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Temperature dependence of the optical excitation lifetime and band gap in chirality assigned
semiconducting single-wall carbon nanotubes
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The temperature dependence of optical excitation lifetime 1/I" and transition energies E;; were measured for
bucky papers of single-wall carbon nanotubes (SWCNTSs) and inner tubes in double-wall carbon nanotubes
(DWCNTSs) using resonant Raman scattering on the radial breathing mode. The temperature dependence of I"
and E;; is the same for both types of samples and is independent of tube chirality. The data suggest that
electron-phonon interaction is responsible for the temperature dependence of E; and I'. The temperature
independent contribution to I" is much larger in SWCNT than in DWCNT samples. This is explained by the
different nanotube environment in the two types of samples. I for the inner tubes of the DWCNTSs is only
~30 meV below 150 K, which is comparable to that found for individual SWCNTs and is considered as

intrinsic to the tubes.
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Single-wall carbon nanotubes (SWCNTSs) have been in the
focus of interest in the last decade due to their unique physi-
cal and chemical properties, which makes them a potential
candidate for a broad range of applications.! It is now estab-
lished theoretically? and there is emerging experimental
evidence?® that excitonic effects, i.e., the correlation of pho-
toexcited electrons and holes, play an important role in the
optical absorption and emission properties of SWCNTs. The
lifetime of the excitons 7., the optical excitation energies
E;;, and their temperature dependencies are crucial param-
eters for the optoelectronic applications of SWCNTs.
SWCNTs are characterized by a great variation of physical
properties depending on the (n,m) chiral indices. Therefore
chirality assigned determination of these parameters is vital.
Texcion Was measured in time-resolved photoexcited
studies*® and estimated theoretically.”® E; was measured
using photoluminescence spectroscopy in a chirality as-
signed manner for ensembles of isolated SWCNTs (Ref. 9)
and for individual SWCNTs.!011

The scattering rate of the optically excited states I'=1/71is
related to T,,.on although the relationship has not been fully
described theoretically. Both ' and E;; are accessible from
resonant Raman scattering (RRS) studies.'>!3 Such studies
have been presented on surfactant separated'*!> and also for
bucky-paper SWCNT samples.!* The temperature depen-
dence, studied using varying laser powers, of E; was found
to markedly differ for v=1 and v=2 type semiconducting
SWCNTs, where v is given by (n—m)mod 3=v. v=1 tubes
were found to blueshift, whereas v=2 to redshift with in-
creasing temperature. In contrast, in a recent study E; was
found to redshift for both »=1,2 with increasing temperature
for individual SWCNTs,'® which was explained by the
electron-phonon coupling.!®!” Clearly, the role for the tube
environment requires further studies. In addition, no tem-
perature dependent measurement of I" on chirality assigned
SWCNTs is available.

Here, the temperature (7) dependence of the (n,m) spe-
cific electronic transitions and scattering rates for optical ex-
citations is reported for SWCNTs in different environments.
We measured SWCNTs with the same chirality in bucky-
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paper SWCNT samples and as inner tubes in double-wall
carbon nanotube (DWCNT) samples. The latter type of
sample has attracted considerable interest as the inner tubes
are in a well-shielded environment, which results in excep-
tionally long phonon lifetimes.'® Also, whereas a carbon
nanotube in a SWCNT sample is surrounded by other tubes
with random chiralities, a given inner tube is embedded in an
outer tube with a well defined chirality. The outer tubes pro-
vide a well defined and measurable radial pressure to the
inner tube.'” As a consequence, the narrow Raman lines of
the inner tubes allow to study distinct inner-tube Raman
spectra of tube pairs.'®!” We observe a large inhomogeneous
contribution to I' for the SWCNT sample but the same T
dependence as for the inner tubes in the DWCNTs. The same
T dependence of E; was observed for both types of samples.
These results suggest that both E;; and the 7 dependent part
of T" are independent of the tube environment. A common
and robust mechanism such as electron-phonon interaction is
therefore likely to be responsible for them.

The studied SWCNTs were HiPco (CNI, Houston, USA)
and CoMoCat samples (SWeNT, Oklahoma, USA) with
mean tube diameters of d=1.0 and 0.8 nm, respectively, as
determined from a Raman analysis.!> DWCNTs were pro-
duced by heating SWCNTs (Nanocarblab, Moscow, Russia,
d=1.4 nm) encapsulating fullerenes (“peapods”?’) at
1270 °C for 2 h. The peapods are prepared by heating
SWCNT with Cg, at 650 °C for 2 h in a sealed ampoule.?!
The mean diameter of the inner tubes is d=0.7 nm,?? thus d
is very similar for the inner tubes and the two SWCNTs
samples. The Raman spectrometer was a Dilor xy triple grat-
ing instrument excited by a tunable laser in the
2.01-2.18 eV (616—568 nm) range with 22 laser energies.
The spectrometer was operated in the “macro” mode with
low laser power densities of 5 mW/(100 um)? to avoid
sample heating. Discharge calibration lamps and Si powder
were used to calibrate the Raman shifts and intensities, re-
spectively. Measurements were performed in the 80—600 K
temperature range in a home-built cryostat.

In Fig. 1 we show the energy dispersive Raman map for
the SWCNT (CoMoCat) and DWCNT samples for a part of
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FIG. 1. (Color online) Energy dispersive Raman contour plot for
SWCNT (CoMoCat) and DWCNT samples at 80 K. The vertical
bar shows the color coding for the observed intensities on a loga-
rithmic scale in arbitrary units. Lower panels show individual Ra-
man spectra with 2.10 eV laser energy.

the radial breathing mode (RBM) and excitation energy
range at 80 K. Similar contour plots showing a larger area,
have been used to assign (n,m) indexes to the different nano-
tubes in SWCNT (Refs. 14 and 15) and DWCNT samples. '’
The two peaks at 310 and 337 cm™! with 2.12 and 2.08 eV
transition energies correspond to the E,, optical transition
enhanced RBMs of the (6,5) and (6,4) tubes for the
SWCNT sample.'*!3 These two tubes are representative for
both semiconducting SWCNT classes v=1 and v=2 and
their RBMs are well separated from all other tube modes.
This renders them ideal for studying the 7" dependent RRS.
For the DWCNT, (6,5) and (6,4) are inner tubes and their
RBMs are split into several components as the same inner
tube can be in several outer ones.!>?* The difference in the
resonance energies results from the different environment for
the two samples: an outer tube for the DWCNT sample and
the surrounding ensemble of the other SWCNTs for the
SWCNT sample. The gradual redshift for the inner tube reso-
nance energies with increasing Raman shift was associated to
the pressure induced by the outer tubes.!”

The temperature dependence of the Raman contour plots
was measured for all three samples. Raman intensities corre-
sponding to individual modes were determined by fitting
Voigtian line shapes whose Gaussian component was given
by the residual spectrometer resolution. The energy depen-
dent Raman intensities for two particular tube modes in the
two kinds of samples are shown in Fig. 2 as a function of 7.
For the SWCNT CoMoCat sample, the (6,4) tube mode at
337 cm™' is shown and the strongest (6,4) inner tube com-
ponent at 347 cm™! is shown for the DWCNT sample. The T
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FIG. 2. Raman resonance profile for the (6,4) tubes in the
SWCNT (CoMoCat) and DWCNT samples H: 80 K, O: 300 K, A:
600 K. Solid curves show fits with the RRS theory. Dashed curve is
a simulation for the 80 K SWCNT data with I'=10 meV. Arrows
indicate the incoming and outgoing resonance energies. Note the
much narrower widths for the DWCNT sample.

dependent resonant Raman data can be fitted with the reso-
nance Raman theory for Stokes Raman modes'>!3

(E;— E,;) [ngg(E,;) + 1] :
(E,—E;—iD)(E/—Ey—E;—il) |

I(El)=M2ff (1)

Here, the electronic density of states of SWCNTSs is assumed
to be a Dirac function and the effective matrix element M,
describing the electron-phonon interactions is taken to be
independent of 7 and energy. £, Ey,, and E,,, are the exciting
laser, the optical transition and the phonon energies, respec-
tively. npg(E,;)=[exp(E,,/kzT)-1]"" is the Bose-Einstein
function and accounts for the thermal population of the vi-
brational state** and ngg(E,;,)+1 changes a factor ~2 be-
tween 80 and 600 K. The T dependence of £, is ~1% for
the studied 7 range? thus it can be neglected. The first and
second terms in the denominator of Eq. (1) describe the in-
coming and outgoing resonances, respectively and are indi-
cated on a simulated curve by arrows in Fig. 2. These are
separated by E,;,. This means the apparent width of the reso-
nance Raman data does not represent I'.

Solid curves in Fig. 2 show fits for the given RBMs at all
temperatures simultaneously, i.e., with the same matrix ele-
ment, using Eq. (1) and thus allow us to derive the T depen-
dence for E,, and I'. The result for the 7 dependent relative
optical transition energies E,,(T)—E»(80 K) and I'(7) is
summarized in Fig. 3. The room temperature values of E,,
are given in Table I together with the I'y and I"; parameters
which describe the T dependence of I'" and are discussed
below in detail.

We start the discussion with the 7" dependent optical tran-
sition energies. Differences between the room temperature
values for Ey,’s for DWCNT,!” SWCNT in bucky paper, and
as dispersed'* have been previously observed and explained
by the effect of the different environment. The surprising
observation is the overall redshift of 50(10) meV between 80
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FIG. 3. Temperature dependence of the optical transition energy
shift E,,(T)—E»(80 K) and the damping parameter I" for the (6,5)
and (6,4) inner tubes of DWCNTs, HiPco tubes, and CoMoCat
tubes. Open and closed symbols are for the (6,4) and (6,5) tubes,
respectively. A: CoMoCat, [J: HiPco, O: DWCNT. Solid curves
are calculated values of I'(7) as explained in the text. Dashed curve
is the calculated redshifting E5, for a (6,5) tube as explained in the
text. Representative error bars for both parameters are shown. The
error bars are similar to the symbol size for I'(T) of inner tubes.

and 600 K irrespective of the sample type and the family of
tube, v=1 or 2. Recently, ~50 meV redshifts were observed
for individual suspended nanotubes using the same method
for SWCNTs with vggy>250 cm™'.'6 The observed T de-
pendence was explained by the softening of the band gap at
high temperatures due to electron-phonon coupling'®!’
yielding the optical transition energy shift
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AEx(T) = a0 npp(kp®1) + ayO,npp(kp®,). (2)

In Fig. 3, we show the calculated AE,,(T) for a (6,5) tube
using Eq. (2) with parameters given in Ref. 17:
=-1.17X107° eV/K, a,=-1.04 X 10"* eV/K, ©,=103.8 K,
and 0,=487.4 K. Since AE»(80 K)=AE,,(0 K) plotting
AE,,(T) on the E,(T)-E»(80 K) data is justified. A similar
calculation for a (6,4) tube does not give a significantly
different curve. A good agreement between the experimental
points and the calculation is observed, which confirms the
validity of the theoretical explanation presented in Ref. 17.
Both ours and the results in Ref. 16 are in difference to a
previous study in which a blueshift with increasing 7' was
reported for v=1 tubes in a laser heated sample.'*

Our result confirms the redshift of optical transition ener-
gies with increasing T as observed on individual tubes.'® It
holds for SWCNTs in bucky papers and for inner tubes sur-
rounded by outer tubes in DWCNT samples. It thus unam-
biguously proves that electron-phonon interaction is the
dominant mechanism for the 7 variation of the optical tran-
sitions. Other effects such as thermal expansion do not play a
role even though radial pressure is present.

I'(T) can be separated into a residual I'y and a T depen-
dent part and it can be fitted empirically with

[(T) =T+ ' ngg(E,p). (3)

Equation (3) assumes that the T dependence of I" is caused
by electron-phonon coupling whose strength is given by a
broadening parameter I'; and the phonon population. The T
dependence of the latter is described by the Bose-Einstein
function. Naturally, a comprehensive theory beyond our em-
pirical fit is required to better describe this phenomenon.
Nevertheless, fits using Eq. (3) describe the measured data
reasonably well as shown in Fig. 3 with solid curves. The
values for I'y and I'; are given in Table I. The residual T’y
shows marked differences for the three samples. In contrast,
the T dependence, given by I is similar for all samples and
chiralities studied and scatters in the 40—50 meV range. We
assign the T dependent part of I'(T) to homogeneous broad-
ening thus to a true lifetime effect.

The low value of I'y for individual SDS dispersed
SWCNTs and inner tubes in DWCNTSs and its high value for
the two bucky-paper samples of SWCNTs can be explained
by the sample morphologies assuming that nearest neighbor
tube-tube interactions strongly affect the transition energies.

TABLE 1. Phonon energies Eyy, transition energies E,, and the damping parameter I" in the two SWCNT
and the DWCNT samples. The HiPco sample dispersed in SDS were studied at room temperature in Ref. 14.

Relative errors are 2 X 1073 for E,, and 0.1 for T".

Epp, (meV) E>, (eV) I'y (meV) I'} (meV)
6,5) (6,4) (6,5) (6,4) (6,5) (6,4) 6,5) (6,4)
CoMoCat 38.4 41.8 2.12 2.08 87 110 40 45
HiPco 38.4 41.8 2.11 2.07 99 74 38 52
HiPco SDS
Refs. 14 and 26 38.4 41.8 2.18 2.11 35 35
DWCNT 39.3 43.0 2.09 2.04 34 27 39 50
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For the bucky-paper SWCNT samples, each tube is sur-
rounded by other tubes with random chiralities. The interac-
tion between the tubes gives rise to a distribution of transi-
tion energies, which appears as an inhomogeneous
broadening of the RRS. For individual SWCNTs the environ-
ment is the same for all tubes, thus transition energies are
well defined. Inner tubes in the DWCNT bucky-paper
sample are embedded in an outer tube with a distinct
chirality.'>? The inner tube transition energies are well de-
fined for each inner-outer tube pair and I' is not affected by
inhomogeneous effects. It is thus suggested that the T,
~30 meV for inner tubes measures the intrinsic relaxation
rate I'y; of the E,, optical transition.

The current data for I' also account for the observation of
the extremely large Raman cross section of inner tubes as
compared to SWCNTs.'#27 The factor 2 smaller I' of inner
tubes results in an approximate enhancement of a factor 16
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in the Raman cross section as the latter is proportional to
[TX(E,+T9)] .

In conclusion, we studied the T dependent RRS on small
diameter SWCNTs and inner tubes in DWCNTs. We ob-
served the same redshift of optical transition energies and the
same T dependence of the inverse optical excitation lifetime
I" irrespective of tube type. The environment gives rise to an
inhomogeneous broadening of the RRS profiles, which is
sample dependent. I" for inner tubes in a bucky-paper sample
of DWCNTs is small and is identical for micelle-suspended
SWCNTs, which underlines the application potential of
DWCNTs in optoelectronic devices.
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