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ABSTRACT

We measured Raman scatterings from various single-walled carbon nanotube (SWNT)
samples over a wide temperature range (4-1000 K). The G-band peaks showed clear temperature
dependence, namely decrement in the Raman shift frequency and broadening of the peak width as
temperature increases. The main G-band peak (G* peak) showed universal temperature dependence
in Raman shift for the various SWNT samples and for the three excitation laser wavelengths (488.0,
514.5 and 632.8 nm), although the G-band features changed depending on SWNT samples and
excitation laser wavelengths owing to resonance Raman effects. The Raman shift, peak width, and
intensity of the RBM (radial breathing mode) peaks also exhibited temperature dependence. At high
temperatures, undefined RBM peaks appeared, which could not be assigned to specific chiralities,
and showed opposite temperature dependence in their intensities. Intensities of RBM peaks are
strongly enhanced by resonance Raman effects, and the temperature may change the resonance
Raman conditions.



1. Introduction

Raman scattering measurement is one of the useful analyses techniques in the
characterization of SWNT samples and investigation of their properties.” Raman scattering from
SWNTs has unique features, the G-band, the D-band and radial breathing mode (RBM) peaks, which
show the quality of SWNTS, the tube diameter distribution, etc. Raman scattering measurements are
usually performed at room temperature (RT) and in atmospheric environment. Visible lasers are
frequently used as Raman scattering excitation light, and because SWNTs absorb visible light the
SWNT temperature is easily increased by laser irradiation. In particular, the SWNTs may be
damaged or burned when high power excitation laser light is tightly focused with a
high-magnification objective lens. When the SWNT temperature increases, the temperature
dependence in Raman shift, peak width, and intensity would become significant, which makes it
difficult to quantitatively analyze SWNT samples by Raman scattering.

Strong temperature dependences of Raman scattering spectra have been observed from
in-situ measurements performed during the growth stage of SWNTs.? Since the temperature of the
sample changes from RT to the growth temperature (which is in 700 - 1000 °C) throughout the CVD
process, understanding of the temperature dependence of Raman scattering over a wide range of
temperature is essential in analyzing the in-situ Raman scattering spectra measured during the CVD
process.

The temperature dependences have been measured in various carbon materials, such as
SWNTSs,*” multi-walled carbon nanotubes (MWNTSs),? double-walled carbon nanotubes (DWNTs)®
and graphite.” In order to elucidate the temperature dependence of Raman scattering, it is important
to control and measure the sample temperature. The sample temperature is typically controlled by
sample stage heating (or cooling) or by laser irradiation heating. In the case of the sample stage
temperature control, the sample’s temperature could be equal to the stage’s temperature, unless
excitation laser light locally heats up the sample, or there exists a large temperature gap between the
sample and the stage. In contrast, in the laser heating technique, it is difficult to directly measure the
sample temperature within the laser spot. The sample temperature inside the laser spot could be
measured by the temperature dependence of the intensity ratio between anti-stokes and stokes
scattering if they were not strongly resonated.

Although some papers have reported the temperature dependence of Raman scattering for
various SWNT samples, their results were slightly different from each other, as well as their
temperature control and measurement techniques, excitation laser wavelengths, and temperature
ranges. In the present paper, by using four kinds of SWNT samples (all samples were bundled
SWNTs) and three excitation laser wavelengths (488.0, 514.5 and 632.8 nm), the temperature
dependent measurements of SWNT Raman scattering were performed over a large temperature
range (4 - 1000 K). All the experiments were performed in vacuum, in order to avoid damages to
SWNTs and to reduce uncertainties regarding the temperature control and measurement.

2. Experimental

We used four types of SWNT samples. Two SWNT samples were produced by the
ACCVD method; one was generated from Fe/Co metal catalyst particles supported with zeolite
particles,lo) and the other was generated from Co/Mo metal catalyst particles directly dispersed on a
silicon (Si) wafer surface.” Two additional SWNT samples were laser-oven SWNTs™



synthesized from a carbon rod containing Ni/Co (0.6 at% each) at 1150 °C, and HiPco® SWNTs
(batch #HPR113.4) supplied from Rice University.

Raman scatterings were measured at a controlled temperature while the SWNT samples
were under vacuum. In the high temperature range (300 - 1000 K), the SWNTSs were heated either by
a Si heater or by the laser heating technique. The Si heater was a piece of Si wafer (Nilaco, (100),
p-type, 15 x 5 x 0.5 mm), to which an AC voltage was applied to control its temperature by
Joule-heating. The temperature of the Si heater was monitored with a thermocouple (chromel-alumel
thermocouple, $0.1 mm) and by the Raman shift of the Si peak (approximately at 520 cm™ at RT),
which downshifts continuously with increasing temperature.”) The laser heating technique was used
for SWNTs dispersed onto a small piece of Si (100 x 100 x 200 um), where the heating laser was
used also as the Raman excitation light. In this case, the temperature gap between inside and outside
of the heating laser spot is thought to be negligible, because the size of the Si piece was sufficiently
small and the thermal conductivity of Si is high (~120 W/m K at RT). The temperature of the piece
was controlled by the laser power, and the temperature was monitored by the Raman peak of Si. For
the low temperature range (4 - 300 K), samples were cooled by a helium refrigerator in vacuum.

Powdery SWNT samples (synthesized by ACCVD, laser-oven, and HiPco methods)
were dispersed in ethanol and scattered onto the Si heater, the Si small piece for laser heating, or the
sample stage of the helium refrigerator. Si pieces on which SWNTs were directly generated from
Co/Mo particles by the ACCVD method were directly adhered onto the Si heater.

For Raman scattering measurements in the high temperature range, we used an
environment controllable scanning probe microscope (SPM) unit (SII, SPA 300HV) built with a
micro-Raman system (Seki Technotron).? The micro-Raman system was composed of an optical
lens, a spectrometer (Chromex, 501is, 1200 or 1800 lines mm™) and a CCD (Andor, DVV401-FI). An
Ar" laser (488.0 and 514.5 nm) and a He-Ne laser (632.8 nm) were used as Raman excitation lasers,
and Raman scattering was measured in backscattering configuration. In the low temperature range, a
macro-Raman system, which was composed of an Ar" laser (488.0 nm) and a spectrometer (Nihon
Bunko Kohgyo, CT-1000D, 1800 lines mm™) were used. In the temperature control with the Si
heater and refrigerator, the power density of the excitation laser was about 10* mW/cm?. This low
laser intensity ensured minimal heating of SWNTs in the temperature control with the sample stages.
The chamber of the SPM was evacuated (<107 Torr) by a turbo-molecular pump, preventing the
SWNTs from oxidation at high temperature or condensation of water at low temperature.

3. Results
3.1. Temperature dependence of the G-band

Raman scattering spectra from SWNTs are composed of three major peaks, the G-band,
the D-band and RBM peaks. Group theory predicts the G-band has six Raman-active modes,*
where semi-conducting SWNTs exhibit four Lorentzian peaks corresponding to the E; (Ezg) and A
(A1g) + E1 (E1g) vibration modes, and metallic SWNTs exhibit two peaks (A (Aig) modes), which
have a Lorentzian lineshape and a Breit-Wigner-Fano (BWF) curve.®*® Figure 1(A) shows the
temperature dependence in the Raman shift of the G peaks (A+E; mode) (in the four kinds of
SWNT samples) measured with three excitation lasers (488.0, 514.5 and 632.8 nm). Here, we
decomposed the G-band spectra into five Lorentzian curves and a BWF curve. At high temperatures,
the anharmonic components of bonding force become prominent owing to phonon-phonon



interactions. Then, the anharmonicity induces thermal expansion and decreases the force constant of
bonds. In Raman scattering spectra, it broadens peak width, decreases intensity and decreases Raman
shift frequency, which are known as the temperature dependence. The G-band peaks clearly showed
the temperature dependence and the asymmetric properties of the BWF also appeared in the
temperature dependence reported in Ref. 7. At RT, the G-band features are different for different
samples, and the G* peak’s Raman shifts were slightly different around 1592 cm™ depending on
SWNT samples. However, all G* peaks show similar temperature dependence in Raman shift, as
shown in Fig. 1(A), regardless of the type of the sample. The Raman shift of the G* peak shows
universal temperature dependence, independent of SWNT sample type or excitation laser
wavelength, thus the temperature of any SWNT sample could be measured from the change in the
Raman shift of the G* peak.

The dash line in Fig. 1(A) was a fitting line represented by the following equation, ¥

A
AT)= exp(Bha, /k,T)-1 @

Here, % is the Planck’s constant, k is the Boltzmann constant and T is the sample temperature.
With ap = 1594 cm™, 4 = 38.4 cm™ and B = 0.438, the fitting line agreed with the present data in Fig.
1(A). Cui et al.*® expressed the temperature dependence of the diamond Raman peak by using the
equation (1), based on the discussion of Balkanski er al.. ¥ Later, the same formula was also
employed for the analysis of the temperature dependence of the E, phonon frequency of GaN.? The
best-fit value B was quite close to 0.5 for our G* band, which suggested that the temperature
dependence of the G* peak was mainly derived from three-phonon scattering process.*¥ However,
since the equation (1) was regarded as purely empirical formula, which could contain the
contribution of electron-phonon interaction,® more detail speculation is difficult at this stage.

The laser heating technique was another temperature control method used for SWNTs.
HiPco samples were dispersed onto a small Si piece, and the G-band was measured with various
laser powers (~60 mW). From RT to 1000 K, the temperature of SWNTSs, which was calculated from
the position of the G* peak, agreed with the temperature of the Si piece, which was also calculated
from the Si’s Raman peak. Because the thermal resistance between the SWNTs and the Si piece is
reasonably assumed to be smaller than that between SWNTSs and the environment, and the thermal
conductivity of Si is high even at high temperature, there was no temperature difference between the
Si piece and SWNTs. Moreover, the samples could reach high temperatures (~1000 K) with
relatively low laser power (~60 mW), because the small surface area of the Si piece results in small
thermal radiation from its surfaces as well as small heat transfer from its bottom surface to the
support. In this case, the laser heating technique was also convenient for the temperature control of
SWNTs.

Figure 1(B) shows the difference in Raman shift between the G* and G™ peaks (A (Aqg) +
E1 (E1g) mode), which are dominant peaks in the G-band at various temperatures. At RT, the Raman
shift of the G™ peak changed with excitation laser wavelength, because SWNTs with different
diameter are in resonance and the Raman shift of the G peak is dependent on the tube’s diameter.
Therefore, the difference between the G* and G™ peaks’ Raman shift is related to the diameter of
semi-conducting SWNTSs, and is described by?”

G' -G =ald,,’ 2)

tube



where dype is the SWNT diameter (nm) and « is the proportionality coefficient. Although the
differences were almost constant for 632.8 nm excitation laser, slight increases were observed in the
case of the 488.0 and 514.5 nm excitation lasers, which suggested that at high temperatures,
relatively smaller-diameter semi-conducting SWNTs were resonantly excited with 488.0 and 514.5
nm, owing to the resonance condition changing with the temperature.

3.2. Temperature dependence of RBM peaks

RBM peaks are also dependent on the temperature.*® Figure 2 shows Raman scattering from
HiPco samples at various temperatures measured with 488.0, 514.5 and 632.8 nm excitation lasers.
Since many peaks overlap in the low frequency range (150 - 350 cm™), the spectra were decomposed
into Lorentzian curves. Thus far, several experimental and theoretical studies on the optical
properties of isolated SWNTs have assigned chiral indices (n, m) corresponding to respective RBM
peaks. We adopted the sets of chiral assignment reported in Refs. 22 and 23, and applied it to our
result assuming that the positions of RBM peaks of isolated SWNTs are not different from those of
bundled SWNTs.?® We also adopted the relationship between the diameter and the Raman shift
described by*¥

Dppy = 248/ dupe ©)

where wrgw is the Raman shift (cm™). Most of the observed peaks are assigned with their chiral
indices as shown in Fig. 2. However, some peaks, whose intensities were very weak (or nearly
unobservable) at RT, could not be assigned when the resonance window width was 0.1 eV.® Such
unassigned peaks, which we called “undefined” peaks, were labeled with “peak X” (X=A, B, C...)
instead a of chiral index (n, m) in Fig. 2(A, B). On the contrary, the spectra in Fig. 2(C) could not be
decomposed into Lorentzian curves corresponding to the chirality assignments, because peaks
appeared around 200 cm™ could not be resolved well with the spectral resolution of our
monochromator. For all peaks, including the undefined peaks, the Raman frequency downshifted and
the peak width increased with increasing temperature, where the downshifting rates ranged from
-0.001 to -0.015 cm /K.

Strictly, it is impossible to compare absolute Raman intensities of two different spectra.
However, we think the intensities of the Raman spectra shown in Fig. 2 can be reasonably compared
because the measurement conditions (e.g., the laser spot position on the sample, the distance
between the objective lens and the sample, the laser power, and the exposure time) were kept the
same throughout the measurements. Figure 3(A) shows temperature dependence of the normalized
integral intensities, which are the product of intensity and peak width normalized by those at RT. The
integral intensities of the peaks that were assigned to chiral indices (“normal” RBM peaks),
decreased with increasing temperature, while those of the undefined peaks apparently increased.

The intensity ratio between the stokes and anti-stokes Raman scattering was expressed by

3
Ly _Rys| @4 exp _ N1y, 4)
Iy Rg\ o k,T
where 1,5 and I are anti-stokes and stokes Raman scattering intensities, respectively,
and R,s and Rs are corresponding resonance Raman factors and w,s and ws are Raman scattering

wavenumbers. Raman scattering from SWNTs is strongly affected by resonance Raman effects, and
hence the resonance Raman factors (R4s and Rs) are important. Here, these factors were calculated



using the following GQUationZS' 25)

| 1 i (5)
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where E; is energy of the excitation laser, /" is the width of the resonance window, £, is the phonon
energy, E;; is the electronic transition energy, and the + (-)symbol applies to the anti-stokes (stokes)
process. Figure 3(B) shows the temperature dependence in the resonance factor ratio (R,s/Rs)
between stokes and anti-stokes scattering measured with a 488.0 nm excitation laser. The resonance
factor ratio represents the magnitude relation between the transition energy (E£;;) and the excitation
laser energy (E;) according to equation (5), although absolute values of the transition energies are
unknown. It is more (less) than 1.0 when the transition energy is smaller (larger) than the excitation
laser energy. With increasing temperature, the ratio of all peaks would tend to converge to 1.0 as
shown in Fig. 3(B). While the transition energies of semi-conducting SWNTs were reported to
change with temperature according to their chiralities,” this convergence of the resonance factor
ratio could be explained by the broadening of the resonance window width, instead of a shift the
transition energies, in equation (5).

The undefined peaks show the same temperature dependence in Raman shift and peak width
as normal RBM peaks, as well as the resonance factor ratio as shown in Fig. 3(B). Moreover, one of
the undefined peaks, which was corresponding to “peak B” in Fig. 2(A), was observed from SWNTs
that consisted of carbon-13. ® The SW*CNTs were synthesized with ACCVD method by using **C
ethanol as carbon source and Fe/Co catalysts on zeolites. Their Raman spectra, including “peak B”,
clearly showed the isotope shift, therefore, we assume that the undefined peaks are also RBM peaks,
although their intensities show extraordinary temperature dependence.

Figure 4 shows a Kataura plot for obtained data, which were reported in Refs. 22 and 23. Here,
we added plots whose transition energies were estimated from the resonance Raman factor ratio of
the normal RBM peaks measured with 488.0 (blue open circles) and 514.5 nm (green open
diamonds) excitation lasers at RT. These data points show good agreement with points on the
Kataura plot. Similarly, we plotted the undefined RBM peaks. The points of these peaks did not
correspond to any of those on the Kataura plot, although they were within the width of the resonance
window ( 7) from the excitation laser energies. One of the possible reasons why the undefined RBM
peaks appeared and their intensities increased with increasing temperature is resonance transitions
caused by absorption of light polarized perpendicular to the tube axis (E; (i#) transition).27)
Although this transition is suppressed at RT by the depolarization effect,?® the temperature increase
might moderate the depolarization effects in bundled SWNTs.

4, Summary

Raman scatterings from various bundled SWNT samples have been measured using three
excitation laser wavelengths (488.0, 514.5 and 632.8 nm) over a wide temperature range (4 - 1000
K). The Raman shift of the G* peak exhibited universal temperature dependence for all SWNT
samples and all excitation wavelengths investigated, and hence the temperature of SWNT samples
can conveniently be measured based on the changes in the G* peak position. The RBM peaks also
showed temperature dependences, such as downshifts of the Raman frequency, broadening of the
peak width, and reduction in the intensities with increasing temperature. Furthermore, we have
shown the existence of several RBM peaks that could not be assigned to any chiral indices, and have



found that the intensities of those unassigned peaks were very weak at RT and increased with
increasing temperature.
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FIG. 1 (A) Temperature dependence of Raman shifts of the G* peaks for various SWNT samples
measured with a 488.0 nm excitation laser and for HiPco sample measured with three excitation
lasers (488.0, 514.5 and 632.8 nm). The dash line is a fitting line calculated using the equation (1).
(B) Temperature dependence of the differences between G* and G~ peaks, measured with the three
excitation lasers.

FIG. 2 RBM peaks (150 - 350 cm™) for HiPco samples at various temperatures. Excitation laser
wavelengths were (A) 488.0, (B) 514.5 and (C) 632.8 nm, respectively.

FIG. 3(A) Integral normalized intensities of RBM peaks measured with a 488.0 nm excitation laser.
The integral normalized intensities were a product of intensities and peak width, normalized by those
at RT. (B) Resonance Raman factor ratio between anti-stokes and stokes Raman scattering intensities
at various temperatures. The ratio for all RBM peaks tended to converge.

FIG. 4 Relationships between Raman shift and the estimated transition energies of RBM peaks,
measured with 488.0 and 514.5 nm excitation lasers (blue circles and green diamonds). The open
and filled marks denote the normal and the undefined RBM peaks, respectively. For reference, the
open triangles and open squares show points reported in Refs. 22 and 23.
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