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Since resistivity and transmittance are often fundamentally
constrained by the intrinsic properties of a material, devel-

oping transparent conducting materials (TCMs) with low sheet
resistance (RS < 10Ω/sq) and high transmittance (T > 90%) has
been a persistent challenge. Different metal-doped oxides such as
indium tin oxide (ITO) are widely used in commercial applica-
tions, but a replacement for ITO is desired for the following
reasons:1 (1) the limited availability and high cost of indium, (2)
increasing brittleness with aging, (3) chemical instability under
acid or base conditions, (4) poor transmittance in the near-
infrared region,2 and (5) metallic�ion diffusion from ITO into
thin barrier layers that results in parasitic leakage.3 These pro-
blems make ITO-based technologies, such as thin-film photo-
voltaics (PV), touch-screen displays, light emitting diodes,
etc., expensive. Various alternative TCMs, such as networks of
carbon nanotubes (CNT)4,5 or metal nanowires (NW)6,7 and
chemical vapor deposited (CVD) polycrystalline graphene
(polygraphene),8�11 have also been explored. While these poten-
tial ITO replacements resolve several practical issues associated
with ITO, Figure 1 suggests that their respective RS�T curves
are not significantly different than that of ITO. To understand
why, consider the constraints of random CNT or metallic NW
networks. To achieve technologically relevant values of RS <
20Ω/sq,6 the density of NWs or CNTsmust significantly exceed
the percolation threshold for higher sheet conductance;12 such
high density however reduces the transmittance considerably.6,13

Moreover, even with low RS, the vertical current collection in PV
cells is compromised by current crowding at the small-area
interface between nanotubes/nanowire electrode and the bulk
emitter layer.12 Graphene provides another intriguing option;
four layers of CVD graphene, fabricated by a roll-to-roll process,

has already shown RS ∼ 30 Ω/sq and T ∼ 90%.8 Available
experimental data,14 however, suggest that there is a fundamental
limitation in sheet resistance and transmittance of thin graphene
film and that it may be difficult for polycrystalline graphene to
compete successfully with ITO.13

In this paper, we use an experimentally calibrated, compre-
hensive numerical model for electron transport in polycrystal-
line graphene to conclude that the high resistivity of the film
reflects an intrinsic percolation bottleneck of the system in which
electrons are periodically trapped in domains formed by high-
resistance grain boundaries (GBs). A novel concept which “dopes”
polygraphene with metallic nanowires can overcome this trans-
port bottleneck to achieve T > 90% and RS < 20 Ω/sq, with
performance comparable to or better than that of ITO. To
distinguish the effects of doping by metallic NWs from those by
standard chemical or electrostatic techniques, we define a concept
that we call “percolation-doping”: a positive percolation-doping
by metallic nanowires improves conductivity not by increasing
the free carrier density but rather by increasing the number
of electronic pathways to bridge the percolation bottleneck. A
negative percolation doping—in the form of striping of nanotube
network—has been previously used in a different context.15,35 The
continuity of polygraphene ensures vertical current collection free
from current crowding, and a small footprint of nanowires on
graphene film ensures that high optical transmittance of single
layer graphene is not compromised by percolation-doping.

The paper is organized as follows. To explore the origin of
high RS in polygraphene films, we first construct microstructures
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ABSTRACT: Traditional transparent conducting materials such as ITO are
expensive, brittle, and inflexible. Although alternatives like networks of carbon
nanotubes, polycrystalline graphene, and metallic nanowires have been pro-
posed, the transparency-conductivity trade-off of these materials makes them
inappropriate for broad range of applications. In this paper, we show that the
conductivity of polycrystalline graphene is limited by high resistance grain
boundaries. We demonstrate that a composite based on polycrystalline graphene
and a subpercolating network of metallic nanowires offers a simple and effective route to reduced resistance while maintaining
high transmittance. This new approach of “percolation-doping by nanowires” has the potential to beat the transparency-
conductivity constraints of existing materials and may be suitable for broad applications in photovoltaics, flexible electronics,
and displays.
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of typical polygraphene films reported in the literature and calcu-
late their corresponding transport properties. Next, we examine
quantitatively the impact of GBs on polycrystalline graphene to
demonstrate the importance of a percolation bottleneck in these
films. Finally, we propose a hybrid of polycrystalline graphene
and a metal NW mesh to improve the performance in terms of
RS and T as well as to reduce variations among samples. Finally,
we summarize our conclusions.
Approach. To understand why polygraphene is so resistive,

we use a process model to produce representative structures, an
electrical model to compute the sheet resistance, and an optical
model to compute the transmittance. The modeling approach is
described in detail in the Supporting Information. In brief, we
begin by synthetically generating polycrystalline graphene sam-
ples using Voronoi tessellation.16 Five types of microstructures
(see Figure 2a) of increasing complexity are as follows: (1)
uniform square grain as a reference, (2) uniform hexagonal grains
to approximate films produced by the seeded growth method,17

(3) perturbed hexagonal grains with Gaussian size distributions,
typical of films produced by seeded growth method,17 (4) ran-
dom grains with normal size distribution to represent films pro-
duced by CVD graphene,18 and (5) grains with log-normal size
distribution characteristic of CVD graphene.18,19 The average
grain size (ÆLgrainæ) is∼5 μm, consistent with reported values.9,17

Corresponding grain size distributions are shown in Figure 2b.
Several hundred samples are prepared for a statistical study of the
transport characteristics of the film.
The two key electrical parameters are the resistances of the

grains and grain boundaries. In polygraphene, it is experimentally

observed that the ratio of the intergrain to intragrain resistance
ranges from∼1 to∼30.17 Although there might be a distribution
of GB resistances as a function of misorientation between neigh-
boring grains, for simplicity in the following discussion, we clas-
sify the GBs as either a high-resistance GB or a low-resistance
GB. To describe electronic transport through themicrostructure,
we use a drift-diffusion formulation, i.e., J = σr(Fn/q) where J is
the current density in A/m, σ the sheet conductivity, and Fn is the
electrochemical potential. A drift-diffusion formulation is appro-
priate for this problem because average grain size (∼5 μm) is
much larger than the typical mean-free path of hundreds of nano-
meters.17,20 (A similar drift-diffusion based approach has also
been used for CNT networks, with excellent results.15) We as-
sume that the charge current is conserved (i.e., no recombination
generation) and solve r 3 J = 0.

Figure 2. (a) Five microstructures generated by Voronoi tessellation
for use of finite difference method: uniform square grain (square),
uniform hexagonal grain (hex1), perturbed hexagonal grain with normal
size distribution (hex2), and random grains with normal size distribution
(rand1) and with log-normal size distribution (rand2). The percentage
of high-resistance grain boundary is 50%. High- and low- resistance grain
boundaries are shown by red and by blue lines. A grain is shown by white
and has about 200 nodes per grain. A schematic diagram for onemodel is
also shown to explain how the one-node model represents one grain.
The sheet resistance across low-resistance grain boundary and the sheet
resistance across high resistance grain boundary are denoted as Rlo and
Rhi, respectively. (b) Grain size distributions are shown for perturbed
hexagonal grain and two random grains. (c) The normalized conduc-
tance vs sample length for five different microstructures (symbols) and
one-node model (solid, dashed, and dashed-dot line) for three different
percentages of high-resistance GB (PGB = 20%, 50%, and 80%). Inset:
the dependence of the conductance exponent, n, on the sample length,
i.e., G � (LC)

n.

Figure 1. Transmittance as a function of sheet resistance (RS) for poly-
crystalline graphene grown by the chemical vapor deposition (CVD)
method,8 the networks of carbon nanotubes (CNTs)5 and nanowires
(NWs),6 ITO,8 and a hybrid of polygraphene and NW mesh. The
dashed lines are a guide for the eye. The best reported data are selected
from the literature. The data for the hybrid are computed based on the
following parameters: the RS of a single crystalline graphene∼30Ω/sq,
the ratio of intergrain resistance to intragrain resistance ∼63, the per-
centage of high-resistance grain boundary (PGB) = 35%, the contact resis-
tance betweenmetalNWand graphene (RC) = 20Ω 3 μm(hybrid 1) and
RC = 200Ω 3 μm(hybrid 2), and geometric aperture of 99% (an average
distance between NWs of∼10 μm, a line width of 100 nm, and a height
of 100 nm) for metal NW mesh with bulk Ag conductivity being
assumed. The value in the bracket represents the number of layers for
polygraphene or the hybrid.
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Within the bulk of the polygraphene grain, σ = σ0. The theo-
retical lower limit of conductivity is 30Ω/sq, which occurs when
only acoustic deformation potential scattering is present.36 For
the conductivity across a GB, we follow a recent theoretical
study,21 which characterizes a high-resistance GB by transport
energy gap (EG) below which charge carriers are perfectly
reflected (i.e., σGB

(hi) < σ0). A low-resistance GB is taken to be
being perfectly transparent (i.e., σGB

(lo) t σ0.) With these three
conductivities, i.e., σ0, σGB

(lo), σGB
(hi) the transport problem is fully

defined. This model with high- and low- resistance GBs leads to a
maze-like morphology landscape through which the electron
injected from one contact travels to the other contact, thereby
transforming the problem of transport in polycrystalline graphene
into a percolation problem.
For a given microstructure, the finite difference method

(FDM) is used to calculate transport properties. Each grain has
about 200 nodes or grid points. The input parameters used for
the FDM calculations are the sheet resistance within the grains,
Rlo ∼ 30 Ω/sq and the sheet resistance across high-resistance
GBs, Rhi ∼ 63Rlo. (By assuming the lower limit sheet resistance
for the grain, Rlo, our results establish the best case performance
for large area polycrystalline graphene.) The FDM results are
compared to a simple “one-node model”, for which each grain is
represented by only one node, i.e. by four resistors as shown in
Figure 2a. This one-node model is of practical importance
because the resistance, including high- or low-resistance GB in
the one-node model, can be easily measured.17 Finally, we cal-
culate the optical transmittance of the system by (numerically)
solving Maxwell equations with Floquet periodic boundary
condition.22 Normal illumination was assumed, and the trans-
mittance of both TE and TM waves was calculated for a set of
wavelengths spanning the entire solar spectrum.
In Figure 2c, we plot the normalized sheet conductance (for

five different microstructures) as a function of length for three
different percentages of high-resistance GBs (PGB = 20%, 50%,
and 80%). The width of the sample is fixed at 7� average grain

size, ÆLgrainæ after which the width dependence of the transport
properties disappears (as should be the case for large area films).
The inset of Figure 2c shows the dependence of the conductance
exponent, n, on the length, i.e., G � (LC)

n.37 If the length is
smaller than ∼10� average grain size (ÆLgrainæ), the exponent
becomes significantly larger than �1.0, indicating a nonlinear
dependence on sample length. Compared to a long sample, there
is a higher probability in a short sample that low-resistance GBs
and grains form a continuous network between contacts. We are,
however, interested in transport in large area (∼square meters)
polygraphene appropriate for PV applications, where regardless
of PGB, the exponent approaches �1.0 with increasing length.
Remarkably, we find that the grain shape and grain size distributions
have little effect on the conductance. This is because it is the average
size of the grain and the percentage of the high-resistance GBs
and not the specific details of grain-size distributions that dictate
the overall transport property of the network.
The plot of normalized conductivity versus percentage of

high-resistance GB shown in Figure 3 is characterized by dra-
matic suppression of conductivity—even for small increase in
PGB. This result can be understood with reference to Figure 4,
which interprets the resistance of polygraphene as a percola-
tion problem defined by high- and low- resistance GBs. Recall
that the percolation threshold for the Voronoi tessellation is
(0.667�0.68),23,24 while that of the hexagonal lattice is 0.6527.25

Therefore, regardless the specific formof theGBdistribution,when
the fraction of high-resistance GB approaches ∼0.66 (i.e., PGB ∼
66%), electrons traveling between a pair of contacts must cross one
(Stanley’s red bonds26) ormore high-resistanceGBs; see Figure 4b.
This percolation bottleneck suppresses conductivity exponentially.
To support this percolation hypothesis quantitatively, we

interpret the numerical results by the generalized effective media
(GEM) theory.27,28 The GEM equation is given by

fGB
σ1=t
GB � σ1=t

σ1=t
GB þ Aσ1=t

þ ð1� fGBÞ σ1=t
0 � σ1=t

σ1=t
0 þ Aσ1=t

¼ 0 ð1Þ

where fGB is area fraction of grain boundaries, σ0(GB) the conduc-
tivity of the grain (grain boundary), t a characteristic exponent
defined in σ � (1 � fGB/fC,CB)

t with fC,GB being the threshold
area fraction of GBs, and the constant A is A = fC,GB/(1� fC,GB).
When σ0/σGB = ∞, eq 1 is reduced to a form of percolation

Figure 3. For a long sample (LC ∼ 100� average grain size), the
dependence of the sheet conductance on the percentage of high-
resistance grain boundary (PGB) is plotted. Inset: the computed results
for grain size dependence are compared to experiments.9

Figure 4. The schematic figures to interpret the resistance of poly-
graphene as a percolation problem defined by high and low resistance
grain boundaries (GB). High-resistance and low-resistance GBs are
shown by red and blue lines. (a) PGB = 0%; (b) PGB ∼60%; (c) the
concept of “percolation-doping”: doping the polycrystalline graphene by
a sparse randommesh of metal NW.Metal NW is represented by a black
solid line. All arrows indicate current stream.

http://pubs.acs.org/action/showImage?doi=10.1021/nl203041n&iName=master.img-003.jpg&w=240&h=220
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equation σ � (1 � fGB/fC,GB)
t. With t = 1 and A = 2, the GEM

equation is also reduced to Bruggeman’s symmetric effective
medium equation.27 To fit our simulation results, two parameters
need to be determined: t and fC,GB. We set the bounds for the
critical exponent to be from 1.05 to 1.37, typical for 2D bond
percolation,29,30 while fC,GB is adjusted to fit the data. The
relation of fC,GB to PC,GB is PC,GB = fC,GB(PGB

100%/fGB
100%), where

fGB
100%∼ 12.6% is the area fraction of GBwhen PGB = 100% (in the
FDM simulation). The intensity of D bands in the spectroscopic
Ramanmapping of graphene grains and grain boundaries showed
fGB
100% ∼ 10%.17 As shown by the dashed line in Figure 3, our
numerical results for polygraphene transport are well-repro-
duced by the GEM equation when t = 1.05 and fC,CB = 8.4 (
0.2% corresponding to a percolation threshold of PGB, PC,CB =
67( 1.6%, almost precisely the value expected from the percolation-
hypothesis that interprets polygraphene transport in terms of
percolative transport on Voronoi tessellation23,24 and hexagonal
honeycomb lattice.25

Having established the validity of the theory, it can now be
used to explain why polygraphene is so resistive and to extract
PGB from experimental data. For example, the inset of Figure 3
compares the computed grain size dependence of sheet con-
ductance to experiments.With the assumption of Rhi∼ 60Rlo, we
find PGB ≈ 30% gives a good match between our model and
experiments. For this PGB < PC,GB, the effect of grain boundaries
is still significant and percolative transport plays an important
role in defining sheet conductivity, with σ/σ0 > 0.2�0.3.
NW-Doped Polygraphene. The results discussed above show

that the key to reduce sheet resistance of polygraphene is either by
increasing grain size or by reducing the number of high-resistance
grain boundaries. Even if the grain size could be further enlarged by
various process techniques,9,17 these grains will be always smaller
than the dimension of transparent conductors necessary for PV
applications. Most importantly, there is no obvious approach to
control the magnitude or the number of high-resistance grain
boundaries by simple process changes. Clearly, a more practical
technique to alleviate the influence of high-resistance GBs is
needed for graphene electrodes to be competitive with ITO.
To decrease the influence of high-resistance GBs, we propose

(see Figure 4c) a novel concept which “dopes” the polycrystalline
graphene with a sparse random mesh of metal NWs. The density
of these nanowires should be below the percolation threshold, so
that NW�NW connectivity is not expected and the NWs them-
selves do not form a percolating network (Figure 4c, black lines).
If the nanowire length is larger than that of the grain, the NWs
will cross the grain boundaries with probability approaching 1. If
a NW intersects a high-resistance grain boundary, the GB can no
longer inhibit current conduction, so that effective PGB is reduced
(see Figure 4c). Given the exponential dependence of conduc-
tance on PGB, even a modest percolation-doping by metallic NW
can dramatically decrease the RS of polygraphene films. The
following example illustrates our proposition.
To examine the effectiveness of NW doping, consider a

polygraphene film with average grain size of 5 μm decorated
with a random dispersion of ∼8 μm long, 100 nm diameter Ag
nanowires.6 These Ag NWs will bridge the neighboring grains
with probability approaching 1. The NW density (FNW) is varied
from 0 to 100%. We define the 100% coverage when the ave-
rage distance between NWs is ∼8�10 μm, so that every other
grain—on average—contains aNW. For samples with FNW<100%,
the proportional fraction of NWs are randomly removed. On the
basis of a recent measurement,31 the contact resistance between

metal and graphene is RC ∼ 200 Ω 3 μm. The theoretical lower
limit of RC≈ 20Ω 3 μm

32 is obtained by assuming that the work
function (W) difference between graphene and silver is about
0.3 eV (Wgraphene = 4.4�4.6 eV, WAg = 4.7�4.9 eV).33 The
polygraphene conductivities remain unchanged.
Two-dimensional simulation of NW-doped graphene can now

be used to calculate the overall conductivity, σ, of the NW-doped
polygraphene film. The results are summarized in Figure 5. The
red solid line represents the normalized conductivity of poly-
graphene without NW-doping (FNW = 0%). From this curve, the
best reported sheet resistance of monolayer CVD graphene8 of
125 Ω/sq translates to PGB ≈ 35%—a typical value. As we in-
crease the NWdensity, the conductivity increases dramatically—
even with a sparse network of only 60% coverage (one NW for
every four grains) and relatively poor RC≈ 200Ω 3 μm, the sheet
conductance σ begins to approach that of pure single crystalline
graphene RS ∼ 30 Ω/sq. Obviously, the conductivity improves
further for lower contact resistance (i.e., RC ≈ 20Ω 3 μm) as the
quasi-percolating NWs begin to carry a larger fraction of the
current between the contacts and σ reduces below 30 Ω/sq.
Given that the sheet resistance of a monolayer of a graphene�
NWhybrid, the sheet resistance of two to three layers of the NW-
doped graphene film is obtained by RS,hybrid

n(=2�3) = RS,hybrid
1 /

n(=2�3). This linear dependency of RS was also observed
for roll-to-roll processed CVD graphene.8 Indeed, as shown in
Figure 1, a stack consisting of two to three layers of theNW-doped
graphene offers sheet resistance approaching 10 Ω/sq—the
conductivity target for the potential replacement of ITO.
To understand how NW doping achieves this dramatic

improvement, let us consider an illustrative example. In panels
a�f of Figure 6 we compare the FDM calculation of polycrystal-
line graphene sample with PGB ≈ 35% to that of hybrid poly-
crystalline graphene�metal NWs in terms of the potential pro-
file. Note that network of metal NWs is sparse enough not to

Figure 5. For a hybrid of polycrystalline graphene (poly-GR) and
nanowire (NW) mesh, the sheet conductance vs the percentage of high-
resistance grain boundaries (PGB) for two different contact resistances
(RC) are plotted as a function of NW density (FNW). At FNW = 100%,
average distance betweenNWs is∼10μm and FNW= 0% represents poly-
GR. Inset: the normalized standard deviation (NSD) is plotted.

http://pubs.acs.org/action/showImage?doi=10.1021/nl203041n&iName=master.img-005.jpg&w=240&h=218
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form a continuous percolating path between electrodes. A sharp
potential drop at the grain boundaries is observed for poly-
graphene samples (see the boxed regions in panels b and c of
Figure 6), but the impact of high-resistance GBs is significantly
suppressed in the hybrid system (Figure 6e,f). This occurs be-
cause a sparse metal NW mesh provides a low-resistance path to
bypass high-resistance GBs.
It is clear from the discussion above that the sheet conductivity

of polygraphene can be increased by doping it with a small
number of Ag NWs, but does the approach compromise optical
transmittance? For computational simplicity, we approximate the
random NW dispersion with a regularized network (with the
same spacing and the same dimensions of NW). Figure 6g shows
the simulated transmittance for regular grating structures with a
period of 10 μm, a line width of 100 nm, and a height of 100 nm,
corresponding to a coverage of 100% (FNW = 100%). The ave-
rage transmittance (of the TE and TMmodes) exceeds 99%, i.e.,
TAg > 0.99. Given that the transmittance of monolayer poly-
graphene is close to 97.7% as well, a graphene�NW composite is
expected to achieve T = TgrapheneTAg ∼ 0.96. As shown in
Figure 1, even with two to three layers of graphene, T =
(TgrapheneTAg)

n(=2—3) > 0.90 is obtained.
These RS and T values of NW-doped polygraphene suggest

significant improvement of the trade-off between RS and T
for the NW-doped polygraphene as compared to conventional
TCMs. There is an additional improvement: the NW-doped
graphene also has reduced statistical variation in sheet resistance
compared to pure polygraphene films. The inset of Figure 5
shows the normalized standard deviation (NSD) computed for
polycrystalline graphene and the hybrid with RC ≈ 200 and
20 Ω 3 μm as a function of PGB. For a polycrystalline graphene,
the maximum NSD is about 0.15, which means about 15%
variation in sheet resistance among the samples. The inset figure
shows that NSD values for the hybrid with RC ≈ 200 Ω 3μm
are significantly improved. For PGB ≈ 35%, an 4� reduction of
NSD is achieved. It is clear that a metal NW mesh can suppress
variation.
Recently, the concept of a metal NW�graphene composite

has been experimentally demonstrated.34 The experimental
results are promising, but the two approaches are quite different.
Zhu et al. use graphene to enhance the performance of a metallic
grid defined by top-down photolithography with spacing much
larger than grain sizes; the graphene provides a continuous
conductive surface for the metallic grid. In contrast, we propose

to randomly disperse a thin, subpercolating network of metallic
tubes to enhance the performance of a graphene conductor by
opening up new conducting channels through high-resistance
GBs. Our assumptions that (i) the net transmission can be ex-
pressed as a product of transmittance of individual layers and that
(ii) a highly conducting metal grid can change the effective sheet
resistivity of graphene from kΩ/sq to ∼100 Ω/sq are clearly
demonstrated by Figure 2c and Table 1 of ref 34. The two
approaches have different trade-offs. The metallic grid-based ap-
proach may provide lower sheet resistance, while the NW-doped
graphene-based approach being proposed here may provide
greater transmission and (substrate) flexibility.
In summary, the impact of the microstructure on electrical

performance of the large-area polycrystalline graphene has been
numerically explored based on experimentally reported para-
meters such as grain shape, grain size, statistical distributions, and
grain and grain boundary resistances. The numerical results show
that the grain shape and its grain size distribution do not sub-
stantially affect the electronic performance, but the grain size and
the percentage of high-resistance grain boundaries play impor-
tant roles. We propose a novel concept of NW doping of poly-
graphene by Ag NWs to beat the transparency-conductivity
constraint of pure polygraphene or pure NW networks. Our
results show that both the sheet resistance and its variation can
be significantly improved by using the hybrid without a loss of
transmittance. These results should inspire new experiments in
search of novel alternatives to transparent conducting oxides.
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