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Nonequilibrium A1g longitudinal optical phonon with a frequency of 1.84 THz in bismuth telluride
�Bi2Te3� is coherently excited by ultrafast pulses. Time-resolved reflectivity measurements show a
distinct second harmonic vibration around 3.68 THz at room temperature caused by the nonlinearity
of coherent phonon potentially related to the favorable crystal structure of Bi2Te3. The scattering
rate between A1g coherent phonon and room temperature incoherent phonon is derived from the
pump-fluence-dependent scattering rate of A1g coherent phonon. It is also observed that energy
coupling from photoexcited carriers to lattice through coherent phonon vibration is more efficient
and faster at higher pump fluence. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2829604�

Dynamics of phonons and excited carriers are key pa-
rameters for the performance of technologically important
devices. The excited carriers �electrons and holes�, which are
either pumped optically or electrically, will relax back to the
ground states by scattering with phonons, boundaries, impu-
rities, and so on. Time-resolved optical measurement is a
unique way to study specific optical phonon mode as ul-
trafast pulses generate predominantly the A1g coherent pho-
non vibration.1–3 Compared with the Raman scattering tech-
nique, the time-resolved measurement offers real-time
investigation of phonon dynamics with better signal-noise
ratio and bandwidth resolution.4 In this letter, we report the
dynamics of A1g optical phonon and photoexcited carriers in
semiconductor Bi2Te3, which is an efficient thermoelectric
material at room temperature,5 by measuring the ultrafast
time-resolved reflectivity.

A p-type single crystalline Bi2Te3 film was grown by
metal-organic chemical-vapor deposition on a GaAs �100�
substrate.6 The mobility � of the Bi2Te3 film is
230 cm2 V−1 s−1. The film thickness is around 1.0 �m,
which is much thicker than the optical absorption depth
��10 nm� at the 800 and 400 nm laser wavelengths em-
ployed in the experiments.7 Time-resolved reflectivity mea-
surements were performed at room temperature on the sur-
face perpendicular to the trigonal axis by a standard collinear
two-color pump-probe setup. The laser pulses were produced
by a Spectra Physics regenerative amplifier system, which
outputs 100 fs full width at half maximum pulses with en-
ergy up to 1 mJ /pulse at the center wavelength of 800 nm
and a repetition rate of 1 kHz. The pump beam at a center
wavelength of 400 nm was generated by a beta-BaB2O4
�BBO� crystal. The residual 800 nm laser beam was blocked
by a bandpass filter for wavelength of 400±20 nm. The col-
linear 400 nm pump and 800 nm probe beams were normally
focused on the sample surface by a 100 mm lens to diam-
eters of 80 and 20 �m, respectively. The reflected beam was
collected by the focused lens and sent into a balanced detec-
tor with bandpass filters at 800±20 nm wavelengths. An op-

tical chopper synchronized to the laser pulses was used to
modulate the pump pulse, and the reflected beam signal was
measured by a lock-in amplifier. The pump laser fluence was
adjusted with a half wave plate and polarizer combination.
The probe beam fluence was fixed at 0.02 mJ /cm2. A sum
frequency generation crystal was used to measure the corre-
lation of pump and probe beams.

Time-resolved measurement signals with several pump
fluences are shown in Fig. 1. A damping oscillatory signal is
superimposed onto a nonoscillatory signal. The oscillatory
and nonoscillatory components can be separated by applying
a digital low-pass filter on the experimental data. The Fourier
transform in Fig. 1�b� shows the frequency of the oscillatory
signals is centered at 1.84 THz, agreeing with the 1.88 THz
frequency of A1g longitudinal optical phonon measured by
Raman scattering.8 The oscillatory signal is attributed to the
coherent phonon vibration generated by the pumping pulse
through a process called displacive excitation of coherent
phonon,3 which is a limiting case of impulsive stimulated
Raman scattering for opaque materials.9,10 As the pump flu-
ence is increased, the frequency of coherent phonon is
slightly redshifted due to the softening effect caused by the
photoexcited electrons.11,12

A unique observation in Fig. 1�b� is that a frequency
around 3.68 THz appears as the pump fluence increased. We
attribute this to the second harmonic vibration of A1g coher-
ent phonon. To the first order approximation, the reflectivity
change due to the coherent phonon can be expressed as
�R /R= ����R /R� /�Q�Q= ����R /R� /�Q�AQ0, where A is
the amplitude of coherent phonon and Q0 is the normalized
coordinate of coherent phonon modeled as a chirped damp-
ing harmonic oscillator,13,14

Q0 = exp�− �t�cos��� + �t�t + �� , �1�

where �, �, �, and � are scattering rate, angular frequency,
chirping coefficient, and initial phase, respectively. As the
coherent phonon amplitude is increased, the effect of higher
order terms of coherent phonon coordinate on reflectivity
becomes non-negligible. Considering the second order ap-
proximation, the reflectivity change is expressed as
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The second order term Q0
2 generates an oscillation at second

harmonic frequency 2� with a double scattering rate 2�.
Such a second harmonic �and higher harmonics� frequency
was also observed in ultrafast measurements of Bismuth and
KTaO3 at low temperature of 10 K and was attributed to
either the Bose-Einstein condensation or the second order
Raman scattering.14–16 Noticeably, in our experiments, the
second harmonic vibration of coherent phonon was observed
at room temperature rather than at low temperature. It is
possible that this second harmonic generation at room tem-
perature is due to the crystal structure Bi2Te3 along the c axis
with the periodic van der Waal bonds, which is more efficient
for coherent phonon generation.

The signal of coherent phonon is obtained by subtracting
the nonoscillatory component from the reflectivity change
and is shown in Fig. 2. Then, the coherent phonon signal is
modeled as

�R

R
= A1Q0 + A2Q0

2, �3�

where A1 and A2 are reflectivity change induced by the pri-
mary and second harmonic coherent phonons, respectively.
In order to reduce the distortion effect resulting from the
digital low-pass filter, we only consider the data fitting after
0.5 ps delay. The scattering rate � is essentially the inverse
of the coherent phonon dephasing time, which is about a few
picoseconds, as shown in Fig. 2. The pump fluence depen-
dence of fitted amplitudes and scattering rates are shown in
Fig. 3. Below 0.32 mJ /cm2, both amplitude and scattering
rate of the primary coherent phonon are linear with the pump
fluence.

The linear dependence of scattering rate on pump flu-
ence can be explained by the linear increase of photoexcited
carriers. The incident laser pulse initially generates photoex-
cited carriers,17 which then redistribute energy through co-
herent phonon generation, electron-phonon coupling, carrier
diffusion, and electron-hole recombination. The pumping la-
ser of 3.1 eV does not resonantly excite the carriers in
Bi2Te3 with an indirect band gap of 0.15 eV,18 therefore the
excess kinetic energy of the excited carriers �hot carriers�
after interband transition will rapidly release energy by emit-
ting incoherent phonons through electron-phonon coupling.
Both the increases of photoexcited carriers and emitted inco-
herent phonons are linearly dependent on the pump fluence,
resulting in a linearly increased scattering rate of coherent
phonon shown in Fig. 3�b�. By extrapolating the pump flu-
ence dependent scattering rate to zero pump fluence, we ob-
tain a scattering rate of 0.18 THz, which is the scattering rate
caused by the background incoherent phonons at room
temperature.

The nonoscillatory signal is due to the photoexcited car-
riers and lattice heating.13 At weak pump fluence in Fig. 1,
there is an appreciable initial decrease of the �nonoscillatory�
signal caused by photon excitation of hot carriers, followed
by the signal recovery after 0.5 ps with a signal recovery
time �or decay time� around 0.6 ps. Both thermalization of
hot carriers through electron-phonon coupling and carrier
diffusion can contribute to the decay process. The ambipolar

FIG. 1. �a� Time resolved reflectivity of Bi2Te3 pumped by different laser
fluences. The reflectivity measured with fluence of 0.04 mJ /cm is magnified
ten times. �b� The corresponding frequency spectrum calculated by Fourier
transforms, and the spectrum above 2.5 THz is magnified ten times for
clarity. The curves are vertically translated and labeled with the pump
fluence.

FIG. 2. Oscillatory signal of coherent phonon after 0.5 ps delay. The dots
are experimental data and the lines are fitted curves.
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diffusion of photoexcited carrier density � can be modeled
using the diffusion equation

��

�t
= D

�2�

�z2 +
�1 − R�F

�	q
e−�t/	�2

e−z/�, �4�

where R, F, �, 	, and q are reflectivity, laser fluence, optical
absorption depth, pulsewidth, and photon energy of pump
beam, respectively. D is the ambipolar diffusion coefficient,
which can be derived from the mobility value � by the Ein-
stein relation D= �kT /e��,19 where k, T, and e are the Bolt-
zmann constant, temperature, and electron charge, respec-
tively. The solution of Eq. �4�, the normalized time-
dependent carrier density at z=0, 4.9, and 9.8 nm is shown
in Fig. 4. It is seen that the carrier density decay caused by
diffusion occurs at a time scale of about 1 ps, while the
measured carrier decay time is 0.6 ps. This shows both car-
rier diffusion and thermalization of hot carriers contribute to
the rapid carrier decay. As the pump fluence increased, the
signal due to the photoexcited carriers is buried in the signals
of coherent phonon vibration because of the increased coher-
ent phonon vibration. The amplitude of coherent phonon vi-
bration is almost linear with pump fluence, as shown in Fig.
3�a�; therefore the corresponding coherent phonon energy is
proportional to the square of pump fluence. The scattering
rate of coherent phonon also varies linearly with pump flu-
ence, as shown in Fig. 3�b�. As such, the energy coupling
from photoexcited carriers to the lattice through coherent
phonon vibration is more efficient and much faster �i.e., a
larger scattering rate�, covering the decay signal of the pho-
toexcited carriers at high pump fluence.

In summary, we reported time-resolved reflectivity of
semiconductor Bi2Te3. A second harmonic frequency around
3.68 THz was observed and attributed to the nonlinearity of
coherent phonon vibration excited in the film. The scattering
rate of coherent phonon was found to linearly increase with
the pump fluence, and a 0.18 THz scattering rate of incoher-
ent phonons was derived from pump fluence dependent ex-
periments. It is also found that the energy coupling from
photoexcited electrons to lattice through coherent phonon vi-
bration is more efficient and faster at high pump fluence.
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FIG. 3. Pump fluence dependence of �a� reflectivity amplitudes induced by
the primary and second harmonic coherent phonons, and �b� A1g scattering
rate G. Note: the fitting without considering the second harmonic vibration
shows similar results.

FIG. 4. Time dependence of normalized density at different z positions due
to ambipolar diffusion based on Eq. �4� with D=6 cm2 /s, R=0.74, F
=0.04 mJ /cm2, �=9.1 nm, 	=0.084 ps, and q=3.1 eV. The optical absorp-
tion depth of 800 nm probe beam is 9.8 nm.
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