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Excitons in bundles of single walled carbon nanotubes
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Abstract

Time-resolved photoemission was used to differentiate between excitons and free carriers in non-fluorescing bundles of single walled
carbon nanotubes (SWNT). Present findings show that direct interband excitations in semiconductive SWNTs lead to the formation of
strongly bound excitons, indicating that proximity effects in SWNTs bundles do not destroy a one-dimensional character of optical

excitations.
© 2007 Published by Elsevier B.V.

Systems exhibiting one-dimensional (1D) electron con-
finement have long fascinated scientists due to their unu-
sual electrical and optical properties. The microscopic
origin underlying this behavior is the significant enhance-
ment in Coulomb interaction that only permits collective
multi-particle excitations, leading to the formation of
strongly correlated electron-hole (e-h) pairs, known as
excitons [1]. Semiconductive SWNTs are one of the most
interesting representations of such systems where the exci-
tonic nature of optical excitations was manifested by the
emission of fluorescence (FL) arising from the recombina-
tion of bound e-h pairs [2-5]. Until now, FL emission was
observed only in nanotubes that were isolated from their
environment by encapsulating in SDS micelles [6]. On the
other hand, when their natural surroundings are not chem-
ically suppressed, smooth-sided SWNTs readily aggregate
into bundles, in which case no FL signal is detected [7].
This poses considerable experimental challenges for study-
ing the dynamics of excitons in interacting SWNTs, raising
a question if strongly bound e-h pairs even exist in nano-
tube bundles. According to several experimental reports,
the intertube interaction in aggregated SWNTs unlocks
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the carrier tunnelling mobility and, in principal, could wipe
out the reduced dimensionality of e-h excitations [8,9]. In
this case, some basic photoelectrical properties of bundled
SWNTs such as the carrier photogeneration and the spatial
separation of opposite charges would be substantially dif-
ferent from those of isolated nanotubes. Resolving these
issues, for the most part, depends on our ability to probe
the character of optical excitations in non-fluorescing bun-
dles, favoring an experimental approach that does not rely
on FL emission.

Here, we use the time-resolved electron emission spec-
troscopy to differentiate between excitons and free carriers
in optical excited SWNT bundles. The selectivity of this
approach is based on the strong suppression of non-reso-
nant absorption in excitonic pairs, which distinguishes
them from unbound carriers. Present data provides com-
pelling evidence that most of e-h excitations in aggregated
semiconductive (S) SWNTs form 1D excitons that remain
bound for at least 0.5 ps. The delayed injection of free car-
riers into S nanotubes was also observed when the excita-
tion pulse was resonant with the subband transitions in
metallic (M) SWNTs, indicating a possibility of electron
exchange between M and S species within a bundle.

Measurement of the emitted photoelectron energy distri-
bution provides a versatile way of probing the dynamics
of e-h pairs in optically inactive SWNT bundles. From
the spectroscopic prospective, the recorded photoelectron
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signal is proportional to the amount of free e-h pairs gen-
erated by the laser pump-pulse [10], and, therefore, can be
used to obtain the energy-dependent carrier intensity distri-
bution. This approach, however, cannot be directly applied
for interpreting the electron emission from excitons, as the
mechanism of carrier photoionization in this case is funda-
mentally different. The main distinction is the requirement
for a photon-assisted dissociation of a correlated pair,
which is subject to energy and momentum constrains.
Previously, the break-up of excitonic bonds has been inves-
tigated in relation with the temperature induced photogen-
eration of carriers [11] and is well described by the theory
of Onsager [12]. The probability for the dissociation of
an exciton reaches its maximum when the energy of the
probe-photon, Ep, matches the exciton binding energy,
Eg, and falls off quickly as Ep increases [13]. In present
experiments, Fp =~ 0.15 ¢V [14] < Ep, which, according to
the low order single particle-hole pair approximation [13]
leads to the significant reduction of the dissociation proba-
bility in comparison to resonant conditions. As a result, the
photoemission from excitons, is expected to be strongly
suppressed. This behavior has been demonstrated in
excited state photoemission experiments on Cg, molecules
[15], where the emission from bound e-h pairs was found
to be considerably weaker than that of free carriers.
Accordingly, in this work we rely on the blockage of UV-
photoemission from excitons for selective measurements
of free carrier distribution in nanotube bundles. This
approach, combined with the proportional to the total
number of excited e-h pairs absorption spectroscopy is
used to estimate the fraction of exitons among all optical
excitations.

The nanotubes investigated in this work were produced
by electric arc discharge technique and then used to fabri-
cate 1-mm-thick bucky paper. The purity of the samples
was analyzed through solution-phase near-IR spectros-
copy, indicating a presence of approximately 10% of carbo-
naceous impurities [16,17]. The aggregation of most
nanotubes into bundles was verified by scanning electron
microscopy of solid samples [16]. In general, electronic
properties of bundled SWNTs can be displayed through
the schematic density of states (DOS) for both metallic
(M) and semiconductive (S) nanotubes, which is shown in
Fig. 1. The S SWNTs are identified by the first two well-
defined state density gaps, denoted as A and B, while the
larger opening in DOS (C) corresponds to M SWNTs
[16]. In the present work, the associated subband transi-
tions have been categorized by means of optical absorption
spectroscopy, revealing the characteristic structure, shown
in Fig. 2 by a solid line. Owing to the high-purity of SWNT
samples [17], the resonant absorption peaks A—C can be
clearly identified above the background. From the
observed transition energies we deduce the average nano-
tube diameter of 1.32 nm, as well as the standard deviation
for the diameter distribution (0.15 nm).

In the time-resolved photoemission (TRPE) study, the
selective excitation of e-h pairs in both S and M nanotubes
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Fig. 1. Schematic density of electronic states for a nanotube bundle that
includes features of both S and M SWNTs. (a) Two-photon excitation
scheme utilizing the tunable pump and photoemission probe. The energy
scale is given in units of A/V,,, where A is the dimensionless ratio of the
nanotube diameter to the carbon—carbon bond distance and V,,, =~ 2.5eV
is a hopping integral. (b) A typical two-photon photoelectron spectrum,
reflecting the e-h distribution near Eg, approximately 50 fs after the
excitation pulse.

was done by tuning the 50 fs pump-pulses from 600 to
1900 nm, which covered the full range of resonant transi-
tions (A—C). The resulting excited carrier distribution was
then probed with fixed-energy UV photons that exceeded
the sample work function by approximately 0.5 eV. Fol-
lowing the photoionization, electrons drifted into the mag-
netically and electrically shielded 30-cm-long spectrometer
tube and were detected with a backgammon position sensi-
tive detector. The accumulated electron time-of-flight was
then converted to the excitation energy (E-Eg) with an
average uncertainty of 20 meV.

Fig. 1b shows a characteristic, background-subtracted
photoelectron spectrum. The positive side (E > 0) reflects
the energy distribution of electrons in the conduction band,
whereas the emission associated with the negative values of
E represents the distribution of holes left behind in the
valence band by the excitation pulse [18]. Notably, the
energy of the highest occupied electronic state (see
Fig. 1b) coincides with the photon energy (=1.6 ¢V) used
for the excitation step in this case, indicating a single-pho-
ton excitation regime.

The TRPE signal was integrated over the electron
energy for a fixed excitation wavelength and compared to
the absorption spectrum in Fig. 2. One apparent trend, evi-
dent from the comparison, is the absence of almost any
photoemission from S nanotubes, which is indicated by a
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Fig. 2. Comparison of the optical absorption and TRPE measurements.
The absorption spectrum shows the first (A) and the second (B) subband
transitions in S SWNTs and the first subband transition (C) in M SWNTs.
The time-resolved photoemission signal, collected 50 fs after the pump
pulse, is plotted versus the wave number of the excitation photon. The
maximum of the photoemission is detected when the excitation wavelength
is resonant with C transitions in M nanotubes. Notably, almost no
photoemission is detected from semiconductive nanotubes. The experi-
mental error bars denote the absolute uncertainty of the TRPE
measurements.

vanishing signal near absorption peaks A and B. This is
particularly eminent in contrast to the strong photoelec-
tron peak around C transitions in M nanotubes that are
primarily populated by ‘visible’ to the photoemission probe
free carriers. We note that the total amount of excited pairs
in S nanotubes is comparable to that of M SWNTs, as can
be evidenced by the nearly equal absorbance for the three
resonant peaks in Fig. 2, and the much weaker photoemis-
sion from the A and B subbands is simply caused by the
lack of free e-h pairs in S species. This detail is also seen
in the differential TRPE spectra, recorded for the three
cases of resonant excitation near absorption maxima
(A-C) (see Fig. 3). In contrast to the well defined bipo-
lar-shaped e-h distribution, observed when the pump
wavelength is resonant to the C transition in M SWNTs
(Fig. 3a), the TRPE signal resulting from the excitation
of A and B band gaps in S nanotubes (Fig. 3b and ¢) can-
not be distinguished. In fact, no detectable photoemission
was observed even after the pump intensity in the spectral
range of A and B transitions was increased by almost an
order of magnitude with respect to that of C peak! Such
a strong suppression of photoelectron response from bun-
dled S SWNTs indicates that excitonic pairs account for
the most of e-h excitations in these tubes.

While the formation of excitons in bundles is likely gov-
erned by the same excitation mechanism as those in indi-
vidual S nanotubes, their recombination dynamics is
uniquely different, as exemplified by the absence of radia-
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Fig. 3. Energy dependence of the electron distribution measured 50 fs
after the excitation pulse with photon energies of 0.68 eV (a), 1.25eV(b),
and 1.83 eV (c). (a) Excitation photon is resonant with the first subband
transition in M nanotubes. (b, ¢) Excitation photon is resonant with the
second and the first subband transitions in S nanotubes, respectively.

tive decay in aggregated SWNTs. To gain a better under-
standing of the carrier mobility in bundles, we performed
the time-dependent study of the excited state population.
First, we look into the delayed photoelectron signal arising
from A and B subband excitations in S nanotubes. Similar
to the case when the pump and probe pulses nearly overlap
in time, shown in Fig. 2, no detectable emission was
observed for the investigated delay range of 50-500 fs.
The absence of free carriers in S subbands indicates that
the dominant portion of e-h pairs remain bound. This
short-term stability of excitons, however, does not rule
out their subsequent non-radiative annihilation, as the
investigated time scale constitutes only a small fraction of
the excitonic radiative lifetime. Nevertheless, the half-pico-
second stability indicates that excitons are unaffected by
thermal perturbations and, thus, bound by energies in the
excess of the room-temperature k7. This is an important
result as it demonstrates a large degree of carrier confine-
ment in bundled S SWNTs, indicating a low-dimensional
character of excitations.

The temporal evolution of excited population in M
nanotubes is shown in Fig. 4. Previous studies [19,20] have
demonstrated that the energy distribution of free carriers in
this case, reflects the net change in the Fermi-Dirac ther-
mal distribution, Af=f(T,) — fiTion), Where T, is the
temperature of the electronic system heated by a laser
pump-pulse. Typically, a very good fit of experimental data
could be obtained with the Af(T.) functional form as was
previously demonstrated for the case of non-resonantly
excited SWNT bundles [19] as well as MWNTs [20]. In
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Fig. 4. Time dependence of the electron emission from resonantly excited
metallic nanotubes. Peaks A and B are found near the expected positions
of the first two subband transitions in S SWNTs (E ~0.27 and
Epg =~ 0.54¢eV [21]).

present measurements the energy dependence of the elec-
tron yield also exhibits the known Fermi-Dirac trend,
shown by the solid line in the upper panel of Fig. 4. In
addition to the thermal distribution of free carriers, the
spectra also reveals the two peaks (marked as A and B),
located approximately 0.3 and 0.55¢V above the Fermi
level, that become slightly more eminent at longer delays.
The origin of this emission cannot be attributed to excita-
tions in M SWNTs as the peaks’ positions are far below
the first van Hove singularity (C) and significantly above
the thermal distribution of electrons at Egr. Instead, the
energies of the peaks (denoted by slanted lines in Fig. 4) fall
within the expected positions of resonant transitions in the
investigated S nanotubes, Ex ~ 0.27 and Eg =~ 0.54 eV [21],
and were accordingly identified as originating from A and
B subbands. The maximum of the electronic population in
these bands reflects an instantaneous ‘electronic tempera-
ture’, associated with non-equilibrium electron distribution
immediately after excitation [20]. At longer pump-probe
delays, the electronic system cools down through elec-
tron—phonon interaction and relaxes to the band edge
[19]. This results in an energy shift in the maximum of elec-
tronic distribution, which is denoted in Fig. 4 by slanted
lines.

Interestingly, the presence of semiconductive peaks A
and B in electron spectra is detected only when the excita-
tion energies are near the interband transitions in M nano-
tubes. This suggests a possible correlation between the
population of conduction states in M nanotubes and the
injection of free carriers into S bands. It could be argued
that the excitation of S peaks, A and B, is due to the
non-resonant pumping of S subbands and not due to the
excitation of M transitions. In this case, however, the same

S states should be populated during the non-resonant exci-
tation with photon energies that are immediately below the
interband transition energy in M SWNTs. This, however,
does not occur, since the energy-integrated photoemission
for this excitation window of 9000-10000 cm ™!, shown in
Fig. 2B is virtually zero. We thus speculate that the pres-
ence of free carriers in S nanotubes could be due to electron
tunnelling from M species. This result is consistent with
earlier findings suggesting the possibility of tunnel coupling
between S and M bundled nanotubes [8,9].

In summary, by monitoring the electron emission from
non-fluorescing nanotube bundles, we have investigated
the nature of optical excitations in aggregated SWNTs.
We have shown that direct interband excitations in S
SWNTs lead to the formation of strongly bound excitons,
indicating that proximity effects in SWNTs bundles do not
destroy the 1D character of optical excitations. We have
also observed that a detectable amount of unbound carriers
is injected in excited states of S SWNTs when the excitation
energy is near interband transitions in M nanotubes.
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