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The effect of marked photoconduction in �30 nm diameter controllably engineered nanotube bundles is
observed and investigated by a series of Raman-dc-photoconduction and light absorption measurements. The
photocurrent in the bundle is found to change nearly linearly with applied bias and light intensity, attributed to
free carrier photogeneration in individual semiconducting tubes. The primary mechanism of photoexcitation is
a resonant electron-hole excitation, assigned to v2→c2 type. Photocurrent characteristics are observed to
evolve from non-Ohmic to Ohmic-like with increasing excitation powers, and the results are discussed within
the model of heterogeneous conduction, proposed earlier.
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First discovered by Ijima, carbon nanotubes1 �CNs� have
unique electronic and optical properties, and continue to be a
subject of intense scientific research and investigation. A
class of single-walled nanotubes �SWNTs� is of particular
interest because they exhibit a number of functionalities that
do not exist in other material systems. At the same time,
SWNT also can be semiconducting and metallic depending
on their chirality. A critical aspect of semiconductor materi-
als lies in their strong sensitivity to optical radiation; how-
ever, the paradigm has not yet been fully investigated for
CN.

In contrast to bulk materials, the electronic properties of
low dimensional structures, including semiconductor quan-
tum dots, wires, and SWNTs, are strongly size dependent.
Owing to a large variance in the structural parameters and
the lack of techniques to reliably sort SWNTs by their type
and chirality, any experimental and theoretical investigation
of optoelectrical characteristics of SWNTs becomes quite
challenging. The problem can be addressed by simulta-
neously acquiring Raman and photocurrent signals, which
allows one to concurrently probe and thus correlate the geo-
metric and photoelectrical properties of the nanotubes. The
approach can serve as a convenient vehicle to experimentally
study optoelectrical phenomena in highly complex electronic
media, such as SWNTs; the latter predominantly exist in the
state of small bundles.

Light interaction with individual and noninteracting nano-
tubes has been theoretically shown to exhibit a strong
resonant-dependent behavior commensurate with the nano-
tube density of state and periodic boundary conditions, also
known as Van Hove singularities. Bachilo et al. were the first
to successfully obtain emission and/or absorption spectra and
excitation-emission matrix from the surfactant-modified and
presumably individual semiconducting nanotubes, with the
results to have been in accordance with the line of theoretical
predictions.2 The authors have also pointed to the presence of
strong quenching of light emission from nanotube bundles,
the formation of which is self-regulated and favored by
short-range van der Waals forces. A strong sidewall attraction
induced by interatomic forces and �-stacking interactions3–5

can generally lead to a new optoelectronic response, largely
influenced by a degree of intertube electronic coupling and
transport. When excited with light, semiconducting tubes be-
come highly conductive, which will expectedly lead to in-

creased coupling between the neighboring components. As a
result, the electronic wave function can extend well over
several tubes and the quenching effect, thus, can be attrib-
uted to a fast nonradiative transfer of energy from semicon-
ducting to metallic tubes.

Photoinduced energy transfer has been long known to
play an important role as it governs many optical character-
istics of low dimensional systems with strong electronic cou-
pling and can also be exploited in near field imaging
applications.6 As for nanotubes, the property also poses an
important question to the mechanism of the photoconduction
of the SWNT bundles. From the standpoint of the results
reported in Ref. 2, a strong localization of the excitations on
isolated metallic components �the metallic content is esti-
mated to be of �30%� will expectedly affect �facilitate� in-
tertube electronic transport as being overall mediated by car-
rier hopping, but mostly indirectly; therefore, the induced
photocurrent will only constitute a second order effect. In
this study, we show that �30 nm diameter SWNT bundles
exhibit a marked photoresponse that deviates substantially
from the scenario described above and instead is attributed to
resonance photoexcitation and transport of photogenerated
carriers in semiconducting components as a dominant photo-
conduction mechanism. The effects of photoconduction in
nanotube samples have been recently observed by several
authors.7–11 The reports generally point to dissimilar mecha-
nisms underlying CN photoconduction phenomena. For in-
stance, in individual semiconducting tubes configured as
field-effect transistors, the photocurrent measured using
lock-in techniques has shown a linear change with light
intensity.8 Yet, in nanotube suspensions, a sublinear response
was observed and attributed to a bimolecular recombination.7

At the same time, a linear dependence was observed for thin
films of carbon nanotubes, while a saturation of the photo-
current signal at larger excitation powers has been tentatively
prescribed to a slow replenishment of the carriers.9 The con-
troversy generally implies a highly intricate picture of physi-
cal mechanisms underlying light-nanotube interaction and
photoconduction phenomena. At the same time, the differ-
ence in the reported results can also be a result of extrinsic
dependences such as variation in sample processing routes,
unaccounted electromechanical effects, substrate contribu-
tion, and light induced heating.
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In this work, the effect of photoconduction has been sys-
tematically studied based on the model of aligned, close-
packed, and inclusion-free single-walled nanotube bundles.
To minimize any variation in the structural characteristics of
the bundle and to avoid any substrate influence �via field
gating effect�, air suspended bundles were prepared by a re-
fined dielectrophoretic technique.13 The technique offers an
excellent command over bundle structural characteristics and
provides a simple method to controllably position resultant
bundles onto support electrodes with a strong adhesion and
Ohmic contacts.13 Small �i.e., �100 nm� diameter bundles
featuring a close-packed, parallel, and void-free arrangement
of CNs are found to consistently exhibit a strong photocon-
duction response �with at least 17 devices tested� that
changes almost linearly with incident light intensity, typical
of conventional semiconductors. With the help of Raman ex-
periments, we also conclude that the primary mechanism of
photoexcitation is a resonant free carrier generation in indi-
vidual semiconducting tubes prescribed to v2→c2 transi-
tions, as discussed further.

Purified and highly crystalline HiPco® single-walled
nanotubes used were obtained from Carbon Nanotechnolo-
gies and have diameters of �0.7–1.3 nm and the energy
band gap of �0.8–1.3 eV. To assemble aligned �30 nm di-
ameter and �20–40 �m long CN bundles, the nanotubes
were first suspended uniformly in chloroform by rigorous
sonication for several hours, while a 5 V peak-to-peak ac-
electric field was applied to direct the assembly of the
bundles across the gap formed by oppositely aligned tung-
sten microelectrodes; further details on the assembly can be
found elsewhere.13

The photoconduction experiments have been accom-
plished using a Raman spectrometer operating in conjunction
with an Olympus B51 optical microscope. Stokes part of
SWNT Raman spectra was collected to probe for nanotube

specific excitation processes, while anti-Stokes part of G
band has been used, in addition, to monitor the absolute tem-
perature of the samples. Since both the Raman scattering and
photoconduction effect show a strong resonant-dependent
behavior, the photoconduction is to be particularly domi-
nated by the tubes with the strongest Raman active radial
breathing modes �RBMs�, given that a nonresonant absorp-
tion cross section decays fast with an inverse square of the
photon energy.14 This strong resonant-dependent behavior
provides a simple way to quickly and reliably identify
nanotube-specific light absorption processes.

Raman scattering data were obtained using a wavelength-
dispersive Raman spectrometer �Thermo-Nicolet� operating
in the backscattering configuration. The samples were illu-
minated with a 785 nm laser line, and the collected light was
analyzed with a thermoelectrically cooled InGaAs detector.
The results of Raman measurements are presented in Fig. 1.
As one can clearly see, the spectrum is dominated by a nar-
row G band with a peak position at � 1600 cm−1, while D
band is also present, its intensity is much smaller, suggestive
of overall high crystal quality of the nanotube samples.
Small intensity RBM bands can be further found at the
lower-frequency part of the spectrum. Based on the direct
assignment rule,15 structural characteristics, i.e., n-m num-
bers of photoexcited CNs, were identified according to their
RBM peaks, with the details listed in the inset of Fig. 1. The
intersection of 1.57 eV �785 nm� line with the dipole al-
lowed transition curves, known as Kataura plot �Fig. 2�,
gives two possible resonant transition regions, which are
marked by circles �this accounts for the inaccuracy in the
transition diameter of �0.2 nm�. While it has been recently
found that the Kataura plot gives somewhat incorrect optical
transition energies for smaller nanotube diameters, the inac-
curacy is marginal for E22

S and E11
M transitions for excitation

powers of 1.57 eV and the range of diameters �1.3 nm.16

FIG. 1. Raman scattering spec-
trum of nanotubes comprising the
bundles excited with �785 nm la-
ser line. The inset lists the average
diameter and the closest n-m num-
bers of nanotubes assigned ac-
cording to their RBM frequencies.
No metallic tubes are resonantly
excited under the experimental
conditions as clarified by Fig. 2.
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Among all semiconducting tubes listed in the inset of Fig. 1,
only those having diameters of 0.98, 1.12, and 1.17 nm can
be resonantly excited, while their RBM peaks also dominate
the low-frequency part of the Raman spectrum. In terms of
the n and m numbers, we find that �9,5�, �10,6�, �13,3�, and
�9,8� tubes, all of which are S2 type ��2n+m�mod 3=2�, will
experience resonance excitation, while the allowed transi-
tions are prescribed to v2→c2 type, marked as E22

S . The
RBM intensities of these tubes vary depending on their di-
ameter and chiral angle. Since the tubes have somewhat
similar diameters, the main variation of the RBM intensities
comes from the chirality dependence. Using the results of
previous calculations,16 we estimate that at least half of the
total number of resonantly excited SWNTs will be �9,5�
ones.

Figure 3 illustrates the results of light transmittance mea-
surements carried out similarly on solution suspended

SWNTs as a function of their concentration, which was con-
trolled by a dilution method. The results show that the light
intensity falls off quickly with the nanotube concentration,
which points to the presence of a strong light attenuation by
the nanotube solutions. Plotted on a semilogarithmic scale,
the data appear as a straight line �Fig. 3, inset�, confirming
that the attenuation is primarily induced by absorption of
light by semiconducting nanotubes.

Figure 4 shows the results of intensity-dependent photo-
current measurements that reveal nearly a tenfold increase in
the current in the bundles subjected to laser radiation. The
photocurrent changes linearly with intensity �Fig. 4, inset�.
At the same time, while a strong increase in the temperature
of the samples �calculated based on the Stokes and anti-
Stokes intensity ratios of G band17� can be registered �Fig. 5,
inset�, no saturation of the signal has been observed, imply-
ing that direct resonance excitation rather than electron-
phonon scattering processes control the response.

Current-voltage characteristics obtained as a function of
the incident light intensity clearly exhibit a gradual reversal
from being slightly nonmetallic to metallic with increased
excitation powers �Fig. 4�. Non-Ohmic response can be ex-
plained by several factors, including the contribution of con-
tacts, the presence of defects, or localization effects. We also
have performed a set of similar transport measurements on
other nanotube assemblies, including random CN networks
and less ordered bundles. The results consistently revealed
an Ohmic-type conductance for such CN samples, which re-
quires us to exclude contacts and nanotube defects as the
possible origin of the effect. The behavior is very consistent
with the results of independently performed transport studies
by others, in which observed nonmetallic conductance has
been attributed primarily to either intrinsic characteristics of
the bundles18 or individual semiconducting nanotubes.19

To better understand the nonmetallic response observed,

FIG. 2. �Color online� Electronic transitions plotted as a func-
tion of nanotube diameter after Ref. 12. The circles show possible
transitions that are in resonance with incoming radiation and as-
signed to �9, 5�, �10, 6�, �13, 3�, and �9, 8� �chiral semiconducting�
tubes.

FIG. 3. �Color online� Intensity vs concentration measurements.
The inset �logarithmic plot� reveals a clear exponential dependence
of the intensity characteristics.

FIG. 4. �Color online� Intensity dependent current-voltage �I-V�
characteristics obtained under different illumination conditions. The
samples are excited with a focused 785 nm laser beam. The excita-
tion spot is of 15 �m diameter, with 10% illumination power cor-
responding to �10 mW. The inset shows a current vs intensity
curve obtained at an applied bias of 0.8 V.
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the photocurrent-voltage �I-V� data were readily fitted with
I=�1V+�2V2+�3V3 �Fig. 5�, with �1, �3�0. Furthermore,
as �2�0, we confirm that no rectification is present in our
device �i.e., no change in current values are present upon the
reversal of the bias�. Given that there is no a priori reason to
believe in the absolute equivalence of the left and right con-
tacts, this indirectly proves that the contact resistance is neg-
ligible and the observed photoeffect is entirely due to the
bundle. According to Fig. 5, �1 �linear term� grows mono-
tonically with intensity over the whole range of incident
powers, while �3 �third order term� exhibits a linear change
only at lower excitation powers. A strong relative decline of
�3 is observed to start at the intensity of �50%.

Transport in SWNT bundles has been previously found to
exhibit intermix behaviors with metallic-nonmetallic conduc-
tance reversibility, determined by a change in the sign of
conductance-temperature derivative, i.e., d� /dT at a cross-
over temperature T*.18 An intensity value of �50% exactly
coincides with the onset of a strong temperature increase in
the bundle, which directly indicates a thermally activated
linear transport taking place in the bundles. While T* was
reported to lie in the range of 35–250 K,18 the non-Ohmic/
Ohmic reversal of photo-I-V’s takes place at a much higher T
of �450 K �corresponding to �50% intensity�. The discrep-
ancy is likely associated with the fact that the optical method
employed here provides for more accurate monitoring of the
absolute temperature of the samples compared to that accom-
plished with the use of T sensor, since the latter simply fails
to account for any current induced heating effects that can be
substantial.

The mechanism for nonmetallic transport is generally rec-
ognized as a variable-range hopping conductance.20 For the
range of T�T*, one would highly anticipate to observe a
metalliclike response along with a gradual increase in the
sample resistance at increased excitation powers if the photo-
effect were simply due to heating. In contrast, a substantial

increase in the sample conductance has been observed and
taken as evidence of light induced free carrier generation in
individual nanotubes; the latter can be readily analyzed by
relating a current change �i to that of conductance, ��. For
a nearly linear transport regime, one can obtain the following
expression:

�i�I,T,V� � ���I,T,V�V � �n�I���T,V�V

� �n�I���0�T� + �1�T�V + �2�T�V2�V ,

where �0 ,�1 ,�2 are the mobility voltage prefactors, while
the photogenerated excess free carrier density �n is assumed
to mainly depend on photogeneration rate G, i.e., propor-
tional to the intensity of light I: �n�G� I. This assumption
fits well into the picture of the photoconduction behavior
observed and discussed thus far. In particular, as �1,2,3
��n�I��0,1,2�T�, �1 and �3 are anticipated to show a linear
change with light intensity for low incident powers �and tem-
peratures�, in absolute agreement with the experimental find-
ings �Fig. 5�.

The key outcome of the above formula is that it allows
one to easily deconvolve the effects of heating and carrier
photogeneration concurrently taking place in nanotube
bundles and affecting two different physical parameters: car-
rier mobility and density. Since at high temperatures hopping
is no longer a limiting transport mechanism, the response is
determined primarily by intrinsic characteristics of semicon-
ducting and metallic tubes. Since the resistivity of metallic
SWNTs scales up linearly with the temperature21 and thus
exponentially with intensity in our case, the amount of cur-
rent carried by the metallic components will also be expo-
nentially reduced. In parallel, as the density of photogener-
ated carriers increases with both intensity and temperature,
semiconducting tubes will show significantly less resistance
with increased excitation powers. On the other hand, thermal
excitations are expected to compete only weakly with direct
resonant excitation processes since kT	Egap, thereby ex-
plaining why the observed dependence is not exponential
with inverse temperature but linear with intensity. As a final
remark, as the optical excitations in individual nanotubes are
excitonic by nature22–24 and given that we could easily obtain
a photocurrent signal at biases of �1 mV	 exciton binding
energy ��0.2–0.4 eV
kT�, the mechanism of free carrier
formation is likely to be exciton-exciton rather than field
assisted annihilation.

For a complete description of the photoconduction phe-
nomenon in CN bundles, the question on the photoconduc-
tion in resonantly excited metallic tubes remains to be ad-
dressed. It is likely that the response will be dominated
particularly by light heating effects and will affect mainly the
carrier mobility characteristics of nanotube samples; how-
ever, in view of possible nonresonant and resonant energy
transfers to other nanotubes, a detailed investigation of this
question is needed and therefore postponed until future work.

One of the authors thanks S. Sen for his assistance with
part of the experimental measurements. The work was sup-
ported by NSF Grant No. ECCS 0621919.

FIG. 5. �Color online� Plots as a function of light intensity, �1,
�2, and �3 coefficients obtained by fitting photo I-V’s. The inset
shows sample temperature as a function of incident intensity fitted
by exponential dependence �solid line�.
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