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We studied the Raman spectra of 21 individual suspended single-walled carbon nanotubes (SWNTSs) using
different excitation laser powers. The results indicate that the laser-heating effect is more significant for
suspended SWNT than nanotubes sitting on a substrate. The spectral variations of these individual SWNTs
induced by different laser power shed new light on the temperature dependence of Raman spectra and electronic
properties of SWNTs. By analyzing the frequency downshift of each nanotube induced by increased laser
power, the temperature coefficient of radial breathing mode (RBM) frequeasy is supposed to be diameter-

and chirality-dependent, whereas that of the G-band frequendcyis not. The behaviors of full width at
half-maximum (fwhm) and intensity ratio between anti-Stokes and Stokes spégiilg) (of RBM with
increasing laser power reflected the temperature increase and the consequent variation in the electronic density
of states (DOS) of SWNT. The variation of resonance intensity with laser power showed interesting dependence
ONnE; > EaserOr Ei < Ejases SUggesting downshift d; with increased temperature, which offers the possibility

of utilizing the optical/thermal response of SWNT to modulate the electronic property of nanotubes.

Introduction the pure temperature effect on nanotube. To study the temper-

R R ; RRS) has b d ¢ taure influence on Raman spectra of nanotubes, individual
¢ besona;cet_ amar:jspec drostcopt)_/( ) ast eﬁn ertno_ns rti spended nanotubes are the ideal choice. In this paper, ultralong
0 b€ an efiective and nondestructive means 1o charactenze g, partially suspended SWNTs have been prepared on trench-
electronic and vibrational properties of single-walled carbon

. contained substrate. The Raman spectra of 21 individual
2
nan.otubes (SWNTS)? Suspended SWNTs, being free of uspended SWNTs have been collected using micro-Raman
environmental perturbations, have been shown to have enhance(i

Raman signal, decreased line width, and richer spectral informa- pectroscopy with tuned laser power. The result reveals the
tion compared with nanotubes on substréi@sithough the remarkable laser-heating effect on suspended SWNTs. More-

heating effect induced by the laser power (with power densit over, as done on individual and suspended SWNTS, it sheds
g y P . P Y hew light on the pure temperature effect on Raman spectra of
~ 1 mWjum?) of the Raman measurement is generally neglect-

able for SWNTSs on substrates, it is expected to be notable for SWNTSs and suggests the diameter and chirality dependence of

suspended ones because of its remarkable optical absorptiorﬁemper"jlture coefficients @irgu.

ability*~® and lack of effective “heating sinking"As more and _ )
more attention has been devoted to the resonance Raman spectfaxperimental Section

of suspended SWNTSs, it is important to investigate how and to 1. Preparation and Characterization of Suspended SWNTSs

what extent the laser-heating effect will influence the Raman The substrates used in this study are silicon wafers with a 300-
spectra and the electronic properties of these suspended SWNTSs. . . y X )

nm-thick oxide layer on the surface, which contains trenches
On the other hand, the temperature dependence of Raman

: . ) of 1~80 um wide and 300-nm deep. SWNTs were grown on
spectra of SWNTs has been investigated in the past several ) - ) i
years®14 The position of Raman peakdL14and the electronic the trench-containing substrate using ethanol chemical vapor

transition energiesg;)121315160f SWNTs are found to shift deposition (CVD) and Feglcatalyst!” Parallel, long carbon
with temperature IHowever most of the experimental nanotubes, which span across the trenches, can be routinely
Worke10-12.14 gre done on bufk samples in which nanotubes prepared. Figure la is a typical scanning electron microscope

with a wide distribution of diameters and different chirality are (o=™) image of the sample used in this study. The distance

present. The resulting spectra generally show a superpositiong%m?rincégebg?rg:elsssang:éz ZSO\'/S rgﬁe—\?viedrzut)r/er?fr?gsqggo-
of Raman scattering from all active nanotubes. Even for a certain y susp &l

nanotube, as the interactions between nanotube and its surlm deep), as has been confirmed by SEM and atomic force

roundings are sensitive to temperature, the results cannot prese icroscope (AFM), .shown ip Figure 1c qnd d. For wider
9 P P renches, SWNTs will come into contact with the bottom of

the trench (shown in Figure 1b). All the Raman spectra of
* Authors to whom correspondence should be addressed. . f
t Peking University. suspended SWNTs in this study were taken from nanotubes
* Massachusetts Institute of Technology. across 3:m-wide trench.
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Figure 1. (a) SEM image showing oriented long SWNTSs on trench-
containing substrate (lighter color indicates the trench); the depth of
the trenches is 300 nm. (b) SEM image showing an individual SWNT
touching the bottom of a @m-wide trench. (c) SEM image showing
an individual SWNT freely suspended over au@-wide trench. (d)
Tapping-mode AFM image shows SWNT suspended overmavide
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the resolution of the spectrometer is about 1-énthe peak
position stability in our measurement is much better than 1'cm
as observed experimentally, so we believe the peak shifts below
1 cnr! are meaningful and are considered in our discussion.

Results and Discussion

1. Raman Spectra Variation of Suspended SWNT with
Increasing Laser Power.We examined the Raman spectra
variation of suspended SWNTs when the laser power is tuned
from 0.043 mW to 1.07 mW. A typical result is shown in Figure
2, which demonstrates a downshift of 3.6 €min RBM
frequency @rev) and 2.6 cm? in G* frequency (c'). Along
with the frequency downshift, full width at half-maximum
(fwhm) and intensity ratio of anti-Stokes to Stokégs(ls) of
RBM also showed an obvious change. This result shows that,
for suspended SWNTSs, there is an obvious laser-heating effect.
Repeated experiments show that the spectral variations induced
by laser heating are reversible, which means there is no structural
damage to the SWNT. The spectra of nanotubes lying on
substrate were also examined for comparison, but no change
was observed when tuning the laser power in the same range,
which indicates the heating effect for nanotubes on substrate is

trench. (e) AFM section profile along the suspended nanotube acrossnot observable, consistent with previous rep&tsdditionally,

the trench showing the nanotube being suspended over trench. Th
irregular section profile is induced by the instability of suspended
nanotube under AFM tip. (f) AFM section profile across the trench
without the nanotube.

2. Raman Spectra MeasurementResonant Raman spec-
troscopy (Renishaw microprobe RM1000) with a 632.8-nm
(1.96 eV) He-Ne laser was used in this study. The excitation
spot size is about Am? using a 5& objective lens. We used
four laser power levels in this study, which are 0.043, 0.13,

%o confirm the origin of the Raman shifting, we used a

programmable hot stage to study the Raman spectra behaviors
with temperature. Although only several nanotubes which are
in excellent Raman resonance among the 21 nanotubes are
suitable for that experiment because of Raman intensity shrink-
age induced by the sealed hot stage, it convinced us that the
above-mentioned Raman spectra variations of suspended nano-
tubes are induced by the laser-heating effect (see Supporting
Information).

0.31, and 1.07 mW, as measured by a power meter at the sample We believe the remarkable laser absorption aliify° and
stage. With the help of SEM image and trench features on thethe poor heating dissipation of suspended SWNTare
substrate, Raman spectra of a specific nanotube can be readilyesponsible for the observed heating effect. It has been
carried out. We found resonant SWNTs by scanning the laser demonstrated that SWNTs can be heated by light illumination,
spot along a trench and then collected their Raman spectra witheven to a temperature as high as its ignition pdfi®
various laser power levels at selected spots along the nanotubeFurthermore, it is expected that the optical absorption will be
Both RBM and G-mode Raman spectra of 21 SWNTs were enhanced when the laser enerdiud) is in resonance with
taken with the light polarized parallel along the nanotube axis. one of theE; in the density of state (DOS) of an SWNT.
All the spectra were fitted by Lorentzian line shape. Although Generally, for nanotubes on a substrate, the absorption from a
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0.310 114.3 7.6 0.68  1591.0/1585.1
1.070 111.6 9.1 0.96 1589.6/1586.7

Figure 2. (Upper): Raman spectra of an individual suspended SWNT obtained with four different laser power levels. (Bottom table): The frequency,
fwhm, las/ls of RBM and the frequency of G-mode fitted by Lorentzian line shape. Each row corresponds to results obtained by a fixed laser
power. The frequency of RBM and'Geature downshifts, the fwhm is broadened, andIifaéls increases with increased laser power.
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TABLE 1: Summarized Data for 21 SWNTSs Investigated in this Study, Each Row Corresponds to Data Taken from the Same

SWNT?
(WRBM Awrem las/ls las/ls fwhm (1) fwhm (2) A(,()(_:,+ Ei > EjaserOr
no. (cm™) (cm™) 1) 2) (cm™) (cm™) (cm™) metallicity Ei < BEaser
1 282.5 —-04 0.12 0.12 2.4 2.8 -1.7 S <
2 243.7 —-0.1 1.23 1.26 5.6 6.8 - S >
3 201.7 —0.6 0.10 0.10 7 7 - M <
4 200.4 0 0.13 0.13 3.8 3.8 - M <
5 193.7 -0.9 0.13 0.14 4.7 4.7 -1.3 M <
6 187.4 0 0.13 0.17 2.9 3.1 —-1.1 M <
7 169.8 —0.2 0.40 0.36 2.8 3.2 —-2.0 M <
8 167.6 0 0.80 0.97 3.1 3.7 —-1.0 M >
9 167.5 0 0.92 0.85 3.1 3.3 —0.8 M >
10 159.9 0 1.0 1.0 4.0 4.8 —-0.2 S >
11 157.5 —-1.8 0.96 0.85 8.2 11 —-0.3 S >
12 151.8 0 0.46 0.58 3.3 3.7 —-1.0 S <
13 148.4 —-0.5 1.1 1.1 3.6 4.6 —-25 S >
14 144.0 -0.2 0.82 0.74 4.1 3.9 —1.4 S >
15 141.3 -0.4 0.25 0.35 3.8 5.0 —-1.8 S <
16 139.6 0 0.44 0.44 4.0 51 —-0.8 S <
17 129.9 —2.6 1.7 1.9 54 6.5 —-15 S >
18 122.3 —0.5 0.35 0.43 3.5 4.1 —0.6 S <
19 117.0 —-1.8 0.7 0.8 4.9 4.3 —-1.3 S >
20 115.8 -1.1 1.55 1.55 4.6 4.9 —-0.9 S >
21 115.2 —-3.6 0.46 0.95 6.8 9.1 —2.6 S <

@ wrewm indicates frequency of RBM collected with low laser power with no heating effesksy andAwc* indicate the shift ofvrem andwe™,

when tuning laser power from low to the largest (1.07 mWNy/ls is the intensity ratio of anti-Stokes to Stokes of RBM. fwhm is the full width

at half-maximum of RBM. The tag (1) indicates signals collected with low laser power and (2) indicates signals collected with high laser power.
“—"means the data is not available because of weak peak. In the column “metallicity”, “M” denotes metallic nanotubes and “S” denotes semiconducting
nanotubes. The relationship betwegn(in Raman resonance) arfighse is shown in the last column.
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Figure 3. The dependence @wgrsm (a) andAws™ (b) on diameter of SWNTAwrew Shows increasing trend with increased diameter, in contrast
to Aw(;+.
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laser with moderate power density (such as 1 mWi) will larger diameters tend to exhibit a larg®®rewm, While no large
not induce a temperature increase, because of the effective heawrgm 0ccurs for small diameter nanotubes, as seen in Figure
sinking of the underlying substratadowever, for suspended 3a. In contrast toAwrem, Aws™ shows no clear diameter
SWNTs, there is no substrate as heat sinking, and the heat maydependence, as shown in Figure 3b.
dissipate through three routes: thermal radiation, thermal The origin of the frequency downshifts in Raman spectra of
conduction of air, and thermal conduction of nanotube. Because SWNTs with increasing temperature has been proposed previ-
of the nanoscale dimension of SWN¥sand low thermal ously, including thermal expansib#-2%-23and softening of &C
conductivity of air ¢0.03 Wnt! K1), the main route of heat  bonds!'?* The former corresponds to the change in the
dissipation should be from the thermal conduction of nanotube. interatomic distance induced by thermal expansion of the crystal
Even the thermal conductivity of an individual SWNT is nearly and the latter relates to the softening of modulus because of
3500 Wnt! K~1 at room temperatur® and the heat in increase in temperature without an anharmonic contribdbigh.
suspended SWNT still cannot be efficiently conducted away The latter one explains our results better: First, thermal
because of its nanometer cross section and finally results inexpansion of SWNT is predicted to be extremely small by
temperature increase of nanotube. molecular dynamics simulatidhand it only has a minor effect

2. Downshift in Frequency of RBM and G-Band Induced on the frequency of RBM, which cannot interpret the observed
by Laser Heating Effect. The shifts inwrem (Awgrsm) and in 3.6 cnt! downshift of wgrem in our study. Moreover, smaller
wc' (Awc™) (G' refers to the higher frequency component of diameter tubes are expected to have a larger thermal expahsion,
G-band spectra) of each nanotube induced by increased lasewhich is in conflict with the diameter dependence/Xbrgm
power are analyzed and summarized in Table 1. We plot the and Aws™ shown in Figure 3.
diameter ¢, calculated byd; = 248kwrsm,* Usingwrem Value The different diameter dependence/abrgy andAws™ can
with low laser power with no heating effect) dependence of be understood by the following: Here, a temperature coefficient
Awgrem and Awg™ in Figure 3a and Figure 3b. SWNTs with  (dw/dT) is used to denote the shifting extent of Raman peaks
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with temperature. Because the laser absorption ability of (exp.)] can be given by the followint:
nanotubes depends on the energy separdiga, — E;| (the

Eii is in resonance witlEase),® the extent of heating has no 1,4

direct relationship with diameter. The observed different 7— (€Xp.)=

diameter dependences of Raman modes should derive from the S

characteristics of these Raman modes. In other words, they  [(Ejaser— Eii = IT)(Ejaser+ Eph — Eij — ir)[? l{ Eph)

suggest different structure dependencesuafg/dT and dvg*/ e _ _E _ 2 20 kT
dT. As the G-feature is associated with-€C vibrations along |(Biaser™ B = 1) (Biaser = Epn = B — 1T &
the nanotube axisyc™ is essentially independent of diameter, 1)

so it is conceivable thatw:"/dT shows no diameter depen- _ _
dence. In contrast to G RBM corresponds to vibration of ~ WhereEaserandE; are the same meaning as formerly defined,
carbon atoms in radial directions, thuggrsw is closely Epn is the phonon energyirew), I' is the inverse lifetime of
dependent on tube diamefe¥As SWNT can be envisioned as the intermediate electronic statg, is the Boltzmann constant,
rolled-up graphite layer, the strain energy due to the curvature @nd T is the temperature of SWNT. The second term of eq 1
of graphite layer is inversely proportional to the diameter of Will increase with temperature. However, E; and I' are
nanotube. Therefore, the softening of C bond will be smaller temperature-dependent, the overall behavior can be complicated,
for smaller diameter nanotutfésand larger egrew/dT is Ias/ls (exp.) may increase or decrease with increased temper-
expected for nanotubes with large diameter. ature. o

As for the fact that also some large diameter nanotubes TheE; shift induced b)l/;?gnperature change has .bee.n re_ported
showed smalt\wrsw, We suspect that this indicates the chirality Y Several researchet$)12 1 however, as for the shift direction
dependence ofwkegw/dT, but to our best knowledge, there are of E; with temperature, there have_ been_dlfferent opinions. The
no theoretical predictions on this issue currently. However, we temperature-dependence f was investigated on nanotubes
notice that diverse temperature coefficientsugfsy, such as dispersed in solutiof and it was reported thd; shifts in two

—0.0045 cnYK for 182 cntlll —0.0097 cmY/K for 197 directions depending om = (n — m)mod 3= 1 or 2, which
em-19 and—0.009 e YK for 264 cnt L 1 have been reported  Was attributed to enhanced trigonal distortion. However, several

,15,16 i " i i
by different investigators. It was also mentioHathat no change recent workéo_ _argued the downshift o W't_h increased
was observed for 268 cr in the temperature range 6f160 temperature in view of electrerphonon coupling. Another
to 300°C. Combining these facts and the results of 21 SWNTs WOrk'* suspected the upshift &; with temperature, which is

in our study, we suppose that, besides diameter dependencelnduced by thermal expansion. _ _

the dwren/dT may also be related to the chiral angle, which is  1© find evidence for temperature-induced upshift or downshift

an interesting issue needing further investigation. of Eji, we examined the resonance intensity variations with laser
power, and the results suggest the downshifEpfor all the

3. Variation in the Line Width of RBM. The variations in L . .
. . . P nanotubes with increased temperature. The resonance intensity
the line width of RBM are examined for each individual SWNT is closely dependent on the resonance condifiie: — Eil.

with increased laser power. As shown in Table 1, most of these Smaller|Easer — Eii| results in stronger resonance. Intensity of
SWNTs show a_shg_ht broadening in fwhm, with the exception Stokes RBM comes from both incidenEse) photon and
gfsr:ic;hs;—r?;rhoc\)l\\;\i/;]ngg little change and no. 14 and no. 19 showing scatteredEiaser— Eon) photc_)n. According to eq 1, i > Eises
) i the value ofl as/ls (exp.) will be larger than the thermal factor

To understand the above behaviors, both factors related toexp(—hwRBM/kBD, and ifE; < Epsses Ias/l's (€xp.) will be smaller
temperature-dependent phorghonon/electronphonon scat- than expthoremksT). By comparinglas/ls (exp.) (with low
tering process and resonance condition of Raman scattering argaser power) with expthorew/ksT) [T = 300 K], the 21
considered. The first one will lead to line width broadening with  g\wNTs can be divided into two kinds Withi > Ejaser (10
increasing temperatuf€ which is consistent with most of the SWNTS) andEi < Epser (11 SWNTS). For each nanotube, its
results shown in Table 1. Besides, it is well-known that the esonance intensity variation with laser power (temperature) can
resonance Raman process of SWNT is closely related to thepe gptained by plotting its intensity normalized by its corre-
resonance conditionBaser — Eil).! It is an important factor  gonding laser power level. Interestingly, among the 10 nano-
determining the line width, which relates to the lifetime of ; hes WithEji > Ejases Six Of them show an increased intensity
intermediate state®8.Departures from the resonance condition \yith increased laser power, three of them first show intensity
result in the broadening of line width. Better energy coherence jycrease and then show decrease, and one nanotube shows an
will give rise to narrower line width. SincE; is temperature- overall intensity decease, as displayed in Figure 4a and b.
dependent)|Ejaser — Eii|l can become larger or smaller with Among the 11 nanotubes Wit < Ejses Seven of them show
increased temperature, which may lead to line width broadening 4, intensity decrease with increased laser power, three of them

or narrowing. Therefore, we bglieve the fwhm variations in this st show intensity increase and then show decrease, and one
study are due to the combinations of the above two factors and,gnotube shows an overall intensity increase as displayed in

the narrowing in fwhm indicates tH# variations with increased Figure 4c and d.

temperature. For nanotubes withEj > Ejase; When Ei downshifts with
4. 1as/ls of RBM and Resonance Intensity Evolvement.  temperature|Ejser — Ei| becomes smaller and the resonance
The variations ifl as/ls of RBM for each individual SWNT are  condition is satisfied better. This is consistent with the increased
listed in Table 1. With increasing laser power, nine SWNTs resonance intensity of the six nanotubes. Similarly, if during
showed an increase Ins/ls value, while four SWNTs showed the E; downshift the minimum point OfEjaser — Eiil is pagsed'
a decrease and the left eight SWNTs showed no observablethe intensity will first increase and then decrease. Additionally,
change. the shortening of the lifetime of intermediate electron states with
Thelag/ls variations also can be understood by the increase increased temperature, say, a largewvalue, will result in
of temperature and the consequent changes in electron DOS irintensity decrease, which may explain the results of SWNT
SWNT. The experimentally measured valuelgé/ls [las/ls no.17 (overall intensity decrease) (Figure 4b). The results of
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Figure 4. The variation of relative intensity of RBM with changing
laser power for 21 individual SWNTs. The numbers of each SWNT
are labeled beside their plot. (a, b): Plot for SWNTs WEh> Ejases;
(c, d): Plot for SWNTs withEjj < Ejaser

nanotubes withE; < Ejaser can be understood by a similar
argument with the downshift oE; induced by increased
temperature. The first increase trend shown in Figure 4d can
be understood by that the downshift Bf leads to a better
resonance betweehk; and scattered photorEfser — Epn),
although|Ejaser — Eii| becomes larger.

Conclusions

The laser-heating effect on Raman spectra of SWNTs was
investigated by examining Raman spectra variations of 21
individual suspended SWNTs with different laser power levels.

The results indicate that the laser-heating effect is much more

Zhang et al.
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