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Displacement current detection of photoconduction in carbon nanotubes
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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 PhysidDOI: 10.1063/1.1863447

The potential for single wall carbon nanotud&WNT9  function as photodetectors across a wide spectral range. In
to function as optoelectronic device eleméntgs recog- contrast to the standard photocurrent detection technique, we
nized soon after their discove?yA SWNT behaves as a measure the photogenerated displacement current across a
quasi-one- dimensional wire with an electron energy speceapacitor containing a nanotube mat electrode. This tech-
trum containing a series of sharp peaks known as van Hovgique can provide higher signal to noise than standard pho-
singularities®® The energy spacing between van Hove singutocurrent measurements since there is no dark current
larities varies from less than 0.1 eV to more than 2 eV depresent. We have made a comparison of our results to absor-
pending on the nanotube diameter. Optical excitation andance data and find that the displacement current maps di-
recombination across pairs of van Hove peaks provides theectly onto the nanotube electron energy spectrum. We are
possibility to create nanotube optical detectors or emittergble to observe peaks corresponding to both semiconducting
that operate across a wide range of optical wavelengths. and metallic transitions in our spectrum, with no apparent

A mat of SWNTs containing both semiconductor anddecrease in sensitivity at increasing excitation energy. Using
metallic tubes shows three dominant photoabsorption peaksour technique, we also measure the temperature dependence
Katauraet al® demonstrated that the three peaks correspon@f the photocurrent and observe a sharp increase in the pho-
to the three primary transitions between pairs of van Hovdocurrent at low temperatures. .
singularities: the lowest energy semiconductor nanotube The SWNTs in our experiments are obtained from Car-
transition (S11, the next highest energy semiconductorPoleX, Inc. Raman spectra using variety of excitation wave-
nanotube transitior(S22, and the lowest energy metallic lengths exhibited _rad|al breathmg mode frequencies in the
nanotube transitiofM11). Experiments have subsequently fange 160—200 cm (Ref. 10 indicating the average tube
found that photoexcitation across pairs of van Hove peak§iameters are roughly in the range 1.2—-1.6 nm. This is con-
enhances the conductivity of semiconductor nanotubes, magiStent with TEM observations in which the most probable
ing nanotube photodetectors possible. Fujiw:zaﬂral.7 mea- d|ar_n_eter IS clqse_tev1.4 ”m(?o-lo tube); The samople IS
sured the photocurrent of SWNT mats and observed peaks firified by oxidation in dry air for 30 min at 350 °C fol-
the current corresponding to the S11 and S22 transitiond2Wed by refluxn 4 M HCI at T=120 °C for 4 h. The pu-
Following this work, the S22 peak was observed in photo-”f'ed sample is finally subjected to a vacuum degass at

o Y 1
current measurements of transistors made from individuajr000 C at 10" Torr for 24 h. SW.'\.IT films are prepared by
SWNTs8? depositing ethanol-dispersed purified SWNT bundles onto a

There is only a small amount of published photocurrentglass substrate under ambient conditions and then evaporat-

data, and questions remain regarding the potential of SWNTSY the ethtark;ol aft_lroom_ temperature(;l. Tthe C;OO K re&s‘_tanc;elof
for photodetection applications. Despite the existence oggrohnmanoel; seualr(TS IS measured 1o be approximately
higher energy SWNT optical transitions, results thus far hav our I?neasquremént set-up is shown in Fig)1A glass
been limited to the infrared regime, in which both the S11 . . >t-up ; A9

" . lide on which a SWNT film has been deposited is anchored
and S22 transitions lie. The photocurrent tends to drop o

with increasing excitation energy, and little evidence for the,o. 2. SOPPe! block within an optical access flow cryostat.
M1L t i g€ b d gl}r/] ¢ bl f Contact to the SWNTSs is made by attaching a gold wire to
ransition 1S -observed. IS creales a problem 10hnq o4ner of the film surface using silver paint. This allows

SWNT detectors based on individual tubes, since successfHJ]e SWNT film and copper block to function as positive and
device operation will depend on randomly selecting a Seml'negative electrodes of a capacitor, with the glass slide func-

con(|j_|uctor nanotube dg\r/'\r;lg_lfabhr ication. tioning as the capacitor dielectric. The device formed can be
ere, we present photocurrent measurements Uggq gt of as a metal-insulator-semicondudféiS) photo-

ing a capacitive detection technique that demonstrate thﬁetector, except that the semiconductor is replaced by a
ability of both metallic and semiconductor nanotubes tog\wNT mat'! The sample is illuminated using an optical

parametric amplifiefOPA) excited by a pulsed Ti Sapphire
¥Electronic mail: brucea@Iouisville.edu regenerative amplifier. The pulse width is 120 fs with a rep-

0003-6951/2005/86(6)/061114/3/$22.50 86, 061114-1 © 2005 American Institute of Physics
Downloaded 04 Oct 2007 to 136.165.208.246. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1863447

061114-2 Mohite et al. Appl. Phys. Lett. 86, 061114 (2005)

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 e\.As shown in Fig. 2, these match closely
to the energies of the peaks observed in our displacement

(a) Glass Dielectric

Copper
Ground Plate

Pulsed )
Light current spectrum, and an average diameter of 1.2 nm over-
Source laps reasonably well with the predictions of Raman and TEM
analysis.
DC Vout y

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
15,1 et ot e depscot st esssnnin ncreasing photon energy, whie previousl, he oppsic
a Iockc-lin amplifier set 90° out-of-phasye from theg pulsed Il:I‘aser re:\c:ietition"{?’eﬂd was observed. To underStanq these dlﬁerences’ we
frequency. Electron energy diagrams are shown (Brstandard andc) need to compare how photocurrent is generated in both the
displacement photocurrent measuremdsee text Due to the absence of standard and displacement photocurrent technidilkes-
dark current, _the d_isplacement_ current technique is able to detect electraftated in Figs. b) and Xc)]. In the standard photocurrent
energy transitions in the metallic nanotubes. measuremenfiFig. 1(b)], constant bias is applied across the
SWNT film to produce a dark current that is dominated by
etition rate of 1 kHz and the photon energy is tunable betransport through the metallic SWNTs. Optical excitation at
tween 0.4 and 4 eV. The laser power was kept constant afither the S11 or S22 transition generates mobile carriers in
25 mW. Incident light focused onto the SWNT film optically the semiconductor SWNTs—this opens up a large number of
generates 1 kHz ac displacement current across the capagiew current pathways and produces an easily measurable
tor, which is then amplified and measured using a lock-inphotocurrent. Excitation at the M11 transition, on the other
detector. hand, results in a relatively small increase in current because
Figure 2a) shows the displacement current measured aho new current pathways are created and the metallic path-
300 K as a function of photon energy for light directed at theways do not become appreciably less resistive with the ad-
SWNT film of a typical device. The displacement currentdition of optically excited carriers. In the displacement pho-
varies as a function of photon energy with three peaks obtocurrent measuremefig. 1(c)], the glass dielectric keeps
served at 0.62, 1.39, and 1.85 eV. For comparison, we alsfhe dark current at zero even under applied dc bias. A laser
measured the absorbance of the sampled by comparing thgse incident on the SWNT mat excites mobile charge car-
incident power to that transmitted through the nanotube matiers, which redistribute to produce a temporary increase in
(A hole in the copper block allows for transmission measurethe potential difference across the capacitor. For a 1 kHz
ments) As shown in Fig. 2), peaks in the absorbance occur repetition rate this results in a 1 kHz ac voltage across the
at the same energies at which peaks in the displacement CWapacitor and a measurable displacement current. Since this
rent are observed. This demonstrates that the displacemegfocess can occur for carriers excited in either the semicon-
ductor or metallic nanotubes, the M11, S11, and S22 transi-
tions can all be observed.

Source Current

=" Ampiifier

< 6

% (a) I 522 M11 The magnitude of the displacement current is determined
§ 5 by the number of optically excited electrons that travel from

5 4 the SWNT mat and into the silver contact before energy
© 3 relaxation occurs. In general, excited electrons will need to
5 pass through a number of nanotube/nanotube junctions be-
§ 2 fore reaching the silver contact. Since higher energy elec-
8 1 trons are better able to overcome the potential barriers sepa-
__% 0 rating the SWNTs and the barrier into the contact, the
o displacement current per photon increases with increasing
e 70 photon energy. We can also increase the displacement current
~ 60 by applying a positive dc bias to increase the electron drift
§ 50 velocity. This can be seen in the inset to Figa)3vhere the

8 displacement current detected at the M11 transition is plotted
§> 40 as a function of bias on the silver contact. As the bias be-
2 30 comes more positive, the displacement current increases. The

displacement current signal is still positive for zero bias,

20 however, and continues to be positive even with negative
0.8 1.2 1.6 20 bias on the contact This suggests that there is a built-in
Energy (eV) potential that aids in electron transfer away from the SWNT/

_ ' glass interface and towards the silver contact. Such a poten-
FIG. 2. (@) The displacement photocurrent of a SWNT film measured attjg| can be created through the formation of a dipole layer at

300 K as a function of incident photon energy. Peaks in the photocurrent ar - .
observed at the two lowest energy semiconductor transiti®hs and S2p ﬁ’}e nanotube/substrate interface due to interface S%ltﬁS,

and at the lowest energy metallic transitidi11). (b) The absorbance mea- dU€ to work function differences between the nanotube and

sured for the same SWNT film under the same conditions. substraté” Nanotube/substrate interface potentials as high as
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(a) - large increase in the photocurrent occurs that is observed in
2" : all samples and at all excitation energies measured. This in-
et ___/ crease implies that there is a decrease in the hot carrier re-
Op-=----- skl 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

511 centers at low temperature.

(b) In conclusion, we have demonstrated the use of a dis-

4.0 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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