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Using a capacitive photocurrent measurement technique, we demonstrate the ability of both
semiconducting and metallic single wall nanotubes to function as photodetectors over a wide
spectral range. We observe clear peaks in the photo induced displacement current of a
nanotube-plated capacitor that correspond directly to the semiconducting and metallic transitions in
the nanotube absorbance spectrum. The signal increases substantially as the carrier drift velocity is
raised with applied bias. A large increase in the photocurrent observed below temperatures of 100 K
suggests that the nanotube hot carrier relaxation rate decreases substantially at low temperatures. ©
2005 American Institute of Physics. fDOI: 10.1063/1.1863447g

The potential for single wall carbon nanotubessSWNTsd
to function as optoelectronic device elements1 was recog-
nized soon after their discovery.2 A SWNT behaves as a
quasi-one- dimensional wire with an electron energy spec-
trum containing a series of sharp peaks known as van Hove
singularities.3,4 The energy spacing between van Hove singu-
larities varies from less than 0.1 eV to more than 2 eV de-
pending on the nanotube diameter. Optical excitation and
recombination across pairs of van Hove peaks provides the
possibility to create nanotube optical detectors or emitters
that operate across a wide range of optical wavelengths.

A mat of SWNTs containing both semiconductor and
metallic tubes shows three dominant photoabsorption peaks.5

Katauraet al.6 demonstrated that the three peaks correspond
to the three primary transitions between pairs of van Hove
singularities: the lowest energy semiconductor nanotube
transition sS11d, the next highest energy semiconductor
nanotube transitionsS22d, and the lowest energy metallic
nanotube transitionsM11d. Experiments have subsequently
found that photoexcitation across pairs of van Hove peaks
enhances the conductivity of semiconductor nanotubes, mak-
ing nanotube photodetectors possible. Fujiwaraet al.7 mea-
sured the photocurrent of SWNT mats and observed peaks in
the current corresponding to the S11 and S22 transitions.
Following this work, the S22 peak was observed in photo-
current measurements of transistors made from individual
SWNTs.8,9

There is only a small amount of published photocurrent
data, and questions remain regarding the potential of SWNTs
for photodetection applications. Despite the existence of
higher energy SWNT optical transitions, results thus far have
been limited to the infrared regime, in which both the S11
and S22 transitions lie. The photocurrent tends to drop off
with increasing excitation energy, and little evidence for the
M11 transition is observed. This creates a problem for
SWNT detectors based on individual tubes, since successful
device operation will depend on randomly selecting a semi-
conductor nanotube during fabrication.

Here, we present SWNT photocurrent measurements us-
ing a capacitive detection technique that demonstrate the
ability of both metallic and semiconductor nanotubes to

function as photodetectors across a wide spectral range. In
contrast to the standard photocurrent detection technique, we
measure the photogenerated displacement current across a
capacitor containing a nanotube mat electrode. This tech-
nique can provide higher signal to noise than standard pho-
tocurrent measurements since there is no dark current
present. We have made a comparison of our results to absor-
bance data and find that the displacement current maps di-
rectly onto the nanotube electron energy spectrum. We are
able to observe peaks corresponding to both semiconducting
and metallic transitions in our spectrum, with no apparent
decrease in sensitivity at increasing excitation energy. Using
our technique, we also measure the temperature dependence
of the photocurrent and observe a sharp increase in the pho-
tocurrent at low temperatures.

The SWNTs in our experiments are obtained from Car-
bolex, Inc. Raman spectra using variety of excitation wave-
lengths exhibited radial breathing mode frequencies in the
range 160–200 cm−1 sRef. 10d indicating the average tube
diameters are roughly in the range 1.2–1.6 nm. This is con-
sistent with TEM observations in which the most probable
diameter is close to,1.4 nm s10,10 tubesd. The sample is
purified by oxidation in dry air for 30 min at 350 °C fol-
lowed by reflux in 4 M HCl at T=120 °C for 4 h. The pu-
rified sample is finally subjected to a vacuum degass at
1000 °C at 10−7 Torr for 24 h. SWNT films are prepared by
depositing ethanol-dispersed purified SWNT bundles onto a
glass substrate under ambient conditions and then evaporat-
ing the ethanol at room temperature. The 300 K resistance of
our nanotube films is measured to be approximately
10 ohm per square.

Our measurement set-up is shown in Fig. 1sad. A glass
slide on which a SWNT film has been deposited is anchored
to a copper block within an optical access flow cryostat.
Contact to the SWNTs is made by attaching a gold wire to
the corner of the film surface using silver paint. This allows
the SWNT film and copper block to function as positive and
negative electrodes of a capacitor, with the glass slide func-
tioning as the capacitor dielectric. The device formed can be
thought of as a metal-insulator-semiconductorsMISd photo-
detector, except that the semiconductor is replaced by a
SWNT mat.11 The sample is illuminated using an optical
parametric amplifiersOPAd excited by a pulsed Ti Sapphire
regenerative amplifier. The pulse width is 120 fs with a rep-adElectronic mail: brucea@louisville.edu
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etition rate of 1 kHz and the photon energy is tunable be-
tween 0.4 and 4 eV. The laser power was kept constant at
25 mW. Incident light focused onto the SWNT film optically
generates 1 kHz ac displacement current across the capaci-
tor, which is then amplified and measured using a lock-in
detector.

Figure 2sad shows the displacement current measured at
300 K as a function of photon energy for light directed at the
SWNT film of a typical device. The displacement current
varies as a function of photon energy with three peaks ob-
served at 0.62, 1.39, and 1.85 eV. For comparison, we also
measured the absorbance of the sampled by comparing the
incident power to that transmitted through the nanotube mat.
sA hole in the copper block allows for transmission measure-
ments.d As shown in Fig. 2sbd, peaks in the absorbance occur
at the same energies at which peaks in the displacement cur-
rent are observed. This demonstrates that the displacement

current accurately probes the photoexcitation spectrum of the
sample. Assuming an average nanotube diameter of 1.2 nm,
the calculated energies for the three most prominent SWNT
photoexcitation transitions are S11=0.65 eV, S22=1.3 eV,
and M11=1.85 eV.6 As shown in Fig. 2, these match closely
to the energies of the peaks observed in our displacement
current spectrum, and an average diameter of 1.2 nm over-
laps reasonably well with the predictions of Raman and TEM
analysis.

There are two main differences between our results and
those of Fujiwaraet al. First, we observe a peak correspond-
ing to the M11 transition, that was previously absent. Sec-
ond, we observe that the photocurrent per photon increases
with increasing photon energy, while previously, the opposite
trend was observed. To understand these differences, we
need to compare how photocurrent is generated in both the
standard and displacement photocurrent techniquesfillus-
trated in Figs. 1sbd and 1scdg. In the standard photocurrent
measurementfFig. 1sbdg, constant bias is applied across the
SWNT film to produce a dark current that is dominated by
transport through the metallic SWNTs. Optical excitation at
either the S11 or S22 transition generates mobile carriers in
the semiconductor SWNTs—this opens up a large number of
new current pathways and produces an easily measurable
photocurrent. Excitation at the M11 transition, on the other
hand, results in a relatively small increase in current because
no new current pathways are created and the metallic path-
ways do not become appreciably less resistive with the ad-
dition of optically excited carriers. In the displacement pho-
tocurrent measurementfFig. 1scdg, the glass dielectric keeps
the dark current at zero even under applied dc bias. A laser
pulse incident on the SWNT mat excites mobile charge car-
riers, which redistribute to produce a temporary increase in
the potential difference across the capacitor. For a 1 kHz
repetition rate this results in a 1 kHz ac voltage across the
capacitor and a measurable displacement current. Since this
process can occur for carriers excited in either the semicon-
ductor or metallic nanotubes, the M11, S11, and S22 transi-
tions can all be observed.

The magnitude of the displacement current is determined
by the number of optically excited electrons that travel from
the SWNT mat and into the silver contact before energy
relaxation occurs. In general, excited electrons will need to
pass through a number of nanotube/nanotube junctions be-
fore reaching the silver contact. Since higher energy elec-
trons are better able to overcome the potential barriers sepa-
rating the SWNTs and the barrier into the contact, the
displacement current per photon increases with increasing
photon energy. We can also increase the displacement current
by applying a positive dc bias to increase the electron drift
velocity. This can be seen in the inset to Fig. 3sad where the
displacement current detected at the M11 transition is plotted
as a function of bias on the silver contact. As the bias be-
comes more positive, the displacement current increases. The
displacement current signal is still positive for zero bias,
however, and continues to be positive even with negative
bias on the contact.12 This suggests that there is a built-in
potential that aids in electron transfer away from the SWNT/
glass interface and towards the silver contact. Such a poten-
tial can be created through the formation of a dipole layer at
the nanotube/substrate interface due to interface states,13 or
due to work function differences between the nanotube and
substrate.14 Nanotube/substrate interface potentials as high as

FIG. 1. sad Diagram illustrating the displacement photocurrent measurement
technique. The current is determined by measuring the output voltage using
a lock-in amplifier set 90° out-of-phase from the pulsed laser repetition
frequency. Electron energy diagrams are shown forsbd standard andscd
displacement photocurrent measurementsssee textd. Due to the absence of
dark current, the displacement current technique is able to detect electron
energy transitions in the metallic nanotubes.

FIG. 2. sad The displacement photocurrent of a SWNT film measured at
300 K as a function of incident photon energy. Peaks in the photocurrent are
observed at the two lowest energy semiconductor transitionssS11 and S22d
and at the lowest energy metallic transitionsM11d. sbd The absorbance mea-
sured for the same SWNT film under the same conditions.
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0.17 V have been observed.13 Recent experimental15 and
theoretical16 work has shown that exciton binding energies in
carbon nanotubes are extremely high, making excitons,
rather than interband transitions, the primary photoexcita-
tions in semiconducting SWNTs. The strong bias dependence
in the photoconduction that we observe could thus also be
due to the fact that bias aids in the separation of bound elec-
tron hole pairs.

Since the displacement current technique detects only
those carriers that make it to the contact before energy relax-
ation occurs, the temperature dependence of the photocurrent
provides a means to detect changes in the hot carrier relax-
ation rate as a function of temperature. In Fig. 3, the dis-
placement current for excitation energies corresponding to
the sad S11,sbd S22, andscd M11 transitions are shown as a
function of temperature.sThese are taken from measure-
ments of a second SWNT mat sample.d In the 300–100 K
range, the photocurrent is observed to either decrease or re-
main relatively constant. The exact temperature dependence
in this range varies from sample to sample. Below 100 K, a

large increase in the photocurrent occurs that is observed in
all samples and at all excitation energies measured. This in-
crease implies that there is a decrease in the hot carrier re-
combination rate at low temperatures. The exact mechanism
behind the decrease is still open to investigation, but it is
thought to be due to the filling of trap based recombination
centers at low temperature.

In conclusion, we have demonstrated the use of a dis-
placement current technique to probe the photo excitation
spectrum of a SWNT film. We observe a photocurrent signal
corresponding to both semiconductor and metallic transitions
with a large signal to noise ratio. This technique should also
be generally applicable to individual nanotube and nanowire
devices.
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FIG. 3. Displacement photocurrent as a function of temperature for a second
nanotube mat sample measured at thesad S11,sbd S22, andscd M11 transi-
tions. Inset: The 300 K displacement photocurrent as a function of dc bias
measured for the sample of Fig. 2 at the M11 transition.
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