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ABSTRACT: Solution-processed silver nanowire (AgNW)
films have attracted attention as transparent and conductive
electrodes for flexible optoelectronic devices and touch
screens, to replace sputtered indium—tin-oxide (ITO) films.
However, the mechanical flexibility, environmental durability,
and the optical (such as transparency and a haze) and electrical
properties of the AgNW films should be improved for their
practical application. In this work, high-performance and roll-
to-roll processed AgNW-based hybrid electrodes comprising
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-

Sheet resistance

65 S, = = u
__ 6o PET PET PET
X 55 Environmental stress
L 50¢ , Heat
g 45 E)%? __ Solvent
© 10t 5 AN salt
§ 5 o] Detergent
NI=ZS M N
S AgNW-  AgNW-ITO  AgNW-
PEDOT:PSS PEDOT:PSS
-ITO

DOT:PSS) and/or ITO are introduced. The optical and electrical properties of the AgNW films combined with PEDOT:PSS,
ITO, or both of them were systematically examined. Among the films, the AGNW—PEDOT:PSS—ITO hybrid film exhibits a high
transmittance (88%) and a low sheet resistance (44 Q sq™") with a small haze (1.9%). Moreover, the hybrid films show excellent
durability to a variety of environmental stresses. By virtues of the high performance and durability, it is believed that the AgNW—
PEDOT:PSS—ITO hybrid electrodes are highly suitable for practical use.
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B INTRODUCTION

Recently, the development of highly flexible, transparent, and
conductive electrodes has grown in importance due to the
increasing industrial demands for their application to flexible
displays and touch screen films. For these devices, transparent
conducting oxides, represented by indium—tin-oxide (ITO),
have been the most widely used so far. However, despite the
high electrical conductivity and optical transparency of the
ITO, it is not applicable to plastic-based flexible devices because
the ITO electrodes crack into small pieces by durational
bending." Great efforts have been devoted to the research on
transparent and flexible electrodes to replace the ITO. Several
alternatives have been introduced based on conducting
polymers (e.g., polyaniline and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) [PE-
DOT:PSS]),>™* 2D/3D carbon allotropes (e.g,, §raphene and
carbon nanotubes),>® silver nanowires (AgNWs),”~*” and their
complexes. Among them, randomly distributed AgNWs are
considered as the most promising candidate for the electrodes,
because they exhibit superior transparency and mechanical
flexibility, compared to the others.””® In addition, they can be
processed on glass, plastics, and papers'”'" at low temperature
(<200 °C) with various deposition methods, such as spin-
coating, spray-coating, bar-coating, screen-printing, transfer-
printing, and so on.””~
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On the other hand, to utilize AGNW films as the electrodes of
optoelectronic devices, it is required to decrease the surface
roughness of AgNW films originating from the thread shape of
a single nanowire and their random distribution within films.
The rough surface of the AQNW films decreases the uniformity
in their electrical and optical properties, resulting in a short
circuit or a haze in devices and films. In addition, pristine
random AgNW networks show lower electrical conductivity
than expected because of the poor interconnection between
wires. An insulating capping layer (e.g,, polyvinylpyrrolidone),
which was employed to control the size of the AgNWs during
synthesis and to disperse them, also obstructs the migration of
7791516 T6 reduce the
contact resistance, various methods have been introduced, such
as soldering/welding the AQNW junctions,'”~'* and embedding
the AgNWs in PEDOT:PSS,*°"** metal oxides,”> > or
graphene.”*® These methods extend the contact area between
AgNWs, leading to an improvement in electron conduction.
Also, the surface morphology can be smooth by filling the gaps
between AgNWs. But at the same time, there are drawbacks of
the methods. For instance, adding PEDOT:PSS to AgNW films

charge carriers between the nanowires.
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reduces the optical transparency due to the light absorption
over the visible—NIR spectral range. Adding metal oxide layers
and partial soldering/welding of the AgNWs can decrease the
uniformity and increase the haze of the film.

Moreover, the flexibility and durability of the AgNW films to
a variety of environmental stresses should be examined for their
practical application. Numerous studies have introduced the
methods toward improving the performance of AgNW
electrodes in terms of the electrical conductivity, optical
properties, and processability, but only a small minority of
them have investigated the durability of the electrodes.

In this work, we introduce roll-to-roll (R2R) processed
hybrid electrodes on plastic films by incorporating PEDOT:PSS
into AgNWs and an additional very thin ITO layer. Through a
systematic investigation of the performance of the AgNW,
AgNW—-PEDOT:PSS, AgNW-ITO, and AgNW-PE-
DOT:PSS—ITO hybrid electrodes, we found that the
AgNW-PEDOT:PSS—ITO electrodes exhibited excellent
flexibility and durability to a variety of mechanical, thermal,
and chemical stresses, as well as high transparency, a small haze,
and a low sheet resistance. The high performance of the hybrid
films were attributed to the high resistance of the ITO to the
environmental stresses and the improved interconnection by
PEDOT:PSS. Optical simulation results also verified the
enhancement of the optical properties in the hybrid electrodes.

B RESULTS AND DISCUSSION

As described previously, the performance of AGNW thin-films
can be improved by adding conductive materials. Considering
the electrical conductivity, optical transparency, and practical
processability, PEDOT:PSS and ITO were selected as the
supporting materials for AgNWs. As shown in Figure 1, four
kinds of flexible, transparent, and conductive films were
fabricated via the R2R process, which were AgNW, AgNW—
PEDOT:PSS, AgNW—ITO, and AgNW—-PEDOT:PSS—ITO.
In detail, AgNW and AgNW—-PEDOT:PSS composite films
were formed on a flexible polyethylene terephthalate (PET)
film by slot-die coating the AgNW and AgNW—PEDOT:PSS
composite inks. For the ITO-added films, a thin ITO layer was
sputtered onto the AGNW or AgNW—PEDOT:PSS composite
film also by the R2R process. The schematic illustration of the
procedures and the photograph of the fabricated hybrid film
roll are displayed in Figure 1.

First, we fabricated the AgNW—PEDOT:PSS films with
varying the solid (dry) weight ratio of PEDOT:PSS to AgNW
as 1:2, 1:1, and 3:1 and compared the electrical and optical
properties. As shown in Table 1, the initial Ry of the pristine
AgNW film was 48.3 Q sq~' with a standard deviation of 0.70
Q sq”', while that of AgNW—PEDOT:PSS (1:2) film was
slightly decreased to 46.3 Q sq' with a standard deviation of
0.64 Q sq~". The values were decreased steadily as the ratio of
PEDOT:PSS to AgNW was increased, which is a trend similar
to that of a previous report on AGNW—PEDOT:PSS composite
films."* Because the surface scanning electron microscope
(SEM) images of the films with various PEDOT:PSS ratios
show no considerable difference (Figure S1, Supporting
Information), we think that PEDOT:PSS homogeneously
infiltrated into the gaps between AgNWs and increased the
percolation paths for charge carriers. The addition of
PEDOT:PSS into AgNW also improved the mechanical
flexibility of the films. Here, to present the mechanical
reliability, we defined the relative change in electrical resistance

(AR) as
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Figure 1. Schematic diagrams of the R2R processes with (a) the slot-
die coating for the AgNW and AgNW—PEDOT:PSS film, and (b) the
ITO sputtering for the AQNW—ITO and AgNW—PEDOT:PSS—ITO
films. (c) The photograph of the fabricated AgNW—PEDOT:PSS—
ITO hybrid roll film.

Table 1. Electrical and Optical Properties of the Pristine
AgNW Film and AgNW—-PEDOT:PSS Composite Films

PEDOT:PSS:AgNW (w/w)

pristine AgNW 1:2 1:1 3:1

Rg (Qsq™) 483 46.3 452 40.2

AR (%) fail 1.0 0.9 0.7

T (%) @550 nm 91.5 90.2 89.0 87.9

H (%) 19 19 2.0 22
AR = (R — R,)/R, (1)

where R, and R are the resistances before and after 3000 cycles
of bending, respectively. The relative resistance change of the
pristine AgNW film was not measurable after a few cycles of
bending, whereas the values of the AgNW—PEDOT:PSS
composite films were decreased to 1.0, 0.9, and 0.7% as the
content of PEDOT:PSS increased. It is attributed to the high
flexibility of the polymeric material, PEDOT:PSS. On the other
hand, the optical properties were degraded by blending AgNW
with PEDOT:PSS. The transmittance (T) of the pristine
AgNW film measured at 550 nm was 91.5%. But it was lowered
to 87.9% as the ratio of PEDOT:PSS increased. The results can
be explained by the wide optical absorption property of the
PEDOT:PSS film over the entire visible ranges. Simultaneously,
the haze (H) was increased from 1.9% to 2.2%. In other words,
the addition of PEDOT:PSS to AgNW enhances the electrical
and mechanical properties but decreases the optical properties.

Subsequently, we investigated the performance of ITO-added
AgNW films. Although ITO films are brittle during repetitive
bending, they have irreplaceably good electrical and optical
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properties for transparent conducting electrodes. Thus,
depositing a thin ITO layer onto AgNW films can improve
the electrical properties without loss of their optical properties.
By the R2R-based sputtering process, we fabricated the
AgNW-ITO films with an ITO thickness of 10, 20, 30, or
40 nm and compared their performance with that of the
pristine AgNW film. As shown in the SEM and atomic force
microscopy (AFM) images in Figure 2, the widths of AgNWs

(a)

Figure 2. (a) SEM images (scale bar: 500 nm) and (b) AFM images
(5 pm X S pm) of the AgNW—ITO composite films with various ITO
thicknesses (0—40 nm).

were widened to about 60—80 nm as the ITO thickness was
increased, meaning that ITO covered each AgNW homoge-
neously. The average surface roughness of the pristine AgNW
film was 12.4 nm, while the values of the ITO-added films were
increased to 15.3—18.0 nm. As expected, the electrical
properties of the ITO-added films were better than that of
the pristine AgNW film and the AgNW-PEDOT:PSS
composite films (Table 2). The Rg was reduced to 44.2, 34.1,
25.0, and 22.2 Q sq " when the thickness of the ITO was 10,
20, 30, and 40 nm, respectively. However, the addition of ITO
to AgNW diminished the mechanical stability, causing a AR
(2—298% depending on the ITO thickness) much higher than
that of the films without ITO. The film with a 10 nm ITO layer
exhibited an optical transmittance as high as 90.5% at 550 nm.
As the thickness of ITO was increased, the transmittance was

Table 2. Electrical and Optical Properties of the AgNW—
ITO Films Depending on the ITO Thickness

thickness of ITO on AgNWs (nm)

10 20 30 40
Rg (Qsqh) 442 34.1 25.0 222
AR (%) 2 7 62 298

T (%) @550 nm 90.5 89.5 88.7 86.4
H (%) 2.0 23 23 2.4

slightly decreased. However, the haze was rapidly increased
from 1.9% (in the pristine AgNW film) to 2.0—2.4% when 10—
40 nm of the ITO layer was deposited onto the films.

On the basis of the systematic investigation of the properties
of AgNW films with PEDOT:PSS or ITO, we fabricated novel
hybrid electrodes with AGNW—PEDOT:PSS—ITO films which
exhibit good electrical, optical, and mechanical performance.
Here we fixed the weight ratio of PEDOT:PSS to AgNW as 1:2
by considering the trade-off between electrical and optical
properties along with the PEDOT:PSS content as shown above.
The ITO thickness was precisely tuned to 8, 10, and 15 nm to
find the optimum thickness for the lower haze and AR. Figure
3(a) and 3(b) show the SEM and AFM images of the AgNW—
PEDOT:PSS—ITO hybrid films with various thicknesses of
ITO. The average width of the AgNWs with a 10 nm ITO layer
was about 60 + 10 nm, but that in the AQNW—PEDOT:PSS—
ITO hybrid films with the same ITO thickness was observed as
55 + 8 nm because the AgNWs were partly buried under
PEDOT:PSS. The average surface roughness was in the range
of 11.7—15.0 nm, which are slightly lower than the values of the
films without PEDOT:PSS.

The electrical properties of the hybrid films with the various
ITO thicknesses are displayed in Figure 3(b). Similar to the
results of the AgNW—ITO experiment above, the Ry was
decreased as the ITO thickness was increased. Moreover, as
shown in the graph with box-and-whisker plots (from the
measurement of 36 different points), the homogeneity of the Rg
was improved with the additional ITO layer. The interquartile
range (IQR) values (defined as IQR = first quartile—third
quartile of data) were reduced to 1.3, 1.0, and 0.5 Q sq " for the
hybrid films with the 8, 10, and 15 nm of ITO layer,
respectively, while that of the film without additional ITO layer
was 0.7 Q sq'. Interestingly, the addition of ITO also
improved the mechanical flexibility of the electrodes. The AR
was 1.0% without ITO, and it was decreased to 0.5% with an 8
nm ITO layer. The value was increased to 0.7% with the ITO
thickness of 10 and 15 nm, but it was still lower than that
without ITO. It may be attributed to the use of both
PEDOT:PSS and ITO. They can not only enhance the
interconnection between AgNWSs but can also redeem the
defects (e.g, coverage) from each other.

Although the optical transmittance slightly decreased when
an ITO layer was added as shown in Figure 3(c), the decrement
was small. The transmittance of the hybrid films with 8, 10, and
1S nm of the ITO layers was 89.5%, 89.4%, and 87.7%,
respectively, which is higher than the values of the AgQNW films
with a high content of PEDOT:PSS showing comparable
electrical performance. Also, we found that the deposition of
ITO onto the AgNW—PEDOT:PSS films did not increase the
haze of the films in contrast with the AgNW—ITO films. The
measured haze values, 1.9%, were maintained for all the ITO
thicknesses, which are the same values as those of the pristine
AgNW film and the AgQNW—PEDOT:PSS film without ITO.
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Figure 3. (a) SEM images (scale bar: 500 nm) and (b) AFM images
(S pm X S ym) of the AgNW—PEDOT:PSS—ITO hybrid films with
the various ITO thicknesses and their electrical/optical properties in
terms of (c) the sheet resistance and the relative change in electrical
resistance and (d) the optical transmittance at 550 nm and a haze.

As mentioned in the introductory part, transparent and
conductive electrodes need to have a low haze as well as
good electrical conductivity because they usually locate in front
of displays transmitting light. Therefore, we believe that the
development of the AgNW—PEDOT:PSS—ITO hybrid films
exhibiting improved electrical and mechanical performance
with little optical loss is meaningful and encouraging for the
practical use of AgNW-based electrodes.

To understand the mechanism for the good hazes in the
AgNW—PEDOT:PSS—ITO hybrid films regardless of the ITO
layer, the optical properties of the AgNW-ITO film and
AgNW—PEDOT:PSS—ITO hybrid film were investigated by
optical simulation. The finite-difference time-domain (FDTD)
method is generally used for a numerical analysis on the
scattering cross section of individual cylindrical nanowires.**°
In our calculation, two-dimensional total scattered field was
used. The incident light of wavelength between 400 and 800
nm propagates in the direction of the y-axis. The TE and TM

15931

polarization modes are simulated, and the average results of
them are used. The mesh size was set to 0.5 nm. Complex
refractive indices (n, k) of ITO and PEDOT:PSS used in the
numerical calculation were obtained by variable angle
spectroscopic ellipsometry. The optical constants of the Ag
and PET were acquired from the literature.>"** The structures
of the simulated films for the AgNW—ITO and AgNW-—
PEDOT:PSS—ITO hybrid films are shown in Figure 4(a) and

(a) AQNW-ITO

(b) AQNW-PEDOT:PSS-ITO

PEDOT:PSS
PET substrate PET substrate
7 E
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I £
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o L l T
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Figure 4. Schematics of the 2D FDTD simulation structures for the
(a) AgNW—ITO film and (b) AgNW—PEDOT:PSS—ITO hybrid film,
and (c) the calculated hazes of two structures.

4(b), respectively. An AgNW with a diameter of 35 nm was
placed on the PET substrate. For the hybrid film, we configured
the thickness of the PEDOT:PSS layer as half of the AgNW
diameter because PEDOT:PSS infiltrated into the gaps between
AgNWs. The thickness of the ITO layer covering both films
was set to 15 nm. The haze is defined as®

haze =
forward scattered light

forward nonscattered light + forward scattered light
)
where the forward light indicates the power that resides in the
substrates passing through the AgNWs. The simulation results
of the haze for two films are compared in Figure 4(c). For the
wavelengths of above 420 nm, the haze of the AgNW—ITO is
larger than that of the AgGNW—PEDOT:PSS—ITO hybrid film.
Also, the haze peak of the AGNW—ITO was slightly red-shifted
from that of AGNW—PEDOT:PSS—ITO. It may be attributed
to the difference of refractive indices between ITO and
PEDOT:PSS which are surrounding the AgNWs. A previous
report showed that the scattering intensity peak shifted to
longer wavelengths, as the adjacent medium had a higher
refractive index.” In our case, the refractive index of ITO is
higher than PEDOT:PSS. As a result, the average haze of the
AgNW—ITO film (2.3%) is higher than that of the hybrid film
(2.0%). In other words, the haze was reduced with the addition
of PEDOT:PSS. It also supports the above results of the same
hazes in the AGNW—PEDOT:PSS—ITO hybrid film irrespec-
tive of the ITO thickness.
The electric field distributions in the xy-plane at the peak of
scattering cross section (at A = 408 nm) for the two AgNW
films are shown in Figure 5(a) and S(b) for observing the
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Figure S. (a, b) Calculated electric field distributions in xy-plane at the
peak of scattering cross section (at A = 408 nm) of each structure for
the (a) AgNW—ITO film and (b) AgNW—PEDOT:PSS—ITO hybrid
film. (¢, d) Simulation of the scattered field intensity versus scattering
angle for (c) TE polarization and (d) TM polarization in linear scale.

degree of light propagation into the substrate. As shown in the
figures, the electric field intensity of the AgNW—ITO film
within the PET substrate is larger than that of the AgNW—
PEDOT:PSS—ITO film. It means that the light scattering is
increased in the AgNW—ITO film, resulting in an increase of
the haze. Further analysis of the scattered field intensity in both
films with respect to the scattering angle is shown in Figure
5(c) and 5(d) for the TE and TM polarization modes,
respectively. The forward scattering is represented by angles 0—
90°and 270—360°, and the backscattering is represented by
90—270°. The simulation results show that the highest field
intensities propagate forward and in return for both TE and
TM polarizations. The scattering intensity of the AQNW—ITO
film is larger than that of the AgNW—PEDOT:PSS—ITO
hybrid film for both TE and TM polarizations. The forward
scattering of the AQNW—ITO film is also larger than that of the
other. It corresponds to the electric field distribution, which
explains the reason for smaller hazes in PEDOT:PSS embedded
films.

Finally, the durability of the AgNW-based electrodes to
various environmental stresses, i.e., heat, solvent, detergent, and
salt, were investigated. It was examined by measuring the sheet
resistance before (Rg,) and after (Rgg) the stress, and then the
relative change in sheet resistance (ARg) was calculated as

ARy = (Rgs — Rgp)/Rg (3)

For the thermostability test, the films were annealed under
an ambient air condition at 80 °C for 120 h. For the tests of the
resistance to solvent, detergent, and salt, the films were
immersed into 98% ethanol for 30 min, 5 wt % commercially
available neutral detergent aqueous solution for 3 h, and 10 wt
% NaCl solution for 3 h, respectively. After that, the films were
softly rinsed with deionized water to measure the sheet
resistance. As summarized in Table S1 in Supporting
Information, we failed to measure the Rgg in the pristine
AgNW films for all stress conditions. Although we could not
obtain any evidence for the poor durability of the pristine

AgNW film by observing the surface morphology and X-ray
diffraction, it may be attributed to the oxidation of AgNWs
and/or weak adhesion between AgNWs and substrates. Also,
the CI” ions in NaCl solution can react with Ag. In the other
films, we can measure the AR as shown in Figure 6. The Rgg of
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Figure 6. Relative change in sheet resistance of the AgNW-—
PEDOT:PSS, AgNW-ITO, and AgNW—PEDOT:PSS—ITO films
under various types of environmental stress.

the AQNW—PEDOT:PSS film was considerably changed by the
heat and NaCl. Because PEDOT:PSS could not fully cover each
AgNW as shown in the SEM images (Figure S1, Supporting
Information), AgNWs were likely to be oxidized. Nevertheless,
PEDOT:PSS improved the resistance to the solvents and
solutions by increasing the intra- and interconnection of
AgNW—AgNW and AgNW-—substrate. Meanwhile, the
AgNW—-ITO film shows good durability in various tests
(AR <£5%). In this film, a thin ITO layer covers the surface of
the AgNW film, preventing the AgNWs from oxidation,
detachment, and chemical reaction. The AgNW-PE-
DOT:PSS—ITO hybrid film also exhibits good durability in
all the tests comparable to the AGNW—ITO film owing to the
passivation by the thin ITO layer. Therefore, we could obtain
excellent durability as well as good electrical, mechanical, and
optical properties by the hybridization of three components.

H CONCLUSION

We have fabricated highly flexible, conductive, and transparent
electrodes by introducing the AgNW-PEDOT:PSS—ITO
hybrid films in R2R process. Embedding PEDOT:PSS in
AgNW films improved the electrical conductivity and
mechanical flexibility of the films due to the enhanced
interconnection between AgNWSs, whereas it reduced the
optical properties. Depositing a thin ITO layer on AgNWs films
enhanced the surface resistance, but it made the flexibility poor.
By developing the AGNW—PEDOT:PSS—ITO hybrid electro-
des, we could overcome the trade-off between electrical, optical,
and mechanical properties. The R2R-based hybrid films also
showed superior durability to various types of environmental
stresses and lower hazes compared to the other AgNW-based
films, offering high practicality for electronic applications.

B EXPERIMENTAL SECTION

The AgNW ink and PEDOT:PSS (Clevios PH 1000) were purchased
from Nanopyxis and Heraeus Precious Metals, respectively. The
average width of the AgNWs was 35 nm (30—40 nm). The AgNWs
and AgNW—PEDOT:PSS composite inks were formulated by adding
a small amount of dispersing agent (BYK Anti-Terra-250, 0.25 wt %),
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a polymer binder (hydroxypropyl methylcellulose, 1 wt %), and
solvent (S wt % of isopropyl alcohol in deionized water). The inks
were slot-die-coated onto a flexible PET film (125-um-thick) at the
speed of 8 m/min through an R2R system, followed by annealing in an
in-line oven at 120 °C for 3 min.

The SEM and AFM images were obtained using a MIRA-1
(Tescan) and a NANOStation-HD (Surface Imaging System),
respectively. The sheet resistance (Rg) was measured by the four-
point probe method (MCP-T610, Mitsubishi Chemical Analytech). A
cyclic bending test was performed with a bending radius of S mm using
a lab-made test machine consisting of motor-driven mounting stages
and a digital multimeter to indicate the real-time resistance. The
optical transmittance (T) and a haze (H) of the films were measured
with a haze meter (NDH-5000, Nippon Denshoku Industries). For the
optical simulation of the scattered light intensity of AgNWs, a
commercial optical simulator (Lumerical Solutions, Inc.) was used.
Spectroscopic ellipsometry (M-2000D, J.A. Woollam Co.) was used to
determine the complex refractive indices of the ITO and PEDOT:PSS
layers.

B ASSOCIATED CONTENT

© Supporting Information

SEM images and detailed performance table for all films. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsami.Sb03855.
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