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Influence of coherent optical phonon on ultrafast energy relaxation
J. L. Wang,"® L. Guo,? C. H. Liu," X. Xu,2® and Y. F. Chen'

Jiangsu Key Laboratory for Design and Manufacture of Micro/Nano Biomedical Instruments,

Southeast University, Nanjing 210096, China

2School of Mechanical Engineering and Birck Nanotechnology Center, Purdue University, West Lafayette,

Indiana 47907, USA

(Received 8 April 2015; accepted 30 July 2015; published online 13 August 2015)

Ultrafast energy relaxation process in Bi,Te; thin films is studied using a collinear two color
pump-probe technique. The coherent optical phonon is enhanced and destroyed by changing the
separation times of double pump pulses. The non-oscillatory component of the reflectivity trace af-
ter the second pump pulse shows a distinct difference with and without the presence of coherent op-
tical phonons, thus providing a direct evidence of the effect of optical phonon on the hot carrier
relaxation process. The deduced characteristic times are systematically smaller when coherent opti-
cal phonons are involved in the energy transfer process. Comparatively, the conventional relaxation
process is relatively slow, which is explained by the screening effect of the incoherent optical pho-
non. This work suggests that the energy relaxation can be manipulated through the excitation of
coherent optical phonons. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928657]

Ultrafast spectroscopy has been widely used to study the
carrier and phonon dynamics in semiconductors.' In general,
the photo-exited carriers first interact among themselves to
redistribute energy and momentum, then cool down to the
lattice subsystem through different mechanisms, including
coupling among carriers, optical phonons (OPs), and acous-
tic phonons (APs), as well as spatial evolution of carriers and
phonons. The rise and fall of the transient reflectance are
usually complicated, and there is still a lack of consistency
in the interpretations.”® The photo-excited carriers also
change the equilibrium position of the atoms instantane-
ously.” If the pulse duration is shorter than the periods of
atomic vibrations, atoms can oscillate around their new equi-
librium position collectively, which is referred to as coherent
OP. Excitation and detection of coherent OP provide an im-
portant insight into the lifetimes of phonons and interactions
with excited carriers, which are essential processes for a
number of interesting phenomena such as non-thermal melt-
ing® and insulator-to-metal transition.” The excited coherent
OP is distinct in some semiconductors, such as Bi,'"
Bizse\g,11 and BizTe3,12 and its damping rate is associated
with the relaxation process through interactions with longitu-
dinal optical phonons (L-OPs) and APs. Since OP mediates
carrier-phonon energy exchange,'” it is reasonable to antici-
pate that the coherent OP can affect the non-oscillatory com-
ponent in transient reflectance, which is rarely reported in
literature.'*

In this experiment, p-type Bi,Te; single crystalline films
were synthesized by metalorganic chemical vapor deposition
on a (100) GaAs substrate with thickness of about 50 nm,
which is much thicker than the absorption depth (~10nm) at
the 400 nm pump laser wavelength. The temporal reflectivity
was measured in a collinear two-color (800 and 400nm)
pump-probe scheme, and the details of the setup can be
found in Ref. 12. The experiments were carried out at low
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temperature (80K) to prolong the coherent OPs. A pulse
shaper (MIIPS Box 640) was used in the pump arm to gener-
ate double-pulse trains. To avoid heating damage, the pump
fluence of about 80 uJ/cm? was maintained throughout the
experiments. The band gap of Bi,Tes at 80 K is calculated to
be about 0.15 eV;15 the carrier density is estimated to be
about 2 x 10*' cm ;' the corresponding peak electron tem-
perature is about 490 K;'” and the energy density at the end
of pump pulse is about 0.05 kJ/cm?,'® which is far below the
enthalpy of fusion (1.1kJ/cm?) of Bi,Tes."®

Figure 1 shows the temporal evolution of the transient
reflectivity changes, AR/R. Negative differential reflectivity
is obtained due to the absorption bleaching.'’ The reflectivity
trace consists of oscillatory and non-oscillatory components.
The slow and fast oscillations are attributed to the coherent
AP and coherent OP,° respectively. The damped oscillatory
function is used to characterize the high-frequency oscilla-
tory component

Rose = Aope_’/’“p cos (2nft + @), ¢))

with f=1.9 THz and ¢, = 11.9 ps, which agree well with the
previous reported values.”’ The coherent AP with a lower
frequency of about 0.04 THz appears when the delay is lon-
ger than 20 ps. The coherent AP is contributed to the strain
pulse propagation,”’ which gives rise to the peak 3 in Figure
1(a). The oscillation frequency of coherent AP can be esti-
mated by f=2nv//, where n is the refractive index (~4.5),22
v is the sound velocity (~2500 m/s),”> and / is the wave-
length of the probe (800nm). The predicted value is about
0.03 THz, which is close to the experimental data. Compared
with the oscillatory part, the non-oscillatory component is
more complicated, the trace has a sharp increase after pump
pulse excitation within a time duration of less than 1 ps (pe-
riod 1), subsequently decreases in a couple of ps (period II),
then rises again to reach a peak value (peak 2) at about 12 ps
(period III), and finally decays slowly back to the back-
ground (period IV), which is much longer than the time

© 2015 AIP Publishing LLC
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FIG. 1. (a) Temporal evolution of reflectivity trace (black) for 50 nm
Bi,Te; nanofilms measured at 80 K. The cross-correlation of the pump and
the probe pulses (blue) is shown as a reference. (b) Fitting result of the first
few ps data is obtained by using the phenomenological model. The inset
shows the contributions from each component with different time
constants.

window shown. Hot carries are photo-excited in period I,
when the momentum relaxation and Coulomb thermalization
occur at a timescale of tens of fs.' The slow decay in period
IV can be explained by the carrier recombination and diffu-
sion, and the corresponding characteristic time is over hun-
dreds of ps.' Comparatively, the carrier and the phonon
dynamics occurring in periods II and III are not fully under-
stood, therefore are the focus of the present study.

Similar to the observations in Bi,Ses,” the process in pe-
riod II is due to the relaxation of carrier density, caused by
carrier-phonon scattering and carrier diffusion, and the rise
after around 2 ps (period III) reflects the lattice heating
effect.'*** Generally, thermalization from hot carriers to L-
OP occurs in less than few ps,25 much faster than that from
hot carriers to AP, and the Frohlich interaction dominates the
carrier-phonon scattering process. In this case, the hot car-
riers first emit OP and then decay to lower energy phonon
mode (AP).° The energy relaxation from OP to AP is mainly
through the anharmonic effect, which slows down at low
temperature (7, is about two times larger than that at room
temperature),zo so the distribution of OP is driven substan-
tially out of equilibrium. The non-equilibrium OP has been
extensively studied, which can dramatically reduce the
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cooling rate of the carriers especially at high carrier den-
sity.?*® In view of the non-equilibrium incoherent OP, the
two-temperature model,27 which solely considers the elec-
tron and the lattice temperatures, is inadequate to describe
the physical processes. Here, we adopted a phenomenologi-
cal model to analyze the transient process in periods II and
11

Rmon = Aeleit/t“ + AeZeir/tt)z + AL(I - eit/tL)a (2)

where the sum of the first two terms accounts for the reflec-
tivity response due to the interaction between carriers and
OPs, and the third term represents lattice heating. For the
first two terms, the amplitudes A.; and A., have opposite
signs, and the decay rates are also different. Similar results
were observed in other semiconductors,>>%!»?*?% which are
possibly associated with the carrier trapping effect,” hot pho-
non relaxation,® or different groups of carriers.” The overall
response is expressed by the convolution'’

% - (Rosc + Rmon)U(l + t()) ® G: (3)
where U(t+ty) is the unit step function, G is the cross-
correlation of the pump and the probe pulses. The peak 1 is
set as the zero time reference in Figure 1(a), so #; is intro-
duced to reflect the arrival of the pump pulse, which is found
to be 0.32 ps. G is represented by a Gaussian function, i.e.,
G=¢2" and ¢ is the full width at half maximum
(FWHM) of cross-correlation, which is found to be about
260 fs. The solid curve in Figure 1(b) shows a good fit, and
the contribution from each component is plotted in the inset.
It is worth noting that 7., and #; are almost equal at 80K
(tex =t ~4.4 ps); in this case, Eq. (2) can be reduced to the
formula proposed in other works.™*’ This coincidence
implies that the coupling between A., component and lattice
heating can be relatively stronger compared with the fast
decay carrier component (f; = 3.1 ps).

Although the phenomenological models have been
widely used to fit the reflectivity traces,>'"'**2%29 the
interpretation of each component in Eq. (2) lacks consis-
tency, especially for the slow decay component of carriers
(Ac»), which is sometimes ascribed to the carrier-AP interac-
tion.” Understanding the role of OP on energy transport pro-
cess is significantly important in solving these disputes,
however, it is hard to provide a direct evidence of strong
coupling between the experimental reflectivity data and OPs,
and the generation and relaxation of incoherent OP has been
used to explain the different decay rate of hot carriers.” In
general, the incoherent OPs are created during the carrier
cooling process. Comparatively, if the generation of coherent
OP is considered as a process of the Displacive Excitation of
Coherent Phonon (DECP),’ the coherent OPs are generated
almost simultaneously along with the hot carriers. The A,
mode (L-OP) is distinct in the reflectivity traces, which is
likely to affect the energy relaxation process. In our work, by
carefully adjusting the intensity and separation time between
the two successive pump pulses, the coherent OPs are com-
pletely cancelled or enhanced, as shown in Figure 2(a). The
oscillation period T is found to be 0.528 ps; therefore, the
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separation times for cancellation and enhancement are set to
1.848 ps (3.5T) and 1.584 ps (37), respectively. The arrival
of the second pump pulse is one of the primary concerns in
our experiment. To make a good comparison in periods II
and III, the second pump pulses are set to arrive at sample
surface simultaneously, which can be further verified by the
cross-correlation signals (Figure 2(a)). The energy of the
pump and the probe pulses used in these experiments is
fixed. Furthermore, since the pump energy eventually trans-
fers to the lattice subsystem, the overlap of signals at long
delay times (after tens of ps) can also justify that the same
pump fluence is used in the experiments, as shown in Figure
2(a). To identify the difference between the non-oscillatory
components in the two curves in Figure 2(a), the change in
the differential reflectivity is introduced, defined by
DR = (AR/R); s57—(AR/R)3t, which is shown in the red curve
in Figure 2(b). Two symmetric exponential-decay curves
(dashed blue lines) are also plotted to guide the eye. The
background signals before the arrival of the first pump pulse
are overlapped for the same pump fluences, so the back-
ground subtraction will not introduce artificial difference in
Figure 2(b). It is found that, the positive component in the
DR curve is larger than the negative one for the first 20 ps or
so, and afterwards, the difference gradually disappears. To
further estimate the effect of the carrier delay response
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FIG. 2. (a) Temporal evolution of reflectivity traces pumped by a double-
pulse trains with separation times of 37 (T'=0.528 ps, red line) and 3.5T
(blue line). The inset shows the corresponding cross-correlation curves. (b)
Comparison of difference in the reflectivity change, DR = (AR/R); st-(AR/
R)s, obtained by experimental data (red curve) and simulated results (black
curve); two symmetric exponential decay curves (dashed blue lines) are pre-
sented to guide the eye.
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induced by the first pump pulse, the enhancement and can-
cellation results are simulated based on the signal detected
by the single pump-pulse illumination (Figure 1(b)), and the
corresponding DR after the second pump pulse is shown in
the black curve in Figure 2(b) as a comparison. The positive
component in the simulated DR curve is nearly symmetric
with the negative one; thus, the carrier delay response is not
likely to induce this asymmetric behavior.

We again applied the phenomenological model to fit the
non-oscillatory component in the reflectivity traces with and
without the coherent OP. In the double-pump experiments, ¢,
in the unit step function is set to #y = (¢, + 0.32) ps, where
is the inter-pump delay and

Py 4 L0y

= ¢ — e 4)
1+P 1+P

In order to completely cancel the coherent OP when
t;=3.5T, P is found to be 1.175. The least-square method
was used to fit the experimental data after the second pump
pulse, and the results are shown in solid curves in Figure
3(a), with the fitting parameters listed in Table I. To confirm
the findings, we measured the same sample with relatively
smaller pump fluence at separation times of 27, 2.5T, and
37T, and the experimental and fitting results are shown in
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FIG. 3. (a) Temporal evolution of reflectivity traces with and without coher-
ent OP, the corresponding non-oscillatory components after the second
pump pulse are fitted by the phenomenological model. (b) Experimental and
fitting results obtained at separation times of 27, 2.57, and 3T with rela-
tively smaller pump fluence.
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TABLE I. Summary of fitting values.

Separation time (ps) A (107%) fe; (ps) Aez (1072) £z (ps) AL(1072) 1. (ps)

1.584 9.89 2.95 —9.1 4.21 232 420
1.848 10.0 3.00 -9.0 4.40 243 441

Figure 3(b). It is found that the data measured at 27 and 3T
after the second pump pulse are almost the same, while the
non-oscillatory components with and without the coherent
OP are different. The difference in the two curves right after
the second pump pulse corresponds to lower photo-excited
carrier density in the coherent OP enhancement case, since a
part of carrier energy transfers directly to the coherent OP,
resulting in smaller absolute values of amplitudes (A.; and
Ae»). Moreover, the decay times of electron relaxation (7.
and 7.;) are different with the presence of the coherent OP,
indicating that the first two terms in Eq. (2) are possibly both
affected by the relaxation of carriers via OPs. The effect of
the coherent OP on various groups of carriers’ is different,
and the change in the slow decay component (A.,) is more
obvious. The decay times (f.; and f.) in (AR/R)st are
smaller than those in (AR/R); s, revealing that the energy
transfers more efficiently through coherent OP to lattice sub-
system compared with the conventional process in which
incoherent OP mediates the carrier-phonon energy exchange.

DeCamp et al.’” provided that a 0.1% relative change in
reflectivity trace corresponded to a displacement of about
10~*A. In the DECP model,” the displacement depends line-
arly on the pump fluence, so does the amplitude of coherent
vibration.'” It is hence reasonable to anticipate that the dis-
placement is proportional to the amplitude of coherent vibra-
tion. Based on this approximation, in the coherent OP
enhancement case, the maximum displacements after the ar-
rival of the first and the second pump pulses are estimated to
be 2.2 x 107> A and 3.05 x 107> A, respectively, and the dis-
placement induced by the first pump pulse decays exponen-
tially to 1.93 x 107°A at the arrival of the second pump
pulse. We employed the density functional theory in the
Vienna Ab initio Simulation Package (VASP)31 to calculate
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FIG. 4. Calculated energy per unit cell over large (main panel) and small
(inset panel) displacements. The inset shows the coherent A, mode.
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the energy coupled to the coherent OP after the second pump
pulse. Figure 4 shows the computed results of energy per
unit cell as a function of displacement when the two pairs of
Bi and Tel atoms are stretched from each other along the c-
axis (A;, mode). Then, the energy coupled to the coherent
OP can be calculated by

E; — E,

Ec_op = TV’ ()

where E and E, are the energy per unit cell for displacement
at 1.93 x 10 A and 3.05 x 10 *A, V, is the volume of the
primitive unit cell, V.~ 169.11 N , V is the absorption vol-
ume, which can be estimated by V = nd25/4, d is the spot di-
ameter, and 0 is the absorption depth. Finally, Ec_op is found
to be about 6.7 x 10~ J, which accounts for about 12% of
the absorbed energy of the second pump pulse. In this calcu-
lation, the absorbed energy from the second pump pulse is
calculated by E,, = naFd*/4/(1 + P), where F is the fluence
of pump pulse (80 pJ/cm?), o is the absorptivity (~0.3),'® so
E,, is found to be about 5.7 x 107107,

In summary, we investigated ultrafast energy transfer
process in Bi,Te; thin films through enhancing and cancel-
ling the coherent OP using two pump pulses with different
separation times. With the presence of the coherent OP, the
non-oscillatory component of the reflectivity trace was dif-
ferent from the other case when the coherent OP was com-
pletely cancelled, and smaller characteristic times were
obtained, indicating more efficient energy transfer rate com-
pared with the normal processes when the incoherent OP
mediates the carrier-phonon energy exchange.
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