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Bias-induced modulation of ultrafast carrier dynamics in metallic single-walled carbon nanotubes
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The gate bias dependence of excited-state relaxation dynamics in metallic single-walled carbon nanotubes
(MCNTs) was investigated using pump-probe transient absorption spectroscopy coupled with electrochemical
doping through an ionic liquid. The transient transmittance decayed exponentially with the pump-probe delay
time, whose value could be tuned via the Fermi-level modulation of Dirac electrons under a bias voltage. The
obtained relaxation time was the shortest when the Fermi level was at the Dirac point of the MCNTs, and
exhibited a U-shaped dependence on the bias voltage. Because optical dipole transitions between the Dirac bands
are forbidden in MCNTs, the observed dynamics were attributed to carrier relaxation from the E;; band to the
Dirac band. Using a model that considers the suppression of electron-electron scattering (impact ionization) due
to Pauli blocking, we could qualitatively explain the obtained bias dependence of the relaxation time.
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I. INTRODUCTION

Carbon-based nanoscale materials such as carbon nan-
otubes (CNTs) and graphene have been intensively studied
as they display intriguing physical, electrical, and optical
properties, such as high mobility and high thermal conductivity
[1-6]. In particular, in CNTs, the electronic states can easily
be controlled by a slight change of the structure, so-called
chirality, from semiconductors to metals. In metallic CNTs
(MCNTs), electronic conduction occurs via the quasi-one-
dimensional Dirac electrons with a linear energy-momentum
dispersion curve.

In MCNTs, a band-to-band transition with a large oscillator
strength (E; band) is observed in the visible wavelength range
[7]. Upon photoexcitation of MCNTs, both the excited Ej
band and Dirac electrons are expected to contribute to unique
carrier-carrier interactions. However, the ultrafast dynamics
of the photoexcited carriers in MCNTs have not been as
extensively studied as those of semiconducting CNTs [8-13],
partly because it has been difficult to extract pure MCNTs until
recently [14].

One powerful way of investigating the carrier dynamics
in metals and semimetals is to perform time-resolved spec-
troscopy while tuning the Fermi level [15,16]. In MCNTs,
tuning the Fermi level over several eV allows optoelectric
properties to be analyzed, for example, drastic color changes
have been reported [17-20]. These results indicate that the
Fermi energy or the carrier concentration of the Dirac band
can be controlled by the bias voltage; therefore, we expect to
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elucidate the mechanism of the coupling dynamics between
Dirac and band electrons in the MCNTs. As carrier-carrier
interactions are of fundamental importance in optical and
electrical applications, we investigated the dynamics of Dirac
and band electrons in MCNTs using sub-10-fs pump-probe
spectroscopy via electrochemical doping by applying a gate
voltage through an ionic liquid.

II. EXPERIMENT

In the experiments, we used MCNTs with the average
diameter of 1.4 nm, which were purified by the density-gradient
method [21]. The purity of the MCNTSs was estimated to be
greater than 95% [17]. MCNT thin films were formed by
vacuum filtration and were placed on glass slides with Ti
(5 nm)/Au (100 nm) electrodes. The orientations of the MCNT's
were thus random in our sample. To apply a voltage to these
samples, a droplet of an ionic liquid, TMPA-TFSI (N,N,N-
trimethyl-N-propylammonium bis(trifluoromethanesulfonyl)
imide; Kanto-Kagaku Co.) was placed on the sample.
Figure 1(a) shows a schematic of the sample configuration,
in which the polarity of the bias voltage determines the carrier
type (electrons or holes) to be injected. To estimate the actual
bias voltage on the sample, we measured the probe voltage
using the effective circuit shown in the figure. The probe
voltage as a function of applied voltage is shown in Fig. 1(b).
The MCNT sample used in this study reached the charge-
neutral point or the Dirac point around the applied voltage
of 1.0 V, where the Fermi level of the MCNTSs could be tuned
to the Dirac point. We confirmed that none of MCNT samples
were damaged after the experiments. All of the experiments
were performed at room temperature of about 293 K.
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FIG. 1. (a) Schematic of the experimental configuration for
pump-probe spectroscopy under a bias voltage. The probe voltage
was measured using a tungsten pin near the MCNT sample deposited
on a glass plate. CE: counter electrode; IL: ionic liquid droplet; PD:
photodiode. (b) Probe voltage as a function of the applied voltage.
(c) Absorption spectrum (optical density) of the MCNT thin film.
The lower panel shows the difference of the absorption under the
bias voltage. (d) Schematic of the excitation processes in the MCNTs
near the Dirac point. The vertical arrows indicate the allowed (solid
line) and forbidden (dashed line) transitions between the valence and
conduction band.

Figure 1(c) shows the absorbance spectrum of the MCNT
film. Two absorbance peaks due to the excitonic resonance
(or van Hove singularity) were observed at 720 nm (E1;) and
400 nm (E»;). When applying a bias voltage to the sample,
we observed a slight change in the shape of the absorption
spectrum, as plotted for a few different voltages in the lower
panel of Fig. 1(c). Under negative bias voltages, the Ej;
absorption bleached and broadband absorption was induced
in the observed wavelength range. Because the charge-neutral
point is located around a positive bias of 1.0 V, the data under a
negative bias voltage of —3.0 V only shows the bleaching due to
the Pauli blocking of the E; transition around 700 nm as well
as the bias-induced broad absorption around 850 nm probably
due to the plasmon absorption of the E; band electrons [15].
On the other hand, the bias of +3.0 V could not yield the
bleaching because the actual Fermi energy of the sample was
insufficient to induce it. Note that the band-to-band transition,
depicted by the dashed line in Fig. 1(d), is forbidden by the
symmetry [22]. In addition, the collective response of the Dirac
electrons existed at a much lower frequency [23], and may have
little dependence on the Fermi energy because of the constant
density of states and Fermi velocity of the Dirac band in one
dimension.

To observe the carrier lifetime in MCNT samples under a
bias voltage, we used a degenerate pump-probe spectroscopy
setup with sub-10-fs time resolution. A Ti:sapphire laser sys-
tem (repetition rate: 80 MHz; pulse duration: 7.5 fs; wavelength
range: 680-980 nm; 300 mW) was employed for this study.

FIG. 2. (a) Pump-probe transient transmittance change observed
with the polarization configuration parallel and perpendicular to each
other. (b) Normalized transient transmittance under a positive bias
voltage with the parallel polarization configuration. (c¢) Normalized
transient transmittance under the negative bias voltage with the paral-
lel polarization configuration. The right panel shows the logarithmic
plot, while the left panel shows the linear plot near the time origin.
The baselines for the data in the logarithmic plots are offset to
clearly show the exponential decay. The arrows indicate the onset
of nonexponential decay near the time origin observed as a kink
structure.

The wavelength range of this laser system covered the Ey;
transition and the plasmonic absorption band regions. We
measured both configurations where polarizations of the pump
and probe beams were parallel and perpendicular to each other.
The average power of the pump pulse was 100 mW, while that
of the probe was 5 mW. The diameter of the focusing area at
the sample was around 50 pum.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the polarization dependence of the
transient absorption observed at a bias voltage of 0 V. Because
of the anisotropy of the absorption coefficient in MCNTs,
the different polarization configuration gave rise to a slight
difference in the peak intensity. However, the dynamic be-
havior, such as carrier relaxation, was almost the same for
both parallel and perpendicular polarizations, as reported in
a previous study for semiconducting CNTs [24]. In order to
clearly elucidate the carrier dynamics, the time evolution of
the transient transmittance is plotted as a semilog graph for
parallel polarization, as shown in the left panel of Fig. 2. Here,
we note that the observed decay dynamics were independent
of the pump fluence under our experimental conditions.

At around 30 fs, we observed a kink structure, which
could be assigned to the dynamics from initial nonequilibrium
electron distribution to the thermal equilibrium. After the
thermalization was completed, the transmittance showed a
single-exponential decay together with the coherent phonon
oscillations of the radial breathing mode. When the bias voltage

075435-2




BIAS-INDUCED MODULATION OF ULTRAFAST CARRIER ...

PHYSICAL REVIEW B 97, 075435 (2018)

02 Epump//Eprobe ——
g 0.1
g MCNT
= diameter 1.4 nm
S 0.0
T EpumoLE -
g 02 pump—Sprobe
(]
o

01

00 | | | |

-3 -2 -1 0 1 2 3

Applied Voltage (V)

FIG. 3. Relaxation time as a function of bias obtained by the
exponential fitting for parallel (upper panel) and perpendicular (lower
panel) polarization configurations.

was applied, the transient absorption changed drastically, as
shown in Figs. 2(b) and 2(c). The rate of decay was slower
in the case of electron doping (negative polarity) than that
with a positive bias voltage, and was the shortest with a
bias voltage of 0.5-1.0 V; this was due to the shifted neutral
point observed in Fig. 1(b). These results demonstrate that the
carrier relaxation process was accelerated at the charge-neutral
point. It is worth noting that the range of probe bias voltage
(—0.6-0.4 eV) observed in Fig. 1(b) was far from the energy
where the band-to-band transition is fully bleached as shown
in Fig. 1(c); therefore, the change in the relaxation dynamics
as a function of bias voltage should be due to interactions with
the Dirac electrons. Note that the observed decay dynamics
are independent of the pump fluence in our experimental
conditions.

To clarify the origin of the change in transient transmittance,
the obtained carrier relaxation times are plotted as a function
of a bias voltage in Fig. 3. Overall, we observed a minimum
carrier relaxation time at around 0.5-1.0 V, which may indicate
an intrinsic relaxation at the Dirac point of MCNTs. We also
observed that the relaxation time increased more than a factor
of 2 from the fastest. This fact shows that the carrier relaxation
time can be controlled by the bias voltage. The overall tendency
of the relaxation times as a function of bias voltage was
similar for both polarizations. In the following section, we
will consider the origin of the relaxation behavior with a
simple model considering the Coulomb interaction between
the E}; band and Dirac electrons, i.e., impact ionization, and
the electron-phonon scattering processes.

IV. DISCUSSION

The impact ionization process is one of the dominant
relaxation paths for excited electrons in graphene and other
materials [13,25,26]. Because the dipole transition between the
Dirac states is forbidden in MCNTs, as shown in Fig. 1(d) [22],

the optical responses of MCNTs mostly originate from E;
transitions, and radiative recombination and energy relaxation
within the Dirac bands can hardly be observed. Therefore,
the dominant relaxation pathway observed in transient trans-
mittance is attributed to the relaxation from the E{; van
Hove singularity to the Dirac band. The relaxation pathway
from the E;; band to the Dirac band is forbidden if the
sample has a perfect cylindrical symmetry and the angular
momentum around the cylinder is conserved. However, ex-
ternal factors such as the presence of surfactants, defects,
or impurities can destroy the ideal radial symmetry, which
may partially allow transitions via this forbidden pathway.
This assumption enables us to qualitatively evaluate the bias
dependence of the relaxation rate of transitions from the Ey;
to Dirac band. The other possibility is the contribution from
optical phonon scattering, which will also be discussed in the
following [27].

In the impact ionization process, the relaxation rate of each
excited state with a wave vector of k| should be written by
Fermi’s golden rule as [26]

27
Sthi ko, ka) = == Mk — ko )18, sk -4
X 8(e1 + &2 — €35 — €4). (1)

Here, k; and k5 are the wave vectors of electrons in the initial
states, k3 and k4 are those in the final states, and &1, &;, €3, and &4
are the energies of the corresponding electrons. M(|k; — k»|)
is a matrix element of the carrier-carrier scattering due to the
screened Coulomb interaction, which we assumed to follow
a Bessel polynomial K((x) in the one-dimensional MCNT by
considering the screening effect [28]. We used

M(g) = %M )

L 14 aKy(gd)

in the calculation. Here, L is the normalization length for
a plane wave in one dimension [29]. The parameter a =
8ac/mvp ~ 0.64, where vp ~ 343/c is the Fermi velocity,
o ~ 1/137 is the fine structure constant, and c is the speed
of light [28]. Two delta functions express the conservation of
energy and momentum. Then the scattering rate of the carriers
at k| can be calculated by integrating all possible pairs of initial
and final states. For example, we calculated the relaxation
time of the carriers due to AAB process depicted in Fig. 4(a)
(where A and B correspond to the indices of Dirac bands with
positive and negative slope in the dispersion near the Dirac
point, respectively) using

L2
Taap (k1) = n? // dkadks f(ko)[1 — f(k3)]

x [1 = flki + kr — k3)]
x Stky, ko, ks, ki + ko — k3). 3)

The change in chemical potential (Fermi energy) and
temperature was introduced through the Fermi distribution
functions f (k). Here, we assumed that the Dirac electrons were
at 300 K. Finally, we summed up all possible contributions
shown in Fig. 4(a), and integrated as a function of k; assuming
that the excited-state population can be described by the
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FIG. 4. (a) Possible relaxation pathways of the impact ionization
processes for excited carriers in the E; band. (b) Calculated Fermi-
energy dependence of the relaxation rate of photoexcited carriers. The
initial electron distribution of the Dirac band was assumed to be in
thermal equilibrium at 300 K. The results of the calculation when the
excited electrons in the E; band were at 300 and 1000 K are shown.
Note that we summed the electron and hole relaxation rates as both
processes contributed to the bleaching of the MCNT absorption. The
Fermi-energy dependence of the electron relaxation rate calculated at
300 K is also shown.

Boltzmann function B(k;) o exp(—e;/kT,) with the excited-
state electronic temperature 7,. Obtained total relaxation rate
due to the impact ionization process becomes as follows:

1
o) = ;[dklg(kl)[rg,{B(kl)+ Tapa k1) + Tagp(kr)

+ Tpan (k1) + Tpap (k1) + Topa (kD] 4)

where n = [ dk; B(k;) is the population of excited states.
Figure 4(b) displays the calculated Fermi-energy depen-
dence of the decay rate of photoexcited carriers. To include
both electron and hole relaxations, we summed the calculated
result for electrons shown in Fig. 4(b) with that for holes
(which could be obtained by flipping the energy axis because
of the electron-hole symmetry). The total carrier decay rate
was at its maximum near the Dirac point, and was almost
flat until the Fermi energy reached one-quarter of E|; energy
(~ £0.4eV). The calculated result qualitatively agrees with
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FIG. 5. (a) Comparison of the calculated and experimental re-
laxation times as a function of the probe voltage. Calculated results
of impact ionization (II) and phonon scattering (ep) are plotted as a
function of Fermi energy (i.e., probe voltage). (b) Schematic of the
relaxation process from the bottom of the E;; band due to impact
ionization. The calculation for impact ionization process was carried
out by integrating the electronic states of 2 and 3, while the electronic
state of 4 was fixed at Eg/4 due to energy-momentum conservation.
(c) Schematic of the relaxation process due to electron-phonon
scattering.

the experimental results shown in Fig. 5(a), given that the Dirac
point in this sample was increased to 1.0 V due to unintentional
doping and then the net bias voltage at the sample position
was reduced as observed in Fig. 1(b). These results indicate
that the large scope for controlling the carrier relaxation rate
in MCNTs originates from switching on and off the interband
pathways.

Using the similar formalism, we also simulated the re-
laxation rate due to the electron-phonon scatterings. For
simplicity, we assumed that the electron-phonon coupling
constant C is independent of the electron wave vector, and the
electron-phonon scattering probability was mainly determined
by the distribution functions of Dirac and band electrons. The
relaxation rate due to the phonon scattering process could be
written as

' o [ di CBOI - f0ko) )

Here, k| and k, represent the wave vectors of the initial
and final states for electron-phonon scattering. The wave
vector of the final state could be calculated from the relation
e1(k1) — &2(k2) = €, where ¢, is the phonon energy. The cal-
culated relaxation time due to the electron-phonon interaction
is plotted by the green curve in Fig. 5(a). [Note that the absolute
value of the relaxation time could not be obtained from Eq. (5),
and the position of the green curve is arbitrary.] The calculated
result exhibits the presage of Pauli blocking at higher bias
voltage than the experimental result, indicating that the impact
ionization process mainly contributes to the carrier relaxation
process at low Fermi energies. On the other hand, the deviation
from the impact ionization model observed at the higher probe
voltage (|V| > 0.4 V) might come from the contribution of the
electron-phonon scattering process, which is expected to last
until the Fermi energy reaches higher bias voltage comparable
to the Ey;.

The reason why the relaxation time for impact ionization
process changes at one-quarter of that of the Ej; transition
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could be understood as follows. If we consider the relaxation
from the minimum of the E;; band through the AAB process,
as shown by the electronic state 1 in Fig. 5(b), the energy
and momentum conservation result in a fixed final state [the
electronic state 4 in Fig. 5(b)]; the integration was performed
over the A band while keeping the distance between states
2 and 3 constant. Because the energy of electronic state 4
was one-quarter of that of the E; transition, and the main
pathway for the electronic relaxation originated from the
energy minimum of the E; band, the relaxation rate changed
drastically when the Fermi energy reached one-quarter of that
of the E;; transition. Hence, the entire AAB process was
blocked.

Impact ionization has been both theoretically and experi-
mentally investigated, mainly in graphene [26,30]. The time
scale of the intraband carrier relaxation in graphene is faster
than 100 fs and that of the interband seems to be slower [3,31].
The observed relaxation time in MCNTs is between these two
contributions, which may originate from the 1D characteristic
of MCNTs that makes the electron-electron scattering more
frequent than in graphene. The radial symmetry breaking
in MCNTs assumed here is also required for the existence
of long-range Coulomb interactions. These points could be
further elucidated by measuring the carrier dynamics while
changing the gate voltage of suspended MCNTs and graphene,
as environmental effects would be reduced under such condi-
tions. However, these results demonstrate that the relaxation

pathways for the carriers could effectively be modulated via the
gate bias voltage, which could be important for future devices
using carbon-based nanomaterials.

V. CONCLUSION

In conclusion, we observed a strong bias dependence of
the carrier relaxation time in 1.4-nm-diameter MCNTs by
electrochemical doping of the carriers through ionic liquid.
The observed behavior could be understood by 1D impact
ionization processes that change the lifetime due to Pauli
blocking. Using a theoretical model, we qualitatively repro-
duced the bias dependence of the relaxation rate. Because of
the high controllability of the excited-state relaxation times in
the MCNTSs, they may have promising applications in future
optoelectronics technology.
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