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We have used subpicosecond laser pulses to study the generation of nonequilibrium LO phonons in both InP
and InAs. These two semiconductors provide a contrast in that the decaying of the Raman signal probes
different relaxation mechanisms. In InP, for example, we find that the decay of the Raman signal is dominated
by the lifetime of the LO phonons. On the contrary, in InAs, our studies show that the decay of the Raman
signal is governed by the time required for electrons to return to theG valley from theL valleys of the
conduction bands. In addition, nonequilibrium electron distributions were also studied in InP and InAs. We
have found that the single-particle-scattering spectrum in InAs can only be observed with the use of a much
longer laser pulse width than subpicosecond as a result of electron intervalley scattering and very small
electron effective mass.

I. INTRODUCTION

Excitation of semiconductors by ultrashort laser beams
has been a major method of studying the dynamics of non-
equilibrium electron and hole systems. The thermalization of
the initial distributions of these carriers probes the details of
the band structure and the dynamics of electron-phonon in-
teractions. Since the original studies of picosecond Raman
scattering in semiconductors,1,2 it has become fairly well es-
tablished that the cooling of the excited electron-hole plasma
is dominated by the emission of optical phonons and that the
deviation of the phonon population from equilibrium is quite
important in determining the cooling time of the plasma.3–9

Most of these studies have been carried out in the GaAs
and/or Al12xGaxAs system, and the dominant conclusion is
that the cooling time of the hot electron-hole plasma is lim-
ited by the lifetime of the hot, nonequilibrium polar optical
phonons in the system. Typically, this decay time is about 7
ps in bulk GaAs atT577 K. A buildup of the nonequilibrium
phonons creates a ‘‘bottleneck’’ in which the carriers and the
phonon population reach a common energy and reabsorption
of the phonons slows the overall cooling process of the car-
riers.

In this paper, we report time-resolved Raman measure-
ments of nonequilibrium LO phonon populations in InP and
InAs on the subpicosecond time scale and compare these
experimental results with ensemble Monte Carlo calcula-
tions. The two semiconductors investigated here provide dif-
ferent qualitative behavior. The decay of the Raman signal in
InP corresponds to a decay of the hot phonons, as in the case
of GaAs, and the lifetime of this decay is determined prima-
rily by the lifetime of the hot phonons. In the case of InAs,
however, the decay is dominated by the long storage times of
the carriers in the satellite valleys of InAs, in which the very
low effective mass of theG valley causes a relatively slow
return from the satellite valleys to theG valley. As a conse-
quence, the cooling of the hot plasma, and the phonon popu-

lation, is governed not by the phonon lifetime, but by the
return time of the carriers from the satellite valleys. The
nonequilibrium electron distributions were also studied in
InP and InAs. Because of the long storage time of electrons
in the satellite valleys of the latter material, a single-particle-
scattering~SPS! spectrum can only be observed in InAs with
the laser pulse of much longer than subpicosecond duration.

II. EXPERIMENTAL TECHNIQUE AND SAMPLES

The ultrashort laser pulses used in this experiment were
generated from a DCM double-jet dye laser synchronously
pumped by the second harmonic of a cw mode-locked yt-
trium aluminum garnet laser.10 The pulses has an autocorre-
lation full width at half maximum of>800 fs and an average
power of>50 mW, with a repetition rate of 76 MHz. In the
time-resolved studies of nonequilibrium phonons, an appro-
priate analyzer was placed in front of the entrance slit of the
double monochromator so that the scattered light from the
pump pulse was effectively eliminated while the scattering
from the probe pulse was allowed to be detected. The dye
laser was chosen to operate at\v>1.952 eV. The anti-
Stokes Raman signal was collected and analyzed by a stan-
dard Raman setup that included a charge-coupled device
multichannel detection system.

For the studies of the electron distribution functions in
InP, the same dye laser as described above was used except
that the photon energy was\v>1.91 eV. For InAs, a cavity-
dumped R6G dye laser that had a laser pulse width of>10
ps and a photon energy of\v52.14 eV was used for the
observation of the SPS spectrum. The SPS spectra were
taken in the Z(X,Y)Z̄ geometry, where Z5(001),
X5(100),Y5(010), so that only SPS associated with spin-
density fluctuations was detected.11,12The SPS spectra were
recorded with a Raman system equipped with a photon
counting setup and a photomultiplier tube. Since the same
laser pulses were used to both excite and probe the photoex-
cited carriers, the SPS results represent an average over the
duration of the laser pulse width.
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All of the experimental results reported here were taken at
T5300 K. From the power density and the absorption coef-
ficient of the pump pulses, the average photoexcited carrier
density was estimated to be>331015 cm23 for the studies
of nonequilibrium phonons and'1018 cm23 for the studies
of SPS spectra.

The undoped InP and InAs samples investigated in this
work were grown by molecular-beam epitaxy on~001!-
oriented InP and GaAs substrates, respectively. Both of the
samples contain electron concentrations ofn>531014

cm23. The thickness of the epilayers was about 2mm, which
is sufficiently thick to relieve the lattice-mismatch-induced
strain in the case of InAs.

III. MONTE CARLO SIMULATIONS

Simulations of the laser excited plasma were carried out
by the ensemble Monte Carlo technique.13 In this simulation,
only the electrons were considered, as the population of the
polar LO phonon modes was of primary interest. Hyperbolic
energy bands were assumed for the various conduction
bands, and all normal scattering processes were included.
Interaction among the electrons was treated by a molecular-
dynamics simulation technique, including the role of the ex-
change energy.14,15

On the short time scales, which depend upon the system
being modeled, the electron distribution undergoes a signifi-
cant perturbation in the typical time between scattering
events. During the first picosecond of relaxation, a finite den-
sity of electrons will lose about 10% of their energy in each
0.1 ps through the emission of a phonon. During this initial
decay, the plasma is modeled by an ensemble of electrons,
and this approach has been successfully vectorized. Carrier-
carrier scattering, however, is a multicarrier interaction that
requires that these other carriers be available for the interac-
tion. In general, a treatment similar to that for the phonons is
possible only if the Coulomb interaction is treated as ‘‘in-
stantaneous,’’ which is not likely to be the case. For this
reason, we treat the Coulomb interaction via a real-space
molecular-dynamics approach.16

Modeling of the nonequilibrium phonons was handled
within the ensemble Monte Carlo procedure by a secondary
self-scattering and rejection process pioneered by Lugli
et al.17 The buildup of the phonon population through emis-
sion and absorption processes was monitored throughout the
simulation. The difference between the instantaneous value,
for a given momentum wave vector, and some prescribed
maximum value was used for the rejection technique. The
presence of the nonequilibrium phonons slowed the energy
relaxation of the hot carriers.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

In Fig. 1, the time-resolved anti-Stokes Raman signal for
an InP sample is shown as a function of the time delay be-
tween the pump and the probe pulses. The computed popu-
lation of the polar LO phonons~with a wave vector appro-
priate to the range of wave vectors in the Raman scattering
experiment! is also plotted. It is noted that the peak in pho-
non population is delayed relative to the zero time delay, and
this corresponds to the need for the phonon cascade to occur

in order to build up the population. The typical photoexcited
electron emits 10–12 LO phonons during the cascade and
this leads to the observed delay in the Raman signal as this
process requires about 2.5 ps. The lifetime of the nonequi-
librium phonons in the Monte Carlo simulations has been
taken to be 2.3 ps and this value leads to a good agreement
between the experiment and the simulation. We note that this
value of LO phonon population relaxation time is consistent
with the results of von der Linde, Kuhl, and Rosengart in
which the LO phonon lifetime in InP was measured to be
>5 ps atT577 K.18

Figure 2 shows the time-resolved anti-Stokes Raman sig-

FIG. 1. Time-resolved anti-Stokes Raman signal as a function of
the time delay for an InP sample atT5300 K. The solid circles are
experimental data. The crosses are from ensemble Monte Carlo
simulations. The solid curve is a guide to the eye for the theoretical
fit to the data. The LO phonon lifetime deduced is 2.3 ps.

FIG. 2. Time-resolved anti-Stokes Raman signal as a function of
the time delay for an InAs sample atT5300 K. The solid circles
are experimental data. The theoretical calculations are from en-
semble Monte Carlo simulations. TheT’s, crosses, and open circles
correspond to the phonon lifetime and the coupling constant: 1.8 ps,
1.43108 eV/cm; 1.8 ps, 1.43109 eV/cm; 4 ps, 1.43109 eV/cm,
respectively.
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nal and the computed LO phonon population from ensemble
Monte Carlo simulations in an InAs sample. We have found
that a phonon lifetime of about 1.8 ps had to be assumed in
order to get a reasonable fit. In the case of InAs, a significant
amount of carriers are scattered to the satellite valleys. Then,
carriers returning from the satellite valleys emit more than 20
LO phonons in their cascade to the bottom of the conduction
band. This together with the storage time in the satellite val-
leys lead to the long delay before the peak is observed in the
Raman signal. In Fig. 3, we plot the electron population of
the G and L valleys in InAs as predicted from ensemble
Monte Carlo simulations. From this figure, it may be seen
that the electron population of theL valleys decays with a
time constant of approximately 6 ps. Apparently, the storage
of the carriers in theL valleys leads to a continued genera-
tion of nonequilibrium phonons at long times, and the overall
decay of the LO phonons replicates the decay of the electron
population of the satellite valleys.

Figure 4~a! shows a SPS spectrum for an InP sample
taken with a laser pulse width of>600 fs, a photon energy
of \v51.91 eV, and carrier densityn>1018 cm23. A theory
originally developed by Hamilton and McWhorter19 and
properly modified by Chia, Sankey, and Tsen20 to accommo-
date our current experimental conditions was employed to
interpret the SPS spectrum. We have found that the data were
best fit by the following parameter set:Te5600 K, t515 fs,
andg513 meV, whereTe is the effective electron tempera-
ture, t is the electron collision time, andg is the damping
constant involved in the Raman scattering process. In other
words, the electron distribution function is given by a Fermi-
Dirac function with a temperature substantially higher than
that of the lattice. We note that the deduced electron collision
time is appropriate to that expected from electron-electron
scattering at these densities.14,15

We did not observe any appreciable SPS signal when a
laser pulse width of 600 fs was used in the InAs sample. This
is consistent with our previous discussions on the nonequi-
librium phonon dynamics in InAs, which demonstrated that
the electrons were scattered very quickly ('100 fs! from the
G valley to the satellite valleys and returned to theG valley
very slowly at a time constant of about 6 ps due to the very
small effective mass in theG valley. Figure 4~b! shows a SPS

spectrum for an InAs sample taken with a laser pulse width
of >10 ps, a photon energy of\v>2.14 eV, and an electron
density of n>531017 cm23. Again, we have used the
theory by Chia, Sankey, and Tsen20 to explain the SPS spec-
trum. The best fit parameter set isTe5525 K, t540 fs,
g513 meV.

We note that the temperature of the electron is quite high
considering the fact that a laser pulse width of 10 ps was
used in the experiment. However, we believe that this is
reasonable because the cooling of the electrons in InAs has
been greatly slowed by the effects of intervalley scattering
together with the very small electron effective mass in the
G valley.

V. DISCUSSION

In InP, with an excitation energy of\v51.952 eV, carriers
are excited from all three valence bands~the heavy-hole,
light-hole, and split-off-hole bands!. InP has a band gap of
1.28 eV atT5300 K. The satellite valleys in InP lie consid-
erably higher than those in the case of GaAs, and here it is
assumed that theL valleys are 0.5 eV above theG-valley
minimum, while theX valleys lie approximately 0.98 eV
above theG-valley minimum.23 Because of the high energy
of theX valleys, there is no excitation into these valleys from
the photoexcited electrons. On the other hand, a small num-
ber of electrons are scattered into theL valleys. However, by
the time the peak of the phonon distribution occurs, essen-
tially all of the carriers have returned to theG valley of the
conduction band. The intervalley scattering process is quite

FIG. 3. The populations of the satelliteL valleys~solid circles!
and theG valley ~open circles!, as a function of time after initiation
of the laser pulse. The laser pulse width is 0.6 ps.

FIG. 4. Single-particle scattering spectrum for~a! InP and~b!
InAs taken atT5300 K. The photon energies and laser pulse widths
are\v51.91 eV, 0.6 ps for InP and 2.14 eV, 10 ps for InAs. The
SPS spectra are very well described by a theory developed in Refs.
19 and 20.
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fast and a value of theG-L coupling constant of 73108

eV/cm was used in our Monte Carlo simulations. This value
is comparable to that of GaAs. Once the carriers are in the
central valley of the conduction band, their cooling is domi-
nated by a cascade of LO phonon emission processes. It is
this cascade of emissions that leads to a buildup of the non-
equilibrium phonon distribution. While a fraction of the car-
riers do transfer to the satelliteL valleys, this number is so
small that it essentially plays no role in the cooling of the hot
plasma in InP. Rather, it is solely the phonon cascade and
resultant nonequilibrium LO phonon distribution that gov-
erns the overall cooling of the hot plasma.

The model that we have used for InAs assumes that the
L valleys are located approximately 0.72 eV above the
G-valley minimum, while theX valleys are located approxi-
mately 0.98 eV above theG-valley minimum.23 Since the
band gap of InAs is so small~0.36 eV atT5300 K!, the
electrons are excited well up into the conduction band, and a
significant fraction of these are scattered into theX valleys.
The latter, however, are scattered into theL valleys quite
rapidly, so that the main dynamics after the laser pulse is
dominated by theG andL valleys. In contrast to the case of
InP, however, the coupling between theG andL valleys is
such that the low effective mass of InAs leads to a very slow
return of the carriers from theL to G valleys. The anti-Stokes
Raman signal in Fig. 2 for InAs depends primarily upon two
factors—the phonon lifetime and theG-L coupling constant.
We have found that the best fit parameter set to our experi-
mental data is a phonon lifetime equal to 1.8 ps and a cou-
pling constant equal to 1.43109 eV/cm. To get a feeling of
how these two factors influence the anti-Stokes Raman sig-
nal, we have also shown two theoretical calculations with a
phonon lifetime of 1.8 ps and a coupling constant of
1.43108 eV/cm; and a phonon lifetime of 4 ps and coupling
constant of 1.43109 eV/cm, respectively.

It is worth considering how the phonon lifetimes found
here compare with those in other materials. In Fig. 5, we plot
the LO phonon lifetime as a function of the bond length for
various III-V semiconductors as indicated. The InP and InAs
data are taken from the present measurements. The GaAs,
GaP, and ZnSe data are from Refs. 21 and 22. To a good
approximation, the LO phonon population relaxation time
can be described by ad210 dependence, whered is the bond
length of the semiconductor. It is clear that the values found
here fit this general trend, with the exception of ZnSe. While
the data are not sufficiently to say whether this exponent
should be 8 or 12~e.g., we can say that it is 1060.5), it
clearly is neither 5 nor 15. The phonon lifetime depends
upon the third-order elastic constants. Weinreich24 points out

that the third-order elastic constant should have the same
order of magnitude as the typical elastic modulus~stiffness
constants!, and Harrison25 suggests that the latter should vary
asd25. This would lead to ad210 variation for the phonon
lifetime, with adjustments coming from other parameters, of
course. This is in keeping with the observed results of Fig. 5,
and suggests that a wider range of materials should be inves-
tigated to confirm this behavior.

VI. CONCLUSION

We have used subpicosecond time-resolved Raman spec-
troscopy to investigate the nonequilibrium phonon dynamics
in InP and InAs atT5300 K. We have found that these two
semiconductors provide a contrast in that the decay of the
Raman signal probes different relaxation mechanisms. In
InP, we find that the decay of the Raman signal is dominated
by the decay of the LO phonons. In contrast, in InAs, our
studies demonstrate that the decay of the Raman signal is
governed by the time required to return from theL valleys to
theG valley of the conduction band. Because of this reason,
single-particle scattering spectra in InAs can only be ob-
served with a much longer laser pulse width~'10 ps!.
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