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T
he need for highly transparent elec-
trodes with a low resistance has be-
come more significant not only for

flat-panel display (FPD) and touch-panel
screen industries, which currently have a large
market, but also for solar cell applications.1

Solar panels are generally installed on roof-
tops or the ground, and therefore, they in-
volve much larger transparent electrodes
than those used for FPDs and touch-panel
screens. Moreover, in general, solar cell appli-
cations require a relatively thick transparent

electrode film about several hundred nano-

meters thick, while films with a thickness of

several tens of nanometers are needed for

display applications.2 As a result, solar cell

applications demand higher amounts of

transparent electrode material than other

electronic applications. To fabricate cost-

effective solar cells, it is imperative to develop

a low-cost transparent electrode with low

resistivity and high transparency.
Although crystalline indium tin oxide

(ITO) has been widely adopted as a trans-
parent electrode in solar cells, it is an un-
desirable material for use in low-cost solar
cells because of the scarcity of indium and

its high deposition cost. Thus, various in-
dium-free transparent electrode materials,
such as metal nanowire networks,3�11 con-
ducting polymers,12,13 carbon nanotubes,14�16

graphene,17�19 and several conducting oxides
(Ga:ZnO,20 Al:ZnO,21 and In:ZnO22), have
been extensively investigated as alterna-
tives to ITO. Among these, silver nanowire
(AgNW) films have recently attracted sub-
stantial interest as a transparent conducting
material. Transparent electrodes composed
of random AgNW networks can be readily
achieved by simple and scalable solution
processingsuchas spincoating,6 rodcoating,11

drop casting,3,4 and air spraying7,23 from a
AgNW dispersion. The AgNW network film
fabricated at 140 �C is a promising electrode
material for solar cells because of its low sheet
resistance (∼9.7Ω/sq) and high transmittance
(∼89% at 550 nm).6 Although there are pre-
vious reports demonstrating theAgNWexploi-
tation in organic solar cells,24 its utilization for
thin film solar cells faces some problems. The
environment surrounding the solar cells is
harsh for AgNW films when used as a top
transparent electrode that can be subjected to
direct exposure to air and large temperature
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ABSTRACT We present an indium-free transparent conducting

composite electrode composed of silver nanowires (AgNWs) and ZnO

bilayers. The AgNWs form a random percolating network embedded

between the ZnO layers. The unique structural features of our ZnO/

AgNW/ZnO multilayered composite allow for a novel transparent

conducting electrode with unprecedented excellent thermal stability

(∼375 �C), adhesiveness, and flexibility as well as high electrical
conductivity (∼8.0Ω/sq) and good optical transparency (>91% at

550 nm). Cu(In,Ga)(S,Se)2 (CIGSSe) thin film solar cells incorporating this composite electrode exhibited a 20% increase of the power conversion efficiency

compared to a conventional sputtered indium tin oxide-based CIGSSe solar cell. The ZnO/AgNW/ZnO composite structure enables effective light transmission

and current collection as well as a reduced leakage current, all of which lead to better cell performance.
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increases (∼200 �C). The AgNW film would undergo
local oxidation and melting, which adversely affects
the conductivity of the AgNW film. Although the
melting point of bulk silver is above 960 �C, it can be
depressed due to the high surface-to-volume ratio of
the nanowires. It has been reported that annealing
even at 200 �C could lead to an abrupt increase in the
sheet resistance as the nanowires coalesce into isolated
droplet-shaped Ag particles and the metallic phase
network is disconnected.4 In addition, the low carrier
collecting efficiency of AgNW films could pose another
hurdle. The limited contact area of AgNWs with n-type
or buffer layers is incapable of effectively collecting the
charge carrier generated at the p�n junction.
Recently, ZnOhas also drawn significant attention as

an alternative transparent conducting oxide because
of its nontoxicity, low cost, and material abundance.
However, the resistance of ZnO is too high for it to be
used as a conducting electrodematerial. To increase its
conductivity, ZnO is doped with impurities that act as
an n-type dopant to release the free electron carrier.
Another approach is to use ZnO/Ag thin film/ZnO
multilayer sandwich-like structures such as those
shown in Scheme 1a.25�27 The insertion of an ultrathin
silver film with the lowest resistivity (1.6 � 10�6 Ω 3 cm)
candramatically lower the sheet resistance,while the thin
film at the nanometer scale can transmit visible light.26

Han et al. reported a ZnO/Ag film/ZnO multilayer elec-
trodewith a low sheet resistance of 6Ω/sqwhen a 12 nm
thick Ag layer was utilized.28 An ultrathin metal film can
be replaced by a patterned film ormetal grid tomaintain
a high electrical conductivity and to enhance the optical
transparency, as shown in Scheme 1b.29 Patterning of
the metal layer can be accomplished by either electron
beam lithography of the vacuum-deposited film or
printing of conductive ink.29 However, the pattern-
ing adds an additional process step, which makes the
processmore complicatedand increases theproduction
cost.
Here, we propose a similar layered structure of ZnO/

AgNW/ZnO (Scheme 1c) to resolve the issues regard-
ing the sole use of AgNWs and ZnO/Ag thin film
(or grid)/ZnO composites. The AgNW network film co-
ntains inherent open spaces so that it can be considered
as a natural randomgrid-like pattern at the several tens
of nanometers scale. Incident light passes through the
open areas in the ZnO/AgNW/ZnO multilayer, while it
has to travel through the Ag thin film in the ZnO/Ag
film/ZnO multilayer. The Ag film needs to be not only
thin enough to be transparent but also thick enough to
maintain the film conductance. By contrast, the well-
connecting percolating network of Ag nanowires with
a high aspect ratio ensures a high conductivity. The
AgNW density plays an important role in determining
the film conductivity and optical transparency, which
can be readily controlled by either the concentration
of the AgNW dispersion or the coating process.

Furthermore, outer layers of ZnO embedding AgNWs
in the sandwich structure could prevent the AgNWs
from local melting-induced disconnection at the cross
junctions, resulting in enhanced thermal stability of
the AgNWs and improved adhesion of AgNWs to the
substrate. Such a composite electrode is also capable
of effective charge carrier collection due to filling the
empty spaceunoccupiedbyAgNWswithZnOmaterials as
well as resulting in a better surface smoothness. Stubhan
et al.30 reported an indium-free bilayered composite
electrode (AZO or ZnO/AgNW) as a cathode in organic
thin film solar cells with an emphasis on the surface
flattening effect; however, the enhancement of thermal
and mechanical stabilities as well as the detailed optical
and electrical properties were not clearly discussed.
In this work, we fabricated an indium-free ZnO/

AgNW/ZnO composite electrode for thin film solar cells
using spin-coated AgNW films and sputtered ZnO thin
films. The electrical, optical, structural, mechanical, and
thermal properties of the indium-free ZnO/AgNW/ZnO
electrode were investigated as a function of the occu-
pied density of the Ag network. Thanks to the low
resistance and anti-reflection effect resulting from the
inserted AgNWs, the Cu(In,Ga)(S,Se)2 (CIGSSe) thin film
solar cell using the ZnO/AgNW/ZnO top electrode
exhibited a higher power conversion efficiency (PCE)
than the reference CIGSSe cell based on a conventional
sputtered ITO electrode.

RESULTS AND DISCUSSION

The ZnO/AgNW/ZnO composite electrodes were
fabricated by inserting a AgNW film between two
sputtered ZnO layers. The properties of the ZnO/
AgNW/ZnO structure, including the sheet resistance

Scheme 1. Schematics of the conventional ZnO-basedmul-
tilayer transparent electrode structure as well as the pro-
posed multilayer transparent electrode structure. (a) ZnO/
Ag film/ZnO structure with a Ag thin film layer between two
transparent ZnO layers. (b) ZnO/Ag grid/ZnO structure in
which the Ag grid is inserted. (c) ZnO/AgNW/ZnO structure
in which a Ag nanowire network is present instead of a Ag
thin film.
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(Rs) and transmittance, have a close relationship with
the AgNW density. When AgNW films are deposited by
spin coating from a AgNW dispersion (Cambrios Tech-
nologies Corp.) at a given concentration, the NW
density can be controlled by adjusting the rotation
speed. A lower spin speed produces denser AgNW
films. However, nanowire films with various densities
cannot be characterized by simply the spin speed.
Instead, the NW density is expressed in terms of the
area coverage. The covered area ratio (CAR) represents
the fraction of the area occupied by the AgNWs,
whereas the open area ratio (OAR) indicates the un-
occupied fraction. Figure 1 shows the conversion
process used to obtain the CAR and OAR values. From
the SEM images of the AgNW films spin coated at
different spin speeds on ZnO/glass substrates, the OAR
and CAR were determined by image analysis. Since the
covered region counts the projected area on the two-
dimensional plane as occupied by the AgNW, the
overlapped area at the nanowire junctions or nanowire
stacks are likely ignored. Although the CAR does not
directly represent the NW density accurately, it serves
as a simple descriptor to characterize the optical and
electrical properties of the AgNW films.
Figure 2a shows the structure of the ZnO/AgNW/

ZnO composite electrode along with its optical and
electrical characteristics. The high-resolution transmis-
sion electron microscopy (HRTEM) cross-sectional
image revealed that the ZnO/AgNW/ZnO sandwich
structure is asymmetric. The bottom ZnO layer was flat

with a thickness of ∼32 nm, while the 33 nm thick top
ZnO layer conformally coated the protruding AgNWs,
as depicted in the schematic of Figure 2a (left).
Additional analysis of the surface morphology of the

ZnO/AgNW/ZnO composite film was performed by
atomic force microscopy (AFM) (Supporting Informa-
tion, Figure S1). The AgNW diameter became larger
compared to the diameter in the AgNW single layer
due to the ZnO overcoat. The microstructural analyses
confirmed that AgNWs are fully embedded between
the ZnO layers, and a ZnO layer fills the empty spaces
between the AgNW networks, making the surface of
the AgNW film smoother. As shown in Figure 2c,d, the
optical transmittance and reflectance of the ZnO/
AgNW/ZnO electrodes on the glass substrates were
measured as a function of the CAR. All of the composite
electrodes are transparent so that our University logo is
clearly visible through the electrodes (Figure 2b). Ex-
cept for the sample with a CAR of 32%, all of the ZnO/
AgNW/ZnO composite electrodes (CAR = 10�27%)
showed higher transmittances than the ZnO double
layered film (CAR = 0%) in the visible light region
(450�800 nm).
This phenomenon can be explained by the anti-

reflection effect due to an inserted AgNW layer sug-
gested by Fan et al.31 It was confirmed by the reflec-
tance measurement that the reflectance in the ZnO/
AgNW/ZnO composite is decreased when a AgNW
layer is introduced (Figure 2d). All samples (CAR =
10�27%) exhibited a lower reflectance in the visible

Figure 1. (a) SEM images of the AgNW/ZnO bilayer structure. The AgNW layers were prepared by spin coating at rotation
speeds of 1000, 2000, and 3000 rpm. (b) Converted images showing the projected two-dimensional morphology of the
composite. (c) Corresponding images showing the area fraction of the open area ratio (OAR) to the covered area ratio (CAR).
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light region than the ZnO double layer except for the
sample with a CAR of 32%. At a wavelength of 550 nm,
the reflectance of the ZnO film (CAR = 0%) was 29.16%,
while the reflectance values of the ZnO/AgNW/ZnO
with CAR values of 27 and 22%were 10.51 and 10.99%,
respectively. The discrepancy of the sample with a CAR
of 32% can be attributed to reflecting and scattering
light by the AgNWs. This sample contains a relatively
high AgNW density so that the dense and thick AgNW
film can act like a mirror. This result indicates that
control of the AgNW density is an important factor to
maximize the optical properties of ZnO/AgNW/ZnO
when used as a top window electrode.
Figure 2e shows the plots of the measured transmit-

tance at λ = 550 nm versus Rs for AgNW film and ZnO/
AgNW/ZnO composite. The film of ZnO/AgNW/ZnO
with a Rs of 8.0 Ω/sq transmitted 91.91% light, while
the film of the AgNW with a Rs of 9.4 Ω/sq allowed
90.81% light transmission. Some of the outstanding
results reported in the literature for AgNW transparent
conductors6,7,9 aremarked in Figure 2e. Our best results
of the ZnO/AgNW/ZnO (CAR = 21�27%) composite
electrode are comparable to the state-of-the-art AgNW
transparent electrodes. However, in the low CAR region
(CAR=10�17%), theZnO/AgNW/ZnOcomposite showed
lower transmittance than theAgNWfilmdue to significant
absorption and reflection, indicating that the ZnO/AgNW/
ZnO composite had an optimum CAR range.
For solar cell applications, the transparent electrode

layer should have a low sheet resistance and allow
transmission of most of the incident light to the
absorber layer.32 To determine the optimum CAR of

the AgNWs in the ZnO/AgNW/ZnO composite elec-
trode, the sheet resistance (Rs) and transmittance (T) at
a wavelength of 550 nm were used to calculate the
figure of merit ΦTC, as defined by Haacke.33

ΦTC ¼ T10

Rs

Figure 3 exhibits the calculatedΦTC as a function of
the CAR. The ΦTC values increase with increasing CAR
up to 27%. The maximumΦTC value of 54� 10�3 Ω�1

was obtained in the CAR= 27% sample (T= 91.91% and
Rs = 8.0Ω/sq). Although the composite electrode with
a higher AgNW density (i.e., CAR higher than 27%)
exhibited a lower sheet resistance, we were unable to
increase the AgNW density beyond a critical value due
to severe loss of the optical transparency, which leads
to a significant decrease of the ΦTC value. As a result,
the ZnO/AgNW/ZnO composite electrode with a CAR
of 27% allows more light transmission at the visible
wavelengths, while maintaining a high electrical con-
ductance. As a result, the ZnO/AgNW/ZnO composites
with a CAR of 27% showing the highest value of figure
ofmerit were adopted as a transparent electrode in the
thin film solar cells.
Table 1 summarizes the sheet resistance, transmit-

tance, and figure ofmerit of the optimized ZnO/AgNW/
ZnO composite electrode (CAR = 27%) with respect to
the sputtered ITO film, the solution-processed AgNW
film (CAR = 27%), and the sputtered ZnO films without
insertion of a AgNW layer. The ZnO film exhibited a
sheet resistance of about 136 kΩ/sq, which is too high
to be applied as an electrode layer for solar cells. On the

Figure 2. (a) Schematic structure of the ZnO/AgNW/ZnO composite electrode and a HRTEM cross-sectional image. (b)
Photographs showing the ZnO/AgNW/ZnO composite electrodes with the various CAR values. (c) Optical transmittance and
(d) reflectance of ZnO/AgNW/ZnO composite electrodes with the various CAR values. (e) Plot of transmittance (at λ = 550 nm)
versus sheet resistance for the films of AgNWs (green circle) and ZnO/AgNW/ZnO (blue square). The points marked by stars
represent the best results reported in the literature.6,7,9
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other hand, the sheet resistance of the ZnO/AgNW/
ZnO composite electrode dramatically decreased to
8.0 Ω/sq when the AgNW film was inserted. Although
the AgNW film has the same CAR as the ZnO/AgNW/
ZnO composite, the sheet resistance of the composite
electrode is lower than AgNW single layer (Supporting
Information, Figure S2). This phenomenon can be
explained by the role of the ZnO layer to enhance
the conductance of the AgNW film in the ZnO/AgNW/
ZnO composite electrode. The overlying ZnO layer
could decrease the sheet resistance by filling the voids
between AgNWs and/or tightening the AgNW junction
contact.34,35 In addition, the ZnO layer could act as
encapsulates, protecting the nanowires from oxidation
or melting and, in turn, improve the mechanical and
thermal stabilities of the AgNW film.36,37

Metallic nanowire networks are recognized as a
promising flexible electrode due to their outstanding
bending properties.9�11 To satisfy the mechanical
requirements as a promising alternative candidate to
conventional ITO electrodes, the transparent ZnO/
AgNW/ZnO composite electrode should have better
flexibility than the ITO filmwhich is prone to cracking.38

To compare the flexibility of the ZnO/AgNW/ZnO film
to the ITO film, the bending test was performed in
which the films were repeatedly bent at a radius of
curvature of 3 mm (Figure 4a, bottom). Figure 4a (top)
shows a photograph of the ZnO/AgNW/ZnO film on a
polyethersulfone (PES) substrate, demonstrating its
flexibility and transparency. The resistance variations
obtained during the repetitive bending is represented
by the Rs(n)/Rs(o) ratio, where Rs(o) is the initial sheet
resistance and Rs(n) is the sheet resistance measured
when flattened after a certain number of bending
cycles (Figure 4b). The ZnO/AgNW/ZnO composite
electrode maintained a nearly similar resistance even
after 500 bending cycles, while the sheet resistance of
the ITO film soared after 50 cycles. It is notable that the
ZnO/AgNW/ZnO composite electrode shows a very
high tolerance to bending stress compared to the
ITO film, and this mechanical stability strengthens the
merit of the composite electrodewith its low resistance
and high transparency, which are comparable to ITO.
Although AgNWnetwork films demonstrated higher

conductivities and outstanding flexibilities compared
to the ITO films, their application to solar cells poses

Figure 3. Figure of merit values of the ZnO/AgNW/ZnO
electrodes as a function of the CAR in the range of 10�32%.

TABLE 1. Comparison of the Electrical and Optical Properties of Sputtered ITO at 100 �C, Sputtered ZnO (CAR = 0%) at

100 �C, AgNW Film (CAR = 27%) at 140 �C, and ZnO/AgNW/ZnO Composite Film (CAR = 27%)

sheet resistance (Ω/sq) transmittance (%) at 550 nm figure of merit (10�3 Ω�1)

sputtered ITO (100 �C) 42 90.57 8.8
sputtered ZnO (100 �C) 135,950 82.69 1.1 � 10�3

AgNW (CAR = 27%) 9.4 90.81 41
ZnO/AgNW/ZnO (CAR = 27%) 8.0 91.91 54

Figure 4. (a) Photograph of a flexible and transparent ZnO/AgNW/ZnO composite electrode on a flexible polymer substrate
(top) and schematics showing themechanical bend test conditions (bottom). (b) Changes of the normalized resistance during
the bend test for the sputtered ITO single layer and the ZnO/AgNW/ZnO composite layer on polymer substrates.
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additional issues such as thermal instability and poor
adhesion properties. We performed a thermal stability
test by measuring the sheet resistance as a function of
the annealing temperature. In the case of the AgNW
single film, a rapid increase of the sheet resistance was
observed at 225 �C, and at temperatures above 300 �C,
the sheet resistance exceeded the measurement limit
(>100MΩ/sq) (Figure 5a). The SEM image of the AgNW
surface after annealing at 275 �C indicates that the
rapid increase of the sheet resistance can be attributed
to the disconnection of AgNW networks. The AgNWs
start to be fragmented, forming chains of isolated
droplets upon melting, as shown in Figure 5b (left).39

This thermal instability can be relieved by constructing
the ZnO/AgNW/ZnO composite structure. Ramasamy
et al. demonstrated the improvement of AgNW ther-
mal properties by atomic layer deposition of TiO2

around the nanowire surfaces.40

Our ZnO/AgNW/ZnO composite electrode did show
similar enhancement in which there was no sudden
increase of the resistance until 375 �C, despite of the
slight increase up to this point (Figure 5a). The compo-
site electrode exhibited a sheet resistance of about
15Ω/sqat 300 �C,where theAgNWsinglefilm completely
lost its conductance. As shown in Figure 5b (right), the
AgNWs embedded in the layered composite main-
tained their high aspect ratio morphology without
coalescence into isolated droplet-shaped Ag particles
when annealed at 375 �C. The SEM backscattered
image and HRTEM cross-section images clearly con-
firmed the improved thermal stability of the composite
electrode, as shown in Figure S3 (Supporting Information).
Even though someof the nanowireswere partiallymelted
and their length became shorter, a percolating network
was still maintainedwhile the junctions bulged out due to
Agmigration, leaving behind an empty channel made by
ZnO. Another important factor related to the device

stability and durability is its adhesion property. The AgNW
thin film without a protective layer on the substrate is
vulnerable to physical damages such as scratches and
detachment. In the ZnO/AgNW/ZnO structure, AgNWs
were embedded and coated with ZnO layers, which can
playa role as aprotection layer. Figure5c shows the results
of the adhesion test using 3M scotch tape. In the case of
the AgNW single layer, the AgNWs were easily detached
from the substrate by the scotch tape, whereas the ZnO/
AgNW/ZnO composite film remained intact, indicative of
strong adhesion.
Thin film solar cells involving different types of trans-

parent electrodes were fabricated using a CIGSSe absor-
ber layer and a ZnS buffer layer on top of a Mo-coated
glass substrate. The schematic structure of thin film solar
cells using ITO, a AgNW single film, and the ZnO/AgNW/
ZnO electrode is shown in Figure 6a. Except for the top
transparent electrode, all layers in the devices were
fabricated under identical process conditions. Figure 6b
shows the photocurrent density�voltage (J�E) curves of
the CIGSSe thin film solar cells based on various top
electrodes measured under 100 mW/cm2 illumination
(AM 1.5G condition). The reference thin film solar cell
based on the sputtered ITO transparent electrode shows
an open circuit voltage (Voc) of 0.432 V, a short circuit
current (Jsc) of 28.5mA/cm2, a fill factor (FF) of 43.2%, and
a calculated power conversion efficiency (PCE) of 5.32%.
These performance values are relatively lower than the
values reported for sputtered CIGSSe thin film solar cells.
This discrepancy is presentbecause aZnSbuffer layerwas
utilized instead of CdS, which is known to outperform
ZnS, and the deposit conditions of the absorber and
buffer layers were not yet optimized. However, the ZnS/
CIGSSe/Mo/glass could serve as a platform to compare
the influence of the top transparent electrodes.
Table 2 summarizes the cell performances of thin

film solar cells fabricated using different transparent

Figure 5. (a) Variations of the resistances of the AgNWsinglefilm (CAR= 27%) and the ZnO/AgNW/ZnO compositefilm (CAR=
27%) on glass substrates as a function of the annealing temperature. (b) SEM images of a AgNW single film and a ZnO/AgNW/
ZnOfilm after thermal stability testing. The AgNWsinglefilmwas heated to 275 �C,while the ZnO/AgNW/ZnOfilmwas heated
to 375 �C. (c) Photographsof theAgNWsinglefilm (left) andZnO/AgNW/ZnOfilm (right) onglass substrates after the adhesion
test. Scotch tape was firmly attached on the electrode surfaces, followed by rapid detachment. To distinguish the difference
between the removed and remaining regions, the AgNW films with a higher density (CAR = 32%) were used for the tape test.
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electrodes. The thin film solar cell based on ZnOdouble
layers without a AgNW layer demonstrated poor per-
formance because of its high resistance. The insertion
of a AgNW layer between the ZnO double layers
significantly improved the cell performances due to
the dramatic decrease of the sheet resistance. The thin

film solar cell using the ZnO/AgNW/ZnO (CAR = 27%)

exhibited a Voc of 0.458 V, a Jsc of 31.0 mA/cm2, a FF of

45%, and a calculated PCE of 6.37%. Higher Jsc and PCE

values were observed compared to the reference cell

based on the ITO electrode. This can be ascribed to the

enhancement of the optical and electrical properties

resulting from the synergetic effect of the combination

of ZnO and AgNWs. The low sheet resistance makes it

possible to effectively transport the charge carriers

generated in the solar cell to the front contacts, redu-

cing the current loss at the electrode. In this respect,

ITO is generally preferred over ZnO as a window

electrode in solar cell devices.
We accomplished a highly conductive ZnO�AgNW

composite electrode by inserting a AgNW film be-
tween the ZnO layers, as compared to either sputtered
ITO or ZnO single films, which resulted in a lower sheet
resistance and a higher Jsc. In addition, the ZnO overcoat
layer assists the charge carrier collection, acting as an
efficient electron extraction layer and, in turn, increasing

the Jsc value, as shown in the ZnOnanoparticle dispersed
AgNWnetwork structure,which has shownbetter charge
collection efficiency in solar cell applications.28 For the
solar cell using the AgNW film without ZnO layers, the Jsc
value was too low in spite of its low sheet resistance
(Figure 6b). This observation supports the role of ZnO
layers in the composite electrode in which the extension
of the effective area for charge collection results in an
increased Jsc.
The i-ZnO layer and the ZnO layer in ZnO/AgNW/

ZnO composite have different conductivities. The ZnO
layer in the composite is more conductive than i-ZnO
layer. The ZnO film comprising ZnO/AgNW/ZnO multi-
layer has Rs about 135 950Ω/sq,while the i-ZnO film has
too high Rs (>100 M Ω/sq) beyond the measurement

Figure 6. (a) Schematic structures of CIGSSe thin film solar cells using different transparent conductors such as a sputtered
ITO single film, a AgNW single film, and a ZnO/AgNW/ZnO composite film. All of the other layers such as the absorber and
buffer are identical. (b) Current density�voltage characteristics for the thin film solar cells based on the various top
electrodes. (c) Current density�voltage characteristics measured in the dark are also displayed to compare the leakage
current between the cells with the ITO and the ZnO/AgNW/ZnO composite.

TABLE 2. Performance Comparison of Thin Film Solar

Cells Fabricated Using Different Transparent Electrodes:

ZnO/AgNW/ZnO (CAR = 27%), Sputtered ZnO Double

Layer (CAR = 0%), AgNW Single Film (CAR = 27%), and

Sputtered ITO Single Electrodes

window electrode type Jsc (mA/cm
2) Voc (V) FF PCE (%)

ITO 28.5 0.432 0.432 5.32
AgNW (CAR = 27%) 0.54 0.280 0.154 0.029
ZnO/ZnO (CAR = 0%) 0.028 0.184 0.245 0.0013
ZnO/AgNW/ZnO (CAR = 27%) 31.0 0.458 0.450 6.37
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limit. We can assume the generation of the same
amount of electrons in thin film solar cells since the
two cells have the same cell part (i-ZnO/ZnO/CIGSSe/
Mo) and the top electrodes have similar transmittances
(T of AgNW film = 90.81% and T of ZnO/AgNW/ZnO =
91.91%). If such, the Jsc would be determined by the
number of electrons collected by the top electrode. For
the AgNW top electrode, it is possible to collect only the
electrons located near the direct contact between
AgNW and the i-ZnO layer. The AgNW film has a large
openareabetweennanowire networks, thus the effective
charge collection area is very limited. On the other hand,
in the ZnO/AgNW/ZnO top electrode, a relatively con-
ductive ZnO layer can transportmore electrons toAgNWs
even from the regions far away from AgNW locations, as
illustrated in Figure S4 (Supporting Information).
The enlarged effective charge collection area makes

the solar cell with ZnO/AgNW/ZnO/i-ZnO exhibit a
higher Jsc than the one with the AgNW/i-ZnO cell.
The Voc values were also improved when using the
ZnO/AgNW/ZnO composite electrode. The lower Voc
associated with the reference ITO-based solar cells is
likely related to the leakage current through the cell
due to its low resistivity. The current density�voltage
data were measured in the dark, as shown in Figure 6c.
The current flowing at the negative voltage region in
the dark represents the leakage current across the cells.
The leakage current of the ZnO/AgNW/ZnO incorpo-
rated cell was 8 times lower than that of the ITO-based
cell. Sandwiching the highly conductive metallic net-
work with relatively resistive ZnO thin films can reduce
the leakage current.
The higher transmittance of our composite electro-

des explains the higher PCE compared to the reference
ITO-based solar cells since more light is transmitted to
the absorber layer, generatingmore charge carriers. To
gain in-depth understanding of the influence of the
optical properties of the electrodes on the cell perfor-
mances, wemeasured the external quantum efficiency
(EQE) of the CIGSSe cells with different transparent
electrodes. Since the identical absorber/buffer layers
were used, we can assume that the internal quantum
efficiency (IQE) is the same for all of the samples. In
such a case, the EQE is indicative of the influence of a
transparent electrode. Two devices showed rather
efficient photoconversion efficiencies at wavelengths
in the range of 440�960 nm,while the EQE valueswere
50�70%, as shown in Figure 7a. For the cell with the
ZnO/AgNW/ZnO (CAR= 27%) composite electrode, the
highest EQE value of 70.3% at 600 nm was obtained.
This efficiency is superior to the highest EQE value of
65% at 560 nm for the reference cell with an ITO film.
To compare the EQE values between the composite

electrode and the ITO electrode-based cells, the rela-
tive change of the EQE values is displayed in Figure 7b.
Here,ΔEQE/EQE(λ) is defined as (EQEZnO/AgNW/ZnO(λ)�
EQEITO‑only(λ))/EQEITO‑only(λ), where EQEZnO/AgNW/ZnO(λ)

and EQEITO‑only(λ) are the EQE values at awavelength of
λ for the CIGSSe cell with ZnO/AgNW/ZnO and only
ITO, respectively. ΔEQE has a positive value and in-
creases above 440 nm, indicating that the cell with
ZnO/AgNW/ZnO shows a higher quantum efficiency
than the cell with ITO at wavelengths above 440 nm
and that the EQE improvement is significant at rela-
tively longer wavelengths. This can be supported by
the observed differences in the optical properties
between the ZnO/AgNW/ZnO composite electrode
and the ITO electrode. Figure 7c shows the relative
change of the reflectance values (R%) using the data
presented in Figure 2d. ΔR%/R%(λ) is defined as
(R%ZnO/AgNW/ZnO(λ) � R%ITO‑only(λ))/R%ITO‑only(λ), where
R%ZnO/AgNW/ZnO(λ) and R%ITO‑only(λ) are the R%values at
a wavelength of λ for ZnO/AgNW/ZnO on glass and ITO
on glass, respectively. A reduction of the R% value was
observed in the visible light region at wavelengths of
about 460�750 nm, suggesting that the composite

Figure 7. (a) External quantumefficiency (EQE) spectra of an
ITO single film and ZnO/AgNW/ZnO composite electrode in-
corporated CIGSSe thin film solar cells. (b) Relative change of
the EQE,ΔEQE/EQE(λ) = (EQEZnO/AgNW/ZnO(λ)� EQEITO‑only(λ))/
EQEITO‑only(λ), where EQEZnO/AgNW/ZnO(λ) and EQEITO‑only(λ) are
the EQE values a wavelength of λ for the ZnO/AgNW/
ZnO-based CIGSSe thin solar cell and ITO-only CIGSSe cell,
respectively. (c) Relative change of the reflectance (R),ΔR%/R
%(λ) = (R%ZnO/AgNW/ZnO(λ) � R%ITO‑only(λ))/R%ITO‑only(λ),
where R%ZnO/AgNW/ZnO(λ) and R%ITO‑only(λ) are the R% values
at a wavelength of λ for ZnO/AgNW/ZnO on glass and ITO on
glass, respectively.
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electrode has a lower reflectance than the ITO film in the
visible light region due to the anti-reflection effect of the
AgNW layer. The light trapping effect may also be
possible because of the enhanced light scattering by
AgNWs.41 This means that the composite electrode
passes incident sun light to the absorber layer more
effectively, enhancing the EQE values.

CONCLUSIONS AND PROSPECTS

We proposed a ZnO/AgNW/ZnO multilayer as a
novel transparent composite electrode which demon-
strated good thermal andmechanical stabilities as well
as a high conductivity and good transparency. By
inserting a AgNW network layer between ZnO layers,
the sheet resistance was dramatically decreased with-
out sacrificing the transparency. The AgNW density in
the ZnO/AgNW/ZnO composite plays an important
role in determining the figure of merit, which was
maximized at a CAR value of 27%. Our ZnO/AgNW/
ZnO composite electrode showed ahigher tolerance to
bending stress than the conventional ITO film aswell as
good thermal stability and strong adhesiveness, which
the AgNW single film lacked. The improved thermal
and mechanical stabilities as well as the high value of
figure of merit are attributed to the unique structure of

the layered composite. The ZnO layer conformally
covers the AgNWs filling the empty area and tighten-
ing the AgNW junctions, and it may act as an encapsu-
late that protects the nanowires from oxidation/
melting, improving the mechanical and thermal stabil-
ities of the embedded AgNW film. Our ZnO/AgNW/
ZnO composite also serves well as an effective window
electrode for Cu chalcogenide thin film solar cells. The
CIGSSe thin film solar cells based on the ZnO/AgNW/
ZnO electrode showed 20% higher PCE and EQE
performances than the cell using the conventional
sputtered ITO electrode. The AgNW layer inserted
between the ZnO allows more effective light transmis-
sion at the visible wavelengths due to the reduced
specular reflectance, while maintaining a high electri-
cal conductance. In addition, the ZnO overcoat layer
that fills the empty spaces between the AgNWs would
assist the charge carrier collection and, at the same
time, reduce the leakage current, which results in
higher Jsc, PCE%, and EQE values. All of these findings
clearly demonstrate that our indium-free ZnO/AgNW/
ZnO composite may become a robust, flexible, cost-
effective, high-performance transparent electrode that
enables higher power conversion efficiency in thin film
solar cells.

METHODS AND MATERIALS
ZnO/AgNW/ZnO Electrode Fabrication. ZnO/AgNW/ZnO multilayer

electrodes were prepared by direct current (dc) magnetron sput-
tering at room temperature with various AgNW densities. The
bottom ZnO layer with a thickness of 33 nmwas sputtered using a
ZnO target at a constantdcpowerof 150W, anAr flowof 50 cc, and
a working pressure of 5 mTorr on a glass substrate (20� 20mm2).
After the sputtering of the bottom ZnO layer, a AgNW layer with
various densities was deposited by spin coating on the ZnO layer
from a AgNW dispersion (Cambrios Technologies Corp.). AgNW
films were dried at 50 �C for 90 s and 140 �C for 90 s. Then, UV
treatmentwasperformed to removeorganic contaminants prior to
the top layer deposition. Finally, an additional ZnO layer with a
thickness of 33 nm was deposited on the AgNW layer under the
same sputtering conditions.

Optical and Structural Characterization. The optical transmittance
and reflectance of the ZnO/AgNW/ZnO composite electrode
were measured at room temperature using a UV�vis spectro-
photometer (Cary 100, Agilent Technologies) equipped with an
integrating sphere (DRA-CA-30I, Labsphere) in the wavelength
range from 300 to 900 nm. All recorded transmittance spectra
were normalized with respect to a glass substrate, and reflec-
tance spectra were taken using a certified reflectance standard
(Labsphere) as the zero absorbance reference after baseline
subtraction and normalization. The surface morphology of the
AgNWs obtained under different rotation speeds on the bottom
ZnO layer and ZnO/AgNW/ZnO composite electrode was ana-
lyzed by a scanning electron microscope (SEM, JSM-6010LV,
JEOL Ltd.) at an operating voltage of 15 kV and atomic force
microscopy (AFM, SPA 400, SEIKO). The compositional contrast
was also revealed by SEM backscattering electron imaging. The
cross section of the ZnO/AgNW/ZnO composite was analyzed
by a high-resolution transmission electrode microscope
(HRTEM, JEM-2100F, JEOL Ltd.). Samples for TEM analysis were
prepared using a FEI Nova 600 DB-FIB.

Electrical, Mechanical, and Thermal Stability Measurements. The
sheet resistances of the ZnO/AgNW/ZnO samples weremeasured

by a four-point probe system (RS8, BEGA Technologies) as a
function of the CAR value. The resistance reported here is the
average value obtained after at least five multiple measurements.
Themechanical stabilities of the ZnO/AgNW/ZnO composites and
ITO film as a function of the number of bend cycles were
determined by repeatedly bending the composite films with a
two-point bending device consisting of two parallel plates, where
the radius of curvature was set at 3 mm and the bend speed was
about one cycle per second. The sheet resistance values were
measured on the flattened film after the given bending cycles by a
four-point probe. Thermal stability testing was also performed by
monitoring the change of the sheet resistance of the ZnO/AgNW/
ZnO composite and the AgNW film with the same CAR as a
function of the annealing temperature. 3M scotch tape was used
for adhesion testing of the ZnO/AgNW/ZnO composite film and
AgNW film on the glass substrate. 3M scotch tape was applied on
the film surface after removing all entrapped air, and the time
between the application and removal of the tape was less than
1 min. The tape was removed by a rapid pull force applied
perpendicular to the test area.

Thin Film Solar Cell Fabrication. We prepared CIGSSe thin film
solar cells to compare the influences of the different transparent
top electrodes. Identical sputtered CIGSSe absorber and chem-
ical bath-deposited ZnS buffer layers were used for all of the
samples. Intrinsic (i) ZnO layers with a thickness of 50 nm were
deposited by dc sputtering at a constant dc power of 150 W at
100 �C, a gas flow ratio of Ar/O2 = 50 cc/5 cc under a working
pressure of 5 mTorr. After the deposition of the i-ZnO layer, the
ZnO/AgNW/ZnO transparent composite electrodes were fabri-
cated as described above. For the reference sample, an ITO
single layer with a thickness of 500 nm was prepared by radio
frequency (RF) magnetron sputtering (RF power of 200 W at
100 �C, Ar flow rate of 50 cc, and a working pressure of 5mTorr).
The solar cell containing only AgNWs as a transparent electrode
was also fabricated by spin coating the AgNW dispersion on the
i-ZnO/ZnS/CIGSSe/Mo substrate. Finally, the silver front con-
tacts were made on the window electrodes as a dot shape
(diameter = 1 mm) by silver paste.
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Characterization of the Thin Film Solar Cells. The solar cells were
characterized by measuring the photocurrent density�voltage
(J�V) curves and external quantum efficiency (EQE). The photo-
voltaic performance in terms of the J�V of the devices was
determined by means of a solar simulator (Sol3A Class AAA,
Oriel Instruments) and a Keithley 2400 source measurement
unit, whereas the EQE was obtained by a quantum efficiency
measurement system (QEX10, PV Measurements, Inc.) carried
out under airmass (AM) 1.5 and 1 sun (100mW/cm2) conditions.
The 1 sun intensity level was calibrated using a standard Si
reference cell certified by Newport Corporation. From the mea-
sured Jsc, Voc, and FF values, PCE values were calculated by
applying PCE = FF � Voc � Jsc/Ps, where Ps is the input solar
irradiance (mW/cm2). The FF is defined as FF = JmVm/JscVoc, where
Jm and Vm are the maximum current and voltage, respectively.
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