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Abstract Resonance enhanced Raman spectroscopy is a simple, quick, non-destructive and powerful tool for the charac-
terization of single-walled carbon nanotubes (SWNTs). Raman spectroscopy can be used to obtain information about both the
geometry structure and the electronic density of states of SWNTs, including isolated individual SWNTs. In this review, the
characteristics of the main Raman active modes of SWNTSs, including radial breath mode (RBM), G-band, D-band and
G'-band were stated, and the application of Raman spectroscopy in the characterization of the diameter and chirality of
SWNTs, strained SWNTSs, defects and doping in SWNTs, and the temperature-dependence of the structures of SWNTs were
summarized. The diameter of SWNTs can be calculated from the frequency of RBM (wgrgnm), according to an equation which
is slightly varied with the type of SWNT samples. Furthermore, by combining the Raman resonance condition, wgrgy and
Kataura plot, both information of electronic conducting properties, electron transition energy, and (n, m) of SWNTs could be
obtained. With application of uniaxial strain, the D-band, G-band and G'-band of SWNTs shift due to the change of C—C
distance, according to which the strain applied on SWNTSs can be measured. At the same time, the Raman resonance intensity
varies, which is attributed to the influence of uniaxial strain on the electronic structure of SWNTs. Raman spectroscopy can
also be used to characterize radial deformation of SWNTs. It is found that the variation of frequency and intensity of RBM
with the application of radial deformation shows dependence on the diameter and chirality of SWNTs. Theoretically, G-band
will change under bending deformation, while experimental verification is still in needs due to difficulties of bend deforma-
tion of SWNTSs in experiments. Besides, Raman spectra of SWNTSs can be used to monitor the temperature of SWNTs due to
the sensentivity of Raman spectra to photon properties. The Raman spectra of SWNTSs upshift with the increase of tempera-
ture and the Raman resonance intensity varies with the change of temperature. Interestingly, the temperature coefficiency of
wrpm Was found to be diameter- and chirality-dependent, while that of wg did not show such effects. The intensity of Raman
D-band of SWNTs varies with the concentration of defects in SWNTs, according to which the defects in SWNTs can be con-
veniently characterized. Besides, for doped SWNTs, shift of frequency and variations of intensity of both G-band and G'-band
were observed, indicating the change of atomic structure and electron density of state of SWNTs. Due to the high resolution
of micro-Raman spectroscopy, it is also a convenient tool to study of inter-molecular junctions in individual SWNTs. In the
end of this review, the challenges and opportunities for the further application of Raman spectroscopy in the characterization
of SWNTSs were discussed.

Keywords single-walled carbon nanotube; resonance enhanced Raman spectroscopy; strain; defects; temperature-dependence

* E-mail: jinzhang@pku.edu.cn
Received July 29, 2012; published October 25, 2012.
Project supported by the National Natural Science Foundation of China (Nos. 51121091, 50972001, 21203107) and the Ministry of Science and Technology of
the People's Republic of China (No. 2011CB932601).
T H 52 [ 5 A SRR 34 (Nos. 51121091, 50972001, 21203107)F1ARH: #(No. 2011CB932601) %% 1)y,

Acta Chim. Sinica 2012, 70, 2293—2305 © 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn 2293



W F F R

-‘-{1]—
S

1 3|F

BRAKAEE 1991 SEHORBL— FoBT BB S5 44,
FCHAPRR R T, UM, 8 A RS

Carbon Nanotubes, fijff SWNTs)Z L &H —EN
I ZHIRANOK T, AHEL 2 BERR KRS, SWNTs JER T
HEA IR AR, BE SWNTs BFFCRIN i H
il V2 HERAN, R EEILR R ORI R AR
FBRAG i L ORI BRI i, 25 R AL
SIS, TEEEE, BT e 5 NG5 AR [ 1)
FAR AL, AT o AR R A O RO by =2 e
BRI T 50T R AR ARSI J5, AR R AR
AR () B G, B BR A s WA BT PSS 1) RO 5 R 1R
B, TR s D, XRE S JCH s, A — R RN A ot 4
K. A3 B S B B T AR T B T SWNTs
BAME I — 4k aity, 2l rh 2SI 20
MG, Horh, JHREUN NS S SWNTs hr & okil
R ELENISR 2 —. AR 2 U, NSOGB
G RER 5 SWNTS [1)3EAN B~ KT A fAH VT HC 1) Bk,
e R AR 2 U, Mk A IR R b 2 O I, B
FRL SWNTs B4 HY A5 (1R 2 1 5 8 AT At A il
B AR 2Ok SO RAIEFIFST SWNTs 15
MR 7 T AR B e SWNTs (W EAR.

Fh FHMER, & DUH T SWNTs EAE . i
B RBEAE. ARSI EIMER LR BE i by 2O E SWNTs
KA, SCHR e 28 SWNTs [R5
BN AL 2O R RHIE I, AR5 R — MR LR by
ZOEHELE SWNTs I RAE. TR iR
T PRI R S T S S

2 SWNTs B9RIEIR I 25818

SWNTs JURE (1) —4E 45 F A H 18 % B SR I
TALRFE, AL — RIVGERR E(i=1, 2, 3......), {Ehr
ST, UASHEEEE L RE RS SWNTs (34
E, ICHCH, shss kARG A 2 UM%, B 1 s
H—IE ML SWNTs (3L dRhr 2o, b A7
BE(100~500 cm™ )1k IR $iR 5] # (Radial Breathing
Mode, fiiFk RBM), {71 1580 cm™ ' T () M A 45 4R 5h
¥i(Tangential Band, %KX G-band). RBM Fll G-band #)%
T2 IR, AR 5O KT, A,
SWNTs (1472 il &4 D-band(%) 1350 ecm ')Al
G'-band(4] 2700 cm ™), WE IS U UL A
K, AR RO P AR T AR k. T PR 7 2 1 22
28 SWNTs 78 ik () LRGN, SR )5 43 A 2H
RBM, G-band, D-band 1 G'-band [FJ451iE 55 .

2.1 SWNTs i 2 ki Ay IR

SWNTs AUEFIK—4EAK S5k A5 H A1 RO R0

2294 http://sioc-journal.cn

© 2012 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

G-band

RBM

A_/ D-band

0 100200300 1000 1200 1400 1600 1800
Raman shift/cm™

Bl 1 SWNTs it LR 4 8Ok ]
Figure 1 A typical Raman spectrum of SWNTs
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Figure 2 (a) Room-temperature Raman spectra for purified SWNTs
excited at five different laser frequencies. (b) Electronic density of states
(DOS) calculated with a tight binding model for (8,8), (9,9), (10,10) and
(11,11) armchair SWNTs!"!
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Figure 3 The direction of C-atom displacements of RBM (a, b) and
G-mode (¢)
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Figure 4 Profile of G-band spectra for three semiconducting (a) and
three metallic (b) SWNTs. The frequencies for wg+ and wg- are indicated
for each nanotube along with the corresponding linewidths in parentheses.
(c) Dependence on 1/d; of wg+ and wg- for both semiconducting SWNTs
(solid circles) and metallic SWNTs (open circles)
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Figure 7 AFM images of a SWNT that was strained by 1.65% with an
AFM tip (a) before and (b) after being broken by the AFM tip. (c¢) G-band
and (d) D and G'-band Raman spectra for the SWNT shown in (a) before
and after inducing 1.65% strain, and after breaking the nanotube with the
AFM tip. Data taken after the SWNT was broken shows relaxation of the
Raman peaks back to their original positions!'*"
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Figure 8 (a) Raman spectra from a suspended segment and from a
segment sitting on substrate of an individual SWNT. All the spectra are
collected with same operating parameters. The G mode intensity is multi-
plied by 10 (suspended) and by 50 (sitting on substrate) to display the
spectra clearly in the same panel of the figure. (b) RBM frequency varia-
tion of an individual SWNT with the laser spot moving along the tube
(0.5 um per step) from the left side to the right side of a 6 um wide trench.
The laser power level used here is 0.31 mW. A schematic illustration of
the trench-containing substrate is included on the bottom to show the laser
spot location!®”!
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Figure 9 (a) A schematic illustration of using AFM tip to induce torsion
strain in a SWNT!'*), (b) Typical tapping mode AFM image of a SWNT
after AFM manipulation®, (c) RBM and (d) G-band spectra of (14,2)
SWNT after AFM manipulation. ‘“1~9”’ are the post-manipulation spec-
tra of nine points along SWNT indicated in (b). The dashed lines indicate
the M-shaped distribution of wgsy along the axis of the SWNT!?**]
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Figure 10 (a) Temperature dependence of the frenquencies of the
G-band and RBM for SWNTs heated by laser (marked by triangle and
solid fitted lines) and by a heating stage (marked by open dots and dashed
fitted line)*’. (b) The temperature dependence of Raman spectra and
corresponding linewidth of Raman peaks of SWNTs!**
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Figure 11 (Top) Raman spectra of an individual suspended SWNT
obtained with four different laser power levels. (Bottom) The frequency,
FWHM, /4¢/Is of RBM and the frequency of G-mode!*®!
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Figure 12 (a) Illustration showing the Raman spectra characterization
of a suspended SWNT, with the sample temperature controlled by a hot

stage. (b) Plot of temperature coefficients of Raman frequency vs the
diameter of nanotubes. Dots: RBM. Square: G*. Triangle: G **"!
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Figure 13 (a) Raman scattering spectra for pristine SWNT bundles

reacted with K, Rb, Br, and L. (b, ¢) Raman scattering spectra for
B-doped SWNTs*!
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Figure 14 Raman spectral image of inter-molecular junction transition
in a SWNT. Image intensity is of the G-peak region integrated from
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(a) the semiconductor region, (b)~(d) the central transition regions, and
(e) the metallic region”®”
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