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In the present study, individual suspended single-walled carbon nanotubes (SWNTSs) were prepared and the
temperature coefficients of Raman frequency of 13 SWNTs were measured. It is found that the temperature

coefficients of the G-band frequenaoy.(s) are similar, around-1.67 & 0.20)x 105K, whereas in the case
of the radial breathing mode (RBM), the coefficients,gsv) are varied from a minimum value ef1.06 x
109K to a maximum of—2.30 x 10~4K. Larger-diameter nanotubes tend to have larggtsy values;
moreover, nanotubes with similar diameters may show diffesghpgy values. These results reveal that the
a,rem Value of individual SWNTs depends on both diameter and chirality.

Resonance Raman spectroscopy (RRS) has been demonstrated
to be an effective and nondestructive technique to characterize
the structures and electronic properties of single-walled carbon
nanotubes (SWNTS)Because the Raman scattering process
involves complicated electrerphonon interactions, the study
of the temperature effects on the Raman spectra could provide
important insight into the physical properties of this unique one-
dimensional systerh.The radial breathing mode (RBM) is a
unique feature in the Raman spectra of SWNTSs. It involves the
collective vibrational movement of carbon atoms toward and
away from the central axis of a SWNTThe frequency of RBM
(wrewm) tightly depends on the diametet)(of the SWNT, and
the chiral angled]) also has some influence on thwggy value
although the effect is relatively wedkTherefore, it is an
interesting and important issue to investigate whether and how
the temperature behaviors®kgu depend on the; and6 values
of SWNTs. Currently, because most of the works focused on
the temperature dependence of the Raman spectra of SY¥NTs
are done on bulk SWNT samples, in which nanotubes with
differentd; and6 values are present, the results could not reveal
the relationship between the temperature behaviergfy and
the structure of the nanotube. Moreover, it has been proven that
the surrounding environments of nanotubes may have a remark-
able influence on the properties of nanotub&&§o individual (Linkam THMS 600)

SUSpenqed SWNT%bemg free from environmental influence, Figure 1. (a) SEM image of an individual SWNT suspended over a
are an ideal choice for such a study. 3-um-wide trench (300-nm-deep). (b) lllustration showing the Raman

Herein, suspended SWNTSs were prepared and the temperaturapectra characterization of a suspended SWNT, with the sample
coefficients of the Raman frequency of 13 individual SWNTs temperature controlled by a hot stage.
were measured. While the temperature coefficientswef
(frequency of G-band, tangential stretching mode) of different

SWNTs demonstrate similar values, the coefficientsvagm

show an interesting dependence on the structure of the SWNTSs.

. . The suspended SWNTs were directly prepared by ethanol
* Corresponding author. Address: Center for Nanoscale Science and chemjcal vapor deposition (CVD) on trench-contained silicon
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Figure 2. (a and b) Radial breathing mode (RBM) (a) and G mode (b) Raman frequency evolution with increased temperature (from bottom to top:
300, 323, 348, 373, 398, 423, 448, 473 K) of an individual SWNT. The left part in a is the anti-Stokes band. (c and d) Plot of the frequency of RBM

(c) and G mode (d) vs temperature. Because the Stokes bands are relatively weak in part a, the anti-Stokes bands are used for the fitting in par c.
The lines are linear fitting results for obtaining the temperature dependence of the frequency.
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Figure 3. (a and b) Radial breathing mode (RBM) (a) and G mode (b) Raman frequency evolution with increased temperature (from bottom to top:
300, 323, 348, 373, 398, 423, 448, 473 K) of another individual SWNT, for comparison with the SWNT shown in Figure 2. (c and d) Plot of
frequency of RBM (c) and G mode (d) vs temperature. The lines are linear fitting results for obtaining the temperature dependence of the frequency.

A programmable hot-stage (THMS 600) was used for heating peak of the anti-Stokes and Stokes of the RBM are symmetric,
of SWNTs, as illustrated by Figure 1b. Raman spectra of and the stronger one has been chosen for the fitting in order to
suspended SWNTSs at temperature of 300, 323, 348, 373, 398 get a more-precise value.

423, 448, and 473 K were collected using micro-Raman  Figure 2a and b shows the RBM and G band of an individual
spectroscopy. The Raman spectra wave number range was seWNT at different temperatures. With increased temperature,
to include the G band, and the anti-Stokes/Stokes of RBM. To wrgm andwe both downshift, which is consistent with previous
ensure that the temperatures of samples were the same as theeports>14 Parts ¢ and d of Figure 2 are plots for the relation
stage, we took all spectra after the temperature of the hot stagebetween frequency and temperature. The temperature depen-
was stable for at least 10 min. The excitation energy was dence of the frequency in terms ofoiT was obtained from
1.96 eV (632.8 nm), and the spot size wagr?. The laser the slope of linear fitting, which is-0.0216 cmY/K for wrewm
power used was 0.16 mW at the sample place. We have checked130 cnt!) and —0.0249 cm/K for wg (1590 cnt?l). For

the laser heating effect by monitoring the intensity ratio of the comparison between different SWNTs or different Raman
anti-Stokes to the Stokes of the RBM when tuning the laser modes, the temperature coefficient of frequengy)(has been
powell12and no observable laser heating effect when the laser defined as (@/dT)/w(T = 300 K)3 For example,a,rem IS
power was 0.16 mW. All of the Raman spectra were fitted by —1.66 x 104K and a,,c is —1.57 x 107%K for the results
Lorentzian peak shape to obtain the peak frequency. The Ramarshown in Figure 2. The above value @fc is similar to what
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TABLE 1: Summarized Data of Raman Frequency and Corresponding Temperature Coefficients of 13 Individual SWNTs

(WRBM diameter X RBM ORBM WG+ XG+ oG+ wWG-— X G- OG-
no. (cm?) (nm) (cm™YK) (1/K) (cm™)  (cmYK) (2/K) (cm™)  (cmYK) (1/K)
1 2829 0.877 —0.0029 -—-1.03x 105 1584.5 —0.0258 —1.63x 10°
* 2681 ~0
* 2643 —3.41x 107
2 2222 1.116 —0.0081 —3.63x 10°
* 197%3 —4.92x 10°°
3 1880 1.319 —0.0002 —1.06x 10® 1591.9 —0.0269 —1.69x 10°°
4  186.7 1.328 —0.0100 —5.37x 10°
* 1823 —2.48x 10°°
5 169.9 1.460 —0.0006 —3.53x10°% 1595.6 —0.0207 -—1.30x10° 1583.1 —0.0269 —1.70x 10°°
6 156.8 1.582 —0.0063 —4.02x 10> 1579.5 —0.0289 —1.83x 10°°
7 151.9 1.633 —-0.0192 -1.26x 10 1592.0 —0.0282 —1.77x10° 1574.2 —0.0329 —2.09x 10°°
8 147.9 1.677 —0.0021 —1.42x10°° 15919 —0.0247 —1.55x 105 1584.2 —0.0243 —-1.53x10°
9  146.7 1.691 —0.0184 —-1.25x10“% 15925 —0.0289 —1.81x 10°
10 1411 1758 —0.0017 —1.20x 105 1587.3 —0.0266 —1.68x 10°> 1565.8 —0.0234 —1.49x 10°
11 130.0 1.908 —0.0216 —1.66x 10* 1589.8 —0.0249 —1.57x 10°
12 1153 2151  —-0.0075 —6.50x 10° 15829 —0.0240 -1.52x10° 1579.7 —0.0314 —1.99x 10°
13 1133 2189  —-0.0261 —2.30x 104 1590.7 —0.0258 —1.62x 10°°

aSWNTs are listed from top to bottom according their diameters from small to large. Each row corresponds to data of same SWNT. The “*”
in the left column marks the data from references for comparison. According to the Kataura plot and resonance conditions, SWANH nos. 2
(marked with italic) are metallic and the others are semiconductirgm, we+, and we- indicate the frequency of the corresponding Raman
modes.yrem, ¥ o+, andy c- correspond to @rem/dT, dwe./dT, and dvc-/dT, respectivelyarem, 0c+, andag- are the normalized temperature
coefficients of these Raman modes.

2.5%10°* diameter-dependence trend, anddhggem values of nanotubes
g : lto.!lll L with similar diameters may be different.
‘iznﬂu"- * G The Raman frequency downshift with temperature is due to
y ® the softening of the €C bond® A similar o,c value for
i 1.8x10°T different nanotubes can be readily understood considering the
a oe characteristics of the G mode. The ®and is associated with
1.0x10° in-plane C-C vibrational movement along the nanotube axis,
5.0x10"% ® ® and thuswe+ is essentially independent of diametéie note
® :. - that the reported,c values of both graphite and multiwalled
] 0.0} L o | s n carbon nanotubes (MWN¥)are about-1.7 x 105K, almost
equal to our results of SWNTs—(.67 & 0.20) x 1079K.
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Figure 4. Plot of temperature coefficients of Raman frequency vs the
diameter of nanotubes. Dots: radial breathing mode (RBM). Square:
G' band. Triangle: G band. This plot shows us that the temperature
coefficients of RBM have structure dependence, whereas those of the
G mode do not.

Because carbon nanotubes can be envisioned as rolled-up
graphene layers, the above results suggest that the convolution
of graphene layer has no obvious influence on the temperature
dependence of the G band.

In contrast too,,c, there is a remarkable difference between
the a,rem values of different SWNTSs, which indicates a distinct
temperature effect on the RBM of different SWNTs. Because
individual suspended nanotubes were used in the experiment,
there was no environmental difference between these SWNTSs.
So the difference imx,rem Should originate from the specific
structures of the SWNTs. SWNTs can be envisioned as rolled-
up graphene layers, and, according to the rolling vector, two
parameters including diameteat; and chiral angle), define
the structure of a SWNT.RBM corresponds to vibration of
carbon atoms in radial directions and consequentiygy is

has been reported for grapHiteand bulk carbon nanotube
sampleg. But the value ofa,rem is quite large compared to
that reported previously, which is the followingas, =
—2.48x 105K (bulk SWNT samplef, o197 = —4.92x 1075/

K (individual nanotube on substrat®)pss = —3.41 x 1075

K (bulk SWNT sample¥, and no change was found fairgy

= 268 cnt! (individual suspended nanotube, temperature
range: —160 to 300°C).’> The results of another individual
SWNT are shown in Figure 3. lidrem Shows almost no shift i : ) : _
with temperature increase while itss downshifts, which is in ~ tightly dependent on diameter. Chiral angle, which defines the
contrast to F|gure 2. These results Suggested thatx.yﬂ@M relative directions of €&C bonds to the RBM Vibration, may
values of SWNTs may depend on their environment and peculiar a0 influencewrgu.

structures.
To investigate the relationship betweepkrsv and nanotube
structure, we measured the,rem and a,c values of 13

The downshift ofwrgm With increased temperature can result
from thermal expansion in the radial direction and softening of
C—C bonds***Thea,c is also related to the softening oC

individual suspended SWNTs in the same way as describedbonds and similae,,¢ values (of both G and G") of different

above. All of the data are summarized in Table 1, anadthewm
and a,c versus nanotube diameted,(d; = 248kwrem®) is
plotted in Figure 4. Foa G band showing two obvious peaks,
we analyzed them as'@higher-frequency part) and Glower-

SWNTs indicate that there is no remarkable difference in the
extent of C-C softening. Therefore, the thermal expansion in
the radial direction is supposed to be the main contribution to
the difference in,rem vValues. SWNTs can be envisioned as

frequency part), respectively. As seen in Figure 4, all SWNTSs rolled-up graphene layers, and the convolution of the graphene

show almost the sam®, s, with a value of (1.67+ 0.20) x
10-5/K. The o,rem Values are varied from one to another, with
a minimum value of-1.06 x 10-%K and a maximum of-2.30

x 107%K. Most interestingly, thea,rsm values show a

layers will result in strain in the radial direction of the SWNTSs.
For SWNTs with small diameters (large curvature of the
graphene layers), the strain energy due to the curvature of
graphene layers is large compared to that of large-diameter
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