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Carrier dynamics in femtosecond-laser-excited bismuth telluride
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The carrier dynamics of Bi,Te; is studied using the femtosecond pump-probe technique. Three distinct
processes, including free carrier absorption, band filling, and electron-hole recombination, are found to contribute
to the reflectivity changes. The two-temperature model is used to describe the intraband energy relaxation
process of carriers, and the Drude contribution well explains the intensity dependence of the peak values of the
nonoscillatory component in the reflectivity signal. The combined effects of free carrier absorption and band
filling result in a reflection minimum at about 2 ps after laser excitation. The nonzero background signal increases
linearly with the pump fluence, which is attributed to the electron-hole recombination. Finally, our results provide
an illustration of investigating the carrier dynamics in semiconductors from the ultrafast reflectivity spectra.
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I. INTRODUCTION

Bismuth-based semiconductors, such as Bi, Te; and Bi, Ses,
have attracted intense interests due to their importance in
applications as thermoelectric materials [ 1] and in fundamental
physics as topological insulators [2]. Using ultrafast pump-
probe spectroscopy, the carrier dynamics in these materials
has been extensively studied. In general, the time-resolved
reflectivity comprises both damped oscillatory and nonoscil-
latory components [3], which can be attributed to the dynamics
of coherent optical phonons [4,5] and the dynamics of
carriers and incoherent phonons, respectively. Despite rich
experimental and theoretical investigations, the explanation
for the reflectivity trace, especially for the nonoscillatory part,
is still lacking in consistency due to the complex dynamics of
carriers and phonons after optical excitation.

Multiple exponential decay functions have been widely
used to fit the transient reflectivity traces, and the different
carrier dynamics is proposed to feature different characteristic
times [6-14]. These phenomenological models can fit the
experimental data well, but are not sufficient to reveal the
underlying mechanisms. For instance, both positive and
negative amplitudes are observed in the nonoscillatory part
of the transient reflectivity signals in Bi,Ses [8], Bi [10],
and Bi,Te; [13,14], and the electron-phonon interactions and
trapping of electrons were speculated as the reasons for the
positive and negative terms, respectively. The terms associated
with lattice heating were sometimes discussed [10,13], but the
effect of lattice heating on reflectivity is not fully understood.
Moreover, a pronounced dip at around 2-8 ps after the pump
excitation has been widely observed [8,12,13,15], but its origin
is unknown [15].

With a large amount of electrons excited from the valence
band to the conduction band by the pump laser, the change
in the dielectric constant reflects the change of the probability
of intraband and interband transitions. The intraband effect is
similar to what usually occurs in metals, which reflects the
coupling between hot carriers and phonons. The interband
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effect can arise from band filling, band-gap shrinkage, and
electron-hole recombination [16]. Simplifying the band struc-
tures, some attempts have been made to combine different
processes to interpret the change in the dielectric constant
[16-18]. For the direct-gap semiconductor, Bennett et al.
[16] proposed a model to describe the band filling effect.
Considering the change in the real part of the refractive
index, Sabbah and Riffle [17] deduced an expression for the
contribution from the free carrier absorption. Using similar
models, Guo et al. [19] decoupled the contributions from
the intraband and interband transitions by tuning the probe
wavelength. However, for the bismuth-based semiconductors,
the imaginary part and real part in the refractive index are
comparable [20], therefore, the simplified model for free
carrier absorption may be inappropriate. Since the reflectivity
spectra have been used to evaluate the energy band structure of
semiconductors [20], using the established relations between
the reflectivity and the dielectric constant, we can probably
improve the understanding of the carrier dynamics in bismuth-
based semiconductors.

In this work, the Drude-Lorentz model is used to de-
scribe the far-infrared reflectivity spectra of Bi,Tes, the
two-temperature model (TTM) accounts for the interaction
between hot carriers and phonons in the conduction band,
and the effects of free carrier absorption, band filling, and
electron-hole recombination are included to evaluate the time-
resolved reflectivity at a fixed probe wavelength. This approach
is subsequently employed to provide an understanding of the
transient reflectivity change as a function of the pump fluence.

II. EXPERIMENT

In this experiment, p-type BiyTes; single crystalline films
with a thickness of 50 nm were synthesized by metalorganic
chemical vapor deposition on a (100) GaAs substrate. The
reflectivity change was detected using a standard two-color
(400 and 800 nm) pump-probe layout [14,21]. The femtosec-
ond laser pulse with a central wavelength at 800 nm was
generated by an amplifier system at a repetition rate of 5 kHz.
The beam from the amplifier was split into a pump pulse
and a probe pulse. A half wave plate and a polarizer were
installed in the pump beam to control the intensity, and a
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second harmonic crystal was used to convert the 800 nm
pump pulses into 400 nm pulses. The pump beam was then
modulated by a mechanical chopper at a frequency of 500 Hz.
The time delay between the probe and the pump beams was
controlled by a mechanical delay stage installed in the probe
arm. The collinear pump and probe beams were focused onto
the sample surface with spot diameters of about 80 and 20 pm,
respectively. Finally, the reflectivity changes of the probe beam
were measured by a balanced detector and a lock-in amplifier.

III. THEORETICAL MODELS

Figure 1(a) shows a typical reflectivity signal of Bi,Tes
film measured at room temperature with a pump fluence of
0.28 mJ /cm?. The main features obtained from various pump
fluences are similar to the data shown in this figure. The
photoinduced response of Bi,Te; can be represented by the
following expression [3]:

AR AR
— = Agpe " cos Quft + ¢) + <—> e
non

R R
The oscillation is caused by the damped A;, coherent optical
phonons [4,5]. The frequency f is about 1.87 THz, which
is close to the value obtained from Raman spectroscopy
(1.88 THz [22]). The dephasing time ., is about 5 ps, which
is also consistent with the reported data [4,5,9].

For the nonoscillation part, we observe a sharp decrease in
reflectivity, followed by a fast rise. After a dip at about 2 ps,
the reflectivity decreases again to reach a plateau at around
15 ps, and finally increases slowly to a nonzero background
within the time frame of the measurement. To interpret the rich
phenomena, we refer to the reflectivity spectra. The reflectivity
can be calculated by
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where ¢ = ¢| + i¢g; is the complex dielectric constant. When
the pump pulse is incident upon a semiconductor, the dielectric
constant can be described by the Drude-Lorentz model [23]
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where the second term on the right-hand side is the Drude
contribution due to free carrier intraband absorption, w), is
the plasma frequency of free carriers, which is a function
of carrier density, y,, is the carrier damping rate (ps~!),
and w is the frequency of the probe pulse. The third term
stands for the contribution of the interband transition and has
the form of multiple Lorentzian oscillators, and w,;, wy;,
and y; are the plasma frequency, resonant frequency, and
damping rate of each oscillator j. To decouple the intraband
and interband effects, we refer to the reflectance spectra
of BiTe; in the far-infrared region. For simplicity, only
a single Lorentzian oscillator is considered, and the best-
fitting values are wy = 5454.4cm™!, w, =49755cm™!,
and y; = 6586.9cm~!. The obtained reflectivity spectra are
shown in Fig. 2, which agree well with the experimental
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FIG. 1. (a) Time-resolved reflectivity of Bi,Te; excited at
0.28 mJ/cm?, together with the nonzero background signal and
the peak value of the nonoscillatory component. (b) The best-fit
results (the dark solid line) calculated by Eq. (4) combined with
the contributions from free carrier absorption, band filling, and
electron-hole recombination. (c) The changes in dielectric constant
solely attributed to the Drude contribution.

data [23]. It demonstrates that, when the frequency is less
than 500 cm ™!, the Drude contribution dominates the complex
dielectric constant &, and the effect of the interband transition
increases as frequency increases. For frequencies larger than
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FIG. 2. Reflectivity spectra of Bi,Te; in the far-infrared region
fitted by the Drude-Lorentz model (the red solid line).

1000 cm™!, both the interband and intraband should be taken
into consideration. In our subsequent analysis, the parameters
associated with the interband transition are maintained the
same, while the Drude components (@, and y,,) are different
from the data fitted from the reflectivity in the far-infrared
region due to different carrier densities.

If the contributions from the interband transition arise from
band filling and electron-hole recombination, the change in
nonoscillatory reflectivity can be expressed by

AR\ (AR AR AR A
(Y)non B (T)Dr * (Y)Bf * <?>Rc. ( )

The subscripts Dr, Bf, and Rc account for the contribu-
tions from the free carrier absorption, band filling effect,
and electron-hole recombination, respectively. The nonzero
background (BG) signal before the arrival of the pump
pulse indicates that the relaxation time of the electron-hole
recombination process is larger than the pulse interval (0.2 ms),
s0 (AR/R)g. is a constant value taking into account the time
frame of 20 ps [Fig. 1(a)].
The Drude model is used to relate the electron temperature
T, and the lattice temperature 7), to the dielectric function by
the damping rate y,,, which can be expressed as
Vep = Aee Tez + Bep Tp' (5)
The initial reflectivity can be calculated from Egs. (2) and (3),
when T, = T,, = 300 K. After the laser excitation, the change
in reflectivity (AR/R)p; is mainly caused by the change in
Yep» and the temporal evolution of the electron and lattice
temperatures can be simulated by the TTM as follows,

C TaTe—A 7, G(T,—T,)
e0le ot — Ne 8)62 e 4
0.94(1 — R)F x \°
+ - exp|—-= —4In2(—) |, (©
) ) tp
aT, 9°T,
C,,? = APW +G(T, — T,), (7)
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where the subscripts e and p denote electrons and phonons,
respectively, A is the thermal conductivity, G is the electron-
phonon coupling factor, indicating the energy transfer rate
from electrons to phonons, C, is the volumetric specific heat
capacity, F is the pump fluence, 1, is the pulse width, § is the
optical penetration depth (9.1 nm for a 400 nm wavelength), L
is the thickness of the Bi, Te; film used in the experiment (L =
50nm), C,o is the electron specific heat coefficient, which is
calculated by Coo = m%k3n,/(2er) [9], kg is the Boltzmann
constant, n, is the doping density, and the Fermi energy is
defined by ey = h2(3m?n,)*?/(2m), with electron mass m
and reduced Planck constant A.

When the electrons are excited from the valence band to
the conduction band by the pump laser, the lower states in the
conduction band are first filled. For the subsequent laser pulse,
a higher photon energy is needed to excite electrons into the
conduction band, resulting in a decrease of absorption at the
pump wavelength. This phenomenon has been explained by
band filling [16]. The contribution from the band filling effect

< le )
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where Ag¢ is the amplitude, erf is the error function, and #g¢ is
the relaxation time. The sign of Ag¢ can be analyzed as

®
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Taking the complex reflective index to be ¢ = ¢ +ie; =
—26.25 4+ 52i (at 800 nm wavelength) [20], the reflectivity
is calculated to be R =0.76, and dR/de; ~ —3.4 X 1073
and R /de, ~ 2.3 x 10~*. Due to band filling, the absorption
decreases at the pump wavelength (400 nm), i.e., Ag; < O.
Since the probe wavelength is longer than that of the pump
laser but much shorter than the wavelength corresponding to
the band gap (~9500 nm), as analyzed in Guo et al. [19], Aeg;
isinclined to be negative. Ag, < 0 occurs only within a narrow
spectrum, and the amplitude of dR/d¢; is one order smaller
than dR/de;, so Ae; dominates the change in the reflectivity,
and (AR/R)gs should be positive.

Figure 1(b) shows the nonoscillatory part of the reflectivity
changes. The solid curve is calculated from Eq. (4), and
shows a good fit. The contribution from each component
(dashed lines) is also presented in this figure, and the temporal
evolution of 7, and T, is presented in the Supplemental
Material [24]. In the TTM simulation, A, = 0.5Wm~! K~!
[25], A, = 1.7Wm~!' K~ [25], C, = 1.21 x 10°Jm 3 K2
[26], n, = 1.16 x 10® m~3 [27], so C,¢ is calculated to be
3.6Jm3K2. A, and B,, for Bi,Te; are both unknown.
Here, their values are assumed to be the same as Au, with
Aee = 1.1 x 10’s7' K2 and B, = 3.6 x 10! s7' K~! [28],
which are assumed to be independent of the excited carrier
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FIG. 3. The time-resolved reflectivity pumped by different laser
fluences; the BG signal and peak value are exampled for the pump
fluence of 1.27 mJ/cm?.

density. Therefore, the parameters including G, Agg, tgf, and
(AR/R)R. are obtained to best fit the reflectivity trace, and
their values are also listed in Fig. 1(b). The fitted coupling
factor G is about 10 Wm—3K~!, similar to the value in
Bi; 5SbysTe; gSeq» [12], but about one order smaller than that
in metallic films. The amplitude of (AR/R)g; is positive ac-
cording to the preceding analysis, while the Drude contribution
is negative. Figure 1(c) shows the temporal evolution of Ag;
and Ae; resulting from the Drude contribution. Similar to
the analysis in the band filling effect, Ae; plays a dominant
role in AR/R, and the positive Aeg; results in a negative
(AR/R)p:. As a consequence, the dip at about 2 ps can be
interpreted as a competition between free carrier absorption
and the band filling effect. From the simulation results based
on the TTM, after about 15 ps, thermal equilibrium between
electrons and phonons is achieved. The Drude model shows
that the contribution from lattice heating (7},) is relatively
small, so we attributed the BG signal to the recombination of
electrons and holes, which is further verified in analyzing the
intensity-dependent reflectivity as described below.

IV. DISCUSSIONS

Based on the theoretical model, we can reexamine the
carrier dynamics as a function of pump fluence. The pump
fluence varies from 0.45 to 2.7mlJ/cm?, and the changes
in reflectivity are shown in Fig. 3. Table I lists the fitting
parameters. As illustrated in Bi,Se; [6], the BG signal obtained
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FIG. 4. Dependence of recombination rate upon the excited
carrier density; the solid line shows the results calculated by Eq. (12).

here is found to increase linearly with the carrier density
(pump fluence). The repetition rate is 5 kHz, and applying
the two-layer thermal diffusion model [29], we neglect the
thermal accumulation effect (see the Supplemental Material
[24]). The origin of the large decay time can be attributed to the
recombination of holes and electrons through the mechanism
of trapping [30]. The ratio of the BG signals to (AR/R)gc
is used to estimate the recombination rate y by supposing
an exponential decay function as e’V with r = 0.2 ms. The
dependence of the recombination rate y upon the carrier
density can be modeled by [30]

12)

N, is the excited carrier density, which is related with the pump

fluence by N, = (1 — R)F /(E,6) [9], yp is the recombination
rate for a small value of N, E, is the energy band gap (0.13 eV
[31]), and ¢ and a are two parameters associated with the
numbers of electrons and holes at equilibrium states and those
calculated by the virtual Fermi level, as well as the probabilities
to capture a hole or an electron by traps [30]. Figure 4 shows the
recombination rate decreases monotonically with the carrier
density, and the solid line is plotted to guide the eye with
a=8x10""cm?®and c =2 x 107 cm’.

Qualitatively, our results provide evidence that the TTM
is applicable to an understand of the ultrafast energy transfer
process in semiconductors, though some works argued that
the TTM failed in the high-fluence regime [12] or at low

TABLE I. Fitting parameters.

F (mJ/cm?) Oscillatory part Nonoscillatory part
Ay (107%) 1, (ps)  f (THz) BG(1073) Peak (107%) Apr (107%) ¢ (ps) G (105 Wm=K™!) (AR/R)g. (107%)
0.45 0.32 7.0 1.87 —2.13 —0.98 14 6.4 0.93 —2.98
0.69 0.38 5.6 1.87 —2.54 —1.54 2.1 59 1.2 —3.64
1.27 0.57 6.6 1.86 —4.81 —-2.69 3.0 54 1.8 —6.70
1.91 0.80 5.1 1.85 —7.47 —2.92 43 49 2.6 —9.87
2.75 0.82 49 1.86 —9.26 —3.75 4.7 45 33 —12.1
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FIG. 5. Dependence of the peak value of the nonoscillatory
component upon the pump fluence; the solid line demonstrates the
contribution from free carrier absorption.

temperature [32]. Here, the description of the intraband
transition is based on the TTM, while the complex interband
transition is simplified by an exponential decay function.
Using the TTM combined with the Drude model, we can esti-
mate the peak reflectivity values as a function of pump fluence
as shown in Fig. 5. In this calculation, the maximum electron
temperature is estimated by T, max = [4eraF/m>N,81"? kg
[9], the corresponding T), stays at room temperature, and the
Drude contribution is solely considered. It shows that the
calculated peak reflectivity decreases parabolically as fluence
increases, which has a similar trend as the experimental
data. Meanwhile, the fitted G is found to increase as fluence
increases, together with the decreasing fg; and 7.,. Small 7,
corresponds to fast coupling between the coherent optical
phonons and the acoustic phonons, indicating more efficient
energy transport from the hot carriers to the acoustic phonons,
which can explain the intensity dependence of G and #g¢. This
coincidence further confirms that the correspondence exists
between the dynamics of the coherent optical phonons and the
hot carriers [14].

Here, we make a few comments concerning intraband and
interband transitions. First, the carrier-phonon relaxation time
can be estimated by [33]

Ce()[Te([) + Tp([)]
2G '

For a pump fluence of 0.45mJ/cm?, the relaxation time is
estimated by averaging the data within the time interval of 0—
9 ps, which is found to be 2.8 ps, much larger than that obtained
in metallic films, but similar to the value corresponding to the
carrier-acoustic-phonon interaction in BiySe; [8]. Excluding
this relatively slow relaxation term, to best fit the experimental

T (1) = (13)
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data using the multiple exponential decay functions, a fast
decay component due to the carrier-optical-phonon interaction
has been widely introduced [3,8]. However, the present
TTM cannot directly include the effect of incoherent optical
phonons, which are believed to mediate the carrier-phonon
energy exchange. Therefore, it may be insufficient to use a
single G to describe the carrier-phonon interaction, and the
TTM should be improved to take the incoherent optical phonon
into consideration [34]. On the other hand, in this model, we
simply assume that recombination occurs simultaneously with
the other two effects, as demonstrated in Fig. 1(b). The photon
energies of the pump and probe pulses are much larger than
the energy band gap of Bi;Tes, and the interband transitions
cause the occupation of different high-energy states in the
conduction band. If we refer to the energy band structure of
Bi,Tes as suggested by Youn et al. [35], the conduction minima
and the valence band maxima are not located in the symmetry
lines, which are more likely related to the recombination
effect. As a consequence, delays may exist between carrier
excitation and recombination, and the precise evaluation of the
recombination effect in the ultrafast process is rather difficult.
Though the phenomena of time-resolved reflectivity can be
well interpreted using our model, all these above-mentioned
factors are not included, which are beyond the scope of the
present article.

V. CONCLUSIONS

By considering the effects of intraband and interband
transitions, we demonstrate that rich phenomena can be
revealed in the time-resolved reflectivity of BiyTe; film. The
nonzero BG signals increase linearly with the pump fluence,
which is believed to be caused by electron-hole recombination.
The TTM is applied to describe the energy relaxation process
of carriers in the conduction band. The opposite signs for
the contribution from free carrier absorption and band filling
are explained with the aid of the reflectivity spectra. The dip
at around 2 ps reflects the competition among these effects.
Finally, the coincidence between the electron-phonon coupling
factor and the relaxation time of coherent optical phonons
indicates that the dynamics of the coherent optical phonons
and the carriers are strongly coupled.
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