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Carbon nanotubes are one of the excellent materials for studying the many-body effects of excitons
because of their unique band structures and large exciton binding energies. We studied exciton
population dynamics in single-walled carbon nanotubes using pump-probe transient absorption
measurements. The temporal profiles of the transient absorption signals depend on the excitation
intensity and excitation photon energy. We observe carrier multiplication in carbon nanotubes at
room temperature, when the excitation photon energy exceeds the third subband exciton energy.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2943649�

Strongly confined electrons and excitons in low-
dimensional semiconductor nanostructures, such as carbon
nanotubes and nanocrystals, have unique electronic and op-
tical properties compared with bulk semiconductors.1 Semi-
conductor carbon nanotubes have been studied extensively,
both from the viewpoint of fundamental physics and due to
their potential applications in electronics and photonics
devices.2 A single-walled carbon nanotube �SWNT� about
1 nm in diameter with a length greater than several hundred
nanometers is a prototype of one-dimensional �1D� struc-
tures. Strong Coulomb interactions in 1D structures lead to
the formation of stable excitons with extremely large binding
energies of 200–400 meV �Refs. 3 and 4� and enhance the
many-body effects of excitons in SWNTs. For example, the
quantized and fast Auger recombination of excitons and im-
pact excitation by hot carriers have both been observed in
SWNTs.5–10 In this letter, we report the observation of carrier
multiplication �CM� in SWNTs due to strong Coulomb
interactions.

The CM process is the production of two or more
electron-hole pairs by one high-energy photon well above the
band gap energy. The relaxation of momentum conservation
and strong Coulomb interactions between carriers in nano-
scale space allow the observation of highly efficient CM phe-
nomena in a variety of semiconductor nanocrystals.11–15

However, the detailed CM mechanism in semiconductor
nanocrystals is controversial.16–19 Efficient CM has not been
observed in systems other than nanocrystals. The achieve-
ment of efficient CM in semiconductors makes it possible to
produce highly efficient solar cells with conversion efficien-
cies that exceed the Shockley–Queisser limit of 32%.20,21

Here, we examined CM in carbon nanotubes using fem-
tosecond pump-probe spectroscopy. The temporal profiles of
transient absorption signals depend on the excitation inten-
sity and excitation photon energy. The dynamics of transient
absorption is dominated by the Auger recombination process.
A CM efficiency of 1.3 is determined from the transient ab-
sorption dynamics at room temperature when the photon en-
ergy exceeds the third intersubband exciton energy. The CM

efficiency in carbon nanotubes is discussed in light of impact
ionization.

The sample used in this work consisted of SWNTs in a
surfactant suspension. SWNTs with a narrow chirality
distribution were synthesized using a silica-supported
Co–Mo catalyst �CoMoCAT� method �Southwest
Nanotechnologies�,22 following a procedure similar to that in
Ref. 23. The SWNTs were dispersed in D2O with 1 wt %
sodium dodecyl benzene sulfate by sonication with an ultra-
sonic processor for 0.5 h. This suspension was then centri-
fuged for 2 h at 35 000 g.

The 150 fs laser pulses from a Ti:sapphire regenerative
amplifier system operating at 1 kHz were used in the pump-
probe experiment. We used a probe pulse with a photon en-
ergy of 1.22 eV from the optical parametric amplifier sys-
tem. The photon energy of the probe pulse corresponds to the
lowest exciton energy of �6,5� carbon nanotubes. The pump
pulse energies were 1.55, 3.10, and 4.65 eV. The polariza-
tions of the pump and probe pulses paralleled each other in
the experiments. All the measurements were carried out at
room temperature.

Figure 1�a� shows the linear absorption spectrum of
SWNTs in D2O. The absorption peak observed at 1.22 eV
arises from the lowest exciton transition. The clear single
absorption peak is due to the narrow chirality distribution of
the CoMoCAT SWNTs. The energies of pump pulses �up-
ward arrows� in this study are also shown in Fig. 1�a�. Strong
intersubband optical absorption occurs under a light electric
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FIG. 1. �Color online� �a� Linear absorption spectrum of the SWNTs in
D2O. The downward arrow at E11 indicates the energy of probe pulse cor-
responding to the lowest exciton energy of �6,5� nanotubes. Upward arrows
indicate the energies of pump pulses. �b� Transient absorption ��T /T� dy-
namics under 1.55 eV excitation at 30 �J /cm2.
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field parallel to the tube axis. This transition is due to opti-
cally allowed transitions between subbands with the same
indices i= j. The exciton energy is described as Eij, where the
band structure is described by the valence subbands with
index i and conduction subbands with index j.4 As shown in
Fig. 1�a�, the three excitation energies of 1.55, 3.10, and
4.65 eV exceed the exciton energies of E11, E22, and E33,
respectively. These laser pulses can produce electron-hole
pairs in different subbands in �6,5� carbon nanotubes.

Figure 1�b� shows the transient absorption decay excited
by 1.55 eV at an excitation density of 30 �J /cm2. It is clear
that the temporal profile cannot be described by a single
exponential function and that three exponential components
�time constants of �1, �30 ps, and �1 ns� appear.
The decay times of �30 ps and �1 ns are consistent with
those obtained using transient photoluminescence
spectroscopy.24,25 These decays are determined by the trap-
ping of excitons at defects and radiative recombination of
excitons in SWNTs.24,25 Hereafter, we focus on the transient
absorption changes of the fast-decay components on a pico-
second time scale to clarify the CM mechanism and fast
Auger recombination.

Figure 2�a� shows the excitation intensity dependence of
the transient absorption decay from 15 to 300 �J /cm2 under
1.55 eV excitation. The observed signals correspond to ab-
sorption bleaching due to excitons in SWNTs, as reported in
pump-probe experiments.6,26 The decay profiles at longer de-
lay times �t�10 ps� do not depend on the excitation inten-
sity. Then, all the data are normalized at 10 ps delay time.
The normalized signal curves provide clear information
about the excitation intensity-dependence of the exciton
population dynamics. The fast-decay component �t�5 ps�
grows at increasing excitation intensity. The origin of this
fast-decay will be discussed below.

Figure 2�b� summarizes the excitation intensity depen-
dence of the transient absorption signals at two different de-
lay times �t=0.5 and 10 ps�. The magnitudes of the transient
absorption signals at a 0.5 ps delay time linearly increase
with the excitation intensity up to �100 �J /cm2. By con-
trast, at a 10 ps delay time, saturation occurs at an excitation
intensity of 50 �J /cm2. This indicates that, under intense
excitation above 50 �J /cm2, the carrier density rapidly de-
creases on picosecond time scale.

Here, in order to understand the origin of the fast com-
ponent in the transient absorption curves, we estimate the

photoexcited electron-hole pair density in a SWNT. The
saturation of the signal at t=10 ps begins at an excitation
intensity of 50 �J /cm2 at 1.55 eV, corresponding to 2
�1014 photon /cm2. Absorption cross-section of approxi-
mately 550-nm-long carbon nanotubes �based on scanning
electron microscopy observations� is estimated to be about
1�10−14 cm2, according to Ref. 27. Using these values, we
determine that the average number of e-h pairs �or excitons�
in a carbon nanotube per pulse, �Nex�, is roughly equal to 2 at
this excitation intensity. Therefore, at the intensity above
50 �J /cm2, we concluded that Auger recombination of exci-
tons determine the transient absorption dynamics on several
picoseconds.5–7,26

Figure 3�a� shows the excitation intensity dependence of
transient absorption dynamics under 4.65 eV excitation. In
the weak excitation regime where excitation intensity is less
than about 10 �J /cm2, the decay dynamics is independent of
the excitation intensity. Therefore, we conclude that the av-
erage absorbed photon number per a carbon nanotube is less
than unity in these excitation intensities.

Figure 3�b� shows the transient absorption dynamics un-
der a weak excitation density at photon energies of 1.55,
3.10, and 4.65 eV �15, 10, and 3 �J /cm2, respectively�. All
of the decay curves are normalized for a long time delay �t
=10 ps�. We experimentally confirmed that in these weak
intensity regions, the transient decay dynamics is indepen-
dent of the excitation density. The fast-decay component due
to Auger recombination does not appear in the decay curve
under 1.55 and 3.10 eV excitation. Note that the decay dy-
namics under 4.65 eV excitation is faster than that under
1.55 eV excitation, and that the lifetime of the fast-decay
component under 4.65 eV excitation is the same as the Auger
recombination lifetime under intense 1.55 eV excitation.
This experimental result indicates that Auger recombination
occurs under 4.65 eV excitation, even in the weak intensity
region. Since the signals of the Auger recombination process
are a sign that more than two excitons are generated in a
SWNT, we conclude that a single photon with an energy of
4.65 eV produces two or more excitons under weak excita-
tion conditions, that is, CM occurs in a SWNT.

We evaluate the CM quantum efficiency ��CM�, defined
as the average number of excitons produced by one photon
excitation. The �T /T signal amplitude is proportional to the
number of excited excitons in the sample, since the transient

FIG. 2. �Color online� �a� Transient absorption ��T /T� dynamics under
1.55 eV excitation at different intensities of 15, 30, 100, and 300 �J /cm2.
Transient absorption decays with various excitation intensities normalized
by the long decay component �t=10 ps�. �b� Excitation intensity dependence
of the transient absorption signals at two delay times �t=0.5 and 10 ps�.
Black solid line and red dashed line show the linear dependences.

FIG. 3. �Color online� �a� Normalized transient absorption dynamics under
4.65 eV excitation at different intensities of 3, 5, and 20 �J /cm2. �b� Nor-
malized transient absorption decays under the weak excitation regime with
different excitation photon energies �black solid line: 4.65 eV, blue broken
line: 3.10 eV, and red line: 1.55 eV�. This figure explains how to determine
the CM efficiency, �CM, which is calculated from the ratio of the transient
absorption signals at zero delay.
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absorption change is very small. In the ensemble experiment,
Schaller et al. demonstrated that the exciton density can be
determined from signal amplitudes at zero delay in the time
profiles normalized at a long delay time.28,29 In our case, the
signal amplitudes at 10 ps delay time are proportional to the
number of excited carbon nanotubes, regardless of the exci-
tation energies below and above the CM threshold. In Fig.
3�b�, the intensity ratio of a /b at zero delay corresponds to
�CM, where a and b are the amplitudes under 4.65 and
1.55 eV excitation at zero delay, respectively. In our experi-
ment, �CM is estimated to be about 1.3 under 4.65 eV exci-
tation, while �CM is almost 1 within the experimental error at
3.10 eV excitation.

In bulk and nanostructured semiconductors, a possible
mechanism of CM is the impact ionization.13,30 In impact
ionization, the effective mass difference between holes and
electrons is one of the most important factors determining
the efficiency and threshold energy of CM. Due to the optical
selection rule, the photoexcited electrons and holes have the
same excess energies in carbon nanotubes. Since the effec-
tive masses of electrons and holes are the same, the threshold
photon energy for CM, ECM, is approximated by ECM
�3E11.

13 This prediction is consistent with our experimental
results. Therefore, CM in carbon nanotubes can be explained
by impact ionization.

In conclusion, we report transient absorption and CM in
carbon nanotubes using femtosecond pump-probe spectros-
copy. The observed CM and quantum yields can be ex-
plained by impact ionization. We demonstrated that carbon
nanotubes show unique optical responses because of their
strong electron-electron interactions.
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