PHYSICAL REVIEW B 86, 075449 (2012)

Dynamics of exciton-hole recombination in hole-doped single-walled carbon nanotubes
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The exciton decay dynamics in hole-doped single-walled carbon nanotubes (SWCNTs) has been studied by
femtosecond pump-probe transient absorption (TA) spectroscopy. By the doping of SWCNTs with holes, a fast
decay component with the lifetime of a few picoseconds appears in TA signals, which corresponds to exciton
decay through the Auger recombination between an exciton and a hole and the trion formation. We revealed
that this exciton decay rate is quantized by the number of holes in a single SWCNT. The number of holes of a
hole-doped SWCNT is successfully evaluated on the basis of TA decay dynamics.
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I. INTRODUCTION

The optical properties of semiconducting single-walled
carbon nanotubes (SWCNTs) have been studied extensively
from the viewpoints of fundamental physics and potential
device applications.! Because electrons and holes are strongly
confined in one-dimensional (1D) structures of around 1 nm
in diameter, excitons have extremely large binding energy,
enabling them to be stable even at room temperature.? Exciton
recombination processes govern the optical properties of
SWCNTs, 2 and manipulation of exciton dynamics and the
creation of new optical functionalities necessitate the doping
of SWCNTs with carriers.>'* Strong quantum confinement
of excitons enhances the many-body effects among excitons,
electrons, and holes in carrier-doped SWCNTSs. Time-resolved
transient absorption (TA) and photoluminescence (PL) spec-
troscopy measurements have revealed that nonradiative Auger
recombination of excitons plays a dominant role in the exciton
recombination dynamics in SWCNTSs.!5-2° Exciton-exciton
and exciton-electron (hole) interactions strongly affect the
PL quantum efficiency and device performance. Moreover,
a recent study has reported that absorption and PL peaks
attributed to 1D excitons are modified by hole doping, and
that trions (positively charged excitons, the bound states of the
exciton-hole complex) are formed in hole-doped SWCNTs.'#
It is, however, difficult to estimate the number of holes doped
in SWCNTs from optical absorption changes, because sharp
absorption peaks are due to stable excitons, but not the
van Hove singularities in the joint density of states of the
conduction-band electron and the valence-band hole. Given
that doping of SWCNTs is essential for device applications,
it is necessary to gain a proper understanding of the multiple-
particle processes involving excitons and holes to be able to
develop SWCNT-based photonics devices.

In this work, we report the exciton recombination dynamics
in hole-doped SWCNTs studied by TA spectroscopy using
a pump-probe technique. The photon energy of the probe
pulse was tuned at the E;; transition for excitons of (7,5)
SWCNTs. By adding chemical dopant into carbon nanotube
solutions, a fast decay component with the lifetime of a few
picoseconds appears in TA signals, which corresponds to the
exciton decay process determined by the exciton-hole Auger
recombination and the trion formation. We revealed that the
exciton decay rate is quantized by the hole number in a single
SWCNT, and the hole number distribution of SWCNTS in the
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sample is successfully evaluated on the basis of TA decay
curve analyses. We discussed the strong reduction of the
exciton absorption peak due to hole doping in conjunction
with the exciton-hole interaction in 1D SWCNTS. Our results
provide a good opportunity to understand the physics behind
the carrier-doping effects on 1D systems.

II. EXPERIMENT

Carbon nanotubes synthesized by the CoMoCAT meth-
ods, dispersed in toluene solutions with 0.9 wt.% poly(9,9-
dioctylfluorenyl-2,7-diyl) (PFO), were used.?! The samples
were treated as follows: moderate bath sonication for 60 min,
vigorous sonication with a tip-type sonicator for 5 h, and
ultracentrifugation at 18 500 g for 90 min. Hole doping was
achieved using a p-type dopant, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ), in a I mg/mL solution
of toluene.!! Transient absorption spectroscopy was performed
by a pump-probe technique. A quartz sample cell with a path
length of 1 mm was used for performing TA measurements.
The light source was a wavelength-tunable optical parametric
amplifier based on a regenerative amplified mode-locked
Ti:sapphire laser with a pulse duration of 150 fs and a repetition
rate of 1 kHz. The pump and probe pulse energies were 1.90
and 1.18 eV, tuned to the Ey, and E;; excitons, respectively,
for (7,5) nanotubes. The laser spot size on the sample
surface was measured carefully by the knife-edge method.
All measurements were performed at room temperature.

III. RESULTS AND DISCUSSION

Absorption spectra of PFO-dispersed SWCNTs with dif-
ferent F4,TCNQ concentrations are shown in Fig. 1(a).
The strong absorption peak at 1.18 eV is attributed to the
lowest Ej; exciton for (7,5) SWCNTSs. Strong absorption
peaks are not observed for SWCNTs with other chiralities,
indicating that our samples are highly enriched in a single
chirality. Hole doping causes a reduction in the intensity of
the 1.18 eV absorption peak and the formation of a new
absorption peak at 1.01 eV. This new peak is assigned to the
absorption of the trions of (7,5) SWCNTSs.'* Figure 1(b) shows
the spectrally integrated intensities of the E;; excitons and
trions as a function of the F,TCNQ concentration. While the
absorption intensity of the trions increases with the F,TCNQ
concentration, the absorbance of the E;; excitons decreases
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FIG. 1. (Color online) (a) Optical absorption spectra of single-
walled carbon nanotubes with different chemical dopant concentra-
tions. (b) Spectrally integrated absorption intensities at 1.18 eV (Ey;
excitons, left axis) and 1.01 eV (trions, right axis) as a function of the
dopant concentration p. The solid curve is the theoretically calculated
one.

with the F4,TCNQ concentration. At p of 0.4 mg/mL, the
absorption intensity for the E; excitons decreases to a half
value compared to the pristine samples.

According to a simple state-filling effect of the valance-
band density of state,'” this large reduction of absorption
intensity suggests the existence of a few tens of holes in a single
SWCNT with a length of 100 nm. However, it is accepted
that sharp absorption peaks are due to stable excitons, but not
the transition between the conduction band and the valence
band.** Furthermore, in a 1D wire structure, carrier doping
causes drastic changes in the absorption spectra near the band
edge due to dielectric screening.?? These facts indicate that
it is difficult to estimate the hole density on the basis of the
absorption intensities. Thus, it is necessary to develop a method
for estimating the hole density in a single SWCNT.

Figure 2 shows the TA decay dynamics under pump
intensities of 4, 13, 46, and 160 nlJ /cmz, where the average
numbers of photocreated excitons per nanotube, (N), are
estimated to be 0.1, 0.3, 1.1, and 3.7 according to Ref. 23. The
photoinduced absorption change A« is negative because of the
photobleaching of the E; exciton state. The TA curves show
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FIG. 2. (Color online) Excitation intensity dependence of TA
decay curves in pristine SWCNT samples. The inset shows the TA
signals in the long time window.
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almost no intensity dependence after 20 ps. At long times after
photoexcitation, the TA decay is governed by single-exciton
dynamics of SWCNTs, which is independent of the initial
photogenerated exciton number. The inset of Fig. 2 shows
the long-time decay dynamics under an excitation intensity of
160 1J/cm?. The relaxation behavior follows the power law
t=98. The power laws of the long-time relaxation dynamics
have been reported previously and are ascribed to the 1D
exciton diffusion in SWCNTs.?*

An increase in excitation intensities leads to the appearance
of a fast component with a lifetime of ~1 ps; this component
is attributed to the formation of multiple excitons in a single
SWCNT and to the Auger recombination of excitons.>~!7 It
should be emphasized that we observed the ensemble average
of TA decay curves, where each nanotube has N excitons
(N =1, 2, 3,...) just after photoexcitation. The fast decay
components are ascribed to the multiple exciton recombination
(N = 2), and the exciton lifetimes are quantized by exciton
numbers. It is known that such quantized Auger recombination
processes are observed in semiconductor nanocrystals.>>?®

Figure 3 shows the F,TCNQ-concentration dependence
of the TA decay dynamics under an excitation intensity of
4 uJ/cm?. All the decay curves show nonexponential decay
profiles, and the TA signal intensity decreases with an increase
of F,TCNQ concentration. We found that the TA dynamics
shows almost no hole-density dependence after 20 ps. The
inset of Fig. 3 shows the TA decay curves normalized at 20 ps.
The inset clearly shows no significant difference between two
decay curves at long delay times after 20 ps. An increase in
the F,TCNQ concentration leads to the clear appearance of a
fast decay component, but the TA decay profile is independent
of the excitation density under our photoexcitation condition.
In analogy to the fast decay components appearing under
strong photoexcitation in pristine samples (see Fig. 2), this
fast component under weak excitations should originate from
the many-body effects between excitons and holes such as the
exciton-hole Auger recombination and the trion formation,
rather than the exciton-exciton Auger recombination. The
slow decay component is ascribed to the single exciton
recombination, which is almost identical to that of the pristine
samples. This result indicates that the sample contains both
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FIG. 3. (Color online) Dopant-concentration dependence of TA
decay curves. The inset shows the TA curves normalized at the
intensities at 20 ps. The broken curves represent global fits.
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undoped and hole-doped SWCNTSs. Note that the observed
TA curves are ensemble-averaged over both undoped and hole-
doped SWCNTs in the sample. Therefore, the experimentally
obtained TA signal at the sample with dopant concentration p
in the picosecond time region, I}‘};(p,t), can be expressed by
the sum of the TA decays of undoped and doped SWCNTs,
and is given by

INp.t) =Y An(p) (1), 1)

n=0

where A, (p) corresponds to the TA signal intensity contributed
by SWCNTs doped with n holes in the sample with dopant
concentration p, e.g., Ag for undoped SWCNT, A; for
SWCNTs doped with one hole, and A, for SWCNTs doped
with two holes. ,,(¢) is the TA decay curve in SWCNTSs doped
with n holes. Here, 1,,(0) is assumed to be independent of n
and is equal to 1. A, (p) is

An(p) o< &y Pu(p), @

where @, and P,(p) correspond to the absorption coefficient
and the concentration fraction of the SWCNTSs doped with n
holes in the sample with dopant concentration p. Note that
Py(0) = 1 is satisfied in undoped SWCNTs.

First, we elucidate the TA decay curve of undoped SWC-
NTs, Iy(t), to discuss the hole doping effects on exciton
decay dynamics in hole-doped SWCNTs. The TA decay curves
of undoped SWCNTSs are nonexponential and approximately
reproduced by triple exponential functions in the time range
between 0 and 100 ps,?’?® although the decay curves at long
delay times are described by the power law. We obtained the
three lifetimes of 1.2, 6.1, and 38.2 ps. Using these values and
Eq. (1), we performed the global fitting of the TA decay curves
in hole-doped samples. For hole-doped samples, the TA decay
curves are well reproduced by the sum of the TA decay curve
of undoped SWCNTSs and two single-exponential functions:
Aolo(t) + Arexp(—t/Tt1) + Azrexp( — t/12). The fitting results
are shown as broken curves in Fig. 3. This finding shows that
new exponential-decay channels appear in hole-doped SWC-
NTs, and two lifetimes t; and 1, correspond to two-particle
interactions between an exciton and a hole in one-hole-doped
(ex-h) and two-hole-doped (ex-2h) SWCNTs, respectively.
Because of the 1D motion of excitons, the exciton-hole
scattering occurs between an exciton and the nearest holes:
one or two holes dominate the exciton decay dynamics. Here,
we obtained that 7; and 1, are 3.8 and 1.0 ps, respectively. At
long delay times, the TA decay is independent of the doped
hole number in SWCNTs.

It should be noted that the hole-number-dependent TA
dynamics in doped SWCNTs is quite similar to the quan-
tized Auger recombination in semiconductor nanocrystals,
where the exciton population dynamics is sensitive to the
number of excitons in a single nanocrystal.”>° Thus, we
can extract single-exponential exciton-hole dynamics using
the simple subtraction procedure. According to the simple
subtraction procedures proposed in Ref. 25, we subtract the
low-concentration TA curve from the high-concentration TA
curve, and we obtain the exciton lifetimes in hole-doped
SWCNTs. Figure 4 summarizes the decay curves derived from
a simple subtraction procedure. The subtracted decay curves
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FIG. 4. (Color online) TA curves obtained by the simple subtrac-
tion procedure: Decay curves due to single exciton recombination
(ex), and to exciton-hole interactions in one-hole-doped (ex-h) and
two-hole-doped (ex-2h) SWCNTs.

follow single exponential functions, corresponding to the ex-h
and ex-2h lifetimes. These lifetimes are also obtained from the
global fitting of the decay curves in Fig. 3. We successfully
determined the exciton lifetimes in the hole-doped SWCNTSs
by using the simple model.

The fitting parameters, Ag, Aj, and A,, for the TA decay
curves are summarized in Fig. 5(a). The parameter Ay for
undoped SWCNTs decreases with an increase of FsTCNQ
concentration, indicating the reduction of undoped SWCNT
number in the samples. From the p dependence of Ay, we can
calculate the average number of holes per a SWCNT, (n), in the
case that the probability distribution of the number of doped
holes follows the Poisson distribution P,(p) = (n)"e~" /n!.
Figure 5(b) shows (n) as a function of F;,TCNQ concentration,
p. It can be seen that (n) scales linearly with the F,TCNQ
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FIG. 5. (Color online) (a) Dopant-concentration dependence of
the fitting parameters Ao, A, and A,. (b) The average number of
doped holes, (n), evaluated using the Poisson distribution. (c) The
hole-number distribution in the SWCNT samples P,(p) with the
average hole numbers (n) of 0.5 and 1.5.
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concentration. This result supports that our model described in
Egs. (1) and (2) is appropriate for the evaluation of hole number
in a single SWCNT. It is noteworthy that (r) is below 2.0
at the maximum F,TCNQ concentration in our experiments,
indicating that most of the SWCNTs are completely devoid of
holes or have just a few of them [see Fig. 5(c)]. We found a
new method for evaluating the number of holes in SWCNTSs
based on the simple model.

The parameter A; for SWCNTs doped with one hole
increases with an increase of F4;TCNQ concentration at low
F4TCNQ concentrations, and it shows the maximum value at
around 0.3 mg/mL, which corresponds to (n) = 1 estimated by
the linear relation of (n) and p [see Fig. 5(b)]. This is consistent
with the fact that the fraction of SWCNTs doped with one hole,
Pi(p), becomes the maximum at (n) = 1. On the other hand,
the parameter A, for SWCNTs doped with two holes increases
more gradually with F4,TCNQ concentration, compared to the
case of A,. This is because the fraction of SWCNTSs containing
two holes is small at low F4,TCNQ concentrations below
(n) = 2. We calculated the concentration dependence of the
Ap, A1, and A, using Eq. (2) and the Poisson distribution of
the hole numbers, where the fitting parameters are &; and &,.
In Fig. 5, fitting results are shown as solid curves, reproducing
the experimental results well. The best-fitting parameters are
a1/ = 0.36 and &, /ap = 0.14. These results clearly show
that our simple model can explain the global features of the
exciton dynamics in the hole-doped SWCNTs.

Finally, we discuss the reduction of the lowest exciton
absorption peak due to hole doping, as shown in Fig. 1.
Using the values of &;/&) = 0.36 and &,/@y = 0.14, we
calculated the absorption intensities of the E; excitons in the
hole-doped samples, a(p) = Zi:o &, P,(p). The calculated
result is shown by the solid curve in Fig. 1(b). We found that
the calculated result is in good agreement with the experi-
mental observation. This result clearly shows that the exciton
absorption is strongly reduced even in very low hole densities
of ~10° cm™!, which is estimated from the average SWCNTs
length of a few hundred nanometers.?® Such a large reduction
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of the exciton absorption peak cannot be explained by a simple
state-filling effect of the valance-band density of state:'” the
change in optical absorption is considered to be less than 1%
in the sample doped with 10° cm™! holes. The exciton-hole
interaction modifies the exciton absorption of the hole-doped
SWCNTs: a single hole reduces the exciton absorption peak
intensity due to the redistribution of the oscillator strength of
excitons.'*3% Similar results are also observed in GaAs 1D
quantum wires: At low carrier densities (~10° cm™!), the
formation of negative trions (exciton-electron bound state)
strongly reduces the optical absorption of excitons.”> In
hole-doped SWCNTs, the absorption peak for trions appears at
1.01 eV, and the anticorrelation in optical absorption between
excitons and trions is observed as a function of dopant
concentration, as shown in Fig. 1. These observations indicate
that the exciton absorption and dynamics in hole-doped 1D
structures are dominated by exciton-hole interactions such as
Auger recombination and the trion formation.

IV. CONCLUSION

In conclusion, we studied the exciton recombination dy-
namics in hole-doped SWCNTs by TA spectroscopy using
a pump-probe technique. By the doping of SWCNTs with
holes, fast decay components with the lifetimes of a few
picoseconds appear in TA signals. We evaluated the quantized
recombination process between an exciton and holes. We
successfully estimated the number of holes in hole-doped
SWCNTs on the basis of the exciton decay dynamics.
Optical spectra and dynamics are influenced by exciton-hole
interactions enhanced by the strong confinement of an exciton
and holes in 1D structures.
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