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We have used charge-induced absorption to quantify the influence of injected charges on electroabsorption measurements in single-
wall carbon nanotube films. The interpretations of experimental measurements of x® processes in nanotubes are simplified by
taking into account the change in electron-electron interactions upon charge injection. Electroabsorption spectra that are properly
corrected for charge-induced effects show remarkable agreement with a simple Stark shift of the exciton transitions with no notable
second-derivative contributions. Thus, distinguishing electric field effects from carrier density effects allows for a more rigorous
calculation of exciton polarizability from electroabsorption measurements, even in heterogeneous films. PACS: 78.67.Ch Nanotubes:

optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures.

1. Introduction

While much attention has been given to precise optical
measurements on individual single-wall carbon nanotubes
(SWNTs) or monodispersed populations of SWNTs, devices
made from heterogeneous mixtures of nanotubes continue
to be of interest for use as field emitters, actuators and
transducers, chemical sensors, transparent conductive films,
and field-effect transistors [1-6]. Electroabsorption (EA) is
a powerful tool for understanding the nature of excited
states in materials, and the technique has been applied to
various types of nanotube samples over the course of the
last decade. The absence of Franz-Keldysh oscillations in EA
spectra of nanotubes was used as evidence of the excitonic
nature of the photoexcitations in SWNTs [7-9]. Furthermore,
EA spectra have provided a quantitative estimate of exciton
polarizability and size in individual species, evidence for
charge trapping in SWNT bundles, and evidence for the
existence of low-energy “dark” excitons in order to explain
the low photoluminescence quantum efficiency in SWNTs
[10-12].

Unfortunately, EA spectra of heterogeneous mixtures
of SWNTs suffer from a variety of complex interactions.
Perturbation of 7 orbitals due to bundling, intertube charge

transfer or trapping, and other competing effects can obfus-
cate individual tube responses to external fields. Because of
these interactions, the analysis of SWNT EA spectra is less
straightforward than for many other materials.

Charge-induced absorption (CA) is a complementary
technique that elucidates the influence of excess charge
carriers independent of photoexcitations. This technique has
been used in conducting polymers to measure carrier trans-
port and recombination dynamics and to identify polaron
absorption bands [13-15]. In the present work, we show that
a common feature in the EA spectra of SWNTs may be
attributed to the influence of coincidentally injected charges.
We measure the CA and EA spectra for films made from
identical SWNT populations and fit the EA spectrum to a
combination of the first derivative of the absorption and a
modified bleaching signal from the semiconducting tubes in
the sample shown in CA.

2. Methods

Both CA and EA involve modulating a bias voltage across
the sample and measuring the change in intensity of the
transmitted light. CA and EA spectra were obtained using
a home-built system consisting of a white light source,



a signal generator and matching transformer or amplifier, a
monochromator, and a photodiode detector with a lock-in
amplifier as shown in Figure 1. For both experiments, HiPCO
tubes from Rice were purified via acid treatment and washed
in methanol. They were then dispersed in water using the
surfactant sodium dodecyl sulfate (SDS) at a 1:1 ratio by
weight to inhibit bundling. Then, to make the nonconductive
EA films, polyvinyl alcohol (a transparent plastic with no
significant electronic interaction with the SWNTs) was added
to the solution at a 10 : 1 ratio. Films were then drop-cast onto
the substrates described next and dried in a vacuum oven at
120°C for one hour to remove water and surfactant.

The fundamental difference between the two techniques
is the electrical conductivity of the sample. For EA, the sample
should be highly resistive so that very little current flows
and the sample experiences a large electric field. For our
EA measurements, the PVA-SWNT film resistivity was more
than 6 MQ cm due to the good dispersion of SWNTs in the
PVA matrix. These films were deposited on interdigitated
gold electrodes (see Figurel) with a 15um gap atop a
transparent sapphire substrate, and EA spectra were obtained
by modulating the applied field at a frequency of 1kHz.
This is the highest frequency at which our transformer can
maintain high voltage output; at lower frequencies, there is
an undesirable amount of 1/f noise. The lock-in amplifier
was synchronized at twice the modulation frequency because
the electroabsorption signal depends on the square of the
applied field. The temporal and spatial average of the electric
field between the electrodes was as high as 10" V/m, but the
field actually felt by individual nanotubes depends on their
dielectric strength because much of the potential drop occurs
in the PVA matrix. This effect is linear in the applied voltage
and independent of photon energy, so our qualitative results
are unaffected.

Scanning electron microscope (SEM) images of both
materials are shown in Figure 2. Films were drop-cast onto
polished graphite substrates for imaging, but are otherwise
identical to the films used for the spectroscopy. SEM spectra
were taken using 2 kV accelerating potential in high vacuum.
The sample without PVA (Figure 2(a)) consists of a network
of nanotube bundles of varying sizes as in many other
similar materials reported in the literature. When PVA is
added (Figure 2(b)), the surface of the film obscures the
network structure and only a hint of the nanotubes can
be seen in the image. It is worth noting that the negative
charging under high vacuum in the PVA nanocomposite
sample is significantly worse than in the pure nanotube film,
confirming the difference in electrical conductivity between
the two. We surmise that there are very few percolating
electrical pathways within the nanotube network across the
composite film.

Raman spectra were obtained on both samples, and
the results are shown in Figure 3. The diameters obtained
from the radial breathing modes (RBM) in our sample
are consistent with average sizes of other HIPCO-produced
tubes. The tube diameters range from 0.72nm to 1.33 nm
with a median diameter of 1.13nm. The very low D-band
intensity indicates that the nanotubes are highly purified with
few defects. The close similarity in the spectra of the two
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FIGURE 1: A schematic of the light path and electrical connections
for the EA and CA experiments. The figure on the right is a diagram
of the interdigitated electrode array with a 15 um gap between the
poles.

samples, with no measurable shifts or significant intensity
changes, confirms that the nanotubes survive the processing
and that the PVA matrix does not interact significantly with
the nanotube electronic states. The Raman active modes in
the PVA have an insignificant cross-section compared to the
resonantly enhanced modes in the SWNT.

For CA measurements, the sample resistivity was 4.3 x
107> Q cm due to good connectivity throughout the SWN'T
network comprising the film. The conductive films were
placed on the same interdigitated electrode array, and a
current amplifier was attached to the signal generator and
used to drive charges into the films. The mechanism of
charge injection in a slightly different configuration has
been previously described, and the results were compared to
charge injection via electrochemical doping [16]. The gold
contacts provide a very low barrier to holes, which are the
dominant carriers in undoped SWNTs, but they are very
inefficient contacts for electrons. Because of contact barriers
and traps, injected holes accumulate in the film upon bias
and are withdrawn when the bias is reversed; therefore, the
lock-in detector is synchronized at the same frequency as the
signal generator. However, since the contacts are symmetric,
there is also a significant CA signal, albeit more noisy, at
twice the modulation frequency. The frequency and voltage
dependence of the charge injection depends on the quality
of the electrode and intertube contacts as well as the density
of intertube and intratube traps, but in the present work we
are not concerned with a quantitative measure of the injected
charge density.

One challenge in using the lock-in amplifier for mod-
ulation spectroscopy is determining the correct phase of
the amplifier with respect to the signal generator. In order
to unambiguously determine the phase in our system, we
measured a series of absorption spectra in a Perkin-Elmer
UV-Vis spectrometer with and without applied bias. Averag-
ing 500 spectra over the region from 0.8 to 1.2 eV, we were
able to discern a difference between field off and field on,
proving that the applied field induces bleaching. The spec-
trometer was also used to obtain the absorption spectrum
of our films (from which the derivative was calculated), and
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FIGURE 2: SEM images of nanotube films used in this study. (a) Pure, conductive SWNT film used for CA. (b) Insulating SWNT composite
with PVA used for EA. The bright flecks in the PVA composite image are thought to be PVA aggregates that did not fully dissolve during
processing. The lower contrast and increased streaking in the PVA composite image are due to charging in the sample.
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FIGURE 3: Raman spectra for pure SWNT film (lower) and
SWNT-PVA composite (upper) obtained with 785nm excitation.
The two spectra are offset for clarity. No noticeable frequency shifts
are observed. The inset shows the RBM modes obtained for 514 nm
(bottom), 633 nm (middle), and 785 nm (upper) excitations, used to
determine the diameters present in our samples.

the 7r-plasmon background was subtracted using a 5th-order
polynomial fit.

3. Results and Discussion

The electroabsorption of our nanotube film is shown in
Figure 4 along with the calculated first derivative of the
background-corrected absorption spectra. The features in the
EA spectrum are quite similar to those in the first derivative,
but there is an anomalous offset, most notably in the region of
the spectrum around 1eV where the lowest semiconducting
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FIGURE 4: The change in absorption (red) of a PVA-SWNT compos-
ite film with an average field strength of 4 x 10" V/m shown with
the calculated first derivative of the spectrum (blue, magnified). The
inset shows the linear relationship between the EA signal at1eV and
the applied field strength.

exciton transitions lie. The electroabsorption signal scales lin-
early with the square of the field and has a strong polarization
dependence with respect to the direction of the electric field
as previously reported for electroabsorption in SWNTs.

To understand the nature of the offset, we measured
CA on the same SWNTs, and the results are shown in
Figure 5. Injected charges significantly screen excitons in
semiconducting tubes while having little effect in conducting
tubes where the carrier density is already relatively high;
thus, the effect of injected charge is primarily to bleach the
absorption of the semiconducting nanotubes. Figure 5 shows
the spectral ranges corresponding to the first and second
semiconducting transitions (S;; and S,,, resp.) and the first
metallic transition (M;,;) of nanotubes with an average
diameter near 1.13 nm as determined by Raman spectroscopy.
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FIGURE 5: The CA spectrum with labels for the S;;, S,,, and M,
spectra regions. The primary influence of the injected charges is
to bleach the semiconducting transitions while leaving the metallic
transitions unaltered.

These spectral ranges were determined from a Kataura plot
[17] for pristine nanotubes since the PVA interacts weakly
with the nanotubes and has an extremely low dielectric
constant. The films are not dispersed enough for us to resolve
and identify peaks corresponding to individual tubes, but
rather the peaks comprise overlapping signals from small
groups of tubes. Still, one can identify the spectral ranges
corresponding to conglomerate peaks in the S;;, S,,, and
M,, regions corresponding to nanotubes of this diameter.

The change in optical density for neutral excitations in an
external electric field F is given by

AT 2 S 1 2 6 10(
T - ot 6" 52
where p is the polarizability of the molecule, m is the dipole
moment of the excited state, and §f is the contribution
resulting from the transfer of oscillator strength from the
unperturbed transitions to previously forbidden transitions
[13]. Each of these terms is implicitly a function of the photon
energy E, and in general 0f is subject to the condition

Ao = %A pF -F%f, O

Jm SfdE = 0, ")
0

The only significant differences between the samples used
for EA and CA measurements are the intertube connectivity
and corresponding film conductivity, so we fit the EA spec-
trum to (1) by assuming that only the optically active singlet
excitons contribute to the derivative-like signal and that the
transfer term &f over the measured spectral range is entirely
due to the charge-induced bleaching of the semiconducting
transitions. We allow for differences in charge accumulation
in the percolated, conductive film and the disperse, resistive
film by taking the bleaching effect to be weakly frequency
dependent. We approximate the transfer function as

Of = fuu-Su+ fro S (3)

where the f, are constantsand §;, and S,, are the components
of the CA signal in those respective spectral regions. While
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FIGURE 6: The adjusted EA spectrum (black, dashed) was obtained
by removing the contribution from the CA using the fit parameters
in Table 1 for (1). It is shown again with the calculated first derivative
of the absorption (blue).

TABLE 1: A summary of the manually chosen fit parameters.

Parameter Best fit value
Ap 6x 107" eV m*/V?
m 0

fu 0.131

Fon 0.032

the change in polarizability is different for different chirality
tubes, we found a reasonable fit by using a single average value
since the diameter distribution in our sample is relatively
tight (0.93-1.3 nm). However, the actual determination of p
depends on the value of F, which we have not established
accurately. The bleaching corrected EA at an average applied
field of 6 x 10° V/m is shown in Figure 6 along with the first
derivative of the absorption. The fit parameters used to match
the two spectra are given in Table 1.

4. Conclusions

There have been several studies of the EA spectra of nanotube
films in the recent years, and each has measured different
distributions of tube chiralities and different local environ-
mental conditions. The extremely low dielectric constant and
optical activity of PVA makes it an ideal matrix in which
to obtain EA measurements on virtually pristine SWNTs
[18]. We have shown that the EA signal in such films is a
simple combination of a component proportional to the first
derivative of the absorption and a component proportional
to the charge-induced bleaching, with no need to include
higher derivative terms or the notion of state mixing with
lower lying “dark” excitons. This opens the door for refined
calculations of exciton polarizability and therefore binding
energy, using the relatively simple technique of electroab-
sorption if a suitable measurement or calculation of the actual
field experienced by the nanotubes can be obtained.

We note the similarity between our analysis and the
analysis of EA signals in conducting polymers, especially
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the agreement with the photoexcited change in polarizability
[13, 14]. However, unlike in polymer systems where multiple
exciton manifolds exist, the good fit obtained while setting
m = 0 suggests that the only result of the electrobleaching is
the transfer of oscillator strength to transitions far from the
exciton absorption energies. We have previously suggested
that the oscillator strength goes to the free-carriers absorp-
tion because the injected charges increase the local carrier
density [16]. Because the free-carriers absorption is so broad,
the enhancement in the infrared absorption of SWNT films in
this manner is expected to be small at any particular energy.

It is conceivable that scanning capacitance microscopy on
the PVA-SWNT composite may help determine the potential
distribution inside a biased film and allow for a more precise
measure of F. Furthermore, if PVA-SWNT composites can
be produced with individually dispersed SWNTs, or even
tubes of a single chirality, then the average Ap we have
obtained from our fit could be replaced with specific chirality-
dependent values which would give greater insight into
exciton binding energy variability among different tubes of
similar diameter.
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