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ABSTRACT Much research is underway at present to develop nanostructured transparent conductors
for use as electrodes. Transparent electrodes typically require high visible transmittances, T > 90%, and
so must be very thin. We show that for most nanostructured films thin enough to display T > 90%, the
conduction can be described by percolation theory. This means DC conductivities are lower than in bulk,
giving correspondingly higher sheet resistances, R. To improve our understanding of the consequences of
this, we develop a model which relates T to R; in the percolation regime. We define a percolative figure of
merit, I1, for which high values result in high T and low R;. High values of IT are achieved for high DC
conductivity and low optical conductivity. In addition, the film thickness, t,;,, where the DC conductivity
first deviates from its bulk value and the percolation exponent, n, must both be as low as possible. We find
that this model fits extremely well to much of the data in the literature. We demonstrate that t,;, scales
linearly with the smallest dimension of the nanostructure in question (i.e., diameter for wires or thickness
for flakes). This clearly confirms that low diameter nanowires or thin platelets are best for transparent
conducting applications. We predict the properties of silver nanowire networks to improve as wire diameter
is decreased. Networks of wires with D < 20 nm should display properties superior to the best IT0. We
demonstrate the deficiencies of standard bulk theory and the importance of understanding percolation by
measuring R, and T for networks of silver flakes. We measure the bulk ratio of DC to optical conductivity to
be ~35, suggesting R; = 100 2/0 and T = 90% are attainable. However, the large flake thickness results
in high t.;, and so low I1, resulting in actual values of T = 26% for R, = 100 £2/0. This makes this material
completely unsuitable for transparent conductor applications.
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ransparent conductors play an im-

portant role in modern electronics.

Commercially, this area is dominated
by doped metal oxides, most commonly in-
dium tin oxide (ITO). However, the rising
cost of indium has sparked a search for a re-
placement material in recent years. While al-
ternative metal oxides such as fluorine tin
oxide display good performance, all such
materials are inherently brittle. This
makes them unsuitable for the expected
new wave of flexible displays. Thus, over the
past decade, many groups have been
searching for flexible, low-cost transparent
conductors, which can be deposited at low
temperature to facilitate plastic-based elec-
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tronics. Such materials will have to com-
pete with ITO on performance, achieving
sheet resistance of Ry < 100 )/0, coupled
with transmittance T > 90%.? Some of the
most exciting potential ITO replacements
have been nanostructured materials such
as networks of carbon nanotubes*~'” or
metal nanowires'® 2! and disordered films
of exfoliated graphene flakes.>??~2> Such
materials have displayed superlative perfor-
mance with silver nanowire networks dis-
playing sheet resistances of ~15 ()/0
coupled with transmittances of ~85%.'®

In transparent conductor research, it is
critical to rate the performance of new ma-
terials and benchmark them against known
standards. This is generally achieved using
figures of merit (FoMs). In the past, FoMs
have generally been based on the
Lambert—Beer law:

T=e™ (1)

where « is the absorption coefficient and t
is the film thickness. By combining this ex-
pression with the definition of sheet resis-
tance (for a bulk-like film)

Ry = (ODC,Bt)71 (2)

where opcp is the bulk DC conductivity of
the film, to eliminate t, one obtains a rela-
tionship between T and Rq:

T= e*ﬂ/ODc,BRs 3)

Here, the value of R; for a given T is con-
trolled by opcp/a, with high values of this
quantity giving high T coupled with low R.
Thus, opcp/a can be considered a figure of
merit. A number of authors have proposed
FoMs based on similar analysis.?® 3"

In the specific area of transparent conduc-
tors from nanostructured materials, a slightly
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different but analogous system is often used. Here, the
transmittance is expressed using®?

Z,y -2
T=11+ ?OOpt (4)

where Z, is the impedance of free space (377 (2) and ooy
is the optical conductivity (expanding egs 1 and 4 shows
that oo, = a/Z, to first order). We note that, like eq 1, this
expression is independent of the connectivity of the
nanostructures forming the film and so applies even to
very thin films.>'82% As before, eq 4 can be converted to
an expression relating T and Rq:

7 -2
_0&) (5)

T=[1+
( 2R Opcp

Here the FoM is the ratio of the DC to optical conductiv-
ity, opcs/oop. The authors favor the latter expression sim-
ply because of the aesthetic advantages of a dimension-
less FOM. However, we note that eqs 3 and 5 are
essentially equivalent (i.e., by expanding to first order).*
In addition, in both egs 3 and 5, we use the bulk value of
the DC conductivity as is implicitly assumed in all trans-
parent conductor papers. However, as we will see below,
this is not always appropriate. Using eq 5, the require-
ment that Ry < 100€)/0 coupled with transmittance T >
90% can be stated very simply as opcg/0op > 35. This has
been surpassed for networks of silver nanowires with val-
ues of opcp/Top > 400 reported.'®

RESULTS AND DISCUSSION

Deviation from Bulk-like Behavior for Thin Films. This would
suggest that the problem of ITO replacement has been
solved. Unfortunately, things are not so simple. If one
inspects data for T versus R for silver nanowire net-
works,'® one finds that eq 5 only applies to the data at
relatively low R;, corresponding to thick films (Figure 1,
black dashed line). For R, > 3()/0, the data deviate sig-
nificantly from the theoretical line. While eq 5 would
lead one to expect R, = 7Q)/0 for T = 90%, in reality,
Rs ~ 100€)/C for T = 90% was observed, a significantly
less impressive result. In fact, the same behavior is ob-

100
80
I
S 60
E
5 40 w
= ™ ® Graphene
A SWNTs
20+ ) v = AgNWs |
v ,, v Ag flakes
0 'l'I - vy T y oy
10" 10° 10' 10° 10° 10* 10° 10°

R, (Ohm/sq)

Figure 1. Transmittance (550 nm) plotted as a function of
sheet resistance for thin films prepared from four nanostruc-
tured materials, graphene, single-walled carbon nanotubes,
silver nanowires, and silver flakes. The dashed lines repre-
sent fits to the bulk regime using eq 5, while the solid lines
represent fits to the percolative regime using eq 11.
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served for other nanostructured materials. In Figure 1,
we have included data for single-walled nanotubes®33
and graphene?* published by our group. The same be-
havior can be observed in published data for a large
number of nanostructured materials (see below). In
most cases, the deviation from the expected behavior
(dashed lines) begins to occur for films with T < 90%.
This is important as it means the expected bulk-like be-
havior does not occur in the technologically relevant re-
gime (T > 90%).

In fact, the reason for such behavior is straightfor-
ward. Below some critical thickness, tmin, films of nano-
structured materials stop behaving like bulk and the DC
conductivity begins to decrease with decreasing thick-
ness. This behavior has been described for networks of
nanotubes,®” nanowires,'® and graphene sheets®* and
is reminiscent of electrical percolation. Percolation is
the onset of conductivity across a previously insulating
region once conducting links have been added at a
density exceeding some critical value, the percolation
threshold. As more links are added, new conducting
paths are formed and the conductivity increases. For ex-
ample, when conducting rods are randomly deposited
in-plane, the conductivity follows the percolation scal-
ing law, opc « (Na — Napo)®, where N, is the number of
rods per unit area, N is percolation threshold, and « is
the critical exponent. We note that this expression is
only valid close to the percolation threshold.>*

However, as more rods are added, eventually the
network is extensive enough that all rods are intercon-
nected in a continuous network. In principle, such a
situation should be far enough from the percolation
threshold such that the percolation scaling law no
longer applies. However, this does not mean that the
conductivity stops increasing as new rods are added.
Studies on nanotube networks show that the conduc-
tivity continues to increase long after a dense continu-
ous network is formed.® In fact, while the percolation
threshold has been shown to occur for nanotube net-
works of average thickness of ~1 nm,** the conductiv-
ity keeps increasing with thickness until the networks
are ~40 nm thick when the behavior becomes
bulk-like.>3* (N.B. The thicknesses quoted above are ef-
fective thicknesses (see Figure 3B) and represent the
thickness of a film with a given N, and uniform den-
sity, pn: t = Na(Vieond)Peond/Pns Where (Veong) is the aver-
age volume of the conducting links and pcong is their
density. For thin films, py is taken to be the same as that
of a very thick network. We note that this definition of
t allows the existence of films with thickness below that
of the conducting entities making up the film.)

The behavior at thicknesses greater than a few nano-
meters is distinct from true percolation and probably
occurs as non-uniformities associated with thin net-
works get smoothed out as the thickness increases (see
below).% 824 We can think of this as an intermediate re-
gime between true percolative behavior and bulk be-
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Figure 2. (A) DC conductivity plotted as a function of esti-
mated film thickness for the materials shown in Figure 1. The
dashed lines represent the bulk conductivity, while the solid
lines represent fits to the percolative regime using eq 7.

(B) Same data as plotted in Figure 1 are represented as
T-"2 — 1 vs R; on a log—log plot. Note T-2 — 1 is propor-
tional to film thickness. The dashed lines represent fits to the
bulk regime using eq 5, while the solid lines represent fits
to the percolative regime using eq 11.

havior. However, we note that percolation-like conduc-
tivity scaling has been observed for a number of
systems far from the percolation threshold.>> 37 In
fact, for the work described in ref 33, the conductivity
data were consistent with a single power law extend-
ing from t = 1 nm all the way to t = 40 nm, where the
transition to bulk behavior occurred. This suggests that
the conductivity of nanostructured transparent con-
ducting networks in the intermediate regime can be de-
scribed by a percolation-type power law with expo-
nent similar to that in the true percolation regime. We
illustrate this by plotting the measured conductivity,
opc, for the materials plotted in Figure 1 as a function
of estimated film thickness (as reported in the relevant
publications, Figure 2A). In each case, below some well-
defined thickness, the conductivity becomes thickness-
dependent, displaying approximate power law behav-
ior, suggestive of percolation. However, in all cases,
these films are so thick that this is likely to reflect the in-
termediate regime rather than the true percolative re-
gime. As such, for the rest of this paper, we will assume
that a percolation-like scaling law can be extended
into the intermediate regime. For simplicity, we will re-
fer to thickness-dependent conductivity as percolation,
although (as discussed above) this is not true in the
strictest sense.

Looking at the data for SWNTSs in Figure 1, one might
argue that percolation is not a serious problem as it only
becomes an issue for films that are extremely thin and
so not industrially relevant. However, this is not gener-
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ally the case, as can be seen for the data for graphene
and the AgNWs. In fact, one can imagine a scenario
where the bulk value of opcg/o0, meets industry stan-
dards (i.e., 35 or greater) but where percolation is first
observed for films so thick as to render the material
completely unviable in practical terms. To illustrate this,
we prepared films from silver nanoflakes (flake thick-
ness, D =~ 360 nm) and measured R;, T, and t for a range
of film thicknesses (see Methods and Supporting Infor-
mation). These data are included in Figures 1 and 2.
These nanoflakes have a bulk FoM of apcg/oop = 35,
suggesting they are a promising candidate for ITO re-
placement. However, percolation is first observed at
tmin =~ 1300 nm; for thicknesses below this, T increases
very slowly with increasing R;. As a result, these materi-
als are unsuitable for use as transparent electrodes.
This illustrates that bulk figures or merit such as opcg/
Oop OF opcg/a cannot predict performance for many
nanostructured materials.

Relationship between T and R; in the Percolation Regime. Be-
cause of this phenomenon, we believe it critical to fully
understand the relationship between T and R in the
percolation regime. To do this, we will derive an expres-
sion, analogous to eq 5 but relevant in the percolation
regime. The percolation scaling law discussed above
can be expressed in terms of film thickness rather than
conductor number density (see expression given
above):®

Opc o< (t—t)" (6)

Here t. is the threshold thickness and n is the percola-
tion exponent. As discussed above, we assume that this
expression holds in the thickness regime under study.
However, we use the exponent n rather than « to illus-
trate that the exponent in the thicker intermediate re-
gime is not necessarily identical to the true percolation
exponent.” Scaling as described by eq 6 has been ob-
served for thin films of carbon nanotubes by a number
of researchers.®'78 For a network with conductivity
high enough to be industrially relevant, t > t, allow-
ing us to write

Opc = ODC,B(t/tmin)n @)

Here, as described above, the conductivity reaches its
bulk value, opcg, at thickness t,. The measured sheet
resistance, R, is related to the actual DC conductivity by
R, = (opct) . Note that this expression differs from eq
2 because we now realize that opc can differ from its
bulk value (opcg) for thin films. Substituting eq 7 into
the expression for R, given above, we get the sheet re-
sistance of a percolation network:

Ry = (GDC,B(t/tmin)nt)ﬂ = (UDc,BlJM/’-J;ninr1 =
£t

min

8)

1
tminODC,Btn
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Solving for t and substituting into eq 4, we obtain:

Z B -2
T= (1 + fOOptmin(tminODC,BRs) 1/n_H) (9)

This can be rewritten as
. [1 . l(é)mnﬂ)((Zotmmoop)")mnﬁ)]_2
2\R, (SDC,B/GOp

We note that this expression reverts to eq 5 when n =

(10)

0 as expected. We can express eq 10 more compactly as

1 (Zo\ 1072
T—[1 +ﬁ(R_s) ] 11)
where we denote II as the percolative FoOM:
o /0 1/(n+1)
o= Z[M] (12)
(ZotminGOp)

1 is a dimensionless number where large values of I1
give low R, coupled with high T. Equation 11 suggests
that the percolative regime can be identified as a
straight line on a log—log plot of T-2 — 1 versus R
(equivalent to a graph of t vs R;). Fitting these data then
gives both n and I1. We plot the data for all four ma-
terials shown in Figure 1 in this form in Figure 2B. For
each curve, it is clear that two regimes are present; a
range with a slope of —1, consistent with eq 5 (the bulk
regime) and a region with less negative slope, de-
scribed by eq 11. By fitting both regimes, we obtain
Oocs/Top 11, and n for each material which we report
in Table 1. We have also reproduced the fit, plotted as
T(R,), to describe the percolative region in Figure 1. In
all cases, very good agreement is found. We note that
the exponents n vary from 1 to 4. This range is within
the bounds expected for true percolation exponents
(see below), suggesting that n and « may indeed be
similar. We note that the percolation exponents are
generally found by plotting opc versus t as in Figure
2A. However, because of the inherent difficulty of mea-
suring t in thin nanostructured films, the data are gen-
erally scattered. This shows that finding n by fitting R,
and T data using eq 11 is probably superior. We also
note that the bulk and percolative FoMs follow a simi-
lar order (AgNWs > AgFlakes > SWNTs > graphene, for
bulk FoM). The difference is that, when ranked by I1,
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Figure 3. (A) Percolative figure of merit, I, calculated using
eq 12 plotted as a function of the value of II found by fitting
the data in Figure 2B with eq 11. (B) SEM image of the cross
section of a thick network of AgNWs (scale bar = 1 um). The
dashed lines illustrate the non-uniformity in film thickness,
At. (C) Film thickness where percolation begins, t;,, plotted
as a function of the smallest dimension of the nanostruc-
tured material making up the film, D. For example, for nano-
tubes or nanowires, D is the diameter, while for platelets, D
is the thickness.

the silver flakes come last in keeping with their poorer
thin film performance.

All of the parameters in eq 12 are now known,
opce/0op, 11, and n from the fits described above while
0op can be found from the thickness dependence of the
film transmittance using eq 4 (see refs 6, 18, 24, and 33
and the Supporting Information; values reported in
Table 1).>%'® This allows us to calculate IT from eq 12
and to test the consistency of the calculated value of 11
with that found from fitting the data in Figure 2B. We
plot the calculated values as a function of the fitted val-
ues in Figure 3A. We find almost perfect agreement.
We note that the different parameters in eq 12 are
found from different portions of the data; IT and n from
the percolative regime, opcg/0op from the bulk regime,
and tin from the point of their intersection. The agree-
ment shown in Figure 3A confirms that these regimes
are correlated as predicted by eq 12.

TABLE 1. Values of opcs/0op, I1, and n Found from Fitting the Curves in Figure 2B

ref e/ Top
AgNWs 18 415
SWNTs 6,33 1.2
graphene 24 0.7
Ag flakes Supporting Information 35

n op (S/m) tmin (NM) D (nm)
1.9 6472 160 85
1.0 1.6 X 10* 40 20
3.1 33 %10 20 10
4.0 6790 1300 360

“Values of orq, and tin Were found by analysis of the thickness dependence of the Tand R data as described in the relevant papers (see text) or in the Supporting Informa-

tion. D was taken directly from the relevant papers or the Supporting Information.
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TABLE 2. Values of opcs/00p, I1, and n Found from Fitting the Data from the Literature with Equations 5 and 11

Ooce/Cop I n comment
carbon-based films
Green et al." no data 33 0.75 unsorted SWNTs
Greenetal." 48 9.4 0.65 sorted SWNTs (M)
Green et al." 35 8.7 091 sorted SWNTs (M)
Pei et al.™ no data 13.1 1.04 SWNTs
Chandra et al." 8.5 123 0.50 pristine SWNTs
Chandra et al." 19.5 238 036 doped SWNTs
Lietal 24 47 0.64 pristine SWNTs
Lietal 11.0 9.1 1.60 doped SWNTs
Manivannan et al."® 38 96 0.82 SWNTs
Unalan et al."” no data 26 1.49 SWNTs
Parekh et al.® 12 no data no data SWNTs
Parekh et al.'s 5.1 no data no data doped SWNTs
Danetal® 45 no data no data SWNTs
Danetal® 13 no data no data doped SWNTs
Wu et al.?? 17 47 0.51 reduced graphene oxide
metallic films
Rathmell et al.”® no data 6.2 6.50 CuNWs deposited
Wu et al.”’ 106 48 0.83 CuNWs fused
0’Connor et al.* 72 47 53 thin Ag film

“Note we have not included the well-known data of Geng et al.” The reason for this is the data presented in this paper appear inconsistent; the T vs R; data fit very well to
the bulk expression (eq 5) for all T. However, the oy vs ¢ data clearly resemble a percolating system. The reason for this discrepancy is unclear.

Applying This Model to Data from the Literature. Equation
11 should apply to the low thickness (high T) regime
for all nanostructured thin films. We have attempted to
verify this by fitting eq 11 to published data. To do
this, we identified a number of papers which presented
Rs and T for nanostructured (nanotubes, nanowires,
graphene, and metal) thin films as a function of film
thickness. We extracted the data and plotted log(T~ "2
— 1) versus log(R,). In some cases, the data displayed
only the bulk regime (slope —1). Typically, such films
did not extend to very low thickness and did not gener-
ally display transparencies greater than 90%. However,
in most cases (8 out of 10 for nanotubes, not counting
doped samples), the data displayed two regimes: bulk
and percolative. By fitting both regimes, we found
opce/0op, 11, and n. In all cases, the fits are very good.
These values are presented in Table 2. Examples of a
subset of the fits of eq 11 to the data are shown in Fig-
ure 4 for (A) carbon-based films and (B) metal-based
films. As expected, data for opcg/oop lies in the range
of 1.7—20 for carbon-based films but is considerably
higher for metallic films, up to 108 for CUNWs.2! The
carbonaceous films have 3 < IT < 24, with higher val-
ues observed for the metallic films, up to 48 for fused
copper nanowires.?' Perhaps surprisingly, the model
also fits very well to data for thin silver films.>® This may
be due to island formation during the early stages of
film growth.

Interestingly, n varied widely from 0.36 to 6.5. This
range is wider than that expected from the literature
where networks of carbon nanotubes have displayed
1.0 < n < 2758373338 |f n s similar to the true perco-
lation exponent, a, then values of n < 1 are rather sur-
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prising. However, they are not impossible. While early
work predicted a universal percolation exponent of oy,
= 1.3 in two dimensions,** later computer modeling
showed the breakdown of universality in certain two-
dimensional systems, leading to exponents which could
be greater or less than «,,.*° In addition, it is widely ac-
cepted that exponents can be considerably larger than
the universal value in three dimensions.*’ ~** On the
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Figure 4. Transmittance plotted as a function of sheet resis-
tance for data for the literature. (A) Carbon-based films
(nanotubes or graphene, refs 10, 11, 22) and (B) metal-
based films (nanowires and a thin metal film, refs 20, 21,
39). In all cases, the fits are made using eq 11 applied to the
percolative regions only.
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other hand, it is possible that, in some cases, n < a, ex-
plaining the discrepancy.

Requirements of a Good Transparent Conductor. We can
now consider what makes a good nanostructured trans-
parent conductor. Ideally, bulk-like behavior would
hold down to film thicknesses low enough to give T >
90%. In this case, eq 5 applies and we want opcg/0op as
high as possible. However, as shown in Figure 1, this
does not generally occur. In reality, films thin enough
to display T > 90% tend to fall in the percolative regime.
Here eq 11 holds, and we require II to be as large as
possible (eq 12). As in the bulk case, this means we need
large values of opcg/oop. Also, intuitively, a low value
of ooy is required. However, we can also identify two
further requirements: ti, and n (as we will see below)
must both be as small as possible.

Can We Control t,;,? It is worth considering what con-
trols tmin. In previous papers,®'® we suggested that tyn
scales with the smallest dimension, D, of the nanostruc-
ture forming the network. This smallest dimension
would be the diameter in the case of wires or nano-
tubes or the flake thickness in the case of graphene or
silver flakes. The rationale behind this was that, once
the film was a few times thicker than D, non-
uniformities in the network would have averaged out
and it could be considered bulk-like. We can illustrate
this using Figure 3B. This is an image of the cross sec-
tion of a relatively thick network of AgNWs. Such im-
ages are often used to measure film thickness as shown.
However, it is clear from this image that the film thick-
ness is slightly non-uniform as illustrated by the dashed
lines. The degree of non-uniformity, At, is on the order
of the wire diameter, D. For thick films such as that
shown, this non-uniformity has no effect on the film
conductivity. However, for films with thickness ap-
proaching D and below, this non-uniformity will trans-
late into non-uniformity of the network as a whole. Ef-
fectively, Na will vary from place to place within the
network, resulting in a significant reduction in DC con-
ductivity as the thickness is decreased. Such thickness-
dependent non-uniformities have been observed for a
number of nanostructured films.>®"824 Thus, we expect
tmin to scale with D. We can illustrate this behavior with
a combination of published data and data for the silver
flakes measured as part of this study.

We take measurements of D from our previous work
for SWNT bundles®3* and AgNWs'® and graphene
films.?* (We note that, for graphene, D = 10 nm. This
is because, during film formation, the graphene sheets
aggregated into rather thick graphitic flakes.) In addi-
tion, we measured the thickness of the Ag flakes to be
D = 360 = 100 nm. We take t;, from the relevant pa-
pers (the Supporting Information for Ag flakes). We plot
tmin versus D in Figure 3C, finding very good linearity as
described by ti, = 2.33D. This makes it absolutely clear,
to reduce t,,;, and so enhance performance, it is neces-
sary to use nanotubes/nanowires with low diameter or
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nanoplatelets with low thickness. For example, ex-
tremely good results have been achieved with AgNWs
with diameter of ~85 nm." If AQNWs with significantly
lower diameter could be obtained, even better results
might be expected. We note that, nominally, SWNTs
have D ~ 1 nm. However, during film formation, SWNT
always aggregate into bundles with D >=> 1 nm. Frus-
trating this bundling process would greatly reduce D
and so tyi, leading to better films. In any case, it is im-
portant to emphasize that this is a general result. Re-
duction of the shortest dimension (D) of a conducting
nanostructure will result in higher percolative figure of
merit, 11, and so improved T and R,. Thus, low diameter
nanowires or nanotube bundles are required. Alterna-
tively, thin metal platelets could result in good quality
films. While networks of graphene flakes initially
seemed promising, due to their high absorbance, it is
unlikely that they will reach industry standards of T ~
90% for R, < 100 /0.3

As described above, reduction of D should result in
significantly improved films. However, it is important
to realize that, if D could be decreased dramatically, it
would be possible to produce film such that T = 90%
was achieved in the bulk rather than the percolative re-
gime. This would result in significantly reduced R. By
substituting t,in = 2.33D into eq 4, we can show that
this occurs when D < 0.05/Z,0,. For AGNWs, this gives
D < 18 nm, much lower than what is commercially
available. (We note that this estimation assumes that
Oop is invariant with D. While this is unlikely, we know
of no studies giving the actual dependence of oo, on D;
see below for more discussion.)

Effect of n on Film Properties. Before discussing the ef-
fect of n on film properties, we note that, as described
above, n may be very close to the true percolative ex-
ponent, « (i.e., n =~ a). In that case, it is worth consider-
ing what controls « in a percolative system. The perco-
lation exponent was originally expected to take on the
universal value of o, = 2 for a three-dimensional sys-
tem or a,, = 1.3 for a two-dimensional system.>* By the
late 1980s, it was realized that higher values were
possible.*"*24% Such non-universal exponents have
been linked to the presence of a distribution of junc-
tion resistances at conductor—conductor
junctions 3742434 Eor example, in three-dimensional
films, it has been shown that for a distribution of junc-
tion resistances, a > oy, With a—ay,, controlled by the
shape of the distribution.**~** For nanotube films, it is
known that the junction resistances can be large and
their distributions quite broad.*® This is partly due to re-
sidual surfactant or other dispersants remaining
trapped at internanotube junctions and so increasing
both the position and width of junction resistance dis-
tribution. Post-treatment can be used to remove the
surfactant thus improving opcp/oop.”*® As can be seen
from Table 2, such treatment also tends to change n.
We propose that post-treatments might be developed
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Figure 5. (A) Percolative figure of merit, I1, plotted against
conductivity exponent, n. The dashed lines represent the
values of II calculated from eq 12 for three different values
of tmin, and so D. The solid lines represent the values of I1 re-
quired to give certain combinations of T and R,, as calcu-
lated from eq 11. The circles represent the data from Tables
1 and 2. The only data above the black solid line represent
silver and copper nanowires. (B) Achievable sheet resistance
for films with T = 90%, plotted as a function of nanowire di-
ameter. This curve was calculated using eq 10 incorporat-
ing tmin = 2.33D and assuming n = 2, using data for silver
nanowires given in Table 1, that is, opcs/0op = 415 and oo,
= 6472 S/m. As described in the text, for films prepared with
wires of D < 18 nm, T = 90% occurs in the bulk regime (i.e.,
t > 2.33D). Thus, for D < 18 nm, no further improvements
are observed. The data point shows experimental data for a
AgNW film with T = 88%, as reported by De et al."®

which can both improve opcg/oop and controllably
tune n, resulting in significant increases in II.

The optimum value of n for transparent conductors
is less clear than the requirements for opcs/0op Top,
and ty,. This is because n appears not only in eq 11 but
also in eq 12. As a starting point, we must consider
how n effects I1. Consider a network of silver nano-
wires. We assume that both opcg/oop and oy, are fixed,
while t,;, depends on wire diameter as described
above. (We make the approximation that both oo, and
0pce/Oop are invariant with wire diameter as discussed
below.) The exponent n will vary from network to net-
work as discussed above. We can use eq 12 to calculate
IT as a function of n for different values of D (i.e., differ-
ent tmin), as shown in Figure 5A. We see that I1 increases
with decreasing n, suggesting that lower n values
would be preferred (dashed lines). In addition, IT in-
creases with decreasing wire diameter, D, simply be-
cause tmin o< D.

However, because n also appears in eq 11, we must
also consider how n effects the value of I required to
attain a given R, and T. The minimum industry stan-
dards for transparent conductors are usually quoted as
T > 90% for R, < 100 /0.3 We can use eq 11 to plot
the minimum value of II required to give these values
as a function of n, as shown in Figure 5A (we also plot
the minimum value of I1 required to give T > 90% for R,
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< 10 /0). We find that the required value of I tends
to increase with decreasing n (solid lines). This tends to
cancel out the advantage of low values of n (low n
may give higher I, but as n is decreased, ever higher
[T is required). However, the dashed lines tend to in-
crease faster than the solid lines as n is decreased. This
means that, overall, it is advantageous to have a net-
work with lower n. Ultimately, this means that reduc-
ing the spread in interconductor resistances would im-
prove film properties. It is interesting to note that if we
could produce wires with D = 20 nm we would achieve
values of IT which match the value of 11 required to
give T = 90% for R, = 10 (/0 independent of n. This re-
inforces the importance of decreasing D in these sys-
tems. In any case, if a method could be found to con-
trol n for a given system, reducing n should result in
increases in T and reductions in R, leading to improved
thin films.

Dependence of R on D for High T Films. We note that we
have calculated n = 1.9 for the AQNW data of De et al.,
close to the universal percolation exponent for three di-
mensions.'® Assuming n to be invariant with wire diam-
eter, we can calculate the sheet resistances which might
be achieved for films of silver nanowires with T = 90%,
R,7=%%%, as a function of nanowire diameter using eq
10 and taking tmi, = 2.33D (Figure 5B). We use the val-
ues of the oo, and opcp/oop given in Table 1 assuming
them to be diameter-independent (see below for justi-
fication). We see a steady decrease from R;"=2% ~ 100
Q/ofor D ~ 60 nm to R,/=2°% ~ 10 /0 for D ~ 20 nm.
As described above, for D < 18 nm, T = 90% films oc-
cur in the bulk regime and no further improvements
from further decreases in D.

The analysis just described assumes the conductiv-
ity exponent, n, and both the DC and optical conductivi-
ties of the network to be diameter-independent. This
is probably the case for n as changing the rod diam-
eter in the intermediate regime would change only the
characteristic length scale of the system (as long as the
aspect ratio remained high) and so should not effect n.
In the case of the network conductivity, opc probably in-
creases with decreasing wire diameter. The reason for
this is that the diameter dependence of opc depends on
two factors: the wire conductivity and the network con-
nectivity. The conductivity of silver nanowires is ex-
pected to decrease by a factor of 2 as D goes from 50
to 25 nm.*’*® However, due to enhancement in con-
nectivity, the network conductivity should increase as
D decreases, potentially canceling the effect of wire
conductivity.*>*° We have calculated the overall effect
of wire diameter on network conductivity in the Sup-
porting Information. We find that, as long as the net-
work connectivity displays diameter dependence simi-
lar to that suggested in the literature, opc either stays
constant or increases with decreasing wire diameter (N.B.
higher values of opc give better films). Unfortunately, we
have found no information on the dependence of the op-
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tical conductivity of a nanowire network on wire diam-
eter. However, we note that, as long as oo, remains con-
stant or decreases with decreasing diameter, the result
will be sheet resistances similar (or even lower) than those
reported in Figure 5B. In fact, this seems likely as we
would expect o, to scale with nanowire conductivity,
which does indeed decrease with decreasing wire diam-
eter.*” This fact, coupled with the expectation that opc ac-
tually increases with decreasing D, means that the data
in Figure 5B are probably a worst case scenario. This
means that sheet resistances even lower than those pre-
dicted by eq 5 may be attained.

CONCLUSIONS

In summary, we have found that nanostructured thin
films with transparency, T ~ 90%, tend to fall in the per-
colative regime. This means the DC conductivity is lower

METHODS

Preparation of Films of Silver Flakes. Silver flakes were purchased
from Ferro (silver flake SF 77A), while isopropyl alcohol (IPA)
was purchased from Aldrich. The silver flakes were heated to
160 °C for 0.5 h in an oven prior to suspension in IPA. The silver
flakes were then added to IPA such that the silver concentration
was 0.5 mg/mL. This dispersion was then sonicated for 2 h in a
sonic bath (Branson 1510 MT). The resulting dispersions were
vacuum-filtered using porous cellulose filter membranes
(MF-Millipore membrane mixed cellulose esters, hydrophilic,
0.025 m, 47 mm) to give thin films. The thickness of these films
was controlled by the volume of dispersion filtered and hence
the mass deposited. The films were then transferred to polyeth-
ylene terephthalate (PET) using IPA to adhere the film to the sub-
strate. The cellulose filter membrane was removed using ac-
etone vapor followed by immersion in acetone baths.

Optical transmission spectra were recorded in the visible
range (400—800 nm) using a Varian Cary 6000i. In all cases, PET
was used as the reference. Sheet resistance measurements were
made using the four-probe technique with silver electrodes of di-
mensions and spacings typically of approximately millimeter
size and a Keithley 2400 source meter. Flake and film thicknesses
were gauged by measuring the height profile of a fractured
cross section for a number of films of various thickness. This
was achieved by mounting the sample parallel to electron beam
in a Zeiss Ultra plus SEM. Electrical properties of the flake net-
works are given in the Supporting Information.
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