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interest has been focused on the fabrica-

tion of random or oriented single-walled
carbon nanotube (SWCNT) networks on
various substrates. The motivation for form-
ing such SWCNT films is their potential
application in electronic devices such as
organic light emitting displays,’ > thin film
transistors,*> and organic photovoltaics.5”
Conventional transparent conducting films
of indium tin oxide (ITO) lack flexibility and
have relatively high costs, whereas films
based on SWCNTs could potentially display
high flexibility and lower cost. Various film
fabrication techniques have been reported,
including spin coating,® spray coating,”~'?
bar coating,'® dip coating,’* '@ drop cast-
ing,19 and vacuum filtration.2°=2* All of
these methods are classified as solution-
based deposition techniques, as they re-
quire dispersing the SWCNTSs in a suitable
solvent, followed by deposition onto the
substrate of interest. Spin coating is a
simple and effective method for depositing
SWCNTs on substrates, but it is not easily
scaled up for large-scale fabrication. Spray
coating is also a simple method, but it is not
well suited to making uniform thin films
because SWCNT droplets form an inhomo-
geneous distribution in the mist. Although
vacuum filtration leads to uniform and re-
producible films, the transfer process to suit-
able substrates may enhance the cost in
industrial applications. Compared to all other
aforementioned methods, dip coating is ele-
gantly simple and has the advantage of scal-
ability to large and nonplanar substrates.

In a previous publication we showed
that SWCNTs protonated by chlorosulfonic
acid (CSA) adhere efficiently to silicon oxide
microporous and mesoporous particle

In the past few years, much research
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ABSTRACT The use of single-walled carbon
nanotubes (SWCNTs) in fabricating macroscopic

devices requires addressing the challenges of
nanotube individualization and organization in

the desired functional architectures. Previous
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success in depositing bare SWCNTs from chlo-
rosulfonic acid onto silicon oxide microporous

and mesoporous nanoparticles has motivated

Fused silica slide

this study of their deposition onto fused silica substrates. A facile dip-coating method is reported

that produces thin homogeneous films in which the carbon nanotubes are not covered by

surfactants or shortened by sonication. Photophysical, electrical, chemical, and morphological

properties of these SWCNT films have been characterized. When prepared at low densities, the films

exhibit near-IR photoluminescence from individualized SWCNTSs, whereas when prepared at high

densities the films behave as transparent conductors. Sheet resistance of 471 ohm/sq has been

achieved with film transmittance of ~ 86%.
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surfaces.® We hypothesized that a similar
behavior could be obtained for such proto-
nated nanotubes (p-SWCNTs) on flat silicon
oxide surfaces. Here we report the photo-
physical and electronic properties of films
made by SWCNT deposition from CSA onto
flat fused silica windows (Figure 1). Oddly,
although fused silica is widely used in many
applications including photovoltaics, moni-
tors, LCD displays, and UV transparent win-
dows, there seem to be no reports of two-
dimensional SWCNT networks on fused
silica. A detailed study of how to make
such SWCNT films in fused silica, together
with a thorough characterization of their
properties, is pivotal for potential applica-
tions that range from display technologies
to sensors to solar cells. In this report we
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describe a general methodology to allow the straight-
forward fabrication of SWCNT films on fused silica
substrates, with properties that can be tailored from
highly photoluminescent to highly conductive by ad-
justing the nanotube concentration.

RESULTS AND DISCUSSION

Photoluminescence of Low-Density Thin Films. Individua-
lization of SWCNTs was achieved by using CSA. CSA
dissolves SWCNTs by reversibly protonating their
walls, which results in Coulombic repulsion between
CNTs and facilitates disaggregation by counteracting
the strong intertube van der Waals attractions.®?’ In
a previous article, we reported that the bulk NIR-
photoluminescence of p-SWCNTSs can be regenerated
by deprotonating the SWCNT surface.?® To determine
whether this process also occurs for CNTs deposited
on fused silica, a film was made from a dilute SWCNT
CSA solution and then treated with diethyl ether.
Figure 2 shows the fluorescence image of such a film.
Near-IR photoluminescence from isolated centers is
observed, as is consistent with the presence of emis-
sive individual SWCNTSs. Further evidence that these
spots correspond to SWCNTs comes from the varia-
tions in emission intensity of individual centers with
excitation polarization (Figure 2b). The dominant
absorption and emission transitions of SWCNTs are
known to be strongly polarized parallel to the nano-
tube axis,®®*?° so the intensity modulation shown
in Figure 2b is a signature of an individual SWCNT

«— fused silica window
SWCNTSs network

SWCNTs
solution

Figure 1. Pictorial representation of the deposition of
SWCNTs onto a fused silica surface from CSA by dip coating.

Normalized Intensity

rather than an aggregate with randomly oriented
nanotubes. We have also recorded spectra of the
emissive centers that confirm their identities as in-
dividual SWCNTs. Figure 3 shows such spectra for
seven different spots whose distinct peak posi-
tions indicate different (n,m) species. The peak wave-
lengths appear to be red-shifted from those reported
for individual CVD-grown SWCNTs suspended in
air, but they are similar to those observed for in-
dividual SWCNTSs coated with surfactants. The emission
full-widths at half-maximum, between ca. 15 and
23 meV, are also similar to those of surfactant-coated
nanotubes®®>' and broader than spectral widths re-
ported for SWCNTSs in air32>* As these samples had
not been exposed to surfactants, we suggest that the
spectral differences compared to air-suspended
SWCNTs arise from interactions with the fused silica
substrate.

We also noted significant loss of SWCNT photolu-
minescence after the films on fused silica had been
exposed to air for several days. This exciton quenching
effect seems consistent with the reversible surface
oxidation of SWCNTs reported by Dukovic et al>*
Following this slow reduction of emission, the photo-
luminescence efficiency of our films could be restored
by an additional immersion in diethyl ether. We sug-
gest that p-doping caused by atmospheric oxygen in
the presence of residual acid is reversed by proton
transfer to diethyl ether, through a reaction analogous
to the acid-catalyzed ether fission that is well known in
organic chemistry.>®

Decreased photoluminescence efficiency was also
observed for films prepared from more concentrated
SWCNT solutions. We attribute this effect to electronic
coupling between contacted nanotubes. Such cou-
pling allows optical excitation energy to flow from
semiconducting to metallic SWCNTSs, where rapid non-
radiative decay prevents luminescence. We note that fluo-
rescence was still observable from individual SWCNTs
in films prepared from nanotube concentrations as
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Figure 2. (a) Near-IR fluorescence image of SWCNTSs on a fused silica slide prepared by deposition from a 5 xg/mL solution in
CSA followed by deprotonation with diethyl ether. (b) Normalized intensity of an individual emission spot vs excitation beam

polarization angle. The solid curve is a fit of the form sin? 6.
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Figure 3. Normalized emission spectra of individual tubes dried on fused silica substrate upon (a) 785 nm and (b) 840 nm laser

excitation.
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Figure 4. (a) Sheetresistance vs transmittance of SWCNTs films with different transparencies. In one series, sheet resistance of
p-SWCNTs films was measured after fabrication. Other separate deprotonated films were produced by treating the films with
diethyl ether before taking sheet resistance measurements. (b) Transmittance of p-SWCNTs films with different sheet

resistances at visible wavelengths.

high as 0.03 mg/mL in CSA. (See Supporting Informa-
tion, Figure S1.)

Transparent Conductive Films. Our studies indicate that
the decreased SWCNT photoluminescence in denser
nanotube networks is accompanied by an increase in
conductivity of the film. To prepare conductive films, it
is desirable to have a closely packed interconnected
network of SWCNTSs to increase the number of elec-
trical pathways. We hypothesized that p-SWCNTs
would have high affinities toward nonporous flat fused
silica substrates, similar to those of mesoporous alumi-
nosilicates in spite of the morphological differences. By
varying the dipping time and concentration of the
SWCNT solutions, we obtained CNT networks with differ-
ent densities, allowing study of their optical and con-
ductive properties. A common way to show the per-
formance of conductive thin films is by plotting sheet
resistance vs transmittance of visible light (usually at
550 nm, near the peak of the eye's response curve). As
the film transparency decreases in denser networks of
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SWCNTs, the number of electrical pathways increases,
reducing the sheet resistance. Resistive touch-screen
applications require films with high visible transpar-
ency and low sheet resistance (85—90% transmittance
and 300—500 ohm/sq sheet resistance).”*” Figure 4
shows our results for sheet resistance vs transmittance
(along with visible transmission spectra) for different
SWCNT depositions. We achieved sheet resistance as
low as 212 and 471 ohm/sq with transmittance of
~76% and ~86%, respectively, which slightly outper-
forms films made of metallic sorted HiPco SWCNTs
(ca. 231 ohm/sq with 75% transmittance).?? It is no-
table that we find similar performance (Figure 4a) for
films made from p-SWCNTs and p-SWCNTs after
ether-treated (which are deprotonated), despite pre-
vious reports that acid-doped SWCNTs should give
higher film conductivities.>® The reasons for this lack
of doping enhancement are not yet clear, but it seems
possible that the identity of the conjugate base and
the degree of protonation play roles in modulating
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Figure 5. Performance comparison of our p-SWCNTs and ether-treated films with previously reported (a) HiPco films and (b)
dip-coated films. Parts (c) and (d) show comparative FOM plots for HiPco and dip coating, respectively.

the conductivity of the films. Evidence of doping in
p-SWCNT film is evident from X-ray photoelectron
spectra (see below).

The performance of transparent conductive films
can also be expressed with a figure of merit (FOM),
which can be described in different but essentially
equivalent ways. Recently Dan et al. formulated the
following relation between sheet resistance (Rs) and
transmittance (7):'3

_ o

T M

Here the product of the Beer—Lambert absorption
coefficient (o) and resistivity (p) was defined as the
FOM. The advantage of using (a,p) as a FOM is that it is
independent of the film thickness. It is known that the
properties of conductive SWCNT films depend strongly
on the type of nanotubes they contain and on the
fabrication method.'®?*3 We therefore chose to com-
pare the performance of our films with others that
were made from HiPco SWCNTs or were prepared
using dip coating. Figure 5a and b show previously
reported sheet resistance vs transmittance data for
these two classes of conductive SWCNT films, along
with our current findings. It can be seen that our
pP-SWCNT and ether-treated films show performance
comparable with some of the best prior reports. We
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note that almost all of the other films included in
this comparison had been further doped with either
HNO; or SOCI, before sheet resistance measurements.
Figure 5¢ and d show FOM plots, based on eq 1, for
HiPco and dip-coated films. In these figures, sheet
resistance varies linearly with —1/In T, with a slope
equal to FOM (ap). Thus, films with favorable proper-
ties (higher transparency and lower sheet resistance)
will show lower slopes (lower FOM) in Figure 5¢ and d.
Roth and co-workers have reported HiPco dip-coated
conductive films with slightly better FOM than the
ones prepared in this study.'® Interestingly, they
suspended the CNTs in surfactants using strong soni-
cation, which would lead to SWCNTs significantly
shorter than the ones we used.*® The fact that such
networks of shorter SWCNTs showed better perfor-
mance than the networks of long, bare SWCNTs used
here challenges the current understanding of SWCNT
film conductivity, such as the finding of Hecht et al.
that electrical conductivity increases as average bun-
dle length raised to the power 1.46.*' Thereis clearly a
need for further fundamental studies to clarify the
factors that control electrical properties in CNT two-
dimensional networks.

When we measured sheet resistance at various
positions to study the spatial uniformity of our SWCNT
films on fused silica, we observed that resistance
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Figure 6. AFM images of SWCNT films prepared from SWCNT solutions of (a) 0.05 mg/mL, (b) 1 mg/mL (~90% transparency),

and (c) 2 mg/mL (~70% transparency) concentrations.
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Figure 7. High-resolution XPS spectra of thin SWCNT films on fused silica substrate in the (a) C1s region and (b) S2p region.

variations decreased with increasing initial concentra-
tion of SWCNTSs in CSA. This observation may reflect the
formation of more homogeneous SWCNT networks at
higher concentrations, giving a more uniform sheet
resistance.

Structural Characterization of Films. Figure 6 shows
atomic force microscopy (AFM) images of SWCNT thin
films coated on fused silica using different concentra-
tions of SWCNTSs in CSA. As can be seen from the figure,
CNTs form a continuous web over the substrate, where
larger bundles of SWCNTs become more prevalent as
the concentration is increased, and preferential orien-
tation of these bundles becomes noticeable.

X-ray photoelectron spectroscopy (XPS) was used
to investigate the chemical modification of the dry
nanotube films before and after quenching with di-
ethyl ether (see Figure 7). The large C1s peak due to
sp?-hybridized carbon appears at 284.0 and 284.3 eV
for p-SWCNT and ether-quenched films, respectively.
The downshift of p-SWCNTs is consistent with p-type
doping.*? For the p-SWCNTs films, we observe small
shoulder peaks in the higher energy range of 290—
293 eV. These unexpected shoulder peaks are likely due to
the presence of —CF, moieties.** Arguably, mild oxida-
tion of nanotube sidewalls might also be responsible
for the presence of the small peaks. However the
presence of fluorine in the survey spectra (see Support-
ing Information, Figure S2) supports the assignment

SAHA ET AL.

to —CF, groups, which could represent contamination
from the PTFE septa used for our preparations. These
shoulder peaks essentially disappeared on treatment
with diethyl ether. The weak signal near 168 eV in
the S2p region probably comes from residual SOsCI.
Sreekumar et al. also observed the S2p XPS spectra in
their SWCNT films prepared from oleum dispersions.**
However, we did not observe any additional S2p peak
at 164.1 eV, which indicates the absence of any S in the
(II) oxidation state (—C—S—C— bond).2>* Our XPS results
show that carbon atoms are not significantly oxidized or
chemically bonded to sulfur during film preparation.
The Raman spectra of diethyl ether-treated nano-
tube films excited at 785 nm are presented in Figure 8.
The peak intensity ratio between the D band (disorder
mode near 1300 cm™') and G band (tangential mode at
ca. 1590 cm ™) is ~1/7, ~1/8, and ~1/16 for the films
with 92.4%, 80.3%, and 69.1% transparencies, respec-
tively. These ratios are larger than for pristine HiPco
samples (less than 1/20). The increased D/G ratio
suggests sidewall defect formation, which may have
been catalyzed by the fused silica surface during the
heating step used to remove excess solvent. The lower
D/G ratio in higher density films could then be attrib-
uted to thicker films that have a significant popula-
tion of CNTs shielded from direct contact with the
fused silica surface (see Figure 6). For Raman spectra of
HiPco samples measured with 785 nm excitation, the
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Figure 8. (a) Raman spectra of the SWCNT films of three different transparencies after quenching with diethyl ether; peaks are
normalized with respect to the G-band intensity. (b) Radial breathing mode region of SWCNT films of three different

transparencies; peaks are normalized with respect to 233 cm

radial breathing mode (RBM) feature at 267 cm™'

is associated with bundled SWCNTs.***¢ Figure 7b
shows an increase in the relative intensity of this
peak as the film transparency decreases from 92.4%
10 69.1%, indicating an increased proportion of bundled
nanotubes in the thicker films. Still, judging from the
RBM intensities, the degree of aggregation is nonethe-
less lower than in as-produced undispersed pristine
SWCNTs.

CONCLUSIONS

In summary, we report a simple and easily scalable
technique that allows the preparation of SWCNT thin
films with tailored properties. Fused silica substrates
are dip coated in solutions of SWCNTSs in chlorosulfonic

EXPERIMENTAL SECTION

Materials. The SWCNTs used in this study were synthesized
by the high-pressure carbon monoxide (HiPco) process at Rice
University and were purified by low-temperature oxidative
annealing and acid treatment as reported elsewhere.”” Planar
fused silica windows (12.5 x 45 mm) were obtained from Starna
Cells. ACS certified chlorosulfonic acid (density = 1753 kg/m3)
was used as received from Sigma Aldrich.

SWCNT Film Preparation. Concentrated solutions of SWCNTs in
CSA (1.0 mg/mL, 1.5 mg/mL and 2.0 mg/mL) were prepared
following reported procedures.?® Fused silica slides were thor-
oughly cleaned with chromic acid (to remove impurities), dried
at 450 °C, and immersed vertically (manually) in a beaker
containing a SWCNT solution of the desired concentration for
0to 20s. The dipping procedures were carried out in a glovebox
with a constant dry air supply to keep the humidity to a
minimum. Then the substrates were dried at 150 °C under
vacuum for 20 min. Four-probe measurements were performed
after drying the film to determine its resistance. Since dip
coating covered both sides of the fused silica window, one side
was wiped off thoroughly before making the transmittance
measurements. Deprotonated SWCNT films were produced by
immersion in diethyl ether for 60 s. The deprotonated SWCNT
films were then dried under vacuum for about 10 min before
measuring the sheet resistance. For near-IR photoluminescence
experiments, fused silica windows were dipped into SWCNT-CSA
solutions with concentrations ranging from 0.005 to 1 mg/mL.

SAHA ET AL.

~1 peak intensity.

acid. Adjusting the concentration of this solution al-
lows the preparation of low-density SWCNT networks
showing strong photoluminescence or higher density
networks that form transparent conductive films. A
clear advantage of this methodology is that “bare”
SWCNTs free of surfactant coatings are quickly depos-
ited on the fused silica surface, and the SWCNTSs are not
shortened by ultrasonic processing prior to deposition,
as is generally the case in surfactant-based methods.
The performance of these films as transparent con-
ductors is competitive with state-of-the-art nanotube-
based films recently reported by other groups. We
expect that our solution-based dip-coating process will
enable low-cost and large-scale production of thin
films with conductive or photoluminescent properties.

These films were typically dried at ca. 100 °C for about 10 min or
directly dipped in ether for ca. 5 min.

Characterization. Fluorescence microscopy of individual semi-
conducting SWCNTSs (on fused silica substrates) was performed
using a customized Nikon TE-2000U inverted microscope
equipped with a Nikon Plan 60x (NA = 1) water immersion
objective and an InGaAs camera.>® SWCNT fluorescence was
excited with light from a CW Ti:sapphire laser at 785 or 840 nm.
We measured the optical transmission of dense nanotube films
at 550 nm using a UV—vis spectrophotometer (Shimadzu UV-
2450). The sheet resistances of SWCNT films on fused silica were
determined with a Keithley 2400 sourcemeter and a linear four-
point probe. Raman spectra were obtained using a Renishaw inVia
MicroRaman spectrometer. We measured X-ray photoelectron
spectra on a PHI Quantera SXM scanning X-ray microprobe.
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