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We show that the Raman frequency associated with the vibrational mode at �1,580 cm21 (the G mode) in both metallic and
semiconducting carbon nanotubes shifts in response to changes in the charge density induced by an external gate field. These
changes in the Raman spectra provide us with a powerful tool for probing local doping in carbon nanotubes in electronic device
structures, or charge carrier densities induced by environmental interactions, on a length scale determined by the light
diffraction limit. The G mode shifts to higher frequency and narrows in linewidth in metallic carbon nanotubes at large fields.
This behaviour is analogous to that observed recently in graphene. In semiconducting carbon nanotubes, on the other hand,
induced changes in the charge density only shift the phonon frequency, but do not affect its linewidth. These spectral changes
are quantitatively explained by a model that involves the renormalization of the carbon nanotube phonon energy by the
electron – phonon interaction as the carrier density in the carbon nanotube is changed.

Any future electronic technology based on field-effect devices will
require the fabrication of high-mobility channels that are much
smaller than those in existing complementary metal oxide
semiconductor (CMOS) devices1. Carbon nanotube (CNT) field-
effect transistors (CNTFET) have outstanding electrical transport
properties and provide ideal model systems to address the
technical challenge of how to build and characterize nanoscale
electronic devices2–5. However, because their single-atomic-layer
structure is exposed, and electronic screening within the layer is
weak, the electronic properties of carbon nanotubes are
particularly susceptible to environmental interactions. These
include charge transfer with adsorbed molecules6–9, electrostatic
doping by fields created, for example, by trapped charges in the
insulating substrate or gate oxide10–12, or even pH variations for
dispersed nanotubes13. Such interactions are typically localized and
result in charge density variations between different nanotubes in
an integrated circuit, or along the channel of a single CNTFET.
The successful implementation of nanotube-based electronics and
an understanding of charge transfer interactions and doping will
require the ability to directly measure the local charge density in a
nanotube. We propose here an approach based on the correlation
between the shift in the frequency of a Raman phonon peak and
an induced change in charge density in a carbon nanotube.

In this paper, we specifically measure and model theoretically
the changes in optical phonon frequencies and widths in
both semiconducting and metallic CNTFETs in response to
electrostatic doping induced by the application of a gate voltage
Vg in a FET configuration. By varying Vg, we controllably and
reversibly change the charge density and the Fermi level in the
CNT. Moving away from the intrinsic state of the CNT leads to a
blueshift of the G phonon frequency of the CNTs. The shifts we
measure are comparable in magnitude to the Vg-induced phonon
shifts reported recently for the G line in zero-gap, graphene
devices14,15. Here, we focus on weak doping that does not distort

the electronic structure, as in the case of nanotubes or graphite
strongly intercalated with donors or acceptors16.

We can account theoretically for the observed changes in
Raman energy by the renormalization of the phonon energy by
the electron–phonon interaction, the importance of which was
recognized long ago17,18. Although no static distortions are
expected at room temperature in CNTs, ‘dynamical distortions’
(that is, non-adiabatic corrections) can lead to a large polaronic
renormalization of the bandgap of the order of 50–100 meV in
semiconducting CNTs (ref. 19). The origin of the polaron
binding, due to the coupling of electrons (or holes) with the
‘phonon cloud’, has been extensively discussed20, and its scaling
with the strength of the electron–phonon coupling We – ph as
We – ph

2 /hv, where hv is the phonon energy, can be understood in
terms of second-order perturbation theory. At the same time, the
electron–phonon interaction renormalizes hv. This effect is
typically an order of magnitude smaller, as from perturbation
theory one expects a phonon energy scaling of We – ph

2 /2D, where
2D is the energy of the effective gap. However, in metals with
strong electron–optical phonon coupling strength, and in cases
like graphene where the phonons have energies comparable to or
larger than the gap, the dynamic effect can be especially large21.
The energy renormalization in perturbation theory reduces the
phonon energy, that is, has a negative sign, and has its maximum
in undoped or intrinsic graphene and CNTs. Therefore, reducing
the energy renormalization by applying a gate field can induce a
blueshift in the Raman peak. A similar situation may be expected
in the case of one-dimensional (1D) metallic nanotubes,
although, as we show below, the effect becomes even stronger
due to the reduced dimensionality of the system. Finally, and
most importantly, we find that the renormalization of the
phonon energy by carriers in semiconducting CNTs also results
in a blueshift due, in this case, to the coupling of the Raman
active phonons to virtual electron–hole pairs. Contrary to
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intuitive expectations, the shifts in semiconducting tubes can
become even larger than in metallic tubes at the same doping
level, especially for large-diameter tubes where the bandgap
approaches the optical phonon energy. This is surprising, as
closely related phenomena such as Kohn anomalies and charge
density waves occur only in metallic systems21–24. We note that
the interband electron–phonon coupling is responsible for the
phonon renormalization, whereas the intraband electron–
phonon coupling controls the Raman intensity.

In addition to the energy renormalization, the electron–
phonon interaction gives rise to a finite lifetime of electrons and
phonons. The former determines the transport properties of
semiconducting carbon CNTs (refs 25–28), whereas the latter
gives rise to the finite linewidth of the Raman phonon peaks,
which has an additional contribution in metallic CNTs due to the
phonon decay into electron–hole pair excitations29. In contrast, in
the semiconductor, the phonon linewidth is dominated by
anharmonic lattice effects as there are no real electronic
transitions at the phonon energy. Our results suggest a novel
optical method of measuring changes in the local doping in low-
dimensional nanometre-scale systems, as the laser spot size used
to excite Raman scattering is less than 500 nm in diameter in this
work and could be smaller. As an optical method, it can also be
applied to buried channels and its spatial resolution can be
drastically increased using near-field excitation schemes.

In Fig. 1a, we show gate-voltage-dependent G-mode Raman
spectra of a metallic nanotube incorporated in a FET structure.
The width and shape of the G line under zero source–drain bias
(Vsd) at Vg ¼ 0 V is consistent with the Raman spectrum
previously reported for metallic CNTs (ref. 30). There is a shift of
about 10 cm21 in the lower energy G2 component of the G
phonon to higher frequencies as Vg is varied from 0 to –20 V for
Vsd¼ 0 V. This frequency shift with Vg is fully reversible. Changes
in the G-line Raman scattering from this metallic CNT for positive
Vg are much smaller than the changes for negative Vg. This can be
understood in terms of trapped electrons in the oxide, which
screen part of the applied gate field under positive gate voltage
and also lead to hysteresis in I–Vg sweeps. In addition to the
frequency shifts, we also observe changes in the width of the
dominant Raman line with changing Vg. For example, at Vg ¼ 0 V,
the full-width at half-maximum (FWHM) is 29.4 cm21, whereas
at Vg ¼ –20 V, it is 5.7 cm21. The Raman peak widths and shifts
as a function of the gate bias, or induced linear charge density (in
e nm21) are plotted in Fig. 1b,c along with the predictions (given
by the solid lines) of the theoretical model that will be discussed
in the next section. Both blue and red points were obtained from
the same CNT device, but the red points were obtained after the
device was exposed to air for a few days.

In Fig. 2a, we show Raman spectra between 1,570 and
1,600 cm21 from a semiconducting CNTFET for a range of Vg

values between þ18 V and 225 V. Over this range, our electrical
measurements show that the device switched from the ‘off ’ to the
‘on’ state with off currents of 0.1 nA, and on currents of about
1 mA for Vsd¼ 0.1 V. The Raman spectra were obtained with
Vsd¼ 0 and gate leakage currents in the nA range. At Vg ¼ 0 V,
the spectrum in Fig. 2a is dominated by a lorentzian at
1,583 cm21, the higher energy Gþ mode of the CNT, with an
intrinsic width of about 6 cm21. The asymmetry to lower energies
in this spectrum can be assigned to a lorentzian at 1,573 cm21, a
reasonable value for the G2 line in a sample with a diameter of
about 2.4 nm. In Fig. 2a, the G-line Raman peak shows no shift
for positive gate voltage, but shifts to higher energies by about
5 cm21 as Vg becomes more negative. This dependence of the Gþ

mode energy on Vg is reversible. In addition, the intensity of the
Gþ line also shows reversible behaviour with changing Vg. It is

independent of Vg for Vg . 0, and decreases with Vg as Vg become
more negative, as seen in Fig. 2. Figure 2a also shows that there is
no change in the width of this line with changing gate voltage. The
Vg dependence of the G-line FWHM and energies for the spectra
in Fig. 2a are shown in Fig. 2b and c, respectively, along with the
theoretical predictions. The system spectral resolution is shown as
the black line in Fig. 2b. Therefore, in contrast to the obvious
change of the Gþ line energy with changing Vg, its width shows
no quantitative change. Due to trapped charges in the gate oxide,
the semiconducting device I–V characteristics also show strong
hysteresis. For our scan range, the CNTFET turns on at our
negative Vg, but has not turned on yet for our most positive Vg

due to these negative trapped charges. Spatially resolved Raman
results similar to the data in Fig. 2 show that the voltage-
dependent shift of the G line to higher energies occurs uniformly
along the device. Different devices show differences in the
magnitude of the shift to higher energies with negative gate voltage.
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Figure 1 Raman spectra of a metallic CNT as a function of gate voltage.

a, Spectra obtained under 514.5 nm excitation at different gate voltages along

with Fano profile fits (solid curves). b,c, Theoretical width (b) and shift (c) versus

charge density (black curves) for dCNT ¼ 2.35 nm, D ¼ 13 eV Å21, T ¼ 450 K

and v0 ¼ 1,576 cm21 compared with experiment (both blue and red points

were obtained from the same CNT device, but the red points were obtained after

the device was exposed to air for a few days). The x axis of b is centred

about threshold gate voltage of V th ¼ 12 V for clarity. The theoretical width in

c is broadened by g0 ¼ 8 cm21 to account for the anharmonic phonon decay

and the finite experimental resolution.
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To formally describe the induced shifts and broadening of the
Raman spectra, we calculate the phonon self-energy to the lowest
order in electron–phonon coupling, that is, within the Born
approximation. The energy renormalization and the lifetime of a
phonon with momentum q are given by the real and imaginary
parts of the self-energy31,32:

Dh
�
vq ¼

X
k

jWkqj
2 dfk � dfkþq

1k � 1kþq þ h�vq

ð1Þ

gq ¼ p
X

k

jWkqj
2
dð1k � 1kþq þ h

�
vqÞð fk � fkþqÞ ð2Þ

where Wkq is the strength of the electron–phonon interaction and fk
is the electron distribution function, which is described by the
Fermi–Dirac distribution with a variable chemical potential 1F

(refs 33–36). In equation (1), we consider changes in the
distribution function dfk ¼ fk(1F) 2 fk(1F ¼ 0), that is, changes in
1F induced by the environment or the gate potential, as we are
interested in Vg-induced changes of the phonon renormalization
energies. In the lowest order, renormalization energies are always
negative (redshifted phonon energies); hence, we expect the gate-
bias-induced changes to be positive (blueshifted phonon
frequencies) for the simple band structures of graphene and CNTs.
Specifically, we are interested in the Raman active phonon modes
with zero momentum, q ¼ 0. Only interband transitions can
contribute to the phonon self-energy, otherwise fk 2 fkþq is
identically zero. Typically, a longitudinal optical phonon mode
(LO) has the strongest Raman intensity in CNTs (refs 37, 38), but
both LO and transverse (TO) degenerate optical phonons
are simultaneously excited in Raman processes in graphene.
To calculate the phonon self-energy, we need to know the
momentum dependence of the electron–phonon interaction
Wk,q¼0 ¼ Dk

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h� =2MvG

p
, where Dk is the interband electron–

phonon coupling strength, M is a carbon atom mass and vG is the
optical phonon frequency. We find (see Supplementary
Information) that in metallic tubes the electron–phonon coupling
is momentum-independent for the LO mode, Dk ¼ D, but it is
negligibly small for the TO mode, such that DvTO � 0 in metallic
tubes. In semiconducting tubes, Dk is finite and momentum-
dependent for both LO and TO, such that Dk,LO

2 þ Dk,TO
2 ¼ D2

and Dk,LO
2 ¼ D2a((1k 2 D)/D)(b þ ((1k 2 D)/D))21, and we use

a � 1.1 and b � 0.4 (see Supplementary Information). We use
equations (1) and (2) to calculate the Raman shift and the width
in both metallic nanotubes and graphene using the linear
dispersion 1k ¼+hvFjkj, and semiconducting nanotubes using

the hyperbolic carrier dispersion 1k¼+
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ h� 2vFk2

p
, where

vF ¼ 106 m s21 is the graphene Fermi velocity and D is half the
bandgap. An optical bandgap of 2Dop � 0.9 d21 eV nm (d is the
tube diameter) has been corrected by the exciton binding energy
of Eb � 0.34 d21 eV nm (ref. 39) to give 2D ¼ 2Dopþ Eb. The
results for the Raman shifts are evaluated at zero temperature in
leading order of charge density (or Fermi level 1F) for graphene,
LO mode in metallic, and both LO and TO modes in
semiconducting nanotubes, respectively:

Dh
�
vGraphene ¼ l

1F

h�vG

þ 1

4
ln
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� l
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r

ð3aÞ
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where the electron–phonon coupling constant l is given by
l ¼ AD2/pMvF

2, with both spin and valley degeneracies included.
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Figure 2 Raman spectra of a semiconducting CNT as a function of gate

voltage. a, Raman spectra of a semiconducting CNTFET at several different

values of Vg together with Fano profile fits (solid curves). b, Experimental width

dependence on the gate voltage (blue squares) along with a constant width of

g0 ¼ 8 cm21 (black line) determined by the anharmonicity and instrumental

resolution. c, Theoretical Raman shift for the LO mode (black curve) versus

charge density obtained for d ¼ 2.35 nm, D ¼ 13 eV Å21, T ¼ 450 K and

v0 ¼ 1,583 cm21 compared with experiment (blue squares). The shift for the

TO mode calculated with the same parameters is shown for comparison (red

dotted curve). The x-axis is set by the threshold gate voltage of V th ¼ 0 V.

Vg and r are linked by electrostatics through r ¼ C(Vg 2 V th).
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Here, b ¼ h
�
vG/2D is a dimensionless phonon energy, A � 5.24 Å2 is

the area of the graphene unit cell, d0 ¼ 2vF/pvG � 2 nm is a
characteristic length scale and r0 ¼ eAvG

2 /2pvF
2 � 0.00085e/carbon

is the characteristic induced charge on a carbon atom. Note that a
linear charge density in a CNT of diameter d is related to the
induced charge on a carbon atom rC by r ¼ 2rCpd/A. The
functional dependences on charge carrier density are different in
semiconducting and metallic CNTs, and in graphene, because of
differences in the density of states. These differences and their
consequences are depicted in Fig. 3 for (a) a metallic tube where
the G mode can excite electron–hole pairs, giving rise to the
broadening of the Raman signal, (b) a doped metallic tube where
the phonon can only excite virtual electron–hole pairs, leading to
an energy renormalization but no broadening, and (c) a
semiconducting tube where the bandgap is larger than the phonon
energy, and no real electron–hole pairs can be created by
the phonon so that the energy is renormalized but the
linewidth unchanged.

To simulate the experimental results using equation (2) one
needs to know the electron–phonon coupling constant D,
the Fermi velocity and the tube diameter d, which enables the
bandgap D of the semiconducting tubes to be determined. The
tube diameter is determined by measuring the ring breathing
mode frequency, and the Fermi velocity is taken to be that of
graphene. We are therefore left with just one unknown parameter:
the electron–phonon coupling D. To obtain doping densities, one

also needs to know the gate capacitance C and the threshold
voltage Vth. When an operating FET device is studied, Vth can be
determined from the electrical measurements (at the breakpoint
in the Id versus Vg curve). We stress that, in the present study,
we are looking for the gate-induced changes on the phonon
frequency and lifetime. If one wants to compare the absolute
phonon frequency with the theoretical simulation one needs
to offset the simulated frequency by the frequency of the undoped
tube vG, which can be viewed here as a fit parameter. However,
the Raman frequencies of the pristine (undoped) metallic and
semiconducting tubes are functions of the tube diameter and can,
in principle, like the excitation energies, be tabulated.

In addition to the difference in the density of states, different
momentum dependencies of the interband electron–phonon
matrix element for LO and TO modes in semiconducting tubes
lead to different carrier concentration dependencies of the
phonon shifts DvTO/ r and DvLO / r3 at low temperatures. At
room temperature, electron–hole pair excitation can take place
away from the bottom of the bands, which makes the LO shift
grow nearly linear with density, but with a much smaller slope
than the TO mode shift. However, the overall size of the effect is
determined by the same electron–phonon coupling constant l.
The maximum width of the optical phonon (Raman width) in
graphene is given by the strength of the electron–phonon
interaction as gG ¼ pl/4, and it also depends on the tube
diameter as gM,LO ¼ pld0/(2d) in metallic CNTs. From the
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Figure 3 Frequency renormalization and broadening of the CNT G-phonon mode by the electron–phonon interaction. a–c, Scattering mechanisms for a

metallic tube where the G mode can excite electron–hole pairs (a), a doped metallic tube where the phonon can only excite virtual electron–hole pairs (b) and a

semiconducting tube where the bandgap is larger than the phonon energy, and no real electron–hole pairs can be created by the phonon (c). d– f, Calculations of

the Raman width in a metallic tube (d ¼ 2.0 nm) as a function of the charge carrier density per carbon atom at different T (d), corresponding G-mode Raman shifts

(e) and Raman shift of the LO mode (solid lines) and TO modes (dashed lines) in semiconducting tubes at temperatures T ¼ 300 K for different tube diameters, d, as

a function of carrier density, D ¼ 10 eV Å21 (f). Black dashed lines in d and e are Raman width and shift, respectively, of graphene at 300 K.
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maximum Raman width in graphene14,15 of 8.5 cm21, an
interband transition electron–phonon coupling l � 11 cm21 or
D � 10 eV Å21 has been extracted. In a metallic tube with
d ¼ 2.35 nm (see Supplementary Information) the Raman
linewidth is 22 cm21, implying an interband electron–phonon
coupling of l � 17 cm21, or D � 13 eV Å21.

The numerical results for calculated Raman shifts and FWHMs,
according to equation (1) and (2), are shown in Fig. 3d–f for
metallic and semiconducting CNTs, respectively. The results are
plotted against rC, which is related linearly by electrostatics to
the applied gate voltage. In metallic tubes, both LO phonon
lifetime and energy are predicted to show strong temperature
dependence, whereas in semiconducting tubes the TO mode
shifts are predicted to be nearly temperature independent and the
LO mode is temperature dependent for small doping levels. In
semiconducting tubes, the TO mode phonon shift is
approximately linearly proportional to both diameter and
induced charge on the carbon atom, as shown by the red dotted
line in Fig. 2c. If the phonon shift is plotted versus linear density
r, it is predicted to be nearly independent of tube diameter in
semiconducting tubes for the TO mode and inversely
proportional to the tube diameter in metallic tubes for the LO
mode. Note that the theoretical treatment of metallic tubes has
also been considered recently in ref. 36.

The agreements between the magnitudes of the experimentally
measured and theoretically derived shifts in the phonon energies
for both semiconducting and metallic CNTs are quite reasonable,
as is the agreement between experiment and theory for the gate-
voltage-induced changes of the metallic CNT phonon linewidth
for our �2.4-nm-diameter CNTs. Deviations in the shape of the
functional dependences of the phonon frequency shifts on Vg

arise from trapped charges in the oxide substrate, which are not
included in the calculation. These results also show that the
virtual transitions in the semiconducting CNT are quite effective
in renormalizing the optical phonon energy. In fact, when
the bandgap of the semiconducting CNT is in resonance with the
Raman phonon energy, as is the case for a �5-nm CNT, the
renormalization of the phonon energy can be larger than that
observed for the graphene device. This reflects the high density of
electronic states at the bandgap in the semiconducting 1D CNTs.

As we saw in metallic CNTs, a Vg-induced shift in the Fermi
level (charge density) leads to blueshifts of �10 cm21 and a
broadening of �15 cm21 for the G phonon of metallic
nanotubes. This situation is totally analogous to those recently
reported from Raman scattering experiments on graphene FETs
(refs 14, 15). For graphene on a 300-nm oxide, application of
Vg ¼ 100 V produced a 10 cm21 shift to higher energies of the G
line and a 10 cm21 reduction in the phonon linewidth. Similar
behaviour is expected, because the band structure in the vicinity
of the Fermi level of a metallic CNT is similar to that of
graphene. The observation that a sharp G line in a metallic CNT
after the Fermi level was moved into the valence band is
interesting in light of the long-standing discussion of the
mechanism by which the G2 line in metallic CNTs is broadened40.

In semiconducting nanotubes, however, we also observed a
similar shift in the phonon energy, but no change in linewidth.
As the sample is now a semiconductor, we do not have the Fermi
surface required to produce the gate-voltage-dependent damping
invoked by others to explain their graphene results14,15. For our
2.4-nm CNT, we expect a �5 cm21 shift, close to what we
observe in the conducting state. However, we do predict a
different temperature dependence of the Raman shift as a
function of charge density in metallic and semiconducting CNTs.
The renormalization becomes smaller as the tube diameter
decreases, because of the increasing size of the bandgap. As the

tube diameter increases, the phonon renormalization increases
and peaks at a diameter where the bandgap is equal to the
phonon energy.

Carbon nanotubes and graphene are closely related materials.
The anomalous dependence of the graphene G-line energies on
gate voltage has been attributed to the unique character of its low-
lying electronic states. Surprisingly, however, we find similar
behaviour on the part of the G phonon in a 2.4-nm-diameter
semiconducting CNTFET as a function of gate voltage. We explain
these shifts in the phonon energy as a function of gate voltage due
to the renormalization of the LO phonon energy by the gate-
induced carriers in the 1D semiconducting CNT. As such, it
suggests that the energy of the G mode in semiconducting
CNTFETs provides a new way to monitor the local Fermi level in a
semiconducting CNTFET. Our optical probe can have dimensions
as small as 250 nm, allowing us to observe changes in the Fermi
level near contacts, defects and trapped charges, or resulting from
charge transfer effects. It also provides an additional means of
understanding the large variation in the observed G-line energies
of CNTs on SiO2 substrates, and the failure to observe G-line
energies converging to the graphite/graphene limit in large-
diameter CNTs (refs 24, 41).

Note added in proof: After this manuscript was submitted, a paper
was published on the subject of gate-induced broadening of the G
mode of metallic nanotubes42.
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