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Role of electron-phonon interactions and external strain on the electronic properties of
semiconducting carbon nanotubes

D. Karaiskaj* and A. Mascarenhas
National Renewable Energy Laboratory, 1617 Cole Boulevard, Golden, Colorado 80401-3393, USA
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The electron-phonon interactions determine the temperature dependent photoluminescence of semiconduct-
ing carbon nanotubes. Both effects, the energy shifts and spectral narrowing of the transitions, can be attributed
to the electron-phonon interaction. In this paper, we present an accurate measurement of the temperature
induced broadening of the photoluminescence transitions of carbon nanotubes, and model this broadening in
terms of the theory, previously used to model the thermal broadening of critical points in conventional semi-
conductors. Through this fitting procedure, parameters could be estimated which provide important insight into
the strength of the electron-phonon interactions. Moreover, careful studies of the energy shifts induced by the
external strain had revealed a n—m family behavior. We further conclude that using a mathematical expression
that combines the theory of semiconducting carbon nanotubes under hydrostatic pressure and strain, this family
behavior observed experimentally could be theoretically reproduced, providing tools to model and predict the
effect of strain on the electronic properties of carbon nanotubes.
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I. INTRODUCTION

The many-particle interactions play an important role in
determining the electronic properties of semiconducting
nanotubes and it has now become clear that many-body in-
teractions, such as excitonic,!? electron-electron,® and
electron-phonon interactions,*> play an important role in de-
termining the optical transition energies. The electron-
phonon coupling in carbon nanotubes has been intensively
investigated in relation with transport phenomena,®’ reso-
nance Raman excitation spectra,&9 excited-state carrier
lifetimes, ' and excitonic effects.>!! The effect of tempera-
ture on the photoluminescence (PL) electronic band gap E,
of carbon nanotubes has an enormous importance in deter-
mining the role of the electron-phonon interactions.*!%!3 The
difficulty in experimentally determining the temperature be-
havior of the optical transitions of nanotubes lies in the sur-
rounding environment. The encapsulation by the surfactant
avoids bundling and makes the PL of the nanotubes possible.
However, cooling the suspension below the freezing point
can lead to strain effects, and heating it can remove the sur-
factant molecules and lead to energy shifts due to rebundling.
The first studies of the temperature dependence of carbon
nanotubes grown on silicon pillars have provided important
insight into their temperature behavior'* and the effect of
different inert gases on their emission.'> Other experiments
have examined the effect of strain induced by the surround-
ing environment at low temperatures and the effect of hydro-
static pressure on the band gap of carbon nanotubes.'®!” In
this paper, we carefully examine the temperature behavior of
the band gap in terms of the spectral broadening of the tran-
sitions caused by the electron-phonon interaction. These ef-
fects can be well fitted by a theoretical approach successfully
used in conventional semiconductors. We further examine
the extrinsic effect of strain on the electronic properties of
carbon nanotubes, induced by the polymer encapsulation. By
combining the calculations on the effect of strain'® with re-
cent calculations on the effect of hydrostatic pressure on the
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electronic ~ properties of  semiconducting  carbon
nanotubes,'®?° we successfully reproduced the energy shift
of the photoluminescence transitions with strain including
the observed n—m family behavior.

II. SAMPLES AND EXPERIMENT

Using a method similar to the one previously reported in
Ref. 22, the as-produced high-pressure CO conversion
single-walled carbon nanotubes (SWNTs) (Carbon Nano-
technologies) were suspended in aqueous (D,0) sodium
dodecyl sulfate (SDS). In order to lower the freezing tem-
perature, the aqueous suspension of SWNTs was mixed with
glycerol (1:2 v/v). A second solution mixture was prepared
using a different surfactant, namely, dodecylbenzenesulfonic
acid (DDBS). An aliquot of the DDBS surfactant stabilized
SWNTs was added to an Eastman AQS55 polymer solution
(Eastman Chemical Company). The mixture was stirred and
lyophilized, resulting in a gray SWNT-AQS55 powder. The
solution mixture or the polymer powder containing the nano-
tubes was mounted inside a variable temperature cryostat.
The PL spectra were recorded using a grating spectrometer,
equipped with a liquid-nitrogen-cooled InGaAs array detec-
tor. Several excitation energies were used, starting with
730 nm from a tunable continuous-wave Ti:sapphire laser
and 590 and 650 nm from tunable dye lasers. In order to
identify the nanotube species present in the solution and the
polymer, room-temperature PL excitation (PLE) spectra were
taken.”! The PLE maps were collected using a tunable exci-
tation source, a broadband tungsten lamp dispersed in a grat-
ing spectrometer, and the PL was detected using a Fourier
transform infrared spectrometer, equipped with a liquid-
nitrogen-cooled germanium detector. The PLE spectra
looked very similar in both the solution and the polymer. An
energy shift was observed for the nanotube species between
the two environments, most likely due to the change of the
surrounding dielectric constant. The PLE maps revealed the
excitation wavelengths needed to resonantly excite most of
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FIG. 1. (Color online) Photoluminescence
spectra of the carbon nanotubes in SDS solution
mixture for different temperatures in the strain-
free region from 190 to 297 K resonantly excited
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the nanotube species in order to increase their emission effi-
ciency and avoid off-resonance effects.

III. EXPERIMENTAL RESULT

The PL spectra from the SDS nanotube solution mixture
with glycerol were recorded starting at 297 K, and gradually
cooling down to liquid-helium temperature of 4.2 K. The
temperature change led to energy shifts of the transition lines
and reduction in emission linewidths. While decreasing the
temperature between 297 and 190 K, we observed small
blueshifts in the PL emission lines, which were slightly dif-
ferent for different carbon nanotube species, and were repro-
ducible after cooling down to 4.2 K and heating the solution
back to room temperature. After decreasing the temperature
below critical point where strain from the ice matrix occurs,
an abrupt shift in the PL energies was observed.!> Below the
critical temperature which appears to be between 160 and
190 K, the PL from the (7,5) species belonging to the
v=(n—m)mod 3=2 family shifts more strongly to higher en-
ergy with decreasing temperature, whereas for the (7,6) spe-
cies, belonging to the v=1 family, the shift reverses direc-
tion. This opposite shift of the two families has been
attributed to the effect of strain on the nanotubes,!¢-18.19-23.24
and the contraction induced by the ice phase transition could
lead to external strain. The fact that no strain effect was
observed at temperatures above 190 K led us to the conclu-
sion that the energy shifts are most likely due to the shift of

with the (a) 590 nm, (b) 650 nm, and (c) 730 nm
source with the E,, transition of the labeled nano-
tube species. The carbon nanotube species have
been identified using the PLE spectra as de-
scribed in Ref. 21. A small blueshift of the peak
energies with decreasing temperature can be ob-
served, indicated by the vertical colored ticks.

the electronic band gap with temperature. The PL spectra of
carbon nanotubes in the SDS solution mixture for different
temperatures are shown in Fig. 1. In the strain-free region
between 190 and 297 K, the solution was resonantly excited
with the 590 nm source [Fig. 1(a)], 650 nm source [1(b)],
and 730 nm source [Fig. 1(c)] with the E,, transition of the
labeled nanotube species. The carbon nanotube species have
been identified using the PLE spectra as described in Ref. 21.
The unlabeled peaks in Fig. 1 originate from carbon nano-
tubes; however, only the resonantly excited peaks have been
labeled. A small blueshift of the peak energies with decreas-
ing temperature can be observed for all species, as indicated
by the vertical colored ticks. The surfactant molecules sur-
rounding the nanotubes are a possible source that could in-
fluence the observed energy shifts and linewidths of the
emission lines. The change of the dielectric constant with
temperatures could, for example, induce energy shifts. In or-
der to exclude such effects, originating from the surfactant
molecules contacting the nanotube, a second solution with a
different surfactant, namely, DDBS, was mixed with glycerol
and was studied under the same conditions. The PL spectra
of the carbon nanotubes in SDS and DDBS solution mixture
for different temperatures from 200 to 297 K and resonantly
excited with the 650 nm source with the E,, transition of the
(7,6) and (7,5) species are shown, respectively, in Figs. 2(a)
and 2(b). The vertical lines indicate the energy positions of
the (7,6) and (7,5) nanotube species at 200 and 297 K in the
two solution glycerol mixtures with different surfactants.
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FIG. 2. Photoluminescence spectra of the carbon nanotubes in
(a) SDS and (b) DDBS solution mixture for different temperatures
from 200 to 297 K resonantly excited with the 650 nm source with
the E,, transition of the (7,6) and (7,5) species. The vertical lines
indicate the energy positions of the (7,6) and (7,5) nanotube species
at 200 and 297 K in the two solution glycerol mixtures with differ-
ent surfactants. A constant energy shift of the transition lines can be
observed, as a result of the change of the dielectric constant of the
surrounding environment. However, the relative energy shifts with
temperature are identical for both solution mixtures prepared using
different surfactants.

There is a constant energy shift in the emission lines due to
the change of the dielectric constant of the surrounding sur-
factant, but the relative energy shifts with temperature were
identical. Therefore, it appears that up to the freezing point
of the solution, the environment does not affect the tempera-
ture behavior of the emission of the nanotubes.

After having concluded that effects originating from the
surrounding environment are unlikely, we proceed with the
first central observation of this paper. Besides the energy
shifts, a substantial narrowing of the linewidths with decreas-
ing temperature could be observed that most surprisingly
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FIG. 3. (Color online) Photoluminescence spectra of the (7,6)
carbon nanotube species in SDS solution mixture at 4.2 and 297 K,
excited with the 650 nm source. The horizontal black arrow indi-
cates the amount of the spectrum at 4.2 K that has been redshifted
in order to compare the two spectra. A substantial reduction of the
linewidth with decreasing temperature can be observed. The full
width at half maximum of the (7,6) nanotube species of 30.5 meV
at 297 K is reduced to 20.6 meV at 4.2 K.

persists beyond the ice phase transition of the solution all the
way to 4.2 K. The largest line narrowing at low temperature
is observed for the (7,6) tube. The full width at half maxi-
mum of 30.5 meV at 297 K is reduced to 20.6 meV at 4.2 K.
This behavior persists beyond the critical temperature where
strain occurs, which indicates a uniformly induced strain by
the ice matrix, since random strains have the opposite effect
leading to line broadening. The PL spectra of the (7,6) car-
bon nanotube species at 4.2 and 297 K are shown in Fig. 3.
The horizontal black arrow indicates the amount of the spec-
trum at 4.2 K that has been redshifted in order to compare
the two spectra. The full width at half maximum (FWHM)
obtained by a simple multiline Voigtian fit has been plotted
in Fig. 4 as a function of temperature in the strain-free region
for several carbon nanotube species. A monotonic reduction
in the FWHM can be observed for all nanotubes. However,
for certain tubes the linewidth reduction is larger than for
others, most likely due to the chirality and/or diameter de-
pendence of the electron-phonon coupling in semiconducting
carbon nanotubes. The temperature dependence of the band
gap of conventional semiconductors at constant pressure can
be separated into harmonic and anharmonic contributions:
(OE ! IT)=(IE 4/ IT) g+ (IE ! IT) yypar- The harmonic term
arises from the electron-phonon interaction, while the anhar-
monic term is due to the thermal expansion.”>?® The contri-
bution from the thermal expansion is smaller and can be
neglected in the first approximation. The temperature depen-
dence of the band gap can be obtained to first approximation
by evaluating the harmonic term. The renormalization of the
unperturbed electron energy E; with wave vector k by the
electron-phonon interaction can be written as

E = E+ APV + AE 40T, (1)

where Af " is the energy shift induced by the “Debye-
Waller” term. The complex “self-energy” term has a real part
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FIG. 4. (Color) Full width at half maximum of the transition
lines of six carbon nanotube species as a function of decreasing
temperature. A substantial reduction in linewidth with decreasing
temperature in the strain-free region between 200 and 297 K can be
observed.

AfE, leading to an energy shift of the electronic states, and an
imaginary part I';, which causes a lifetime broadening of the
electronic states.”’-?° The evaluation of the harmonic term
including both the self-energy and Debye-Waller contribu-
tions is quite challenging; therefore, approximate models
have shown to be very useful tools in the evaluation of the
temperature dependence of the band gap of solids.?” In order
to reproduce the energy shifts with temperature, we previ-
ously used an approximate model for E, of semiconducting
SWNTs in the temperature range of 7<<400 K based on a
two-phonon model introduced by Vifia et al.?® and success-
fully adopted to carbon nanotubes in Ref. 4 such that the
parameters include diameter and chirality effects. This model
provided an excellent fit to the simulations obtained by fully
evaluating the harmonic term, and the fitting parameters
were listed. The magnitude of the observed shifts was larger
than the previously reported values'>3* and only a moderate
chirality and/or diameter dependence was observed.!? The
observed temperature dependence of the linewidths origi-

TABLE 1. Values for the inhomogeneous broadening I'; and
effective electron-phonon coupling I'j used in the fitting process of
the linewidths of the photoluminescence transitions with
Eg=34.5 meV, and the values for F;=a2®2 used in Ref. 12 to
reproduce the energy shift of the band gap with temperature, where
a, and O, are defined in Ref. 4.

]

I, T ry
SWCN (meV) (meV) (meV)
(8,4) 17.1 16.3 12.5
(7.6) 1.1 18.7 17.2
(9,4) 9.5 17.2 11.2
(7,5) 9.0 10.5 16.5
(8.,6) 75 10.3 14.8
(10,2)* 6.9 8.7 8.3

A scattering rate «=26.5 ueV/K was used for this nanotube.
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FIG. 5. (Color) Energy shift of the carbon nanotube species with
temperature. The behavior of the two nanotube families, v=1 and 2,
indicates strain induced by the wrapping polymer. In (a) the experi-
mental line positions prior to removing the temperature dependence
are shown, whereas in (b) the temperature shift of the band gap has
been subtracted. The lines show the best fits to the experimental
data using Eq. (3).

nates from the homogeneous broadening due to electron-
phonon interactions. If the change in the line broadening can
be entirely assigned to the intrinsic properties of the nano-
tubes, i.e., vibrational energy transfer from the D,O surfac-
tant solution can be neglected, by fitting the temperature de-
pendence important parameters can be obtained, such as the
effective electron-phonon coupling. The electron-phonon in-
teraction is of enormous importance to the optical and trans-
port properties of SWNTSs, and has been a subject of numer-
ous theoretical studies.>*3!'3¢ In order to reproduce the
thermal broadening of the emission lines of carbon nano-
tubes, we use an approximate model introduced in Refs.
37-42 and successfully applied to reproduce the thermal
broadening of the excitonic emission lines in semiconducting
quantum wells and quantum wires. The expression used to fit
the temperature dependence of the emission lines of SWCTs
similarly contains a linear exciton phonon scattering term
and a term originating from the coupling to an average pho-
non proportional to the phonon population:

Iy
') =vy+al+T;+ JERT _ | ()

where v, is the lifetime broadening which has been omitted
here, I'; is the temperature independent inhomogeneous
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broadening, « is the exciton phonon scattering rate, I' is the
effective electron-phonon coupling, and Eg=34.5 meV is an
average phonon energy. In semiconducting quantum wells
and wires, the interaction with acoustic phonons induced by
the deformation potential and piezoelectric scattering mecha-
nism leads to the linear term in the emission linewidth and
dominates at lower temperatures, whereas the Frohlich cou-
pling with the longitudinal-optical phonon is described by a
term proportional to the phonon population and dominates
the thermal broadening of the emission lines at higher tem-
peratures. Although the electron-phonon interaction mecha-
nisms are different, this model reproduces the temperature
dependence of the broadening of the excitonic lines in
SWNTs. A scattering rate « as high as 12 ueV/K was mea-
sured for a 29 nm wire width and a rapid increase of a with
decreasing wire width was observed.*> For the substantially
narrower SWNTs, a scattering rate of 44 ueV/K was esti-
mated and used in the fit shown in Fig. 4. The electron—
acoustic-phonon scattering has been shown to be significant
in the transport properties of SWNTs.** Possible diameter
and/or chirality variations of the scattering rate between
nanotube species were neglected. The electron-phonon cou-
pling I’y and the inhomogeneous broadening I'; were varied
to obtain the best fit. The values for I'y and I'; obtained for
the nanotubes are listed in Table I. The inhomogeneous
broadening obtained by the fitting procedure is in well agree-
ment with single nanotube studies, which report a distribu-
tion of emission energies of about ~10 meV.3** The values
for the electron-phonon coupling I’ obtained by the fitting
procedure are similar to the F;: a,0, obtained from the en-
ergy shifts of the band gap*!? and are listed in Table 1. Con-
tributions from other nanotube species increase the difficulty
in determining the linewidth. Nevertheless, the values for T’
listed in Table I show a level of consistency, despite some
variation, due most likely to some intrinsic diameter and/or
chirality dependency.

We further examine the effect of external strain on the
electronic properties of carbon nanotubes, which occurs
while changing the temperature of the polymer wrapped
semiconducting carbon nanotubes. The spectra were col-
lected in the temperature range of 1.8—380 K and show sig-
nificantly larger temperature shifts than the previous ones,
indicating a different mechanism. The energy shifts of the
different species with temperature have been plotted in Fig.
5, where the low-temperature end has been chosen as a ref-
erence. In order to be able to plot all species together and to
highlight the behavior of each species, the low-temperature
(1.8 or 4.2 K) energy position has been subtracted and the
energy shifts have been plotted as a function of increasing
temperature. Different behaviors can be observed for the two
nanotube v=1 and v=2 families, similar to the behavior ob-
served in the SDS suspension below the critical temperature,
which is mostly due to external strain that discriminates be-
tween the two nanotube families,'®!%232* and unavoidably to
a lesser amount, due to the intrinsic change of the band gap
with temperature. We used previous results*!? in order to
subtract the temperature dependence and obtain the pure
strain behavior. The experimental data together with the best
fits are shown in Fig. 5(b). In Fig. 5(a), we show the energy
shifts of the peak positions prior to removing the temperature
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dependence of the band gap for comparison. After removing
the temperature dependence of the band gap, the nanotube
species are distributed symmetrically around the reference
point (0 meV) as predicted by theory!®1%23 and approach the
expected linear behavior, providing additional support to the
theoretical calculations presented in Ref. 4, for the entire
temperature range. A n—m family behavior can be observed
in our experimental data (Fig. 5) for the nanotube species
(7,6) and (8,7), (7,5) and (8,6), and (9,4) and (8,3). This
family behavior with strain was predicted by a theoretical
approach describing the behavior of carbon nanotubes under
hydrostatic pressure,'” and is finally well reproduced by our
theoretical fit.

In order to understand the behavior of the different nano-
tube species under strain, we follow the relation of the band-
gap shift introduced recently by Gartstein et al., Eq. (24) in
Ref. 18 The band-gap change under small strains is given by

~1
2{(77+—])+1}|7|ac_c
sp o L+ Dz,

8 d &y
+3|y|(e, - e.)(= 1)” cos(36), (3)

where the carbon-carbon bond length ac =142 A, the
nearest-neighbor hopping matrix element y=-2.89 eV, and
the Poisson ratio %#=0.27. Following Garstein et al.,'® the
factor z,=1.28 accounts for the fact that the lattice does not
deform under strain as the two-dimensional elastic con-
tinuum and z, becomes unity when the difference effectively
disappears. The second term in Eq. (3) is identical to the
result in Ref. 23 if the torsional component is neglected and
leads to the opposite energy shift for the two v=(n
—m)mod 3 carbon nanotube families. The first chirality inde-
pendent contribution in Eq. (3) arises from the renormaliza-
tion of the nearest-neighbor hopping term when the lattice
expands or contracts.'®!%45 This contribution to the energy
shift is smaller than the second term, but it becomes impor-
tant for smaller chiral angle nanotubes, i.e., when 6 ap-
proaches zero. €, and s, are the radial and axial strains,
which are related to the radial and axial elastic constants*6—48
C, and C, according to £,=—A/C, and ,=—B/C_. A and B
are fitting parameters, which correspond to the magnitude of
the radial and axial components of the strain. We have used
the expressions derived in Ref. 19 [Egs. (1) and (2)] for the
elastic constants, which are diameter dependent and both de-
cay as 1/d in the large diameter limit. In fact, the cases of
hydrostatic pressure and stress are conceptually identical,
differing only in the signs and magnitudes of the resulting
radial and axial strains.!” Using the diameter dependent elas-
tic constants improved the theoretical fit, and as a result, no
torsion was needed in the fitting process. The fitting shown
in Fig. 5(b) was achieved by varying only the two fitting
parameters A and B, and the best fit shown corresponds to
A=0.4342 kbar/K and B=0.26447 kbar/K. The radial pres-
sure coefficient A for the (8,4) carbon nanotube species is
0.5071 meV/kbar, similar to pressure coefficient values cal-
culated in Ref. 19. The expansion of the wrapping polymer
with increasing temperature leads most likely to an increas-
ing nonuniform pressure in the radial and axial directions.
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In conclusion, the temperature dependence of the band
gap of semiconducting carbon nanotubes was measured in
from 190 K to room temperature. Small and reproducible
blueshifts of the emission lines with decreasing temperature
were observed, showing only a moderate chirality depen-
dence. In addition to the energy shift, a substantial line nar-
rowing was observed, that persisted all the way to 4.2 K.
Both effects, the energy shifts and the broadening, can be
attributed to the electron-phonon interaction. A simple ex-
pression used in the past to reproduce the temperature broad-
ening of the critical points of conventional
semiconductors?®?° has been used to fit our data, which pro-
vided important insight into the strength of the electron-
phonon interactions. The effect of external strain on the band
gap of carbon nanotubes induced by the expansion of the
wrapping polymer was also measured. The band gap of the
two v=(n—m)mod 3 nanotube families shifts energetically in
opposite  directions, in agreement with  previous
observations,'® and a different nanotube family behavior
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with strain is observed. The band gap of carbon nanotubes
with equal (n—m) number shifts nearly identically, indepen-
dent of the tube diameter or chirality. This strain behavior of
the band gap is very well reproduced for seven carbon nano-
tube species using Eq. (3) and by varying the strength of the
radial and axial strains.'®!° This theoretical model provides a
tool to model and predict the effect of strain on the electronic
properties of semiconducting carbon nanotubes in many ap-
plications, such as their use as biological sensors.
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