 eV.
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Figure 7:The simulated spectral response of an optimized CdTe cell
with 100 nm extended region and a doping of 7 × 1016 cm−3.

velocity is desirable which improves the contact condition
toward an ohmic status thus reducing the loss of carriers.
As shown in Figure 6, simulation results show that surface
recombination at the back contact significantly reduces the
open-circuit voltage.

4. Electron Reflector Layer Thickness

For the optimization of the device an offset to the CdTe,
absorption layer is considered by adding a CdTe layer as
an electron-reflector-extended region (ER), (Figure 4). In
addition to CdTe, other materials such as CdZnTe, CdMnTe,
and CdMgTemay be employed in creating an ER layer [10, 14,
15, 17, 29, 36].

A thin-layer electron reflector causes the depletion region
of the Schottky barrier contact to be narrow where majority
of hole carriers can tunnel through minimizing the loss. The
simulated spectral density of the CdTe cell with and without
the introduction of the ER is shown in Figure 7. As shown in
this figure an ER layer may also add an additional absorption
layer to the structure thus increasing the spectral response by
increasing photogenerated carriers.The thickness of ER layer

Table 3: Electron reflector layer thickness and cell performance. A
barrier height of 0.3 eV and a doping of 7 × 1016 cm−3 are assumed.

ER thickness
(nm) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Efficiency (%)

0 869.9 28.27 71.0 17.46
100 872.3 28.3 70.89 17.50
200 875.4 28.31 70.65 17.51
500 883.2 28.33 70.06 17.53
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Figure 8: Effect of ER layer thickness on open-circuit voltage of the
cell. A doping of 7 × 1016 cm−3 is assumed.

Table 4: ER layer with different values of doping density. Thickness
of ER layer is 100 nm.

ER with different
doping (cm−3) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Efficiency

(%)
7 × 10

16 872.3 28.3 70.89 17.50
7 × 10

17 877.7 28.29 71.26 17.70
7 × 10

18 891 28.32 71.21 17.97

used in the simulation of spectral response is 100 nm, and the
ER doping density is assumed to be 7 × 1016 cm−3.

The tradeoff between the open-circuit voltage and short-
circuit current when ER is included is shown in the simulated
results of Table 3. As shown in Figure 8, the short-circuit
current remain relatively constant with the ER layer thickness
while the open-circuit voltage increases. In this example the
thickness of extended region ranges from 50 nm to 500 nm
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Table 5: Cell efficiency with ER layer thickness of 100 nm and
doping density of 7×1018 cm−3. A barrier height of 0.1 eV is assumed.

ER different
thickness (nm) 𝑉oc (mV) 𝐽sc (mA/cm2) FF (%) Efficiency (%)

100 917.6 28.45 75.99 19.83
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Figure 9: Photocurrent-voltage characteristics of CdTe cell at
different doping densities of ER layer.
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Figure 10: Optimized CdS/CdTe cell with 𝑉oc of 917.6mV, 𝐽sc of
28.45mA/cm2, and an efficiency of 19.83%.

where the doping density and the barrier height are kept
constant at 7×1016 cm−3 and 0.3 eV, respectively. As indicated
earlier in the discussions, the simulation data and analysis are
chosenmostly around a device structure with a barrier height
of 0.3–0.4 eV as this number is closely related to a realistic
CdTe device with Schottky barrier contact [12, 15–18, 31].

Normally the extended layer is heavily doped tominimize
the negative effect of the Schottky barrier. Table 4 summarizes
the simulated results for an examplewhere the doping density
of ER layer varied from 7 × 1016 cm−3 to 7 × 1018 cm−3. The
thickness of ER layer and the barrier height are kept constant
at 100 nm and 0.3 eV, respectively. Further simulation analysis
and results show that the best performance efficiency of about
19.83% may be obtained with an ER layer doping of 7 ×
10
18 cm−3 and an ER thickness of 100 nm at a barrier height

of 0.1 eV.

5. Conclusion

The analysis obtained shows that in the optimization of the
cell combining the two mechanisms of heavy doping and
extended region are the key parameters to achieve a better
cell design. Our results show that in addition to a low surface

recombination velocity of 1000 cm/s at back contact and a
barrier height of 0.1 eV, an ER layer of 100 nm with a doping
density of 7 × 1018 cm−3 is also required to produce the best
cell efficiency performance of 19.83% summarized in Table 5.
The photocurrent characteristics of the optimized cell with
𝑉oc of 917.6mV, 𝐽sc of 28.45mA/cm2, and an efficiency of
19.83% are shown in Figure 10. In the summary a number of
different design parameters are used to optimize CdS/CdTe
heterojunction thin-film cell (Figure 9). Simulation results
show for an optimum efficiency performance a doping
density of 7 × 1018 cm−3 and ER layer thickness of 100 nm are
needed, as summarized in Table 5.
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The effects of using composite semiconductor films on the efficiency and stability of dye-sensitized solar cells (DSSCs) were
investigated. Four different types of composite ZnO/TiO

2
cells were developed and sensitizedwith the organicmolecules Coumarin

343 (C343) and Rose Bengal (RB). A comparative assessment of the different composite cells was conducted, and the photovoltaic
performance of single-semiconductor ZnO and TiO

2
solar cells was also compared to that of the composite ZnO/TiO

2
cells. It was

observed that composite cells with ZnO/TiO
2
ratio equal to 90/10 have comparable efficiency to single-semiconductor cells and

have the advantage of higher stability. The effects of using various multicomponent electrolytes on the efficiency and stability of
the ZnO/TiO

2
cells were also investigated. It was observed that the combined properties of the materials used in these electrolytes

enhance the efficiency of the composite ZnO/TiO
2
cells.

1. Introduction

Dye-sensitized solar cells (DSSCs), with highest efficiencies
approximately 11%, are considered a promising alternative to
conventional silicon solar cells [1] since they can be developed
using low-cost production processes and non-toxicmaterials,
are less sensitive to ambient temperature changes and have
good performance in low-light conditions [2].

The basic structure of dye-sensitized solar cells consists of
a nanostructured mesoporous semiconductor film deposited
on a glass or a flexible substrate, a platinum or platinised
counter electrode and a liquid, and gel or solid electrolyte
containing a redox couple, which fills the space between the
two electrodes [3]. A monolayer of dye is adsorbed on the
surface of the semiconductor and acts as the sensitizer. In
dye-sensitized solar cells the conversion of visible light to
electricity is achieved through the spectral sensitization of
wide bandgap semiconductors such as TiO

2
[4], ZnO [5], and

SnO
2
[6].

The most efficient sensitizers for wide bandgap semicon-
ductors are the well-known metalloorganic ruthenium com-
plexes [2]. Several simple organic dyes though, and especially
xanthene dyes (Eosin Y, Rose Bengal, etc.), yield efficiencies

comparable to those achieved with ruthenium complexes,
especially when used to sensitize ZnO films [7–9]. Organic
dyes such as these are inexpensive [10, 11], can be easily
recycled [12], and do not rely on the availability of precious
metals such as ruthenium. They also have high extinction
coefficients, and their molecular structures contain adequate
anchoring groups to be adsorbed onto the oxide surface.
However, solar cells sensitized with such dyes tend to have
low stability and efficiency compared to cells sensitized with
ruthenium-based dyes [13, 14]. Xanthene dyes have also been
used in solar cell applications in the form of hybrid core-shell
nanoparticles where photoinduced electron transfer occurs
for charge separation, and it has been observed that the rate
of photoinduced electron transfer depends on the electron-
accepting nature of the organic xanthene molecule on the
shell layer [15, 16].

The development and optimization of solar cells is of
great interest, both commercially and scientifically. However,
dye-sensitized devices are still not commercially available in
large volumes. Disadvantages such as their low efficiency and
stability pose a hindrance to their commercialization.

The main parameters that affect dye-sensitized solar cell
performance, with emphasis on their efficiency and stability,
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are examined here, and an attempt is made to improve their
overall performance. Nanostructured ZnO, TiO

2
, and com-

posite ZnO/TiO
2
thin films were considered for this purpose.

The composite ZnO/TiO
2
films were developed with the aim

to produce solar cells with improved photovoltaic properties
compared to those displayed by either ZnO or TiO

2
cells.

Composite films of four different ZnO/TiO
2
concentrations

were developed in order to determine which ZnO/TiO
2
ratio

leads to the production of the more efficient type of dye-
sensitized solar cell. In addition, the performance of ZnO
solar cells was studied using four different electrolytes: three
multicomponent electrolytes and a standard-type electrolyte,
which was used for comparison. The effect of using these
multicomponent electrolytes compared to using a standard-
type electrolyte on the efficiency and stability of the cells
was examined. The performance of the ZnO cells was also
compared to that of corresponding TiO

2
cells. All cells

presented here were sensitized with the low-cost organic dyes
Coumarin 343 (C343) and Rose Bengal (RB).

2. Methodology

Nanostructured ZnO, TiO
2
, and composite ZnO/TiO

2
films

were prepared as described in [17]. Commercial ZnO or TiO
2

nanopowder (Aldrich) with nanoparticle diameter less than
100 nm was used to create a colloidal paste. The powder was
mixed with a small amount of distilled water containing
acetyl acetone (10% v/v) [18, 19] in order to prevent the coag-
ulation of nanoparticles and improve the porosity of the
film [20]. A small amount of Triton X-100 was added to the
mixture to reduce surface tension and enable even spreading
of the paste [21, 22].

Composite ZnO/TiO
2
films were also developed.The use

of composite electrodes facilitates charge carrier separation
[23] and can enhance cell performance. Composite thin films
containing both ZnO and TiO

2
were developed by mixing

ZnO and TiO
2
paste in different quantities in order to obtain

pastes with the following ZnO/TiO
2
ratios: 90/10, 75/25,

50/50, and 25/75.
The semiconductor oxide paste was spread on conduc-

tive glass substrates (K-glass-SnO
2
:F with sheet resistance

16,7Ω/sq, 80% transmittance in the visible, 0.38 cm glass
thickness) via a doctor blade technique, and the electrodes
were annealed for 30min at 450∘C in air to enhance the elec-
trical contact between the nanoparticles as well as between
the nanoparticles and the conductive substrate [24]. The
thickness of the resulting films was measured by a stylus
XP-1 Ambios Technology profilometer. As the thickness of
the films can affect the performance of the DSSCs, the re-
sults presented in the paper were obtained for samples of
approximately the same thickness (equal to 7.5𝜇m) [4].

The semiconductor films were sensitized with the low-
cost dyes Coumarine 343 and Rose Bengal. Coating of the
semiconductor surface with the dye was conducted by soak-
ing the film in a solution of the dye in methanol (0.01M) for
12 h.

Four different types of electrolytes were developed and
used: a standard-type electrolyte containing potassium iodide

and iodine in propylene carbonate (PC) and three multicom-
ponent electrolytes containing potassium iodide and iodine
dissolved in varyingmixtures of PC and EG (ethylene glycol).
The standard-type electrolyte consists of 0.3M potassium
iodide and 0.03M iodine in PC. The multicomponent elec-
trolytes contain potassium iodide dissolved in a small amount
of EG. Then, PC was added to the electrolyte in various
quantities in order to obtain electrolyte solutions of different
PC/EG concentrations. The following composite electrolytes
were developed.

(i) An electrolyte containing 0.5M potassium iodide and
0.05M iodine in an 80% PC and 20% EG solvent
(named the 80/20 electrolyte).

(ii) An electrolyte containing 0.5M potassium iodide and
0.05M iodine in a 90% PC and 10% EG solvent
(named the 90/10 electrolyte).

(iii) An electrolyte containing 0.5M potassium iodide and
0.05M iodine in a 95%PC and 5%EG solvent (named
the 95/5 electrolyte).

It has been demonstrated that the presence of EG in the elec-
trolyte solution increases the solubility of potassium iodide
as well as the presence of iodide ions, enhancing the current
density of TiO

2
cells [17].The combined properties of the two

solvents in the multicomponent electrolytes improve the ef-
ficiency and stability of the TiO

2
cells. The effectiveness of

these electrolytes in ZnO cells sensitized with various dyes
is investigated here.

Counter electrodes were prepared through thermal de-
composition of a 5mM hexachloroplatinic acid in isopro-
panol solution on conductive glass substrates. The sensitized
semiconductor electrode and the counter electrode were
assembled as a sandwich-type cell (area 1 cm2) sealed together
with silicon, with the electrolyte filling the space between the
two electrodes.

Scanning electron microscope (SEM) images were ob-
tained with a JEOL JSM-6300 Scanning ElectronMicroscope
in order to examine the morphology of the various semicon-
ductor films. All SEM images were obtainedwith accelerating
voltage equal to 20 kV. The elemental composition of the
samples was determined through energy dispersive X-ray
(EDX) analysis.

The properties of the solar cells were studied with empha-
sis on their efficiency and stability. Current-Voltage (𝐼-𝑉)
curves of the cells were obtained using a computer-controlled
AMEL Function Generator and a 50W halogen lamp, which
provides illumination intensity equal to 708W/m2. Themain
characteristics of the solar cells can be obtained from these
𝐼-𝑉 curves, namely, the open circuit voltage (𝑉oc), the short
circuit current (𝐼sc), the fill factor (FF), and the efficiency (𝜂)
of the cell. The aforementioned properties were measured at
regular intervals after the preparation of the cells in order to
evaluate the stability of the devices over time.

Dark current measurements were also conducted for
TiO
2
, ZnO, and composite ZnO/TiO

2
solar cells. Dark

current arises when triiodide ions from the electrolyte draw
electrons from the semiconductor, reducing the triiodide to
iodide. Since electrons are removed from the semiconductor,
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(c) ZnO/TiO2 (25/75)

Figure 1: SEM images of semiconductor films. Images are magnified ×300. The bar at the bottom right of the figures is 20 𝜇m.

the overall current produced in the photovoltaic cell is re-
duced by a small amount [25].

Incident photon to current efficiency (IPCE) spectra were
obtained using aNewport setupwith anAM1.5 Xe-lamp solar
simulator and a Newport (Oriel Cornerstone) monochro-
mator. IPCE corresponds to the number of electrons mea-
sured as photocurrent in the external circuit divided by the
monochromatic photon flux that strikes the cell.

The IPCE factor is given by the following equation:

IPCE (%) =
1240 [eV nm] × 𝐽ph [mAcm−2]
𝜆 [nm] × Φ [mWcm−2]

× 100, (1)

where 𝐽ph is the short-circuit photocurrent density for mono-
chromatic irradiation and 𝜆 andΦ are thewavelength and the
intensity, respectively, of the monochromatic light [26, 27].

3. Results and Discussion

SEM images of ZnO/TiO
2
filmswith ZnO/TiO

2
ratio equal to

90 : 10, 75 : 25, and 25 : 75 are shown in Figures 1(a), 1(b), and
1(c), respectively. In each of these figures dark patches can be
observed throughout the surface of the film. Through SEM
analysis, these patches were identified as areas with excess
TiO
2
, and the more bright spots that appear on the surface

of the films were found to correspond to ZnO agglomerates.
In addition, an analysis of the elemental composition of the
films confirmed that the film shown in Figure 1(a) consists
of approximately 90% ZnO and 10% TiO

2
, the film shown in

Figure 1(b) of approximately 75% ZnO and 25% TiO
2
, and

the film shown in Figure 1(c) of 25% ZnO and 75% TiO
2
, as

expected.
Figure 2 presents examples of the current density-voltage

characteristics (𝐼-𝑉 curves) of ZnO cells sensitized with Rose
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Figure 2: Current density (mA/cm2) versus voltage (V) for ZnO
cells sensitized with Rose Bengal and Coumarine 343.

Bengal and Coumarine 343. The standard-type electrolyte
was used, and the results displayed in this figure are represen-
tative of the cells prepared during this study. From Figure 2,
it can be observed that both the voltage and the current
density of cells sensitized with C343 are higher than those
of corresponding cells sensitized with RB. In general, the
current density of cells sensitized with RB was 25–30% lower
than that of cells sensitized with C343.

The main parameters that characterize the performance
of the cells shown in Figure 2 are summarized in Table 1. The
uncertainty in the results of Table 1 is mainly due to small dif-
ferences in the morphology of the various cells prepared.

The effect of the multicomponent electrolytes on the effi-
ciency of the cells is shown in Figures 3 and 4. Figure 3
shows the current 𝐼-𝑉 curves of ZnO cells sensitized with
Rose Bengal, and Figure 4 shows the 𝐼-𝑉 curves of ZnO
and TiO

2
cells sensitized with Coumarine 343. The cells

presented in these figures were prepared using the four
different electrolytes considered and are representative of the
majority of the cells prepared and tested. From Figure 3, it
can be observed that, for ZnO cells sensitized with RB, the
cells with the 95/5 electrolyte have the highest current density
and voltage and, hence, the highest efficiencies. Cells with
the 90/10 electrolyte have also slightly higher efficiency than
those with the standard-type electrolyte, while the cells with
the 80/20 electrolyte have the lowest efficiency.

From Figure 4, it can be observed that, in general, ZnO
cells sensitized with C343 have higher efficiencies than TiO

2

cells. The performance of ZnO and TiO
2
cells sensitized

with C343 has been investigated in a previous work through
femtosecond upconversion spectroscopy measurements, and
it has been observed that ZnO films sensitized with C343
display faster electron injection rates than TiO

2
ones [28].

The higher efficiencies observed in ZnO cells sensitized with
C343 compared to TiO

2
ones have partly been attributed to

the faster electron injection of C343 on ZnO than on TiO
2
.
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Figure 3: 𝐼-𝑉 characteristics of ZnO cells sensitized with Rose
Bengal, each filled with one of the four different electrolytes.
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Figure 4: 𝐼-𝑉 characteristics of ZnO and TiO
2
cells sensitized with

Coumarine 343, each filledwith one of the four different electrolytes.

In addition, TiO
2
cells sensitized with C343 have been shown

to have considerably higher dark current than corresponding
ZnO cells, indicating faster electron recombination with
accepting states in the electrolyte. The more efficient carrier
recombination in TiO

2
cells sensitized with C343 is also

partly responsible for their lower efficiency compared to ZnO
cells [28].

From Figure 4, it can also be observed that, for both ZnO
and TiO

2
cells, the multicomponent electrolytes have higher

efficiencies than the standard electrolyte, with the exception
of the 80/20 electrolyte. Cells that contain either the 95/5 or
the 90/10 electrolyte exhibit considerably higher performance
than those that contain the standard-type electrolyte, as
shown in Figure 4. The cells with the 90/10 electrolyte yield
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Table 1: Photovoltaic properties of ZnO cells sensitized with Rose Bengal and Coumarine 343.

𝐽sc
(mA/cm2)

𝑉oc
(V) FF 𝜂

(%)
Rose Bengal 2.14 (±0.05) 0.49 (±0.02) 0.62 (±0.02) 0.88 (±0.04)
Coumarine 343 2.34 (±0.04) 0.51 (±0.03) 0.60 (±0.02) 0.97 (±0.03)
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Figure 5: IPCE spectra of TiO
2
and ZnO cells sensitized with C343.

the highest efficiencies, while cells filled with the 80/20 elec-
trolyte have again the lowest efficiencies.

In a previous work we have discussed the performance
of these multicomponent electrolytes in TiO

2
cells sensitized

with Rhodamine B [17]. The increased efficiency of the
cells with the multicomponent electrolytes was found to be
mainly due to the aforementioned increase in the solubility
of KI in the electrolyte. The increased solubility leads to
increased ion concentrations in the mixture and, thus, to an
increase in the conductivity of the electrolyte. The increase
in the short-circuit current, which was observed for cells
containingmulticomponent electrolytes, is mainly due to this
increase in the conductivity. Another factor that enhances the
short-circuit current of cells containing the multicomponent
electrolytes is the increased availability of anions, which
reduce the oxidized dye from light absorption [17].

IPCE spectra of the variousDSSCswere obtained in order
to investigate the spectral response of the cells. Figure 5 shows
the IPCE spectra of TiO

2
and ZnO cells sensitized with

C343 and filled with different electrolytes. A small shift (less
than 5 nm) of the spectral response to the blue was noticed
in TiO

2
spectra with respect to ZnO ones. This shift was

also confirmed through absorption measurements of TiO
2

and ZnO films sensitized with C343, obtained using a
PerkinElmer Lambda 650 Spectrophotometer. FromFigure 5,
it is also apparent that the best photon-to-current conversion
efficiency (resulting to the highest current) is given by cells
filled with the 90/10 electrolyte, followed by those filled with
the 95/5 electrolyte and then by those with the standard
electrolyte. Those results are consistent with those presented
in Figure 4 and show that the high efficiencies produced by

ZnO
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Figure 6: Current-Voltage characteristics of ZnO, TiO
2
, and com-

posite ZnO/TiO
2
cells sensitized with Rose Bengal.

both TiO
2
and ZnO cells filled with the 95/5 electrolyte are

due to higher photon-to-current conversion. From Figure 5
we can also observe that ZnO cells have higher conversion
efficiencies than TiO

2
ones, in line with the results presented

in Figure 4. Moreover, the IPCE results presented in Figure 5
are in agreement with corresponding values for C343-based
DSSCs presented in the literature [26].

The performance of the composite ZnO/TiO
2
cells was

also investigated. Figure 6 shows the Current-Voltage char-
acteristics of ZnO, TiO

2
, and of composite ZnO/TiO

2
cells

with the following ZnO/TiO
2
ratios: 90/10, 75/25, 50/50, and

25/75. All films were sensitized with the organic dye Rose
Bengal. These results are representative of the majority of
the results obtained during the study. As can be seen from
this figure, ZnO cells sensitized with Rose Bengal have much
higher efficiencies than corresponding TiO

2
cells. TiO

2
cells

yield slightly higher voltage than ZnO ones, but ZnO cells
havemuch higher current density than TiO

2
ones. In general,

xanthene dyes such as Rose Bengal, Eosin Y,Mercurochrome,
and Eosin B have a better performance when used to sensitize
ZnO rather than TiO

2
cells [7]. The composite ZnO/TiO

2

cells with the 90/10 and 75/25 ratios follow closely the ef-
ficiency of the ZnO cells. The composite cells with the
50/50 and 25/75 ratios yielded considerably lower efficiencies,
especially those with the 25/75 composition, which yielded
very poor results.
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Table 2: Photovoltaic properties of ZnO, TiO2, and composite
ZnO/TiO2 cells sensitized with Rose Bengal.

𝐽sc
(mA/cm2)

𝑉oc
(V)

FF 𝜂

(%)
ZnO 2.1 (±0.06) 0.48 (±0.02) 0.61 (±0.02) 0.87 (±0.03)
TiO2 0.9 (±0.08) 0.51 (±0.02) 0.59 (±0.03) 0.39 (±0.05)
90/10 1.9 (±0.06) 0.48 (±0.03) 0.64 (±0.02) 0.81 (±0.03)
75/25 1.7 (±0.08) 0.49 (±0.03) 0.63 (±0.02) 0.76 (±0.06)
50/50 1.1 (±0.11) 0.49 (±0.04) 0.64 (±0.03) 0.49 (±0.08)
25/75 0.6 (±0.14) 0.43 (±0.07) 0.63 (±0.04) 0.23 (±0.11)
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Figure 7: Evolution of cell efficiency with time over a 30-day period
for a TiO

2
and a ZnO cell sensitized with Rose Bengal.

The main parameters that characterize the performance
of the cells shown in Figure 6 are summarized in Table 2.
Again, the uncertainty in the results originates from small dif-
ferences in the morphology of the cells.

The stability of the solar cells plays a very important
role in assessing their overall performance. The efficiency
of DSSCs tends to decrease considerably with time mainly
due to the degradation of the dye sensitizer [29, 30]. The
stability of the cells was assessed by measuring their 𝐼-𝑉
characteristics daily for a 30-day period. Figure 7 shows the
change in cell efficiency over a 30-day period for a TiO

2
and

a ZnO cell, both sensitized with Rose Bengal. For TiO
2
cells

it was observed that the efficiency reaches its maximum value
on the 2nd or 3rd day after cell preparation and then gradually
decreases. This decrease is mainly due to dye desorption
and degradation. Only dye molecules which are adsorbed on
the TiO

2
surface can sensitize spectrally the semiconductor

and can, therefore, contribute to the photocurrent, so dye
desorption causes a decrease in cell efficiency [31].

FromFigure 7 it can also be observed that themost abrupt
decrease in the current density of ZnO cells occurs between
the first and the second day after cell preparation, mainly due
to dye degradation. Dye degradation in ZnO films occurs
more rapidly than in TiO

2
ones since protons originating

Table 3: Drop in efficiency over a 30-day period for ZnO, TiO2, and
composite ZnO/TiO2 cells sensitized with Rose Bengal.

ZnO TiO2 90/10 75/25 50/50 25/75
Efficiency
decline (%) 68 52 51 58 69 76

from the dye may cause the dissolution of Zn surface atoms
[32]. These Zn atoms then react with the protons from the
dye, forming Zn+2/dye complexes:

ZnO + 2H+ → Zn+2 +H
2
O. (2)

The above reaction leads to the formation of inactive dye
molecules which limits charge carrier injection and reduces
the efficiency of the cells. The dissolution of Zn atoms de-
pends on a number of factors, such as the dye concentration,
the sensitization time, and the pH of the dye solution [33].

By comparing the TiO
2
and ZnO efficiency results pre-

sented in Figure 7, it is apparent that TiO
2
films have

higher stability than ZnO films. The efficiency of ZnO solar
cells is reduced more rapidly with time, while TiO

2
cells

maintain relatively high efficiencies for some time after cells
preparation. Specifically, it was observed that, 30-days after
preparation, ZnO cells experience a drop of up to 70% in
their efficiency, while TiO

2
cells lose approximately 50% of

their original efficiency during the same time. On the other
hand, the efficiencies achieved during the first days after cell
preparation were considerably higher for ZnO than for TiO

2

cells so that, even after the passing of 30-days, ZnO cells still
yield higher efficiencies than TiO

2
ones.

The composite ZnO/TiO
2
films were developed in order

to improve the properties of dye-sensitized solar cells. The
aim of this work was to develop cells with high efficiencies,
such as those exhibited by ZnO cells, but with the increased
stability of TiO

2
cells. As shown previously, the composite

ZnO/TiO
2
cells with the 90/10 and 75/25 ratios yield efficien-

cies comparable to those of ZnO cells.
The stability of the composite cells was also examined.

Table 3 summarizes the average drop in efficiency of ZnO,
TiO
2
, and composite ZnO/TiO

2
cells over a 30-day period.

The results presented in this table show that TiO
2
cells and

composite ones with the 90/10 and 75/25 ratios have the
highest stability. ZnO and composite cells with the 50/50 and
25/75 ratios have considerably lower stability.

Figure 8 shows the efficiency of ZnO and composite
ZnO/TiO

2
cells with the 90/10 and 75/25 ratios over a 30-day

period. These two types of composite cells were considered
in this comparison since they have exhibited both high effi-
ciency and stability.Theperformance of the composite cells in
this figure is compared against the performance of ZnO cells.
All cells were sensitized with Rose Bengal. From Figure 8, it
is apparent that the efficiency of the ZnO cells on the day
they were assembled was considerably higher than that of the
composite cells. However, the efficiency of the composite cells
does not decrease as rapidly with time, so that, at the end of
the 30-day period, composite cells with the 90/10 ZnO/TiO

2

ratio have higher efficiency than ZnO cells. The composite
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Figure 9: Dark current characteristics of ZnO, TiO
2
, and ZnO/TiO

2

cells sensitized with Rose Bengal.

cells with the 75/25 ratio have only slightly lower efficiency
than ZnO ones.

Dark current measurements were also conducted for
ZnO, TiO

2
, and composite ZnO/TiO

2
cells. Figure 9 shows

dark current results for ZnO, TiO
2
, and two types of compo-

site ZnO/TiO
2
cells. All cells shown in this figure were sen-

sitized with Rose Bengal. It was found that the composite
cells have the lowest dark current, while the TiO

2
cells have

the highest. The higher dark current in the TiO
2
cells is an

indication of faster electron recombination than in ZnO
and composite cells [34]. The relatively low current density
produced by TiO

2
cells (Table 2) is partly due to higher

recombination losses as evidenced by their higher dark
current. As mentioned previously, similar measurements of
ZnOandTiO

2
cells sensitizedwithC343 [28] have also shown

that TiO
2
cells have higher dark current than ZnO ones

when sensitized with C343. The higher recombination losses
for TiO

2
cells sensitized with both C343 and Rose Bengal

are partly responsible for their lower efficiency compared to
corresponding ZnO cells.

4. Conclusions

The aim of this study was to improve the performance of
solar cells sensitized with simple organic dyes. ZnO, TiO

2
,

and composite ZnO/TiO
2
films sensitized with Rose Bengal

were prepared and tested. It was observed that, in general,
ZnO cells sensitized with simple organic dyes yield higher
efficiencies than corresponding TiO

2
cells. However, TiO

2

cells exhibit higher stability than ZnO cells.
Four different types of composite cells were also consid-

ered, with ZnO/TiO
2
ratios equal to 90/10, 75/25, 50/50, and

25/75. It was observed that composite cells with ZnO/TiO
2

ratio equal to 90/10 have higher efficiencies than other
composite cells and only marginally lower efficiencies than
ZnO cells. Moreover, these cells have a higher stability than
the other cells tested, so that, a month after cell preparation,
they maintain higher efficiency values than ZnO cells.

Finally, multicomponent electrolytes were developed and
used in ZnO cells sensitized with a simple organic dye. The
performance of the cells with the multicomponent electro-
lytes was assessed by comparison with cells using a standard-
type electrolyte. It was found that the combined properties
of the materials used in these electrolytes improve cell effi-
ciency.
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An extendedmonocrystalline silicon base foil offers a great opportunity to combine low-cost productionwith high efficiency silicon
solar cells on a large scale. By overcoming the area restriction of ingot-based monocrystalline silicon wafer production, costs could
be decreased to thin film solar cell range. The extended monocrystalline silicon base foil consists of several individual thin silicon
wafers which are welded together. A comparison of three different approaches to weld 50𝜇m thin silicon foils is investigated here:
(1) laser spot welding with low constant feed speed, (2) laser line welding, and (3) keyhole welding. Cross-sections are prepared
and analyzed by electron backscatter diffraction (EBSD) to reveal changes in the crystal structure at the welding side after laser
irradiation. The treatment leads to the appearance of new grains and boundaries. The induced internal stress, using the three
different laser welding processes, was investigated by micro-Raman analysis. We conclude that the keyhole welding process is the
most favorable to produce thin silicon foils.

1. Introduction

Cost reduction is a major topic in the photovoltaic research
and industry. One appropriate way to reduce costs within
the production chain of silicon solar cells is to reduce kerf
losses.The ZAE Bayern developed a method of producing an
extended monocrystalline silicon base foil with a thickness
of ca. 50 𝜇m as depicted in Figure 1 [1, 2]. This base foil
is manufactured by laser welding of several individual thin
wafers. This will make it possible to produce an endless
substrate which is feasible for a roll to roll process. By
applying a layer transfer process as porous silicon (PSI)
[3, 4], an appropriate layer can be detached from the base
foil without sawing. In detail, on the surface of silicon two
porous layers will be established; one layer will serve as a
predetermined breaking layer, and the other as a seed layer
for a large area epitaxial process which will be applied after
an annealing step [5]. Following these steps, a solar cell

layer can be detached from the extended monocrystalline
silicon base foil. It is only necessary to use siliconwafer-based
substrates once to assemble the extended monocrystalline
silicon base foil. Furthermore, layers for solar cell devices
will be produced by a layer transfer technique and a large
area epitaxy from the extended monocrystalline silicon base
foil. Further information about the solar cell manufacturing
process is published elsewhere [1].

In addition, the threshold of float-zone (FZ)-grown sil-
icon crystals is not valid anymore for this kind of process.
The size restrictions of ingot fabrication of FZ silicon lies at
the moment by 8 inchs in diameter and could be overcome
by producing an extended monocrystalline silicon base foil.
This would open a new field of large area substrates and
processing. Moreover, a further reduction of material losses
during the processing could be achieved.

The concept combines the low production costs of thin
film solar cells with the high efficiencies of FZ-grown silicon
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Welding seam Roll

Ca. 50 𝜇m

Ca. 1.0 m
Silicon float-zone wafer

Figure 1: Illustration of the extended monocrystalline silicon base
foil, which is welded together by individual silicon float-zonewafers,
for further information for the solar cell manufacturing process
please see [1].

Figure 2: Application principle for laser welding: (a) Laser spot
welding with low constant feed speed (b) Laser line welding (c)
Keyhole welding. Laser beams are illustrated in red and areas which
are influenced by the laser beam are colored in yellow.

solar cells. Recently, high cell efficiencies of 19.1% have been
demonstrated by Petermann et al. [6] for the PSI approach on
a Czochralski-grown substrate.

It is essential for the extended monocrystalline silicon
base foil to create a lateral bonding of silicon wafers to
achieve an endless belt-like substrate. In general, the study of
lateral joining of silicon is still in the early stages. Concepts
as the lateral epitaxy were introduced in the past, but no
experimental data had been published as far as we know [7].
Preliminary laser spot welding tests of silicon were done by
Kaufmann [8]. For a good quality of bonding, it is essential to
have a well-defined surface structure, an absence of particles,
and a very low surface roughness [9].

In our current work we show the recent progress of
laser welding of thin silicon foils on a laboratory scale. The
size of welded silicon will be scaled up in order to make a
roll to roll process feasible [1]. We compared spot welding
with a low constant feed speed, line welding (both at room
temperature), and keyhole welding at preheated samples of
1000∘C (see Figure 2). After the welding process the area
which was irradiated by the laser was characterized by elec-
tron backscatter diffraction (EBSD) for revealing changes in

the grain structure and micro-Raman analysis for visualizing
induced internal stress by the laser welding process.

2. Material and Methods

2.1. Sample Preparation. Samples of 5-inch-FZ silicon wafers
had been prepared, with (100)-orientation, one side polished,
p-type, with a thickness of 280 ± 15 𝜇m and a resistivity of
0.50 ± 0.06Ω cm. All wafers were cut by laser into square
pieces. To receive a thin and flexible base foil substrate, the
sample thickness was decreased to ca. 50 𝜇m by etching with
potassium hydroxide (KOH). Additionally, this step removes
laser damage from the edges which is very important to
strengthen the mechanical stability. After the KOH etching,
all samples were cleaned by an RCA process.

2.1.1. Laser Spot Welding with Low Constant Feed Speed.
For each welding process, two 19 × 17mm2 samples were
mounted in lap joint configuration onto a motorized 4-
axis system, which consists of one rotary and three linear
stages. The laser source was a single mode fiber laser model
YLR-200-SM built by the company IPG Photonics with a
wavelength of 1070 nm, operating at a power of 30W, a duty
cycle of 50% with a frequency of 2.5 kHz, and a laser spot
diameter on the silicon surface of 300 𝜇m [10, 11]. During the
welding process the aligned samples on the sample holder
were moved relative to the stationary laser beam with a feed
speed of 1mm/s (at room temperature).

2.1.2. Laser Line Welding. Two 19 × 17mm2 samples were
placed in lap joint configuration within the focal area of
the laser line at room temperature. The laser source for
this welding process was the same as used for laser spot
welding. By using a cylindrical lens and a microlens array
in a homogenizer-like setup, the nearly Gaussian intensity
distribution generated by the used laser was transformed
into the laser line (for further details see [12]). The resulting
laser line had a dimension of ca. 25mm in length and ca.
700𝜇m in width at the focus level. Therefore, no movements
of samples or laser beam were necessary. For the laser line
welding process the power of the laser was increased linearly
from 0W to 141W within 5 s. After reaching 141W, the value
was kept for 1 s and afterwards decreased linearly to 0W
within 1 s.

2.1.3. Keyhole Welding. Two samples (each 25 × 25mm2)
were aligned in butt joint configuration, and a third one (25 ×
25mm2) was placed centering on the back of the other two
samples. This geometry was chosen because a normal butt
joint configuration with two samples was not satisfactory.
They were mounted on a sample holder consisting of quartz
glass and then heated to 1015∘C under nitrogen atmosphere.
A laser beam irradiated the samples in the oven through a
quartz glass window. The laser source was a single mode,
continuous wave 1075 nm Yb-fiber laser, model YLR-1000-
SM made by company IPG Photonics and operated at a
power of 260W (maximum power 1000W). A galvanometer
scanner system was used to focus and deflect the laser
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beam onto the sample. The focal length of the objective was
370mm, which resulted in an 80 𝜇m spot diameter of the
laser beam on the surface of the sample.The feed speed using
the galvanometer scanner was 550mm/s. Further details are
described elsewhere [13].

2.2. Setup for Micro-Raman Measurements. An Alpha500
AR microscope from WITec GmbH, Ulm (Germany), was
used for micro-Raman characterization. The microscope
has a motorized sample stage of 150mm × 100mm and a
piezo-driven stage of 100 𝜇m × 100 𝜇m × 20𝜇m for fine
measurements. The laser source is a Nd:YAG laser with an
excitation wavelength of 532 nm. The measurements were
carried out at an output power of 10mW. The spectrometer
is equipped with a Peltier-cooled CCD detector and an 1800
lines/mm grating. A magnification of 50 with a numerical
aperture of 0.75was used for themeasurements.With this, we
receive a spot size of less than 1𝜇mand a penetration depth in
silicon of ca. 0.5 𝜇m. All measurements of the cross-section
of welded samples were carried out by using backscattering
geometry at room temperature.

The software WITec Project was used for the evaluation
of the recorded data. Peak parameters were determined by
fitting Lorentz curves.

2.3. Setup for Electron Backscatter Diffraction (EBSD). A
FIB-SEM LYRAXMU system manufactured by the company
TESCAN(Brno,CzechRepublic)was used for EBSDanalysis.
The system is equippedwith anEDAX/TSL “OIMXM4”. For a
good electrical contact between the measurement setup and
the samples, all cross-sections were coated with a 10–20 nm
carbon layer by sputtering. During the measurements, the
samples were tilted by 70∘. Properties of the electron beam
were set to 30 keV electron beam energy and 5–12 nA beam
currents, which results in a spot size of ca. 500–700 nm. The
EBSDmeasurement was performed by an integration time of
25–80ms, 4 × 4 pixel binning, and 3 𝜇m step size. Scanned
areas are in the range of ca. 300 𝜇m × 500–1000𝜇m. As a
software, EDAX/TSL Data Analysis 5.31 was used.

3. Results

For the purpose of revealing material changes within the sil-
icon after laser beam irradiation, we analyzed cross-sections
of welded samples by micro-Raman as well as EBSD. Plotting
themicro-Ramandata as a Lorentz peak areamapping reveals
changes in the crystal structure of the irradiated silicon;
the peak area is sensitive to the crystal orientation [14].
Furthermore, we applied an EBSD scan to determine the
value of the crystal orientation of each grain in detail. To
evaluate the stress caused by the laser processing, we derived
the internal stress from mappings of the Raman frequency
shift. For this purpose the following approximation is used,
which is derived from silicon (100) under biaxial stress [15,
16]:

𝜎 (MPa) = −250 (𝜔𝑠 − 𝜔𝑟) [1/cm] , (1)

where 𝜔
𝑠
is the peak position with stress, respectively 𝜔

𝑟

without stress. The depicted maximum values are with
respect to the 5% and 95% thresholds of 𝜔

𝑠
for tensile stress

and compressive stress.

3.1. Laser Spot Welding with Low Constant Feed Speed. After
applying laser spot welding to 50 𝜇m thin silicon foils,
structural changes within the silicon can be observed as
shown in Figure 3. A crack can be seen in the left part of
Figure 3(a). The welding region is mapped on the right side
of the figure. The depicted shaded areas within the image
next to the welding region are newly formed grains. Areas of
silicon foil 1 which were underneath the silicon foil 2 during
the laser irradiation and were not irradiated directly show no
structural changes. For the same position of the sample, an
EBSD scan was applied which is shown in Figure 3(b).

The EBSD mapping reveals a shift in crystal orientation
and the presence of new grains in the material at the welding
seam. An area of about 300𝜇m shows this appearance with
different crystal orientations, which is correlated to the
diameter of the irradiated laser beam.Thewhole affected area
is not shown because of the high magnification of Figure 3.
Newly formed grain boundaries are mostly Σ3 and Σ9 twin
boundaries.

As can be seen previously, the laser beam impact into
the silicon material causes material changes. The internal
stress mapping shows a stress distribution within the welding
region for laser spot welding as depicted in Figure 3(c). The
inserted stress by laser irradiation appears only at locations
where newly formed grains along the junction of the welding
partners can be found in the EBSD mapping. The maximum
tensile stress was 19.2MPa and −90.5MPa compressive stress,
respectively.

Within this approach thewelding partners undergomajor
structural changes around the welding seam. It is very likely
that the laser-irradiated area was completely molten during
the welding process and recrystallized afterwards during
the cooling procedure. Only monocrystalline areas could be
found in regions which were not laser irradiated directly and
where the heat transition had to overcome the gap between
the stacked silicon wafers.

3.2. Laser Line Welding. The result of lap joint welding using
a laser line focus is depicted in Figure 4. No newly formed
grains are observed in the EBSD mapping (Figure 4(a))
around the welding region so that the sample remains
monocrystalline. However, the two welding partners don’t
have exactly the same crystal orientation. Although the laser
irradiated area is bigger in width (ca. 700 𝜇m) than by laser
spot welding (ca. 300 𝜇m), no evidence of crystal structural
changes has been found. The correlation between the laser
beam diameter and material changes is not as strong as for
laser spot welding. Remarkable for the laser line welding is
the growth in thickness of the welding partners around the
welding seam.

Raman stress analysis in Figure 4(b) shows a very
homogenousmapping.Within the laser-irradiated area,max-
imum values of tensile stress of 13.0MPa and compressive
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Figure 3: Cross-sections mappings of a spot welded sample, the
laser beam was introduced from the top side. (a) Plot of the micro-
Raman Lorentz peak area in arbitrary units. (b) EBSD mapping,
color with respect to the wafer surface, grain boundaries are colored
as followed: Σ3 in blue, Σ9 in green and angles between 15.0∘ to 62.8∘
in black. Definitions for the crystal orientation are plotted in the
color coded map on the right side and as cubes within the mapping.
(c) Micro-Raman internal stress mapping, maximum compressive
stress of −90.5MPa and tensile stress of 19.2MPa are determined.

stress of −21.5MPa are determined. Compared to the laser
spot welding, the stress is lower.

We assume that the thickening of the welding partners at
thewelding region appears due towetting and surface tension
issues. It seems like the molten silicon flows towards the
solid silicon, so that the thickening develops. The difference
in crystal orientation is probably due to an unavoidable
misalignment of the samples to each other by mounting the
samples on amotorized sample holder systembeforewelding.
The absence of structural changes within the silicon material
after the laser beam irradiation could be addressed to the
broad irradiation and the reduced penetration depth by the
laser line welding technique.

3.3. Keyhole Welding. Two samples are aligned on a quartz
glass sample holder in a butt joint configuration, and a third
one was placed centered on the back side of the other two.
The sample holder was placed in an oven and heated up
to 1015∘C under nitrogen atmosphere. The laser beam for
welding was introduced through a quartz window in the oven
from the top side. Three bonding areas had been created and
are shown in Figure 5; the areas between silicon foil 1 and 2

100 101

111

Si foil 1 

Si foil 2 100 𝜇m

(a)

125 MPa

−125 MPa

Si foil 1 
Si foil 2 

100 𝜇m

(b)

Figure 4: Cross-section mappings of a laser line welded sample,
laser irradiation was introduced from the top side (a) EBSD
mapping, color with respect to thewafer surface, crystal orientations
as shown in the color map and the included cubes (b) Internal stress
mapping measured by mirco-Raman, maximum compressive stress
of −21.5MPa and tensile stress of 13.0MPa are observed.
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Si foil 1

(a)

100 𝜇m
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Figure 5: Cross-section mappings of a keyhole welded sample,
three welding areas are illustrated and the laser beam was applied
from the top side (a) EBSD mapping, color with respect to the
wafer surface, crystal orientations as shown in the color map as
well as the included cube (b) Internal stress mapping measured
by micro-Raman, maximum compressive stress of −50.0MPa and
tensile stress of 27.5MPa are measured.

next to the welding areas are gaps because keyhole welding
is not a continuous laser process. The EBSD mapping (see
Figure 5(a)) shows a very homogenous crystal structure after
the welding process. No evidence of newly formed grains and
grain boundaries can be observed. The crystal orientation
remains the same. On the top, the two holes and one elevation
of the top sample are caused by the high laser beam intensity
within an area of about 80𝜇m. Furthermore, no thickening
of the silicon material is observed after welding contrary to
using a laser line.
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The internal stress mapping, depicted in Figure 5(b), is
very homogenous and shows only tiny areas of increased
stress, and the bright angular lines are due to cross-section
preparation. Maximum compressive stress of −50.0MPa and
tensile stress of 27.5MPa had been determined. Those values
are higher than stress values of laser line welding, but lower
than values of laser spot welding.

The recent welding approach shows no multiple grain
appearance. No material thickening at the welding seam can
be observed. Only locally at the back side, formations of
valleys and mountains can be observed which is due to the
high laser irradiation on small an area to create keyholes.
These connect the stacked silicon wafers without creating
structural changes within the material. During the cooling
procedure after irradiation all four neighboring points next to
the keyholes with silicon in the solid state serve as seed layers
for the recrystallization process, so that the laser-irradiated
areas recrystallize into a monocrystalline structure.

4. Discussion

Although welding of silicon wafer material is very chal-
lenging, we could show three different approaches. Using
a spot welding process with low constant feed speed at
room temperature has been successfully demonstrated, but
this welding process suffers from the formation of new
grains within the welding seam. Two scenarios are feasible
to explain this appearance of new grains. By mounting the
samples onto the sample holder, an inevitable misalignment
is expected; this should lead to at least one grain boundary
between the two welding partners. Additionally, the cooling
procedure after the welding process plays a dominant role for
developing new grains. In this case an area of ca. 300 𝜇m is
completely molten during the welding process; silicon phase
boundaries on the left and right sides of the molten area
are very small as compared to the area which is molten.
Therefore, the monocrystalline silicon material on the left
and right sides of the molten area cannot be the seed layer
of the whole molten area because the cooling at the top and
bottom sides as well as the transition back to the solid state
will happen too fast. Thus, secondary seeding occurs, and
grain boundaries appear. A 300 𝜇m wide area of different
grains develops during the welding procedure. However,
micro-Raman measurements determine high compressive
stress values, which could be a problem for the mechanical
stability of the silicon foil. Breaking tests of thin silicon
foils with similar geometry determine an average breaking
stress of 287.5MPa as published elsewhere [1]. Breakage of an
extendedmonocrystalline silicon base foil would causemajor
problems in a roll to roll process. Thus, this technique is not
suitable for producing silicon foils.

Applying the welding process by using a laser line at room
temperature is realized. Unfortunately, this way of welding
suffers from thickening at the welding seam. Experiments
with preheated welding samples show that the effect of
thickening remains. Presumably, this is caused by wetting
problems and differences in surface tension. This can be
explained by the rule of Eötvös [17, 18], which states that the
surface tension of a fluid decreases at increasing temperature.

Applying the laser line on the silicon causes a low heating
rate due to the wide irradiated area, so that temperature
gradients occur due to thermal conduction. At the outer
irradiated area the surface tension is higher than that at the
middle of the irradiated area. If the duration of the melting
process for the silicon had been long enough, the molten
silicon in the middle of the irradiated area flows towards
the solid silicon and accumulates. Hence, the thickening
occurs at the welding seam by welding using a laser line.
However, one more effect appears in contrary to the laser
spot welding with low constant feed speed. After the welding
process, the two welding partners seem to not be joined
together; instead, there is a small line between the two
welding partners. We assume that this is caused by a native
oxide on top of the welding partners before the welding
process. On the other hand, the internal stress measurements
show a very homogenous sample, and the stress values are low
as compared to the other welding techniques. Unfortunately,
the thickening of the silicon at the welding seam is a major
problem. Therefore, this welding technique is not suitable to
produce silicon foils for a roll to roll process.

Keyhole welding at room temperature is not performed
due to the knowledge of the drastic changes within the
silicon material and high inserted stress without preheating.
However, the keyhole welding techniquewith preheated sam-
ples is successfully demonstrated. Furthermore, this welding
process shows no newly formed grains after welding within
the measurement accuracy. (Differences down to 1∘ in crystal
orientation can be detected with the EBSD measurement
setup.) In addition, no thickening of silicon can be observed
around the welding seam. Sample mappings occur to be
homogenous. The locally occurring roughness on the back
side of the silicon foil due to the laser irradiation is negligible
for the solar cell device. Stress measurements determine
moderate stress values for tensile aswell as compressive stress,
so that the mechanical stability is reassured. In summary, this
welding technique offers the possibility of the manufacturing
of extended monocrystalline silicon base foil in a roll to roll
process. With these remarkable properties keyhole welding is
the most favorable and promising process to produce silicon
foils.

5. Conclusions

We have presented a comparison of three welding processes
for ca. 50𝜇m thin silicon foils: laser spot welding with low
constant feed speed at room temperature, laser linewelding at
room temperature, and keyhole welding at preheated samples
of 1015∘C.Welded thin silicon foils with the dimensions of up
to 50 × 25mm2 are successfully demonstrated. The material
properties of the thin silicon foils after the impact of the
laser beam were analyzed by micro-Raman spectroscopy and
electron backscatter diffraction.

The characterization revealed newly formed grains and
grain boundaries at the welding seam for laser spot welding.
Additionally, this technique suffers from the high inserted
stress values after welding. Silicon thickening is observed for
laser line welding at the junction of both welding partners.
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Thus, these twowelding processes are not suitable for the pro-
duction of thin silicon foils. Keyhole welding in comparison
shows very homogenous material properties after laser irra-
diation. No evidence of newly formed grains or thickening
at the welding seam could be found. Maximum tensile and
compressive stress values are at a moderate level for keyhole
welding higher than values for laser line welding, but lower
for laser spot welding. Additionally, this technique can be
performed in a configuration which leads to a flat silicon
foil after welding. Therefore, keyhole welding is the most
favorable process for welding several individual silicon thin
wafers together to an extended monocrystalline silicon base
foil. It should be interesting to investigate keyhole welding
using double side polished wafer material. This could result
in decreased internal stress values and higher mechanical
stability of the silicon foils.The complex procedure of welding
silicon needs further investigations as well as the support by a
simulation model. Furthermore, solar cells on top of keyhole
welded silicon foils are planned.
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The effects of malonic acid derivatives and acetic acid derivatives as coadsorbents on the photovoltaic performance of D908
dye-sensitized nanocrystalline TiO

2
solar cells were investigated. Each of phenylmalonic acid (PMA) and cyclopentylacetic acid

(CPEAA) coadsorptions was revealed to improve both the photocurrent and the photovoltage of the solar cells. The improved
photocurrent was probably due to the suppression of self-quenching of the excited electrons in the dyes by coadsorption of PMA
or CPEAA on the TiO

2
that increased in the electron-injection yields from the dye to the TiO

2
. The improved photovoltage

was probably due to suppression of recombination between the injected electrons and I
3

− ions on the TiO
2
surface. ATR-FTIR

spectroscopy indicated that PMA or CPEAA coadsorption increased the content of bound dye on the TiO
2
surface. This result

suggests that PMA or CPEAA coadsorption improved the photocurrent of the solar cells. Electrochemical impedance spectroscopy
indicated that PMAor CPEAA coadsorption on the TiO

2
surface increased the charge recombination resistance (R2) and decreased

the diffusion resistance in the electrolyte (R3). These results suggest that the coadsorption of PMA or CPEAA on the TiO
2
may

improve its photovoltage and photocurrent.

1. Introduction

Dye-sensitized solar cells (DSCs) do not use high-purity
silicon, and their manufacturing process is simple and of low
cost. DSCs are expected to reduce the manufacturing cost
significantly compared with conventional p-n junction solar
cells.

A great deal of effort has beenmade to improve the photo-
voltaic performance of DSCs [1–4].

In our previous paper, we studied TiO
2
materials [5] and

electrolytes [6].
The above studywas found to be very important to control

the interface between TiO
2
and dye electrolyte.

Dyes are required to be adsorbed on the TiO
2
in a mono-

layer without association or aggregation in order to suppress
self-quenching of the excited electrons in the dyes.

To reduce association or aggregation of dyes, several
carboxylic acid derivatives have been studied. For example,
there are several reports using 3-phenylpropionic acid [7],
deoxycholic acid [8], chenodeoxycholic acid [9], stearic acid
[10], 4-guanidinobutyric acid [11], andhexadecylmalonic acid
[12].

The coadsorption of dyes on the TiO
2
surface is expected

to improve both the photocurrent and the photovoltage of
DSC cells. The improved photocurrent can be attributed to
a positive shift of the conduction band edge of TiO

2
[13] or

to suppression of self-quenching of the excited electrons in
the dyes [14]. The improved photovoltage can be caused by
suppression of recombination between the injected electrons
and I
3

− ions [12, 13].
In this paper, we report the effects of malonic acid

derivatives and acetic acid derivatives as coadsorbents on the
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photovoltaic performance of DSC cells sensitized by D-908
dye (Figure 1).

Especially, dicarboxylic acids such asmalonic acid deriva-
tives could be anchored to the surface of TiO

2
more effec-

tively than monocarboxylic acids, and there are few previous
papers about dicarboxylic acids as coadsorbents [12]. So, we
choose malonic acids derivatives as coadsorbents.

2. Materials and Methods

2.1. D908Dye. Themolecular structure of D908 dye is shown
in Figure 1.

D908 dye is one of the derivatives of Z907 dye. One of
the protons bonded to the carboxylic groups is substituted by
benzyltrimethylammonium cation.

D908 dye was purchased from Everlight Chemical Indus-
trial Co., and used as supplied without further purification.

2.2.Malonic Acid Derivatives and Acetic Acid Derivatives. We
chose six malonic acid derivatives including alkyl, cycloalkyl,
and phenyl groups shown in Figure 2 and six acetic acid
derivatives including alkyl, cycloalkyl, and naphthyl groups
shown in Figure 3.

Isopropylmalonic acid (Tokyo Kasei Kogyo Co., Ltd.), n-
butylmalonic acid (Wako Chemical Co., Ltd.), n-hexadecyl-
malonic acid (Oakwood Products, Inc.), cyclopentylmalonic
acid (Tokyo Kasei Kogyo Co., Ltd.), phenylmalonic acid
(Tokyo Kasei Kogyo Co., Ltd.), and benzylmalonic acid
(Tokyo Kasei Kogyo Co., Ltd.) were used as supplied.

Cyclopropylacetic acid (Wako Chemical Co., Ltd.),
cyclopentylacetic acid (Tokyo Kasei Kogyo Co., Ltd.), cyclo-
hexylacetic acid (Tokyo Kasei Kogyo Co., Ltd.), cyclohepty-
lacetic acid (Alfa Aesar), tert-butylacetic acid (Tokyo Kasei
Kogyo Co., Ltd.), and 1-naphthylacetic acid (Tokyo Kasei
Kogyo Co., Ltd.) were used as supplied.

2.3. Preparation of TiO
2
Electrodes Sensitized by D908 Dye.

TiO
2
nanoparticle (ca. 20 nm) pastes were prepared by the

method of the previous paper [15]. TiO
2
electrodes (apparent

area 0.25 cm2; thickness ca 14 𝜇m) were prepared on a glass
substrate coated with F-doped SnO

2
by screen printing. The

electrodes were heated at 550∘C for 1 hour. The D908 dye
(0.5mM) and the coadsorbent (0.5mM) were dissolved in a
50 : 50 (vol.%) solution of acetonitrile and tert-butyl alcohol.
The solvents were purchased from Kanto Chemical Co., Inc.
and used as supplied without further purification. The TiO

2

films were immersed in the dye solutions and kept at 25∘C for
20 h.

2.4. Preparation of Electrolyte. The electrolyte consisted of
0.06M iodine, 0.1M LiI, 0.6M 1-ethyl-3-methylimidazolium
iodide, and 0.5M 4-tert-butylpyridine in acetonitrile iodine
(Wako Pure Chemical Industries, Ltd.), LiI (Kojundo Chem-
ical Laboratory Co., Ltd.), 1-ethyl-3-methylimidazolium
iodide (Kanto Chemical Co., Inc.), 4-tert-butylpyridine
(Sigma-Aldrich), and acetonitrile (Kanto Chemical Co., Inc.)
were used as supplied.

HO

O

O O−

N
N

N
N

NCS

NCS
Ru

N
+

Figure 1: Structure of D908 dye.
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CH–(COOH)2
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n-Butylmalonic acid

n-Hexadecylmalonic acid

Figure 2: Structures of malonic acid derivatives.

2.5. Fabrication of DSC Cells and Photovoltaic Measurement.
The DSC cell consisted of the TiO

2
electrode, a counter

electrode, a polyimide film spacer (35 𝜇m thick), and the
electrolyte. The counter electrode was a Pt film sputtered on
a TCO-coated glass plate.

Photovoltaic measurement employed an AM1.5 solar
simulator equipped with a xenon lamp (San-ei Electric Co.,
Ltd.).
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Cyclohexylacetic acid
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Figure 3: Structures of acetic acid derivatives.

2.6. Measurement of the Amount of Dye Adsorbed on TiO
2
.

The areas around the TiO
2
films sensitized by D908 dye were

wiped with ethanol.Then, the TiO
2
films were immersed in a

1.5 : 1.0 (vol.%) solution of ethanol and 0.1MKOH for 10min-
utes. After recognizing the dye desorption, 1.0mL of the solu-
tion was used to measure its specific adsorption (maximum
adsorption wavelength: 510 nm) by the spectrophotometer
(Shimadzu UV-2550). The amounts of adsorbed dyes were
calculated from the absorbance of 510 nm light for 1.0mL
desorbed sample solutions.

2.7. Measurement of Attenuated Total Reflection Fourier-
Transformed IR (ATR-FTIR) Spectroscopy. The surfaces of
TiO
2
films sensitized by D908 dye, D908 dye with phenyl-

malonic acid, and D908 dye with cyclopentylacetic acid were
analyzed by ATR-FTIR (Nicolet, iN10MX) with 128 scans at a
resolution of 8 cm−1.

2.8. Measurement by Raman Spectroscopy. The surfaces of
TiO
2
films sensitized by D908 dye, D908 dye with phenyl-

malonic acid, and D908 dye with cyclopentylacetic acid were
analyzedwith a Ramanmicroscope (Renishaw, inVia) with an
exciting light of 532 nm wavelength, an exciting light power
of 0.5% (0.35mW), an objective mirror of 50x magnification,
an irradiation time of 3 seconds, 180-degree back scatter, and
5 times of scanning. The wave number was calibrated by
silicone.

2.9. Measurement by Electrochemical Impedance Spectroscopy
(EIS). The large DSC cells using the TiO

2
electrodes (appar-

ent area 5.1 cm2, thickness ca 14 𝜇m) sensitized by D908
dye, D908 dye with phenylmalonic acid, and D908 dye with
cyclopentylacetic acid were fabricated and measured with an
electrochemical impedance spectroscope (EIS) (Biologic, SP-
300) under irradiation of 100mW/cm2 at 25∘C.

3. Results and Discussion

3.1. Photovoltaic Performance. Table 1 shows the amount
of D908 dyes adsorption and the photovoltaic parameters
of DSC devices without coadsorbent (control) and with
isopropylmalonic acid (IPMA), n-butylmalonic acid (BMA),
n-hexadecylmalonic acid (HDMA), cyclopentylmalonic acid
(CPMA), phenylmalonic acid (PMA), and benzylmalonic
acid (BZMA).

As shown in Table 1, all the adsorbed amounts of the
D908 dyes decreased when the six types of malonic acid
derivatives were used as coadsorbents. These results indicate
that malonic acid derivatives were adsorbed on the TiO

2
and

suppressed D908 dye adsorption.
For the DSC device with HDMA, the amounts of

the adsorbed D908 dyes dramatically decreased to 11.9 ×
10−8mol/cm2 relative to the control device (19.4 × 10−8mol/
cm2). This result suggests that HDMA significantly sup-
pressed D908 dye adsorption by its bulky steric effects. As a
result of decreased dye adsorption, the value of 𝐽sc decreased
from 16.4 to 14.8mA/cm2, and the value of conversion
efficiency also decreased from 6.9% to 6.6%.

The other five DSC devices improved their conversion
efficiencies. In particular, the DSC device with PMA showed
the highest value of conversion efficiency (7.8%) among all
the seven DSC devices. The amount of the adsorbed D908
dye decreased to 18.1 × 10−8mol/cm2 relative to the control
device (19.4 × 10−8mol/cm2), but the device showed a 6%
improvement in the value of 𝐽sc (17.4mA/cm2) relative to
that of the control device (16.4mA/cm2). This result suggests
that the coadsorption of PMA on the TiO

2
suppressed the

aggregation of the dyes and the self-quenching of the excited
electrons in the dyes by its steric effect.The effect is described
in Section 3.2 ATR-FTIR spectroscopy and Section 3.4 elec-
trochemical impedance spectroscopy. Therefore, the coad-
sorption of PMA increased in electron-injection yields from
the dye to the TiO

2
.

The device also showed a 3% improvement in𝑉oc(0.66V)
relative to the control device (0.64V). This result suggests
that the coadsorption of PMA on the TiO

2
suppressed the

recombination between the injected electrons and I
3

− ions.
The effect is also described in Section 3.4 electrochemical
impedance spectroscopy.

Table 2 shows the amounts of the adsorbed D908 dyes
and the photovoltaic parameters of DSC devices with cyclo-
propylacetic acid (CPRAA), cyclopentylacetic acid (CPE-
AA), cyclohexylacetic acid (CHEAA), cycloheptylacetic acid
(CHPAA), tert-butylacetic acid (TBAA) and naphthylacetic
acid (NPAA). As shown in Table 2, all the amounts of
the adsorbed D908 dyes decreased when the six types of
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Table 1: Photovoltaic parameters of DSC devices with malonic acid derivatives.

Coadsorbent The amount of dye adsorption 𝐽sc 𝑉oc FF 𝜂

10−8mol/cm2 (mA/cm2) (V) (%)
Control 19.4 16.4 0.64 0.66 6.9
Isopropylmalonic acid 13.9 16.3 0.64 0.69 7.2
n-Butylmalonic acid 14.1 15.8 0.64 0.69 7.0
n-Hexadecylmalonic acid 11.9 14.8 0.64 0.70 6.6
Cyclopentylmalonic acid 14.8 16.7 0.64 0.68 7.3
Phenylmalonic acid 18.1 17.4 0.66 0.68 7.8
Benzylmalonic acid 12.6 16.4 0.63 0.68 7.0

Table 2: Photovoltaic parameters of DSC devices with acetic acid derivatives.

Coadsorbent The amount of dye adsorption 𝐽sc 𝑉oc FF 𝜂

10−8mol/cm2 (mA/cm2) (V) (%)
Control 19.4 16.4 0.64 0.66 6.9
Cyclopropylacetic acid 17.1 16.6 0.62 0.67 6.9
Cyclopentylacetic acid 17.2 17.0 0.66 0.68 7.6
Cyclohexylacetic acid 18.2 17.0 0.64 0.67 7.3
Cycloheptylacetic acid 17.3 16.5 0.62 0.67 6.9
tert-Butylacetic acid 18.7 16.6 0.63 0.68 7.1
1-Naphthylacetic acid 18.0 16.3 0.61 0.68 6.8

acetic acid derivatives were used as coadsorbents. These
results suggest that acetic acid derivatives were adsorbed
on the TiO

2
and suppressed D908 dye adsorption. Three

DSC devices with CPEAA, CHEAA, or TBAA improved
their conversion efficiencies. In particular, the device with
CPEAA showed the highest value of conversion efficiency
(7.6%) among seven devices. The amount of adsorbed D908
dye decreased to 17.2 × 10−8mol/cm2 relative to the control
device (19.4 × 10−8mol/cm2), but the device showed a 4%
improvement in 𝐽sc (17.0mA/cm2) relative to the control
device (16.4mA/cm2).The device also showed a 3% improve-
ment in 𝑉oc (0.66V) relative to the control device (0.64V).
These results suggest that the coadsorption of CPEAA on
the TiO

2
has an effect similar to that of PMA. The effect

is also described in Section 3.2 ATR-FTIR spectroscopy and
Section 3.4 Electrochemical impedance spectroscopy.

3.2. ATR-FTIR Spectroscopy. Figure 4 shows the attenuated
total reflection Fourier-transformed IR (ATR-FTIR) spectra
of TiO

2
films sensitized by D908 alone, D908 with PMA,

and D908 with CPEAA in the range of 1200–1800 cm−1.
The assignments of the peaks were prepared by the previous
papers [10, 16].

The peak at 1381 cm−1 was assigned to the carboxylate
groups (–COO−) anchored to the surface of the TiO

2
, and

the peak at 1720 cm−1 was assigned to the free carboxylic acid
(–COOH) of the D908 dye.The intensity at 1381 cm−1 relative
to that at 1720 cm−1 (I

1381
/I
1720

) was calculated, and the values
were 11.2 (D908 alone, control), 21.3 (D908 with PMA), and
17.2 (D908 with CPEAA), respectively.
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Figure 4: ATR-FTIR spectra of TiO
2
films sensitized with D908

alone, D908 with PMA, and D908 with CPEAA.

Therefore, the amounts of D908 dyes anchored to the
surface of TiO

2
were in the following order: D908 with

PMA >D908 with CPEAA > control. This result provides an
explanation for improved 𝐽sc value for the DSC device with
PMA or CPEAA, even though the amounts of dye were less.

3.3. Raman Spectroscopy. Figure 5 shows the Raman spectra
of TiO

2
films sensitized by D908 alone, D908 with PMA,

and D908 with CPEAA in the range of 400–1800 cm−1. The
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Figure 5: Raman spectra of the TiO
2
films sensitized with D908

alone, D908 with PMA, and D908 with CPEAA.

assignments of the peaks were prepared by the previous paper
[17].

The peak at 640 cm−1 was assigned to the TiO
2
, and the

peak at 1610 cm−1 was assigned to the D908 dye.The intensity
at 1610 cm−1 relative to that at 640 cm−1 (I

1610
/I
640

) was
calculated, and the values were 4.26 (D908 alone, control),
3.26 (D908 with PMA), and 2.03 (D908 with CPEAA),
respectively.

Therefore, the amounts of D908 dye adsorbed on the
surface of TiO

2
were in the following order: control > D908

with PMA > D908 with CPEAA. This result coincides with
the order of the amounts of D908 dyes measured by the
spectrophotometer as referred to in Section 2.7, and suggests
that Raman spectra can be used for the evaluation of the
amount of dye more conveniently.

3.4. Electrochemical Impedance Spectroscopy (EIS). Electro-
chemical impedance spectroscopy (EIS) was performed to
investigate the interface in the DSC devices by the method
of the previous papers [18, 19].

Figure 6 shows theNyquist plots of DSCdevices using the
TiO
2
films sensitized by D908 alone, D908 with PMA, and

D908 with CPEAA. The plots were fitted by the equivalent
circuit of DSC shown in Figure 7, and Rs, R1, R2, and R3
values were calculated.

Rs means the series resistance such as that of F-doped
SnO
2
and interconnection.

R1 (Pt) means the resistance of charge transfer between Pt
and electrolyte. R2 (TiO

2
) means the charge recombination

resistance from TiO
2
to I
3

− ions. R3 (I) means the diffusion
resistance in electrolyte. These parameters are shown in
Table 3.

The values of R2 in the DSC devices with PMA or
CPEAA were larger than that of the control device. This
result suggests that the coadsorption of PMA or CPEAA
on the TiO

2
suppressed the recombination between the
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Figure 6: Nyquist plots for the DSC devices using TiO
2
films

sensitized with D908 alone, D908 with PMA, and D908 with
CPEAA.
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Figure 7: Equivalent circuit of DSC.

Table 3: Impedance parameters of DSC devices with PMA or
CPEAA.

Coadsorbent Rs R1 (Pt) R2 (TiO2) R3 (I)
Control 5.5 1.2 3.8 3.6
Phenylmalonic acid 5.5 1.2 4.0 3.4
Cyclopentylacetic acid 5.5 1.2 4.0 3.4

injected electrons and I
3

− ions; therefore, PMA or CPEAA
coadsorption improved the 𝑉oc of the DSC devices.

The values of R3 in theDSC devices with PMAor CPEAA
were smaller than that of the control device. This result
suggests that the coadsorption of PMA or CPEAA on the
TiO
2
suppressed the aggregation of the dyes and I− ions were

able to access the dyes more smoothly; thus PMA or CPEAA
coadsorption improved the 𝐽sc of the DSC devices.

4. Conclusions

Coadsorption of PMA or CPEAA improved both the 𝐽sc and
the 𝑉oc values for DSC devices sensitized by D908 dye even
though coadsorption decreased the amount of dye adsorbed
on the TiO

2
electrode. The conversion efficiency increased

from 6.9% to 7.8% for PMA and from 6.9% to 7.6% for
CPEAA.

ATR-FTIR spectra suggested that coadsorption of PMA
or CPEAA increased the amount of D908 dye anchored to
the surface of TiO

2
. This result provides an explanation for

the improved 𝐽sc values.
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Raman spectra suggested that coadsorption of PMA or
CPEAA decreased the amount of D908 dye adsorbed on the
surface of TiO

2
. This result coincides with the amount of

D908 dye measured by the spectrophotometer and suggests
that Raman spectra can be used for the evaluation of the
amount of dye more conveniently.

Electrochemical impedance spectroscopy suggested that
the values of R2 in the DSC devices with PMA or CPEAA
were larger than that of the control device.This result suggests
that the coadsorption of PMA or CPEAA on the TiO

2

suppressed the recombination between the injected electrons
and I
3

− ions, PMA or CPEAA coadsorption improving the
𝑉oc of the DSC devices. The values of R3 in the DSC devices
with PMA or CPEAA were smaller than that of the control
device. This result suggests that the coadsorption of PMA
or CPEAA on the TiO

2
suppressed the aggregation of the

dyes and I− ions were able to access the dyes more smoothly.
Consequently, PMA or CPEAA coadsorption improved the
𝐽sc of the DSC devices.
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We report on the development and application of n-type hydrogenated microcrystalline silicon oxide films (n 𝜇c-SiO:H) in
hydrogenated amorphous silicon oxide/hydrogenated microcrystalline silicon (a-SiO:H/𝜇c-Si:H) micromorph solar cells. The n
𝜇c-SiO:H films with high optical bandgap and low refractive index could be obtained when a ratio of carbon dioxide (CO

2
) to

silane (SiH
4
) flow rate was raised; however, a trade-off against electrical property was observed. We applied the n 𝜇c-SiO:H films

in the top a-SiO:H cell and investigated the changes in cell performance with respect to the electrical and optical properties of the
films. It was found that all photovoltaic parameters of the micromorph silicon solar cells using the n top 𝜇c-SiO:H layer enhanced
with increasing theCO

2
/SiH
4
ratio up to 0.23, where the highest initial cell efficiency of 10.7%was achieved.The enhancement of the

open circuit voltage (𝑉oc) was likely to be due to a reduction of reverse bias at subcell connection—n top/p bottom interface—and a
better tunnel recombination junction contributed to the improvement in the fill factor (FF). Furthermore, the quantum efficiency
(QE) results also have demonstrated intermediate-reflector function of the n 𝜇c-SiO:H films.

1. Introduction

Wide-bandgap silicon oxide based materials have been
widely studied for thin film silicon solar cell applications
because of their attractive optical and electrical properties
[1–4]. Characterizations of boron doped hydrogenated amor-
phous and microcrystalline silicon oxide films (p a-SiO:H
and p 𝜇c-SiO:H) and their applications as window layer of
solar cells have been reported bymany research groups [5, 6].
N-type a-SiO:H and𝜇c-SiO:Hfilms also have been developed
and applied in single junction and multijunction thin film
silicon solar cells [7–11]. However, most works focused on
an intermediate-reflector function of the n 𝜇c-SiO:H films
in conventional a-Si:H/𝜇c-Si:H micromorph solar cells and
paid little attention to their effects on junction connection
and band diagram continuity [7–10]. Moreover, application
of the n 𝜇c-SiO:H films to a-SiO:H based solar cells has not
yet been reported; thus there is still much room for further
research.

Our group has been investigating the wide bandgap
SiO:H based materials and previously reported performance
of the a-SiO:H based solar cells with single junction and
multijunction structures—a-SiO:H, a-SiO:H/a-Si:H, and a-
SiO:H/𝜇c-Si:H [12–15]. In this work, we focus on properties
of the n 𝜇c-SiO:H films and their appropriateness to the use
as the n top layer in the a-SiO:H/𝜇c-Si:Hmicromorph silicon
solar cells. Properties of the n 𝜇c-SiO:H films are presented
along with the performance of the micromorph silicon solar
cells.

2. Experimental Details

2.1. Preparation of n 𝜇c-SiO:H Films. N 𝜇c-SiO:H films have
been prepared by very high frequency plasma enhanced
chemical vapor deposition (60MHz VHF-PECVD) tech-
nique.The gas sources were silane (SiH

4
), hydrogen (H

2
), and

carbon dioxide (CO
2
), and phosphine (PH

3
) was employed
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as a doping source. For film characterizations, the n 𝜇c-
SiO:H films were deposited on Corning glass substrates at
the deposition temperature of 180∘C, a plasma power of
70mW/cm2, deposition pressure of 0.5 Torr, H

2
/SiH
4
ratio

of 35, PH
3
/SiH
4
ratio of 0.38, and CO

2
/SiH
4
ratio in the

range of 0∼0.28. The thickness of the films was kept at
about 350 nm, which was measured by step profilometer.
The crystalline volume fraction (𝑋

𝑐
) of the n 𝜇c-SiO:H

films was estimated by Raman scattering experiment. The
Raman scattering spectra of the n 𝜇c-SiO:H films in the 400–
600 cm−1 region can be deconvoluted into three spectra. A
peak distribution around 470–475 cm−1 is assigned to the
transverse optical (TO) mode of amorphous silicon, whose
corresponding integrated area is identified as 𝐼(𝑎). A sharp
peak arising at around 519–522 cm−1 corresponds to the
transverse optical vibrational mode of crystalline silicon, and
the associated integrated area is identified as 𝐼(𝑐). And the
intermediate component corresponding to a peak at around
506–510 cm−1 is identified as 𝐼(𝑏). The crystalline volume
fraction is calculated by using the simplified empirical rela-
tion as follows [16]:

𝑋
𝑐
=
[𝐼 (𝑐) + 𝐼 (𝑏)]

[𝐼 (𝑎) + 𝐼 (𝑏) + 𝐼 (𝑐)]
. (1)

We have measured the absorption data (𝛼) of the films
at visible range by UV/Visible spectrophotometer. Due to
the varying structure of the films from microcrystalline to
amorphous phase, we avoided Tauc’s plots, and to give a
numerical presentation of the shift in the absorption spectra
we determined 𝐸

04
, that is, the energy corresponding to 𝛼 =

104 cm−1, as an indicator of relative optical bandgap (𝐸op).
Refractive index (𝑛) spectra of the films were estimated by
Spectroscopic Ellipsometry (SE) using Tauc-Lorentz model
[17]. The dark conductivity (𝜎

𝑑
) of the films was measured

in a coplanar configuration with Al electrode at room
temperature.

2.2. Fabrication of a-SiO:H/𝜇c-Si:H Micromorph Silicon Solar
Cells. We have applied the n 𝜇c-SiO:H films as the n
top layer of the micromorph silicon solar cells with the
structure of TCO glass/ZnO/p-𝜇c-SiO:H/i-a-SiO:H/n-𝜇c-
SiO:H/p-𝜇c-SiO:H/i-𝜇c-Si:H/n-𝜇c-Si:H/ZnO/Ag (cell active
area was 0.75 cm2). Note that absorber layer of the top
cell was wide-bandgap a-SiO:H film, and p 𝜇c-SiO:H films
were used as p layer in both top and the bottom cells.
There was no intermediate layer at the junction connection
between the top and bottom cells. Thicknesses of the i top
a-SiO:H and i bottom 𝜇c-Si:H layers were 400 and 1500 nm,
respectively.TheCO

2
/SiH
4
ratio for the n top layer deposition

was varied from 0 to 0.28, while other conditions in cell
fabrication were kept as the same. The thickness of the n
top layerwas approximately 30 nm.The current-voltage (𝐼-𝑉)
characteristics of the solar cells have been investigated under
the standard testing conditions—AM1.5, 100mW/cm2, and
25∘C—in aWacom solar simulator. Quantum efficiency (QE)
of the solar cells also has been evaluated by spectral response
measurements.
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Figure 1: Raman spectra of n 𝜇c-SiO:H films deposited with differ-
ent CO

2
/SiH
2
ratios.

3. Results and Discussion

3.1. Properties of n 𝜇c-SiO:H Films. Figure 1 shows Raman
spectra of the n 𝜇c-SiO:H films deposited with different
CO
2
/SiH
4
ratios. It is obviously shown that the peak corre-

sponding to crystalline phase, peak (𝑐), gradually decreased
with increasing the CO

2
/SiH
4
ratio, and the amorphous

silicon (𝑎) became a dominant phase at the ratio above 0.23.
With no CO

2
addition the𝑋

𝑐
of the filmwas 69%, decreasing

to 12% at the CO
2
/SiH
4
ratio of 0.28.

The optical bandgap of the films tended to increase while
the refractive index measured at the wavelength of 550 nm
showed an opposite change when the CO

2
/SiH
4
ratio became

higher, as shown in Figure 2. Incorporation of oxygen into
the Si:H network has a direct consequence for optical gap
widening. A component of the increase in optical bandgap
is associated with the Si–O bonds because of the stronger
bond energy of Si–O compared to those of Si–Si and Si–H
[18]. Addition of oxygen atoms to Si:H films canwiden optical
bandgap; however, the more the participation of the oxygen
atoms, the lower the conductivity of the films, as indicated in
Figure 3.

3.2. Characteristics of a-SiO:H/𝜇c-Si:H Micromorph Silicon
Solar Cells. As shown in Figure 4, open circuit voltage
(𝑉oc), short circuit current density (𝐽sc), and fill factor (FF)
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of the solar cells obviously improved when the n 𝜇c-SiO:H
film was applied as the n top layer instead of the n 𝜇c-Si:H
film (CO

2
/SiH
4
= 0). The best cell with initial conversion

efficiency of 10.7% with 𝑉oc = 1.47V, 𝐽sc = 10.6mA/m2, and
FF = 0.67 has been achieved at the CO

2
/SiH
4
ratio of 0.23,

where the𝑋
𝑐
of the filmwas approximately 35%.At the higher

ratio, the 𝐽sc of the cell began to drop, resulting in a decrease
in the cell efficiency. Since the n 𝜇c-SiO:H films possess wide
optical bandgap of about 2.3 eV and higher defect density
compared to the n 𝜇c-Si:H film, these are supposed to allow
a better continuity of band diagram and also a better tunnel
recombination junction at the connection between the top
and the bottom cells. As mentioned previously, the i top and
p bottom layers in these solar cells were wide bandgap SiO:H
based materials. The 𝐸

04
of the p bottom 𝜇c-SiO:H layer was

estimated to be about 2.25 eV; thus the n 𝜇c-SiO:H film with
the 𝐸
04
of 2.3 eV was probably better suited to the n top layer

application for this cell structure. The enhancement in the
𝑉oc was supposed to be due to a reduction of reverse bias
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silicon solar cells using n top 𝜇c-Si(O):H layer deposited with
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ratios.

at subcell connection—n top/p bottom interface. The series
resistance (𝑅

𝑠
) slightly increased while the shunt resistance

(𝑅sh) significantly enhanced from 1500 to 3200Ω when
the CO

2
/SiH
4
ratio increased from 0 to 0.28, as shown in

Figure 5. The increase of the 𝑅sh was supposed to be caused
by the better tunnel recombination junction, contributing to
the improvement in the FF.

According to the QE results shown in Figure 6, the
spectrum response corresponding to the top a-SiO:H cell
slightly enhanced while those of the bottom 𝜇c-Si:H cell
decreased with increasing the CO

2
/SiH
2
ratio.This suggested

that, besides allowing ohmic and low resistive electrical
connection between the two adjacent cells in the a-SiO:H/𝜇c-
Si:H micromorph silicon solar cell, the n top 𝜇c-SiO:H
film also worked as an intermediate reflector to enhance
light scattering, as verified by the increase of the spectrum
response corresponding to the top cell. The drop of the 𝐽sc at
the CO

2
/SiH
2
ratio of 0.28 was thought to be due to current

mismatch between the top and the bottom cells.
Experimental results have verified the excellent multi-

function of the n 𝜇c-SiO:H films when they are applied
in the a-SiO:H/𝜇c-Si:H micromorph solar cells, in addition
to the conventional a-Si:H/𝜇c-Si:H structure. Interestingly,
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the 𝑉oc of our a-SiO:H/𝜇c-Si:H micromorph solar cells was
found to be high, compared to the conventional micromorph
solar cells [7–10], and was further improved when the n
top 𝜇c-SiO:H layer was used. The 𝑉oc of the conventional
cells was about 1.38–1.42V, while the a-SiO:H/𝜇c-Si solar
cells showed the 𝑉oc as high as 1.47–1.49V.The multijunction
thin film silicon solar cells with high 𝑉oc are considered to

have advantage of low temperature coefficients (TC) [15].
Although, at present, the efficiency of the a-SiO:H/𝜇c-Si
micromorph solar cells is lower than that of the micromorph
solar cells using conventional structure, their advantages
are expected to become more obvious when the cells are
operating in high-temperature environment.

4. Conclusion

We have developed the n-type 𝜇c-SiO:H films and applied
them as the n top layer of the a-SiO:H/𝜇c-Si:H micromorph
silicon solar cells. The solar cells using the n top 𝜇c-SiO:H
layer showed higher 𝑉oc, 𝐽sc, and FF than the cell with the
n top 𝜇c-Si:H layer. Enhancements in the cell parameters
were supposed to be due to the better tunnel recombination
junction, the better continuity of band diagram at the subcell
connection, and, equally importantly, the more efficient
intermediate reflector, all of which were mainly owing to the
n 𝜇c-SiO:H films in the top cell.
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