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Chirality assignment of individual single-walled carbon nanotubes
in carbon nanotube field-effect transistors by micro-photocurrent
spectroscopy
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We have proposed a possibility of chirality assignment of individual single-walled carbon nanotubes
in nanotube field-effect transisto(BETS by micro-photocurrent spectroscopy. The nanotube FETs
were fabricated by utilizing position-controlled nanotube growth technique using alcohol chemical
vapor deposition. Photocurrent signal that originated from a single single-walled carbon nanotube
was obtained by using microscopic optical measurement system. A peak was observed at 1.73 eV in
the photocurrent excitation spectrum. This corresponds to optical absorption by van Hove
singularity of the nanotube with a diameter 2 nm. Chirality of the nanotube in the nanotube

FET was assigned to bél8, 10 by comparing the experimental results with theoretical
calculation. ©2004 American Institute of Physic§DOI: 10.1063/1.1650554

Semiconducting  single-walled carbon  nanotubes~ETs with a single SWNT were fabricated by utilizing
(SWNTs are promising materials for the nanoscale electromosition-controlled nanotube growth technigue using alcohol
devices such as nanotube field-effect transistesT9 for  chemical vapor depositiofCVD). u-PC spectroscopy and
ultrahigh density integrated circuits and quantum-effect deatomic force microscopeAFM) observation have been per-
vices for novel intelligent circuits, which are expected toformed in the nanotube FETs. Chirality of the nanotube
make a great breakthrough in the present silicorchannel was assigned from tpePC excitation spectrum by
technology*? In order to realize such highly functional comparing the results with theoretical calculation, the so-
nanoscale circuits by using SWNTs, there are many issues talled Kataura plot.
be addressed as follows: position control and chirality con-  The nanotube FETs were fabricated by utilizing position-
trol of SWNTSs, electrode formation to nanotube channelscontrolled nanotube growth technigti®.A heavily doped
and so on. In addition to these device fabrication technolop*-silicon wafer with thermally oxidized SiQ(100 nm was
gies, it is also important to understand device operationuised as a substrate. Metal catalysts consisting of a double
based on detailed characterization of nanotube devices. layer of Co(2 nm) over Pt(10 nm were patterned on the
particular, a study of “chirality” of SWNTs in nanotube de- substrate using conventional photolithography and metal lift-
vices is probably very important because it determines deroff processes. SWNTs were synthesized by thermal CVD. A
sity of states, band gap, and other electronic properties of th@ixture of ethano(50 sccm and argor(100 sccmwas used
SWNTs. as a source gasThe total pressure in the furnace was 2 Torr.

Characterization of nanotube FETs are usually perThe growth temperature and time were 900°C and 1 h, re-
formed by electrical measurement through three terminalsspectively. The device fabrication was completed by Ti/Au
Because semiconducting nanotubes are direct transitioflectrode formation both on the patterned catalysts and on
semiconductor similar to compound semiconductors, theyhe back side of the substrate. The back side metal was used
can emit and absorb photons with high efficiency. Thengg a gate electrode.
characterization of nanotube FETs by using optical measure- A tynable continuous-wave Ti/sapphire laser was used as
ments would also be possible. The optical characterizationgn excitation source in the presemtPC spectroscopy. The
have an advantage because information on energy bangser heam was focused on the sample surface by an objec-
structure of the nanotube is obtained by spectroscopic analyye |ens (<50). The diameter of laser spot was2 um.
sis. For example, resonant Raman scattering spectroscopy pbjarization of the excitation laser was parallel to the axis of
SWNTs is one of the most commonly used techniques tqanotube. The device was mounted on a cold finger of a
assign chiralities of the SWNTs. However, it is difficult to cryostat and cooled down to 10 K.
observe Raman signal from a single SWNT because of poor Figure 1 shows drain current{)—gate-source voltage
Raman scattering efficiency. (Vg9 characteristics of nanotube FET in dddashed ling

In this letter, we have proposed a possibility of chirality 3ng under illuminatior(solid line). Here, the excitation en-
assignment of an individual SWNT in nanotube FETS byergy was 1.73 eV, which corresponds to absorption energy of
microscopic photocurrentu-PC) spectroscopy. Nanotube he third interband gap of a van Hove singularity of the nano-
tube as described later. When the device was illuminated by
¥Electronic mail: yohno@nuee.nagoya-u.ac.jp the laser, the threshold voltage shifted in a direction of nega-
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FIG. 1. Ip—Vgg characteristics of nanotube FET in daddashed lingand (b) 208
under illumination(solid line).

tive Vgg, and thelp at off-state region Vgs>—5V) in-
creased. The threshold voltage shift is probably due to an
accumulation of photoexcited electrons at h&i/SiO, in-
terface. Since, in the off-state region, carriers were not in-
jected from electrodes, the observed drain current would be
caused by photoexcited carriers. 0
. . . 0 363

Figure 2 shows the photocurrent as a function of position Position (nm)
of the laser spot, which was scanned frénto A’ shown in
the SEM image of the inset. Here, the device was biased &lG. 3. (a) AFM image at the position wherg-PC was observed in Fig. 2,
off-state asVps=1V andVgs=5 V. The maximum photo- and (b) cross-sectional profile betwe@handB'.
current was obtained at~27 um. There was a SWNT at
this position as shown in the SEM image. The dotted line inlizer. Figure 4 shows th@-PC as a function of photon en-
the figure is a fit by a Gaussian. The photocurrent broadeningrgy. A peak was observed at 1.73 eV. This is probably at-
corresponds to the intensity distribution of laser spot, whicHributed to optical absorption by the third interband gap of
is a Gaussian with a deviation ef2 um. van Hove singularity of the semiconducting SWNT. The

AFM observation was performed for the nanotube FETlinewidth is larger than the width of ideal density-of-state of
where photocurrent was observed. Here, a cantilever wit®WNTs. This might be due to the fact that the electronic
small spring constant~0.1 N/m) was used in noncontact band structure was modulated by the effect of the interaction
mode AEFM in order to minimize a deformation of the with substrate since the SWNT in the FET contacted with a

SWNT. Figure %a) is the AFM image, and Fig.(8) is a  SiO,/Si substrate.
cross-sectional profile betwe@andB’ in (a). The channel Generally, if we know the energy of van Hove singular-
of the present device was determined to be a single SWN1ity and the diameter of a SWNT, it is possible to assign the
with a diameter of-2 nm. Therefore, observed photocurrent chirality by comparing with theoretical prediction. Figure 5
resulted from electron—hole excitation in the single SWNT. shows calculated absorption energies corresponding to van
By varying the wavelength of Ti/sapphire laser, the ex-Hove singularities as a function of diameter for various
citation spectrum ofu-PC was obtained. Here, excitation SWNTs, the so-called Kataura pfotHere, the carbon-
power was set to a condition of constant photon number igarbon interactiony, of 2.9 eV was used. From the-PC

the whole wavelength range by using a laser power stabiexcitation spectrum and the AFM observation, the SWNT in
the present nanotube FET had an absorption energy of 1.73
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FIG. 2. u-PC as a function of position betweénand A’ shown in SEM

image of the inset. The dotted line is a Gaussian fit. FIG. 4. u-PC excitation spectrum.
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E" £, e, £, the (18, 10 SWNT does not have any van Hove singularities
180 T o % O at the energy region. Even though the origin of this peak is
° T S not clear, it might be a phonon replica of the peak at 1.73 eV.
175F < g 10;X S Elucidation of the origin of the broad peak will be a subject
S . T X %oo of further investigation.
> 1700 e o0 ] In summary, we have observgdPC in an individual
o « ce g T ood SWNT channel in a nanotube FET, which was fabricated by
wu x Lo T e g utilizing position-controlled nanotube growth. A peak was
165 ¢ x5 observed at 1.73 eV in thg-PC excitation, which was at-
%o . tributed to optical absorption by a van Hove singularity. A
1.60 w o, e possibility of chirality assignment of the SWNT in the nano-
10 o 20 25 30 tube FET was suggested.
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FIG. 5. Kataura plot. Open circles and crosses are metallic and semicon- The data of KataWa p_IOt were prowde_:d by Professor S.

ducting, respectively. The chirality of the present nanotube was assigned #¥laruyama of the University of Tokyo. This work was sup-

be (18, 10 as shown by the dot. ported in part by the Special Coordination Funds of the Min-
istry of Education, Culture, Sports, Science, and Technology

eV and a diameter of-2 nm. Consequently, the chirality of of the Japanese Government.

the SWNT would be assigned to &8, 10 as shown by a
closed circle. Thé18, 10 nanotube is semiconducting. This 1c. Dekker, Phys. Todag2, 22 (1999.
agrees with the FET operation of the device. Any signals®M. S. Dresselhaus, G. Dresselhaus, and P. AvoSiisinger Series, Car-
; ; _ ; _bon NanotubegSpringer, Berlin, 2001 Vol. 80.
could not .be detected in micro Ramain scattering spectros3H_ T. Soh, C. F. Quate, A, F. Morpurgo, C. M. Marcus, J. Kong, and H.
copy of th|§ SWNT FET channel on _SQQJrobany because Dai, Appl. Phys. Lett75, 627 (1999.
of poor efficiency of Raman scattering. The presgrAPC 4Y. Ohno, S. Iwatsuki, T. Hiraoka, T. Okazaki, S. Kishimoto, K. Maezawa,
spectroscopy has an advantage of high sensitivity over H. Shinohara, and T. Mizutani, Jpn. J. Appl. Phys., Pa214116(2003.

; ; ; P Ao S. Maruyama, R. Kojima, Y. Miyauchi, S. Chiashi, and M. Kohno, Com-
micro-Raman scattering spectroscopy in assigning chiralities puter 360, 229 (2002,

of SWNTs in nanotube FETSs. 6S. Maruyama, http://www.photon.t.u-tokyo.acjpharuyama/kataura/
A broad peak was also observed at 1.64 eV even thoughkataura.html

Downloaded 18 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



