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ABSTRACT: High-performance multiscale metallic transparent conductors (TCs) are demonstrated by incorporating
Ag nanowire (NW) networks into microscale Ag grid
structures. Highly conductive Ag grids are fabricated via direct
imprinting of an Ag ion ink using a reservoir-assisted mold. In
this mold, a macroscale cavity, called the “reservoir”, is
designed to connect to a grid-patterned cavity. The reservoir
has a large cavity volume, which reduces unwanted residual
layers within the grid spacings by introducing a thinner liquid
ﬁlm. The reservoir undergoes a large volume reduction during mold deformation, which improves ink ﬁlling within the gridpatterned cavity through deformation-induced ink injection. The multiscale metallic TCs show a sheet resistance (Rs) of <1.5 Ω/
sq and a transmittance (T) of 86% at 550 nm, superior to the corresponding values of Ag NW networks (Rs of 15.6 Ω/sq at a
similar T). We estimate the Rs−T performances of the Ag grids using geometrical calculations and demonstrate that their
integration can enhance the opto-electrical properties of the Ag NW networks. Multiscale metallic TCs are successfully
transferred and embedded into a transparent, ﬂexible, and UV-curable polymer matrix. The embedded multiscale metallic TCs
show reasonable electromechanical and chemical stability. The utility of these TCs is demonstrated by fabricating ﬂexible organic
solar cells.
KEYWORDS: direct imprinting, metal grid, silver nanowire, embedding, transparent conductor

1. INTRODUCTION

Several research groups have systematically investigated the
Rs−T performances of Ag NW networks as a function of the
NW diameter and length, areal coverage, and junction
resistance between the NWs. Bergin et al.16 reported an
experimental study of the opto-electrical properties of Ag NW
networks as a function of the diameter and length of the NWs
and the areal coverage. Their experimental results agreed with
the theoretical predictions for 2D widthless stick systems. De et
al.17 suggested that a percolative ﬁgure of merit (FoM) could
explain the relationship between Rs and T of Ag NW networks
for high transmittance of T > 90%. Networks of small-diameter
Ag NWs yielded a higher percolative FoM than those of largediameter Ag NWs, and Ag NWs with diameters below 20 nm
are required to achieve Rs = 10 Ω/sq at T = 90%. Mutiso et al.11
theoretically demonstrated that Ag NWs longer than 32 μm are
needed to achieve Rs ≤ 10 Ω/sq at T = 90% for ﬁxed diameter
of 40 nm and junction resistance of 2 kΩ. Lee et al.18,19
experimentally demonstrated that networks of very long Ag
NWs (500 μm) prepared via a successive multistep synthesis

Transparent conductors (TCs) are critical to the operation of
various transparent optoelectronic devices, including photovoltaic cells,1 organic light-emitting diodes,2 and touch screen
panels.3 Indium tin oxide (ITO) is the most widely used
transparent conductive material due to its low sheet resistance
(Rs) and excellent optical transmittance (T); however, the
inherent brittleness of ITO renders it unsuitable for ﬂexible
optoelectronic applications,4 and alternatives to ITO, such as
conducting polymers,5 graphene,6,7 carbon nanotubes,8,9 metal
nanowire (NW) networks,10,11 and regular metal grids,12,13
have been actively developed. In particular, metallic TCs,
including NW networks and micro/nanoscale metal grids,
provide superior electrical and optical properties as compared
to other materials. Among the metallic TCs developed thus far,
Ag NW networks are advantageous due to their low
manufacturing cost, good mechanical ﬂexibility, and excellent
opto-electrical properties.10,14 Despite these advantages, the
opto-electrical properties of Ag NW networks are not yet
comparable to those of ITO (Rs = 10 Ω/sq and T = 90%), a
requirement for next-generation optoelectronic applications.11,15
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Figure 1. (a) Fabrication of the multiscale metallic TCs based on the Ag grid-NWs. (b) SEM image of the Ag grid structure-patterned on the glass
substrate. (c) SEM image of the Ag NW coating on the Ag grid structures. The inset shows a magniﬁed SEM image of the Ag NWs randomly
overlapping with the Ag grid structures.

performed better (Rs = 9 Ω/sq and T550 nm = 89%) than
currently available Ag NW networks. The multistep synthesis
procedure required for the growth of very long NWs, however,
suﬀered from complex and time-consuming processes. Ag NW
networks prepared in conjunction with metal oxides20 or
graphene21 were found to display lower junction resistances;
however, the Ag NW-metal oxide TCs showed a limited
ﬂexibility and the Ag NW-graphene TCs exhibited a relatively
higher sheet resistance (Rs = 22 Ω/sq at T550 nm = 88%). Hsu et
al.14 demonstrated that hybrid TCs fabricated by incorporating
microscale Cu wires and Ag NWs performed better than the Ag
NW networks. Microscale Cu wires were able to transport
electrons across long distances (10 mm) with much a higher
conductance than the Ag NWs. This hybrid TCs showed an
extremely low Rs = 0.36 Ω/sq at T550 nm = 92%. Microscale Cu
wires were fabricated using thermal evaporation on electrospun
polymer networks, which is not a simple or cost-eﬀective
process. Choi et al. suggested that solution-processed hybrid
TCs could be prepared by incorporating Ag NWs into periodic
microscale Ag nanoparticle (NP) wire array via convective selfassembly.22 However, these Ag NP wires suﬀered from long
processing time and asymmetric network structure, although
performance improvement of the Ag NW networks (Rs = 5.7
Ω/sq at T550 nm = 90%) could be achieved.
The incorporation of microscale regular metal grids into
random Ag NW networks could achieve omnidirectional
performance enhancement of Ag NW network. Metal grids
oﬀer many advantages: their grid widths and spacings are
readily controlled, their conductance is bidirectional, and their
junction resistance is low.23−30 Solution-processed metal grids
have been commonly fabricated using inkjet printing31 and hot
embossing techniques.12 However, inkjet printing suﬀers from
poor resolution (∼100 μm), long processing time, and low
throughput. Hot embossing process is required for two steps
that are divided into thermal imprinting and ink ﬁlling.

Embedded metal grids are diﬃcult to fabricate the hybrid Ag
NW-metal grids TCs with low surface roughness.
Polydimethylsiloxane (PDMS)-based printing methods,
including microcontact printing,32 micromolding in capillaries,33 and direct nanoimprinting,34,35 can generate micro/
nanoscale structures of functional nanomaterials, such as metal
NPs, quantum dots and polymers at low cost and highthroughput.36−41 Among these techniques, direct imprinting of
colloidal metal NPs oﬀers an eﬀective technique for fabricating
micro/nanoscale metal grid structures with negligible residual
layers due to the low elasticity of PDMS mold, which provides
conformal contact, the low surface energy of PDMS, which
allows for easy detachment, and the high permeability of PDMS
for degassing purposes.34,40,41 Direct imprinting of colloidal
metal NPs using a typical grid-patterned mold (T-mold) has
not yet yielded high-performance metal grid TCs because
concentrated colloidal NPs tend to be unstable, the ink ﬁlling
tends to be insuﬃcient, and unwanted residual layers tend to
form. The fabrication of highly conductive metal grids over a
large area (3 × 3 cm2) has been pursued by our group through
the development of direct imprinting methods in which
thermally reduced Ag NPs are imprinted using a reservoirassisted mold (R-mold).42 Highly conductive metal grids with a
high surface roughness were transferred into a UV-curable
polymer ﬁlm using an embedding process. As a consequence,
we could achieve low surface roughness of metallic TCs, which
is a critical factor for the device compatibility in ﬂexible
optoelectronic applications.22,30,42−44
Here, we introduce the development of high-performance,
solution-processed multiscale metallic TCs based on the
integration of microscale Ag grid structures and Ag NW
networks. These structures provided Rs = 1.49 Ω/sq at T550 nm
= 86%. Highly conductive Ag grids were fabricated by direct
imprinting of thermally reduced Ag NPs using the R-mold. The
reservoir considerably improved ink ﬁlling inside the grid10938
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Figure 2. (a) AFM image of the Ag grid line. (b) Cross-sectional AFM images of the Ag grid line fabricated using the T-mold or the R-mold (VR =
0.713 mm3 and 6.382 cm3, respectively). (c) Sheet resistances and transmittances at a wavelength of 550 nm of the Ag grid-based TCs fabricated
using the R-mold at diﬀerent VR values. The inset shows a cross-sectional schematic diagram of the R-mold. (d) Sheet resistances and transmittances
of the Ag grid-based TCs experimentally measured and theoretically calculated. (e) Rs−T performances of the multiscale metallic TCs and the Ag
NW-only networks.

(<100 kPa) and a low temperature (60 °C).42 Note that the ink
was supplied to the mold cavity from a liquid ﬁlm deposited
between the mold and the substrate during the direct
imprinting using the T-mold. In case of the R-mold, the ink
was supplied not only from the liquid thin ﬁlm, but also by
injection from the reservoir as a result of the reservoir’s
relatively large volume reduction by mechanical deformation of
mold. The Ag ions that ﬁlled the mold were thermally reduced
to form Ag NPs; (iii) after complete solvent evaporation and
cooling to room temperature, the R-mold was carefully
detached from the substrate. The Ag NP structures were
sintered at 250 °C for 5 min. (iv) The Ag NW solution was
spin-coated onto the substrate and sintered at 200 °C for 1 min.
Figure 1b shows a scanning electron microscopy (SEM) image
of the Ag NP structures successfully fabricated over the gridpatterned mold area (10.5 × 10.5 mm2). Negligible residual
layers within the grid spacings were observed. The resistivity of
the reduced Ag NP structures (1.54 × 10−5 Ω·cm) was about
10 times higher than that of the bulk Ag (1.59 × 10−6 Ω·cm).
Figure 1c shows a SEM image of randomly oriented Ag NWs
coated onto the microscale Ag grid structures. A magniﬁed
SEM image revealed that the Ag NW networks overlapped with

patterned cavity and reduced the formation of residual layers
within the grid spacings. The Rs-T performances of the Ag NW
networks were considerably improved by the incorporation
with Ag grids, as measured by experiment and predicted by
theoretical modeling. The multiscale metallic structures were
successfully embedded into a transparent and ﬂexible UVcurable polymer matrix. The embedded metallic TCs showed
reasonable electromechanical and chemical stability, and oﬀered
low surface roughness for use in ﬂexible organic solar cells
(OSCs).

2. RESULTS AND DISCUSSION
2.1. Fabrication of Multiscale Metallic Transparent
Conductors. A schematic illustration of the process used to
fabricate the multiscale metallic TCs based on Ag grid-NWs is
shown in Figure 1a. The entire process included two distinct
steps: direct imprinting of the thermally reduced Ag NPs and
spin-coating of the Ag NWs: (i) Ag ion ink (50 μL) with a high
metal concentration and no aggregates, was dispensed onto a
ﬂuorinated glass substrate. (ii) During the direct imprinting
process using the R-mold, the grid-patterned cavity and
reservoir were ﬁlled with the Ag ion ink at a low pressure
10939
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the Ag grids with thickness ranging from one to several
micrometers.
2.2. Reservoir Eﬀect. The grid-patterned cavity should be
suﬃciently ﬁlled with concentrated ink while minimizing the
formation of unwanted residual layers. Ink ﬁlling of the cavity
and the formation of unwanted residual layers within the grid
spacings depend on the ﬂuid properties (viscosity and surface
tension) and on the mold geometry. Although the ﬂuid
properties could be controlled by tuning the solvent properties,
the carrier solvent used to prepare the Ag ion ink was diﬃcult
to be replaced due to the thermal and chemical instabilities of
the Ag ions. The large (or small) cavity volume induced
insuﬃcient ink ﬁlling (or unwanted residual layers) due to a
lack (or an excess) of liquid ﬁlm between the mold and the
substrate. In the T-mold, the grid-patterned cavity had a width
(wm) of 15 μm, a height (hm) of 9 μm, and a spacing (sm) of
≥300 μm. Figure 2a shows an atomic force microscopy (AFM)
image of single Ag grid line, which was smaller than the size of
the original mold due to insuﬃcient ink ﬁlling, solvent
evaporation, and structural shrinkage during the sintering
step. The Ag grid-based TCs fabricated using the T-mold did
not provide the required performance parameters (Rs < 10 Ω/
sq at T550 nm ≈ 90%). We designed an R-mold with a
macroscale cavity with a reservoir length (LR) of ≥250 μm and
a reservoir height (hR) of 9 μm, which was connected to gridpatterned cavity. In the R-mold, the reservoir volume decreased
by greater extent than the microscale cavity volume during
mold deformation (e.g., roof collapse), as predicted by ﬁnite
element method (FEM) simulations of the mold deformation,
described further in the Supporting Information (Figure S1).
As LR increased from 15 to 300 μm at a ﬁxed hR of 9 μm, the
reservoir volume change (ΔVR) increased signiﬁcantly due to
the roof collapse. Furthermore, larger hR increased the volume
change, as predicted by the FEM simulations (Figure S2). The
larger ΔVR is, the larger amounts of ink are injected into the
grid-patterned cavity. Figure 2b shows cross-sectional AFM
images of the Ag grid line fabricated by using the T-mold and
the R-molds, respectively. The Ag grid line fabricated by using
the T-mold showed the maximum height of 1.9 μm. The
maximum height of the Ag grid line fabricated by using the Rmold increased from 2.5 to 4.7 μm due to better ink ﬁlling, as
VR increased from 0.713 mm3 to 6.382 mm3. Figure 2c plots the
Rs−T performances of the Ag grid-based TCs fabricated using
the R-mold at diﬀerent values of VR. Rs for the Ag grid-based
TCs fabricated using the T-mold was 11.6 Ω/sq, and the
corresponding value obtained using the R-mold dramatically
reduced to 3.6 Ω/sq and to 1.5 Ω/sq for VR = 0.713 mm3 and
VR = 6.382 mm3, respectively. The resistance ﬂuctuations
measured from the metal grids showed below 4.1%, 5.2%, and
11.7%, respectively. The Ag grids fabricated using the R-mold
showed higher T550 nm than those obtained using the T-mold;
T550 nm for the Ag grids increased from 83.5% to 90% as a result
of the thinner residual layers present within the grid spacings
due to the larger cavity volume of the R-mold.
2.3. Rs-T Performance of the Ag Grid-Based Transparent Conductors. The sheet resistance (Rs,G) and optical
transmittance (TG) of the Ag grid-based TCs were calculated
based on the structural size. The equation used to predict Rs,G
was constructed by modifying an expression for obtaining Rs
from a square wire network, suggested by van de Groep et al.25
The cross-section of the Ag grids was regarded as trapezoidal,
and Rs,G was predicted by using the following equations:

R s,G =

2ρkR (s + w)
(d + w)
h

(1)

where kR is a correction factor for the sheet resistance, ρ is the
resistivity of the thermally reduced Ag structures, h is the
thickness of the Ag grid line, w is the bottom width, d is the top
width of the Ag grid line, and s is the spacing between the Ag
grid lines. The value of kR depends on a diﬀerence between the
predicted shape of the grid structures and their actual shape.
The correction factor, extracted from experimental results, was
determined to be kR = 1.75. The mean values of h, w, d, and s
for the Ag grid line were 2, 15, 6, and 300 μm, respectively.
Also, TG is formulated by the following equation:
⎛ s ⎞2
⎟
TG = k T⎜
⎝s + w⎠

(2)

where kT is a correction factor for the transmittance. The value
of kT depended on the unwanted residual layers present within
the grid spacings and was extracted from the experimental data.
Figure 2d indicates the values of Rs,G and TG for the Ag grids
fabricated using the R-mold (VR = 0.713 mm3) with diﬀerent
spacings. The experimental results could be suitably ﬁt to the
theoretical values, and the correction factor was determined to
be kT = 0.99.
2.4. Rs−T Performances of Multiscale Metallic Transparent Conductors. When the Ag NW networks were
incorporated into the Ag grids using the R-mold (VR = 6.382
mm3), the multiscale metallic TCs showed a superior
performance (Rs of 1.49 Ω/sq and T of 86%). However, the
Ag grids fabricated using the R-mold (VR = 0.713 mm3) were
used as a reference due to the lower resistance ﬂuctuations. The
Rs−T performances of the Ag NW networks and multiscale
metallic TCs are shown in Figure 2e. The eﬀect of the Ag grids
on the opto-electrical properties of the Ag NW networks was
veriﬁed by comparing the performances of the multiscale
metallic TCs to those of Ag NW-only networks. In general, the
opto-electrical properties of the nanostructured thin ﬁlms could
be described using Rs and T as follows:45
−2
⎛
Z0 σOp ⎞
T = ⎜1 +
⎟
2R s σDC ⎠
⎝

(3)

where Z0 is the impedance of free space (377 Ω), σOp is the
optical conductivity, and σDC is the bulk DC conductivity of the
nanostructured thin ﬁlm. The term σDC/σOp is often used as a
bulk-like FoM, for which larger values generally represent
better TC performance. However, experimentally measured
values of the Ag NW networks did not agree well with those
calculated using eq 3. De et al.17 suggested that a percolative
FoM could account for the discrepancies between the predicted
values and experimentally measured values in the very thin ﬁlm
or percolative regime. The opto-electrical properties of the Ag
NW networks in the percolative regime (T ∼ 90%) were
modiﬁed from eq 3 as follows:
−2
⎡
⎛ Z0 ⎞1/(n + 1)⎤
1
⎥
T = ⎢1 + ⎜ ⎟
⎢
⎥
R
Π
⎝
⎠
s
⎣
⎦

(4)

where Π is the percolative FoM, and n is the percolation
exponent. The bulk-like and percolative FoMs of the Ag NW
networks were obtained by ﬁtting the experimental results to
eqs 3 and 4, respectively. The ﬁtted results gave σDC/σOp = 140,
10940
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Figure 3. (a) Embedding process of the multiscale metallic TC into NOA 81 ﬁlm. (b-i) SEM images of the multiscale metallic TC-embedded NOA
81 ﬁlm. (b-ii) Magniﬁed SEM image of the embedded Ag grid-NWs at the intersection. (b-iii) AFM surface proﬁle of the multiscale metallic TCembedded NOA 81 ﬁlm.

Π = 70, and n = 0.8. The Ag NW solution prepared with
diﬀerent concentrations was spin-coated onto the Ag grid
structures. The multiscale metallic TCs showed lower values of
Rs compared to those obtained from the Ag NW-only networks
at a ﬁxed T550 nm. The Rs values of the Ag NW networks in the
percolative regime decreased signiﬁcantly upon the integration
with the Ag grids, even though T550 nm reduced by ∼10%.
Assuming that the Ag grids and the Ag NW networks were
electrically connected in parallel, the sheet resistance of the
multiscale metallic TCs could be expressed simply as Rs,M = (1/
Rs,G + 1/Rs,NW)−1, where Rs,G and Rs,NW denote the Rs values of
the Ag grids and the Ag NW networks, respectively. The
transmittance of the multiscale metallic TCs was obtained by
multiplying the T values obtained from the Ag grids and the Ag
NW networks, TM = TG × TNW. In the multiscale metallic TCs,
the opto-electrical properties of the Ag NW networks could be
signiﬁcantly enhanced in the percolative regime, as the highly
conductive Ag grids improved the eﬀective connections of the
Ag NW networks.
Equation 4 was not useful for a relatively low transmittance
of ∼80%, despite the fact that it was suitably ﬁt to the Rs−T
performances over a transmittance of 90%. Hence, we used eq
3 to describe the Rs−T performances in the multiscale metallic
TCs over a wide range of transmittance:

transmittance, lower sheet resistance can be achieved by using
the multiscale metallic TCs. These results indicated that the
opto-electrical properties of the multiscale metallic TCs were
considerably enhanced relative to those obtained from the Ag
NW-only networks.
2.5. Flexible, Embedded Multiscale Metallic Transparent Conductors. After the fabrication of multiscale
metallic TCs on the glass substrate, they should be transferred
into a polymer substrate for the ﬂexible optoelectronic device
applications. By employing a solution-processed and transparent polymer, we can not only achieve a robust embedding/
transfer process of multiscale metallic TCs on the polymer
substrate, but also reduce a surface roughness that causes the
device failure of optoelectronic devices. The embedded metallic
TCs based on a polyimide30,46 or a Norland Optical Adhesive
(NOA) ﬁlm22,42,44 were provided. A thermally cured polyimide
showed excellent mechanical and thermal properties, but did
not show a good optical transparency over a wavelength range
of 350−800 nm. However, a UV-cured NOA ﬁlm showed an
excellent optical transparency over a wide spectral range with a
superior mechanical ﬂexibility. The NOA 81 ﬁlm had a strong
adhesion to the metal structures. After a high-temperature
sintering process (∼250 °C), an eﬀective transfer process of
micro/nanoscale metal NP structures was achieved.
Figure 3a shows a schematic illustration of the embedding
process, in which the multiscale metallic TCs were transferred
and embedded into a polymer substrate (NOA 81 ﬁlm). The
NOA 81 solution was spin-coated onto the substrate and then
cured by UV exposure.44 The multiscale metallic structures on
the glass substrate were then transferred to NOA 81 ﬁlm in
water, which intervened between the NOA 81 ﬁlm and the
substrate to reduce the stress formed during detachment.47
Figure 3b(i) shows a SEM image of the multiscale metallic
structures embedded within the NOA 81 ﬁlm. The Ag grid
structures and NW networks were buried below the NOA 81
surface. A magniﬁed SEM image shown in Figure 3b(ii) reveals
that the Ag NW networks on the grid spacings were connected

⎛ w ⎞2
⎟
TM = kMk T⎜
⎝s + w⎠
⎡
⎤−2
σ ⎛
h ⎞⎥
⎢1 + Z0 Op ⎜⎜ 1 − (d + w)
⎟⎟
⎢⎣
2 σDC ⎝ R s,M
2ρkG (s + w) ⎠⎥⎦

(5)

where a correction factor (kM) accounts for a reduction in the
transmittance loss due to the overlapping areas of Ag NWs and
Ag grids. The experimental results obtained from the multiscale
metallic TCs were ﬁtted using kM = 1.03 in eq 5. Figure 2e
reveals that the experimental data obtained from the multiscale
metallic TCs were left-shifted relative to the data obtained from
the Ag NW-only networks. In other words, for the same optical
10941
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Figure 4. (a) Transmittance spectra over a wavelength range of 350−800 nm, of NOA 81 ﬁlm, the multiscale metal-embedded NOA 81 ﬁlm, and the
ITO-coated PET ﬁlm. The inset shows photographs of the multiscale metallic TC-embedded NOA 81 ﬁlm (left) and ITO-coated PET ﬁlm (right)
on the printed paper. (b) Normalized resistance change during the compressive and tensile bending tests. The inset shows schematic images of the
tensile and compressive bending tests of the embedded multiscale metallic TCs attached to the PEN sample carrier. (c) Normalized resistance
change of the embedded multiscale metallic TCs as a function of the bending radius. (d) Normalized resistance change of the pristine and embedded
Ag NWs, and of the pristine and embedded multiscale metallic TCs during the O2 plasma exposure (at a power of 20 W).

to the Ag grid structures. The empty spaces in the multiscale
metallic network of the Ag grids and NWs were entirely ﬁlled
with the NOA 81. Figure 3b(iii) shows an AFM surface proﬁle
of the embedded multiscale metallic TCs, which presented
smooth surfaces with a root-mean-square surface roughness of
10.9 nm and a maximum peak-to-valley value of 56.7 nm.
2.6. Electromechanical and Chemical Stability. Figure
4a compares T and Rs for the multiscale metallic TC-embedded
NOA 81 ﬁlm with the values obtained from a commercially
available ITO-coated polyethylene terephthalate (PET) ﬁlm.
Here, it should be noted that the transmittance spectra for the
bare NOA 81 ﬁlm, the multiscale metallic TC-embedded NOA
81 ﬁlm, and the ITO-coated PET ﬁlm represent the values
including the substrate. The multiscale metallic TC-embedded
NOA 81 ﬁlm performed better (Rs of 3.5 Ω/sq and T550 nm of
80.9%) than the ITO-coated PET ﬁlm (Rs of 15.1 Ω/sq and
T550 nm of 80.6%). The T of the ITO-coated PET ﬁlm
ﬂuctuated over the wavelength range 400−800 nm, whereas
the corresponding values of the multiscale metallic TCembedded NOA 81 ﬁlm remained constant.
Electromechanical stability of TCs is important for the use in
ﬂexible optoelectronic devices. Figure 4b plots the normalized
resistance change (ΔR/R0) obtained from the embedded
multiscale metallic TCs during compressive or tensile bending
tests with a bending radius (r) of 15 mm. The inset shows a
schematic diagram of the compressive and tensile bending tests.
The value of ΔR/R0 increased by less than 20% (R0 = 3.5 Ω/
sq) during the tensile stress test and by less than 32% (R0 = 4.1
Ω/sq) during the compressive stress test after 1000 cycles of
bending. The small ΔR/R0 demonstrated a reasonable
electromechanical stability and a good potential for the use in
various ﬂexible optoelectronic devices. Figure 4c shows the
values of ΔR/R0 obtained from the embedded multiscale
metallic TCs at diﬀerent bending radii. The value of ΔR/R0

increased by slightly less than a factor of 2, as the embedded
multiscale metallic TCs bent up to a 2.5 mm bending radius.
The reasonable electromechanical stability was attributed to
strong adhesion between NOA 81 ﬁlm and the multiscale
metallic structures, which helped preserve the electrical
properties under considerable bending stress. Also, the
mechanical adhesion between the embedded multiscale metallic
structures and the NOA ﬁlm was investigated using an adhesive
tape peeling test, as shown in Figure S3. The small value of
ΔR/R0 measured during the tape peeling process indicated
reasonable adhesion stability. Figure 4d plots the oxidation
stability of the pristine and embedded multiscale metallic TCs
and of the pristine and embedded Ag NW networks during O2
plasma exposure. The values of ΔR/R0 for the pristine and
embedded TCs were investigated at diﬀerent O2 plasma
exposure times at a power of 20 W. The ΔR/R0 values of the
pristine Ag NW networks and embedded Ag NW networks
increased by more than a factor of 100 and 10, respectively,
during the O2 plasma exposure for 50 s. The embedded Ag
NWs, which were encapsulated by the polymer matrix, were
relatively robust against the surface oxidation by the O2 plasma.
The endurance of the embedded multiscale metallic structures
and the pristine multiscale metallic structures was stronger
against surface oxidation, which can be attributed to the smaller
surface area to volume ratio of the Ag grid structures than the
Ag NWs. These results reveal that the embedded multiscale
metallic TCs contribute to eﬀectively reduce the performance
degradation by metal oxidation during the O2 plasma treatment
used to improve the solvent wettting for the fabrication of
solution-processed ﬂexible optoelectronic devices. Additional
chemical stability tests in the presence of solution are described
in Figure S4 because the embedded metallic TCs in
optoelectronic devices must perform stably during exposure
to water, isopropyl alcohol (IPA), or ethanol-based solution.
10942
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Figure 5. (a) Schematic illustration of a ﬂexible OSC based on the embedded multiscale metallic TCs as the anode electrode. (b) Current density−
voltage characteristics of the ﬂexible OSCs fabricated using the IZO-coated NOA 81 ﬁlm, the Ag NW network-embedded NOA 81 ﬁlm, the
multiscale metallic TC-embedded NOA 81 ﬁlm.

could have induced poor interface characteristics, ineﬃcient
charge transport, and leakage current, which generally are the
origin of low Jsc and Voc.

The embedded multiscale metallic TCs showed a reasonable
chemical stability during immersion in water, IPA, or ethanol.
2.7. Application to Flexible Organic Solar Cells. Figure
5a shows a schematic diagram of ﬂexible OSC prepared with
the multiscale metallic TC-embedded NOA 81 ﬁlm. This
device was fabricated to characterize the device performance
improvement due to the integration of the Ag grids and Ag NW
networks. PEDOT:PSS layers22,31 or amorphous ITO layers30
in a normal OSC and ZnO layers44 in an inverted OSC are
generally used to reduce the surface roughness and to collect
electrons as a buﬀer layer. Plasma22 or UV/Ozone30 treatment
is required for the wettability improvement of solutions on the
polymer substrate, while it can induce the performance
degradation of metallic TCs to the metal oxidation. In this
work, both indium zinc oxide (IZO) layers and PEDOT:PSS
layers were coated on the metallic TC-embedded NOA 81 ﬁlm.
Here, the IZO layers protect Ag NWs from the surface
oxidation by plasma or UV/Ozone treatment. Figure 5b plots
the current density−voltage characteristics of the ﬂexible OSCs
using the Ag NW network-embedded NOA 81 ﬁlm (Rs of 25.2
Ω/sq at T550 nm of 87.1%) and the multiscale metallic TCembedded NOA 81 ﬁlm (Rs of 3.5 Ω/sq at T550 nm of 86%)
with the IZO-coated NOA 81 ﬁlm (Rs of 200 Ω/sq at T550 nm of
85%) as a reference. A blend of poly [N-9″-hepta-decanyl-2, 7carbazole-alt-5, 5-(40, 70-di-2-thienyl-20, 10, 30-benzothiadiazole)] (PCDTBT) and [6, 6]-phenyl C71-butyric acid methyl
ester (PC71BM) was used as a photoactive layer in the device.
The OSC based on the IZO-coated NOA 81 ﬁlm showed a
poor performance; a short-circuit current density (Jsc) of 5.17
mA cm−2, an open-circuit voltage of (Voc) of 0.63 V, a ﬁll factor
(FF) of 31.7%, and a power conversion eﬃciency (PCE) of
1.03%. The OSC based on the multiscale metallic TCembedded NOA 81 ﬁlm displayed Jsc of 8.20 mA cm−2, Voc
of 0.61 V, and FF of 42.3%, resulting in a PCE of 2.12%. These
values exceeded those obtained from the OSC prepared using
only the Ag NWs-embedded NOA 81 ﬁlm with Jsc of 7.48 mA
cm−2, Voc of 0.62 V, FF of 39.2%, and PCE of 1.81%.
Incorporation of the Ag grid structures into the Ag NW
networks increased Jsc, FF, and PCE due to the decrease of Rs;
however, the OSC based on the multiscale metallic TCembedded NOA 81 ﬁlm showed a lower PCE than the OSC
based on the ITO-coated glass, which exhibited Jsc of 9.42 mA
cm−2, Voc of 0.87 V, FF of 54.7%, and PCE of 4.48%. The lower
PCE of the OSC based on the multiscale metallic TCembedded NOA 81 ﬁlm may be originated from the low
thermal stability of the NOA 81 ﬁlm during the annealing
process in the fabrication of the solution-processed ﬂexible
devices. It is speculated that the crumpled NOA 81 surface

3. CONCLUSIONS
We demonstrated the fabrication of high-performance,
solution-processed, multiscale metallic TCs based on Ag gridNW networks. The Ag grids with low Rs and high T were
achieved through the use of a direct imprinting process using a
reservoir-assisted mold. This process improved ink ﬁlling inside
the grid-patterned cavity and reduced the presence of residual
layers within the grid spacings, as veriﬁed experimentally. The
Rs−T performances of the Ag grid-based TCs were predicted
using geometrical calculations. As the Ag grid structures were
integrated into Ag NW networks, the performance improvement in the Ag NW networks was demonstrated with ﬁtting the
theoretical values to the experimetal data. The multiscale
metallic TCs were successfully transferred to a transparent
polymer substrate, which reduced the surface roughness of the
multiscale metallic structures and simultaneously conferred
reasonable electromechanical and chemical stability to the
device for ﬂexible optoelectronic applications. It is expected
that the solution-processed, embedded, and high conductive Ag
grids could be used to enhance the opto-electrical properties of
other functional materials, such as metal oxides, carbon
nanotubes, and graphene, for the use in a variety of nextgeneration ﬂexible optoelectronic devices.
4. EXPERIMENTAL SECTION
4.1. Materials. The Ag ion ink (TEC-IJ-060, Inktec), with a 12 wt
% metal concentration, consisted of Ag ions (silver alkyl carbamate
complexes), a base solvent (methanol and toluene), and additives. The
Ag alkyl carbamate complexes are converted to Ag NPs, carbon
dioxide, and the corresponding alkyl amines by heating above 60 °C
for a few minutes. The ionic bond between the Ag and carbamate
anion is considerably weakened by coordination between Ag and an
alkyl amine.48 Ag NWs dispersed in IPA (739448, Sigma-Aldrich) had
an average diameter of 115 nm, an average length of 20−50 μm, and a
concentration of metal (<0.5%). NOA 81 (Norland Products) is
diluted using acetone to improve wetting on the ﬂuorinated glass
substrate.
4.2. Fabrication of PDMS Mold. The PDMS (Sylgard 184, Dow
Corning) was formed by mixing the silicon elastomer kit and a curing
agent (10:1), and this mixture was poured onto a SU-8 master. After
PDMS curing at 100 °C for 1 h, the PDMS replica of the T-mold (or
R-mold) was carefully released from the SU-8 master. A stack of 3 M
magic tape on the SU-8 master was used to increase the hR of the Rmold. In the T-mold, the grid-patterned cavity was designed with a
ﬁxed wm of 15 μm and an sm of 300−500 μm by calculating the
geometrical shadow zone, T = sm2/(sm + wm)2, required to provide a
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transmittance exceeding 90%. At high hm > 15 μm (or small hm < 3
μm), a sidewall collapse (or roof collapse) of the mold cavity was
present. As these collapses led to the performance degradation of Ag
grids, the value of hm was limited to 10 μm or less to prevent
destruction of the Ag NP structures during the mold detaching
process. The R-mold consisted of the grid-patterned cavity and the
reservoir with LR ≤ 1.5 mm.
4.3. Embedding Process. A glass substrate was treated using
1H,1H,2H,2H-perﬂuorooctyl-trichlorosilane (448931, Sigma-Aldrich)
for 3 min in a vacuum chamber. The Ag grid structures were fabricated
using a direct imprinting process involving thermally reduced Ag NPs.
The Ag grids were then sintered at 250 °C for 5 min. After the Ag grid
structures were patterned on the glass substrate, Ag NW solution was
spin-coated onto the substrate and was retreated with ﬂuorinated
silane for 2 min in a vacuum chamber. The NOA 81 solution was spincoated onto the multiscale metallic TCs at 300 rpm for 5 s (thickness
= 300 μm). After UV curing, the multiscale metallic TC-embedded
NOA 81 ﬁlm was carefully released from the glass substrate in air or
water.
4.4. Fabrication of Flexible Organic Solar Cells. The ﬂexible
OSCs were fabricated using the embedded multiscale metallic TCs and
the embedded Ag NW networks. IZO layers (∼100 nm) were
deposited on the ITO-coated glass, the NOA 81 ﬁlm, the Ag NW
network-embedded NOA 81 ﬁlm and the multiscale metallic TCembedded NOA 81 ﬁlm with the RF sputtering (RF power: 120 W) in
vacuum (5 × 10−3 Torr). After O2 plasma treatment (70 W, 1 min),
PEDOT:PSS (AI4083, ∼50 nm) was spin-coated onto the IZO-coated
ﬁlms. PEDOT:PSS layers were annealed to evaporate residual solvents
at 100 °C for 10 min in air. Substrates were moved into a nitrogenﬁlled glovebox, and then PCDTBT:PC71BM (35 mg/mL, 1:4 w/w) in
the dichlorobenzene solvent was spin-coated at 1100 rpm for 60 s.
PCDTBT:PC71BM layers were annealed at 80 °C for 10 min to
evaporate the residual solvents. The thickness of the
PCDTBT:PC71BM layer was measured as 100 nm. Finally, the Ca
layer (20 nm) and the Al layer (100 nm) were sequentially deposited
on the top of the PCDTBT:PC71BM layer through thermal
evaporation at 5 × 10−6 Torr.
4.5. Characterization. The metallic structures were imaged using
ﬁeld-emission SEM (S-4800, Hitachi). Cross-sectional proﬁles of the
pristine and embedded metallic structures were measured using AFM
(XE-100, Park Systems). The transmittance of the metallic TCs was
measured using a UV−vis-NIR spectrophotometer (V570, Jasco). The
sheet resistance of the metallic TCs was measured using two-terminal
method3,14 and four-point probe method (Keithley 4200-SCS). Two
electrodes between the metallic TCs, separated by a square area (25
mm2), were fabricated using a conductive pen. In particular,
CW2200MTP (ITW Chemtronics) was used for the pristine metallic
structures, while CW2900 (ITW Chemtronics) was used for the
embedded metallic structures.
4.6. Finite element simulations. The ﬁnite element simulations
were carried out using ABAQUS/Explicit. A Neo-Hookean
hyperelastic model was used to describe the large deformations of
the R-mold with the following parameters: C10 (= 0.0401 MPa) and D1
(= 0.2500 MPa−1). These parameters were obtained from the shear
modulus (μ) and bulk modulus (κ) according to the expressions: C10 =
μ/2 and D1 = 2/κ. A 3D volume mesh for the PDMS mold was
generated using 10-node quartic tetrahedral elements, C3D10M.
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