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Ultrafast formation and decay dynamics of trions in p-doped single-walled carbon nanotubes
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We present the formation and decay dynamics of a trion (charged exciton) and exciton system in chemically
p-doped single-walled carbon nanotubes (SWNTs) investigated by time-resolved photoluminescence measure-
ments at 300 K. In (6,5) SWNTs with hole densities in the range of 0.27-1.05 nm~', a trion is formed from
the coalescence of an exciton and a free hole, with a rate of 1.7 x 10'®> nm s~!. The linear dependence of the
trion decay rate on the hole density allows us to find that the trion decay is governed by both a trion-hole Auger
recombination process and an internal Auger recombination process. The observed high efficiencies of Auger
processes dominate over the radiative recombination rate of trions, which demonstrates dynamic properties of
excitonic complexes in the presence of enhanced Coulomb interactions in one-dimensional systems.
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I. INTRODUCTION

A composite particle comprised of an exciton and an
electron (or a hole) is known as a negative (positive) trion
or a charged exciton, which is analogous to the charged
hydrogen ions H™ and H,". Since their first experimental
observation in 1993.! trions have attracted considerable in-
terest from both fundamental and technological viewpoints.
Trions as well as excitons govern the optical properties of
carrier-doped low-dimensional semiconductors,>™* and have
potential applications in quantum-information science and
related fields. In single-walled carbon nanotubes (SWNTs),
recent studies have evidenced the stable formation of trions
at room temperature because of their large binding energy.>®
Positive trions have been formed in chemically hole-doped
(p-doped) SWNTs® and both negative and positive trions
have been generated by an all-optical method’ and an opto-
electrochemical method.® However, the formation mechanism
and localized or delocalized nature remain unknown, though
Santos et al. suggested that electrons and holes are localized
to avoid their spatial overlap and further recombination for
all-optical trion generation.’

In In,Ga;_, As quantum wells (QW5s), trions can be formed
via a bimolecular process (an exciton and an electron/hole)
or a trimolecular process (an unbound electron-hole pair
and an electron/hole), depending on the excitation densities,
and decay on a time scale of nanoseconds.’ The formation
time of trions is as long as ~100 ps in modulation-doped
GaAs/AlGaAs QWs'? and 65 ps in p-doped CdTe/CdMgZnTe
QWs,!! reflecting the localized nature of trions resulting from
potential fluctuations in the QWs. In SWNTS, scattering among
excitons, charged excitons, and electrons (holes) is more
significant because of enhanced Coulomb interactions in one-
dimensional (1D) systems. While exciton-electron scattering
is suppressed at low temperatures due to the cusp-like structure
of the exciton dispersion, it drastically increases at room
temperature.'”> Auger annihilation processes associated with
enhanced Coulomb interactions between charged particles are
expected to play a more important role in trion decay.

In this paper, we report the investigation of the dynamics
of a trion and exciton system in p-doped SWNTs with hole
densities of 0.27-1.05 nm~! at room temperature by means of
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femtosecond time-resolved luminescence spectroscopy. The
hole density dependence of the formation rate reveals that
the trions are formed through a bimolecular process, i.e., the
coalescence of an exciton and a free hole, with a rate of 1.7 x
10" nm~'s~!. Trion decay is governed by both a trion-hole
Auger recombination process with a rate of 1.0 x 10'> nm s~!
and an internal Auger recombination process with a rate of
1.4 x 10" s7!. We find that the internal Auger process, in
which an electron-hole pair recombines with ejection of a hole
within a trion, dominates over the radiative recombination
process, which is the intrinsic nature of excitonic complexes
in SWNTs.

II. EXPERIMENT

A. Sample preparation

The SWNTs used in this study were produced by the
Co-Mo catalytic (CoMoCAT) process (SWeNT, SG-65). The
nanotubes (25 mg quantity) were dispersed in water (50 ml)
with 2% weight (wt) sodium dodecyl sulfate (SDS) by
sonication at 15 °C for 5 h (Branson, Sonifier 450). The
dispersion was immediately centrifuged at 122 000 g for
3 h (Hitachi Koki, 70P-72), and the upper 80% supernatant
was then collected. The supernatant was used as the starting
material for the gel column chromatography procedure!!'#
for enhancement of (6,5)-chirality SWNTs. A gel column
was filled with 1 ml of Sephacryl S-200 (GE Healthcare)
and then equilibrated by 2% wt SDS solution. 12 ml of the
supernatant was poured into the gel column. 10 ml of 2%
wt SDS solution was added into the column to wash out the
unbound SWNTs. 4 ml of 5% wt SDS solution was added
into the column to elute SWNTs bounded to the gel. The
obtained dispersions were used as the samples. The majority
of SWNTs were isolated, though there remained small bundles
of several SWNTs.!> The abundance ratios of SWNTSs in the
samples were estimated from the spectral weights of exciton
absorptions. The abundance ratios of (6,5) and (6,4) SWNTs
are enhanced from 59.7% to 74.1% and from 6.3% to 20.2%
after the gel column chromatography procedure, respectively.
Details of the characterization of samples are described in
the Supplemental Material (see Ref. 16). Hole-doping of the
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FIG. 1. (Color online) Absorption spectra of samples with addi-
tion of HCl solution. The amounts of HCI solution added for 600-ul
SWNT dispersant and the estimated hole densities are indicated in
the figure.

17,18

SWNTs was performed by adding an HCI solution into

the SWNT dispersion.

B. Experimental setup

Absorption spectra and maps of photoluminescence ex-
citation (PLE) spectra were taken using a HITACHI U-
3500 spectrophotometer and a Shimadzu CNT-RF system,
respectively. Luminescence kinetics were measured using
femtosecond time-resolved luminescence spectroscopy based
on the frequency up-conversion technique.'® The light source
was a mode-locked Ti:sapphire laser operating at 82 MHz
with a pulse width and wavelength of 80 fs and 800 nm,
respectively (corresponding to a photon energy of 1.55 eV).
The excitation intensity was ~0.3 uJ cm™2/pulse (~1 x 102
photons cm~2/pulse), which is well below the threshold
(~50 12J cm~2 /pulse) for the occurrence of the exciton-exciton
annihilation process in (6,5 SWNTs under the 1.55-eV
excitation condition.’ We used a 0.3-mm-length cell to
achieve a higher time resolution by diminishing a difference
in propagation time within the sample between an excitation
pulse and a luminescence signal, which is due to a difference
in their group velocities. The instrument response function
of the measurement system was determined by measuring a
cross-correlation trace between the gate pulse and excitation
pulse scattered from the sample surface, which had a Gaussian
shape with a full width at half-maximum of 120 fs. In the fitting
analysis, we used a convolution method, and the resolution of
the fitted time constant was 20 fs. The spectral resolution was
about 0.03 eV. All measurements were conducted at room
temperature.

III. RESULTS AND DISCUSSION
A. Absorption and PLE spectra

Figure 1 shows the dependence of the absorption spectra
of the samples on the amount of HCI solution added.
The absorption bands observed in the undoped sample are
attributed to the lowest singlet excitons (E;; excitons) of
various SWNT species, and the major chiralities of (6,5) and
(6,4) are assigned by referring to Ref. 21. The assignment of
other SWNT species is shown in Fig. S1 in the Supplemental
Material.'® The spectral weights of the E;; exciton bands
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FIG. 2. (Color online) (a) PLE map of doped sample with a hole
density of ~0.7 nm~". (b) Excitation spectra for (6,5) SWNTs probed
at 1.27 (undoped sample) and 1.08 eV (doped sample). (c) Excitation
spectra for (6,4) SWNTs probed at 1.42 eV (undoped sample) and
1.20 eV (doped sample).

decrease with the addition of the HCI solution. According
to Refs. 22 and 23, the ensemble average of hole density
in the (6,5) SWNTs can be estimated by considering the
band-filling effect of free holes that leads to a reduction
in oscillator strength of the E|; exciton transition, and the
estimated hole densities are indicated in the figure. As the hole
density increases, two additional absorption bands appear at
1.08 and 1.20 eV [indicated as (6,5)* and (6,4)*], and their
spectral weights increase. These bands are assigned to the trion
absorption bands of (6,5) and (6,4) SWNTs by considering
the energy differences from the E;; exciton bands:;®’ this
assignment is confirmed by PLE spectra, as discussed below.

A PLE map of the doped (hole density ~0.7 nm~!) sample
is shown in Fig. 2(a). The fingerprints observed at the emission
photon energies of 1.27 and 1.42 eV are attributed to the E|,
excitons of the (6,5) and (6,4) SWNTs, as indicated in the
figure. In addition to these fingerprints, two fingerprints are
observed at emission photon energies of 1.08 and 1.20 eV
[indicated as (6,5)" and (6,4)*] at which the two peaks are
observed in the absorption spectra of the doped samples.
The emission peaks can be assigned based on the excitation
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FIG. 3. (Color online) (a) Luminescence kinetics of E;; exciton at 1.26 eV in undoped (top) and doped (hole density 0.97 nm™") (bottom)
samples. The symbols and solid curves represent experimental data and double-exponential fits, respectively. (b) Luminescence kinetics of
trion at 1.08 eV (bottom) in doped sample (hole density 0.97 nm™") together with that of E|; exciton at 1.26 eV (top). The baselines are shifted
for clarity. The symbols represent experimental data, and the solid and dashed curves are the results of double (single) exponential fits and of
the fit using Eq. (2), respectively. (c) Schematic of relaxation processes of an exciton and trion in doped SWNTs.

spectra probed at 1.08 and 1.20 eV, shown in Figs. 2(b)
and 2(c). The E; exciton luminescence of the (6,5) SWNTs
probed at 1.27 eV in the undoped sample is enhanced by the
resonant excitation of the E,, exciton transition at 2.18 eV
(black curve), and the luminescence probed at 1.08 eV in the
doped sample is also enhanced at this energy (red curve).
Therefore, this luminescence comes from (6,5) SWNTs. The
difference between the E|; exciton luminescence energy and
the hole-doping-induced luminescence energy is 0.19 eV in
(6,5) SWNTs. As shown in Fig. 2(c), the excitation spectrum
probed at 1.42 eV for (6,4) SWNTs in the undoped sample
shows a peak at 2.13 eV that corresponds to the Ey, exciton
energy of the (6,4) SWNTSs. The excitation spectrum probed
at 1.20 eV in the doped sample shows the primary peak at the
same energy (2.13 eV). The energy difference between the E
luminescence energy (1.42 eV) and the hole-doping-induced
luminescence energy (1.20 eV) in (6,4) SWNTs is 0.22 eV.
These values are in good agreement with reported values for
the energy difference between the singlet exciton state and the
trion state: 0.18 eV in (6,5) SWNTs,® and 0.19 eV in (6,5)
and 0.22 eV in (6,4) SWNTs.” Therefore, we attribute the
bands observed at 1.08 and 1.20 eV in both the absorption
and PLE spectra to trions in the (6,5) and (6,4) SWNTs,
respectively. Hereafter, we focus on the results obtained for
the (6,5) SWNTs (diameter of 0.75 nm), because the trion
band is better separated from the exciton bands in the (6,5)
SWNTs than in the (6,4) SWNTs.

B. Luminescence Kkinetics

Figure 3(a) shows the luminescence kinetics of the Ej;
exciton in (6,5 SWNTs at 1.26 eV in the undoped and
doped (hole density 0.97 nm~!) samples. As observed in our
previous study,”* the luminescence kinetics in the undoped
sample shows fast and slow decay components, and can
be fitted to a double-exponential function, C exp(—t/7y) +
(1 — C)exp(—t/7y). Here, the time constants 7, and 7, are
640 £ 20 fs and 5.0 &= 0.2 ps, respectively, and the weighting
factor C is 0.60 £ 0.05. Since the excitation density is

~0.34] cm~?/pulse and is well below the threshold of
~50 pJ cm™2/pulse for the occurrence of the exciton-
exciton annihilation process in (6,5) SWNTSs,? the observed
decay behavior reflects linear exciton decay dynamics. The
fast and slow decay components respectively correspond
to intertube exciton decay via excitation energy transfer in
SWNT bundles remaining in the sample'®?>%¢ and intratube
exciton decay mainly due to nonradiative processes in isolated
SWNTs.?7:28

In the doped sample, the luminescence kinetics also shows
biexponential decay behavior. However, the time constants
in the doped sample are much shorter than in the undoped
sample; 7 and 7, are 60 & 20 and 540 =& 20 fs, respectively,
and C is 0.80 & 0.05. The shorter decay time of 60 fs in
the doped sample indicates that an additional faster decay
channel of the E; exciton is induced by the hole doping. The
phonon-assisted indirect exciton ionization (PAIEI) process>’
is the dominant decay channel in p-doped (8,6) SWNTs with
hole densities below ~0.25 nm~'.?* The value of the exciton
decay rate extrapolated to a hole density of ~1 nm™! is
3.6 x 10'' s~!, and is about two orders of magnitude smaller
than the rate observed in our experiments [1.7(£0.6) x 10'3
s~! = (60 £ 20 fs)~!']. Therefore, the fast decay component
(major component) cannot be explained by the PAIEI process,
suggesting the existence of other decay channels. The slow
decay time of 540 fs is approximately the same as the fast decay
time observed in the undoped sample. Therefore, the 540 fs
decay component (minor component) in the doped sample is
attributed to bundled SWNTSs that are not thoroughly doped,
probably because the dopants do not come into contact with
the SWNTs within a bundle.

The Iuminescence kinetics of trions in (6,5) SWNTSs are
shown in Fig. 3(b) at 1.08 eV (bottom) in the doped sample
with a hole density of 0.97 nm~! together with that of
the E;; exciton in (6,5) SWNTs at 1.26 eV (top).30 In
contrast to the decay kinetics of the E; exciton luminescence
at 1.26 eV, the decay curve of the trion luminescence at
1.08 eV shows exponential-like behavior. However, a simple
single-exponential function with a time constant of 520 fs
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cannot reproduce the observed behavior around the time origin,
suggesting the existence of a rise component.

C. Rate equation analysis

To analyze the dynamical behavior of the luminescence
from the (6,5 SWNTs using a rate equation model, we
consider relaxation processes in the doped SWNTs, as shown
schematically in Fig. 3(c). The E; exciton consists of bright-
and dark-exciton states. However, we neglect the dark-exciton
state in the model, because the relaxation time of bright
excitons to the dark-exciton state in undoped SWNTs is on
the order of 10-100 ps*!3> and much longer than the exciton
decay times (60 and 540 fs) observed in our study.

Laser pulse excitation creates E; excitons with a density
of Nx(t) by the generation function G(¢). Because of the large
separation between the excitation photon energy of 1.55 eV
and the trion state energy of 1.08 eV, the trion absorption is
very weak at 1.55 eV, and thus we assume that the trion state
is not directly excited by the laser pulse. The E;; excitons
decay via radiative and nonradiative processes. The radiative
decay rate is denoted by yy, and the nonradiative exciton decay
processes include a decay to the trion state yx7 and a decay to
nonradiative centers yy". Trion formation is expressed by the
term yx7 Nx(t). The trions also decay via radiative (y;) and
nonradiative (y;") processes. Therefore, the rate equations for
the exciton and trion densities Nx(#) and Nr(¢) are written in
the form

dN

d);(t) =GO = (rx + v +yxr)Nx@, (D)
dN

th(t) = yxrNx() — (V; + V#r)NT(t)' 2

The exciton decay rate in isolated undoped SWNTs is
~10'" s71 2728 and the decay rate due to the PAIEI process by
hole doping is estimated to be 3.6 x 10'! s~! for a hole density
of ~1 nm~!. Hence, y§ + yy" is fixed at 4.6 x 10! s~!, and
we fit the trion decay curve by adjusting the parameters yxr
and (y; + y7"). The fitted result is shown in Fig. 3(b) as a
dashed line, and the obtained values of yxr and (y; + yf") are
1.7(£0.6) x 10" s=! and 2.3(0.1) x 10'2 s~!, respectively.
The inverse of yxr, i.e., the trion rise time, is 60 % 20 fs, in
fairly good agreement with the decay time of 60 £ 20 fs for
the E;; exciton luminescence shown in Fig. 3(a) indicating
that the excitons decay to trions in 60 =% 20 fs.

Figure 4 shows luminescence decay curves of trions
measured at 1.08 eV in (6,5) SWNTs with hole densities
of 0.68, 0.97, and 1.05 nm™!. They show the rise and
single-exponential decay behavior. The observed curves are
fitted well to the function in Eq. (2) and the results are
plotted as dashed lines. The rise time, i.e., the inverse of yxr,
decreases with increasing hole density: 80 £ 20 fs at 0.68
nm~', 60 + 20 fs at 0.97 nm~"', and 50 & 20 fs at 1.05 nm~".
The decay time of the trion luminescence also decreases with
increasing hole density: 470 # 20 at 0.68 nm™!, 440 % 20 fs
at 0.97 nm~!, and 400 + 20 fs at 1.05 nm~".

D. Mechanisms of trion formation and decay processes

Shown in Fig. 5(a) is the yxr value obtained by fitting
analysis as a function of the hole density n,. We observe a
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FIG. 4. (Color online) Luminescence kinetics of trions measured
at 1.08 eV in (6,5) SWNTs with hole densities of 0.68, 0.97, and
1.05 nm~!. The symbols represent experimental data. The dashed
curves are the results of curve fitting using Eq. (2).

linear dependence of yxr on n,, and the extrapolated value of
yxr 1s approximately zero at n, = 0. This result indicates that
trions are formed through an exciton-hole interaction, i.e., a
bimolecular process. As shown in Fig. 3(b), no rise behavior of
the exciton luminescence is observed, which indicates that the
free electron-hole pairs instantaneously form excitons within
the laser pulse duration. As a result, the trimolecular reaction
is ineffective at forming trions. The high formation rate via
the bimolecular reaction is consistent with recent theoretical
calculations of exciton-electron scattering in doped SWNTs.?
Exciton-electron elastic scattering is suppressed at the low
temperature (Fig. 2 in Ref. 12) because of the cusp-like
structure of the exciton dispersion, which is characteristic of
semiconducting SWNTSs. At the high temperature, however,
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FIG. 5. Hole-density dependence of the (a) exciton-trion decay
rate yxr and (b) nonradiative decay rate of trion y;".
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the scattering rate becomes high because the energy of the
incoming electrons lies in the region of parabolic dispersion
of the exciton. The scattering rate at 300 K for SWNTs with
a diameter of 1 nm is estimated to be ~3 x10'* s~! for
n, ~ 1 nm~! based on Fig. 5 and Eq. (3) from Ref. 12. The
trion formation rate must be smaller than this value, since the
phonon emission process is involved in the formation of a trion
in the lowest state.

We now discuss the trion decay processes described by
the rate of (y; + y;"). The radiative decay rate for trions is
not known, but is expected to be lower than that for excitons,
which is 108-10% s=! 3334 because of the mixed character of
singlet and triplet states. As the observed decay rate of trions in
our studyis 2.1 x 10'2-2.5 x 10" s~!, nonradiative processes
are dominant. As shown in Fig. 5(b), y;" increases linearly
with n,,, which indicates trion-hole Auger recombination. As
the transition energy of the trion (1.08 eV) almost equals the
energy separation between the tops of the first and third valence
bands of (6,5) SWNTs,* a hole in the vicinity of the top of
the first valence band can be excited to the third valence band
when an electron-hole pair within a trion recombines. Since the
densities of states for the initial and final hole states are high
near the van Hove singularities, such an Auger process takes
place efficiently. Defining the rate as y;" = An, + B, line
fitting analysis yields the values of A and B tobe 1.0 x 10'> nm
s™!and 1.4 x 102 s7!, respectively. The finite rate at n, = 0
suggests the occurrence of an internal Auger recombination
process in which an electron-hole pair recombines, with
ejection of a hole within a trion. For n, =1 nm™', the
trion-hole Auger rate is 1.0 x 10'? s~!, comparable to the
internal Auger rate. Since the size of the trion wave function is
~5 nm,>° the effective distance between an electron and hole
(or holes) is on the same order of magnitude as n ,,’1 for high
hole densities. Therefore, it is reasonable that the rate of the
trion-hole Auger process, wherein a hole not forming a trion is
scattered, is comparable to that of the internal Auger process,
wherein a hole forming a trion is scattered.

We note that the internal Auger rate is higher than the
exciton annihilation rate by the PAIEI process in which an
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exciton annihilates via scattering with a hole with emission
of phonons; the PAIEI rate is estimated to be 3.6 x 10"
s7! for n p=1 nm~!. Although an electron and two holes
are involved in both recombination processes, the Auger
rate is higher when the three particles form an excitonic
complex by the Coulomb interaction. Very recently, Colombier
et al.’? reported that a biexciton does exist in SWNTSs and
becomes annihilated through the Auger process with a rate
of 2 x 10'? s7!, which is comparable to the exciton-exciton
annihilation and the Auger processes of the trion. Therefore,
these results indicate that high efficiencies of Auger processes
are inherent in excitonic complexes in SWNTSs. A theoretical
study of trion-hole (electron) interactions and a role of phonon
is needed for a detailed understanding of Auger processes.

IV. CONCLUSION

We have investigated the dynamic properties of excitons
and trions in p-doped semiconducting SWNTSs with hole den-
sities of 0.27—-1.05 nm~! at room temperature. Time-resolved
luminescence measurements of (6,5) SWNTs allowed us to
determine that the trion is formed from an exciton and a free
hole with a formation rate of 1.7 x 10'> nm s~!. The decay rate
of trions shows a linear dependence on the hole density, which
indicates that the trion decay is governed by both a trion-hole
Auger recombination process and an internal Auger recombi-
nation process, dominating over the radiative process. The in-
ternal Auger recombinationrateis 1.4 x 10'2s~! and the trion-
hole Auger recombination rate is 1.0 x 10'> s~ for n,=1
nm~!. The observed high Auger rates dominate over the radia-
tive recombination rate of trions. Our findings provide further
insights into recombination processes of excitonic complexes
in the presence of enhanced Coulomb interactions in 1D sys-
tems and stimulates further theoretical work for such systems.
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