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Photoluminescence(PL) and photoluminescence excitation(PLE) spectroscopy of pillar-suspended single-
walled carbon nanotubes has been measured for temperatures between 300 and 5 K. The atmospheric envi-
ronment strongly affects the low-temperature luminescence. The PL intensity is quenched at temperatures
below,40 K for nanotubes in high vacuum, while nanotubes in helium ambient remain luminescent. The PL
peak emission energy is only very weakly dependent on temperature, with a species-dependent blueshift upon
cooling corresponding to a relative shift in bandgap of −3310−5 K−1 or less. The integrated peak intensities
change by only a factor of 2, with linewidths showing a moderate temperature dependence. In PLE, the second
absorption peak energysE22d is also only weakly temperature dependent, with no significant shift and a limited
reduction in linewidth upon cooling to 20 K. In addition to the previously assigned nanotube PL peaks seen at
room temperature, at least two distinct new classes of PL peaks are observed at cryogenic temperatures.
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I. INTRODUCTION

Recently, we reported photoluminescence(PL) from
single-walled carbon nanotubes(SWNTs) suspended be-
tween pillars above silicon substrates.1 Suspension reduces
environmental interactions and prevents quenching of lumi-
nescence, which can occur when nanotubes become bundled
or contact substrates and other materials. Earlier measure-
ments made on a solution of micelle-encapsulated SWNTs
indicated that the PL arises from electron-hole recombination
at the lowest subbands of semiconducting nanotubes(at en-
ergyE11, where the indices stand for the first conduction and
valence subbands in a single particle picture of the band
structure).2 The band structure of SWNTs has been revealed
by photoluminescence excitation(PLE) spectroscopy, where
the PL intensity is strongest whenever the excitation energy
is resonant with higher order subbands(at energy
E22,E33, . . .).3–6

In addition to ensemble measurements, PL from indi-
vidual nanotubes can be readily measured on these pillar
samples.7 Individual nanotube PL has also been detected
from micelle-encapsulated nanotube solutions dispersed on
microscope slides.8 Compared to ensemble measurements,
spectra from individual nanotubes are greatly simplified, and
in many ways clearly reveal the one-dimensional nature of
SWNTs: polarized emission and absorption, and in particular
for pillar-suspended nanotubes, asymmetric line shapes with
sub-kBT linewidths at room temperature(kBT is the thermal
energy, wherekB is the Bolztmann’s constant).

Pillar-suspended nanotubes are well suited to
temperature-dependent studies. They can be cooled with
fewer environmental complications than micelle-
encapsulated nanotubes, such as the freezing of the suspen-
sion. Also of importance to this work, the ambient atmo-
sphere for pillar-suspended nanotubes can be controlled with
great flexibility. In this paper, temperature-dependent PL
measurements on both ensembles and individual nanotubes
are reported for seven different assigned SWNT species. In

all cases, the PL peak emission energy depends only weakly
on temperature between 300 and 5 K. The integrated inten-
sity and linewidth also change moderately. In addition to PL
peaks assigned to particular SWNT species, we report on
new spectral features present in intermediate and low-
temperature spectra.

II. EXPERIMENTAL DETAILS

The suspended SWNTs in this work were synthesized by
chemical vapor deposition, as described in detail
previously.1,9 Measurements were performed on samples
grown using methane with either Co or Fe catalysts on sili-
con substrates. The silicon substrates were patterned with
square arrays of silicon or silicon dioxide pillars about
0.5 mm high, with varying spacing between 0.4 and 1mm.
The larger the spacing between pillars, the less likely it is
that a nanotube will bridge them.9 For ensemble studies,
samples with narrow pillar spacings and thus a high yield of
suspended SWNTs(one or more suspended nanotubes/pillar
pair) were used. These are thus relatively small ensembles,
with perhaps thousands of suspended nanotubes in an en-
semble. Note that in addition to the suspended nanotubes,
nanotubes also grew on the flat surface below, but we have
only been able to detect PL from suspended nanotubes.1 For
single nanotube studies, samples with larger pillar separa-
tions and thus lower yields of suspended SWNTs were used.
For both ensemble and single nanotube studies, the excita-
tion spot was 10 to 20mm in diameter. The temperature-
dependent PL measurements were performed in an open con-
tinuous flow cryostat, with SWNTs exposed to helium gas
ambient.

The choice of helium ambient proved to be essential.
Measurements performed in high vacuum(,10−5 Torr of air)
were similar until,40 K when the luminescence intensity
rapidly dropped off to the point of being undetectable. If the
temperature was quickly ramped directly to 5 K, PL could be
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obtained at first, but in this case it too gradually decayed
away. In comparison, nanotubes cooled in helium ambient
remained luminescent at all temperatures and no degradation
was observed over many hours of measurement.

The quenching effect can be attributed to molecular ad-
sorption of atmospheric gases on the nanotube walls. Gas
adsorption has already been shown to modify the transport
properties of SWNTs,10,11so it is perhaps not unexpected that
gas adsorption would influence the PL. That said, the effect
of gas ambient on low temperature PL is drastic.

The vapor pressure of N2,O2, and Ar as well as some
other trace gases are all of order 10−5 Torr at temperatures
around 40 K. The vapor pressure of H2O is far lower, drop-
ping to 10−5 Torr well above 100 K. Thus it is expected that
these atmospheric gases would condense out onto any cold
surfaces through cryopumping at these temperatures. It is
worth noting that under the assumption of perfect sticking
the time to form one complete monolayer on a pristine sur-
face exposed to 10−5 Torr is of order 1 s. In comparison,
helium has a vapor pressure of close to an atmosphere at
40 K, and the vapor pressure remains above 10 Torr even at
5 K.12 It is also chemically inert. Thus it is an excellent
choice of ambient, and is more economical than ultrahigh
vacuum(UHV) experiments, which could otherwise be used
to eliminate any significant adsorption.

Temperature-dependent PL and PLE measurements in he-
lium ambient were performed in a continuous flow cryostat.
In order to minimize the excitation spot size and maximize
collection efficiency, an aspheric lens(4 mm focal length,
0.55 NA) was mounted directly inside the cryostat, with ex-
citation and collection through the one aspheric lens. An ex-
ternal lens was far less efficient owing to the larger working
distance and smaller numerical aperture possible. For excita-
tion two different lasers were used in continuous wave mode,
a HeNe laser(1.959 eV [632.8 nm]) and a tunable Ti:sap-
phire laser(1.482 eV[837 nm] to 1.710 eV[725 nm]) with
excitation power between 0.3 and 0.5 mW. This was focused
to a 10 to 20mm diameter spot, which overlapped of order
hundreds to thousands of pillars on the substrate. While laser
heating may be important at higher power densities, a simple
calculation shows that for the current experimental condi-
tions, the effect should be minimal. In the extreme limiting
case of a nanotube absorbing all photons within one micron
and losing heat only through its ends, the nanotube tempera-
ture should increase by no more than a few K. The lumines-
cence was dispersed by a single grating spectrometer
(149 grooves/mm with ,1 meV resolution, or 600
grooves/mm with,250 meV resolution) onto a liquid nitro-
gen cooled InGaAs 512 photodiode array with sensitivity
from visible to 1650 nms0.75 eVd. The detector accumula-
tion times were typically between 3 and 30 sec.

III. RESULTS AND DISCUSSION

A. Ensemble measurements

Figure 1 shows temperature-dependent PL spectra ob-
tained from a nanotube ensemble for excitation at 1.959 eV
s632.8 nmd and 1.621 eV s765 nmd. For excitation at
1.959 eV[Fig. 1(a)], the spectrum at 260 K is dominated by

the (7,5) and (7,6) nanotube species with emission at
1.129 eV and 1.232 eV, respectively. Here, and throughout
this work, thesn,md assignment is made by choosing the
peak in the PLE map closest to the scheme of Refs. 3 and 13,
taking into account the small redshift of those micelle-
encapsulated samples compared to our pillar suspended
nanotubes.6 For both the(7,5) and (7,6) species, the optical
absorption atE22 is peaked around 1.923 eVs645 nmd.3,13

These species seem particularly abundant in one specific
sample grown using the cobalt catalyst.

Other nanotube species contribute to the broad emission
between 0.8 and 1.1 eV. The small features at 0.901, 1.001,
1.028, and 1.076 eV, each labeled with an asterisk only, most
likely arise from nanotubes withE22 close to resonance with
the 1.959 eV excitation. Reasonable assignments for these
peaks are(12,2), (11,1), (10,3), and(9,5) respectively. How-
ever, the PLE spectroscopy needed to confirm the assignment
was not performed, and thus the detailed temperature depen-
dence of these species is not presented here.

Figure 1(b) shows the same kind of spectra with excita-
tion at 1.621 eVs765 nmd. In this case, the 280 K spectrum
is dominated by three peaks previously assigned to(9,8),
(9,7), and (11,3) nanotube species with emission at 0.901,

FIG. 1. (Color online) Temperature-dependent photolumines-
cence spectra from an ensemble of single-walled carbon nanotubes.
(a) Excitation at Elaser=1.959 eV s632.8 nmd. (b) Excitation at
Elaser=1.621 eVs765 nmd. The topmost curve(red) is at the lowest
temperature, with temperature increasing as labeled for each suc-
cessive curve. The peak around 1.1 eV is emission from the Si
substrate. Explicitly assigned SWNT peaks are labeled with their
sn,md indices. White stars at the bottom of(a) indicate tentatively
assignedsn,md peaks(see text). Emergent peaks labeled “MT” are
discussed in the text. The red hatched squares highlight the average
expected position ofE11 transitions for SWNT species havingE22

<Elaser, using an averageE22/E11 ratio of 1.7.
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0.958, and 1.006 eV, respectively.6 Other peaks labeled
“MT,” emerging as the temperature is reduced, are previ-
ously unreported and will be discussed in detail below.

Between 300 and 20 K all five assigned nanotube species
clearly identified in Figs. 1(a) and 1(b) show very little or no
shift of the emission energy. In Fig. 2, the shift in emission
energy is plotted and reveals a monotonic blueshift when the
temperature is lowered from 300 to 20 K. The magnitude of
the shift depends strongly on the nanotube species. For the
(7,6) nanotube, the total shift in emission energy is 9 meV
while for the (11,3) nanotube, it is less than 1 meV. The
maximum observed shift was<0.9% upon cooling from
room temperature to 5 K. Defining the PL bandgap tempera-
ture coefficient as

kPL =
1

E11
UdE11

dT
U

300 K
,

the largest magnitude coefficient measured iskPL<−3
310−5 K−1. It is not yet clear how to correlate the change of
E11 with the particular nanotube species.

In conventional semiconductors,14 two factors contribute
to kPL: temperature-dependent lattice parameters, and band-
gap renormalization due to electron-phonon interactions.15

For conventional semiconductors at low temperatures, the
latter effect usually dominates. Raman experiments suggest
that the former may also be important for SWNTs. In Raman,
relative shifts of the radial breathing mode energysERBMd
were reported with analogous temperature coefficients in the
rangekRBM=−2.5310−5 K−1 to kRBM=−7.5310−5 K−1,16,17

quite consistent with the values measured here forkPL. How-
ever, the connection betweenkPL andkRBM is somewhat in-
direct. In addition, bundling effects complicate those Raman
measurements. Intertube interactions and intratube interac-
tions are thought to be of roughly equal importance, so soft-
ening due to intertube interactions is expected to increase
kRBM by about a factor of 2 compared to isolated
nanotubes.17

At first, it might be expected thatkPL (andkRBM) can be
explained by a temperature-dependent diameter change.
However, molecular dynamics simulations predict almost no
change in nanotube diameter with temperature,17,18 therefore
the magnitude of electron(or hole) transverse momenta is
expected to remain unchanged. Regardless of whether the
nanotube diameter remains unchanged or not, the carbon-
carbon bond length increases with increasing temperature.
As a result, the nearest-neighbor C-C overlap integralsg0d is
reduced and in the zone folding approximation19 this leads
directly to a reduction ofE11. Such a picture explains the
sign and the smallness ofkPL, however, it does not readily
account for the strongsn,md dependence observed here.
Thus it is expected that other contributions tokPL, such as
electron-phonon interactions, may be just as significant. For
the (11,3) and (9,7) nanotubes, various contributions must
cancel to give the nearly temperature-independent bandgap
observed.

Figure 3 shows the PL integrated intensity and the full
width at half maximum(FWHM) versus temperature for the
five SWNT species assigned in Fig. 1. The integrated inten-
sity increases linearly as the temperature is reduced from 300
to 30 K, but then levels off and decreases at lower tempera-
tures. The twofold increase and the functional dependence
appear roughly species independent. For the FWHM[Fig.
3(b)], the opposite trend is seen, with the width reaching a
minimum and increasing again. The inverse relationship be-
tween FWHM and integrated PL intensity is a common fea-
ture in the temperature-dependent PL of conventional semi-
conductors. The reduction in FWHM for all five nanotube
species is 3 to 5 meV, except for the(9,8) nanotube where
the change is only about 1 meV.

FIG. 2. (Color online) Blueshift of photoluminescence peak po-
sition for an ensemble of single-walled carbon nanotubes. The peak
positions were extracted from Fig. 1. The blueshift is defined to be
zero at room temperature.

FIG. 3. (Color online) Temperature dependence of photolumi-
nescence properties for ensembles of five nanotube species. The
nanotube species are those assigned in Fig. 1.(a) The integrated PL
peak intensity.(b) The PL full width at half maximum(FWHM).
The dashed line corresponds to the thermal energy.
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The relatively weak temperature dependence of the PL
integrated intensity here suggests that nonradiative decay
may be insignificant. In general, when nonradiative decay
channels are important, the PL integrated intensity is usually
very strongly temperature dependent. When nonradiative
channels are present in conventional semiconductors, and the
thermal energy approaches their characteristic energy, the in-
tegrated PL intensity shows an activated dependence, falling
as the temperature is increased. In contrast, the integrated PL
intensity in Fig. 3(a) declines only slowly and linearly.

On the other hand, time resolved studies performed on
micelle-encapsulated nanotubes suggest that nonradiative de-
cay is important. The measured ultra-short picosecond radia-
tive lifetime20 together with the relatively low quantum
efficiency2,5 strongly suggest that nonradiative decay chan-
nels are important. It is not yet clear if this result can be
extended to suspended nanotubes. In the future, temperature-
dependent time resolved PL studies will be able to resolve
this apparent contradiction, and help clarify some of the car-
rier relaxation mechanisms, be they interband or intraband,
radiative or nonradiative.

There are a few additional observations to be made with
regards to linewidth in ensemble measurements. Among the
assigned species, the smaller diameter nanotubes generally
had larger linewidths. In fact, at room temperature, the
smaller was the diameter, the larger was the linewidth. Apart
from the (9,8) nanotube, which showed very little variation
in linewidth, crossing two other species on the graph, this
held true at all temperatures. While three of five nanotube
species in Fig. 3(b) have sub-kBT linewidths at room tem-
perature, below 150 K, they all have linewidths greater than
the thermal energy. Finally, even with significantly different
FWHM at 300 K, again with the exception of the(9,8) nano-
tube, four of five nanotube species have a similar functional
dependence on temperature.

Going back to Fig. 1(b), in addition to the peaks assigned
to specific nanotube species, many other peaks barely appar-
ent at room temperature emerge at lower temperatures. Four
such peaks are labeled MT(for moderate temperature) in
Fig. 1(b), located at 0.87, 0.93, 0.98, and 1.04 eV. In all
cases, the peak emission energy depends only weakly on
temperature while the intensity increases dramatically. Ac-
cording to the assignment scheme proposed in Refs. 3 and 13
there are no SWNT species expected at these energies.
Temperature-dependent PL measurements performed on two
types of control samples(pillars without SWNTs and
SWNTs directly in contact with the substrate) indicate that
these features are only present in suspended SWNT samples.
Both control samples show no PL between 0.8 and 1.0 eV.
As shown in Fig. 1, PL from the Si substrate becomes sig-
nificant only below 25 K, with a dominant peak around
1.1 eV. Other much weaker substrate related peaks are
present in the 1.0–1.2 eV energy range.

The temperature-dependent integrated intensity of two
MT peaks is plotted in Fig. 4. Within the scatter of data, they
both show the same temperature dependence. The functional
form is very simple, falling off exponentially with tempera-
ture, with a characteristic temperature of 78 Ks6.8 meVd. It
is important to emphasize that this is not an activation en-
ergy, but rather a simple decay constant. A good fit could not
be obtained using a single activation energy.

A low-temperature PLE map was made in part to examine
the excitation energy structure of the MT peaks. A PLE map
for an ensemble of nanotubes is shown complete with spe-
cies assignment in Fig. 5. The position of the four MT peaks
labeled in Fig. 1(b) is indicated with an arrow in Fig. 5(b).
There is no obvious correlation between MT peaks and
chirality assigned peaks.

Several mechanisms can be proposed to explain the origin
of MT peaks. Some possibilities include localization, dopant/
defect related levels, exciton related levels, and phonon rep-
licas. Localization effects in SWNTs are observed in several
transport experiments at low temperatures.21,22 They are
caused by the finite length of the nanotube or by defect in-
duced barriers along its length. As a result, the nanotubes
become effectively strings of quantum dots, with atomic-like
energy spectra. The typical energy scale is 0.1 to 1 meV for
1 to 0.1mm localization lengths. In order to produce a
,25 meV energy splitting as measured here, localization on
a very small length scale of order 10 nm is needed.23,24This
would correspond to a large number of defects(<1 defect
per 1000 carbon atoms). In addition, a well-defined PL peak
in ensemble measurements could only appear if most local-
ized nanotube “segments” had almost exactly the same en-
ergy spectrum. Since defects are likely to be distributed ran-
domly along the length of the nanotubes, localization is a
very unlikely explanation.

Below bandgap levels such as dopant, defect or exciton-
related levels often become apparent in conventional semi-
conductors at low temperatures. Their PL intensity is nor-
mally activated with temperature and the large temperature
dependence observed for MT peaks suggests such a ther-
mally activated process. However, it is not possible to repro-
duce the data of Fig. 4 with a single activation energy. A
better fit can be obtained by including multiple activation
energies corresponding to multiple levels or other more com-
plicated effects. We note that a simple exponential decay
provides an adequate fit to the data(continuous line in Fig.
4). A complete physical picture must reproduce this simple
form, and may or may not require dopant, defect or exciton-
related levels. It should be noted that it is not yet clear how
far analogies with conventional semiconductors can be ex-

FIG. 4. (Color online) Temperature dependence of MT peak
intensity. The integrated PL peak intensity for two MT peaks is
plotted as a function of temperature between 10 to 300 K. The data
were extracted from the MT peaks shown in Fig. 1(b).
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tended for the SWNT material system. In particular, exci-
tonic levels in SWNTs are expected to deviate significantly
from conventional semiconductors due to stronger electron-
hole interactions in this quasi-one-dimensional system.25,26

Phonon replicas are also a likely possibility, with radial
breathing modes energy scales in the range of 20 to 30 meV.
However, a phonon replica of theE11 peak is expected to
have a similar absorption peak atE22. This is clearly not the
case in Fig. 5. MT peaks have a broader excitation reso-
nance, with no clear correlation with any assigned nanotube
peaks. While not strictly related to phonon replicas, the pres-
ence of the 2D+2G mode in PLE maps6 suggests at the very
least that phonons should not be ignored in the context of PL
processes in nanotubes. At present, both dopant/defect and
phonon replica mechanisms seem reasonable, and more work
is needed to rigorously determine the true origin of MT
peaks.

B. Individual SWNT measurements

Previous publications show that PL spectra from indi-
vidual SWNTs are greatly simplified compared to ensemble

measurements.7,8 Single SWNT PL is also very useful for
temperature-dependent measurements. Individual nanotubes
can be measured between 300 and 5 K, and both energy
shifts and emission linewidths can be readily measured. Fig-
ure 6 shows PL spectra obtained from a(12,2) nanotube
excited at 1.959 eVs632.8 nmd in close resonance withE22.
(This assignment was not confirmed by PLE, however, other
possibilities are too far off resonance to be reasonable.) Fig-
ure 6(a) shows the PL spectra at various temperatures. All
spectra have been normalized to a maximum of unity since
thermal drifts make absolute intensity data partially unreli-
able. The spectra are very simple with none of the compli-
cations of ensemble measurements. The peak is asymmetric
at all temperatures. As the temperature is reduced, the peak
narrows and blueshifts. It is striking that the single nanotube
peak width becomes considerably narrower than ensembles,
and at low temperaturess,30 Kd the peak splits into a series
of peaks. Both these points will be discussed below.

Data compiled from Fig. 6(a) are presented in Figs. 6(b)
and 6(c). The blueshift of the emission energy is linear from
300 to 50 K, with a bandgap temperature coefficientkPL
=−5310−5 K−1. At lower temperatures, emission energy
levels off, with an overall blueshift of<7 meV between 300
and 5 K. The trend in the single nanotube data is sufficiently

FIG. 5. (Color online) Low-temperature PLE maps.(a) A PLE
map for an ensemble of SWNTs at 20 K.(b) The same PLE map
including peak assignments. Chirality assigned peak positions are
labeled with an open circle. The(9,8) and (9,7) species show the
brightest PL. The MT peaks are labeled in white. The dotted line
overlaps the position of the 2D+2G Raman mode. The horizontal
dashed line indicates the excitation energy used for Fig. 1(b).

FIG. 6. (Color online) Temperature-dependent photolumines-
cence spectra from an individual single-walled carbon nanotube.
The laser excitation was at 1.959 eVs632.8 nmd and the emission is
tentatively assigned to the(12,2) SWNT species.(a) PL spectra at
temperatures from 300 to 5 K.(b),(c) Parameters extracted from the
spectra displayed in(a). (b) The measured blueshift in emission
energy is plotted as a function of temperature, including a fit using
the Varshni empirical functional form(dotted line). (c) The mea-
sured full width half maximum(FWHM) as a function of tempera-
ture with a linear fit(continuous line) and the thermal energykBT
(dotted line).
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clear and free of uncertainty that a fit is meaningful. The
dotted line is a fit to the empirical Varshni functional form27

DET = DE0 −
aT2

b + T
.

The Varshni functional form is usually a reasonably good fit
for conventional semiconductors. In this case the best fit pa-
rameters wereDE0=7.5 meV, a=75 meV/K, b=600 K.
The Varshni equation does not explain the drop in emission
energy observed below 20 K, but this may simply be a con-
sequence of the appearance of the fine structures at these
temperatures. Note that in the case of multiple peaks only the
brightest peak position is plotted.

Despite the difficulty of measuring a precise absolute in-
tensity caused by thermal drift, it is possible to make some
qualitative statements about single nanotube PL intensities as
a function of temperature. For all individual nanotubes mea-
sured, the increase of the PL intensity with temperature de-
crease is somewhat stronger for individual nanotubes than
for ensembles. As in ensembles, the single nanotube PL in-
tensity levels off around 30 K, and decreases when the tem-
perature is further reduced. This is consistent with the ob-
served correlation between the increase in PL intensity and
the decrease in FWHM. In Fig. 6(c), the FWHM decreases
linearly from 9 to 2 meV between 300 and 20 K, a nearly
fivefold reduction. Below 20 K, a slight leveling off of the
FWHM is observed. All single nanotubes measured at low
temperature have a FWHM of<1.5 meV to 2 meV, a width
significantly lower than that for ensembles. It is also worth
noting that for both ensembles and individual nanotubes, the
FWHM scales linearly with temperature between 300 and
25 K.

In our previous work on PL from individual nanotubes,7

we pointed out that at 300 K, sub-kBT linewidths were mea-
sured with no significant broadening between individual tube
and ensemble measurements. The low-temperature result is
quite different. At 5 K, individual SWNTs have significantly
narrower FWHM than nanotube ensembles. Even so, at
lower temperatures the FWHM for single SWNTs is still
larger than the thermal energy. For an individual nanotube at
5 K, even a 1.5 meV linewidths is about four times larger
than the thermal energykBT=0.43 eV at 5.0 K).

Figure 7 provides a clue to the origin of this broadening in
ensembles. In Fig. 7, PL spectra from three different indi-
vidual (9,8) SWNTs at 20 K are shown, along with the cor-
responding peak for an ensemble of many(9,8) nanotubes.
The main emission from theE11 transition is peaked at
911 meV, with essentially no change in energy from peak to
peak. For individual nanotubes, satellite peaks appear in ad-
dition to the main PL peak, and have different relative inten-
sities and spacing. The extra peaks are too widely spaced
from the principal(9,8) peak to fit into the second LT clas-
sification described in detail below. We have not yet charac-
terized these specific peaks in detail, but they may be MT
peaks. For ensemble measurements, they become unresolved
and produce an apparent broadening of the main peak. Even
without an explicit assignment, this does provide some in-
sight into ensemble broadening. Here, for ensemble measure-
ments, the main broadening mechanism observed is not the

result of inhomogeneous broadening, but rather the result of
additional peaks emerging at low temperatures and associ-
ated with the principalsn,md peak.

The PLE spectrum from individual nanotubes can also be
measured between 300 and 5 K. Figure 8 shows the PL in-
tensity for a(12,1) nanotube as a function of excitation en-
ergy around theE22 resonance. Both high- and low-
temperature spectra are fit to a Lorentzian function. Any
blueshift of E22 is sufficiently small compared to the peak
width to be insignificant to within the accuracy of measure-
ment. The linewidth of the resonance falls from 25 meV at
295 K to 15 meV at 22 K, a 40% reduction. For the(12,1)
tube the overall blueshift ofE11 is about 5 meV between 300
and 20 Ks,−1.2310−5 K−1d.

FIG. 7. Comparison of ensemble and individual SWNT photo-
luminescence spectra. The PL spectra are shown for the(9,8)
SWNT species at 20 K, for resonant excitation at 1.55 eV. The dark
gray curve is an ensemble of many(9,8) nanotubes. The light gray
curves show separate individual(9,8) nanotubes.

FIG. 8. Photoluminescence intensity as a function of excitation
energy for an individual(12,1) nanotube at 295 and 22 K. The
continuous lines are Lorentzian fits to the data, with a 25 meV
width at 295 K and a 15 meV width at 22 K. The curve at 295 K is
offset and the dotted line indicates the baseline. The inset shows the
emission spectrum at 22 K. For reference, the shift in emission
energy between 300 and 20 K is about 5 meV.
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The PL spectra from individual nanotubes often become
rich with additional peaks when the temperature is lowered
from 20 to 4 K. The peaks that emerge in this temperature
range have very specific characteristics and thus we group
them together under the designations “LT” for “low-
temperature” peaks. These LT peaks are already visible at the
lowest temperatures shown earlier in Fig. 6(a). Figure 9(a) is
a very good example of the same type of emerging peak
structure for a(9,8) nanotube. Such peaks are not resolved in
ensemble measurements, likely because of the broadening
mechanisms outlined above. The rapid evolution of the spec-
trum over a fairly limited range of temperatures is striking.
At 18 K, there is only one emission peak. At 7 K, the spec-
trum is dramatically changed, with a series of satellite LT
peaks on the low-energy side of the main(9,8) peak and a
smaller satellite on the high-energy side. The low-energy sat-
ellite peaks are evenly spaced, with a typical 2 to 3 meV
spacing. The energy spacing is consistent with the tempera-
ture range for which these peaks are observed(e.g.,kBT for
20 K is 1.7 meV). An additional peak at 886 meV is not
rigorously assigned, but may simply be another of the MT
peaks described above.

A PLE map of these new peaks made at 5 K is presented
in Fig. 9(b). The brightest peak is the assigned(9,8) transi-
tion. The two brightest satellite peaks have precisely the
sameE22 peak excitation energy as the chirality assigned
peak. While the nearest satellite appears to have a very simi-
lar shape to the(9,8) peak, the next neighbor appears some-
what more distorted. The third-nearest-neighbor peak is also
correlated in excitation energy, but not nearly as clearly.
There is also a much fainter high-energy satellite with a cor-
related excitation structure. The peak at 886 meV is much
broader in excitation, having an entirely different character
to the narrowly spaced satellites. This is consistent with its
assignment as a MT peak.

As was the case for the MT peaks, different mechanisms
may give rise to LT peaks, including localization, dopant/
defect levels, excitonic states, and phonon modes. Although
the energy scale for LT peak spacing is reasonable for local-
ization effects, it can be excluded since uniform energy spac-
ing would require evenly distributed defects along the length
of the nanotubes. Dopant, defect, and exciton related levels
cannot be ruled out entirely, but again there is no clear reason
why such peaks should be so regularly spaced.

On balance phonon modes seem to provide a very likely
explanation. First, while they were excitation modes not pho-
non replica modes, we have already seen that Raman scatter-
ing effects(2D+2G modes) influence the PLE map.6 Sec-
ond, in terms of phonons, carbon nanotubes are more similar
to molecules than bulk semiconductors, and there are a
whole series of different phonon modes available at various
energy scales.19 Third, phonon replicas are seen in many
semiconductors at low temperature and they have many of
the attributes seen in Fig. 9. Phonon replicas are evenly
spaced in energy. The excitation spectrum is the same for the
phonon replica as for the principal “zero-phonon” line. Pho-
non replicas have peak shapes similar to the principal peak.
But foremost, the energy separation of LT peaks fits ad-
equately with low-energy squashing modes.19 We should add
that recently, low-energy phonon modes have been invoked
to explain resonances in charge transport through similarly
suspended SWNTs.28,29 Pending definitive proof, we tenta-
tively assign these satellites to phonon replicas of the princi-
pal chirality assigned transition.

Assuming the identification is correct, it is possible to
infer more about the physics of the interactions. The relative
strength of the satellites with respect to the zero-phonon line
suggests a strong electron/hole-phonon coupling, with a
Huang-Rhys factorS<1.30 It should be noted that the peak
heights are usually not regular and they do not follow the
expected functional form for phonon replicas

In =
Sn

n!
I0,

which relates the intensitysInd of thenth phonon replica with
the intensity of the zero-phonon linesI0d.30 However, the
peak heights appear to have some order, as they often fall off
in intensity the further separated they are from the principal
peak.

IV. SUMMARY

This temperature-dependent PL study reveals consider-
able information about the physics of carbon nanotubes. Im-
portantly, the influence of the gas atmosphere on nanotube
luminescence is described. Adsorbed atmospheric gases can
actually quench luminescence when they condense out of the
vapor. This effect is significant because in SWNTs every
constituent atoms is on the surface.

Chirality assigned fundamental PL peakssE11d and sec-
ond van Hove absorption peakssE22d are remarkably stable
with temperature—an order of magnitude more stable in en-
ergy than conventional semiconductor materials. This stabil-

FIG. 9. (Color online) Low-temperature luminescence from an
individual (9,8) SWNT. (a) PL spectra are shown at five different
temperatures. The laser excitation is at 1.558 eVs796 nmd. (b) The
corresponding PLE map taken at 5 K.

TEMPERATURE-DEPENDENT PHOTOLUMINESCENCE… PHYSICAL REVIEW B 70, 045419(2004)

045419-7



ity can be traced back to the stiffness of the carbon-carbon
bond. The blueshift upon cooling is chirality/species depen-
dent. Other PL properties, namely, intensity, emission line-
width, and absorption linewidth vary modestly when SWNTs
are cooled. Linewidths are considerably narrower for single
nanotubes as compared to ensembles, but the mechanism of
ensemble broadening is not simple inhomogeneous broaden-
ing.

Two classes of PL peaks emerge at low temperatures. MT
peaks, barely visible at room temperature grow exponentially
as the temperature is reduced. They are separated by 20 to
30 meV from the fundamental chirality assigned PL peaks.
Plausible explanations for these peaks may be phonon repli-
cas or dopant/defect levels. At very low temperatures
s,20 Kd, evenly spaced LT satellite peaks emerge. These are
tentatively assigned to phonon replicas, and are consistent in
energy scale with squashing modes.

Low-temperature PL is proving to be an important new
window on nanotube physics, and follow-up studies are
clearly needed. No less important than the basic physics, the
high stability of the optical transitions as a function of tem-
perature is very promising from the point of view of opto-
electronic applications such as lasers. Finally, effects of gas
atmosphere on nanotube luminescence should be of interest
from the point of view of basic chemistry as well as sensor
applications.
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