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For high-throughput flexible electronic devices to be ready for the market, their transparent conductive
electrodes (TCEs) should show stable working performance during folding conditions and have a long
operating life. In this study, TCEs were produced by over-coating silver nanowire (AgNW) electrodes with
graphene oxide (GO). The GO/AgNW electrodes showed an outstanding sheet resistance value of
18 Q% 87% transmittance, mechanical stability, and excellent long-term stability. Furthermore, the GO
film wrapped around the AgNWs, which improved the inter-nanowire junction resistance and lowered
the surface roughness without any heat treatments or high-force pressing processes. Flexible
P3HT:PCgoBM- and PTB7:PC;oBM-based organic solar cells (OSCs) were produced using the GO/AgNW
transparent electrodes on a flexible polyethylene terephthalate substrate. The GO/AgNW electrode
exhibited a higher optical absorption in all the OSCs compared to those of the indium tin oxide (ITO)

electrodes and showed a high short circuit current of 3 mA cm™2, Consequently, the fabricated OSCs
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Accepted 8th November 2017 showed a 7% higher efficiency than the ITO electrodes. In addition, after 50 bending tests, the efficiency

of the GO/AgNW electrodes changed less than 3%. Thus, the GO/AgNW electrodes showed enhanced

DOI: 10.1039/c7ral0889¢ results in terms of resistance and durability compared to conventional transparent electrodes, including
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1. Introduction

Organic solar cells (OSCs) offer a simple device structure, and
they can be produced on a large scale by roll-to-roll processing
on polymer substrates. As the interest in flexible solar cells
increases, so does the demand for lightweight OSCs that can be
freely bent or folded like paper. Moreover, the use of such
flexible OSCs will allow design of devices that can be freely
changed and will enable such devices to be fabricated for
a curved surface and to be rolled like a roll of paper. Thus, OSCs
can be used in various applications, including wearable elec-
tronic devices."® However, transparent electrodes with high
conductivity and flexibility must be developed for OSCs to be
flexible.

Currently, indium tin oxide (ITO) is widely used as a trans-
parent electrode material due to its high electrical conductivity,
excellent chemical stability, and high light transmittance, but it
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is limited as a next-generation electrode because of its high
price and inadequate indium resources. Another disadvantage
of ITO film is its brittleness, which makes coating it onto
a flexible plastic substrate difficult. Furthermore, it absorbs in
the UV/blue region, which is a drawback when applied to solar
cells. These problems motivate the development of new types of
transparent conductive electrodes (TCEs). Conducting poly-
mers, carbon nanotubes, graphene, and metal networks have all
been investigated as alternatives to ITO.” "

In the case of organic conducting polymers, electrical
conductivity increases proportionally with electrode thickness.
However, a thick electrode layer comes at the cost of decreased
transmittance because conducting polymers absorb light in the
visible region; thus, electrode films must be thinly coated
(100 nm or less) with such polymers. Reaching a sheet resis-
tance of 80 Q' is difficult with a 100 nm-thick coating.***
Another candidate for transparent electrodes is carbon nano-
tubes (CNTs), which exhibit excellent electrical conductivity and
high transmittance, and achieving a low sheet resistance
(10 Q") requires a large quantity of CNTs. Thus, the electrode
becomes black while maintaining transparency results in
decreased transmittance. In the case of transparent graphene
electrodes, the defective bond between the graphene flakes and
the current collector leads to high contact resistance and thus
high sheet resistance.***°

This journal is © The Royal Society of Chemistry 2017
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To overcome these problems, silver nanowires (AgNWs) are
arising as a next-generation material because they exhibit
excellent electrical and optical characteristics, and they are easy
to manufacture on a large scale and at a low cost through
a solution process. In addition, flexibility can be easily achieved
due to their long, thin morphology.***

However, this material is not free of problems. The biggest
challenge is that AgNWs are oxidized by oxygen, which lowers
the electrical conductivity and transparency. Another problem
is that AgNW coatings easily separate from their substrate due
to a low adhesive force.****** Furthermore, when AgNWs are
applied to the transparent electrode of solar cells, the high
surface roughness of the AgNWs causes a low shunt resistance,
high dark current, and low efficiency.*® Thus, using AgNWs to
fabricate high-efficiency optoelectronic devices has many
drawbacks. To address these issues, innovative techniques have
recently been reported for improving the adhesive force while
lowering the surface roughness by adapting an over-coating
layer (OCL) and protecting layer for the AgNWs using conduct-
ing polymers and oxides, such as zinc oxide (ZnO). These
methods, however, require a thick coating as a top-coat material
(conducting polymers, oxides, etc.) to lower the inherent surface
roughness of the AgNWs, which also lowers the optical
transmittance.

Therefore, in this report, a very thin graphene oxide (GO)
layer whose transparency is not low was formed via spray
coating to preventing the AgNW transparent electrode from
oxidizing in air. The GO dispersion was hydrophilic due to its
oxygen functional groups but was not electrically conduc-
tive.>*¢ As a result, a transparent electrode could be fabricated
with low surface roughness and a high adhesive force, which
featured a thin GO layer that could directly pass currents via
tunneling, even though it is an insulator, thereby improving the
electrical characteristics of the AgNWs.** Significantly, the
AgNWs did not oxidize, even when exposed to the air for over
two months. Furthermore, a flexible OSC was produced using
a GO/AgNW transparent electrode on a polyethylene tere-
phthalate (PET) substrate.>”-*°

2. Experiments
2.1 Preparation of a GO/AgNWs TCE

In this study, an ink was prepared with highly linear AgNWs
with a thickness of 40 nm and a length of 45 um, which had
been fabricated in a previous experiment. The ink was slot-die
coated using a slot-die coater on a PET substrate. For the
OCL, the GO (Angstron Materials) with an X-Y dimension of
1 um or less and a thickness of 1-1.2 nm was used. First, 1 mg of
GO was diluted in 10 mL of DI water, and a spray coater was
used to prepare the coating. To remove the solvent, the
substrate was heated to 110 °C during the experiment. The
fabricated GO/AgNW transparent conductive film showed 87%
light transmittance and a sheet resistance of 18 Q*, which is
similar to the 90% light transmittance and 12 Q" sheet resis-
tance of commercial ITO (JMC, South Korea) (Fig. 1). Even
though GO is an insulator, if it is coated very thinly on the
AgNWs, electrons can easily move through it by ohmic contact
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Fig. 1 Total transmittance spectra of ITO- and GO/AgNW-coated
films.

and direct tunneling (Fig. S1t). Furthermore, the GO that was
used in this experiment had characteristic G- and D-band peaks
at 1611 and 1356 cm™ ', respectively, as shown in Fig. S2.T These
peaks in the G- and D-bands grow as the amount of GO
increases. Hence, the presence of GO can be verified in the OCL.

2.2 Fabrication of organic solar cells

OSCs were fabricated using the transparent GO/AgNW elec-
trode. A poly-3,4-ethylenedioxythiophene—polystyrenesulfonate
(PEDOT:PSS) bilayer (CleviosTM PH 1000 and P VP AI 4083,
respectively) was spin-coated to a 100 nm thickness as a hole
transport layer (HTL) on the GO/AgNW substrate. The
PEDOT:PSS was mixed with methanol (Aldrich) ata 1 : 1 volume
ratio, and this solution was spin-coated at 4000 rpm for 40 s and
annealed at 130 °C for 30 min in a glove box. Then, 18 mg of
P3HT (Rieke Metals, Inc.) and 10.8 mg of PCs,BM were melted
in 1 mL of chlorobenzene as an electron transport layer (ETL).
The mixture was spun at 2500 rpm for 40 s and was thermally
treated in a glove box at 150 °C for 10 min. In addition, OSCs
with high power conversion efficiencies (PCEs) were fabricated
using  poly[4,8-bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-bA]dithio-
phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]-
thiophenediyl] (PTB7) and [6,6]-phenyl-C,;-butyric acid methyl
ester (PC,,BM), which are low-bandgap polymers. The fabrica-
tion method was identical to that of the PZ3HT:PC¢,BM system.
PTB7:PC,,BM (1-materials) was dissolved at a 1:1.5 weight
ratio in chlorobenzene : 1,8-diiodoctane (97 : 3) before being
spun at 1000 rpm for 40 s and then annealed at 50 °C for 10 min
in a glove box.

Finally, the LiF/Al electron-collecting top electrode was sub-
jected to thermal evaporation to produce the final OSCs, and the
thickness of each layer was observed by transmission electron
microscopy (TEM) (Fig. 2). A control OSC was fabricated with an
ITO/glass electrode as a reference for comparison, and all the
processes were carried out identically.

2.3 Material and device characterization

The sheet resistance of the GO/AgNW transparent electrode was
measured with a Keithley 2400 source meter by a 4-point probe
method, and the transmittance was analyzed by an ultraviolet-
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Fig.2 A schematic cross-sectional view of P3HT:PCgoBM-based OSCs with GO/AgNW and the corresponding cross-sectional high-resolution

transmission electron microscopy (HRTEM) image.

visible spectroscopy (Perkin Elmer UV/Vis spectrometer Lamda
18). The GO structure was analyzed using Raman spectrometry.
The haze factor of the GO/AgNW film was measured with
a commercial haze spectrometer (Sinco). The surface of the
transparent electrode was analyzed with a scanning electron
microscope (SEM; XL-30 EDAX, Philips, Netherlands) and an
atomic force microscope (AFM; Digital Instruments Dimension
3100, equipped with a Nanoscope IV controller). To evaluate the
flexibility of the transparent electrode, the GO/AgNW/PET and
ITO/PET transparent electrodes were compared using a bending
test machine (ZB-100, Z-Tech) at a radius of 10 mm for 10 000
cycles.

The performance of the OSCs fabricated with the GO/AgNW
transparent electrodes was analyzed using an ORIEL solar

simulator with a 150 W light source. To achieve the AM 1.5
condition and 100 mW cm™? intensity, the intensity of the
reference light source was calibrated using a standard Si
photodiode. The external quantum efficiency (EQE) was
measured using an ORIEL IQE 200 system. In addition, a cross-
section of the OSCs was observed with a transmission electron
microscope (TEM; JEM 2100F) using a focused ion beam (FIB)
milling technique.

2.4 FDTD simulation methods

To compare the light-scattering characteristics of the AgNWs,
a commercial finite difference time domain (FDTD) simulation
tool (Lumerical Solution, Inc.) was used. For the simulation

Fig. 3 Transmission electron microscope (TEM) images of (a) AgNWs (b) a AQNW cross-section. (c) Lattice fringes and (d) selected area electron

diffraction (SAED) pattern of the AQNWs.
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mesh, a uniform size of 0.25 nm was used for all the directions.
Furthermore, a 300-800 nm wavelength light source was used.
To evaluate the characteristics of the laminated-structure OSCs,
the thickness of each layer was set to be identical to the corre-
sponding thickness in the actual device.

3. Results and discussion

The AgNWs were fabricated by the reported polyol method,*
which is a simple method of synthesizing AgNWs by growing
reduced Ag ions in the [111] direction using a capping agent.
The crystal structure of the synthesized AgNWs was analyzed via
X-ray diffraction (XRD), which showed (111), (200), and (220)
crystalline peaks, indicating a face-centered cubic structure
(JCPDS Card no. 89-3722), as shown in Fig. S3.1 Furthermore,
the AgNWs grew with a pentagonal cross-section, and the
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Fig.4 SEMimages of (a) AgNWs and the (b) PEDOT:PSS/AgNW and (c) GO/AgNW hybrid transparent electrodes after a long-term stability test at
room temperature for 2 weeks. Atomic force microscopy (AFM) images of AgNWs on PET (d) with and (e) GO/AgNW electrodes.
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Fig.6 Variation in the resistance of the GO/AgNW film as a function of
the number of bending cycles.

synthesized AgNWs had a diameter of 45 nm and a minimum
length of 40 um (Fig. 3).

The AgNWs are thin and long and thus are easily oxidized
because their surface-to-volume ratio is much greater than that
of the bulk material. For this reason, when the AgNWs are
exposed to the air without a protective layer, they quickly oxidize
or corrode. Fig. 4 shows SEM results for the stability the AgNWs
in air. As described above, when the AgNWs were coated with
GO as a protective layer, the AgNWs showed no change even
after two weeks. In contrast, when the AgNWs were used
without a protective coating, they generally oxidized and
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corroded. Furthermore, the high acidity and sulfur molecules of
the conducting polymer PEDOT:PSS can both damage the
AgNWs, which makes using this material as a transparent
electrode for a long time difficult. However, when the long-term
stability was tested, the AgNW with the GO protective layer
showed excellent stability with no changes in resistance for two
months in air. However, when the AgNWs were used without the
protective layer, the electrode's resistance sharply increased
after 10 days. When PEDOT:PSS was used as a protective layer,
the resistance sharply increased after 3 days at rest. These
increases in the resistance were due to oxidization and corro-
sion, as explained above. The AgNWs with the GO protective
layer showed excellent long-term chemical stability, even after
long-term exposure to air (Fig. 5).

As mentioned above, fabricating highly efficient optoelec-
tronic devices, such as OSCs with AgNWs, is difficult due to the
shunt resistance, high dark current, and low efficiency resulting
from the high surface roughness of AgNWs.*> When the
roughness of a transparent electroconductive film coated with
AgNWs alone was compared to that of the GO/AgNW electro-
conductive film (Fig. 4d and e), the former showed a high
surface roughness of 46.8 nm due to the presence of the AgNWs
and the empty spaces between them, whereas the latter showed
a low surface roughness of 4.3 nm. The reason for the low
surface roughness is that the empty spaces are filled with GO, as
shown in the SEM image, which offsets the high roughness of
the AgNWs.
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Fig. 7 Representative J-V characteristics of P3HT:PC¢oBM and PTB7:PC,oBM OSCs with the GO/AgNW mesh electrode and the reference
device with the ITO electrode under AM 1.5 G illumination with 100 mW cm™2 intensity. (@) PSHT:PCgoBM, (b) PTB7:PC;oBM. (c) Magnified diffuse
transmittance spectra of ITO and GO/AgNW films and (d) simulated light absorption maps in the devices with ITO and GO/AgNW.
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Table 1 Average performance of OSCs on ITO/glass and GO/AgNW mesh/PET*
Voe (mV) Jse (MA cm™?) FF PCE (%)

P3HT:PC¢oBM ITO (batch 1) 0.62 £ 0.00 7.97 £ 0.27 0.63 + 0.02 3.18 £ 0.04 (3.27)
P3HT:PCs,BM GO/AgNW (batch 1) 0.60 + 0.00 9.17 +£ 0.41 0.59 + 0.00 3.25 £ 0.08 (3.32)
P3HT:PCsoBM GO/AgNW (batch 2) 0.59 + 0.01 9.53 £ 0.17 0.57 + 0.01 3.26 £ 0.05 (3.31)
PTB7:PC,,BM ITO (batch 1) 0.74 £+ 0.00 16.32 £ 0.03 0.58 £ 0.01 7.14 + 0.10 (7.27)
PTB7:PC,,BM GO/AgNW (batch 1) 0.67 + 0.01 19.79 £ 0.01 0.55 + 0.01 7.32 + 0.06 (7.38)
PTB7:PC;,BM GO/AgNW (batch 2) 0.69 + 0.00 18.15 £+ 0.01 0.59 + 0.01 7.53 £ 0.02 (7.56)
PTB7:PC,,BM GO/AgNW (batch 3) 0.68 + 0.00 19.84 + 0.57 0.57 + 0.01 7.62 4 0.10 (7.66)

“ Values from 3 and 4 devices were averaged, and the PCEs in parentheses indicate the highest values.

Furthermore, the GO/AgNW transparent electroconductive
film showed excellent flexibility. The bending test demonstrated
that due to the brittleness of ITO film, it cracked when the
bending radius decreased, and the resistance sharply increased
to at least 70% higher than the initial resistance. In contrast, for
the GO/AgNW transparent electrode, the GO prevented the
AgNWs from separating and losing contact with each other, and
a small change in resistance of under 2% was observed, even
after 10 000 cycles, indicating superior mechanical stability to
that of the ITO transparent electrode (Fig. 6).

Fig. 7a and b and Table 1 show the results of the OSCs
fabrication to verify the possibility of adapting the GO/AgNW
transparent electrode as a flexible optoelectronic device. The
commercial ITO on glass with 90% transmittance and a 12 Q"
sheet resistance was compared with the GO/AgNW/PET trans-
parent electrode with 87% transmittance and an 18 Q' sheet
resistance. In the case of the P3HT:PCBM system, the ITO
electrode showed an open-circuit voltage (Vo) of 0.62 £ 0.00 V,
a short-circuit current (/) of 7.97 + 0.27 mA cm ™2, a fill factor
(FF) of 0.63 £ 0.02, and a PCE of 3.18 + 0.04% (highest: 3.27).
The GO/AgNW electrode showed a V. of 0.60 £ 0.00 V, a J,. of
9.17 + 0.41 mA cm ™2, an FF of 0.59 + 0.00, and a PCE of 3.25 +
0.08% (highest: 3.32). The Js. of the GO/AgNW electrode was
higher than that of the conventional ITO transparent electrode
(Fig. 7a). In the PTB7:PC,,BM-based system, the GO/AgNW
electrode showed a V,. of 0.68 + 0.00 V, a J,. of 19.84 +
0.57 mA cm ™2, an FF of 0.57 + 0.01, and a PCE of 7.62 & 0.10%
(highest: 7.66), and its J;. was higher than that of the ITO
electrode (Fig. 7b). All three GO/AgNW electrodes showed the
same trends. The details of the average performance parameter
values of V., Js., FF, and PCE for all the devices are summarized
in Table 1. All OSC performance metrics were averaged from the
results of four devices.

The V,. of OSCs is influenced by the sheet resistance and
energy bandgap, and the J. is influenced by the transmittance.
The higher the transmittance, the greater the light absorption
becomes, which increases the /.. As shown in Fig. 7a and b and
Table 1, the GO/AgNW electrode showed a low V,. value in all
the devices because its sheet resistance was higher by at least
6 Q' than that of the ITO electrode. The GO/AgNW electrode,
however, showed an approximately 3 mA cm™ 2 higher J;., even
though its transmittance was lower by at least 3% than that of
the ITO electrode.

This journal is © The Royal Society of Chemistry 2017

The reason for this higher J.. is the effect of the optical
properties. As shown in Fig. 1, the spectra are similar to one
another in the visible region, but the transmittance of GO/
AgNW is higher in the 300-400 nm range and at 600 nm. As
a result, more external photons are absorbed into the working
layer of the device, which increases the phototransformation
efficiency. In fact, measurements of the external quantum effi-
ciency (EQE) indicate that higher phototransformation effi-
ciency appears near 400 and 600 nm (Fig. S4t). Furthermore,
the haze measurements show that the GO/AgNW has higher
light scattering than ITO (Fig. 7c). This higher light scattering
can be interpreted as a photon trapping effect, in which the
photons discharged from the working layer that do not react
with the photoactive material are reflected from the GO/AgNW
layer and are returned to the working layer. The FDTD simula-
tion result showed that the working layer absorbed more light,
as shown in Fig. 7d. As described above, the efficiency of the
OSCs increased as a result of the increase in the Ji. due to the
increased light absorption, despite the low transmittance. Fig. 8

o
—

—&— Initial
—&— 50 cycles

én

Current density (mAIcm2)

-0.2 0.0 0.2 0.4 0.6
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Fig. 8 Photographs of the continuous mechanical bending experi-

ment of a P3HT:PCgoBM OSC with the GO/AgNW mesh and selected
J—-V characteristics during bending cycles up to 50.
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shows the changes in the efficiency of the fabricated OSCs
before and after 50 bending cycles. The OSCs using the GO/
AgNW electrode showed a small change in efficiency of below
3%. As with the previous bending test results, the GO/AgNW
electrode maintained its electrical path even after many
bending cycles due to its excellent mechanical stability, and the
efficiency of the OSCs did not change appreciably.

4. Conclusion

AgNWs were used as an electrode material on flexible
substrates to replace the conventional ITO electrode. A flex-
ible PET substrate was slot-die coated with the AgNWs, and
the AgNWs were spray-coated with GO over-coatings to
produce a new transparent electrode with enhanced stability
that showed excellent characteristics of 87% transmittance
and 18 Q' sheet resistance. The fabricated transparent
electrode showed high long-term stability and improved
durability due to introducing the GO OCL, which lowered the
inherently high surface roughness of the AgNW transparent
electrode that had previously created a problem when the
AgNW transparent electrode was applied to the OSCs.
Furthermore, the fabricated GO/AgNW electrode OSCs
showed higher efficiency than the OSCs with the conventional
ITO transparent electrode because it absorbed more light in
the working layer, and the GO/AgNW OSCs exhibited J. values
of 9.17 + 0.41 mA cm ? for P3HT:PCs,BM and 19.84 +
0.57 mA cm™ 2 for PTB7:PC,,BM. This resulted in enhanced
PCEs of 3.32 and 7.66% due to the light transmittance char-
acteristics of the GO/AgNW electrodes near 300-400 and
600 nm as well as the light scattering and trapping effects,
even though the GO/AgNW transparent electrode had a sheet
resistance higher by at least 6 Q™' and a transmittance lower
by at least 3% than those of the ITO electrode. This improved
light absorption correlated with the light transmittance and
scattering, which was verified by measuring the haze factor
and by a FDTD simulation. In addition to the improved device
performance, the OSCs fabricated using the GO/AgNW elec-
trodes showed a negligible change in efficiency (lower than
3%) after being subjected to 50 bending cycles. Furthermore,
the developed GO/AgNW transparent electrode allows for
devices with a large area, low cost, and high flexibility.
Therefore, this electrode can be used to produce next gener-
ation flexible OSCs applicable to the outer walls of buildings
and curved surfaces, which will cause great changes to the
solar cell market. Moreover, due to their low surface rough-
ness and excellent electrical and optical characteristics, the
GO/AgNW electrodes are expected to be applicable to various
flexible electronic devices, including low-cost OSCs, organic
light-emitting diode (OLED), organic memory and organic
transistor devices.*™*?
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