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We present optical spectra from the far infrared through
the ultraviolet spectral region of freestanding transparent
carbon nanotube films: single-, double- and multiwalled,
and containing varying amounts of tubes of different chi-
rality. By comparing the spectral features in the far in-
frared and the near infrared/visible, we can estimate the

1 Introduction Optical spectroscopy is one of the
most widely used methods in characterization of carbon
nanotubes. Recently, it was demonstrated that absorption
and especially fluorescence studies can detect individual
nanotubes and identify them by chirality index [1]. Most
studies concentrated on the NIR/VIS spectral range where
transitions between Van Hove singularities occur: based on
these observations, selectivity by semiconducting/metallic
character was reported both for ionic doping [2,3] and co-
valent functionalization [4]. Relatively less attention was
devoted to the low-frequency part of the spectrum. Here we
want to emphasize the importance of far-infrared measure-
ments as a sensitive indicator of intrinsic charge carriers in
metallic tubes and extrinsic carriers in doped materials.

2 Experimental Six types of tubes were used for this
study: four were single-walled, one double-walled and one
multiwalled. Single-walled laser-ablated nanotubes were
produced by Tubes @Rice, arc-derived ones by Carbon So-
lutions, Inc. HiPCO tubes were commercial samples from
CNI Nanotechnologies and two types of CoMoCat sam-

metallic/semiconducting content. We show by spectro-
scopic methods that doping the tubes increases both the
conductivity and the transparency for visible light.We
also discuss the influence of sample preparation and sub-
sequent treatment on application possibilities.
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ples, commercial grade and research grade, from South-
west NanoTechnologies. Based on the average diameter,
we divide the single-walled samples into small- and large-
diameter groups (see Table 1). The width of the diameter
distribution, though, is also varying among the families:
HiPCO has the widest distribution, and the two CoMoCat
samples differ in the content of metallic tubes, SG grade
having a narrower distribution and consisting almost ex-
clusively of semiconducting tubes. Double- and multiwall
tubes were commercial products by Nanocyl SA.

All measurements were done on freestanding films,
prepared according to Ref. [S] from nanotube suspensions
in Triton-X, filtered on a mixed cellulose ester filter which
was subsequently dissolved in acetone and the nanotube
films captured on graphite frames. Films of thickness 300-
400 nm were produced in this way, still thin enough to be
transparent throughout the whole spectral range. The films
were annealed in vacuum at 200 °C for two hours before
measurement; this step is important in order to remove ac-
cidental doping by the chemicals used for purification [6]

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Summary of the samples investigated

Sample Origin Average

diameter (nm)
Arc Carbon Solutions 1.4
Laser Tubes@Rice 1.3
HiPCO CNI Nanotechnologies 0.7
CoMoCat CG Southwest Nanotechnologies 1.0£0.3
CoMoCat SG Southwest Nanotechnologies 0.7
Double-Walled  Nanocyl 2 -3 (outer)
Multi-Walled Nanocyl

and thereby allowing the comparison of pristine nanotubes
without doping effects.

Several spectrometers were used, covering the full op-
tical range from the far infrared through the ultraviolet:
two Fourier-transform interferometers (Bruker 66v/S in the
FIR/MIR, Bruker Tensor 28 in the MIR/NIR) and a JASCO
grating instrument as well as an Ocean Optics fiber-optic
spectrometer in the VIS/UV. Spectra were taken in trans-
mission mode. Doping studies were conducted in a 10 cm
gas cell with KBr windows. We converted the transmission
to optical density (OD) by simply taking —logT". This pro-
cedure neglects reflectance corrections and is therefore not
fully quantitative, especially in the far infrared [7], how-
ever, the resulting OD value is monotonous with concentra-
tion, albeit not linear. This means that although we cannot
use this procedure for estimating the metallic to semicon-
ducting tube ratio, we can establish an order of the sam-
ples according to both dc conductivity and IR/VIS trans-
mittance. A more detailed analysis of the optical constants,
combining spectroscopy with thickness measurements by
atomic force microscopy, will be presented in a forthcom-
ing publication.

3 Results and discussion

3.1 Undoped films Figure 1 shows the optical den-
sity of all six samples investigated. In single-walled tubes,
three typical features can be distinguished: 1. a low-
frequency absorption, either peaked around 100 cm~!
or increasing smoothly towards zero; 2. distinct peaks in
the NIR/VIS range, corresponding to transitions between
Van Hove singularities in the density of states; 3. a broad
absorption peaking in the UV, caused by 7 — 7* excita-
tions of the entire m-electron system. Between regions 1
and 2 the absorption is low and this region constitutes the
transparency window, important for applications.

It is apparent by comparing Figs. 1a and 1b that the
small-diameter tubes used in this study consist of fewer
types of nanotubes than the large-diameter ones, and that
probably the metal/semiconducting ratio is also different
between these samples. The structured appearance of the
S11 transition in HiPCO as well as the extreme small width
of this peak in scientific grade CoMoCat indicates that the
distribution is not continous as in the laser and arc samples.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 Optical density of three types of carbon nanotubes:
a) large diameter (arc and laser), b) small diameter (HiPCO and
CoMoCat) and c) double-walled and multiwalled. Spectra are
scaled at the 7 — 7" peak.

Moreover, the difference between commercial and scien-
tific grade CoMoCat samples manifests itself in both the
narrowing of the Sy, transition and the decrease in intensity
of the low-frequency peak, indicating that the SG material
contains not only a narrower distribution of semiconduct-
ing tubes, but the ratio of semiconducting to metallic tubes
has also increased. Estimations of metal content in CoMo-
Cat tubes vary considerably in the literature from 10 per
cent [8] to 25 per cent [9]; according to the data presented
here, the metal content of the CG type is close to HiPCO,
whereas that of the SG type is less.

All three small-diameter samples show a distinct peak
around 100 cm ™!, in contrast to the large-diameter types,
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which rather show a Drude-like absorption at low frequen-
cies. Such low-frequency peaks are commonly seen in nan-
otube networks [6,10] and have been interpreted in differ-
ent ways, including simple geometrical effects [11]. The
outspoken difference in this case rather points to an in-
trinsic origin of this peak, since the aspect ratio does not
differ so much between samples as to cause this kind of
variation. We believe that the small-diameter tubes, hav-
ing fewer types of tubes by chirality overall, contain less
armchair tubes relative to others [8], and thus the low-
frequency curvature gap is better visible.
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Figure 2 Optical density of CoMoCat SG nanotubes before dop-
ing with HNOj3 vapor and at saturation, in the spectral range of
the first semiconducting transition. The optical density decreases
and the peaks connected to the Van Hove singularities disappear,
causing an overall lower and less structured optical density, i.e.
higher transmission.

3.2 Effects of doping To study the effects of dop-
ing, we chose CoMoCat CG material because it contains
few enough specimens to follow them individually, yet
many enough to observe the effect of doping on several
types of tubes. We followed the evolution of the spectra
in the Sy; region after exposing the film to nitric acid
vapor. Nitric acid causes hole doping, similar to inter-
calated graphite [12]. The process arrived at saturation
within five minutes. In Fig. 2, we show typical spectra:
before and during doping and after saturation. Changes
consist of the disappearance of all interband transitions,
and the appearance of a low-frequency absorption which
we assign to free-carrier excitations connected with the
emptying of the occupied states through hole doping by
the acid. This treatment increases the dc conductivity and
the free-carrier absorption, thereby distorting the appar-
ent metal/semiconductor ratio; this is the reason why be-
fore comparing spectroscopic features, all samples have

www.pss-b.com

to undergo thermal treatment in order to remove spurious
dopants.

3.3 Connection to applications The principal
area in applications of transparent carbon nanotube films
is that of transparent conducting coatings [13]. These ap-
plications require a wide spectral range of transparency,
preferably between the infrared and the visible, and high
dc conductivity, i.e. large optical conductivity (high opti-
cal density) in the far infrared [14]. From the above, it is
clear that carbon nanotubes can fulfil both requirements;
moreover, both the dc conductivity and the transparency
range can be tuned by selecting the appropriate kind of
tubes. The value of the transmission can be then adjusted
by varying the thickness of the layer.

From the rather limited selection presented above, we
can deduct some trends which influence the properties of
potential conducting layers.

The far-infrared optical density scales with the dc con-
ductivity of the material, while the transparency in the
MIR to visible range grows with decreasing optical density.
Thus, the ideal case for conducting electrodes is high opti-
cal density at the lowest frequencies and low optical den-
sity in a preferably wide frequency range, which, in case
of solar energy applications, should include the visible re-
gion. Within these limits, the type of nanotube to be used
depends very much on the particular application. From Fig.
1, it is clear that arc or laser material are recommended if
high dc conductivity is desired, but their window of trans-
parency is narrower than that of HIPCO or CoMoCat. The
window of transparency for all materials lies at lower fre-
quencies than ITO as shown in Fig. 3, but improvement
can be achieved by doping, which reduces the interband
transitions and widens the window (Fig. 2).
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Figure 3 Transmittance of three types of nanotubes in the spec-

tral range investigated. The shaded area represents the application
range of ITO.
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Double-walled nanotubes comprise an interesting class
in themselves: although their far-infrared absorbance is
lower than that of single-walled ones, it is still high enough
to achieve conductance and the range of transparency is
the broadest among the samples investigated. Part of the
reason why the absolute transmittance is lower than in
single-walled tubes is that the mechanical properties are
worse than in case of single-walled tubes, therefore only
thicker films will be freestanding; however, most applica-
tions work in a limited frequency range and therefore can
use an appropriate substrate to give mechanical support.

4 Conclusions We have presented wide-range op-
tical spectra of freestanding carbon nanotube films. From
these data we can characterize various nanotube types
by conductivity and transparency, the most important pa-
rameters of coating applications. We showed that laser or
arc material is optimal when high conductivity is desired,
HiPCO and CoMoCat show a wider transparency region,
and double-wall tubes exhibit the least structure in trans-
mission. The latter effect, loss of structure with increasing
transparency, can also be achieved by doping. These pos-
sibilities (tunable conductivity and transparency window)
make carbon nanotubes feasible alternatives to conducting
transparent oxides.
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