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T
hin, transparent, conducting films
play a huge role in modern electron-
ics. Mainly used for electrode appli-

cations in devices such as liquid crystal dis-

plays, flat panel displays, plasma displays,

touch panels, organic light-emitting diodes

(OLEDs), and solar cells, they are also used

as antistatic coatings and EMI shielding ma-

terial. The most common material used in

such applications is indium tin oxide (ITO).

However, this material suffers from two

considerable drawbacks. The first is eco-

nomic: the price of indium has soared since

20011 and, despite a recent falloff, is ex-

pected to increase sharply in the future. The

second is technical: in the future, display

technology will move toward flexible,

paper-like displays. ITO is completely un-

suited for such applications due to its

brittleness.2,3

Thus, it is clear that an ITO substitute is

needed, preferably a material whose con-

ductivity is invariant under flexing. To meet

minimum industry standards, such a ma-

terial should have a sheet resistance, Rs �

100 �/▫, coupled with an optical transpar-

ency of T � 90% (550 nm). For thin conduct-
ing films, Rs and T are linked through4,5

T(λ) ) (1 + 188.5
Rs

σOp(λ)

σDC
)-2

(1)

where �Op and �DC are the optical (gener-
ally quoted at 550 nm) and DC conductivi-
ties of the material, respectively. Using this
equation, it becomes clear that these indus-
try targets can only be met for a material
with �DC/�Op � 35. The search for such a
material has been ongoing for a number of
years, with thin films of carbon nanotubes
being the main candidate.5�18

Single-walled nanotube films typically
have �Op � 1.5 � 104 S/m.10 Thus, to
achieve �DC/�Op � 35 requires �DC � 5.3 �

105 S/m, a significant challenge. However,
while nanotube films have displayed �DC/
�Op ratios of up to 10.1 for as-prepared
films10 and up to 25 for acid-treated films,10

we are still some way off having a viable
material. While acid-treated films have con-
ductivity ratios approaching the target,
these films may be unsuitable for OLED ap-
plications as the presence of residual mo-
bile counterions can poison the emissive
layer. In addition, nanotube films tend to
be relatively porous19 and have significant
surface roughness,10 properties that can be
detrimental to certain electrode applica-
tions. In many ways, it would be preferable
to have a polymer�nanotube composite
film as the electrode. However, such com-
posites have traditionally had low conduc-
tivities, typically �10 S/m,20 and so low �DC/
�Op ratios. Recently a number of papers
have appeared which have broken this
paradigm. This has happened in two ways.
Blighe et al. demonstrated a filtration-based
method to prepare very high volume frac-
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ABSTRACT We have prepared flexible, transparent, and very conducting thin composite films from

poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), filled with both arc discharge and HIPCO single-walled

nanotubes, at high loading level. The films are of high optical uniformity. The arc discharge nanotube-filled

composites were significantly more conductive, demonstrating DC conductivities of >105 S/m for mass fractions

>50 wt %. The ratio of DC to optical conductivity was higher for composites with mass fractions of 55�60 wt %

than for nanotube-only films. For an 80 nm thick composite, filled with 60 wt % arc discharge nanotubes, this

conductivity ratio was maximized at �DC/�Op � 15. This translates into transmittance (550 nm) and sheet

resistance of 75 and 80 �/▫, respectively. These composites were electromechanically very stable, showing

<1% resistance change over 130 bend cycles.

KEYWORDS: transparent film · flexible film · nanotube · conducting
polymer · nanocomposite
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tion polymer�nanotube composite films.21 Even while

using an insulating matrix (polystyrene), these films

demonstrated conductivities up to 104 S/m. The other

method has been to use conducting polymers as matri-

ces.22 While composites prepared with small-ion-doped

conducting polymers are unsuitable for use in applica-

tions such as OLEDs (see above), composites prepared

from conducting polymers doped with large, immobile

counterions pose no such problem. Such a polymer is

poly(3,4-ethylenedioxythiophene) doped with poly(sty-

renesulfonate) (PEDOT:PSS). Here the PEDOT chains

are positively charged, while the PSS chains are nega-

tively charged. Recently,23�26 PEDOT has been com-

bined with carbon nanotubes to produce composites

with conductivities of up to �7 � 104 S/m.27 Such films

displayed �DC/�Op � 9. While this result is impressive,

we believe there is much room for improvement.

In this paper, we combine the two previous ap-

proaches to prepare high volume fraction composites

from single-walled nanotubes (SWNTs) blended with

PEDOT:PSS. We show that composites based on arc dis-

charge SWNTs (Iljin nanotechnologies) are significantly

more conductive than those based on HIPCO nano-

tubes (Unidym). These materials are the most conduc-

tive nanotube-based composites ever made (�DC � 105

S/m) and display �DC/�Op � 15. Finally, we show that

these materials are elctromechanically stable, display-

ing no degradation of conductivity after prolonged

flexing.

RESULTS AND DISCUSSION
Composite films were prepared by vacuum filtra-

tion from aqueous dispersions with PEDOT:PSS as the

matrix and both Iljin and HIPCO SWNTs as the filler. For

both filler types, films containing a range of mass frac-

tions from 20 to 100% (nanotube only) were fabricated

at a fixed nominal thickness, t � 50 nm. In addition, for

a fixed mass fraction (55 wt % for HIPCO, 60 wt % for Il-

jin), films were prepared with a range of thicknesses.

The PEDOT:PSS used in this work was purchased as a

suspension of polymer nanoparticles, each a few tens

of nanometers in diameter. It is important to verify that

these polymer nanoparticles are not lost through the fil-

ter but remain to form part of the composite film. To

check this, we prepared PEDOT:PSS films on cellulose

membrane filters before transferring to polyethylene-

terephthalate (PET) substrates. These films were electri-

cally conductive, confirming the presence of PEDOT:

PSS. In addition, Raman spectra (	ex � 633 nm)

collected both on the filter and on PET showed the

presence of PEDOT through its characteristic bands at

440 and 1420 cm�1 (see Figure 1A, top and middle). In

addition, Raman spectra measured on Iljin/PEDOT:PSS

composite films also showed the presence of these PE-

DOT:PSS bands. (NB these bands appear weak in the

composite film due the relatively high intensity of the

nanotube bands.) Thus, we believe the polymer to be

retained on the filter to form composite films.

A photograph of a typical composite film (60 wt % Il-

jin, t � 60 nm) is shown in Figure 1B. The high film qual-

ity is immediately apparent. To explore this in more de-

tail, we made a transmission scan of the same film

(Figure 1C). This scan is effectively a white light trans-

mission map of the film with a resolution of 160 
m

(150 dpi). The spatially averaged white-light transmit-

tance was 81% for this film. The uniformity of the film

is given by the standard deviation of the transmittance,

calculated over the entire film area, which was 0.8%.

The ratio of standard deviation transmission to mean

Figure 1. (A) Raman spectra of (top) a PEDOT:PSS film pre-
pared by vacuum filtration on a cellulose filter, (middle) the
same film after transfer to PET, and (bottom) an Iljin/PEDOT:
PSS film prepared on a cellulose filter after transfer to PET.
(B) Photo of a t � 60 nm, 60 wt % Iljin composite. (C) Trans-
mission scan (150 dpi) of the same film as (B). SEM images of
nominally 50 nm thick SWNT/PEDOT:PSS composite films
prepared using (D) HIPCO nanotubes (Mf � 55%) and (E) Il-
jin nanotubes (Mf � 60%). AFM images of nominally 50 nm
thick (F) HIPCO/PEDOT:PSS and (G) Iljin/PEDOT:PSS compos-
ite films. (H) Conductive AFM image of the same film area
as (G).
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transmission was 1%. The low value of this quantity in-

dicates the very high quality and optical uniformity of

these composite films.

Shown in Figure 1D,E are representative SEM im-

ages of the surface of both HIPCO (Mf � 55%, t � 50

nm) and Iljin (Mf � 60%, t � 50 nm) based composites.

For the HIPCO case, the network is hardly visible, ap-

pearing obscured by a polymer coating which fills much

of the network free volume. For the Iljin composites,

the polymer coating appears to be limited to a cylindri-

cal shell surrounding the Iljin nanotubes. This disparity

in coating may indicate differences between the surface

energies of Iljin and HIPCO SWNTs or may simply be a

reflection of differences in pore structure and/or size for

the two film types. Nevertheless, both films have some

free volume, making the surface of these films rough on

the scale of tens of nanometers. Shown in Figure 1F is

an AFM image of the surface of the HIPCO composite

film shown in Figure 1D. The network is not resolved in

this image due to the polymer coating. Note that con-

siderable surface roughness can be seen in this image.

For the Iljin composite, AFM images show a network of

straight, well-defined bundles (Figure 1G). This net-

work is considerably less rough than the HIPCO com-

posite discussed above. Shown in Figure 1H is a con-

ductive AFM current map of the area of the Iljin

composite shown in Figure 1G. The current map of the

Iljin film is very similar to the topographical map in Fig-

ure 1G, showing well-defined polymer-coated SWNT
bundles which act as current paths out of the plane of
the film. This is important as it shows that current can
be gathered uniformly from all areas of the surface of
these filmsOa critical property for any material with po-
tential for use as an electrode. Surprisingly, it was im-
possible to detect a C-AFM signal from the HIPCO-
based composites, perhaps due to the thick polymer
coating.

These films were also characterized for both their
electrical and optical transmission properties. For com-
parison, we initially characterized a 50 nm thick film of
PEDOT:PSS. This displayed optical transmittance (	 �

550 nm) of 93% and sheet resistance of 3.7 M�/▫,
equivalent to a DC conductivity of 5 S/m. This is in line
with what we expect for PEDOT:PSS without secondary
doping.28 For the composite films, optical transmit-
tance versus wavelength spectra were flat and reason-
ably featureless for both composite types (similar to
previously published spectra24). In general, as the nan-
otube mass fraction increased, the transmittance de-
creased while the spectral shape remained unchanged.
The transmittance at 	 � 550 nm is plotted as a func-
tion of mass fraction in Figure 2A for both composite
types. In both cases, the data are similar, falling from
90�95% for the 10 wt % sample to �75% for the 100
wt % sample. The sheet resistance, as measured on the
same films, is shown in Figure 2B. In both cases, the
sheet resistance falls slightly with increasing mass frac-
tion. However, the Iljin composites are less resistive, fall-
ing to Rs � 140 �/▫ compared to a minimum value of
�450 �/▫ for the HIPCO composites. We can calculate
the nominal DC conductivity, �DC, from the sheet resis-
tance using �DC � 1/Rst, where t is the film thickness.
This is shown in Figure 2C and emphasizes the higher
conductivity associated with the Iljin composites, which
reach a maximum value of 1.4 � 105 S/m compared to
a maximum value of 4 � 104 S/m for the HIPCO com-
posites. In both cases, the maximum in DC conductiv-
ity occurs for the nanotube-only film (100%). Interest-
ingly, neither composite faithfully follows percolation-
like scaling, the general form of which is shown by the
dotted line.

In order to identify the optimum mass fraction for
further studies, we use the data in Figure 2A,B to calcu-
late �DC/�Op as a function of Mf, using eq 1. This is shown
in Figure 2D for both composites. We note that �DC/
�Op depends weakly on Mf, appearing to peak at 60 and
55 wt % for Iljin and HIPCO composites, respectively.
We will discuss this in greater detail below.

With this in mind, we prepared films with mass frac-
tions fixed at the optimized values (60 and 55 wt % for
Iljin and HIPCO) for both composite types but with a
range of nominal thicknesses from t � 20 to 200 nm.
As before, for each film, the transmittance and sheet re-
sistance were measured. Again, the transmittance spec-
tra were relatively featureless. We plot the transmit-

Figure 2. Optical and electrical data for PEDOT:PSS-based composites filled
with both HIPCO and Iljin SWNT. (A) Transmittance (550 nm), (B) sheet resis-
tance, and (C) DC conductivity as a function of nanotube mass fraction for
films with nominal thickness of 50 nm. The dotted line in (C) illustrates qua-
dratic behavior expected for percolating nanotube networks. (D) Ratio of
DC to optical conductivity as calculated from the sheet resistance/transmit-
tance data using eq 1 for both Iljin and HIPCO composites as a function of
nanotube mass fraction. (E) Transmittance (550 nm), (F) sheet resistance, (G)
DC conductivity, and (H) ratio of DC conductivity to optical conductivity as
a function of film thickness for films of mass fraction 55% (HIPCO) and 60%
(Iljin). The dotted line in (E) is a fit to eq 2. The dotted lines in (F) and (G) il-
lustrate the behavior expected for bulk materials.
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tance at 550 nm as a function of nominal thickness in
Figure 2E for both composites. Both data sets fall on the
same curve, with T decreasing as t is increased. For
thin conducting films, the transmittance is related to
film thickness by4,5

T(λ) ) (1 + 188.5σOp(λ)t)-2 (2)

where �Op is the optical conductivity, a wavelength-
dependent quantity which controls optical absorption.
Equation 2 has been fitted to the data in Figure 2E as
shown by the dotted line. Both data sets can be very
well fit by eq 2, taking �Op � (1.1 � 0.1) � 104 S/m (	
� 550 nm). This value is significantly lower than that of
�Op � 1.5 � 104 S/m (	 � 550 nm) found for neat films
of SWNTs.10,29 The sheet resistance data for the same
films are shown in Figure 2F. In both cases, Rs falls with
increasing t, with the Iljin composites significantly less
resistive. Both data sets are well fit by Rs � 1/�DCt for t
� 40 nm, suggesting the film morphology becomes
thickness invariant above this thickness. The nominal
conductivity is shown in Figure 2G as a function of
thickness. In line with the sheet resistance data, the con-
ductivity is reasonably constant at higher values, fall-
ing off below t � 40 nm. These optimized films have
mean conductivities (t � 40 nm) of �DC � (1.65 � 0.2)
� 105 and (4.0 � 0.4) � 104 S/m for Iljin and HIPCO
composites, respectively.

It is worth noting that these conductivities are ex-
tremely high even for composites with conducting ma-
trices. Bulk composites prepared from SWNTs embed-
ded in polyacrylonitrile have reached conductivities of
1.5 � 104 S/m.22 Composites based on SWNTs embed-
ded in PEDOT have also shown very high conductivities,
reaching values of �7 � 104 S/m. However, to the au-
thors’ knowledge, this work is the first to demonstrate
composite conductivities greater than 105 S/m. There
are two main reasons why we achieve such high con-
ductivities. The first is that we use Iljin nanotubes, which
are well-known for their ability to form highly conduc-
tive nanotube films.9 In fact, the state-of-the-art for
nanotube films is for films prepared using Iljin SWNT,
displaying conductivities as high as 2 � 105 S/m.9 The
second reason is that, building on our previous work,21

we can attain nanotube mass fractions far in excess of
any others reported in the literature. It is this combina-
tion of highly conductive tubes at high mass fraction
that gives us such superlative properties.

We calculate �DC/�Op as a function of film thickness
from the data in Figure 2E,F using eq 1. These data are
shown in Figure 2H and scale with thickness in a fash-
ion similar to the DC conductivity. At thicknesses above
80 nm, �DC/�Op saturates close to values of 15 and 3.3
for the Iljin and HIPCO composites, respectively.

As described above, many applications require low
sheet resistance coupled with high transparency. To
this end, we plot transmittance versus sheet resistance

data for all four data sets (fixed t, varying Mf, and fixed
Mf, varying t, for both nanotube types) in Figure 3. For
each tube type, both data sets (varying both t and Mf)
fall close to the same curve as illustrated by the dotted
lines. The Iljin data, however, are shifted to lower Rs, in
line with their higher conductivities. These data have
been fitted using eq 1; the dotted lines in Figure 3 are
consistent with �DC/�Op � 14.8 and 3.3 for the Iljin and
HIPCO composites, respectively. These values are as ex-
pected from Figure 2H. It is interesting that the data
found by varying Mf for fixed t also fall on this line. This
can be seen more clearly by plotting the data as T�1/2

� 1 versus 1/Rs as shown in the inset of Figure 3. Here,
data described by eq 1 should fall on a straight line. This
is observed for all data (except for those films with the
lowest values of t or Mf) with linearity illustrated by the
dotted lines. This shows that, not only are the films pre-
pared by varying t described by eq 2, but the films pre-
pared by varying Mf are also. This is interesting as it
shows that composites with different mass fractions of
nanotubes tend to have similar values of �DC/�Op. Refer-
ring back to Figure 2D, we note that while �DC/�Op dis-
plays a clear peak for each composite its overall depen-
dence on Mf is very weak. Thus, �DC/�Op only varies
between 8 and 15 for the Iljin networks and between
1 and 3 for the HIPCO networks over the entire range
of mass fraction. This relative invariance suggests that
reductions in the mass fraction, while resulting in a
more open nanotube network, do not significantly
change the network topology or connectivity.

Another interesting point is that the data for the
nanotube-only films fall close to, but slightly below (in
a quality sense), these trend lines. This is in contrast to
the vast majority of polymer�nanotube composites
where the electrical properties are significantly reduced
by the presence of polymer layers, which act as tunnel-
ling barriers, between adjacent nanotubes.20,30 That
the electrical/optical properties of these composites are
certainly not inferior but actually superior to the

Figure 3. Transmittance (550 nm) plotted as a function of
sheet resistance for all the samples measured in this work.
The dotted lines are fits to eq 1. Inset: Transmittance versus
sheet resistance data plotted to emphasize how well these
data are fitted by eq 1. The dotted lines are equivalent to the
fit lines in the main figure.
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nanotube-only films suggests that internanotube poly-
mer layers do not significantly inhibit intertube electron
transfer at nanotube junctions. We propose that this
lack of tunnelling barriers, coupled with the reasonably
low optical conductivity observed in composites, con-
tributes to these high values of �DC/�Op. That �DC/�Op

displays a peak when plotted versus mass fraction
shows that the DC and optical conductivities scale dif-
ferently with nanotube mass fraction. Thus, the balance
between charge transport and light absorption is opti-
mized at certain mass fractions (�DC/�Op � 12.7, Mf � 60
wt %, t � 60 nm). We note that this is higher than the
value measured for Iljin-only films of the same thickness
(�DC/�Op � 8.1, Mf � 100 wt %, t � 60 nm).

Overall, our highest value was �DC/�Op � 15.0 � 1.2
(Iljin, Mf � 60 wt %, t � 80 nm). This is significantly
higher than both the highest published value of �9
for simple polymer�nanotube composites27 and the
value of �12 obtained for composites of lithium-doped
SWNTs.23 (In the previous two papers, �DC/�Op was not
quoted. We calculated it from published Rs, T data.) We
note that our value of �DC/�Op � 15.0 � 1.2 is higher
even than the highest value reported for undoped
SWNT-only films (�DC/�Op � 10.1).10 To our knowledge,
only data for acid-treated SWNT networks have resulted
in higher values (�DC/�Op � 25).10

Finally, we note that while these composites are
close to being a viable replacement for ITO they are po-
tentially even more useful as a flexible, transparent, elec-
trode material. Such a material is of considerable inter-
est as an electrode in applications such as e-paper. To
test this, we prepared composite films on PET using
both Iljin and HIPCO nanotubes as filler (t � 50 nm,
Mf,Iljin � 60 wt %, Mf,HIPCO � 55 wt %). In each case, we
monitored the sheet resistance during bending with
the composite film both in tension and in compression.
The films were bent from an initial radius of curvature
of 7.5 mm to a final radius of 2.5 mm before being re-
laxed. Shown in Figure 4A is the sheet resistance versus
radius of curvature during both the bending and re-
lease phases (note that the magnitude of the average
strain31 felt by the film is plotted in the top axis). From
these data, it is clear that the sheet resistance of the
Iljin-based composites varies by �1% during both bend
and release phases for films both in tension and in com-
pression. In comparison, while the HIPCO films are very
stable in tension, they undergo a reproducible reduc-
tion in resistance of �10% while bending in compres-
sion. For comparison purposes, shown in the inset are
data taken for an ITO film sputtered onto PET that was
subjected to the same test. It is clear that the ITO fails
catastrophically on tensile bending, with the sheet re-
sistance increasing irreversibly by almost 2 orders of
magnitude.

While these composite films are clearly relatively
stable during one bend cycle, it is important to ascer-
tain their stability over many bend cycles. Shown in Fig-

ure 4B is the mean sheet resistance per cycle plotted

versus cycle number for the same films examined in Fig-

ure 4A. It is clear that the sheet resistance of the Iljin-

based films varied by �1% over �130 cycles. Similarly,

the HIPCO-based composite subjected to tensile bend-

ing was also extremely stable. However, as before, the

compressively bent HIPCO-based composite films were

relatively unstable, undergoing increases in resistance

of �30% over 200 cycles. Note that none of these com-

posites failed during these measurements. The num-

ber of cycles was limited by time constraints. For com-

parison, we show cyclic test data for an ITO/PET film in

the inset. In this case, to avoid immediate failure, the

film was tested at low curvature, with minimum bend

radius of 20 mm on each cycle. In stark contrast to the

composite films, the sheet resistance of this film in-

creased by a factor of 8 before failing around cycle 150.

These results can be compared to previously pub-

lished results for (lower conductivity) PEDOT:PSS/SWNT

films whose resistance increased by �8% after 1800

bending cycles.27

CONCLUSION
We have demonstrated the preparation of thin com-

posite films based on PEDOT:PSS doped with two differ-

ent types of SWNTs. The spatial uniformity of the opti-

Figure 4. Electromechanical measurements made on com-
posites with t � 50 nm and Mf � 55% (HIPCO) and Mf � 60%
(Iljin). (A) Sheet resistance versus radius of curvature for
one bend/release cycle measured for films both in compres-
sion and in tension. Inset: Results for a film of ITO on PET.
(B) Mean sheet resistance per cycle as a function of cycle
number for films in both tension and compression. Inset: Re-
sults for a film of ITO on PET.
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cal transmittance of these films is exceptional. We have
measured the optical transmittance and sheet resis-
tance as a function of both mass fraction and film thick-
ness. While the optical properties of both composite
types are similar, composites based on arc discharge
tubes are significantly more conductive than those
based on HIPCO tubes, reaching conductivities of 1.65
� 105 S/m. In both cases, we find the ratio of DC to opti-
cal conductivity is maximized for mass fractions of 55�60
wt %. The highest value found was �DC/�Op � 15, which

was observed for an 80 nm thick film containing 60 wt
% Iljin (arc) SWNTs. This film has transmittance and sheet
resistance values of T � 75% and Rs � 80 �/▫. Electrome-
chanical testing showed both composites to be extremely
stable under flexing and cycling. In particular, the Iljin-
based composites displayed sheet resistances which var-
ied by less than 1% over 130 bend/release cycles. We be-
lieve that with moderate improvement such composites
could be suitable for use as flexible electrodes in applica-
tions such as solar cells or displays.

METHODS
HIPCO SWNTs were purchased from Unidym (www.unidym-

.com/), while Iljin SWNTs were purchased from Iljin Nanotech
Co., Ltd. (http://www.iljinnanotech.co.kr/). PEDOT:PSS was pur-
chased from HC Stark under the tradename Baytron PH500
(www.hcstarck.com). A stock solution of sodium dodecyl sulfate
(SDS, Aldrich Batch #014k01141) of concentration 5 mg/mL in
Millipore water was prepared by overnight stirring. Some of this
solution was used to prepare a stock nanotube dispersion by
adding SWNTs such that the SDS/SWNT mass ratio was 5:1 (start-
ing nanotube concentration, Ci � 1 mg/mL). This dispersion
was subjected to 5 min of high-power tip sonication (VibraCell
CVX; 750 W, 20% 60 kHz). The dispersion was then placed in a
sonic bath (Model Ney Ultrasonic) for 1 h and was then subjected
to another 5 min of high-power sonication, before being al-
lowed to rest overnight, followed by centrifugation at 5500 rpm
for 90 min. The supernatant was carefully decanted and saved.
The postcentrifuge nanotube concentration was determined
from absorbance measurements (Cary 6000i).

Nanotube�PEDOT:PSS composite dispersions were subse-
quently prepared by mixing the required volume of nanotube
stock solution and PEDOT:PSS dispersion, keeping the partial
nanotube concentration in the composite dispersion at 0.005
mg/mL. Note that no secondary dopant was added to the
PEDOT:PSS. This composite dispersion was then subjected to 1
min high-power sonication.

The composite films were prepared by vacuum filtration us-
ing porous cellulose filter membranes (MF-Millipore membrane,
mixed cellulose esters, hydrophilic, 0.025 
m, 47 mm). The film
thickness was controlled by the volume of dispersion filtered and
hence the deposited nanotube mass. The deposited films were
washed with 200 mL of Millipore water followed by a wet trans-
fer16 to a polyethyleneterephthalate (PET) substrate using heat
and pressure. The cellulose filter membrane was then removed
by treatment with acetone vapor and subsequent acetone liquid
baths followed by a methanol bath. The final film diameter was
36 mm. The film thickness, t, was calculated from the deposited
mass per unit area, M/A, using M/A � �t, where � is the film den-
sity. We estimate the film densities as 600�900 kg/m3 for mass
fractions from 0.8 to 0.2. These values are estimated by calculat-
ing the weighted average values of the densities of porous
nanotube films (�450 kg/m3)19 and PEDOT:PSS (�1000 kg/m3).
We estimate the thickness to be correct to within 10%. This
means that the DC and optical conductivities carry an error of
10%.

Transmission scans were made using an Epson Perfection
V700 photo flat-bed transmission scanner. Scanning electron
microscopy measurements were made using a Hitachi S-4300
field emission scanning electron microscope. Atomic force
microscope images were obtained using a Veeco Nanoman
AFM system. In order to extract the topography and conduc-
tance data simultaneously, the microscope was operated in the
conductance imaging mode (C-AFM). In this technique, the AFM
tip acts like a mobile probe on the surface and is held at ground
potential, and a DC bias is applied to the sample. The z feed-
back signal is used to generate a normal contact mode AFM
topographic profile, and the current passing between the tip
and the sample is measured using a preamplifier to generate

the conductance image. A bias voltage of 0.2 mV up to 1 V is ap-
plied to the electrode on the surface that drives current through
the tubes. A current range of 2 pA to 1 
A can be detected by
the preamplifier in the CI-AFM module. For this purpose, a Cr/Pt-
coated conductive tip with a force constant of 3 N/m and a reso-
nant frequency of 75 kHz was employed. In all cases, the load-
ing force employed during measurement was approximately 15
nN. (The tips were purchased from Budget Sensors, ElectriMulti
75.) Optical transmission spectra were recorded using a Varian
Cary 6000i. In all cases, a sheet of PET was used as the reference.
Sheet resistance measurements were made using the four-
probe technique with silver electrodes of dimensions and spac-
ings typically of �millimeters in size and a Keithley 2400 source
meter. Electromechanical measurements were made using a
Zwick Z0.5 Proline tensile tester. The composite film on PET was
bent into a semicircle, which was constrained by the grips of the
tensile tester. The film was connected via two electrodes (at-
tached to the grips) to a Keithley KE 2601. The bend radius was
then defined by the distance between the grips. The intergrip
distance was then oscillated between typically 15 and 5 mm over
many cycles. LabVIEW software recorded film resistance, inter-
grip distance, and cycle number.
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