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ABSTRACT We present a comprehensive study of the optical and electrical properties of transparent

conductive films made from precisely tuned ratios of metallic and semiconducting single-wall carbon nanotubes.

The conductivity and transparency of the SWNT films are controlled by an interplay between localized and

delocalized carriers, as determined by the SWNT electronic structure, tube —tube junctions, and intentional and

unintentional redox dopants. The results suggest that the main resistance in the SWNT thin films is the resistance

associated with tube —tube junctions. Redox dopants are found to increase the delocalized carrier density and

transmission probability through intertube junctions more effectively for semiconductor-enriched films than for

metal-enriched films. As a result, redox-doped semiconductor-enriched films are more conductive than either

intrinsic or redox-doped metal-enriched films.
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ransparent, conductive thin films of

single-walled carbon nanotubes

(SWNTs) are being studied exten-
sively for possible application in solution-
processed solar cells," field-effect
transistors,*"® touch-screens, and EMI
shielding.” SWNT films are particularly at-
tractive replacements for traditional trans-
parent conductors such as indium tin oxide
(ITO) in low-cost, flexible, or solution-
processed applications due to the natural
abundance of carbon, amenability to spray-
ing and printing, and good wetting proper-
ties. However, despite several recent re-
ports of organic and inorganic solar cells
deposited on conductive SWNT films,>> the
efficiencies of similar ITO- or ZnO-based
cells are not easily surpassed. For compa-
rable or improved solar cell performance,
SWNT thin films must meet or exceed the
low sheet resistance values of high quality
ITO, ~5—10 )/sq, at comparable transpar-
encies, ~85%, across the visible electro-
magnetic spectrum.
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SWNT thin films are three-dimensional
interconnected networks of quantum wires,
and a large number of factors can affect
their optical and electrical properties. These
factors include the intrinsic electrical resis-
tance of the individual SWNTs within the
network, the resistance associated with
junctions between SWNTs,®° and the tube-
specific optical properties. One must also
consider the degree to which intentional'®
and unintentional’ redox doping modifies
the optical and transport properties. Under-
lying all of these issues is the fact that as-
produced SWNTs are polydisperse in their
electronic structure, naturally consisting of
~2/3 semiconducting (s-SWNTs) and 1/3
metallic (m-SWNTs) nanotubes. Due to this
complexity, a detailed understanding of the
phenomena that control the overall optical
and transport properties of thin, transpar-
ent SWNT films has not yet emerged. In fact,
it is not clear whether a film formed solely
with m-SWNTs would be a better transpar-
ent conductor than a film formed solely
with s-SWNTs. Naively, one might expect
that metals would be better for optimizing
conductivity in the films, while semiconduc-
tors might be better for transparency. How-
ever, what composition should one use to
simultaneously optimize both
characteristics?

While reports exist on the conductivity
of single s- or m-SWNTs,** single-tube
transport studies yield idealized transport
parameters that may not be applicable to
thin film geometries where the tube—tube
interfaces may be quite important. Also, it is
difficult to integrate optical measurement
techniques with these studies. Transparent
films and opaque mats (i.e., “bucky papers”)
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Figure 1. (Left panel) Corrected absorbance spectra of a range of films with varying m- and s-SWNT contents. For clarity,
the spectra have had the rising ultraviolet background subtracted to produce a relatively flat background in the range of
0.5 to 4 eV, based upon the procedure of Nair et al.’® Insets show pictures of semiconductor-enriched and metal-enriched
SWNT transparent films. (Right panels) 2 X 2 um AFM images of semiconductor-enriched (top right) and metal-enriched (bot-

tom right) transparent SWNT films.

of bulk, as-produced SWNTs have been studied,'*'*
but these investigations were performed with mixtures
of m- and s-SWNTs. Also, opaque mats have nanotube
densities far exceeding the percolation threshold and
are poorly suited to solar applications where transpar-
ency is critical. Only one recent report has studied a
metal-enriched transparent SWNT film."> A comparison
was made to a film prepared from as-produced SWNTs,
and the study focused on the stability of the film's opti-
cal properties rather than on mechanistic issues.

Here we examine the optical and electrical proper-
ties of transparent, conductive SWNT films that were
purposefully produced with precisely tuned ratios of s-
and m-SWNTs. A combination of optical spectroscopy
and conductivity measurements allows us to carefully
evaluate the impacts of SWNT electronic structure and
redox doping on the intrinsic SWNT resistance, junction
resistance, and ultimate performance of these thin film
electrodes. A wide range of film compositions were
studied, from 99% m-SWNT to 95% s-SWNT. Ultimately,
we find superior performance in redox-doped
semiconductor-enriched films due to dramatic redox-
induced changes in the carrier density barrier proper-
ties, and the delocalization of carrier density.

SWNT solutions enriched in m- or s-SWNTs were pre-
pared by density gradient centrifugation, as described
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by Arnold et al.'® Following density gradient ultracen-
trifugation, successive aliquots were removed from the
density gradient. These aliquots contain a variable pro-
portion of m- and s-SWNTs, according to their position
in the density gradient and the amount of unintentional
mixing. We estimate the relative proportions of m- and
s-SWNTs in solution by comparing the integrated areas
of the first metallic (M,,) and second semiconducting
(S55) transitions in the visible absorbance spectrum
(Supporting Information).'” We then combined the ap-
propriate volumes of specifically chosen fractions to
prepare films, via vacuum filtration,'® having a wide
range of precisely controllable metal/semiconductor
ratios.

Figure 1 shows background-subtracted'® UV—vis—IR
spectra for a series of transparent SWNT films with vary-
ing m- and s-SWNT contents. The peak envelopes corre-
sponding to intrinsic excitonic transitions of semicon-
ducting (S, S55, S35) and metallic (M,,;, M,,) SWNTs can
be clearly seen in these spectra, and their relative
weighting varies as the fraction of each type of nano-
tube is varied. The right side of Figure 1 shows 2 X 2
pm AFM images of metal-enriched and semiconductor-
enriched films. Each film comprises long, narrow
bundles of tubes interwoven with a high density of
junctions between bundles. The fraction of m-SWNTs
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Figure 2. Dependence of film resistivity as a function of
m-SWNT content for (a) as-prepared and hydrazine-treated
films, and (b) HNO,- and SOCIl,-doped films. Resistivity is cal-
culated as the product of sheet resistance and film thick-
ness. (c) Transmittance spectra for two films enriched with
m-SWNTs or s-SWNTs, both of which are doped with thio-
nyl chloride. Legend shows m-SWNT content, sheet resis-
tance (Rs), and average percent transmittance (%T,,,) of
each film. Average transmittance is calculated over the
range of 400—2000 nm.

in each film is used as a relative metric by which we
may evaluate type-dependent trends. The calculation
of m-SWNT content is based on the integrated areas un-
derneath the S,, and M, peak envelopes, as described
in detail in the Supporting Information. Production of
such highly tunable SWNT films has not been described
previously and is critical for the analysis of the film per-
formance dependence on SWNT electronic structure
described here, as well as for intelligent device design
for tailored applications.

Figure 2 shows the variation of film resistivity as a
function of the m-SWNT content for as-made and
chemically treated films. As-made films show a slight
decrease in resistivity as the m-SWNT content is initially
increased, but surprisingly, the resistivity increases
again as the m-SWNT content is increased above ~30%.
The same general trend in resistivity with m-SWNT con-
tent is observed for the hydrazine-treated films, but
the resistivity is consistently higher for all compositions.
The increase in resistivity after hydrazine treatment is
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much larger for the low m-SWNT content films (~10 X)
than for the high m-SWNT content films (~1.25 X ).

Redox dopants such as thionyl chloride, nitric acid,
and sulfuric acid have been shown to lower the Fermi
level in SWNT mats or thin films.'®?° Consistently, soak-
ing our films in a solution of HNO; or neat SOCI, dra-
matically decreases the resistivity for all film composi-
tions (Figure 2b). Again, this change is substantially
larger for semiconductor-enriched, low m-SWNT con-
tent films than it is for the high m-SWNT content films.
For samples with very low m-SWNT content, the resis-
tivity of the hydrazine-treated films is 100 times that of
the highly conductive redox-doped films, while only a
factor of 4 difference is observed for the high m-SWNT
contents. Figure 2c shows that, for similar transmittance
across the visible and near-IR ranges of the spectrum,
a doped s-SWNT film (6% m-SWNT) has significantly
lower sheet resistance than a similarly doped 94%
m-SWNT film. Surprisingly, in all cases, highly metal-
enriched films are out-performed by redox-doped
semiconductor-enriched films. Interestingly, the shape
of Figure 2b suggests that the p-doped s-SWNTs form
the least resistive pathways for electronic conduction in
doped SWNT networks. These trends are extremely re-
producible and were seen for several different experi-
mental conditions (see Supporting Information).

To understand the dependence of film electrical
properties on the ratio of m- and s-SWNTs, we must
consider the numerous factors that may impact each
film’s conductivity. The most obvious factor is the differ-
ence in intrinsic conductivity for s-SWNTs and
m-SWNTs, based on their different electronic struc-
tures. Intrinsic, undoped s-SWNTs have essentially no
carriers at the Fermi level, while m-SWNTs have appre-
ciable carrier density at the Fermi level, owing to the
nonzero density of states between the first van Hove
singularities. Additionally, the carrier density injected by
a redox dopant into a SWNT strongly depends on the
redox potential of the dopant and the specific elec-
tronic structure of the SWNT. The junctions between
nanotubes and/or nanotube bundles may also play a
significant role in the transport properties of the films.
The intersections of two SWNTs, regardless of type,
form tunneling barriers for carriers, while junctions be-
tween m- and s-SWNTs form Schottky barriers.® Thus,
even if significant carrier density is available for conduc-
tion at the single-tube level, the properties of
tube—tube barriers influence the degree of carrier de-
localization over the bulk of the film. Of course, extrin-
sic factors such as film morphology, non-nanotube (e.g.,
amorphous) carbon content, and residual surfactant
may also impact the optoelectronic properties of the
films.

Differences in tube length, junction density, and
the density of residual amorphous carbon could affect
the morphology and electrical transport properties of
the films. However, as shown in Figure 1, the metal- and
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semienriched films appear similar by AFM. We note
that we have not obtained length distributions by AFM
for the s- and m-SWNTs studied in this report. How-
ever, we emphasize that comparisons such as the one
shown in Figure 2 are only valid for SWNTs that have
undergone the exact same sonication conditions. In
fact, the separated SWNTs used to generate the films
described in Figure 2 were all extracted from the same
density gradient, except for the highly enriched s-SWNT
film, which was extracted from a density gradient us-
ing a different surfactant ratio. Since it is unexpected for
the same sonication conditions to cut s-SWNTs and
m-SWNTs to dramatically different lengths, this meth-
odology ensures a valid comparison. In some cases,
when sonication times were longer, morphological dif-
ferences and different magnitudes of the resistivities
were observed (see Supporting Information), but the
same trends shown in Figure 2 were always found.
Thus, although changes in sonication can lead to differ-
ing length distributions,®’ we can conclude that varia-
tions in tube length between s- and m-SWNTs and over-
all film morphology are relatively insignificant to the
main findings presented in this report.

Another factor that could influence film conductiv-
ity is the presence of residual surfactant, which could
block transport between nanotubes at junctions. In fact,
a recent report suggested that the conductivity of
nitric-acid-treated SWNT thin films increased nearly
3-fold due to the removal of surfactant.?? We also found
that residual surfactant is removed by nitric acid treat-
ment (see Supporting Information), but the doping-
induced changes we observed were all completely re-
versible. This reversibility implies that the large
conductivity enhancement induced by nitric acid soak-
ing cannot be attributed solely to surfactant removal.
We thus conclude that the main optical and electrical
effects from the various chemical treatments may be
best evaluated in the context of changes to the intrin-
sic resistance of s- and m-SWNTs, as well as the junction
resistances, as described below.

To gain more insight into the origins of the electri-
cal changes reported in Figure 2, we followed changes
in the optical spectra for two highly enriched films as a
function of chemical treatment, as shown in Figure 3. In
the semiconductor-enriched film (Figure 3a), we ob-
served that significant oscillator strength for the S,, and
S,, transition envelopes is bleached in the as-made
film but returns upon treatment with hydrazine. Con-
comitant with the restoration of the full oscillator
strength, the sheet resistance increases 10-fold. The as-
made films are likely doped p-type in laboratory air,"
which reduces the electron density in s-SWNTs and low-
ers the Fermi level into the valence band. Hydrazine re-
verses this oxidation by the addition of electrons,?® re-
turning the Fermi level to the middle of the gap and
restoring the semiconducting excitonic transitions.?*?>
If the hydrazine-treated films are left in air, they again
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Figure 3. Absorbance spectra of s-SWNT (top) and m-SWNT
(bottom) enriched films after different chemical treatments
(or as-prepared).

become oxidized (showing bleached absorption peaks
and increased conductivity) on a time scale of days. The
effect is reversed by subsequent hydrazine treatment.
It is clear that both p-type dopants, SOCl, and HNO;,
remove essentially all oscillator strength from the S,
and S,, peak envelopes in the semiconductor-enriched
films. This optical bleaching is accompanied by a dra-
matic decrease in the sheet resistance to ~180 (}/sq, a
change of nearly 2 orders of magnitude compared to
the hydrazine-treated film. At the low energy side of the
spectrum, the tail of a new doping-induced absor-
bance feature can be seen rising into the infrared. Simi-
lar to the oxygen doping effect, these optical and elec-
trical changes are all completely reversible upon cycling
hydrazine and p-type dopant treatments. These
changes are explained by redox-mediated charge trans-
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Figure 4. Calculated density of states for (17,0) and (10,5)
s-SWNTs and (10,10) and (8,8) m-SWNTs, representative of
the 1—1.4 nm diameter distribution produced by laser vapor-
ization, plotted on an absolute energy scale, versus the nor-
mal hydrogen electrode (NHE) and versus vacuum. Red lines
show the approximate Fermi level following intentional (hy-
drazine and thionyl chloride) chemical treatments and unin-
tentional oxygen adsorption. The Fermi level positions are es-
timated based on chemically induced optical and electrical
changes, as discussed in the text.
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fer from semiconducting SWNTs to the p-type dopants,
which lowers the Fermi level near or below the second
van Hove singularity in the valence band.'® The SWNT
free carrier plasma frequency, w,,, is related to the car-
rier concentration via (up2 = 4mpe’/m+*, where p is the
hole concentration, and m: is the effective mass. Con-
sistently, the plasma edge appears in the near-IR.'°

The optical and electrical changes observed for the
metal-enriched films are much less pronounced. Treat-
ment with hydrazine does not add appreciable oscilla-
tor strength to the M, or M,, transitions and only
slightly increases the sheet resistance by ~8% relative
to the as-made film, suggesting that ambient oxidation
of m-SWNTs does not remove electron density directly
from metallic van Hove singularities. Upon doping with
SOCI, or HNO;, the M, and M,, peak envelopes are
broadened and lose some of the fine structure arising
from individual m-SWNT transitions but do not suffer a
significant loss (<5%) of integrated optical density, indi-
cating that the redox potentials of the dopant mol-
ecules are not positive of the M, hole level. The ad-
sorbed dopants do, however, lead to a significant
broadening of the M, ; and M,, peak envelopes, which
can be explained by a Stark-induced broadening and
shifting of the individual transitions that comprise these
envelopes.?® Similar to the semiconductor-enriched
films, all of the optical and electrical changes are com-
pletely reversible.
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Figure 5. Raman spectra of as-prepared (top panels) and SOCl,-doped (bottom panels)
SWNT films in the tangential (G-band) region. Left panels show s-SWNT film (6%
m-SWNTs). The excitation wavelength was 488 nm, and the excitation power was 3
mW. Right panel shows a m-SWNT film (97% m-SWNTs). The excitation wavelength was
633 nm, and the excitation power was 6 mW. Individual peaks from multi-Lorentzian

fits are offset below the raw data and fits for clarity, and Raman shifts of individual peaks
are shown in the legend. The broad peak at 1537 cm™" for the as-prepared m-SWNT

no= [, DOS(EIAE (1)

where E, is taken to be the intrinsic Fermi en-
ergy and E, is the new Fermi level induced
by the redox dopants. For the DOS shown in
Figure 4, we find that SOCI, doping intro-
duces 0.016—0.018 delocalized holes per car-
bon atom for s-SWNTs, while for the
m-SWNTs, the range is 0.011—0.013. Thus,
the hole density imparted by redox doping
into individual SWNTs is ~42% higher for
s-SWNTs than for m-SWNTs.

We note here that Raman spectroscopy is often
used to estimate the free carrier density injected by re-
dox dopants'® but point out that the charge transfer
density estimated from such analyses may vary widely
depending on the reference value used and, possibly,
even the Raman laser’s resonance conditions. For ex-
ample, Sumanasekera et al. studied H,SO,-doped
SWNTs and found a reproducible blue shift, dw/df, of
~320 cm ™" per hole per carbon atom for the G band
of the redox-doped SWNTs.?” In contrast, the work of
Eklund et al. on H,SO ,-treated graphite found a stron-
ger E,, dependence of ~1050 cm ™! per hole per car-
bon atom.?® Figure 5 shows Raman spectra before and
after doping with SOCI, for semiconductor-enriched
and metal-enriched films. The blue shifts we observe
in the Raman G-band peaks for thionyl-chloride-doped
films range from 1to 13 cm ™. Using the two references
from above, we would calculate an injected hole den-
sity anywhere from 0.001 to 0.04 holes per carbon atom,
a wide range that does not allow for an unambiguous
assessment. Interestingly, for the small shifts (1—4
cm ") observed for 488 nm excitation, which is pre-
dominantly resonant with s-SWNTs, our calculations
correlate best with Sumaneseskera’s SWNT study at a
similar excitation wavelength (514.5 nm).?” In contrast,
the large shifts (5—13 cm™") observed for 633 nm exci-
tation, which is predominantly resonant with m-SWNTs,
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correlate better with Eklund’s study on stage 2 interca-
lated graphite.?®

While our calculation provides a reliable estimation
of the density of holes induced by the redox reaction
with the individual tubes, all of these carriers may not
contribute to the DC conductivity of the film. In fact,
two pieces of evidence strongly suggest that all carri-
ers at the single-tube level do not contribute to long-
range transport: (1) the DC conductivity of the m-SWNT
film is several orders of magnitude lower than expected
by considering the total carrier density within the con-
duction band of individual m-SWNTs (approximately 1
electron per carbon atom) and (2) upon redox doping
the m-SWNT film, the carrier density increases by only
1% at the single-tube level, but the resistivity decreases
more dramatically, by a factor of 4. These observations
are not consistent with a film dominated by delocalized
metallic conduction. We suggest that interactions asso-
ciated with tube—tube junctions primarily control the
resistivity in these films. The FET mobility in single
SWNTs (intrinsic m-SWNTs or s-SWNTs in the “on” state)
is extremely high, on the order of 1000—10 000 cm?/
V-, resulting in mean free path lengths of the order of
0.5 to several microns (assuming a effective mass of 1
and Fermi velocity of 8 X 10° m/s). Since this distance
is much longer than the typical distance between
tube—tube junctions, it is reasonable to conclude that
the unexpectedly high resistance of the SWNT films is
due to the large density of tube—tube junctions. Each
junction creates a tunnel barrier through which elec-
trons must propagate with some finite transmission
probability. Therefore, carriers localized on one SWNT
may either tunnel into an adjacent SWNT with some
probability that depends upon tube—tube barriers or
remain localized upon the SWNT. Those carriers that re-
main localized do not contribute to DC transport, while
the delocalized carriers do.

With this model in mind, we performed
temperature-dependent transport measurements,
shown in Figure 6. For both the s-SWNT and m-SWNT
films, as the temperature is raised from 100 K to room
temperature, the sheet resistance decreases with an ex-
ponential dependence. The temperature-dependent re-
sistance data strongly support the hypothesis that inter-
tube junctions limit the conductivity of these
transparent SWNT films. Figure 6b demonstrates a pro-
gressive decrease in resistance with increasing temper-
ature for the m-SWNT film, an effect seen in conducting
polymers and bulk SWNT films, but not expected for a
film with purely metallic conduction. The temperature
dependence of transport in SWNT networks is typically
described by considering metallic regions of conductiv-
ity separated by thin tunneling barriers.'*° This behav-
ior is often modeled by a generalized equation similar
toeq 2:
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In eq 2, the linear term represents metal-like conductiv-
ity and the second term represents the tunneling con-
tribution. The tunneling term in eq 2 was used to fit the
temperature-dependent data shown in Figure 6, and
the fits are shown as solid lines.

A complete analysis of temperature-dependent re-
sistivity is forthcoming (Barnes et al.), but the fits shown
for these two films provide critical metrics with which
to analyze the effect of SWNT electronic structure and
redox doping on the tube—tube barriers. Specifically,
the T, parameter is a function of the tunnel barrier
height and shape as affected by the image force and lo-
cal field.>° Upon p-type doping, T, is significantly low-
ered for both semiconductor- and metal-enriched films.
If barrier energies are lowered via chemical modifica-
tion, conductance through the barriers increases and
the exponential temperature dependence becomes
more shallow.'® Thus, we conclude that SOCI,, HNO,,
or O, molecules adsorbed at or near tube—tube junc-
tions create local electric fields that lower the tunnel
barriers, increasing the conductance through junctions
and increasing the degree of carrier delocalization. Fig-
ure 6 demonstrates that T, is reduced for the
semiconductor-enriched films to a greater degree than
for the metal-enriched films, which suggests that the
p-type dopants increase conductance through tunnel
junctions between s-SWNTs more effectively than junc-
tions between m-SWNTs.
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Figure 6. Temperature dependence of the sheet resistance
for s-SWNT (top) and m-SWNT (bottom) enriched films as a
function of chemical treatment. The sheet resistance is nor-
malized to the sheet resistance at 300 K for comparative pur-
poses. Points are experimental data, and solid lines are fits
to eq 2. The legend in each panel displays the T, constant
obtained for the fit to each data set.
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The data shown here allow for a consistent descrip-
tion of the tunable transparent conductive SWNT films.
The films are best described as three-dimensional net-
works of highly conductive (at the single-tube level)
quantum wires with tunnel barriers between individual
wires. As such, the critical factors for determining film
conductivity are (1) the density of carriers available for
conduction, (2) the degree of carrier delocalization as
affected by tube—tube barriers, and (3) the effect that
redox doping has on each of these parameters. For
hydrazine-treated s-SWNTs, the Fermi level is in the
middle of the gap, meaning virtually no carriers are
available for conduction. As a result, percolation path-
ways are formed by m-SWNTs in intrinsic, undoped,
mixed films containing both s- and m-SWNTs. The small
conductivity that is measured for the intrinsic s-SWNT
film may arise from the small amount of m-SWNTs that
form a percolation path, oxygen doping resulting from
the short ambient exposure after hydrazine treatment,
or a small amount of delocalized carriers created by
SWNT defects.

Intrinsic m-SWNT films have significant free car-
rier density at the single-tube level, but, in a three-
dimensional network, highly reflective intertube bar-
riers cause the majority of these carriers to remain
localized to individual SWNTSs. The low density of de-
localized carriers that may propogate within the en-
tire m-SWNT film prevents the realization of the en-
hanced conductivities one might expect in going
from bulk SWNT films (1/3 m-SWNTs) to films made
of nearly 100% m-SWNTs.

From the shape of Figure 2b, it is evident that
p-doped s-SWNTs form the least resistive conductive
pathways for intentionally redox-doped films. SOCI,
and HNOj; redox dopants inject large hole densities into
individual s- and m-SWNTs, as shown in Figure 4. How-
ever, the propensity for this large carrier density to con-
tribute to the film conductivity critically depends on
the transmission probability through intertube barri-
ers. As shown here, the p-type redox dopants inject a
larger hole density into individual s-SWNTs relative to
m-SWNTs and modify intertube barriers such that more

METHODS

Synthesis and Density Gradient Separation of SWNTs. Single-walled
carbon nanotubes (SWNTs) were produced by laser vaporiza-
tion using nitrogen as the carrier gas. Separation of metallic and
semiconducting SWNTs (m-SWNTs and s-SWNTs, respectively)
was achieved by density gradient centrifugation in a co-
surfactant mixture, following a recently published procedure.'®
The two surfactants used were sodium cholate (SC) and sodium
dodecyl sulfate (SDS). For the films discussed in this paper, we
sonicated ~20 mg of raw laser soot in 20 mL of an aqueous co-
surfactant solution of 3:2 SDS:SC or 4:1 SC:SDS. As discussed in
the Supporting Information (Figures S2a—c), we also performed
experiments where we first sonicated in only one surfactant, SC,
and then adjusted to 3:2 SDS:SC or 4:1 SC:SDS afterward. As
shown in the Supporting Information, sonication in a single sur-
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of these injected carriers are delocalized over the bulk
of the film. For these reasons, the doped s-SWNT films
are consistently more conductive than intrinsic or
doped m-SWNT films.

Since the conditions of this study closely mimic
the conditions utilized for producing conductive
bulk SWNT transparent electrodes (Supporting Infor-
mation), we conclude that conventionally produced,
doped SWNT transparent electrodes'®3' are domi-
nated by the percolation of doped s-SWNTs, in con-
trast to the conventional wisdom that percolation
pathways are formed by m-SWNTs. Note that our
conclusions are in agreement with FET studies that
have shown that s-SWNTs have very high mobilities,
of the same magnitude of m-SWNTs, in their “on
state” in which holes are localized in the s-SWNT va-
lence band by a strong applied field.*>32 Also, it
has been found that junctions between s-SWNTs
have comparable transmission probabilities to junc-
tions formed between m-SWNTs.? These observa-
tions suggest that degenerately doped s-SWNTs
have similar transport parameters to intrinsic
m-SWNTs and should likewise form conductive per-
colation pathways in thin SWNT films. Essentially, the
two should be interchangeable in models where me-
tallic conduction is assumed to dominate the trans-
port behavior in three-dimensional SWNT networks.

Finally, our results do not imply that highly conduc-
tive m-SWNT films cannot be realized. Our data sug-
gest that the primary factor reducing the conductivity
for m-SWNT networks is the junction resistance and/or
tube—tube electronic coupling, implying that intelli-
gent control of junction density (as low as possible) and
energy profile (possibly minimized by nonvolatile
chemical cross-linking) may be fruitful avenues for in-
creasing conductivity in these films. Ultimately, highly
conductive m-SWNT transparent films may be prefer-
able to s-SWNT films because the conductivity should
not be controlled by volatile chemicals, a drawback for
doped s-SWNT films in any devices requiring high tem-
perature fabrication.

factant (SC), followed by addition of the co-surfactant (SDS), pro-
duced results similar to those of sonication in the cosurfactant
mixture. As described previously,16 the total surfactant concen-
tration was 2% (w/v), while the ratio of surfactants determined
the specific density profile of metallic and semiconducting spe-
cies. A Cole Palmer 750 W sonication was used, with a 1/4 in. ul-
trasonic tip. The dispersions discussed in the text were soni-
cated for 10 min at 30% power while the sample was cooled by
20 °C water flowing in an external jacket. As discussed in the Sup-
porting Information, other sonication powers and durations
were tested for their effects on resistivity and transparency
trends. As mentioned in the text and shown by Figures S2a—c
and S3 in the Supporting Information, the trends, as a function
of m-SWNT, were the same regardless of the sonication
conditions.
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Prior to density gradient centrifugation, an appropriate
amount of iodixanol was added to the solution, and this bulk so-
lution was then injected ~5/6 of the way down a linear 10 mL
density gradient. The bottom ~3 mL of the centrifuge tube is
52% iodixanol, while the top ~10 mL contains no iodixanol. For
m-SWNT separations, a 3:2 (SDS:SC) surfactant ratio was used,
and centrifugation was done at 47 000 rpm in a Ti70 rotor for
13 h; for s-SWNT separations, a 4:1 (SC:SDS) ratio was used, and
centrifugation was done at 41 000 rpm in the same rotor for 15 h.

Estimation of m-SWNT Content and Formation of Films with Precisely
Tunable m-SWNT Content. Following centrifugation of a “m-SWNT
separation”, a ~2 mm blue band, corresponding to m-SWNTs,
lies well-separated above darker brown bands corresponding to
s-SWNTs. Alternatively, for “s-SWNT separations”, the top band
was yellow-brown and enriched with s-SWNTs. Successive ali-
quots of ~300—500 pL are removed from the top down with a
syringe topped with a flat-tipped needle. These aliquots contain
a varied proportion of m- and s-SWNTs, according to their posi-
tion in the density gradient and the amount of unintentional
mixing. We estimate the relative proportions of m- and s-SWNTs
by comparing M;; and S,, peak intensities in the visible absor-
bance spectrum, as discussed in detail in the Supporting Infor-
mation. We then combine the appropriate volumes of specifi-
cally chosen fractions to span a wide range of metal/
semiconductor ratios. The films created from these solutions
are found to have m-SWNT contents ranging from ~3 to ~99%,
as determined by integration of the M,, and S,, areas
(Figure S4).

Transparent conductive films are formed by the method de-
scribed by Wu et al.'® Solutions are diluted to ~20 mL with wa-
ter and sonicated briefly (10 min) with a cup-horn sonicator be-
fore filtering through a mixed cellulose ester (MCE) filter. The
MCE cross section exposed to the filtrate consists of a circle with
~1 cm diameter. In general, the conditions are selected so that
we achieve an optical density of ~0.2 (~63% T) at the peak of
the M, or S,, transition (without background subtraction, see
Supporting Information and Figure S5). We estimate the mass of
SWNTSs necessary to form such a film is ~5—10 p.g. After forma-
tion of the film on the MCE membrane, the SWNT film is trans-
ferred to a glass or quartz substrate by first wetting the mem-
brane with water and applying it to the substrate, SWNT film side
on the substrate. The substrate is then heated in an acetone va-
por bath for ~10 min to liquefy the MCE membrane and achieve
full adhesion of the SWNT film to the substrate. Residual MCE is
washed away by soaking the film/substrate in acetone overnight.

As a point of reference to other reports, a purified, nitric
acid doped bulk film (1/3 m-SWNTs, 2/3 s-SWNTs) prepared in
such a manner at our laboratory has a sheet resistance of
~100—250 €)/sq with average transmittance (400—1000 nm) of
~80—85% (Figure S6 in Supporting Information). These metrics
are on par with the best SWNT conductive films from the
literature.

Atomic Force Microscopy Measurement of Film Thickness. Film thick-
nesses were measured for several films using AFM. The AFM tip
was rastered over a 10 X 10 wm area, half of which was covered
by the thin SWNT film, while the other half was bare quartz.
From these thicknesses, and the m- and s-SWNT percentages de-
termined for these films, as discussed above, integrated extinc-
tion coefficients (per unit thickness) were calculated for the M,
and S,, bands. We then were able to estimate the thicknesses of
all other films optically, using the integrated extinction coeffi-
cients determined above. Thickness values for films in this study
ranged from 50 to 100 nm. The films in the main text have an av-
erage thickness of 42 = 10 nm.

Chemical Film Treatments. For redox doping, films were im-
mersed in either a 4 M solution of nitric acid or neat thionyl chlo-
ride for anywhere from 4 to 24 h. Beyond ~4 h, the exact dura-
tion of soaking was found to be unimportant. To “de-dope” films,
the as-prepared or redox-doped films were soaked in a 1 M solu-
tion of hydrazine in ethanol. Approximately 4 h was also found
to be sufficient for the hydrazine chemical treatment. The films
discussed in the paper were treated in the following order: (1)fil-
tration and transfer to glass — as-prepared film; (2) overnight
soak in 4 M HNO; — nitric-doped film; (3) overnight soak in N,H,
— intrinsic film; (4) overnight soak in SOCI, — thionyl chloride
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doped film; (5) iterations of N,H, and redox dopants for revers-
ibility studies. This order is critical to achieving efficient doping
by SOCI,, as shown in Figure S7. If excess surfactant is not
washed away by the HNO; treatment, insufficient intercalation
of SOCl, molecules can be a problem.

Computation Methods. We used VASP>3 and SIESTA3* to study
electronic structures of various single-wall carbon nanotubes
within the local density approximation (LDA).>* For plane-wave
VASP calculations, we used the kinetic energy cutoff of 400 eV.
LDA and experimental energy gaps of seven semiconduncting
chiral nanotubes were compared as shown in Figure S1 with di-
ameters ranging from 7.6 to 10.5 A.3° LDA underestimates the
real electronic gaps by about 57.4% on average. For electronic
density of states (DOS) of individual single-wall nanotubes, we
used SIESTA to get one-dimensional band structures with double
{-polarization (DZP) basis sets and take DOS"PA(F) = 25 dk/dEF,
where the factor of 2 is for spin degeneracy and the summation
runs over all bands. The DOS"PA(E) was scaled down by multiply-
ing 0.574 as the LDA energy is smaller by 1.74 times than experi-
ment. Figure 4 shows the corrected DOS of (10,10), (17,0), (8,8),
and (10,5) nanotubes. The former two have diameters of 1.4 nm,
and the latter two have diameters of 1 nm, corresponding to
two extremes of laser tubes. Oxidation states have been calcu-
lated by integrating the DOS from —6.5 to —5 eV, and the redox-
injected hole density is calculated by normalizing the charge
density removed by the dopants to a per-carbon-atom basis.
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