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We described the photoluminescend®Ll) properties of individual micelle-encapsulated
single-walled carbon nanotubdSWNT9 at room temperature. Single PL peak from isolated
individual SWNT with a chiral index of6, 5 showed a linear increase and saturation behavior of
the PL intensity. Unusual PL intensity fluctuation in the temporal evolutions of the PL intensity,
referred to as PL intermittency, was seen with some SWNTSs, while the PL intensity with most
SWNTs remained at a constant amplitude. The mechanism of the PL intermittency was discussed.
© 2005 American Institute of PhysidDOI: 10.1063/1.1894609

Single-walled carbon nanotub68WNTS have attracted In this letter, we report on the PL spectrum and time
a great deal of attention because of their potential use itraces of the PL intensity of individual micelle-encapsulated
electronic devices and their unique physical propeffidgs. SWNTs at room temperature. We found clear differences in
Recently, photoluminescencé’L) signals were observed the time traces from a SWNT to a SWNT, i.e., most SWNTs
from micelle-encapsulated SWNT5and SWNTs suspended Showed stable emissions, although PL intermittency behavior
between pillars above a silicon substfdteshen the SWNTs ~Was seen in specific SWNTs. The room temperature emission
were prevented from becoming bundled or contacting thdroperties of an individual SWNT will provide us with im-
substrate. PL spectroscopy has revealed new insights into tiportant |nformat|on5 for fabricating optical devices at the
optical and electronic properties of SWNS.Bachiloet al. single SW.NT levef. .
demonstrated that the chirality of SWNTs can be determined A zeohte—suppor}(?ad metal catalyst was prepared using a

reported procedurt:’’ Cobalt acetate and iron acetate were

from the energy positions in the PL spectra and PL exc'tat'ori]mpregnated into USY-zeolite powders. The amounts of Co

spectra5. Howevgr, SWNT_5, are an lnho_mogeneous SYStenL 4 Fe were 2.5 wt % each, with respect to the zeolite pow-
because the optical transition energy differs from a SWNTye; The details of the alcohol catalytic chemical vapor depo-
even for th_ose with the same chiraltf'* As a result, the sition (ACCVD) procedure have been reportédrhe cata-
macroscopic PL spectrum reflects the ensemble average Rfsts were placed in a quartz boat, which was set in a quartz
signals from many SWNTs and is inhomogeneously broadype inside an electric furnace. While heating of the electric
ened. This makes it difficult to investigate the intrinsic opti- furnace, Ar/H (3%H,) was supplied at 300 sccm to main-
cal properties of a SWNT, such as the homogeneous linegin the pressure inside the quartz tube at 300+20 Torr. After
width or variation in the PL intensity from a SWNT to a the electric furnace reached the growth temperature of
SWNT. Spectroscopic observation of an individual SWNT,650 °C, the Ar/H was stopped, and the quartz tube was
called individual SWNT spectroscopy, is useful for under-evacuated using a rotary pump. Vapor from an ethanol res-
standing the physics of the inhomogeneous systefias  ervoir was then introduced for 10 min at a constant pressure
with the spectroscopy of fluorescent dye molectiiesnd  of 10 Torr. After the CVD reaction, the furnace was turned
semiconductor quantum dots.Single molecule spectros- Off, and 100 sccm Ar/lH was allowed to flow through the
copy enabled us to reveal the intrinsic homogeneous linetlbe while it cooled to room temperature. _
width and unusual phenomena, such as fluorescetueto- The samples investigated in this study were SWNTs in a
luminescence blinking or intermittenc;},s in which the surfactaqt suspension. These were prepareq foIIowmg a pro-
emission peak and intensity fluctuate over time. cgdure similar to.Ref. 4. The SWNTs were dlspers_ed i_ﬁ)D
with 1 wt % sodium dodecyl sulfat¢éSDS by sonication
" ‘ with an ultrasonic processor for 1 h. This suspension was
Also at Kanagawa Academy of Science and Technology, 3-2-1 Sakadgnen centrifuged for 24 h at 20 627 g. The SWNTs synthe-

Takatsu, Kawasaki 213-0012, Japan. . . . .
PAlso at Nanostructure and Material Property, PRESTO, Japan Science an%fzed were characterized using resonant Raman scattering

Technology Agency, 4-1-8 Honcho Kawaguchi, Saitama 332-0012, Japar@nd macroscqpic PL SpeCtrOS_Cd'By!—he SWNTS were dis-
®Electronic mail: matsuda@scl.kyoto-u.ac.jp persed and dried on a glass slip using a spin-coating method.
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F'IG. 1. (Color online Three-d|men5|onal_map of the PL intensity of_lnd|- 100
vidual SWNTs at room temperature, excited at 2.33 eV. The scanning area
of the image is 2§ m < 28 um. B e fmex2__ ]
Spectroscopic studies of individual SWNTs were carried out o100
at room temperature using a home-built scanning confocal % B N TG T LLbre R
microscope. The SWNTs on the scanning stage were illumi- S
nated with the focused spot of a linearly polarized laser di- £100
ode light (A=532nm and He-Ne laser light(\ 0

| 1
100 200
Time (sec)

=632.8 nm through an oil immersion objectivenumerical
aperture 1.2b PL signals from individual SWNTs were de-
tected using a Si avalanche photodiode to acquire PL images.
PL spectra were obtained using a 32 cm monochromatdr!G. 3. (Color onling (a) PL image of individual SWNTs at the excitation

; ; photon energy of 1.96 eV in a 54Am X 5.1 um area;(b) typical temporal
equped with & cooled Cha.rge CO.UpIed deviceD). evolution of the PL intensities of individual SWNTs showing stable emis-
. Figure 1 shows three-dimensional plot of a SWNT PLsion (blue lineg(upper and middle panelsTime trace of the PL intensities
image, detected at a range of 1.18—1.37 eV at room temperaf a specific SWNT showing PL intermittenésed ling (lower panel. The
ture. Each bright spot corresponds to the PL signal from amxcitation laser was blocked in the “off” region.
individual SWNT, as confirmed by the PL spectrum, which

had a single PL peatdescribed below in detailThe varia- . . N
tion in the intensities of the PL image results from the dif- P0Sed of several peaks from SWNTs with various chiralities;

ference in the emission wavelengths of the SWNTs, whicihe peaks are assigned(@s 3, (6, 9, (7, 5, and(7, €) from
depend on chirality, as the detection efficiency strongly defhe higher to lower energy side” The solid lines in Fig.
creases toward the lower energy side. The random orient(@ show an example of the PL spectra of an individual
tion of the SWNTs on the substrate also contributes to theWNT, obtained by varying the excitation power. Each PL
variation in the PL intensity, because the PL intensity ha$Pectrum is normalized by the excitation power. The PL

strong polarization dependence on the polarization directio§Pectra show a single peak, in contrast to the various p.ef’;\ks
of the excitation light with relative to a SWN'{:*2 seen in the macroscopic PL spectrum. The spectral position

micelle-encapsulated SWNTs in,D, obtained at 1.95 ev does not change with the excitation power, indicating that the

excitation condition(dotted ling. The PL spectrum is com- many body effects such as band-gap renormalization do not
occur in this excitation regime using continuous wave laser

light. We plotted the PL intensity as a function of the exci-
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tation power in Fig. ®). The PL intensity(closed circleg
increased linearly before gradually saturating at higher exci-
tation conditions. These experimental results imply that the
emission peak originates from recombination between the
lowest band edge stat&;,).

Next, we investigated time traces of PL intensity from
individual SWNTs. Figure @) shows an expanded PL image
on a 5.1umXx5.1 um scale. We observed that most of the
PL signals in the PL imagée.g., the solid line circled arga
are smooth spots, and the time traces of the PL signals in Fig.
3(b) (blue lines (upper and middle panglshow constant
emission behavior, as reported previodgl)By contrast, a

few PL spots with scratch noises are obser¢ed., within

the dotted circle The noise in the spot is caused by fluctua-
FIG. 2. (Color onling (a Macroscopic PL spectrum of micelle- tion in the PL intensity. As shown in the time trace in Fig.
encapsulated SWNTs in O at the excitation photon energy of 1.95 eV 3(b) (red ling (lower panel, the PL intensity switches be-
(dotted ling. PL spectra of an individual SWNT with a chirality ¢, 5 at tween high and low emission states. This phenomenon is

the excitation photon energy of 1.96 eV under various excitation power . . .
(solid lineg. Each PL spectrum is normalized using the excitation potter; Teferred to as fluorescencgphotoluminescengeintermit

Excitation power dependence of the PL intensity. The solid line correspond(€NCY, iN Which the PL intensity switches multiple levels as

to the gradient associated with linear power dependence. time passe&” ' Thermal heating by the excitation laser was
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ruled out as the origin of this PL intensity fluctuation, be- This study was performed as a part of the Active Nano-
cause we acquired the data at lower excitation power. Fur€haracterization and Technology Project, supported by Spe-
thermore, if thermal heating caused the PL intensity fluctuacial Coordination Funds from the Ministry of Education,

tion, the PL intensity fluctuation should be observed in a”Cu|ture, SportS, Science, and Techno|ogy of Japan.
SWNTSs.
PL intermittency and blinking are observed frequently s jjjima and T. Ichihashi, Naturé_ondon) 363 603(1993.

in single dye moleculé&® and single semiconductor quan- 2R. Saito, G. Dresselhaus, and M. S. Dresselh®bysical Properties of
tum dots**?°?* Several mechanisms have been proposed to Carbon Nanotube$World Scientific, Singapore, 1998

explain these phenomeh*!*?pecause the time scale of M. S. Dresselhaus, G. Dresselhaus, and P. Avo@isbon Nanotubes
the PL intermittency and on—off blinking phenomena depend4§\ASp5'”%‘igBer"ﬂ' 2800?\1/' Bachio. C. B, Hufman V. C. Moore. M. S
on the system and experimental conditions. As a possibleg, - ZC G E > Wk PEEle: B T Y B o el )
mechanism, the reorientation of a molec(déection of the Ma, R H Héug& R B. Weismar;, andR.E. Sllnallley, Séieﬁéé 593
dipole moment could cause the PL intensity fluctuation; (2902,

however, the SWNTs with 100—300 nm length are fixed on®s. M. Bachilo, M. S. Strano, C. Kittrell, R. H. Hauge, R. E. Smalley, and
the substrate surface by strong van der Waals interactionsR. B. Weisman, Scienc@98, 2361(2002.

Therefore, the observed PL intermittency is unlikely to be *J. Lefebvre, Y. Homma, and P. Finnie, Phys. Rev. L8@,217401(2003.
the result of the reorientation of SWNTs on the substrate.73- I‘_efebvre, J. M. Fraser, Y. Homma, and P. Finnie, Appl. Phys. A: Mater.
The fluctuation in the local environment perturbs the elec- 8§°'Lpgozek_ss'7§' 1H1°7(2,0:4’+ Skioa. and M. K 1 Phve. Chem. &
tronic states of SWNTs and hence the PL intensity. In the 1b7e1§45'(r2"005 ennrich, 1. Skipa, and M. fappes, S Fhys. Lhem.
SWNT showing the PL intermittency, there are localized %S, L’ebedkin, K.-Arnold, F. Hennrich, R. Krupke, B. Renker, and M.
states owing to chemical or structural defects in the SDS or kappes, New J. Physs, 140(2003.
the SWNT itsel?*?® When a charge is trapped by such a%. Hartschuh, H. N. Pedrosa, L. Novotny, and T. D. Krauss, Sciea®
localized state, the charge results in a strong, local electric 1354(2003.
fie|d21 on the SWNT. As a result, the Over|ap of the wave Yy, Htoon, M. J. O’Connell, P. J. Cox, S. K. Doorn, and V. I. Klimov, Phys.
functions of an electron and a hole in the SWNT is de- ReV. Lett 93 027401(2004. =

J. Lefebvre, J. M. Fraser, P. Finnie, and Y. Homma, Phys. Re%9B

creased, reducing the PL intensity. The trapped charge is an-075403(2004)_

nihilated by recombination, and the Iocal electric field c_ausedsH_ P. Lu and X. S. Xie, Naturé_ondon) 385 143(1997.

by the trapped carrier disappears. This cylee creation 14y Nirmal, B. 0. Dabbousi, M. G. Bawendi, J. J. Macklin, J. K. Trautman,

and annihilation of localized chargemight induce the PL T. D. Harris, and L. E. Brus, Natur@é.ondon 383 802 (1996.

intermittency in SWNTSs on the time scale observed. 153, A. Misewich, R. Martel, P. Avouris, J. C. Tsang, S. Heinze, and J.
In summary, we presented PL spectra and showed theTersoff, Science300 783(2003. _ o
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