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In situ Raman experiments together with transport measurements have been carried out in single-walled
carbon nanotubes as a function of electrochemical top gate voltage (V,). We have used the green laser (E
=2.41 eV), where the semiconducting nanotubes of diameter ~1.4 nm are in resonance condition. In semi-
conducting nanotubes, the G™- and G*-mode frequencies increase by ~10 cm™ for hole doping, the frequency
shift of the G~ mode is larger compared to the G* mode at the same gate voltage. However, for electron doping
the shifts are much smaller: G~ upshifts by only ~2 c¢cm™! whereas the G* does not shift. The transport
measurements are used to quantify the Fermi-energy shift (£y) as a function of the gate voltage. The electron-
hole asymmetry in G~ and G* modes is quantitatively explained using nonadiabatic effects together with lattice
relaxation contribution. The electron-phonon coupling matrix elements of transverse-optic (G~) and
longitudinal-optic (G*) modes explain why the G~ mode is more blueshifted compared to the G* mode at the
same V,. The D and 2D bands have different doping dependence compared to the G* and G~ bands. There is
a large downshift in the frequency of the 2D band (~18 ¢cm™) and D (~10 c¢cm™!) band for electron doping,
whereas the 2D band remains constant for the hole doping but D upshifts by ~8 c¢cm™!. The doping depen-
dence of the overtone of the G bands (2G bands) shows behavior similar to the dependence of the G* and G~

bands.
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I. INTRODUCTION

Single-walled carbon nanotubes continue to attract a lot of
attention in recent years from the fundamental physics as
well as novel application points of view. The reduced
dimensionality-induced confinement effects result in impart-
ing metallic or semiconducting character'? to the tubes. The
gate tunability of the transport of semiconducting nanotubes
results in a field-effect transistor device, a key component of
applications in nanoelectronics® and sensors.* An under-
standing of interaction of optical phonons with the charge
carriers quantified by electron-phonon coupling (EPC) is im-
portant to understand the electron-transport mechanisms in
nanotubes. For example, the upper limit of high-field ballis-
tic transport in nanotubes is governed by electron scattering
by optical phonons giving rise to hot phonon generation.>

Raman spectroscopy has proved to be a powerful nonin-
vasive and nondestructive tool to characterize the carbon
nanotubes as well as to probe electron-phonon coupling in
them.” The most interesting Raman features in single-walled
carbon nanotubes (SWNTs) are the radial breathing mode
(RBM ~100-300 cm™') and tangential modes (near
~1590 cm™'). The former is often used to determine the
diameter and chirality of a SWNT.!> The other Raman
features are D band (~1340 cm™) and 2D band
(~2680 cm™') which involve the phonons belonging to the
transversal optical branch near the zone boundary (K point),
whose peak positions depend on the exciting laser energy
(E,) due to double-resonance Raman scattering.® In the lit-
erature, the 2D mode has also been denoted as G’ and D™. In
general, the resonance Raman spectra of the tangential
modes in semiconducting nanotubes have five bands, the
most intense being G*(~1590 cm™') and G*(~1565 cm™)
assigned to longitudinal-optic (LO) (axial) and transverse-
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optic (TO) (circumferential) modes, respectively.'*1° The as-
signment of these modes for metallic tubes is, however, dif-
ferent: G*(~1580 cm™') is assigned to the TO
(circumferential) whereas G~ (a broad band at ~1540 cm™")
is LO (axial).”>!0 In particular, the metallic tubes are char-
acterized by a G~ mode with a large linewidth (~60 cm™)
as compared to a narrow linewidth (~10 c¢cm™) in the semi-
conducting tubes.’

The G band in Raman spectrum of graphene arises due to
doubly degenerate E,, phonon at the Brillouin-zone center
(I').!"* This double degenerate E,, phonon splits into G* and
G~ modes in nanotube as the sp*> bonds of graphene are
deformed by rolling it in a tube. Thus, the simple curvature
effect reasonably explains the downshifted G~ (TO) band in
semiconducting tubes.!® However, in metallic tubes, the large
downshift and the large linewidth of the G~ (LO) mode is
due to the enhanced EPC (resulting from electron confine-
ment in one dimension) between the LO phonon and the
electron-hole excitations, which is termed as nonadiabatic
Kohn anomaly.”~1? It has been shown recently that due to
the nonadiabatic effect, the G -peak position in metallic
tubes'>'7 and the G-band position (~1582 cm™') in
single'8-?! and bilayer?>>* graphenes increase both for elec-
tron as well as hole doping, whereas the linewidths of these
bands decrease for both types of doping.'>-"192* In com-
parison to the metallic nanotubes, phonon renormalization in
doped semiconducting nanotubes has not been fully studied
experimentally. This has motivated us to undertake the
present study, employing resonant Raman scattering from
top-gated electrochemically doped semiconducting tubes.

We will briefly summarize the existing results on electro-
chemical doping of semiconducting tubes. Kavan et al.?’
showed that the frequency of the G* mode remains constant
for the gate voltage (V,) from —1.5 to +1 V. When V, is
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FIG. 1. (a) Drain-source current (/ps) vs gate voltage (V,). The vertical dotted lines correspond to the onset of currents for electron and
hole dopings. The dashed vertical line is the charge neutrality point (CNP). (b) RBM of nanotube bundles at 2.41 eV showing peaks at 151

(d=1.6 nm) and 172 cm™' (d=1.4 nm).

increased beyond +1 V (hole doping), the frequency up-
shifts to a maximum of ~15 cm™ for V,=+1.6 V. On
electron doping, the frequency downshifts by ~3 cm™' at
V,=—1.8 V. Corio et al.?**" also showed a similar behavior
of the G* mode in semiconducting tubes. However, Rafailov
et al.”®? showed a linear shift in the G* mode at
1.3 cm™!/V to higher (lower) frequencies on hole (electron)
doping. The total shift was less than 3 cm™! for hole doping
and 1 cm™' for electron doping. In all these studies the shift
of the Fermi level in terms of applied V,, a key parameter to
quantitatively understand the results has not been reported.
Further, the effect of doping on the G mode is not experi-
mentally determined, except in Ref. 29 where the upshift of
the G™(1.6 cm™!/V) for hole doping is slightly higher as
compared to the G*(1.3 cm™'/V). In our very recent
experiments'?> on SWNT bundles using E;=1.96 eV, the
mode observed at ~1590 cm™' was attributed to the G*
(LO) mode of semiconducting tubes which upshifted by
~6 cm™! for hole doping and only ~1 cm™! for the electron
doping. Since the Raman band at ~1590 cm™' recorded
with E;=196 eV can also arise from metallic
nanotubes,'>3" the results were rather preliminary.

In this paper, we have carried out in situ Raman experi-
ments together with transport measurement on SWNT
bundles with green laser (E;=2.41 eV), where only the
semiconducting tubes are in resonance condition. The trans-
port measurements help us to quantify the Fermi-level shift
as a function of the gate voltage. The frequency shifts of the
G* and G~ modes in semiconducting tubes are measured as a
function of Fermi energy for both electron and hole dopings
and compared with the theoretical calculations in terms of
nonadiabaic effects using time-dependent perturbation theory
(TDPT), together with doping-induced lattice relaxation. We
will also quantify the evolution of other high-energy modes
D, 2D, and 2G modes as a function of Fermi energy, where
2G 1is the overtone of the G band.

II. EXPERIMENTAL

As described earlier,!® the ac dielectrophoresis®! tech-
nique is used to align the nanotubes between two gold elec-
trodes (separated by 15 wm), which act as source and drain.

The Fermi energy is shifted by electrochemical top gating
using solid polymer electrolyte consisting of LiClO, and
polyethylene oxide in the ratio of 0.12:1,3%33 where the gate
voltage is applied by placing a platinum electrode in the
polymer layer. As shown for the nanotubes and graphene,'3!°
the polymer electrolyte gives a more efficient way of doping
the system up to a much higher doping level at compara-
tively smaller gate voltages V,. This is because the nano-
meter thick Debye layer'® gives a much higher gate capaci-
tance as compared to the usual 300-nm-thick SiO, gate layer
used in back gating field-effect transistors.>* Raman spectra
are measured with a WITEC confocal (X50 objective) spec-
trometer with 600 lines/mm grating, 514.5 nm excitation
(2.41 eV) and very low power level (~1 mW) to avoid any
heating effect. In a single Raman spectrum we capture the G,
D, 2D, and 2G Raman modes. Figure 1(b) shows the Raman
spectrum of the RBM modes of the nanotubes using the
green laser of E;=2.41 eV. It shows two Raman bands at
151 cm™ and 172 cm™'. Using the relation®® between the
frequency of the RBM wgpy and diameter d of the tube
wgpm(cm™) = da’i) +15, we estimate that the sample has
tubes of average diameters 1.4 and 1.6 nm. The laser at 2.41
eV is in resonance with E3; of nanotubes of d=1.4 nm and
Ej, of nanotubes of d=1.6 nm.* Since the Raman intensity
corresponding to the RBM of 1.4 nm average diameter tubes
is much higher than the intensity of the RBM Raman mode
of 1.6 nm tubes, the dominant contribution to the high-
energy Raman modes comes from the 1.4 nm semiconduct-
ing tubes.

III. RESULTS

Figure 1(a) shows the conductivity of the nanotubes as a
function of gate voltage, keeping source-drain voltage fixed
at 50 mV. Here we see the ambipolar behavior in the con-
ductivity plot of our nanotube-based field-effect transistor
device. The off current is ~0.2 uA at V,=0 V and current
increases in either side from V,=0 V. Therefore, there is no
significant intrinsic doping in the sample. We see a sharp
change in the conductivity at higher positive (electron dop-
ing) and negative (hole doping) gate voltages because of Van
Hove singularities in the density of states (DOS) of the semi-
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FIG. 2. (Color online) Tangential Raman modes of SWNTSs recorded using an excitation energy of 2.41 eV at several gate voltage (V).
The open circles show the raw Raman spectra and the lines are the fitted one. The shaded Raman spectra show the G~ (TO) mode of the

semiconducting nanotubes.

conducting nanotubes. Even though our sample contains me-
tallic tubes due to large energy separation of E’,W1 ~1.8 eV
the change in conductivity due to gating is governed mainly
by the semiconducting tubes. Among the semiconducting
tubes, the 1.6 nm tubes will dominate the conductance as it
has a smaller band gap (ES,~0.5 eV) compared to the 1.4
nm tubes (Ef1 ~0.6 V). It can be seen from Fig. 1(a) that
there is large asymmetry in the onset of conduction for elec-
tron and hole doping. This arises due to large Schottky bar-
rier for electron doping at the interface of gold electrodes and
semiconducting nanotubes. This was already seen by Dery-
cke et al.>” The work functions of gold electrode and carbon
nanotube are ~-5.1 eV and ~-4.7 eV, respectively. There-
fore, for hole doping the separation between the Fermi ener-
gies of gold electrode and semiconducting nanotube will de-
crease which will reduce the Schottky barrier height.
However, for electron doping the separation will increase
leading to an enhanced Schottky barrier height.’® Thus, for
electron doping there will be a larger Schottky barrier as
compared to the hole doping.

Figure 2 shows the typical G band Raman spectra re-
corded at different gate voltages. A constant gate voltage is
applied for 5 min to stabilize the Ipg before the Raman spec-
trum is recorded for the next 30 s. Spectra are well fitted with
two Lorentzians centered at ~1565 cm™'(G") and
~1590 cm™'(G*). We have chosen to fit the spectra with
two Lorentzians because the other three bands® in semicon-
ducting tubes at ~1525, 1550, and 1610 cm™!' are much
weaker than the G* and G~ modes, and hence cannot be
followed as a function of gate voltages. The change in Ra-
man frequency [Aw=w(V,)-w(V,=0)] and the full width at
half maximum (FWHM) are plotted in Fig. 3 as a function of
gate voltage. The frequency of the G~ remains almost
constant up to V,~-0.5 V and then smoothly increases by

~10 cm™ for higher hole doping. For electron doping, the
frequency of the G~ mode remains almost constant up to
V,~2.8 V and then increases only by ~2 cm™!. Similarly,
the G* peak remains constant up to V,~-0.8 V and
then starts increasing showing a upshift of ~8 cm™' for
V,==1.8 V. However, there is almost no shift of G* peak
for electron doping even at maximum V, of 3.5 V. Therefore,
there is a large asymmetry in the frequency shift of G* and
G~ modes for the hole and electron dopings. We note that the
frequency shift of the G~ mode is slightly larger compared to
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FIG. 3. (a) Position of G~ (open circles) and G* (close circles)
peaks as a function of gate voltages (V,). (b) V,-dependent FWHM
of G~ (open circles) and G* (close circles) modes in semiconduct-
ing tubes.
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the G* mode at a same gate voltage (V,). Figure 3(b) shows
that the FWHM of G~ and G* remains constant for V, from
—1.0 to 3.0 V, increasing at higher gate voltages. Here, also
the increase is higher for the G~ mode as compared to the G*
mode.

IV. DISCUSSION
A. Nonadiabatic correction

To explain these experimental trends, we consider the ef-
fects of doping on G~ and G* modes. The main contribution
comes from the nonadiabatic or “dynamic” effects due to
electron-phonon coupling, denoted by Aw®"(Ey)=w®"(Ey)
—wY"(Ez=0). The physics behind the dynamic effect is ba-
sically how the carriers screen the phonon vibrations. The
carrier screening can be expressed in terms of phonon decay
into interband electron-hole excitations, as shown in Fig.
4(a). Since, the lowest-energy gap (2A) between the first
Van Hove singularities in valence and conduction bands,
[ES,(~0.55 eV) of the semiconducting nanotubes] is much
higher than the phonon energy fiwg(~0.196 eV), therefore,
the phonon can only decay into virtual electron-hole excita-
tions. Now, as the Fermi energy enters in the conduction or
valence band, some of virtual electron-hole excitations will
be blocked because of Pauli exclusion principle, as shown
schematically in Fig. 4(a), which will reduce the screening of
phonons by the carriers, resulting in an upshift of the phonon
frequency with respect to the undoped case. This effect will
be symmetric for both the electron and hole dopings. The
nonadiabatic effect calculated using TDPT is given for g=0
phonon as'!

dyn _ l E—th
Ao™(Er) =Re 7] Ma, 2
Of(eq) — 6f (e,
X)\z(k)z f (€) — Of (€1p) dk (1)

o sk~ &t hwy+id
where A(k) is the electron-phonon coupling constant of a
semiconducting tube, Ay=5.24 A2 is the graphene unit-cell
area, M is the carbon atom mass, d is the diameter of the
semiconducting tube, Jf(e)=f(e)’F—f(e)’r0, and f(e)
:[exp(Ek_B I;F)+ 177! is the Fermi-Dirac distribution.

6 accounts for the finite lifetime of the electronic states.
fiw, is the phonon energy in undoped condition, s,s'=* 1
label the conduction (+1) and valence (—1) bands, and €y
=5v(Bk)?+(A)? is the hyperbolic energy dispersion of carri-
ers in semiconducting nanotube. The [3=§70a, where Yo is
the nearest-neighbor tight-binding parameter, a(=2.49 A) is
the graphene lattice parameter, and A is the half of the band
gap. The electron-phonon coupling constant of a semicon-
ducting tube can be written as'!

2—A2
(e o

(Bk)? + A?
where A is the electron-phonon coupling constant of

graphene and * sign correspond to LO (G*) and TO (G")
modes, respectively. Using Eq. (2), we have plotted the EPC

N(k) = A2(1 +
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FIG. 4. (Color online) (a) Decay of phonon into interband
electron-hole excitations when the Fermi energy (Er) at CNP (left
panel). Some of the electron-hole excitations are blocked due to
Pauli exclusion principle when the E enters in the conduction band
(right panel). (b) EPC matrix element as a function of electronic
wave vector (k) for LO (dotted line) and TO (solid line). (¢) Theo-
retical charge doping in a semiconducting nanotube in terms of
10'3/cm? (see the text) at 300 K. Dynamic effect (dashed line),
lattice relaxation effect (dotted line), and total phonon renormaliza-
tion (solid line) for (d) TO and (e) LO as a function of Fermi-energy
shift. The dotted vertical lines are the position of the first Van Hove
singularities.

(N\2(k)) as a function of k in Fig. 4(b) using the values of the
parameters of A2 and 3 given by density-functional calcula-
tions, A2=45.6 (eV)?/A? and B=5.52 eV A (Ref. 18). We
have used d=1.4 nm and A=0.275 eV (E,/2 of 1.4 nm
tube). The EPC matrix element for TO is maximum at k=0
and decreases with k, whereas for LO it is zero at k=0 and
increases with k. As a result, the frequency shift of the TO
mode (G~) would be larger compared to the LO mode (G*)
when the Fermi-energy shift blocks the transitions near the
band edge (k=0). Recently, it has been shown that the proper
inclusion of nonlocal exchange-correlation®® effect signifi-
cantly renormalizes A” and it will be interesting to see how
this inclusion will modify the electron-phonon coupling for
the semiconducting nanotube.

In Figs. 4(d) and 4(e) we have plotted Eq. (1) for the TO
(G7) and LO (G*) modes (dashed lines) as a function of
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Fermi-energy shift at 300 K. We have seen that the theoret-
ical curve is not sensitive to the value of 6. The value of &

=0.001 eV was used. We have taken the limit k=0.25 A~!

such that e(k)> AE (Fermi-energy shift). We should men-
tion that the Fermi-energy shift in our experiment is
~0.4 eV which will result in blocking the electronic transi-
tions up to k~0.05 A~!. As seen in Figs. 4(d) and 4(e), the
frequency shifts (dashed lines) of the TO (G~) and LO (G*)
modes due to nonadiabatic effect are symmetric for both
sides of doping and the frequency shift of the TO (G~) mode
is larger compared to the LO (G*) mode.

B. Lattice-relaxation effect

The nonadiabatic effect does not explain the large
electron-hole asymmetry seen in G* and G~ modes in Fig.
3(a). To explain this, we need to consider the effect of doping
on the phonons due to the doping-induced change in the
equilibrium lattice parameter, usually termed as static effect
and denoted by Aw*®i°. There is no calculation available in
literature on A"4 for the nanotubes. However, the bond-
length change due to the doping has been calculated for a
single-layer graphene using density functional theory and the
change in I' phonon frequency (G mode) with doping is fit-
ted to an empirical relation'8

Awi(cm™) = = 2.130 - 0.036 00 — 0.003 290°
—0.226]0]*? (3)

where o is the electron (hole) density in units of 10'3/cm?.
The electron density (n) in a semiconducting tube is calcu-
lated as n=[;D(e)f(e)de, where D(e)— ﬁ is the elec-
tronic density of states and calculated from the hyperbolic
energy dispersion. Now to calculate the phonon shift for the
nanotube, we express n in terms of o of graphene by simple
dimensional analysis. The density in terms of carriers per
unit circumferential area for the nanotube can be written as
o=n/md. In Fig. 4(c) we have plotted the charge density in
terms of ¢(10'*/cm?) for semiconducting nanotube (d
=1.4 nm) at 300 K as a function of Fermi energy. Now,
using Eq. (3), Aw®™ is plotted in Figs. 4(d) and 4(e) (dotted
lines). Here, we have assumed that the lattice relaxation is
same for the LO and the TO modes. We are aware of the fact
that for the LO mode with vibration along the axis, our as-
sumption may be a right description. However, due to the
loss of planarity in the TO mode (circumferential), it may not
be the complete description but may serve as a first step
toward understanding our data.

The total phonon-frequency renormalization in a semicon-
ducting nanotube can thus be written as

Aw= Awstatic + Awdyn (4)

The solid lines in Figs. 4(d) and 4(e) show the total phonon
renormalization using Eq. (4).

C. Conversion of V, into Ey,

To compare these theoretical trends with our experimental
results (Fig. 3), it is necessary to convert gate voltage (V,)

PHYSICAL REVIEW B 79, 235429 (2009)

into the Fermi-energy (E) shift. In general, the application
of a gate voltage (V,) creates an electrostatic potential dif-
ference ¢ between the nanotube and the gate electrode, and a
Fermi-level (Ep) shifts as a result of the addition of charge
carriers. Therefore, Vg=%+¢. The ¢ and Ey/e are deter-
mined by the geometrical capacitance (C,) and the quantum
capacitance (Cp) of the nanotube respectively. Now, the
electrostatic potential qﬁ— , where n is the carrier concen-

tration which can be calculated using the relation n
FD(e)de and given by

4 —
=_VE12r—A2§ Ep=A &)
B
Thus, for a semiconducting nanotube
Er
Vg =3 EF < A
e
E *
==L ——VEE-A% Ep=A (6)
e 77/3 o

Now, the C, is determined by the thickness of the Debye
layer (dDebye) for an electrochemical gating'>'%?? and its

value is reported to be few nanometers (~1-4 nm). 32 For
2mee
the case of nanotube, we can write Cg—

using
cylindrical capacitor model. For dpepy.=2 nm,' €=5, and
d=1.4 nm we obtain C,=2X 10710 F/ m. Therefore, using
Eq. (6), one can convert the V, into Ep. It can be seen from
Eq. (6) that when Ep<A, there will be complete conversion
of V, into Ep with a proportionality factor a=1(Ep=aeV,).
This can also be understood because C, < DOS (Refs. 38 and
40) which is zero for Ep<A and hence Co<< Cg. However, in
real situations, there will be finite DOS near the charge neu-
trality point due to temperature and adsorbate-induced band-
structure modifications as well as there will be a finite
Schottky barrier at the nanotube-gold electrode interface.
Thus the proportionality factor & will be less than 1 and Eq.
(6) can rewritten as

Er

ng—; EF<A
we
Ep 4e

+ 7BC \ F (7)

ae o
The proportionality factor « is estimated from the onset of
currents in the transport measurements. The onset of currents
in Fig. 1(a), which are marked by vertical dotted lines at
Vg~—0.55 V and ~1.75 V, correspond to the first Van
Hove singularities at —0.25 eV and 0.25 eV in the valence
band and conduction band, respectively. Thus, the propor-
tionality factors estimated from the transport measurements
are a;, ~ 0 55 233 _0.45 and a, m—O 14, and the different val-
ues of a can arise due to a larger Schottky barrier for elec-
tron doping as compared to hole doping. Using Eq. (7), Fig.
5 shows Awg+ and Awg- as a function of Fermi energy. We
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FIG. 5. Position of G~ (TO) mode and G* (LO) mode of semi-
conducting nanotube as a function of Fermi-energy shift. Open
circles are the experimental data and the solid lines are the theoret-
ical predications combining the dynamic and the lattice-relaxation
effect. The dotted vertical lines are the position of the first Van
Hove singularities.

note that the agreement between experiments and theory is
reasonable.

D. Linewidths

As mentioned before, the G* and G~ phonons
(~0.196 eV) can only cause virtual electron-hole interband
transitions. These excitations contribute only to the real part
of phonon self-energy without affecting the imaginary part.
Therefore, the FWHM should remain constant with Fermi-
energy shift. This agrees with our experimental data [Fig.
2(b)] except at very high gate voltages. The increase in
FWHM seen at high voltages can be due to inhomogeneous
broadening. There can be screening of the electric field by
the outer tubes in a nanotube bundle resulting in different £
shifts in different nanotubes. This may cause the increase in
the FWHM at higher V, since the frequency position is sen-
sitive to Ep.

V. D AND 2D MODES

Now we will focus on the D mode and its overtone mode
2D, where both the modes correspond to the phonons be-
longing to the transversal-optical branch near the K point as
explained by the double-resonance Raman process.? Before
discussing our results, we will briefly summarize the avail-
able results on the D and 2D modes with electrochemical
biasing. Using E; =2.54 eV, Corio et al.’>?’ showed that the
D and 2D modes do not shift up to V,=1.2 V, then they
upshift abruptly by ~10 cm™' (D mode) and ~18 cm™' (2D
mode) at V,=1.4 V (hole doping). Rafailov er al.?® showed

PHYSICAL REVIEW B 79, 235429 (2009)
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FIG. 6. (Color online) Raman spectra of D and 2D at several
gate voltages (V,). Filled circles are the raw data and solid lines are
the fitted one. Red line (light gray) corresponds to the undoped
case.

that the shift of the 2D mode depends on E;. It upshifts by a
very small amount of ~2 ¢cm™ at V,=1 V (hole doping)
with E;=2.41 eV. However, itis ~5 cm™ at V,=1 V with
E;=1.96 eV. In all these experiments, there is no data on the
electron doping. Also as mentioned before, the Fermi-energy
shift has not been quantified.

Figure 6 shows the Raman spectra of the D and the 2D
modes at several gate voltages. We have fitted the spectra
with single Lorentzian (solid lines) and shown in Fig. 7. The
frequency shift and linewidth are plotted in Fig. 8 as a func-
tion of Ey. The frequency of the 2D mode decreases with
electron doping (downshifts by 15 cm™' at Ex~0.35 eV)
but it remains almost constant for hole doping. The fre-
quency softening of the 2D band with electron doping in
semiconducting tube is very similar to that of single-layer
graphene.'® However, there is a large difference on the hole
side; in a single-layer graphene, the frequency of the 2D
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FIG. 7. (Color online) Frequency position of (a) D and (b) 2D as
a function of gate voltages.

band upshifts by a large amount whereas it is almost constant
in semiconducting tubes. The most striking result is the evo-
lution of the D mode. As seen in Fig. 8(a), the D mode
downshifts by ~7 cm™! for electron doping, which is half of
the downshift of the 2D mode, as expected. However, the
situation on the hole side is totally surprising. The D mode
upshifts by ~8 c¢cm™' with hole doping in contrast to no shift
of the 2D mode. We have yet to understand this surprising
result for which additional work may be required.

Figure 9(a) shows the area ratio of D and 2D modes as a
function of Fermi-energy shift. We should mention here that
the intensity ratio has similar trend like the area ratio. Here,
we have plotted the area ratio instead of intensity ratio as the
linewidths (FWHM) vary significantly with Fermi-energy
shift, as seen in Fig. 9(b). It can be seen from Fig. 9(a) that at
higher electron and hole doping, the area of the D band in-
creases by almost ten times compared to the undoped case.
Figures 9(b) and 9(c) plot the variation in the area ratios of

FWHM (cm™)

30 Lo ‘ ‘ L L L
-05 -04 -03 -0.2 -01 00 01 02 03 04

E, (eV)

FIG. 8. (Color online) (a) Frequency shift of D (open circles)
and 2D (filled circles) as a function of Fermi energy. (b) FWHM of
D (open circles) and 2D (filled circles) as a function of Fermi
energy.
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FIG. 9. (Color online) (a) Area ratio of D and 2D, (b) area ratio
of 2D and G, and (c) area ratio of 2D and G* as a function of the
Fermi-energy shift.

the 2D and G~ mode (A,,/Ag-), and the 2D and G* mode
(A,p/Ag+), respectively, as a function of the Fermi-energy
shift. However, the intensity ratios (I,5/I;- and I,/ I5+) also
follow the similar trend like the area ratios. We note that
unlike graphene,'® A,,/A; ratios do not vary much with
doping, which suggests that the A,;/Ag ratios cannot be
used to monitor the doping levels in the semiconducting
tubes. This behavior is very similar to that of the bilayer
graphene.?? It will be interesting to study experimentally the
dependence of A,p/As ratio as a function of the Fermi-
energy shift in the metallic tubes.

VI. OVERTONE OF THE G MODE

Now we look at the overtone mode 2G, which has not
been studied before as a function of the Fermi-energy shift.
Figure 10 shows the Raman spectra of the 2G band at several
gate voltages. At Ep=0, the 2G* is the most intense band at
~3180 cm™!, the other two weaker bands being at
~3155 cm™' and ~3220 cm™'. The band at 3155 cm™! is
slightly higher than the overtone of the G~ mode (2
X 1565 cm™!) and the band at 3220 c¢cm™' is an overtone of a
mode at 1610 cm™! seen in the Raman spectra of the nano-
tube. The Raman spectra are fitted with three Lorentzians;
but at higher positive (=3 V) and negative (=-1.3 V)V,,
we could not fit it and hence the frequency shift is being
plotted in Fig. 11 from Ez=-0.3 eV(V,=-1.3 V) to 0.3 eV
(V,=3 V). Similar to the G* mode, 2G* shifts only for the
hole doping and there is almost no shift for the electron side.
The shifts of the 2G* and 2G™* for the hole side are almost
double that of the G* and G~ modes, respectively. The solid
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FIG. 10. (Color online) Raman spectra of 2G band at several
gate voltages. Open circles with connecting lines are the raw data.
Solid lines are the fitted one. The shaded regions correspond to the
peaks at ~3155 cm™! and ~3220 cm™' at undoped case.

lines in Figs. 11(a) and 11(b) are plotted using Eq. (4) after
multiplying by a factor of 2.

VII. CONCLUSIONS

In summary, by combining transport and in situ Raman
experiments with theoretical calculations, we have quantified
the effect of doping on phonons in semiconducting nano-
tubes. The Raman measurements show that the G and 2D
bands have different doping dependences. The electron-hole
asymmetry in the G* and G~ modes is explained in terms of

PHYSICAL REVIEW B 79, 235429 (2009)
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FIG. 11. (Color online) The position of (a) 2G*(3180 cm™'), (b)
2G7(3155 em™), and (¢) @~3220 cm™! modes as a function of
Fermi energy. The solid lines are the theoretical curves.

nonadiabatic effects together with the lattice-relaxation con-
tribution. The dependence of the electron-phonon coupling
matrix elements on wave vector k explains why the G~ mode
is more blueshifted compared to the G* mode. The shift of
the 2D band is very different as compared to the G* and G~
modes: there is a redshift on electron doping but no shift on
hole doping. We also presented the experimental data on the
D and the 2G bands as a function of the Fermi-energy shift.
Our results on semiconducting nanotubes can help in provid-
ing an understanding of phonon renormalization due to dop-
ing and at the same time contribute to determine the amount
and the type of doping level in semiconducting nanotube-
based nanoelectronic devices. We hope that our experimental
results will motivate the theoretical studies to quantitatively
understand the doping dependence of the modes, in particu-
lar, the 2D band.
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