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ransparent electrodes are essential

to many areas of modern electron-

ics and are commonly found in dis-
plays, touch-panels, light emitting diodes,
and solar cells." However, the cost of the
standard material used, indium tin oxide
(ITO), is increasing rapidly owing to supply
and demand issues. Potential replacement
materials include alternative metal oxides,**
thin metal films,*> or metal grids.>’ To re-
place ITO, it is generally agreed that such
materials must, at the very least, display a
sheet resistance of Ry < 100 ()/0, coupled
with transmittance of T > 90% in the
visible.8~1° However, for some current
driven applications such as solar cells and
light emitting diodes, even lower sheet re-
sistances are required. In flat panel displays,
the transparent data lines must have R, <
20 Q/0, to provide acceptable RC delays."
Devices with large pixels also require low
sheet resistance. Larger pixels result in
higher power losses which can only be re-
duced by lowering sheet resistance.’? In the
latter case R, ~ 10 )/0 is necessary.'?" ™
ITO is commercially available with sheet re-
sistance as low as ~10 /0 for a transmit-
tance of ~85%. Thus, any potential ITO re-
placement must match these properties (R
~ 10 (}/0and T ~ 85%). In addition, future
displays will be larger than in the past and
will probably reside on plastic rather than
glass and so must be flexible. Thus, prospec-
tive displays will require flexible transpar-
ent electrodes that can be produced at low
temperature and over large areas at low
cost. Neither ITO nor the alternatives men-
tioned above have these qualities. We note
that such requirements are in addition to
traditional technical requirements associ-
ated with low sheet resistance and high
transparency.
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ABSTRACT From published transmittance and sheet resistance data, we have calculated a figure of merit for
transparent, conducting graphene films; the DC to optical conductivity ratio, opc/7g,. For most reported results,
this conductivity ratio clusters around the values op/g, = 0.7, 4.5, and 11. We show that these represent
fundamental limiting values for networks of graphene flakes, undoped graphene stacks, and graphite films,
respectively. The limiting value for graphene flake networks is much too low for transparent-electrode
applications. For graphite, a conductivity ratio of 11 gives R, = 377€2/0 for T = 90%, far short of the 10 £2/00
minimum requirement for transparent conductors in current driven applications. However, we suggest that
substrate-induced doping can potentially increase the 2-dimensional DC conductivity enough to make graphene
a viable transparent conductor. We show that four randomly stacked graphene layers can display T ~ 90% and 10
Q/0if the product of carrier density and mobility reaches np. = 1.3 X 10" V=" s, Given achieved doping
values and attainable mobilities, this is just possible, resulting in potential values of orp¢/@g, 0f up to 330. This
is high enough for any transparent conductor application.

KEYWORDS: transparent - conductor - electrode - graphene - figure of merit

It has been known for the past few years
that flexibility and low temperature pro-
cessing can be achieved by the deposition
of nanostructured thin films, often from the
liquid phase. These are known to be stable
under flexing'® and can be spray cast,’
opening the way to large area deposition.
While polymer'® and metal nanowire
films'”'® have been studied recently, possi-
bly the most common nanomaterial used to
date has been carbon nanotubes.®'>1920
While networks of both metallic nanow-
ires'® and carbon nanotubes?' have the
properties to potentially replace ITO, both
materials are extremely expensive (in the
two papers cited above, the nanomaterials
cost $3000/g and $1600/g, respectively). As
a result many researchers have turned to
graphene.?”* Among its many exciting
properties,*®4° graphene is conductive and,
when stacked thin enough, can be transpar-
ent. In addition, it can be exfoliated in wa-
ter as graphene oxide® or as pristine
graphene in solvents3'*'~5* or using
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surfactants.3%41%5 These exfoliated dispersions can be
used to prepare thin, transparent, conducting films. Al-
ternatively graphene films can be grown by chemical
vapor deposition (CVD).22%¢ Such films have demon-
strated reasonably impressive opto-electrical proper-
ties; for example sheet resistances of R, = 200(}/0
coupled with transmittances of T = 85% (550 nm).38
However, they have fallen well short of the results
achieved for carbon nanotubes or silver nanowires.

A number of issues make it difficult to accurately as-
sess progress in this area. In the vast majority of cases,
researchers only report values of T (usually at 550 nm)
and R for their films. As the reported films tend to have
different thickness, comparison between films is diffi-
cult. In some cases, the film thicknesses are measured
and the DC conductivity reported. However, intrinsic
measures of the light absorption in the films are rarely
reported. In addition, figures of merit (FoMs) for trans-
parent conductors are hardly ever reported. This is a se-
rious problem as FoMs represent the only reliable way
to compare properties with other graphitic films or in-
deed with transparent conductors made from other
materials. Finally, and possibly most seriously, compari-
sons are almost never made with the industry require-
ments for transparent electrodes.

In this letter, we address these issues by analyzing
data from the literature on graphene-based transpar-
ent conducting films. We identify an appropriate figure
of merit, the DC to optical conductivity ratio, and calcu-
late it for all papers analyzed. We rank the data by this
FoM and analyze whether the rankings are determined
by the DC or optical conductivity. We make estimates
for the upper limits on the FoM for graphitic films and
films of undoped graphene monolayers (or randomly
stacked monolayers) and show that these limits have al-
ready been reached. These upper limits are not good
enough to make graphite or undoped garphene a vi-
able material for transparent electrodes. However, we
show that substrate-induced doping can increase the
DC conductivity enough to make graphene a viable
candidate for transparent electrodes in display
applications.

DISCUSSION

Published Data for Transmittance and Sheet Resistance. The
published data for T and R, of graphene films shows a
very large variation from highly conductive films to
films with relatively high resistances. We have ana-
lyzed >20 papers in the literature on transparent, con-
ducting graphitic films, focusing on T and R,. Shown in
Figure 1 are the data extracted from these papers (see
Supporting Information, Table 1) plotted as T versus Rs.
It is clear from this graph that sheet resistances vary
from a few hundred ohms per square to greater than
10° Q/0. Clearly, there is a need to understand the varia-
tion between these films and the factors which limit
the opto-electrical properties of such films.

UNJ() vOL.4 * NO.5 = DE AND COLEMAN

100 m v m T
Highly dope °
" m ° .
80 mee , o 4
- . A
X 704 . a® .
[ A.' °
60 4
.':Minimum | CvD
809y 2 D ooteted |
{ Standard WV Synthetic
40 T T T T T
10° 10' 10° 10° 10* 10° 10°
R, (@/sq)

Figure 1. Transmittance and sheet resistance data for pa-
pers appearing in the literature. These are broken down into
films prepared by CVD, or from reduced graphene oxide or
chemically modified graphene, pristine exfoliated graphene,
or chemically synthesized graphene. In all cases the data in
the figure correspond to the best data reported. The star
represents the minimum industry standard for transparent
electrodes (R, = 100 /0, T = 90%). This corresponds to opc/
oop = 35. The dashed line illustrates the set of (T, R,) data
consistent with opc/op = 35. The solid line corresponds to
the calculated case of highly doped graphene (opc/00p =
330).

To analyze transmittance and sheet resistance data
for transparent conducting films, it is important to note
that R, and T are in fact linked. Both are determined by
the response of electrons to either static (voltage) or dy-
namic (light) electric fields. The sheet resistance is ulti-
mately controlled by the (3-dimensional) DC conductiv-
ity, opc, via

R, = (opct) ' m

where t is the film thickness. The transmittance is con-
trolled by the optical conductivity, ooy, via®’

Z, )\
T=(1+ oot 2)

where Z; is the impedance of free space and has the
value 377 (). We note that the optical conductivity is re-
lated to the Lambert—Beer absorption coefficient, «,
by oop = 20/Z,*® We can combine these equations,
eliminating t, to give a relationship between T and R
for a thin conducting film:

-

Thus, the relationship between T and R; is controlled
by the conductivity ratio, opc/oop. This parameter can
then be used as a FoM. High values of apc/oop result in
the desired properties (high T, low R;).

The minimum industry standard for ITO replace-
ment materials is a sheet resistance of R, < 100 (/O
coupled with transmittance of T > 90% in the visible.
Using eq 3, this means opc/oop > 35. However, for most
current driven applications, the more stringent condi-
tion of Ry < 10 ()/0 (@T = 85%)) is necessary. This results
in the condition that opc/oo, > 220. In this paper we
will compare the values of opc/oo, calculated from the
literature with these industry standards.
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Figure 2. T and R, data for thin films of graphene flakes
plotted to show the applicability of eq 3. When plotted this
way, the slope of the curves is equal to (cpc/Go,) "

We will use eq 3 to calculate opc/oo, from the R, T
data reported in over 20 published works. However,
first we must demonstrate its applicability. We took R
and T data from the literature3*~44546 for graphene
films of varying thickness. We recast the data as T~ "2
— 1 and Zy/2R;. According to eq 3, these quantities
should scale linearly. This data is plotted in Figure 2
and demonstrates the validity of eq 3. We note that
this expression has also been shown to fit well to data
for films of carbon nanotubes,'® silver nanowires,'® and
polymer—nanotube composites.> (This equation tends
to work less well at low thickness for all nanostruc-
tured films. This is due to the finite thickness of the
structures making the film?>1841.59),

Calculated Conductivity Ratio for Published Data. We have
calculated opc/oop from the R, T data reported in more
than 20 papers (see Supporting Information for data
and ranking). If more than one system was presented
(i.e., as-produced and annealed films) we generally re-
port only the higher value. We have ranked these val-
ues from highest to lowest value of opc/oop. We have
categorized the samples by graphene type: (1) CVD
grown graphene, (2) reduced graphene oxide or chemi-
cally modified graphene (RGO/CMG), (3) pristine, liquid-
exfoliated graphene, and (4) synthetically grown
graphene. We note that for categories 2 and 3, both
films are processed from solution. Shown in Figure 3
are the opc/oop data plotted versus ranking. A number
of things are immediately apparent: The data is spread
over three decades of opc/0op values and CVD films are
clearly the best while solution processed films are
poorer in quality and span a wider range. Interestingly,
there appear to be three plateaux in the data, at opc/oop
~ 0.7, 0pc/0op = 4.5 and apc/oop =~ 10. We will return
to these plateaux later.

Given the large range of opc/oop data, one must
ask whether variations in opc or o, are responsible for
the spread. Film thicknesses were given in about half of
the papers studied. This allows us to calculate both
opc and oop Using egs 1 and 2. These data are shown
in Figure 4, plotted against the same overall ranking
used in Figure 3. We see from Figure 4A that oo, varies
randomly from 10% to 2 X 10° S/m (median 6.8 X 10*
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Figure 3. The conductivity ratio, opc/oop, as calculated from
T and R; data reported in the literature. This data has been
ranked from highest (1) to lowest (24). The horizontal lines
indicate specific values of opc/0o,. The top line represents
the minimum industry standard (opc/0op = 35). The other
lines represent fundamentally limiting values of opc/o70p, for
(top to bottom) graphite thin films, undoped graphene films,
and thin films consisting of graphene flakes.

S/m). The optical conductivity is controlled by the intrin-
sic properties of the flakes®® and the number of flakes
per volume. We suggest that the variation in oo, is due
to film-to-film differences in morphological properties
such as density. However, opc tends to decrease signifi-
cantly in the direction of poorer rankings, varying by
over 2 orders of magnitude. This tells us that the varia-
tion in opc/oop is primarily controlled by the variation in
opc. This relatively large variation in opc means that
the factors controlling current flow vary strongly from
film to film. By analogy with nanotube networks,?'%' we
expect the most important factor affecting current
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Figure 4. The optical (A) and DC (B) conductivities calcu-
lated for the films presented in the literature. Note that the
ranking is the same as that in Figure 3. However, we could
only calculate o'pc and o, in the cases where the film thick-
ness was given (or could be calculated from the presented
data). The horizontal line in Figure 4A represents the theo-
retical (and measured) value for the optical conductivity of
films consisting of stacked graphene layers. The upper hori-
zontal line in Figure 4B represents the DC conductivity of
graphite. The lower horizontal line represents the DC con-
ductivity of undoped graphene (estimated from the 2D con-
ductivity of graphene divided by the layer thickness).
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flow is the presence/absence and quantity of interflake
tunnelling barriers. We would expect very few tunnel-
ling barriers in the quasi-continuous CVD grown films.
However the quantity of barriers should vary greatly in
the solution-deposited films, due to variations in flake
size and degree of aggregation/exfoliation. This effect
is manifested by the fact that the CVD samples are in
the region of the upper and middle plateaux in Figure
3 while the solution cast films (RGO/CMG and liquid-
exfoliated) are on or below the lower plateau. Interest-
ingly, the RGO/CMG and pristine liquid-exfoliated
graphene films are distributed rather evenly over the
lower part of the curve. This fact, that these two classes
of material are not well differentiated, shows that the
defects common to RGO/CMG flakes®? do not limit the
conductivity. This confirms that the conductivity is lim-
ited by interflake junctions in both material types.

Limiting Values of op¢/gp. We are now in a position to
consider limiting values for opc/oop. It can be seen from
Figure 1 that the data can be divided into that for quasi-
continuous CVD grown films and networks of liquid-
deposited small flakes. We will consider the latter case
first.

Solution-Cast Graphene Networks. The DC conductivity and
50 apc/oop Of graphene networks will be limited by in-
terflake junctions. By analogy with nanotube networks,
we expect the conductivity to be maximized for highly
exfoliated systems.®’ The effect of exfoliation in
graphene networks has recently been studied. Green
et al. separated surfactant exfoliated graphene flakes by
thickness using density gradient centrifugation.>® They
measured the flake size and thickness by AFM before
making films and measuring T and R;. They observed
that thinner flakes gave better T and R, values. We have
calculated apc/oop for their data, plotting it versus flake
thickness as shown in Figure 5A. This clearly shows the
value of exfoliation with opc/aop increasing to 0.6 for a
mean flake thickness of 1.1 nm. Given that individual
graphene monolayers appear to be ~1 nm thick when
measured by AFM,%® we can extrapolate this data to
suggest that a completely exfoliated film of these flakes
would have opc/ogp = 0.7. Of course, this value will de-
pend on the lateral flake size. However, the flakes in
this study were a few hundred nm in size, typical for
solution-exfoliated graphene. Thus we suggest that
0pc/Top =~ 0.7 may be close to the limiting value for net-
works of liquid-exfoliated flakes. We note that opc/oop
~ 0.7 is exactly where the lower plateau occurs in Fig-
ure 3. We propose that this value is controlled by the to-
pology of the network and the tunnelling probability
between overlapping graphene sheets. Thus, for practi-
cal purposes, solution processed graphene cannot give
films with opc/oop, much greater than 0.7. We note
that one paper on liquid-exfoliated films has reported
a value of opc/oop slightly greater than 0.7.%° At present,
the reason for this discrepancy is unclear.
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Figure 5. (A) Data calculated from Green and Hersam show-
ing the scaling of opc/oop with flake thickness. In this work
the flakes were separated by density gradient centrifuga-
tion. In all cases the flakes had lateral sizes of up to ~200
nm. This is typical of liquid-exfoliated graphene. (B) Data
based on the transmittance, T, of multilayer graphene as a
function of layer number, N, as published by Li et al. and Nair
et al. We assume the multilayer thickness ist = N X 0.35
nm. These data are plotted to show the applicability of eq
2. The slope of this graph is the (3-dimensional) optical con-
ductivity of the multilayers. This works out to be close to
1.9 X 10° S/m for both data sets.

Monolayer or Randomly Stacked Graphene. The previous dis-
cussion was purely empirical. However, one can con-
sider a theoretical limit for opc/aop in monolayer
graphene films. Both the 2-dimensional DC (static) and
optical (dynamic) conductivities of graphene monolay-
ers are known®%%46> and take on the quantized values
of: oappc = 4€*/h and oypp = €%/41, respectively. How-
ever, we must remember that graphene is a two-
dimensional object while we have been working with
three-dimensional quantities (opc and oop). We suggest
that the conductivity ratio in three dimensions (opc/
oop) is just equal to the ratio of 2-dimensional DC con-
ductivity to the 2-dimensional optical conductivity:

Ypc _ Opoc _ 4¢*/h _8_ 255 @)

e’/ah W

0Op OZD,Op

This represents an upper value for apc/oop for a pris-
tine graphene monolayer or indeed for a stack of
weakly interacting monolayers (i.e., randomly stacked
monolayers®). We have marked this value of apc/co, 0N
Figure 3 as the third horizontal line from the top. We
note that this line is just under a factor of 2 below the
middle plateau. It is possible that the middle plateau
represents quasi-continuous films consisting of weakly
interacting (perhaps randomly stacked) graphene
monolayers. In fact three of the four papers (ranking 3,
5, 6) associated with the middle plateau give electron
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diffraction evidence of incommensurate layer
stacking.?4246 Such randomly stacked layers are ex-
pected to retain elements of their monolayer nature.%
If, due to the weak intersheet interaction, the average
intersheet distance was larger than d = 0.35 nm, this
would manifest itself as a reduced value of oo, and so
an increased value of opc/oop in line with the observed
behavior. Alternatively, substrate-induced doping (see
below) may be responsible for an increased conductiv-
ity. In fact, the fourth ranked film did indeed display evi-
dence that the Fermi energy had been shifted from
the neutrality point.? Interestingly, this results in a
2-dimensional conductivity which is a factor of 2 above
its minimum value, in good agreement with the ob-
served discrepancy.

Continuous Graphite Films. However, from Figure 3 there
is clear evidence of another plateau appearing at higher
values of opc/oop, = 10. These higher values are harder
to explain using doping or random stacking arguments.
We note that the samples ranked 1 and 2 tend to have
very high values of DC conductivity: opc > 106 S/m. This
is hard to rationalize with graphene. We can associate
a 3-dimensional DC conductivity with graphene by di-
viding o;,ppc by the layer thickness, d = 0.35 nm, in anal-
ogy with eq 1. This gives a value of opc = 4e*/hd = 4.4
X 10° S/m. This value is plotted on Figure 4B for refer-
ence and is significantly below the values displayed by
the top-ranked films. We can explain this apparent para-
dox by noting that single crystal graphite has a opc
value considerably larger than that just calculated for
monolayer graphene.

We can consider the ultimate limitations for quasi-
continuous graphitic films, such as those prepared by
CVD, by modeling them as consisting of single crystal
graphite. We will consider opc and oo, separately for
such films. Single crystal graphite can display in-plane
conductivity as high as 2 X 10° S/m.®’% We note that
this value (dashed line in Figure 4B) represents an effec-
tive upper limit for the conductivity of the films re-
ported in the literature. We now turn to the optical con-
ductivity of graphite. Recently, two papers have
presented data for the optical transmittance of multi-
layer graphene as a function of the number of layers,
N.26% Modeling the thickness, t, of the multilayer as t =
Nd, where d = 0.35 nm, we can use eq 2 to calculate
0pc/0op from the published data. We plot T~ — 1 ver-
sus Zot/2 in Figure 5B for both these data sets. Good
overlapping straight lines are found, in both cases giv-
ing oo, = 1.9 X 10° S/m. (This value is almost identical
to the optical conductivity calculated by dividing the
2-dimensional optical conductivity®® of graphene by the
interlayer spacing d: oo, = €%/4fid = 1.7 X 10° S/m).
We note from Figure 4A that CVD films tend to have
oop close to this value (dashed line) while the solution
processed films have lower values of oqy. This is consis-
tent with solution cast films having significant free vol-
ume and so a density lower than that of graphite.
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Knowledge of both apc and oo, for graphite allows us
to suggest that, for single crystalline graphite, opc/oop
= 11 in the in-plane direction. This represents an upper
limit, as any real graphitic film will have grain bound-
aries which will act to reduce opc/oop. We note that the
upper plateau in Figure 3 lies very close to opc/oop =
11. This suggests that these films are close to single
crystals. This is supported by high resolution TEM im-
ages for the first ranked film showing it to be highly
crystalline.’®

The discussion above suggests that it is impossible
to prepare graphitic films with opc/go, > 11. This rela-
tively low value is in spite of the high DC conductivities
of the films prepared by Cai et al.*® and Li et al.?® which
approach 2 X 10° S/m. These compare very favorably
with the most conductive nanotube films which had
opc =~ 5 X 10° S/m. 222" (Although we note that silver
nanowire networks have displayed opc ~ 5 X 10°
S/m.'®) However, these high DC conductivities must be
balanced against the optical conductivity. The value of
oop = 1.8 X 10° S/m is among the highest of any ma-
terial and compares unfavorably with those of carbon
nanotube (oo, = 1.7 X 10* S/m)' and silver nanowire
networks (oo, = 6472 S/m)."® It is this high optical con-
ductivity which is responsible for the low conductivity
ratio.

Beating the Limit by Doping. However, this does not
mean that graphene-based films can never display opc/
oop > 11. The quantized expression for 2-dimensional
DC conductivity given in eq 4 refers to pristine mono-
layer graphene and is appropriate when the Fermi en-
ergy is at the Dirac point.*® However, the Fermi energy
can be shifted away from the Dirac point, either by ap-
plying a gate voltage or by doping. In this scenario, the
2-dimensional conductivity is no longer described by
its quantized value but depends on the level of dop-
ing: oppc = nep, where n is the carrier density (elec-
trons or holes) and . is the carrier mobility.5* It is well-
known that inadvertent doping of graphene can occur
when graphene is deposited on certain
substrates.232831.6369-71 Thys, we can anticipate realistic
circumstances where graphene monolayers, or indeed
randomly stacked graphene monolayers, can display
large values of opc/oop. When doped, we can write the
conductivity ratio as

Opc _ nep _ 4hnp (5)
Oop  €*/4h e

Thus to compete with ITO and to achieve R, < 100
Q/8and T > 90% (opc/oop > 35), it will be necessary
to dope graphene to a level consistent with n > 1.3
X 10" V™' s, To achieve the more stringent require-
ments of current driven devices (R, < 10 )/0, T > 85%,
Opc/Oop > 220), N > 8.2 X 10" V~" 571 is required.
Blake et al. have shown that, when coated with poly-
vinyl alcohol (PVA), monolayer graphene is n-doped to
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alevel of n = 3 X 102 cm ™23 It is likely that this level
of doping could be achieved in a working device by
coating the substrate with a thin, transparent layer of
PVA. In addition, monolayer graphene displays very
high carrier mobility. This is somewhat diminished
when graphene is placed in contact with a substrate
but values of upto u =4 X 10*cm ™2V~ s may be at-
tainable.? If these values for carrier density and mobil-
ity can be achieved together in a working device, values
of n = 1.2 X 10" V' s are possible. This results in
a value of opc/oo, = 330. We note that this is not a fun-
damental limit but may represent the limit of what is
practically attainable. Assuming that the transmittance
is not effected by doping, four doped, randomly
stacked monolayers should display a transmittance of
T = 91%.% Using eq 3, we can estimate the sheet resis-
tance of such a film (assuming np. = 1.2 X 10" V!
s~1) to be 11 Q/0. This is close to the limit for ITO re-
placement, even in current driven devices.

Comparison with Other Nanomaterials. In Figure 1, we use
eq 3 to plot the locus of limiting R, and T values based
on our calculated potential value of opc/o0, = 330
(solid line). This curve is in line with what can be
achieved with ITO (T = 85—95%, R, = 10—100 /0). A
maximum value of opc/oo, = 330 compares favorably
with that of carbon nanotube networks (maximum?2%2'
opc/oop = 35) but is slightly inferior to that of silver
nanowire networks (maximum'® opc/oop ~ 450).

In addition, we note that even solution-cast
graphene networks may be suitable for some transpar-
ent conductor applications. There are a number of ap-
plications such as electrostatic dissipation, electromag-
netic interference shielding, touch screens, etc., which
do not require such high values of opc/oop. For such ap-
plications graphitic films, especially those deposited
from solution, may play an important role. ITO costs
$2—30/m? for coatings with 90% transmittance. Films
of high quality carbon nanotubes'® with T = 90% (ca.
$1600/g, thickness =~ 20 nm, equivalent to ~10 mg/m?)
cost ca. $15/m2. Given that graphite costs ca. $5—10/
kg, solution processed films with 90% transmittance
cost ca. 0.02¢/m? (thickness ~ 10 nm, equivalent to
~25 mg/m?).#! Given the magnitude of this cost differ-
ential, we feel solution-cast transparent graphitic films
will certainly play a role in the electronics industry, just
not as transparent electrodes.

CONCLUSION

We have analyzed data from the literature for trans-
mittance and sheet resistance of graphene-based trans-
parent conductors. We have calculated the ratio of DC
to optical conductivity in each case. This parameter can
be used as a figure of merit, allowing comparisons to
be made between films and with other materials. We
find that the best graphene films have opc/o0p values
clustered into three groups. We identify these as
graphite-like films, graphene-like films, and networks
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of graphene flakes. The graphite films display the best
properties with opc/oop, = 11. However, we note that
substrate-induced doping of graphene may result in
values of apc/oop = 330, high enough for industrial
transparent electrodes.

It is important to point out that the transparent elec-
trode is only one small component in a device such as
a light emitting diode or a solar cell. While emphasizing
the importance of the transparent electrode, we must
remember that design, fabrication, and integration will
also play crucial roles in realizing practical devices. In
addition, sheet resistance and transmittance are not the
only properties of the transparent electrode that are im-
portant. Chemical resistance, lack of toxicity, adhesion,
smoothness, work function, and a range of other factors
are also essential. However, highly doped CVD grown
graphene will fulfill many of these criteria. Thus we feel
that if doping and mobility criteria can be met,
graphene will play an important role in a number of de-
vice applications.
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