The effects of percolation in
nanostructured transparent conductors

Sukanta De and Jonathan N. Coleman

Networks of nanoscale conductors such as carbon nanotubes, graphene, and metallic
nanowires are promising candidates to replace metal oxides as transparent conductors.
However, very few previous reports have described nanostructured thin films that reach
the standards required by industry for high-performance transparent electrodes. In this review,
we analyze the sheet resistance and transmittance data extracted from published literature
for solution processed, nanostructured networks. In the majority of cases, as their thickness
is reduced below a critical value, nanoconductor networks undergo a transition from bulk-
like to percolative behavior. Such percolative behavior is characteristic of sparse networks
with limited connectivity and few continuous conductive paths. This transition tends to occur
for films with a transmittance between 50% and 90%, which means that the properties of
highly transparent films are predominately limited by percolation. Consequently, to achieve
low resistance coupled with high transparency, the networks must be much more conductive
than would otherwise be the case. We show that highly conductive networks of metallic
nanowires appear to be the most promising candidate to replace traditional transparent
electrode materials from a technical standpoint. However, many other factors, including cost,
manufacturability, and stability, will have to be addressed before commercialization of these

materials.

Introduction

In the modern world, transparent conductors (TCs) are
extremely common. They are generally found as thin films
that have low electrical resistance but are optically trans-
parent and are critically important in many modern elec-
tronic devices. In the home or office, they are found in flat
panel displays such as in TVs, laptops or digital cameras, as
smart windows, heat shields in some oven windows, and as
invisible security circuitry on glass windows. They defrost
windows in planes, trains, and automobiles and are used in
self-dimming rearview mirrors in cars. They are also used in
portable electronic devices (phones, tablet computers) that
affect our daily lives. Many people hope that as electrodes
in solar cells, they will help generate clean, renewable
energy.

Modern TC technology is dominated by doped metal oxides,
of which the most important is tin-doped indium oxide (ITO).!?
This material has been studied for 80 years® and has been largely
optimized for a range of properties. For example, while metal
oxide TCs can display transmittances as high as 95% and sheet
resistances as low as 3 Q/sq, they also have a range of other

useful properties, such as work functions that vary between
4.2 and 5.3 eV, depending on the material, thermal stability,
and chemical and mechanical durability.? In fact, metal oxides
are model materials for transparent electrodes. However, even
model systems may fall victim to issues related to limited sup-
ply and ever growing demand.

Partly due to the rapid growth in portable electronics, the
demand for ITO is currently growing at 20% per annum.
Due to a combination of this demand and the already lim-
ited supply, the cost of indium and hence ITO has risen
dramatically in recent years (see Reference 3 and references
therein). Furthermore, metal oxides have another weakness:
brittleness.*” It is thought that a significant fraction of future
displays will be plastic-based and inherently flexible. As
metal oxides tend to fracture at strains of ~2%, they are
completely unsuitable for use in such flexible electronics.
Other problems with metal oxides include their high refrac-
tive index and the high cost of producing large area metal
oxide coated glass.

Thus, it is clear that new transparent conducting materials
are required. These must have a number of specific properties:

Sukanta De, Center for Research in Adaptive Nanostructures and Nanodevices, and School o

ysics, Trinity

ollege Dublin, Ireland; desu@itca.le

Jonathan N, Coleman, Center for Research in Adaptive Nanostructures and Nanodevices and School df Physics, Trinity Colleée Dub\ih, Ireland; éolemaj@tcd.ie

DOI: 10.1557/mrs.2011.236

774 W MRSBULLETIN - VOLUME 36 - OCTOBER 2011 - www.mrs.org/bulletin

© 2011 Materials Research Society



THE EFFECTS OF PERCOLATION IN NANOSTRUCTURED TRANSPARENT CONDUCTORS

they must retain their electrical conductivity after repeated
flexing; it must be possible to deposit them over large areas
using low-temperature processing; they must have deposition
and material costs comparable to ITO; and, most importantly,
they must match ITO in terms of optoelectrical properties. For
example, it must be possible to form these materials into films
with 7> 90%. This is not challenging, as any material can
be made extremely transparent just by making it sufficiently
thin. The most difficult goal is finding a material that has high
enough electrical conductivity such that, even when formed
in a very thin film, it displays sheet resistance low enough to
be useful.

How low is low enough? ITO fulfills a wide range of roles,
all of which require high transparency. However, each role has
a particular resistance requirement, with the entire set span-
ning a wide range. For example, conducting films for static
dissipation can function with a sheet resistance of >1 kQ/sq;?
touch screens generally require a few hundred Q/sq;’ electrodes
require a few tens of Q/sq;® while, to minimize resistive losses,
solar cell electrodes require sheet resistances of <10 Q/sq.” We
make the assumption that it will not be difficult to find materials
that fulfill the less stringent, high sheet resistance applications.
For example, a range of nanostructured materials have achieved
transmittance above 90% coupled with sheet resistance above
1 kQ/sq. However, achieving transmittance above 90% coupled
with sheet resistance below 200 Q/sq has proven much more
difficult. Thus, in this article, we focus on the search for high-
performance, solution-processed TCs that are usually, and
somewhat arbitrarily, defined as those with a transmittance of
T>90% and a sheet resistance of R, < 100 Q/sq."?

In the race to develop materials that fulfill these criteria,
many researchers have focused on networks of conducting
nanomaterials such as carbon nanotubes (CNTs),"35 metal
nanowires,*** and disordered arrays of exfoliated graphene
flakes.** % Such networks are particularly useful, as they can
be deposited at low temperatures from solution using industry-
friendly techniques such as spraying.'*3°4465 Taking nanotube
networks as an example, because adjacent tubes interact only
weakly, intertube junctions can move locally under strain. As
intertube charge transport is independent of junction position,
the electrical properties tend to be independent of strain, result-
ing in great electrical stability under flexing.'>3>3646 In addition,
extremely sparse networks can be produced, resulting in very
high transmittances.®® Indeed, such nanostructured networks
look ideal as future ITO replacement materials. However, there
is one outstanding problem; very few previous studies have
demonstrated nanostructured networks that are thin enough to
display 7> 90% and R, < 100 Q/sq.*"*4!

Thus, it is critical to assess the progress in the field. In this
work, we will compare the published performance of transparent
conductors produced from networks of single-walled carbon
nanotubes (SWNTs),"'35 graphene flakes,** and metallic
nanowires'**¢* (see supporting information for detailed tabulated
data). Keeping in mind the requirement for low-temperature,
large-area deposition, we will focus on solution-processed

networks. We will demonstrate which materials are most
promising and show that to demonstrate high performance, it
is important to have both the correct materials and the correct
network properties.

Bulk versus percolative behavior

Researchers have been studying nanostructured materials for
transparent electrodes for over six years.'>!% The technology
is now mature enough to compare and contrast the various
materials under study. It is often helpful to use figures of merit
(FoM) to express the performance of a given film type and
facilitate comparison with other data sets. The most useful
FoMs are those that are based on the physics of the system
under study. For example, FoMs for TCs should link the film
transmittance, 7, to its sheet resistance, R,. This is done by
combining physical expressions for transmittance and sheet
resistance of thin films, both as a function of thickness, . For
example, the transmittance can be expressed as®’

-2
T=(1+%Gopfj , (])

where Z, is the impedance of free space (377 Q), and 6, is the
optical conductivity (related to the absorption coefficient a as
G, = 0/Zy)."> By combining this expression with the definition
of sheet resistance (for a bulk-like film):

R =(0,40)" @)

(04 1s the bulk dc conductivity of the film) to eliminate ¢, one
obtains a relationship between 7 and R

-2

O,

r={1+% % | 3)
2Rs Gdc,B

Note that this expression is appropriate for a bulk-like mate-
rial (i.e., one whose dc conductivity is invariant with sample
thickness). The conductivity ratio o, s/c,, is often used as a
FOM for transparent conductors as high values of o, p/c,,
lead to films with high 7 and low R.. In fact, a material with
a given value of o, /G, can be formed into films with a
range of 7T and R, values depending on the thickness. Thus
in practice, researchers generally prepare films with a range
of thicknesses, measure R, and T for each thickness, and then
fit the (7, R,) data to Equation 3 to extract 6, 3/G,,. Examples
of'this procedure are shown in Figure 1. Here, transmittance
is plotted as a function of sheet resistance for thin films of
graphene,” SWNTs,** Cu nanowires,*' and Ag nanowires.*
In each case, the bottom left portion of the data (correspond-
ing to thicker films) is fit to Equation 1 (solid lines), giving
values of 6, 5/G,, of 0.25, 1.5, 110, and 415, respectively.
Usually these numbers are assumed to encode all the relevant
information about the optoelectrical properties of these films.
In order to achieve the target of 7> 90% and R, < 100 Q/sq,
Equation 3 can be used to show that o, /c,, > 35 is required.
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Figure 1. Typical graph of transmittance (generally measured
at ~550 nm) plotted versus sheet resistance for thin films of
nanostructured materials. Note that each curve can be divided
into two regimes, the bulk regime (the solid line is a fit to
Equation 3) and the percolation regime (the dashed line is a fit
to Equation 5).34415563

This is the first criterion for a high-performance transparent
conductor.

However, looking carefully at the fits in Figure 1, it is clear
that the data tend to deviate severely from the fits for thinner
(more transparent) films. This deviation has been observed
before!!433364668 and tends to occur for films with 7 between
50% and 92% (see later in text). This is important because
applications requiring TCs usually require 7 > 90%. Thus,
G4./0,, fails to describe the relationship between 7 and R
in the technologically relevant regime. This means that in
many cases, G, p/0,,, or indeed any FoMs based on bulk
properties, are not entirely appropriate, particularly when
high transparency is required. Recently, it has been shown
that the deviation from bulk-like behavior as described in
Equation 1, can be explained by percolation effects.® Such
effects become important for very sparse networks of nano-
conductors. When the number of nanoconductors per unit is
very low, a continuous conducting path from one side of the
sample to the other will generally not exist. As more nanocon-
ductors are added, at some point (the percolation threshold)
the first conducting path will be formed. As more material is
added, more conductive paths are formed, and the conductivity
of the network increases rapidly. Eventually it reached a
“bulk-like” value above which it remains constant. Percolation
theory describes how the dc conductivity of sparse networks
depends on network thickness and predicts a non-linear, power
law dependence:®

o (1=2.)", )
where 7 is the estimated thickness of the network, ¢, is the thick-
ness associated with the percolation threshold, and # is the
percolation exponent. This leads to a new relationship between
T and R, which applies to thin, transparent networks:*
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where IT is the percolative FoM:
1/(n+1)
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Here, t,,, is the thickness below which the dc conductivity
becomes thickness dependent (i.e., Equation 5 applies below 7,
but Equation 3 applies above 7,,,,). Analysis of these equations
shows that large values of IT but low values of n are desirable
to achieve low R, coupled with high 7.° Furthermore, networks
of nanostructures show values of'z,,,, which scale closely with
the nanostructures’ smallest dimension, D: ¢, =~ 2.33D.% The
high T portion of data in Figure 1 were fitted using Equation 5.
In all cases, good fits allow the calculation of both # and 1. It is
clear from this analysis that knowledge of n and IT is critical to
understanding the behavior of thin networks of nanostructured
materials (i.e., those in the technologically relevant regime).
However, while 7 is a fundamental property of the network,
looking at Equation 6, we note that IT is a composite parameter
that is related to 6,4 3/G,,,. This means that while 6, 3/, does not
directly control 7 and R, in the high T regime, it is certainly of
indirect importance. In this article, we describe both 6, 5/c,,, and
the percolation parameters, n and I, for a range of previously
reported nanostructured TCs.

Analysis of literature data
The aim of this article is to assess the relative merits and to
understand the limitations of the nanomaterials commonly used
to prepare TCs. To this end, we extracted data for (R, T') from
a range of studies describing transparent conducting proper-
ties of thin films of graphene, SWNTs, and metallic nanowires
(tabulated data are included in the supporting information). The
graphene data included films of solution-cast reduced graphene
oxide and surfactant exfoliated graphene but no vapor grown
graphene. In the majority of cases, the data contained both
bulk and percolation regimes. Each regime was fitted to the
relevant equation (3 or 5) and values for o, 3/c,,, 7 and IT were
extracted. We note that we have not analyzed every paper in the
literature; however, we hope that the range of papers studied
and cited herein roughly captures the current state of the field.
We begin by looking at the extracted values of 6, 5/G,,. For
each material, the conductivity ratio was ranked from highest
(i.e., number 1) to lowest (i.e., number 45 for nanotubes). The
position in this ranking list is known as the ratio ranking. The
conductivity ratio values are plotted as a function of ratio rank-
ing in Figure 2. In the case of solution-processed graphene,
there is significant variation with o, 3/, Tanging from 0.01 to
~15. The two highest ranked results were for networks of silver
nanoparticle decorated graphene sheets, so these are not, strictly
speaking, graphene films. Of these samples, the most promising
film had 7 ~ 80% and R, ~ 250 Q/sq. We note that the highest
graphene-only film displayed o, 3/, ~ 1.3. The relatively poor
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Figure 2. Bulk dc to optical conductivity ratio plotted in order
of ratio ranking for solution-processed thin films prepared

from metallic nanowires, single-walled carbon nanotubes,

and graphene. The horizontal dashed line shows the value of
Gyo8/00p = 35 required to reach the minimum industry standards
of T=90% and R, = 100 Q/sq. The inset shows the best
performing samples for each material type.

performance of graphene networks is due to a combination®
of low dc conductivity due to resistive inter-flake junctions™
and the high optical conductivity of graphene.” In the case of
nanotubes, the spread is significantly less, with o, 3/G,, values
ranging from ~0.1 to ~60. The best sample was for nanotubes
deposited from superacids whose most promising film dis-
played 7= 91% and R, = 60 /sq.”” Looking at the 10 best
values (Figure 2 inset), it is clear that the spread is very tight,
with the top 10 varying in o, 3/c,, from 12 to 60. This reflects
the relative maturity of nanotube-based transparent conductor
research and may suggest that this technology is approaching
physical limits, possibly set by the high inter-nanotube junction
resistance.” Turning to the data for metallic nanowire networks,
while there are relatively few papers on these materials, the
Gy./0,, values are very impressive, ranging from 106 to 453.
We note that the sample with the highest 6. 5/c,, was a spray
cast silver nanowire network, whose best film displayed
T~ 85% and R, = 33 Q/sq.*” However, we note that a sample
with lower 6. /G, (but no percolative regime, see later in text)
included one film with even more impressive properties:
T~89% and R, ~ 20 Q/sq.*® The high values observed here are
due to a combination of low inter-wire junction resistance®**’
and low optical conductivity of these networks.*

This analysis clearly shows that only networks created from
SWNTs produced using non-trivial processing (i.e., superacid-
based processing) or metallic nanowires have surpassed the
first requirement for a high-performance TC (o, /0, = 35).
As superacid dispersions will not readily lend themselves to
industrial processing, we suggest that only metallic nanowire
networks are suitable candidates for solution-processed high-
performance TCs. It is worth noting that 64 p/c,, is largely a
material property; it is primarily controlled by the optical and
electrical properties of the nanoconductors and the potential

profile of the junction between them (and thus the junction
resistance). This suggests that metallic nanowires qualify as
candidates for high-performance TCs, while SWNTSs and gra-
phene networks currently do not, due to their intrinsic material
properties. This is important, as such intrinsic properties will
not be easy to modify. On the face of it, this suggests the metal-
lic nanowire networks to be the obvious choice. However, we
note that as the properties of high transparency films of metal-
lic nanowires may be controlled by percolation, 6. ;/c,, may
not accurately describe their properties. Thus, it is important
to know whether technologically relevant films (i.e., 7> 90%)
lie in the bulk or percolative regime.

To test this, we first needed to know where the crossover
from bulk to percolative behavior occurred. From the published
data we extracted the transmittance, 7., and sheet resistance,
R, at the crossover between the bulk and percolative regimes.
These data are plotted in Figure 3. From this it is clear that for
all materials, the crossover occurred at transmittances between
50% and 92%. In almost all cases, 7, was below 90%, mean-
ing that any film displaying 7 = 90% almost always falls in
the percolative regime. In addition, with the exception of the
metallic nanowire data, almost all of the R, data were >100 Q/sq,
showing that 7= 90% and R, < 100 €/sq cannot be achieved for
the vast majority of samples.

In addition, we used the published data to estimate the resis-
tance for a film with 7= 90%, R’™"", for each data set (in
some cases by extrapolation). We also noted whether the 90%
film occurred in the bulk or percolative region of the (R, T)
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Figure 3. The crossover between bulk and percolative behavior.
The boundary between the bulk and percolative regimes can
be characterized by the transmittance, T,, and sheet resistance,
R,, at the crossover. These are plotted in this figure for all

three materials. The meaning of this crossover is illustrated

for the point marked by the arrow. To the left of each data
point, T is related to R, for that material by the bulk expression
(Equation 3), as shown by the solid line. However, to the right
of each point, the T(R,) data are described by the percolative
expression (Equation 5), as shown by the dashed line. The red
box encloses the region required by industry for electrodes for
high-performance displays or solar cells.
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graph. These data are plotted in Figure 4 as a function of
the conductivity ratio ranking given in Figure 2. In each case,
the data points where 7'=90% film occurred in the bulk regime
and are marked by a solid data point, while the percolation data
are open circles. A number of things are of interest. First, for
the various types of nanowire, the 7= 90% film occurred in the
percolative regime seven times out of eight. The one nanowire
type that displayed no percolation regime also displayed the
best individual film, reaching 7= 89% and R, = 20 /sq, despite
having a relatively low value of 6,. /G, = 173.%* For the SWNT
data, the 7= 90% film occurred in the percolative regime 66%
of the time, while for graphene films, the rate was only 16%.
This can be explained by noting that the percolative regime
applies for films with a thickness ¢ < z,,,, where ¢,,;, = 2.33D.
Here, D is the thickness of the smallest dimension of the nano-
material (i.e., the diameter of the nanowire or nanotube bundle
or the thickness of the graphene flake). As this dimension is
generally large for nanowires (D > 50 nm), even relatively thick
nanowire films can be percolative. However the thickness of
a graphene flake is very small (~nm), which means only very
thin films should be percolating. SWNTs fall between these two
extremes. In addition, we note that when the 7= 90% film is in
the bulk regime, R/~ scales smoothly with the ranking, as
expected from Equation 3. However, for films where the 7 =
90% film is in the percolating regime, R’ " shows much more
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Figure 4. The sheet resistance expected for a film with

T =90%, R]™**, plotted as a function of the rankings for o, s/c,,
(see Figure 2). In each plot, the solid data represent films where
T =90% would fall in the bulk regime, while the open symbols
represent films where T = 90% would fall in the percolation
regime. Note that the presence of percolation always increases
RI™** above what would otherwise be expected. To avoid
clutter, we have divided the data between nanowires and
nanotubes (a) and graphene (b).

scatter (because it also depends on 7,;,, and ») and critically is
always larger than would be expected for the equivalent bulk
film. This illustrates the fact that percolation is very common
and, when present, limits film performance.

Given how often percolation is the limiting factor in nano-
structured TCs, it is worth looking in more detail at IT and
n, which were obtained by fitting published (R, 7') data as
described previously. In Figure 5, we plot IT as a function of
n, for networks of graphene, SWNTSs, and metallic nanowires.
The data for SWNTs are widely spread, perhaps suggesting
considerable variability between nanotube types and process-
ing methods. In contrast, the metallic nanowire and graphene
data follow elongated patterns sloping downward and upward,
respectively. These patterns are consistent with Equations 5
and 6 and occur for values of 64 p/c,, that are relatively high
or low, respectively (typically the case for metallic nanowires
or graphene networks). More importantly, by inserting 7T =
90% and R, = 100 Q/sq and rearranging Equation 5, we can
plot a curve that separates films with 7> 90% and R, < 100 €/sq
from those with 7<90% and R, > 100 Q/sq. This is shown as the
dashed line (i.e., for a film to display 7> 90% and R, < 100 /sq,
its [n, T1] data must sit above this line). It is clear from these
data that only the metallic nanowires surpass minimum industry
standards for films where percolation controls the film prop-
erties. This is a very interesting result. It means that not only are
metallic nanowires the only nanoconductors to fulfill the mate-
rial requirements (i.€., Gy, p/0,, > 35), but they are also the only
nanoconductors to form sparse networks that are capable of
achieving 7> 90% and R, < 100 Q/sq. This is further evidence
that metallic nanowires are the most promising nanoconductors
for solution-processed TCs.

A number of papers have speculated on the dependence of
the dc conductivity of networks of nanotubes on the nanotube
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Figure 5. Percolation fit constants; the percolation figure of
merit, I1, plotted as a function of the percolation exponent, n,
for films of metallic nanowires, single-walled carbon nanotubes,
and graphene. To achieve T > 90% and R, < 100 €/sq, the data
must fall above the dashed line on this graph (plotted using
Equations 5 and 6).
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bundle diameter. It is generally agreed that smaller diameter
bundles result in more conducting paths, and therefore higher
dc conductivity.”” Two articles in particular have predicted
power law diameter dependences: 6, o< D™, where n has
been suggested as either 2 (Reference 74) or 3 (Reference
75). These are important predictions, as they suggest that
films with higher 6, 5, and hence higher 6, 4/G,,, could be
achieved by using smaller nanotube bundles (i.e., better
exfoliated tubes). However, such power law dependence has
not been conclusively demonstrated.”® The published data
collected during the preparation of this review allowed the
examination of this question. As shown in Figure 3, data have
been collected on the transmittance at the crossover from bulk
to percolative behavior, 7. This transmittance can be related
to the thickness of the network at crossover, #,,, via Equation 1,
so long as the optical conductivity, o,,, is known. While
G,, i not known particularly well for networks of metallic
nanowires and is very scattered for graphene networks,*
it has been measured by a number of groups to be between
15,000 and 22,000 S/m for nanotube networks.**¢4777 Taking
G, = 18,500 S/m, this allows us to use Equation 1 to estimate
t.in for arange of SWNT networks, obtaining values between
11 and 130 nm. This is of interest, as ¢,,,, should approximately
scale with nanotube diameter, D, as t,,,, = 2.33D. This allows
us to use 7., as a proxy for bundle diameter. In this way,
we can examine the diameter dependence of o, via that of
Gc.p/C,p» Which we now know. Shown in Figure 6a is 64 /0,
plotted as a function of ¢, for a range of SWNT networks
(on the top axis is the estimated bundle diameter). Although
the data are scattered (due to varying nanotube types, network
morphologies), it is reasonably clear that smaller values of
fmin» and so smaller bundle diameter, lead to larger 6, /G,
In addition, it can also be seen that the data are reasonably
consistent with a power law of the form o,/ 6, o< D™ with
1 <n < 4. These data are consistent with both power laws
previously proposed.

However, it is important to remember that the technologi-
cally relevant parameter is not o,,/c,,, but R, . In most
cases, R/~ is not controlled solely by Gy./C,, but also
depends on ¢, 6,,, and n (Equations 5 and 6). Thus we test
the dependence of R'~""" on diameter in Figure 6b. From this
graph, it is clear that smaller values of 7, (and so smaller D)
lead to lower values of R’ for SWNT networks, clearly
illustrating the importance of good exfoliation. Previously,
we have speculated that similar rules should apply to metallic
nanowire networks. However, we note that the difference here
is that we simply do not know enough about the optical conduc-
tivity of such networks. For example, if the optical conductivity
increases with decreasing wire diameter, this effect may cancel
out much of the advantage of using low diameter nanowires.

op?

Concluding remarks

We have reviewed current state-of-the-art transparent con-
ducting (TC) thin films of nanoscale conductors prepared by
solution processing. We have analyzed the published data for
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Figure 6. (a) The conductivity ratio, 64, 5/6,,, and (b) the sheet
resistance expected for a film with T = 90%, R °*, plotted as a
function of t,,. Here, t.,, is the film thickness where the transfer
from bulk to percolation occurs. This was found by estimating
the transmittance where the transition occurs, T,, and using
Equation 1 to convert to t,, (5., = 1.85 x 10* S/m in all cases).
On the top axis is the estimated bundle diameter, D, calculated
using t,., ~ 2.33D. In (a), the dashed lines illustrate D and D'
dependence. Note that only single-walled carbon nanotube
films were considered.

transmittance as a function of sheet resistance for networks of
graphene, nanotubes, and metallic nanowires. In the majority
of cases, there was a transition from bulk-like behavior to per-
colation behavior as the film thickness was reduced. In most
cases, the technologically relevant films with 7> 90% lie in the
percolative regime. By fitting to known models, we extracted
both bulk and percolative figures of merit for all samples. We
found that only networks of metallic nanowires possess high
enough figures of merit to qualify as high performance TCs
(i.e., T>90% and R, < 100 Q/sq). Finally, we have shown that
at least for nanotube networks, the film performance scales
with bundle diameter.

Networks of metallic nanowires are now very promising
candidates for ITO replacement. A number of authors have reported
metallic nanowire films with 7>90% and R, < 100 Q/sq.*7*%4
In addition, these films can now be produced by industrially
compatible methods, such as spray coating.* However, a
number of hurdles remain. Adhesion of solution processed Ag
nanowire films to substrates has been poor,* an issue that must
be resolved before industrialization. In addition, scattering of
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light due to the relatively large diameter of typical nanowires
(50-100 nm) results in haze** which, while good for solar cells,
will be detrimental to the performance of displays. In addition,
commercially available Ag nanowires tend to be coated with an
organic stabilizer. This is displaced locally from the junction
region during network formation, giving excellent electrical
contact at junctions while the remaining organic coating pro-
tects the nanowire surface from tarnishing (i.e., oxidizing).
However, the temporal stability of these coatings is unknown,
and if it degrades over time, the network conductivity is likely
to suffer. Finally, although some work has begun,**! it will be
necessary to demonstrate temporally stable, high-performance
networks of nanowires from cheap metals such as copper. Thus,
if these hurdles can be addressed, the path forward is clear;
formation of networks from low diameter nanowires may result
in better optoelectrical properties’ and should reduce haze. If
the wires can be produced from copper with an appropriate,
long-lasting, surface stabilizer, the next generation of high-
performance TCs may be based on metallic nanowires.
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