
APPLIED PHYSICS LETTERS 88, 241101 �2006�
Stimulated Raman scattering from individual single-wall carbon nanotubes
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Individual single-wall carbon nanotubes �SWNTs� exhibited continuous-wave stimulated Raman
scattering �SRS�. The Raman gain is a few orders higher, and the threshold power is a few orders
lower, than values ever reported for other bulk materials and is explained as the result of both the
large nonlinear property and efficient electron-phonon interaction in the SWNT. The laser-induced
variation of the peak position of the SRS line was likely to depend on the linewidth or tube quality.
The results demonstrate the high potential of SWNTs in applications of nanoscale nonlinear optical
devices such as wide-range tuneable Raman lasers. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2211054�
Semiconducting single-wall carbon nanotubes �SWNTs�,
which are characterized by direct band gaps, can emit light
from the visible to the infrared spectral region and light
emission by current injection has been demonstrated.1,2

Large nonlinearity has also been found when the wavelength
of the incident light wave is resonant with band-to-band tran-
sitions in the SWNTs.3 We have fabricated luminescent
SWNTs suspended on SiO2 pillars, and strong photolumines-
cence at room temperature in the near infrared spectral re-
gion was observed.4 In this letter, we report the stimulated
Raman scattering �SRS� observed from such suspended
SWNTs. The Raman gain was much larger than the values
previously obtained from conventional semiconductors and
the threshold power for SRS is substantially small.

Electron beam lithography and reactive ion etching
�RIE� were employed to fabricate SiO2 pillars on Si
substrates.4 The thicknesses of the SiO2 film, which is equal
to the height of the pillars, were 250–500 nm. Ni metal was
used as a mask material for the RIE. The top surfaces of
pillars are SiO2, whereas other surfaces are Si on which no
formation of SWNTs are expected due to the silicidation of
the catalyst. SWNTs were synthesized at temperatures of
600–900 °C and under pressures of 0.05–1700 Pa with
chemical vapor deposition �CVD�. The growth time was
10–200 min. Co �0.1 nm thickness� and ethanol were used
as the catalyst and carbon source, respectively. The morphol-
ogy of the samples was examined using a scanning electron
microscope �SEM�. Figure 1 shows an example of SEM im-
ages of suspended SWNTs between SiO2 pillars with a pillar
distance of 1 �m. A micro Raman system was used to mea-
sure the Raman spectra of the SWNTs. A He–Ne laser
�632.8 nm� was used as the excitation source and the laser
spot was focused to �1 �m in diameter. A backscattering
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configuration was adopted for Raman spectroscopy, where
the propagating vector of both the incident laser and the
scattered light is normal to the tube axis. The polarization of
the electric vector of the incident laser was rotated to reach a
maximum Raman intensity. In this case, the polarization is
considered to be parallel to the tube axis. Then the laser
power was varied smoothly in small steps by combination of
filters having different transmittances. We would like to em-
phasize that this control of laser power is essential in order to
observe SRS because, as shown below, the Raman intensity
grows very quickly and easily saturates even at a low laser
power. The room-temperature Raman signal was detected us-
ing a charge-coupled device. The accumulation time for each
spectrum was varied from a few seconds to a few minutes,
depending on the laser power and signal intensity. Thus in
FIG. 1. SEM images of suspended SWNTs between SiO2 pillars.
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order to observe SRS threshold energy, it is essential to
change the laser power around 0.1 mW and to take an accu-
mulation time of about several minutes for each laser power.

From these suspended SWNTs, we observed clear Ra-
man peaks in the radial breathing mode �RBM� region
�100–400 cm−1� and the splitting of the G band
��1600 cm−1�.4 In general, the intensity of the Raman lines
increases linearly with an increase in the laser power. In our
experiments, however, Raman lines having narrow widths
�basically �6 cm−1� exhibited a sudden rise in their intensity
at some threshold laser power, while those having broad
widths �more than 6 cm−1� show a linear response of the
power. Figure 2 shows an example of the Raman spectra of
the RBM peak with a narrow width and the integrated peak
intensity as a function of laser power. The peak parameters
were obtained by fitting each Raman spectrum using a single
Lorentzian profile. The intensity-power plot was given in
both logarithm-linear and linear-linear scales. The Raman
peak frequency was �177.5 cm−1, which does not change
�less than 0.5 cm−1� with increasing the laser power. A care-
ful change of the laser power shows that the integrated peak
intensity exhibits a sudden rise at a threshold of 0.6 mW.
Figure 3 shows another example with a Raman peak around
�186 cm−1. In this case, though we find the frequency shift
at saturated power, the integrated peak intensity exhibits a
sudden rise at about 0.16 mW which corresponds to

FIG. 2. �a� Raman spectra of a RBM mode at �177.5 cm−1 under different
excitation laser intensities �from bottom: 0.07, 0.08, 0.1, 0.3, 0.5, 0.6, 0.7,
1.0, 1.25, and 1.5 mW�. Each spectrum was normalized by the peak inten-
sity and offset vertically for clarity. The dotted spectra are measured results
and solid ones are Lorentzian fittings. ��b� and �c�� Plot of the integrated
peak intensity as a function of laser intensity in logarithm-linear and linear-
linear scales, respectively. The threshold of laser intensity for stimulated
Raman scattering was 0.6 mW. The solid lines are guides for the eye. The
dashed line shows the slope from which the Raman gain was obtained.

FIG. 3. �a� Raman spectra of a RBM mode at �186 cm−1 under different
excitation laser intensities �from bottom: 0.06, 0.1, 0.17, 0.21, 0.3, 0.5, 0.6,
0.7, 0.8, 1, and 1.25 mW�. ��b� and �c�� Plot of the integrated peak intensity
as a function of laser intensity in logarithm-linear and linear-linear scales,
respectively. The threshold of laser intensity for stimulated Raman scattering

was 0.16 mW.
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0.16 �W when considering the volume of an individual
SWNT. This threshold power is below that where the fre-
quency begins to change and thus the shift of the frequency
and the existence of the threshold are phenomena indepen-
dent of each other. The features of the existence of a thresh-
old and a fast increase of the intensity above the threshold
power are definite evidences for SRS. We tried to assign
�n ,m� values for these RBM frequency and laser energy
�1.96 eV� by referencing the RBM frequency observed for
an isolated SWNT on SiO2 surfaces, but failed within the
accuracy of 10 cm−1 and 0.1 eV, respectively, for RBM fre-
quency and excitation laser energy. The reasons for the dis-
crepancy are the different dielectric constant around a SWNT
and the temperature of a SWNT. Nevertheless, the observed
RBM frequency and 1.96 eV laser energy correspond to the
resonance conditions for a metallic SWNT and thus we ex-
pect a higher thermal transport property by free electrons in a
metallic SWNT than that in a semiconducting nanotube.

SRS is caused by the nonlinear interaction between the
lattice vibrations �phonons, frequency �P� and the electric
fields of light �photons�.5 An electric field can cause the for-
mation of a dipole via polarization of the charge distribution
in the material. If the induced dipole is simultaneously
modulated by a normal mode of vibration of the material
lattice, the mode is said to be Raman active. The dipole can
radiate and is the origin of spontaneous Raman scattering,
whose intensity is a linear function of the intensity of the
incident laser light. On the other hand, SRS is a third-order
nonlinear optical process in which the lattice vibration is
excited by electric fields. In this case, the force exerted on
the vibrating lattice by the electric field is proportional to E2,
where E is the amplitude of the electric field. This means that
there must be two photons driving the interaction with the
lattice. If the two photons are at different frequencies, the
lattice will experience a force at the beat frequency of the
two photons. If the frequencies of the two photons are cho-
sen such that their beat frequency equals that of the phonon,
strong amplification of the three waves �two electric fields
and one lattice vibration� can occur due to the phase-
matching interaction, resulting in the stimulated scattering
condition. Thus in the present SRS, the two electric fields
come from the incident laser light �frequency �L� and the
Stokes-Raman light �frequency �S=�L-�P�. The beat fre-
quency of �L and �S is nothing but �P. This is the nonlinear
amplification mechanism of the phonon, which eventually
leads to the occurrence of SRS. As a nonlinear process, SRS
usually occurs at high excitation intensities. The phonon am-
plification under laser excitation in a SWNT has been dem-
onstrated theoretically,6 in which the incident direction and
polarization of the laser were assumed to be the same as
those used in our study. The frequency of the incident light
was assumed to be the same as that of the optical phonon,
which is also consistent with our experiment because the
nonlinear interaction between the incident laser and the Ra-
man light can generate the light having the same frequency
as the lattice vibrations �phonons�.

Using the exponential law, Iout�exp�g · Iin ·L�, for the
output intensity,7 the SRS gain g, estimated from the slope of
the dashed lines in the figure, was estimated to be �1
�109 and �6�109 cm/GW for Figs. 2 and 3 respectively.
Here Iin is the density of the incident laser light. L is the
interaction length of the Raman media, which is taken as the
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ders higher than that reported for GaInAs/AlInAs quantum
cascade Raman lasers ��104 cm/GW�,9 and more than eight
orders higher than that reported for bulk materials such as Si
Raman lasers10 and other Raman crystals ��10 cm/GW�,7

revealing the very high potential of SWNTs as nonlinear op-
tical materials and devices. The Raman gain is written by7

g= �4�2�SN /�L�Sc2m�R�� · ��� /�q�2, where �S and �R are
the frequencies of Raman lines and lattice vibrations, respec-
tively. �L and �S are refractive indices of the Raman media
for the laser and Raman lines, respectively. N is the number
of Raman active atoms. c is the light velocity and m is the
reduced mass for the oscillating molecule. � is the linewidth
of the Raman line �half-width at half-maximum�. �� /�q is
the normal-mode derivative of the atomic polarizability ten-
sor caused by the interaction with electric fields, and
��� /�q�2 is proportional to the imaginary part of 	3, the
third-order nonlinear optical susceptibility. Therefore, the
Raman gain is also written as g� Im�	3�. It is thus clear that
a large Raman gain is expected for the material with a large
Im�	3� value. The values of Im�	3� of conventional semicon-
ductors such as GaAs and Si are in the order of 10−10 esu.11

For SWNTs, however, Im�	3� is as high as 10−6 esu at reso-
nant wavelength, which is four orders higher.3 This will un-
ambiguously enhance the Raman gain of SWNTs as ob-
served here. Because of the one-dimensional van Hove
singularity of density of states in SWNTs, the Raman signal
is strongest when the photon energy of the laser light is ex-
actly equal to the energy differences between the discrete
levels of valence and conduction bands of a SWNT, i.e., at a
resonant excitation.1 Therefore, the resonant condition is au-
tomatically achieved in this study. Moreover, due to the one-
dimensional quantum wire structure, the movement of elec-
trons is strictly restricted along the tube axis. Thus, all of the
light-generated electrons are expected to be involved in the
electron-phonon interaction and results in significant ampli-
fication of phonons.6 Therefore, the efficiency of electron-
phonon interaction in a SWNT is much higher than that in a
bulk crystal because, in the latter, the light-generated elec-
trons can propagate in all possible directions. Due to both the
resonant excitation and the high interaction efficiency, very
large Raman gain and low threshold can be obtained in a
SWNT. The threshold laser power to achieve SRS in a
SWNT was a few orders of magnitude lower compared with
bulk Si-based optical pumped cw Raman lasers
��100 mW�.10 Such Si Raman lasers were under nonreso-
nant excitation and were realized by using a waveguide
structure, a long interaction length �as long as 4.8 cm�, a
p-i-n structure, and a Fabry-Pérot cavity. In the present work,
although a natural nano cavity effect might have occurred,
such complicated treatments are not intentionally necessary.
Therefore, better Si Raman lasers may be expected by adopt-
ing both Si nanowires and resonant excitations. We believe
that, by using direct band gap materials, their high-quality
nanowire structures with narrow Raman linewidths and reso-
nant excitations, Raman lasers having large gains and low
thresholds can be realized.

The observation of the SRS with an extremely large gain
and low threshold indicates the very high potential of appli-
cation of SWNTs as nonlinear optical materials and devices.
For example, a wide range, tuneable cw Raman laser can be
obtained under the excitation of a commonly used cw He–Ne
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to 
laser via various SWNTs with different Raman frequencies
or different tube diameters. Raman spectroscopy on SWNT
has been studied widely.12 However, no SRS has been re-
ported. The suspending structure used in this study is be-
lieved to facilitate the observation of SRS, because the
SWNT was freestanding and not suffering from any kind of
external disturbances �for example, tube-tube and tube-
substrate interactions�. These effects should cause random
scattering of phonons and electrons propagating in the tube,
which will greatly reduce the possibility of achievement of
phase matching between lattice vibration �phonon� and light
field �or electron�. As a result, the possibility of achieving
SRS should be substantially suppressed.

The peak position and linewidth also exhibited some de-
pendence on the laser power. In Fig. 2, almost no peak shift
��0.5 cm−1� was observed when the laser power was raised
to 2.0 mW, while in Fig. 3, the shift was about 4 cm−1 up to
1.4 mW. The shift is presently interpreted as the result of a
thermal effect. In Fig. 2, the linewidth changed from
1.8 to 2.2 cm−1 with increasing the laser power. The width is
smaller than the natural linewidth �3 cm−1� reported for
SWNTs,13 revealing that the SWNT is of high quality. On the
other hand, in Fig. 3, the linewidth was relatively larger,
from 4 to 6 cm−1. Therefore, it is likely that for a narrow
Raman line, its peak position is stable; while for a broad one,
the peak position is unstable when changing the laser power.
These phenomena may be correlated with the tube quality
and thermal conductivity: high-quality tubes, indicated by
narrow Raman widths, are characterized by high thermal
conductivity and then weak thermal effect. On the contrary,
low-quality tubes, indicated by broad Raman widths, are
characterized by low thermal conductivity and then strong
thermal effect. Another possibility is that, for broad Raman
lines, there were originally more than one tube being probed.
With increasing the laser power, especially when it is over
the threshold, the resonant condition changed and the signal
from a different tube becomes resonant. This situation will
be confirmed by using a tuneable laser system.
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