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We have observed the photoconductive response of film samples of single-walled carbon
nanotubes for the first time. Two peaks in the photoconductivity excitation spectra
around 0.7 and 1.2 eV are observed at room temperature, which can be interpreted as a
photocurrent in semiconducting nanotubes. At a low temperature, we found a marked
change in the intensity of the spectrum. In this paper, we discuss this temperature

dependence and the mechanism of photoconductivity.
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Since the discovery of carbon nanotubes (NTs),") they have attracted much attention
as a very interesting electronic material because of the one-dimensional tubular network

structure in the nanometer scale.3)

The variety of band structures of the NTs, being
either semiconductive or metallic depending on the chirality and the diameter of the
tube,*® is also a novel feature. The discovery of the many functions of NTs"'® has
opened up the possibility of applications to nanoscale electronic devices. To date, however,
the electronic transport properties of semiconducting N'Ts has been largely unexplored,
though understanding them is important for basic study on semiconducting nanotubes
and for the application of semiconducting NTs to nanotechnology.

In this letter, we report the photoconducting properties of single-walled carbon nan-
otubes (SWNTs) with a diameter of about 1.4 nm. We found that the photoconductivity
excitation spectrum shows two peaks around 0.7 and 1.2 eV, which correspond to the
first and second peaks of the optical adsorption spectrum in semiconducting SWNTs.
Our results clearly show that SWNTs can act as a semiconductor with photoconducting
function despite the one-dimensional electronic structure. We also discuss the mechanism
of photoconducting behavior and mobility of SWNTs.

The samples of SWNT bundles were synthesized by evaporation of composite rods
of nickel (Ni), yttrium (Y) and graphite in helium atmosphere by arc discharge.'6'?)
Observations by transmission electron microscopy (TEM) revealed that soot is composed
mainly of SWNTs and also amorphous carbons and metal particles. The diameter of the
SWNTSs used here is determined to be about 1.4 + 0.2 nm by the Raman frequency of a
breathing mode and TEM observation. The typical length of SWNT bundles estimated
by scanning electron microscopy (SEM) is a few micrometers.

For preparing film samples for photoconductivity measurements, suspension of as grown
SWNTs in methyl alcohol was dropped on a glass substrate. The typical film sample size
is about 100pum x 100pm and the thickness of the film is between 300 and 500 nm. A
pair of gold electrodes separated by a 10 pym gap was evaporated in vacuum on to the
surface of the film samples and connected to a dc regulated power supply. The narrow

gap of 10 pm was chosen in order to reduce the number of junctions between SWNTs in

the current pass, because the resistance of the junctions dominates the total resistance of
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the sample and obscures the intrinsic transport properties of SWNTs. The samples were
mounted in a continuous-flow helium cryostat. As a light source, an optical parametric
oscillator (OPO) excited by a pulsed Nd:YAG laser was used. The photon energy was
in the range of 0.5 to 2.8 eV and the pulse duration was 5 ns. The temporal profiles of
the laser pulse and the photocurrent were monitored with a digitizing oscilloscope. In
order to avoid spurious ringing in the fast pulse detection, we were obliged to use the
input impedance of the oscilloscope (50 €2) as the reference resistor despite the obvious
disadvantage of lower sensitivity. The resistance of samples in the dark is ca. 100 €2 at
room temperature (RT) and ca. 700 Q at 13.2 K.

Figure 1(a) shows the temporal evolution of photocurrent for various incident light
intensities at RT. Photoconductive response with a 5 ns width can be observed and in-
creases with increasing incident light intensity. The relationship between the photocurrent
peak height and the incident light intensity for various photon energies is shown in Fig.
1(b). Below 10 A, the photocurrent intensity responds linearly to incident light inten-
sity. On the other hand, it shows saturation behavior above 10 p A; this saturation is
often observed under intense light intensity and might be due to lack of replenishment
of carriers.'® Therefore, we estimate the photoresponse from the slope of the linear part
in Fig. 1(b) (photocurrent < 10 p A); results are shown in Fig. 2. Two clear peaks in
photoconductivity excitation spectra at RT are observed around 0.7 and 1.2 eV. These
energies are very close to the first and second interband gaps of semiconducting SWNTs
with a diameter of 1.4 nm. In addition, these spectra are very similar to the optical ab-

17,19) From this result, we can

sorption spectra of SWNTs prepared by the same method.
conclude that the photoconductivity originating from the semiconducting SWNTs occurs,
and that this technique is very effective for studying the electronic transport properties
of semiconducting NTs.

The photoconductivity measurement was repeated at 13.2 K and the results, are shown
in Fig. 3, in which the data at RT are also plotted for comparison. In all energy re-
gions, the photoconductivity response at 13.2 K is much higher than that at RT, whereas

0)

the optical absorption is hardly enhanced even at a low temperature.?’) Moreover, the

enhancement strongly depends on the photon energy. We focus on the temperature (7°)
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dependence of the peak intensities around 0.7 and 1.2 eV as shown in Fig 4. The first
(E = 0.7 eV) and second (1.2 eV) peaks generally follow 75 and 7-2 dependence,
respectively. T" dependence of photoconductivity Ac(T') can be represented by

e |T)

Ao(T) = An(T)eu(T) = An(T) o (T

(0.1)

where An(T), e, u(T'), m*, I(T') and v(T) are carrier numbers increased by light irradia-
tion, carrier charge, mobility of charge carrier, effective mass of charge carrier, mean free
path and thermal velocity. Therefore, the photon-energy dependence of Ac(7T') should be
attributed to that of An(T) and/or e, u(T).

Firstly, we consider a case where An(T) strongly depend on p(7) as in the case of
conventional semiconductors. We can expect 772 dependence of u(T) in the regime
of the diffusive transport due to electron-phonon interactions, because [(7') and v(T)

21,22) show

respectively follow 7! and T=. On the other hand, some experimental results
that NT behaves as a ballistic conductor even at RT. In this case, [(T) is expected to be
limited to the nanotube length and to become independent of temperature. Therefore,
Ao (T) is expected to follow T72. Although T2 and T~ dependence of Ac(T) can
be explained by possible models, it is unlikely that the different conduction mechanisms,
i.e., diffusive and ballistic transport, coexist in the same SWNT. In addition, if generated
charge carriers rapidly relax to the lowest energy band and follow it as photocurrent, p(7)
must be independent of the photon energy.

Taking account of this contradiction, we also adopt the photon-energy dependence of
An(T) as the origin of that of Ac(T). Ando? claimed that almost all of the lowest
interband-transition intensity is transferred to the exciton transition. This prediction is
applied to the interpretation of the optical absorption experiments:'"') the first peak
in optical absorption is assigned to this exciton transition, while others are ascribed to
the interband transition. In this case, the mechanisms of photoconductivity at the first
and the second peaks are qualitatively different from each other: the former and the
latter originate from the dissociation of the exciton and the usual interband transition,
respectively. In this case, An(T) can show different T' dependence between the first and

second peaks.



Though simple models are applied in the above discussions, the mechanism of photocar-
rier creation, the transport properties of photocarriers and their 7" dependences are still
not clear. This problem is also related to the lifetime of excited photocarriers and complex
current pass including junctions between SWNTSs. In this way, this intricate 7" dependence
of Ag(T) cannot be understood only from experiments on photoconductivity. Therefore,
more detailed experiments on the temperature dependence of photoconductivity excita-
tion spectrum of an individual SWNT and the comparison of them with the temperature
dependence of optical absorption will clarify the mechanism of photoconductivity and
transport properties of semiconducting SWNTs.

In conclusion, we have observed the photoconducting effect of SWNTs for the first
time. We find two peaks around 0.7 and 1.2 eV in photoconductivity excitation spectra
corresponding to the first and second gaps of semiconducting SWNTs. This result shows
that the SWNTs may actually function as a photoconducting material in nanotechnology.
On the other hand, enhancement of the photoconductive response is observed at low tem-
perature, and it strongly depends on the excitation energy. Further experimental studies
will clarify this unusual temperature dependence and mechanism of photoconductivity,
which was not achieved in this study.
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Figure captions

Fig. 1. (a) Temporal evolution of the photocurrent for various incident light intensities
at room temperature. (b) Incident light intensity dependence of photoresponse.

Fig. 2. Photoconductivity excitation spectra for two film samples of SWNTs at room
temperature.

Fig. 3. Photoconductivity excitation spectra for data at 13.2 K and room temperature.

Data are plotted in semi-logarithmic scale.

Fig. 4. Temperature dependence of the peak values of photoconductivity excitation spec-

trum around 0.7 and 1.2 eV.
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