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ABSTRACT: To reduce the cost of the Cu(In,Ga)Se, (CIGS) solar cells while
maximizing the efficiency, we report the use of an Ag nanowires (NWs) + poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) hybrid transparent
electrode, which was deposited using all-solution-processed, low-cost, scalable methods.
This is the first demonstration of an Ag NWs + PEDOT:PSS transparent electrode
applied to CIGS solar cells. The spin-coated 10-nm-thick PEDOT:PSS conducting
polymer layer in our hybrid electrode functioned as a filler of empty space of an
electrostatically sprayed Ag NW network. Coating of PEDOT:PSS on the Ag NW
network resulted in an increase in the short-circuit current from 15.4 to 26.5 mA/cm?,
but the open-circuit voltage and shunt resistance still needed to be improved. The
limited open-circuit voltage was found to be due to interfacial recombination that is due
to the ineffective hole-blocking ability of the CdS film. To suppress the interfacial
recombination between Ag NWs and the CdS film, a Zn(S,0,0H) film was introduced
as a hole-blocking layer between the CdS film and Ag NW network. The open-circuit
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voltage of the cell sharply improved from 0.35 to 0.6 V, which resulted in the best cell efficiency of 11.6%.
KEYWORDS: Ag nanowire, solution process, Ag nanowires + PEDOT:PSS hybrid transparent electrode, Zn(S,0,0H),

hole-blocking layer, Cu(In,Ga)Se, solar cell

1. INTRODUCTION

Solar cells that convert sunlight directly into electricity have
potential as a major source in power generation. Presently, the
crystalline Si solar cells dominate the solar cell market share by
more than 80%; however, the material cost of the cell occupies
over 50% of the total manufacturing cost, which makes this
technology less competitive in comparison to the conventional
power generation by fossil fuels." One method to reduce the
material cost is to fabricate solar cells in thin films instead of
using a thick Si wafer. Thin-film Si solar cells, however, suffered
from low efficiency, and thus different material options that can
overcome the low efficiency were researched. Cu(In,Ga)Se,
(CIGS) and CdTe thin-film solar cells are currently being
developed, but the CIGS solar cell is considered as the most
promising technology because of a high efficiency in the range
of >20%, which is significantly surpasses that of the thin-film Si
solar cell.”® However, the manufacturing cost of CIGS thin-film
solar cells still remains a challenge in order to make a cost-
effective solution to today’s energy consumption needs.

Many attempts were made to reduce the manufacturing cost
of CIGS solar cells by lowering of both the processing and
materials costs. First, the preparation of the absorber was
successfully demonstrated using nonvacuum processes, such as
the solution-based method where the solution for the absorber
layer is deposited by screen-printing or spin-coating meth-
0ds.*”¢ Recently, these nonvacuum-processed CIGS solar cells
showed up to 16% efficiency, but such high efficiency is
unfortunately constrained to laboratory-scale or small areas
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because of poor film uniformity and reproducibility. Another
way to reduce the manufacturing cost of CIGS solar cells is to
replace the rare elements In and Ga with earth-abundant
elements such as Zn and Sn, but it is also difficult to deposit a
high-quality Cu,ZnSnS, or Cu,ZnSnSe, because of the easy
formation of the binary compounds ZnSe, ZnS, MoSe,, and
MoS, and the highly volatile Sn element.””” Studies for
lowering the processing and materials costs further are being
actively researched currently.

Although there were concentrated efforts in the development
of solution processing of the absorber layer, the development of
the solution-processed transparent electrode to replace the
ZnO or ITO in CIGS solar cells was not extensively studied. It
is well-known that the metal nanowire (NW) network is a
promising flexible transparent electrode material with excellent
optical and electrical properties with a cost-effective processing
method, where the NWs are synthesized in solution and simply
spray- or spin-coated on a substrate of desired choice.'”'" The
Ag NW network as a transparent electrode was demonstrated
many times for the case of flexible display panels or flexible
organic solar cells,"*™"* but limited studies were conducted for
the case of CIGS solar cells. For cost-effective CIGS solar cells,
an Ag NW composite with indium—tin oxide (ITO) nano-
particles (NPs) was first adapted to use as an alternative
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Figure 1. (a) Transmittance of the ZnO:Al film and the Ag NW network with various densities: 4, 7, and 10 mL. (b) Transmittance (average of
400—800 nm) versus sheet resistance comparison between the Ag NW electrode and ZnO:Al film on a glass substrate.

transparent electrode.” The cell with the Ag NWs + ITO NPs
composite electrode achieved an efficiency of above 10%.
Additionally, there was an Ag NWs composite electrode with
sol—gel-processed ZnO instead of ITO NPs.'S However, the Ag
NWs composite electrode still uses the conducting oxide
materials (ITO or ZnO) of the conventional transparent
electrode. Most recently, a solution-processed graphene oxide
(GO)-welded Ag NWss transparent electrode was developed.'”
The GO nanosheet was employed as an adhesive material to
enhance the series resistance of organic—Si hybrid solar cells.

In this study, instead of the conducting oxide, a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) conducting polymer was used to help the Ag NW
network to effectively collect generated charges and improve
adhesion to the surface. Most of all, PEDOT:PSS can
completely fill in the vacant spacing of the Ag NW network.
Thus, an Ag NWs + PEDOT:PSS hybrid electrode was
demonstrated for the first time as a transparent electrode for
CIGS solar cells. For high efficiency, it is very important to
effectively separate generated charges without an interfacial
recombination at the junction. Thus, a hole-blocking layer to
prevent the interfacial recombination was introduced between
the CIGS absorber and the Ag NWs + PEDOT:PSS electrode.
The solution-processed, highly conductive, and transparent Ag
NWs + PEDOT:PSS hybrid electrode appears to be a good
solution for reducing the manufacturing cost of CIGS thin-film
solar cells. Furthermore, it can be realized with flexible solar
cells.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Poly(vinylpyrrolidone) (PVP; M,,
~ 55000, powder), dimethyl sulfoxide (DMSO; 99.9%), cadmium
sulfate (CdSO,; 99.99%), zinc sulfate (ZnSO,; 99.9%), and thiourea
((NH,),CS; 99.0%) were purchased from Sigma-Aldrich. PE-
DOT:PSS (Clevios PH 1000) was purchased from Heraeus Precious
Metals GmbH & Co. KG. Silver nitrate (AgNO;; 99.0%), sodium
chloride (NaCl; 99.5%), potassium bromide (KBr; 99.0%), ethylene
glycol (EG; 99.0%), and ammonia solution (NH,OH; 28—30%) were
purchased from a common commercial supplier. All chemicals were
used without further purification.

2.2. Synthesis of the Ag NW Solution and Its Application to
the Composite Electrode. Ag NWs were synthesized by a solution-
processing method known as the polyol reduction method'® with
modifications. EG, which was a solvent of the synthesis method, played
a role as the reductant for reducing Ag" ions to form the Ag® NP seeds.
Dissolved PVP induced anisotropic growth of the NW along the [110]
directions by preferentially binding to the (111) surfaces of the Ag
NPs. Ag NWs with an enhanced aspect ratio were obtained by adding
KBr as well as using NaCl instead of AgCl to improve the anisotropic
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growth of the NWs." The details of the Ag NW synthesis were
described in our previous work.”® The density of the Ag NWs
dispersed in methanol was measured by drying and weighing a
measured volume of a well-dispersed Ag NW solution.

The Ag NWs dispersion in methanol with an optimized
concentration of 0.5 mg/mL was deposited on a CIGS solar cell
using a commercially available electrostatic spray system from
NanoNC, Inc. The syringe was loaded with the NW solution and
held at 15 kV, while the PC substrate was held at the ground at a
distance of 3.6 cm away from the tip. The injection rate for the
solution was 20 mL/h, and the density of the NW deposition was
controlled by the volume of the sprayed solution.

After deposition of the Ag NW electrode, a rapid thermal annealing
(RTA) was performed to reduce the junction resistance or to lower
the sheet resistance of the NW network. Then, NH,OH-added
PEDOT:PSS with S wt % DMSO (pH 7—9) was spin-coated on the
Ag NW electrode to solve the problem of the poor contact between
the CdS layer with a rough surface and the Ag NWs. The difficulty of
carrier transport from the surface of the CdS layer to the Ag NWs due
to the low surface contact area between the Ag NWs and the CdS layer
was also solved by coating the PEDOT:PSS layer.

2.3. Fabrication of CIGS Solar Cells Employing the Ag NWs +
PEDOT:PSS Electrode. CIGS absorber layers were deposited on Mo-
coated glass substrates using a coevaporation system.”“?” The
composition of the CIGS film was adjusted to be Cu(Ing,Gags)Se,.
A 50-nm-thick CdS buffer layer was grown on the CIGS absorber layer
using the chemical bath deposition (CBD) process from an alkaline
aqueous solution of CdSQ,, (NH,),CS, and NH,OH.**> To prevent
interfacial recombination between CdS and Ag NWs, a 70-nm-thick
Zn(S,0,0H) layer was grown on a CdS buffer layer using the CBD
process. For growth of the Zn(S,0,0H) film, ZnSO,, (NH,),CS, and
NH,OH were used. After the Zn(S,0,0H)/CdS/CIGS film growth,
the samples were annealed in ambient air using a RTA process. The
RTA process has the advantages of a lower thermal budget and precise
processing time to minimize the intermixing at the Zn(S,0,0H)/
CdS/CIGS interface. The samples were annealed at 300 °C. Then, the
samples were left to cool naturally. To complete the CIGS solar cells,
the Ag NWs + PEDOT:PSS electrode was applied on the
Zn(S,0,0H)/CdS/CIGS film.

2.4. Thin-Film and Device Characterization. The optical
properties of the samples were investigated via UV—visible spectros-
copy using a Shimadzu UV 3600 spectrometer. The morphology and
thickness of the films were investigated via field-emission scanning
electron microscopy (SEM) using a Hitachi S-4800 microscope
without a conductor coating. To determine the valence-band offset
(VBO) at the Zn(S,0,0H)/CdS/CIGS interface, valence-band
maximum (VBM) values of three layers such as a bare CIGS film,
CdS on CIGS, and Zn(S,0,0H) on CdS/CIGS were measured via
ultraviolet photoelectron spectroscopy (UPS) using a Thermo
Scientific Sigma probe.**** The current density—voltage (J—V)
characteristics were measured at 25 °C under illumination using a
Spectra Physics Oriel 300 W Solar Simulator with an AM 1.5G filter. A
calibrated Si cell was used as a reference for J-V.
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Figure 2. Cross-sectional SEM images of (a) CdS/CIGS, (b) Ag NWs/CdS/CIGS, and (c) Ag NWs + PEDOT:PSS/CdS/CIGS films.

3. RESULTS AND DISCUSSION

To develop a novel transparent electrode using Ag NWs, the
optical and electrical properties of the Ag NW network were
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Figure 3. -V curves of the CIGS solar cells fabricated with Ag NWs/
CdS and Ag NWs + PEDOT:PSS/CdS and Ag NWs + PEDOT:PSS/
Zn(S,0,0H)/CdS films.

first characterized. The transmittances of the Ag NW network
with various densities as well as the ZnO:Al film are shown in
Figure 1 for comparison. Figure 1b shows a trade-oft between
the transmittance and electrical conductivity of the Ag NW
transparent electrode because the usage of a higher density of
NWs can result in enhancement in the conductivity while the
corresponding light shadowing effect can lower the overall
transmittance. The sheet resistance of the Ag NW network with
a spray volume of 4 mL is similar to that of the conventional
ZnO:Al film (350 nm). It should be noted that the Ag NW
network has an advantage over the ZnO:Al film in that ZnO:Al
has poor transmittance at the short-wavelength region (300—
500 nm) while the Ag NW network has excellent transmittance
over the wavelength range 300—800 nm. Thus, a Ag NW
transparent electrode prepared with 7 mL of spray volume was
chosen in order to optimize the efficiency of the CIGS solar
cell. The chosen density of the Ag NWs showed higher
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Figure 4. UPS spectra of CIGS, CdS, Zn(S,0,0H), and PEDOT:PSS
films. The binding energy scale is referred to Fermi level.

electrical conductivity than the ZnO:Al film on the same optical
transmittance condition.

The Ag NW network was deposited on the CdS/CIGS
structure and evaluated for the cell efficiency. The CIGS solar
cell used in this study has a clean and distinct CdS/CIGS
interface, as shown in Figure 2a. Although the thin CdS layer
has uniform coverage on top of the CIGS, a significantly high
roughness can be observed because of the roughness of the
CIGS layer. The electrostatically deposited Ag NWs were
uniformly spread on the surface of the CdS film, and the
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Figure 5. SEM images of the Ag NW network deposited using (a) 4 mL (areal density = 15.6%), (b) 7 mL (areal density = 21.2%), and (c) 10 mL
(areal density = 30.3%) of the Ag NW dispersed solution. (d) J—V curves of Ag NWs + PEDOT:PSS/Zn(S,0,0H)/CdS/CIGS solar cells with

various densities of the Ag NW network.

separation distance among Ag NWs is approximately 1 um, as
shown in Figure 2b. The 10-nm-thick PEDOT:PSS as a
conducting polymer was then coated on the Ag NW/CdS/
CIGS sample, and the corresponding SEM image is shown in
Figure 2c. PEDOT:PSS is expected to enhance the collection
efficiency of the charge carriers that would otherwise have to
travel across the CdS surface to reach the Ag NWs. Because the
10-nm-thick PEDOT:PSS surrounds the Ag NWs and bonds to
the CdS surface, the adhesion of the Ag NW electrode is also
expected to be enhanced.

The J—V curves of the CIGS solar cells fabricated using the
Ag NWs/CdS, Ag NWs + PEDOT:PSS/CdS, and Ag NWs +
PEDOT:PSS/Zn(S,0,0H)/CdS films are shown in Figure 3.
The CdS/CIGS solar cell with only the Ag NWs showed very
poor performance. The shunt resistance (Ry,) of the Ag NWs/
CdS/CIGS solar cell was 164 Q cm? because of a high
interfacial recombination at the interface. The short-circuit
current (J.) was also small presumably because of insufficient
contact between the long Ag NWs on a very rough surface of
the CdS/CIGS layers. However, with the deposition of a 10-
nm-thick PEDOT:PSS layer on the surface of the Ag NWs/
CdS film, the J,. value was significantly improved from 15.4 to
26.5 mA/cm? This is indicative of the role of PEDOT:PSS in a
more effective collection of the charge carriers arriving at the
CdS surface. Although ], was significantly increased with a thin
PEDOT:PSS coating, V. of the cell was low, which indicated
that the junction of the cell was still leaky.

The low V. can be understood by considering that the
thickness of the CdS film is extremely thin, which is expected to
be less effective in blocking the holes to flow toward the Ag
NW/CdS interface for recombination. Additionally, the band
gap of the CdS film is known to be 2.42 eV, which results in
lowering the VBO at the CdS/CIGS interface. Generally, wide-
band-gap materials can transmit light without absorption and
also can increase the VBO at the interface. To lower the

interfacial recombination, a Zn(S,0,0H) film (E, > 3.3 eV) was
introduced as a hole-blocking layer between the transparent
electrode and CdS film. As a result of the Zn(S,0,0H) layer
insertion, the efficiency of the CIGS solar cell was dramatically
increased from 3.2 to 8.0%, where the V. value of the cell
greatly increased from 0.35 to 0.55 V. Additionally, Ry, of the
cell increased from 16.4 to 194.9 Q cm? It is clear that insertion
of the Zn(S,0,0H) film prevents the leakage current from
interfacial recombination.

To verify that the increase in V. by adding the Zn(S,0,0H)
film is arising from the VBO, the band alignment of the
Zn(S,0,0H)/CdS/CIGS interface was studied using UPS
analysis. The UPS spectra of CIGS, CdS, and Zn(S,0,0H)
films are shown in Figure 4. The VBM values of the CIGS, CdS,
and Zn(S,0,0H) films are 0.49, 1.68, and 2.29 eV, respectively,
which leads to a VBO at the CdS/CIGS interface of 1.19 eV. By
adding the Zn(S,0,0H) film on top of the CdS film, the VBO
between the Zn(S,0,0H)and CIGS films was significantly
increased from 1.19 to 1.8 eV. The increase of the VBO
corresponds to a higher barrier to the transport hole at the
interface. The solar cell with the Zn(S,0,0H) layer had sharply
improved cell efficiency. Obviously, the Zn(S,0,0H) film could
function as a hole-blocking layer to decrease interfacial
recombination as a source of leakage current.

After ensuring improved charge collection efficiency with 10-
nm-thick PEDOT:PSS and insertion of Zn(S,0,0H) as a hole-
blocking layer, the density of the Ag NW network was revised
to enhance J, further. J, of the solar cell is closely related to the
degree of light transmittance. As expected, the transmittance of
the film depends on the density of the Ag NW network, as
shown in Figure 1. To optimize ], of the cell, the density of the
Ag NW network was changed by adjusting the sprayed volume
of the Ag NW dispersed solution. The SEM images of the Ag
NW network with various densities are shown in Figure Sa—c.
The densities of the Ag NW network deposited using 4, 7, and
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10 mL of the Ag NW dispersed solution were 15.6%, 21.2%,
and 30.3%, respectively. As the density was increased, the Ag
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NW network was more compactly deposited, hence resulting in
a decreased sheet resistance.

The J—V curves of Ag NWs + PEDOT:PSS/Zn(S,0,0H)/
CdS/CIGS solar cells with various densities of the Ag NW
network are shown in Figure 5d. As the density of the Ag NW
networks decreased, the J,. value of the cell increased from 27.7
to 32.6 mA/cm” because of increased transmittance of the Ag
NW network, but the fill factor (FF) of the cell decreased. In
general, the FF value is affected by the resistance of the cell
(series and shunt resistance), and thus the lowering of the FF
value can be associated with an increase of the series resistance
(R,) of the cell. As shown in Figure 1b, the sheet resistance of
the Ag NW network is shown to increase as the density of the
Ag NWs decreases, which, in turn, can lower the FF. Therefore,
it is important to tune the density of the Ag NW network to
obtain maximum efliciency, where an optimum balance is
needed between J. and R,. Our results indicate that the optimal
condition is to deposit the Ag NW network with a density of
21.2%. However, even with the optimized density of the Ag
NWs, the J—V curves showed that R; is so large that it needs to
be further reduced.

To decrease R; in the cells without losing light transmittance,
an additional heat treatment after deposition of the Zn-
(S,0,0H)/CdS film was conducted. The J—V curves of Ag
NWs + PEDOT:PSS/Zn(S,0,0H)/CdS/CIGS solar cells with
and without 300 °C heat treatment of the Zn(S,0,0H)/CdS
film are shown in Figure 6a. As a result of heat treatment, the
cell efficiency significantly increased from 8.0 to 11.6%, where
the R, and FF values were greatly enhanced. In addition, Ry
resolved photovoltaic parameters for statistical analysis of the
cell performance depending on the heat treatment are plotted
in Figure 6b, which indicates that, after 300 °C heat treatment,
the cell performance was highly enhanced because of a
pronounced increase in FF, which could be responsible for
the decrease in R, of the solar cell. J,. of the cell increased
because of the reduction of Ry by an effective collection of
electron carriers, and the increase in V,_ is determined to be
due to a further increase in the VBM. According to UPS
analysis, the VBM value of a 300 °C annealed Zn(S,0,0H) film
increased slightly from 2.29 to 2.48 eV, hence resulting in
effective hole blocking due to increased VBO. Heat treatment
can result in a change in the chemical composition of the
Zn(S,0,0H) film, which could be responsible for the increase
in the VBO. This change in the VBO is consistent with other
reports on the change in the electronic structure of the
Zn(S,0,0H) film due to heat treatments under illumina-
tion.”>*® A higher barrier at the interface due to an increase in
the VBO can more effectively block the flow of hole carriers
and reduce the interfacial recombination.

To understand the change in the valence-band structure of
the Zn(S,0,0H) film, the film composition was studied by X-
ray photoelectron spectroscopy (XPS). In general, the
composition of a compound film is associated with the
electronic band structure. The XPS spectra of Zn(S,0,0H)
films on the CdS film before and after 300 °C heat treatment
are shown in Figure 7. With 300 °C heat treatment, the binding
energy and full-width at half-maximum values of the Zn
element did not show a clear difference. However, the peak
intensity of the S element decreased, which resulted from a loss
in the volatile S element during 300 °C heat treatment. As
shown in Figure 7¢, O 1s XPS spectra can be deconvoluted as
Zn—0 and Zn—OH peaks.””** The OH group content in the
spectra of the O element also decreased from 0.9 to 0.65 after
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300 °C heat treatment. The bond of the OH groups with Zn
ions is relatively weak so that it can be lost by a dehydration
reaction. In the previous study, as the OH group content in the
film decreases, the VBM of the film increases.”>*° Thus, the
composition change of the Zn(S,0,0H) film is associated with
an increase of the VBO of the film. It improved V. by 300 °C
heat treatment.

As explained previously, the solution-processed Ag NWs +
PEDOT:PSS hybrid electrode that is fabricated using a low-
cost, highly scalable method was shown to have excellent
transparency and conductivity and can replace the transparent
conducting oxide films that require high-cost vacuum
processing. In order to maximize the efficiency of the CIGS
solar cell with the Ag NWs + PEDOT:PSS hybrid electrode,
the Zn(S,0,0H) hole-blocking layer that is heat-treated at 300
°C was used to reduce interfacial recombination. Our Ag NWs
+ PEDOT:PSS hybrid electrode that is optimized for the CIGS
solar cell is expected to have advantages in having more
mechanical flexibility in comparison to those containing
vacuum-processed metal oxides and therefore opens up the
possibility of developing more reliable flexible CIGS solar cells.

4. CONCLUSIONS

In this study, the Ag NWs + PEDOT:PSS hybrid electrode was
developed as a low-cost, mechanically flexible alternative to the
conducting oxide deposited by vacuum processes. The Ag NW
network with transmittance and sheet resistance of above 85%
and 17.5 Q/sq, respectively, was determined to have the
optimum areal density of the Ag NW network for optimized ]
and V.. When a bare Ag NW network was deposited on the
CdS film, the cell showed small J. due to insufficient contact
between the long NWs and rough CdS surface. To increase ]
of the cell, the PEDOT:PSS conducting polymer was used as a
filler conducting polymer that can increase the collection
efficiency of the charge carriers arriving at the CdS surface. As a
result, Jc significantly increased from 15.4 to 26.5 mA/cm’.
However, V. and Ry, were too low, which indicated that there
was a significant amount of leakage current presumably due to
interfacial recombination at the Ag NWs/CdS interface. To
reduce the leakage current at the interface, a wide-band-gap
Zn(S,0,0H) film was deposited between the CdS film and Ag
NW network. The Zn(S,0,0H) film can provide a high barrier
for blocking hole transport at the interface, and as a
consequence V.. was measured to have sharply improved
from 0.35 to 0.55 V. In addition, the Zn(S,0,0H) film
annealed at 300 °C was shown to have reduced OH groups and
that induced a further increase in the VBO at the interface to
reduce surface recombination further. Through optimization of
the fabricating process, the best efficiency of 11.6% was
achieved. Our study is the first report on an Ag NWs +
PEDOT:PSS hybrid transparent electrode applied to CIGS
solar cells with high efficiency.
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