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ABSTRACT
Raman spectra of individual pristine suspended single-walled carbon nanotubes are observed under high electrical bias. The LO and TO
modes of the G band behave differently with respect to voltage bias, indicating preferential electron —phonon coupling and nonequilibrium

phonon populations, which cause negative differential conductance in suspended devices. By correlating the electron resistivity to the optically
measured phonon population, the data are fit using a Landauer model to determine the key scattering parameters.

Electron—phonon coupling in carbon nanotubes has been suspended nanotubes and is understood on the basis of
studied by many research groups.In metallic carbon electrons coupling strongly tB-point and 2k-point optical
nanotubes (m-CNTSs), conduction electrons have been pre-phonons (OPs) 8 At high-voltage bias, the electrons emit
dicted to couple strongly to thé-point longitudinal optical OPs, causing increased scattering from absorption of those
(LO) phonons and to the 24point transverse optical (TO) OPs, and an increase in resistance. In the experiment reported
phonons: ¢ The G band Raman spectra of m-CNTs and here, we simultaneously observe the OP populations and
semiconducting CNTs (s-CNT) are qualitatively different nanotube resistance and are able to correlate the electron
because of this strong electrephonon coupling.In metallic scattering length to phonon population.
nanotubes, the lower-frequency component of @heand When CNTs are heated, th& band downshifts in
(G-) exhibits a broad BreitWigner—Fano (BWF) line shape  frequency:®-26 broadeng? and decreases in intensf§*due
and is significantly downshifted in frequency with respect tg thermal expansion, which weakens the bonds. In thermal
to its counterpart in semiconducting nanotubeRecent equilibrium, both the LO and TO phonons downshift
experiments have shown that this phonon softening can betggether. We observe preferential downshifting of only one
removed by shifting the Fermi energy of m-CNTs with an of the OPs at high currents, indicating strong coupling of
applied gate voltage or chemical doping, which modulates electrons to only one band and a nonequilibrium phonon
this coupling and results in an upshift of tf& band population.
frequency.” ™ Den_sity functional theory calculations have Preferential e-ph coupling and coherent phonon generation
22%\';2;Zitt;hgfatfgggﬁgtsgmznuﬁgéjgf I;)r\:\:jeref_re?ctjencywas first reported i_n _Ruby in 196%and was followed by

' other reports describing the phenomenon in GaAs and other

the LO and TOI-point phonqn .modes may be reversed in goiconductor crystaf8:-3! More recent work analyzed
m-SWNTs and s-SWNTE. This is thought to be caused by selective amplification and emission of OPs in electron

the Str?ng (Ijownsfhlftlndg tOf the ng) mc;d?.kduz_tct) tktl_e KOE” transport experimentsand a full quantum treatment of THz
anomaly, aiso referred 1o as a Feieris-iike distortion phe- phonon laser desighi. This observation of selective e-ph

14 i I - . . Sy .
nm:enorﬁb Other egpberlm tents ha\t/ebshgwn dtlhat thflfsé%itown coupling in carbon nanotubes supports the possibility of using
shift may be caused by internanotube bundiing € S carbon nanotubes as a source of coherent phonons as

Negative differential conductance (NDC) has been ob- suggested elsewhete.

served by several research groups at high-voltage bias in Suspended SWNTs were grown using chemical vapor

. - : — - deposition on Pt electrodes prepared with islands of litho-
fSﬂir\i‘zsrgﬁ;‘cg?%gﬂmg‘npggﬂ%rnzif'mo'wsr E-mail: scronin@usc.edu. 4 -4 phically patterned catalyst. Out of 40 devices per chip,
* California Institute of Technology. typically only a few have just one SWNT bridging the
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Figure 1. SEM image of a suspended carbon nanotube grown on
top of Pt electrodes.

contacts of the device. The trench width for the devices range

from 0.5 to 2um. Figure 1 shows one such device fabricated
in this study. Raman spectra were measured in a Renisha
InVia spectrometer with a 785 nm Ti-Sapphire laser. An

Ithaco current preamplifier was used to measure the current

passed through the nanotube.
Sample fabrication proceeds as follows. A trench is first

Figure 2 shows th& band Raman modes of a nanotube
device under large voltage biases. The band gap of this
nanotube was determined to 560 meV from the current-
gate voltage dependence. Tl&. band is observed to
downshift by more than 26 cm, while theG_ on average
does not change by more than 1 dnThere is a clear
crossing that occurs at1.0 V above which thé&s_ band
becomes higher in frequency than tl&. band. The
linewidths of theG, andG- bands in the nanotube of Figure
2 also vary with the applied bias voltage. Here theband
broadens while th&s_ band remains largely unchanged.
Finally, the intensity of th& .. band decreases monotonically
with bias voltage, while th&_ band remains constant. This
behavior suggests preferential heating of the phonon
mode, because th& band Raman spectra are known to
downshift, broaden, and diminish in intensity with increasing
temperaturd? -2’ The integrated areas of both ti& and
the G- Raman peaks remain constant, indicating that there
is no change in the resonance condition of this nanotube with
applied bias. Preferential heating of tk& phonon was

V\Pbserved in 4 out of 15 devices measured in this study,

including one semiconducting device. Because the unbiased
G- band exhibits a broad, downshifted BWF line shape, we
assign it to the LO phonon mode, and we assignGheo

the TO phonon mode.

made between two Pt electrodes on a degenerately doped Si Figure 3 shows thé&s band Raman modes of another

substrate by one of two metho#s® In the first method, Pt

nanotube under large voltage biases. NDC can be clearly

electrodes are patterned by lithography on a Si substrateSeen above 1.2 V in the currentoltage (—Vbiag charac-

capped with 300 nm of Si§ which is then wet-etched in

teristics of this device, as shown in the inset of Figure 3.

HF using the Pt electrodes as an etch mask. In the secondiere, the voltage dependence of tBe and G- bands are

method, the Si substrate is capped with 500 nm of, %itl
50 nm of SiN4 The nitride is then dry-etched in a €F

plasma to form the trench, the underlying oxide is wet-etched,

and the Pt contacts are then patterned. Islands efie

reversed from those shown in Figure 2. Over the range of
applied bias voltage, thé_ band is observed to downshift
by 15 cnt?, while the Gy band does not change by more
than 1 cm®. Furthermore, the line width of th&_ band

catalyst salts in an alumina matrix are then defined on top increases significantly with bias voltage and drops in

of the contacts in lithographically defined aréaNano-
tube growth is carried out by flowing a mixture of methane
(0.5 SLM) and hydrogen (0.7 SLM) over the wafer for 5
min at 800 °C. Devices that show negative differential
conductance at high bias«{2 V) with a maximum current
of ~10L uA (wherelL is in um) correspond to individual

intensity, while theG, band remains of constant width and
intensity. Contrary to Figure 2, this data exhibits preferential
heating of theG_ band, which we again assign to the LO
I'-point phonon mode. This case is rare and was only
observed in one out of fifteen nanotubes measured in this
study. Again, the integrated areas of both the and G-

suspended single-walled nanotubes and are selected fopeaks remain constant, indicating that there is no change in

further study®

the resonance condition. The broadening of &efeature

15854% v G, 60{° Ceo
—_ ™ 0o O E
<1580 . ° G 50, o © A
g o o a =] @ ‘_T_“ %o o =
E15?5- o ] £ s .
= 1570{ 2 ¢ —= s G >1* G, o
e E Ci e ég 3 0 G; @ o G
C 1565 8 \ * — : L] 5 _ L o
g E V, =0V < 20, . g .
@ 1560+ . = o o H
= ;ﬁoms&?tog:m") ¢ 100 0000 1°°° e 03
1555

0.0 0204 060810 1.2 14 1.6

Bias Voltage (V)

0.0 0.4 08 12 16

0.0 04 08 12 16

Bias Voltage (V) Bias Voltage (V)

Figure 2. G band Raman spectral data versus bias volt&band Raman (a) shift, (b) width, and (c) intensity. The inset shows the
Raman spectra at zero bias voltage.
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is consistent with thermal broadening in SWNTSs as reported _. . .
by Jorio et af’ Both tub h in Ei 2 and 3 Figure 4. Optical phonon temperature vs electrical power. Tem-
y Jorio e_ ar.” both nanotubes S own In Figures 2 an perature is measured for the device in Figure 3 by AS/S Raman
are metallic, and all changes in the Raman spectra arespectroscopy and b band downshift.
reversible.

A weak radial breathin.g mode (RBM) Wasiobser.ved in nanotubes of the type shown in Figure 2. While the finite
the Raman spectra of this nf’:\notube at 146.5cwhich momentum phonons cannot be observed directly in first-order
corresponds to a nanotube diameter of 1.70 nm by the rela-5 .- spectra, the modes in each phonon branch are
tion wrew = 2044, + 277" The strongly enhanced Raman o, nected to equilibrate thermally. The orthogonality of the
intensities from s_uspend_mg the carbon nanotubeg off thel_O and TO phonon bands enables them to remain in a state
_supstratég make it possible to observe RBMs with the ¢ oyiome nonequilibrium and exhibit preferential heating.
quent laser O_ﬁ resonance. The weak RBM o_pserved _for The seemingly contradictory results of Figure 3 in which
this nanotube implies an off-resonance condition, which only theG_ band (LO) downshifts with applied bias voltage

creates signifipant unce_rtainty in the transition endfggnd can be understood on the basis of a particular chirality, where
hence the chirality assignment of this nanotube. The peak

current density of this nanotube can be obtained by dividing
the peak current (12A) by the cross-sectional area of the R= GCO(n,m) -

nanotube (1.9x 10°!8 m?), obtained by multiplying the GCD(2n + m, 2m+ n)

circumference of the nanotube with the thickness of graphene

(0.355 nm). This results in a peak current density of 5.3 which only occurs for slightly less than 1/3 of all metallic

10 Alcm?, nanotubes. In fact, this behavior was only observed in one
The behaviors shown in Figures 2 and 3 can be explainedout of fifteen nanotubes measured in this study, which is
by the previous theoretical work of Piscanec et&lhich consistent with the rarity of this chirality. In this case, the

describes the strong electrephonon coupling of the Kohn ~ Raman active TO phonon branch does not exhibit a'KA,
anomalies (KA) in metallic carbon nanotubes. One KA and heating by hot electrons is only observed in the LO
occurs at zero momenturii{point) in the LO phonon band  phonon band.

and gives th&_ band in metallic nanotubes its downshifted  The high temperatures reached under large voltage biases
and broadened BWF line shaffeAnother KA occurs at a  were corroborated by anti-Stokes (AS) Raman spectroscopy.
finite phonon momentung = 47/3T (2ke-point) in the TO A G band AS peak was observed at biases above 0.4 V on
phonon branch, wher€ is the length of the unit cell in the  the device shown in Figure 3. The ratio of the AS (absorbed
nanotube. These two KAs provide the primary source of phonons) to the Stokes (emitted phonons) Raman intensity
electror-phonon scattering in pristine m-CNTs at high-bias is given by the Maxwel-Boltzmann factor expEksT),
voltages. where Ep, is the phonon energy (195 meWg is Boltz-

It is surprising that the narrous; band (TO band) in mann’s constant, antlis the temperature in Kelvin. Figure
Figure 2 is so strongly coupled to the electrons, while the 4 shows the temperature as determined from the AS/S ratio
broadG- band (LO band) remains unchanged with applied plotted as a function of electrical power. The temperature
bias voltage. We can explain this by considering that the shows a linear dependence on electrical power that reaches
energy of the 2kpoint phonons associated with the TO KA ~700°C at high bias. At higher voltages, the nanotube was
is significantly lower than the energy of tliepoint phonons destroyed. This temperature is consistent with the work of
of the LO KA. This results in a lower threshold energy for Cataldo, who measured the burnout threshold of carbon
TO phonon emission in electron transport. Thus the electronsnanotubes in air to be-800 °C#° The optical phonon
are scattered by emitting TO phonons before ever attainingtemperature was also determined independently from the
enough energy to emit LO phonons, which results in heating downshift of theG- band by the relatiomg, o(T) = —3.5
of only the TO phonon band. This, together with the fact x 1075-T? — 6.5 x 103-T + 1581.5, which was measured
that the electronphonon coupling for the 2kpoint KA is on one of our devices in a temperature-controlled stage. This
two times stronger than that of tHepoint KA 2 explains data is also plotted in Figure 4 and is in good agreement
why theG; band (TO) is observed to be strongly heated for with the AS/S ratio data. We would like to point out that,
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160 © Exp data Vo= 1V 4 gmin 1+ N,,(300 K)) Q@
Model: opabs op N (T p)
140 OP ems+abs o op\ "0
—_ -=-=- 0P ems .
< 1207 In these equationsk,, is the OP energy, andy," is the
@ 1004 scattering length for electron scattering from OP emission
S sol - in the nanotube after the electron has accelerated to high
X energy> E,n. Low-energy electrons may scatter with this
@ 601 length scale from absorption of thermally populated OPs as
e 40 well, as described by eq 3. In addition to the constant contact
- ‘ _ , . _ . resistanceR;, this model has one fitting parametéf,". An
000 0.02 004 006 008 010 0.12 approximate value of}/= 2400 nm was used in the fit in
LO Phonon Population accordance with previous wofR,and the fitted value for

/12“" was generally found to be insensitive to the value of
Figure 5 Electrical resistance plott'ed_as a function of phonon 27,
population. The phonon population is fit from the measured data The solid and dashed lines in Figure 5 correspond to fits

in Figure 4 for the device in Figure 3. The two models shown are . . . L .
for Eo scattering through e%wission plus nonequilibrium OP of our data using this model with OP emission and absorption

absorption and through OP emission alone. and with OP emission alone, respectively, wiflji" = 26
nm. This value is consistent with those reported previously

while the AS spectra of the LO mode yields a temperature in the literature’24> The model including OP emission and
of ~700 °C. the TO mode was not observed in the AS absorption is in good agreement with the experimental results
spectra. This, together with the lack of change in the TO for phonon populations below 0.09. The failure of the model

Stokes Raman frequency, indicates that the population ofWithOUt OP absorpt_ion indicates the impt_)rtant role t_hat the
the TO phonon remains close to room temperature. Thesenonequlllbrlum optical phonon ‘population plays in the
data show that the coupling between the two OP polarizationse'(:"ctrorl transport of suspended SWNTSs. At larger phonon

(LO and TO) is very weak and that they can exist in a state populations, corrections to the model are needed to account
of extreme nonequxillibrium y for the nonuniformity of the temperature along the length

. _ L ) of the nanotube, as shown previously in finite element
By measuring electrical resistivity and optical phonon inarmal analysis calculations.

population simultaneously, we gain new information about  \ye have performed a systematic study measuring the
the phonon-scattering mechanism responsible for the ob-qptical and high-bias electronic properties of five suspended
served NDC*'" as suggested by LazzéfiFigure 5 shows  panotubes that exhibited preferential downshifting of@he

the electrical resistance plotted as a function of LO phonon o, c_ pand. This data has been fit to the model described
populationNoy(Top), Which is fitted from the experimental  ghove, and their results are listed in Table 1. Table 1 lists
data in Figure 4. We can understand this data using thethe metallic/semiconducting nature and band gap of the

Landauer model developed by P8g! Mann!’ Park;? nanotubes, as determined from the electron transport data.
Yao;® and other§#* in which the nanotube resistance is The Raman feature that is preferentially downshifted with
expressed as bias voltage is also indicated in Table 1. The diameter is
indicated for nanotubes that exhibited a RBM in their spectra.
h L+ 24(V.T) Despite the very different results observed in their optical
RVT) =R+ ————— 1) spectra, we find little variation in the optical phonon-
4q /,Leﬁ(VrT)

scattering parametdﬂg” among m-SWNTSs.

Ten out of the 15 nanotubes measured in this study did
whereR. is the contact resistanck,is the nanotube length, ot exhibit preferential downshifting of th@; or G_ bands
and Zet = (Aac * + Aopems * + Adopans ) is the bias and  and were not included in Table 1. In 5 of these 10 nanotubes,
temperature-dependent electron mean-free PathThe  the relative intensity of th&,/G_ bands was so great that
acoustic-scattering length is given bl = A5, (300 a clear resolution of both peak positions was not possible,
K/Tag ™. The acoustic phonon temperatureTig = (Top + and hence it was not possible to observe whether preferential
aTsampd/(1 + o), where the nonequilibrium phonon coef- heating occurred. TheG. /G- intensity ratio has been
ficient a is taken as 2.3 from Mann et #land the optical  theoretically predicted and experimentally shown to be a
phonon temperatur®,, is measured by Raman spectroscopy. function of chiral anglé®4’We attribute the behavior of these
The optical phonon-scattering length for emitted phonons is five nanotubes to the extreme cases of large and small chiral

given by angles. In the remaining five nanotubes not shown in Table
1, both theG; and theG- bands downshifted when heated

Egl i (1 Nop(300 K) with electrical current. This is attributed to anomalous

Aopems= o + Aop W (2 phononr-phonon anharmonic coupling and further indicates

opt o the high purity of the pristine nanotube samples that did

exhibit strong selective coupling and extreme nonequilibrium
and for absorbed phonons by phonon populations.

Nano Lett., Vol. 7, No. 12, 2007 3621



Table 1. Summary of Electron and Phonon Parameters of Five
Suspended Nanotubes

sample length (um) M/SC downshift d¢(nm) A" (nm)

1 0.5 M G+ 18
2 2 M G- 1.7 26
3 1 M G+ 35
4 2 SC G+ 2.0 9
5 0.5 M G+ 28

In conclusion, we observe preferential electr@inonon
coupling of theG band Raman modes in carbon nanotubes
under high-voltage bias. This preferential coupling is caused
by the differences between the two Kohn anomalies in the
TO and LO phonons bands. Surprisingly, in most metallic
nanotubes, the narro®. band (TO band) is strongly heated
by electror-phonon scattering at high biases. Because of
the preferential electrenphonon coupling, high-voltage
biases produce a nonequilibrium phonon population, as
observed by AS Raman spectroscopy. By correlating the
electron resistivity to the phonon population, measured by
Raman spectroscopy, we determine the high-energy electron
OP scattering lengthg," in m-SWNTSs to be~ 30 nm.
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