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  1.     Introduction 

 Transparent electrodes are among the most important compo-
nents in developing various optoelectronic devices including 
thin-fi lm solar cells, touch screens, and light-emitting diodes 
for displays and smart windows. [ 1 ]  Thin-fi lm solar cells require 
transparent electrodes that can provide large-area process-
ability and cost-effectiveness with high transparency and 
conductivity. Currently, indium tin oxide (ITO) is the most 
commonly used transparent electrode material and over the 
last four decades has demonstrated excellent conductivity 
(≈10 3  S cm −1 ) and transparency (≈90% at 550 nm). [ 2,3 ]  However, 

ITO is undesirable for large-area, low-cost 
solar cells due to the scarcity of indium 
and its expensive vacuum deposition-
based fabrication method. Alternatively, 
a variety of materials have been investi-
gated, including silver nanowire (AgNW) 
fi lms, [ 4 ]  metallic grids, [ 5 ]  conjugated poly-
mers, [ 6 ]  carbon nanotubes (CNTs), [ 7–9 ]  and 
graphenes. [ 10,11 ]  

 Among these materials, AgNW fi lms 
are an attractive candidate due to their out-
standing optical and electrical properties. 
AgNW fi lms can also be easily deposited 
on various target substrates via scalable 
coating or printing methods. A solution-
processed deposition method can provide 
a variety of appealing advantages such as 
simplicity, low cost, and high throughput. 
Lee et al. was the fi rst to demonstrate a 
solution-processed, randomly dispersed 
AgNW mesh with low sheet resistance 
and high transmittance as a promising 
transparent electrode. [ 12 ]  However, some 

issues must be resolved before these AgNW networks can be 
successfully applied to optoelectronic devices including their 
i) rough surface fi nish, ii) poor adhesion to substrates, iii) 
thermal instability, iv) high junction resistance, and v) limited 
contact area with the adjacent layer. Recently, hybrid structures 
composed of an AgNW mesh and a vacuum-deposited conduc-
tive metal-oxide layer have been suggested as promising alter-
natives to resolve these issues. [ 13 ]  Conductive metal-oxide layers 
were introduced as an overcoat to protect the AgNWs from local 
melting-induced disconnection, thus enhancing the thermal 
stability of the AgNWs. Metal-oxide overcoating layers also 
improve the adhesiveness of the AgNWs to the substrate. Fur-
thermore, this composite electrode facilitates effective charge-
carrier collection by fi lling the empty space unoccupied by the 
AgNWs and by smoothing the electrode surfaces. [ 14 ]  

 Chung et al. reported solution-processed transparent hybrid 
conductors that incorporate AgNW networks embedded in an 
ITO nanoparticulate layer with a sheet resistance of 23 Ω sq −1  
and a transmittance of 88.6% at 550 nm. [ 15 ]  This AgNW–ITO 
nanoparticle composite electrode could be implemented in 
CuInSe 2  thin-fi lm solar cells to achieve performance compa-
rable to that of sputtered ITO-based devices. [ 16 ]  However, to 
date, solution-processed, indium-free composite electrodes for 
use in thin-fi lm solar cells have not been demonstrated because 
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a high-temperature annealing process is required for the com-
plete hydrolysis and condensation reactions. Most conven-
tional sol-gel-derived AZO fi lms are annealed above 600 °C in 
air, followed by a post-annealing step at 550 °C in a hydrogen 
atmosphere, with resistivities ranging from 1.7 × 10 −3  to 7.2 
× 10 −3  Ω cm. [ 19–21 ]  However, for application in CIGS thin-fi lm 
solar cells, the annealing temperature should be reduced because 
the transparent window layer is stacked on the top of cell, and 
the underlying absorber and n-type buffer layer should undergo 
the undesirable thermal budget during the process of annealing 
the window layers. High-temperature annealing can cause per-
formance degradation due to the excessive diffusion of Cd or 
Zn into the CIGS absorber layer. [ 22 ]  To confi rm that the temper-
ature conditions are acceptable for the solar cell performance, 
we analyzed thin-fi lm solar cells composed of ITO/ i -ZnO/CdS/
CIGS/Mo/glass baked in air above 250 °C. The cell perfor-
mance gradually decreased above 250 °C, as shown in Figure S1 
(Supporting Information). Compared with a pristine device, 
the photoconversion effi ciency of the device baked at 250 °C 
decreased by 13%, while the device baked at 300 °C exhibited 
a 38% reduction in effi ciency. In the pristine device, the trans-
parent electrode was deposited at a substrate temperature of 
200 °C, which suggests that an annealing temperature above 
200 °C can cause severe degradation of the cell performance. 

 Combustion sol–gel precursor solutions of ZnO and AZO 
were synthesized according to the method suggested by Kim 
et al. [ 13 ]  with a slight modifi cation to reduce the annealing tem-
perature (see Experimental section for details). In conventional 
sol–gel reactions, the endothermic process evolves during the 
conversion of hydroxide/alkoxide into the corresponding metal 
oxides, while combustion-derived reactions involve highly exo-
thermic self-catalytic precursors. The high internal energy of 
these combustion precursors can drastically reduce the external 
energy input required for chemical conversion processes. [ 23 ]  We 
used nitrate and acetylacetonate precursors as an oxidizer and 
fuel, respectively. As shown in  Figure    1  , for combustion sol–gel-
derived AZO and ZnO precursor solutions, sharp exothermal 
peaks were observed at 190 °C with an abrupt weight loss due 
to the instant condensation reaction for the oxide phase forma-
tion. For the conventional sol–gel-derived ZnO and AZO pre-
cursor solutions, no exothermal peaks or abrupt weight loss 
were detected. The X-ray diffraction (XRD) data suggest the 
formation of crystallized oxide phases with a combustion-based 
sol-gel reaction by annealing at temperatures as low as 200 °C, 
while amorphous phases persisted for the conventional sol–gel-
derived ZnO and AZO fi lms as shown in  Figure    2  . The sheet 
resistance ( R  S ) of the conventional sol–gel-based ZnO and AZO 
fi lms exceeded 10 9  Ω sq −1 , the measurement limit of our 4-point 
probe, whereas the  R  S  values of the combustion-assisted ZnO 
and AZO fi lms were measured at approximately 15 × 10 6  Ω sq −1  
and 3.26 × 10 8  Ω sq -1  with electrical resistivities of 210 Ω cm 
and 4450 Ω cm, respectively. Even with the combustion-based 
chemical methodology, the resistivity remains high due to the 
incomplete electronic structural evolution at the low tempera-
ture of 200 °C. Although the metal-oxide framework skeleton 
is effectively achieved by a suffi cient supply of thermal energy 
from a combustion reaction, the temperature-dependent evolu-
tion of the charge carriers is not suffi cient to improve the elec-
trical conductivity at 200 °C.   

indium is required to generate a suffi cient quantity of charge 
carriers for acceptable electrical conductance. Unlike vacuum-
deposited pure dense oxide layers, many structural defects 
can exist in solution-processed nanoparticulate layers such as 
impurity moieties surrounding the nanoparticles and grain 
boundaries between neighboring nanoparticles, which can criti-
cally restrict the mobility of the charge carriers; thus, indium 
is incorporated to improve the electrical conductance by 
increasing the concentration of charge carriers and overcoming 
the structural impediments inherent in the particulate fi lms. 
There have been a few reports on solution-processed AgNW 
composite electrodes with either ZnO or Al-doped ZnO (AZO) 
nanoparticles; but they suffered from a relatively low transpar-
ency (transmittance of 76–81% at 550 nm) and the electrical 
properties of composite fi lm were not evaluated. [ 14,17 ]  As an 
alternative to nanoparticulate fi lms, sol–gel-derived metal-oxide 
fi lms can be used as an overcoat layer because a dense fi lm 
structure can easily be obtained and the impurities can be ther-
mally decomposed through a simple annealing process above 
400 °C. However, to fabricate a window layer for Cu(In 1−x ,Ga x )
S 2  (CIGS) solar cells, the precursor solution and the process 
temperature should be controlled to prevent chemical and/or 
thermal damage to the underlying absorber and buffer layer. 
Furthermore, the AgNWs become thermally unstable at ele-
vated temperatures (>225 °C), as the nanowires tend to coalesce 
into isolated droplet-shaped Ag particles, causing the metallic 
network structures to collapse. [ 12,13 ]  

 We present, for the fi rst time, indium-free all-solution-pro-
cessed composite electrodes in which AgNWs are sandwiched 
between low-temperature processable, sol–gel-derived metal-
oxide layers for thin-fi lm solar cells. To produce low-tempera-
ture-annealed, transparent conductive metal-oxide layers, we 
apply a redox-based combustion synthetic approach in which 
self-generated energy converts the precursors into transparent 
conductive oxides at 200 °C. [ 18 ]  Our composite electrodes have 
an asymmetric structure of Al-doped ZnO(AZO)/AgNW/Al-
doped ZnO/ZnO and exhibit a high transmittance of 93.4% at 
550 nm with a low sheet resistance of 11.3 Ω sq −1 . These mate-
rial characteristics and structural confi gurations allow for a suc-
cessful integration into Cu(In 1− x  ,Ga  x  )S 2  (CIGS) thin-fi lm solar 
cells, with a cell performance comparable to that of a sputtered 
ITO/intrinsic ( i )-ZnO reference cell. To track the current con-
duction paths in a composite electrode layer during solar cell 
operation, the physical attributes of this all-solution-processed 
composite electrode are examined using conductive atomic 
force microscopy (C-AFM) under a 0.2 sun illumination.   

 2.     Results and Discussion 

 We fabricated an AZO/AgNW/AZO/ZnO composite, which is 
denoted as an A/AgNW/AZ (A: AZO; AgNW: silver nanowire; 
AZ: AZO/ZnO bilayer) composite, by sequentially stacking 
transparent conducting oxide (TCO) layers and AgNW fi lms 
using a simple liquid-phase coating process. The AZO layer was 
added for improved electrical conductivity to effi ciently collect 
the charge carriers, and the bottom ZnO layer was incorporated 
as an undoped, intrinsic layer to reduce the current leakage on 
the top of the buffer layer. In sol–gel-based metal-oxide fi lms, 
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of AZO-based composite fi lms were verifi ed experimentally 
by comparing with the ZnO/AgNW/ZnO composite electrode. 
(Supporting Information, Figure S2) The AZO layer confor-
mally overcoats the AgNWs by occupying the empty spaces 

  Figure    3  a presents the surface structure of the A/AgNW/AZ 
composite electrode. The AZO layer was selected as a matrix 
for AgNWs networks, instead of ZnO, since it showed better 
conductivity as mentioned above. The lower sheet resistances 

   Figure 1.    Thermogravimetry-differential scanning calorimetry (TG-DSC) analysis of a) conventional sol–gel-based aluminum-doped ZnO and ZnO and 
b) their combustion-assisted sol–gel precursor-derived counterparts. 
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   Figure 2.    X-ray diffraction patterns of a) conventional sol–gel-derived, b) combustion sol–gel-derived ZnO and AZO thin fi lms annealed at 200 °C. The 
peak positions are indexed to hexagonal ZnO (JCPDS #36−1451). 
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dispersion. The covered area ratio (CAR) was used to describe 
the different AgNW densities in the A/AgNW/AZ composite 
fi lms. The CAR, a simple method for characterizing the optical 
and electrical properties of AgNW fi lms, represents the fraction 
of the area occupied by the AgNWs. We quantifi ed the CAR via 
image analysis using SEM images for the AgNW fi lms spin-
coated at different speeds. The detailed conversion process was 
described in our previous work. [ 13 ]  Both  R  S  and  T  decrease with 
increasing AgNW density. To determine the optimum CAR for 
the AgNW fi lm in the A/AgNW/AZ composite electrodes, the 
 R  S  and  T  values at 550 nm were used to calculate the fi gure of 
merit ( Φ  TC ) as defi ned by the Haacke equation [ 24 ] 

 
TC

10

S
Φ = T

R
 

 (1)

    

 Figure  3 c depicts the calculated  Φ  TC  as a function of the 
CAR. The  Φ  TC  values increased with increasing CAR up to 
30%. The maximum  Φ  TC  value was 44.7 × 10 −3  Ω −1  ( T : 93.4%, 
 R  S : 11.3 Ω sq −1 ) when the CAR was 30%. 

 The optical properties of our A/AgNW/AZ composite elec-
trode were compared with those of various other transparent 
electrodes such as sputtered ITO/ i -ZnO, AZO/ZnO bilayers 
(without AgNW), and bare AgNW fi lms (Figure  3 d). The trans-
mittance of the top window layer is important in determining 
the amount of light that reaches the absorber layer and, in turn, 

between the AgNWs. Although the AgNWs were chemically 
exposed to the spin-cast AZO precursor solution and under-
went a subsequent annealing step at 200 °C, they main-
tained their original morphologies (28–35 nm diameters, 
>20 µm lengths). The surface of the AgNW fi lm becomes 
smoother, depending on the thickness of the upper AZO 
layer. A rough, bare AgNW fi lm can cause hazing due to dif-
fuse refl ection, while the specular refl ectance of a perfectly 
fl at surface can reduce the transmittance of the composite 
fi lms; thus, we intentionally produced a composite electrode 
with a slightly rough surface (mean roughness ≈ 4.2 nm) by 
applying an AZO top layer with a thickness of ≈50 nm to obtain 
the desired refl ectance. At 550 nm, the refl ectance of the A/
AgNW/AZ/glass was 6.7%, while that of the sputtered ITO/ i -
ZnO/glass was 20.3% (Supporting Information, Figure S3). 
A cross-sectional scanning electron microscopy (SEM) image 
shows the dense structure of the composite electrode in which 
the AgNWs are tightly embedded between the lower and upper 
metal-oxide layers (Figure  3 b). This structure indicates that the 
electrical transport can be made more effi cient and the scat-
tering reduction in the composite electrodes compared with 
previously reported TCO nanoparticle-based particulate struc-
tures. The sheet resistance ( R  S ) and transmittance ( T ) of the 
A/AgNW/AZ composite electrodes are closely related to the 
AgNW density. We varied the AgNW density by adjusting the 
rotation speeds during the spin coating step for the AgNW 

    Figure 3.    Scanning electron micrograph of a) a planar view and b) a cross section of the A/AgNW/AZ composite fi lm. c) Figure of merit (FoM) values 
for the A/AgNW/AZ electrodes as a function of the CAR in the range of 9–41%. d) Transmittance spectra of the sputtered ITO/ i -ZnO, an A/AgNW/
AZ fi lm, an AZO/ZnO fi lm, and a bare AgNW fi lm. e) Transmittance (550 nm) plotted as a function of the sheet resistance for an AgNW fi lm, ZnO/
AgNW/ZnO, and an A/AgNW/AZ composite electrode. 
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is advantageous for both high transmittance and a reduced 
usage of materials. In addition, the electrical conductivity of the 
composite electrode can be calculated easily, whereas the cal-
culation of electrical conductivity of a bare AgNWs fi lm is dif-
fi cult, since the thickness of Ag NWs fi lm is hard to defi ne due 
to its non-uniform thickness. The conductivity of A/AgNW/AZ 
(CAR = 30%) was calculated as 5.90 × 10 3  S cm −1 ; it was about 
4 times higher than the conductivity, 1.40 × 10 3  S cm −1 , of sput-
tered ITO fi lm. 

 Our solution-processed A/AgNW/AZ composite electrode 
was applied as a transparent window layer for thin-fi lm solar 
cells through successive spin coating onto CdS/CIGS/Mo/
glass. A cross-sectional SEM image revealed that the top surface 
has an undulated surface fi nish following the topography of the 
AgNW network because the layer is not suffi ciently thick to 
completely fl atten the surface ( Figure    4  a). A back-scattered elec-
tron (BSE) SEM image confi rmed that the composite electrode 
forms a conformal interface without voids over the CdS/CIGS 
layer (Figure  4 a). The performance of a solar cell employing 
an A/AgNW/AZ composite electrode was evaluated in compar-
ison with other devices containing transparent electrode layers 
including sputtered ITO/ i -ZnO and bare AgNW fi lms. The cur-
rent density–voltage ( J–V ) characteristics for each device are 
provided in Figure  4 b, and the photovoltaic device parameters 
are listed in  Table   1 . The standard reference solar cell, with a 
confi guration of sputtered ITO/ i -ZnO on CdS/CIGS/Mo/glass, 
exhibited a power conversion effi ciency ( PCE ) of 10.91%, a  V  OC  
of 0.59 V, a  J  SC  of 30.11 mA cm −2 , and an FF of 60.96%. The 
device with an A/AgNW/AZ (CAR = 30%) composite electrode 
exhibited comparable parameters with a PCE of 11.03%, a  V  OC  
of 0.54 V, a  J  SC  of 36.43 mA cm −2 , and an FF of 56.21%. For 
the A/AgNW/AZ (CAR = 24%) composite electrode, a slightly 
reduced cell performance ( PCE  of 9.60%,  V OC   of 0.52 V,  J SC   of 
33.01 mA cm −2 , and  FF  of 55.98%) was observed. This subtle 
degradation results from a lower fi gure of merit for the com-
posite electrode with a CAR of 24%, indicating the critical 
impact of the optoelectronic properties of the transparent, 
conductive window layer on the device performance. The 
external quantum effi ciency (EQE) spectra of devices using an 

the solar cell performance. The AZO/ZnO bilayer (without 
AgNW) exhibited optical transmittance values over 95% in 
the visible region. Our A/AgNW/AZ composite layer exhibited 
higher transmittance than the ITO/ i -ZnO and the bare AgNW 
fi lm in the visible range of 480–630 nm. At 550 nm, the  T  value 
of the A/AgNW/AZ composite was 93.4%, whereas the  T  values 
of ITO/ i -ZnO and the bare AgNW fi lm were 87.5% and 87.7%, 
respectively. For a clear comparison of the  R  S  and  T  characteris-
tics, plots of  T  versus  R  S  at  λ  = 550 nm are presented in Figure  3 e. 
The optimal previously reported results for AgNW transparent 
conductors with solution-processed ITO nanoparticle–AgNW 
composite electrodes, including our previous work, and sput-
tered ZnO/AgNW/ZnO composite electrodes are also indicated 
in Figure  3 e. The relationship between  T  and  R  S  for a thin 
metallic fi lm can be expressed as

 
( ) 1 188 5 ( )

S

Op

DC

2

λ σ λ
σ= +⎛

⎝⎜
⎞
⎠⎟

−

T .
R   

(2)
 

 where  σ  Op  ( λ ) is the optical conductivity (at 550 nm) and  σ  DC  is 
the DC conductivity of the fi lm. [ 4,25 ]  The  σ  Op / σ  DC  ratio is used 
as another fi gure of merit for an intuitive comparison of the 
 R  S – T  plots. A series of dotted grey lines represents the curves 
fi tted according to Equation  ( 2)   when σ DC /σ Op  corresponds to 
500, 400, 300, and 200. A value of  σ  DC / σ  Op  = 500 is observed 
for the conventional ITO fi lm and the high-performing nano-
structured thin fi lm. [ 4 ]  Our solution-processed A/AgNW/AZ 
composite electrode is clearly superior to the state-of-the-art 
AgNW transparent electrode [ 26 ]  and ITO nanoparticle–AgNW 
composite electrode. [ 15,16 ]  Although the  R  S  values for A/AgNW/
AZ are slightly higher than those of the bare AgNW fi lm with 
the same CAR due to the presence of a relatively high-resistivity 
AZO layer, our composite electrode demonstrates a higher 
transparency at 550 nm than the bare AgNW fi lm due to a 
reduced hazing effect. When compared with the ITO nanopar-
ticle–AgNW composite, our sol–gel-derived A/AgNW/AZ com-
posite exhibited less transmittance loss due to its reduced layer 
thickness (A/AgNW/AZ composite, ≈150 nm; ITO nanopar-
ticle–AgNW composite, ≈400 nm); thus, the thin top electrode 

   Figure 4.    a) The upper SEM image presents a cross section of the Cu(In 1− x  ,Ga  x  )S 2  device with an A/AgNW/AZ composite electrode. The bottom 
provides a back-scattered electron (BSE) image demonstrating the composition contrast of the composite electrode on the device. b) Current density–
voltage ( J–V ) characteristics for the thin-fi lm solar cells based on the various top (window) electrodes. 
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the void between the AgNW networks, despite the fi lm’s low 
sheet resistance of ≈10 Ω sq −1 . [ 27,28 ]  This lateral charge collec-
tion issue can be resolved by fi lling the voids with conductive 
metal oxides. [ 15,16,28 ]  To evaluate the lateral conduction behavior, 
conductive atomic force microscopy (C-AFM) was performed 
for the transparent conductive electrodes composed of a bare 
AgNW fi lm, an A/AgNW/AZ composite, and an AZO/ZnO 
bilayer as shown in  Figure    5  . An external bias (3.7 V) was 
applied between the AFM probe and the silver layer depos-
ited adjacent to each electrode. The lateral current was meas-
ured with a current compliance of 100 nA. The diameter of the 
AgNWs, as revealed via SEM, was approximately 30 nm, which 
is in good agreement with the results obtained from AFM 

ITO/i-ZnO and A/AgNW/AZ (CAR = 30%, CAR = 24%) com-
posite electrodes also refl ect the fi gure of merit of each trans-
parent electrodes (Supporting Information, Figure S4).   

 In contrast, the cell based on a bare AgNW fi lm performed 
poorly as characterized by the extremely low  J  SC  shown in 
Figure  4 b, which can be attributed to the loose contact between 
the one-dimensional AgNWs and the underlying rough CdS/
CIGS layer (Supporting Information, Figure S5). In addition, 
the bare AgNW network fi lm contains many empty spaces 
between the nanowires, which limit the contact area with the 
underlying buffer/absorber layers. This prevents the effi cient 
collection of free charge carriers by the AgNW network fi lm 
when the diffusion length of the charge carrier is shorter than 

  Table 1.    Performance comparison of the thin-fi lm solar cells fabricated using different transparent window layers: a sputtered ITO/ i -ZnO layer, A/
AgNW/AZ (CAR = 30%, 24%), and a bare AgNW fi lm (CAR = 30%). 

Window Layer  R  S  
[Ω sq −1 ]

 T  [%, 550 
nm]

 J  SC  
[mA cm −2 ]

 V  OC  
[V]

FF 
[%]

PCE 
[%]

ITO/ i -ZnO (sputtered) 35 87.5 30.11 0.59 60.96 10.91

A/AgNW/AZ (CAR = 30%) 11.3 93.4 36.43 0.54 56.21 11.03

A/AgNW/AZ (CAR = 24%) 13.6 92.4 33.01 0.52 55.98 9.60

AgNW (CAR = 30%) 8.5 87.7 2.75 0.48 8.47 0.11

   Figure 5.    Topographic images and corresponding current maps for the different fi lms on glass substrates; a) a bare AgNW fi lm/glass, c) an A/AgNW/
AZ composite/glass, e) AZO/ZnO/glass based on the conductive atomic force microscopy (C-AFM) measurements (the schematic diagrams on the left 
illustrate the sample setup). b,d,f) One-dimensional line profi les for the current and topography measured along the blue lines in the corresponding 
images. 
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for the necessity of AgNWs insertion for solution-processed 
AZO matrix.  

 The lateral conduction behavior during solar cell operation 
in the absence of an external bias can provide valuable infor-
mation regarding the transparent electrodes. To obtain local 
current measurements, we carried out a C-AFM analysis on 
the window electrode/CdS/CIGS/Mo/glass cells under light 
illumination. The AFM analyzes the signal from a coherent 
laser beam refl ected from the back of an AFM cantilever. By 
detecting the beam defl ection, the AFM can obtain nanoscale 
information on a sample surface. However, a 1-sun illumina-
tion from a xenon arc lamp, which is generally used to evaluate 
solar cell performance, is too intense and can disturb the laser 
signal transmitted to the photodetector. In a previous study 
mapping the photocurrents of solar cells, a ≈1-µm localized 
beam was used as an illuminator to prevent interference with 
the AFM laser signal. [ 31,32 ]  However, localized beams gener-
ally consist of monochromatic light, which is unsuitable for 
comparing transparent electrodes with different wavelength-
dependent transmittances. Instead, we used a xenon arc lamp 
with a spectrum that closely matched that of the sun and 
reduced the intensity to 0.2 sun, thus maintaining a suffi ciently 
sensitive laser defl ection signal.  Figure    6  a displays the C-AFM 
setup for an in situ photocurrent (negative current) map gen-
erated from the entire illuminated device. The in situ photo-
current mapping of the ITO/ i -ZnO-based cell indicates that the 
measured photocurrents predominantly derive from the surface 
of the CIGS (Figure  6 b). By matching the photocurrent map 
with a corresponding topographic image, the main conduction 
paths were found to include grain boundaries, grain surfaces, 
and surface defects such as the step edges of the CIGS fi lm. By 
carefully examining the microstructures of all relevant surfaces, 

topography analysis (Figure  5 a,b), although a slight deviation 
occurred due to the tip-broadening caused by a tip curvature 
radius larger than the diameter of the AgNWs. [ 29,30 ]  With the 
current mapping image (positive current), the width of the 
conductive region is wider (≈58 nm) than the diameter of the 
AgNWs due to the extended conduction under the external 
bias when the AFM probe approaches the AgNWs. The current 
apparently fl ows through the AgNW networks only for which 
the width of the maximum current region (100 nA, current 
compliance) is 58 nm, while no lateral transport of electrons 
occurs through the voids (Figure  5 b). In contrast, for the A/
AgNW/AZ composite electrode, the current fl ow was observed 
at locations containing no AgNWs. The A/AgNW/AZ com-
posite fi lm has a smoother surface than the bare AgNW fi lm 
(Figure  5 c), and lateral current conduction was observed for the 
composite electrode in a current mapping image (Figure  5 d). 
Although the current primarily fl owed through the AgNW 
networks, laterally conducting electrons were also detected 
in regions in which the metal oxides fi ll the inter-nanowire 
voids. In addition, the region exhibiting the maximum cur-
rent extended further to ≈73 nm, indicating a broadening of 
the effective charge collection area. The current level decreased 
from ≈100 nA to ≈10 nA as the probe moved away from the 
center of the AgNW to ≈94 nm. The same measurements were 
performed for the AgNW-free AZO/ZnO bilayer (Figure  5 e, f). 
Despite its uniform conduction, the average current level was 
signifi cantly lower (≈9 nA) than that of the AgNW-embedded 
composite electrode fi lm. The poor  J–V  performance of device 
employing the solution-processed AZO/ZnO fi lm, shown in 
Figure S6 (Supporting Information), also demonstrates the fact 
that Ag NWs-free AZO/ZnO layers could not act as an effective 
electron collector. This result can be another distinct evidence 

   Figure 6.    a) The system used for in situ current mapping of the thin-fi lm solar cells under 0.2-sun illumination. b,c) In situ photocurrent mapping 
images acquired during the solar cell operation under 0.2-sun illumination and their corresponding topographic images. 
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including the CIGS, CdS/CIGS, and ITO/ i -ZnO/CdS/CIGS, 
one can conclude that the observed current pattern originates 
from the grain structure of the CIGS. A thin CdS layer with 
a thickness of ≈70 nm would not transform the micrometer-
scale topology of the CIGS fi lm, and the nanometer-scale grain 
structures of the crystallized ITO fi lm were clearly distinct from 
those of the CIGS, as shown in Figure S7 (see Supporting Infor-
mation). Although the nanometer-scale surface structures vary, 
the subsequent deposition of the thin layers (ITO ≈200 nm/ i -
ZnO ≈50 nm/CdS ≈70 nm) does not appear to signifi cantly 
alter the microstructural features, which simply follow the sur-
face geometry of the CIGS fi lm. In contrast, the A/AgNW/AZ 
composite electrode-based device displays well-distributed pho-
tocurrents over the entire surface, as shown in Figure  6 c. The 
photocurrent paths were primarily observed through the AgNW 
networks and were detected throughout a broader region 
depicted in blue in comparison with the reference device. This 
in situ photocurrent mapping is in good agreement with the 
overall cell performance characterized by the higher  J  SC  of 
the A/AgNW/AZ-based device compared with a reference cell. 
The schematics illustrate the mechanisms of photocurrent col-
lection depending on the electrode type ( Scheme    1  ). For the 
conventional TCO electrode-based cell, the electrons are trans-
ported only through the bulk TCO from an underlying CdS/
CIGS fi lm to the AFM probe (violet arrows in Scheme  1 a). 
In contrast, in the A/AgNW/AZ-based device, at least two dif-
ferent pathways exist for transporting and collecting electrons 
from the underlying CdS/CIGS fi lm to the AFM probe. One 
possible pathway is through the AgNW networks (red arrows 
in Scheme  1 b). The AgNW networks located across the grain 
boundaries provide a faster and less resistive pathway than 
those through a bulk TCO fi lm. As a second pathway, the elec-
trons can be extracted through the AZO between the AgNWs, 
and then, they can be transported to the AgNW networks (violet 
arrows in Scheme  1 b). In addition, the AgNW networks in the 
composite electrode can promote electron collection in regions 
farther from the metal probe (or the metal grid electrode) than 
the TCO top electrodes because the AgNWs can act as a broad-
range collector due to their length, which is > 20 µm.       

 In addition to the higher  J SC   observed for the composite 
electrode-based device, relatively low FF and  V  OC  values were 
observed, which may be associated with the optimization of 
the solution-processed  i -ZnO layer. Although the role of an 
intrinsic ZnO layer remains controversial, it commonly acts 
as a shunt-preventing layer and an interfacial layer that adjusts 
the energy band alignment between the n-type buffer and the 
TCO electrode. [ 33,34 ]  The cell fabrication process demonstrated 
in this study was optimized with sputtered  i -ZnO, which is not 
a completely suitable solution-processed top contact given its 
thickness, resistivity, work function, etc. Thus, the solution-pro-
cessed  i -ZnO layer in the composite electrodes must be further 
optimized to improve the FF and  V  OC . In addition, a scribing 
process should be considered to reduce the shunt leakage 
problem. We used a mechanical scribing method, which due 
to their ductile nature, may have resulted in drooping AgNWs 
at the cross section of the cell edge. This phenomenon can 
cause shunt leakage at the cell edges. Although some factors 
require further optimization as previously mentioned, the supe-
rior lateral conduction behavior of the composite electrode is 
promising for thin-fi lm solar cell applications, especially for 
large size such as modules or panels by increasing the effec-
tive cell area. Scribed interconnection regions in monolithically 
integrated modules or shadow losses due to a metal grid in 
standard modules typically reduce the effi ciency by 10–25%. [ 35 ]  
A transparent electrode with low sheet resistance and/or high 
lateral conductivity can reduce the dead space that results 
from scribing or the shadow of a front metal grid. We expect 
that more sparsely positioned front metal grids or scribe areas 
can be achieved by applying this AgNW-based composite elec-
trode because metallic AgNW networks can provide fast and 
low-resistance lateral conduction paths by acting as small-scale 
metal grids. From an economic point of view, our composite 
electrode can signifi cantly reduce the material cost. Indeed, the 
cost of Ag is not quite lower than the cost of indium (≈$23/
oz for Ag and ≈$25/oz for In). Considering the amounts of 
indium and Ag utilized in each fi lm with comparable T/R S  
values, however, the cost-effectiveness of indium-free A/AgNW/
AZ composite becomes obvious. The cost of Ag used in the 

 Scheme 1.    Schematic diagrams of the electron collection path on the top contact of the thin-fi lm solar cells. a) On the device with a metal-oxide/AgNW 
composite window layer, the electrons are transported and collected along at least two different pathways from the CIGS grains to the AFM probe. 
The AgNWs lying across grain boundaries provide a low-resistance pathway for the electrons. b) On the device with a metal-oxide window layer, the 
electrons are only transported through the metal-oxide layer from the CdS/CIGS surface to the AFM probe.
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composite fi lm (CAR = 30%, AgNW diameter = 30 nm) is 12 
times less than the cost of indium in the commercial ITO fi lm 
with 200 nm thickness. Moreover, this cost analysis was per-
formed without taking into account on the manufacturing cost; 
therefore the overall cost of our solution-processed composite 
electrode can be much lower compared to vacuum-deposited 
conventional ITO fi lm.   

 3.     Conclusions 

 We prepared fully solution-processed, indium-free A/AgNW/
AZ transparent composite electrodes, which were successfully 
implemented as the top transparent electrode in CIGS thin-
fi lm solar cells. With a unique combination of combustion 
sol–gel approach and conceptual approach of AgNW-ZnO com-
posite structure, we could achieve the superior optical/electrical 
properties at a low temperature of 200 °C: high transmittance 
(93.4% at 550 nm) and low sheet resistance (11.3 Ω sq −1 ), which 
are superior to those of state-of-the-art AgNW transparent elec-
trodes and ITO nanoparticle–AgNW composite electrodes. The 
A/AgNW/AZ composite-based cell (PCE = 11.03%) slightly 
outperformed the sputtered ITO/ i -ZnO-based device ( PCE  = 
10.91%) as characterized by its superior  J  SC  value. We dem-
onstrated that in situ C-AFM analyses under illumination can 
provide valuable information regarding the roles of different 
transparent electrodes applied to thin-fi lm solar cells. The 
upper AZO layer enhanced the lateral conduction by fi lling the 
voids between the AgNWs and by tightening the electrical con-
tact between the AgNWs and the underlying  i -ZnO/CdS/CIGS 
layer. Furthermore, the A/AgNW/AZ composite effectively 
acted as a broad range collector of the photocurrents generated 
from the CdS/CIGS surfaces far from the AgNWs because a 
network structure of high-aspect-ratio AgNWs can provide a 
low-resistance, long-range pathway. Our indium-free A/AgNW/
AZ composite may contribute to a cost-effective, sustainable 
high-performance thin-fi lm solar cell by replacing the indium-
containing or vacuum-deposited metal-oxide electrode layers. 
This composite electrode is expected to enhance the effi ciency 
of large modules or panels by reducing the dead space caused 
by metal grids or scribed contacts because the AgNW networks 
can act as a nanoscale-metal grid over the cell surface.   

 4.     Experimental Section 

  Preparation of the ZnO and AZO Sol–Gel Precursor Solution : 
Combustion method: Zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O, 99%, 
Alfa Aesar, Ward Hill, MA, USA) and zinc acetylacetonate (Zn(C 2 O 5 H 5 ) 2 , 
99.995%, Sigma Aldrich) were dissolved in 2-methoxyethanol 
(anhydrous, 99.8%, Sigma Aldrich) at a molar ratio of 1:1. The total 
concentration of the metal precursors was 0.15  M . Conventional 
method: The sol–gel solution used for ZnO was prepared by dissolving 
zinc acetate dihydrate (Zn(CH 3 COO) 2 ·2H 2 O, 99.999%, Sigma Aldrich) 
in 2-methoxyethanol (anhydrous, 99.8%, Sigma Aldrich). The total 
concentration of the metal precursors was 0.3  M . Ethanolamine (≥99.0%, 
Sigma Aldrich, St. Louis, MO, USA) was used as a stabilizing agent to 
improve the solubility of the precursor salts, and formamide (≥99.5%, 
Sigma Aldrich) was used to enhance the coating properties. For the 
AZO precursor solution, aluminum nitrate nonahydrate (Al(NO 3 )·9H 2 O, 
99.997%, Sigma Aldrich) was further dissolved in the ZnO precursor 
solution to obtain Al/(Zn+Al) = 2 at% for both the combustion and 

conventional methods. The precursor solutions were aged for 18 h prior 
to spin coating. 

  Composite Electrode Fabrication : The AZO/ZnO bilayer was prepared 
by successive spin coating. The ZnO bottom layer was deposited via 
spin coating at 2000 rpm for 30 s, followed by drying at 150 °C for 60 s. 
After 6 cycles of ZnO coating, the AZO layer was spin coated 8 times on 
the ZnO fi lm at 2000 rpm for 30 s and dried under the same conditions. 
The AZO/ZnO fi lm was annealed at 200 °C for 25 min. To prepare the 
AZO/AgNW/AZO/ZnO composite electrode, after 6 cycles of ZnO 
coating, the one layer of AZO was coated onto the ZnO layer. Then, the 
AZO/ZnO bilayer was annealed at 200 °C for 10 min. A UVO treatment 
was performed to remove any organic contaminants from the spin-cast 
AZO/ZnO prior to the AgNW fi lm deposition. The AgNW density was 
controlled by the rotation speed used for the AgNW dispersion (AgNW-
25, Seashell Technology, CA, USA). The AgNW fi lms were dried at 150 °C 
for 60 s. A UVO treatment was also performed on the AgNW/AZO/ZnO 
fi lm to remove any organic binders and additives from the AgNW fi lm. 
The AZO top layer was then spin coated 7 times onto the AgNW/AZO/
ZnO under the same spin-coating conditions. Finally, the composite 
fi lms were annealed at 200 °C for 15 min. The schematic of the cross 
sectional image and the thickness information of the composite 
electrode comparing with sputtered ITO/i-ZnO fi lm are in Figure S8 (see 
Supporting Information). 

  Optical, Structural, and Electrical Characterization : The optical 
transmittances of the transparent composite electrodes were measured 
at room temperature using a UV-vis spectrophotometer (V-530, Jasco, 
Oklahoma City, OK, USA). A bare glass substrate was used to obtain a 
baseline measurement. Spectral refl ectance curves of the A/AgNW/AZ/
glass and ITO/ i -ZnO/glass were measured using a quantum effi ciency 
measurement system (QEX10, PV Measurements, Inc., Boulder, CO, 
USA) equipped with an integrating sphere in the wavelength range 
of 300 to 1200 nm. The surface and cross section of the composite 
electrodes were analyzed via scanning electron microscopy (SEM, JSM-
6010LV, JEOL Ltd., Tokyo, Japan) and atomic force microscopy (AFM, 
SPA 400, Seiko Instruments, Inc., Chiba, Japan). The surface roughness 
of the A/AgNW/AZ composite on a glass substrate was determined 
by AFM topography measurements. The sheet resistances of the A/
AgNW/AZ samples were measured by a 4-point probe system (RS8, 
BEGA Technologies, Seoul, Korea) as a function of the AgNW densities 
expressed by the covered area ratio (CAR). The resistance reported 
herein is the average of a minimum of fi ve measurements. The fi lm 
crystallinity was determined using a multipurpose attachment X-ray 
diffractometer (Rigaku D/MAX-2500, TX, USA). 

  Thin-Film Solar Cell Fabrication : We used the same CIGS absorbers 
produced by co-evaporation (LG Innotek) to fabricate a solar cell for 
examining the infl uence of different transparent top electrodes. A CdS 
buffer layer of ≈70 nm was deposited via chemical bath deposition. The 
A/AgNW/AZ composite electrode was fabricated on the CdS/CIGS/
Mo/glass as previously described. For the reference window layer, a 
50-nm-thick  i -ZnO layer was deposited via RF sputtering at a constant 
radio frequency (RF) power of 50 W at room temperature with a gas fl ow 
ratio of Ar:O 2  = 50 cc:5 cc under a working pressure of 1 mTorr. After 
deposition of the  i -ZnO layer, a 200-nm-thick ITO layer was prepared via 
RF magnetron sputtering (RF power of 100 W at 200 °C, Ar fl ow rate of 
50 cc, and working pressure of 1 mTorr). A solar cell containing only 
the AgNW fi lm as a transparent electrode was also fabricated by spin 
coating the AgNW dispersion onto the  i -ZnO/CdS/CIGS/Mo/glass 
substrate. Finally, dot-shaped silver front contacts were created on the 
window electrodes (diameter = 1 mm) using silver paste. 

  Characterization of the Thin-Film Solar Cells : The photovoltaic 
performance in terms of the  J–V  characteristics of the devices was 
determined using a solar simulator (Sol3A Class AAA, Oriel Instruments, 
Stratford, CT, USA) and a Keithley 2400 source measurement unit 
(Keithley Instruments Inc., Cleveland, OH, USA) under 1.5 air mass 
(AM) and 1 sun (100 mW cm −2 ) conditions. The 1-sun intensity level 
was calibrated using a standard Si reference cell certifi ed by the Newport 
Corporation. The  PCE  values were calculated from the measured  J  SC , 
 V  OC , and FF values by applying PCE = FF ×  V  OC  ×  J  SC / P  s  in which  P  s  
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is the input solar irradiance (mW cm −2 ). The FF term is defi ned as 
FF = J  m  V  m / J  SC  V  OC  in which  J  m  and  V  m  are the maximum current and 
voltage, respectively. 

  Conductive Atomic Force Microscopy (C-AFM) : The C-AFM (AFM, SPA 
400, Seiko Instruments, Inc., Chiba, Japan) analysis was performed 
using a rhodium-coated cantilever (SI-DF3-R, f = 27 kHz, C = 1.4 N/m) 
to obtain topographic images and current maps for the different top 
electrodes on both glass substrates and the CIGS solar cell devices. 
For lateral conduction analysis, a silver electrode was deposited onto 
the sides of the on-glass samples, and a bias of 3.7 V was applied 
between the side electrode and the AFM probe tip. Data were obtained 
at positions located ≈50 µm from the Ag side electrode to minimize 
measurement errors in the current level caused by the distance between 
the side electrode and the probe tip. Current profi les were extracted 
by scanning the line indicated in blue in Figure  5 . For the in situ 
photocurrent mapping, the thin-fi lm solar cells with an area of 5 µm × 
5 µm were analyzed at a 0-V bias under a solar simulator light of 0.2 sun.  
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