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The present paper illustrates a series of theoretical results on nonequilibrium phonon efFects

based on a novel Monte Carlo algorithm. The details of the numerical procedure are given. No as-

sumptions on the form of the phonon or the electron distributions are required. The main emphasis
is given to the study of LO-phonon perturbations as a result of the relaxation of photoexcited car-
riers in polar semiconductors. Bulk GaAs and InP, as well as GaAs-Al„Gal „As heterostructures
are analyzed. Good agreement is found with available experimental results from time-resolved
luminescence and Raman measurements. The strong phonon emission by the high-energy photoex-
cited electrons in the first stage of their relaxation (within a few tenths of a picosecond) is found to
drive the phonon distribution strongly out of equilibrium. After the excitation, reabsorption of the
emitted phonons by the carriers and nonelectronic phonon-decay processes bring the distribution
back to its equilibrium value.

I. INTRODUCTION

The question of possible eA'ects of nonequilibrium
optical-phonon distributions on the dynamics of optically
excited charge carriers in semiconductors is becoming a
widely investigated and debated topic. ' The main
scientific motivation comes from the rapid development
of picosecond and subpicosecond laser spectroscopy,
which allows us to study even the fastest relaxation phe-
nomena in solids and thereby also some fundamental
hot-carrier —hot-phonon processes which might ultimate-
ly limit the switching e%ciencies of ultrafast electronic
devices. The energy-loss rates of nonequilibrium hot car-
riers in semiconductors determine their stability proper-
ties in high-field transport and also the effectiveness of
the surface excitation and annealing by laser pulses. As
the excited carrier system loses its energy mainly through
emission of phonons, the mean phonon occupation num-
ber of the most strongly coupled vibrational modes will
increase over its thermal equilibrium Planck distribution
XL at the lattice temperature TL. This phonon
amplification will ultimately depend on the rate at which
the perturbed modes dissipate their excess energy by way
of phonon-decay processes into the "heat bath" of the
electronically inactive lattice modes. Figure 1 shows the
energy Row to, within, and out of a coupled carrier-

phonon system for the most general case of several types
of carriers and electronically active phonons: electrons in
different conduction-band valleys of 1", L, and X symme-
try, long-wavelength longitudinal-optical (LO) and
transverse-optical (TO) phonons, and the remaining types
of intervalley and acoustical phonons. Depending on the
material, on the excitation level, and on temperature,
different types of carriers, lattice modes, and carrier-
phonon (c-ph) coupling will dominate the overall energy
transfer from the external dc or laser field into the lattice.
Direct experimental evidence for strongly amplified
optical-phono n distributions has come from time-
resolved Raman spectroscopy. The ensuing feedback of
energy into the carrier system through the relative in-
crease of phonon reabsorptions has been only indirectly
evidenced through a heavily reduced cooling rate of high-
ly laser-pulse-excited electron-hole systems. ' However,
for the high carrier concentrations involved in most of
these experiments, possible contributions of carrier-
carrier (c-c) scattering, screening of long-range c-ph cou-
plings, spatial carrier diffusion, and collective plasma
effects have not allowed an unambiguous separation of
hot-phonon effects from the experimental data. Great
efforts are therefore presently undertaken towards a
suf5ciently accurate theoretical description of highly ex-
cited c-ph systems to achieve deeper insights into the
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FIG. 1. Schematic representation of the energy flux in a typi-
cal semicoriductor.

where f„and Nq are, respectively, the carrier and the
phonon distribution functions. The superscripts i and j
indicate, respectively, the type of carrier (electrons or
holes) and of phonon modes (LO, TO, . . . ) considered.
In the following, only electrons will be considered. Such
an assumption is justified as long as the carrier densities
are not too high, so that no efficient coupling exists be-
tween electrons and holes (electron concentrations always
lower than 5 X 10' cm will be dealt with in the paper).
In the same spirit, we assume unscreened electron-
phonon interactions.

The time-dependent transport equations for carriers
and phonons are coupled through the occurrence in the
carrier-phonon collision integrals of both carrier and
phonon distribution functions. A decisive simplification
of the phonon equation comes from the possibility of us-
ing a temperature-dependent relaxation time for the
phonon-phonon interactions, ~,„, in the form

BX Nq NL—
ph-ph op

where XL is the thermal Planck distribution

(4)

II. THK TRANSPORT MODKI.

The dynamical evolution of the carrier-phonon system
under space-homogeneity conditions can be adequately
described by the coupled Boltzmann equations:

-ph

gf (i)

c-c c-impurity

g~( j) g~( j) g~( j)
+

Bt Bt „, Bt
(2)

transient high-field response of semiconductors and solids
in general. The best-suited framework for such investiga-
tions is the semiclassical transport theory, arid most of
the work on hot phonons has indeed been formulated in
terms of the Boltzmann equation for the phonons, but al-
ways with simplifying assumptions about the functional
form of the distribution function of the carriers.

The purpose of the present work is to improve on these
theories by doing away with the above restrictions
through the use of Monte Carlo techniques, which should
furthermore allow a. more detailed study of the
effectiveness and time scales of the individual microscop-
ic scattering processes. The corresponding transport
model for the carriers and optical phonons is set up in
Sec. II. Our Monte Carlo algorithm for its solution is
presented in Sec. III, with the appropriate specialization
to the following applications to the photoexcitation of po-
lar semiconductors: the simplified case of monoenergetic
electron excitation in bulk GaAs and GaAs/Ga) „Al,As
quantum wells in Sec. IV, and the realistic case of elec-
trori excitation out of the threefold valence band of CiaAs
and InP in Sec. V, for which a direct comparison of our
results with existing experimental data is possible.

and A'co is the phonon energy.
The relaxation-time approximation is justified by the

fact that the phonon-phonon interactions are dominated
by the decay of the LO phonons into pairs of electronical-
ly nonactive phonons from zone-boundary modes. Zero-
temperature values of the phonon lifetime, r,p, are gen-
erally of the order of 10 ps, with a weak decrease with
temperature. ' ' Time-resolved phonon spectroscopy
has yielded a rather wide range of values for ~, , between
7 ps (Ref. 16) and 28 ps. ' The reason for this spread of
experimentally determined LO-phonon lifetimes seems to
have two sources. Firstly, the quality of the sample sur-
face can strongly influence the decay dynamics within the
thiri light-absorption layer. ' Secondly, the decay rate of
a nonthermal phonon population might contain strong
contributions from the reabsorption by the photogenerat-
ed carriers of the initially excited phonons. This point
wi11 be discussed in detail later. Our choice of ~, equal
to 7 ps at 77 K arid 3.5 ps at 300 K is in agreement with
the most recent experimental results. ' '

Several theoretical approaches for the solution of Eqs.
(1) and (2) have been presented in the literature. Details
about the various methods can be found in Refs. 5-8 and
10—13. Certainly one of the most interesting methods is
that of Collet and co-workers, ' who directly solved the
coupled transport equations through a discretization in q
space and in time to obtain the evolution of the carrier
and phonon distributions and of the mean electron-hole
plasma energy during and after 80-fs laser excitation
pulses of varying intensity. Another method, based on
the carrier-temperature concept, is of particular interest
here since it originated the Monte Carlo (MC) investiga-
tion of phonon perturbations. In this approach to dc
field transport, the carriers are assumed to be character-
ized by a heated and drifted Maxwellian (HDM) distribu-
tion. In the first attempt to use a MC technique in the
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study of phonon perturbations, an iterative hybrid pro-
cedure was developed that coupled the HDM scheme to a
one-particle MC simulation of non-Ohmic transport.
The full consistent Monte Carlo simulation, developed
for the case of photoexcitation in GaAs, ' will be
presented in the next section.

A two-valley (at points 1 and L) model is used for
GaAs (under the conditions considered here, X valleys do
not contribute significantly). The following scattering
mechanisms are considered: (1) deformation potential
coupling to acoustic phonons (D„=7eV), treated exactly
according to the procedure given in Ref. 26; (2) un-
screened polar-optical coupling to LO phonons; (3) un-
screened scattering from ionized impurities, treated in
the Conwell-Weisskopf formalism as given in Ref. 26.
Throughout the paper, nominally undoped materials
(with a residual impurity concentration of 10' cm ) will
be considered; (4) deformation potential coupling to in-
tervalley I ~L phonons (D;„=8X10 eV/cm); and (5)
electron-electron scattering between I -valley electrons,
which has been included using the algorithm presented in
Ref. 27.

N (j At)=N (j bt)+[N (j bt) NL]—At

TQP

where

(7)

The procedure set up to account for the LO-phonon dis-
turbances has the following features.

(i) The tiine evolution of the LO-phonon distribution

N& is calculated as a function of wave vector q from the
MC simulation, by setting up a histogram h defined over
a grid in q space of mesh size Aq. After each scattering
event involving a LO phonon, the histogram is updated.
In the absence of external dc fields, because of the full
spherical symmetry only the amplitude of q is relevant,
thus reducing the complexity and the storage require-
ments of the simulation. Preliminary results for the
field-dependent case have been presented recently. A
detailed analysis of such a situation will be given in paper

(ii) At fixed times T=j b.t during the simulation, N is
calculated as

III. THE MONTE CARLO ALGORITHM

We present here an ensemble MC algorithm for the
study of nonequilibrium phonon effects on the relaxation
rate of photoexcited electrons. This procedure allows us
to follow the time evolution of the phonon distribution.
A collection of results has already been presented in Refs.
24, 25, 28, and 29.

The laser excitation is reproduced by adding particles
to the simulation, distributed in time according to the
lirie shape of the laser pulse, as shown in the inset of Fig.
3. The simulation is subdivided in time intervals b, t (with
ht typically much shorter than the average scattering
time for the LO-phonon scattering). At time T=j b, t,
the number of Monte Carlo electrons is updated from the
previous step according to ihe expression

Nq( T) =N ( T b, t )+C ht cosh —'(cooT),

where cu0 and C are the parameters which model the
width and power of the laser pulse.

Electrons are excited in the conduction band centered
around a given energy E;„;,with a small broadening de-
pending on the width of the laser pulse (typically around
20 meV). Since the excitation energies considered here
are below the threshold for iritervalley scattering (0.3 eV
for I to L transitions), there is no significant transfer to
the satellite valleys.

The disturbances of other types of phonons are negligi-
ble in the situation examined here. The LO-phonon dis-
tribution function is followed in its time evolution, arid
phonon-induced modifications to the relaxation rates of
the electrons are considered. In a finite-difference
scheme, Eq. (2) for the phonon evolution can be written
in the form

Nq(n bt)=Nq((n 1)bt)+5Nq(n dt)~ph

—[Nq(n b, t) —NL ], n =1,2, 3, . . .
7 QP

The term A hh gives the dynamical contribution of the
electronic processes to the phonon distribution during
the time step b, t. Here, b, h is the contribution of the c-
ph processes to the histogram, and A is a normalization
factor accounting for the density of states in q space and
for the concentration of excited electrons, given by

2K n0

q AqN

where n0 is the electron concentration and N the number
of simulated particles.

The second term on the right-hand side of Eq. (7) ac-
counts for phonon decays during At due to phonon-
phonon processes. The algorithm for the phonon count-
ing can be viewed as a hybrid MC solution of the phonon
Boltzmann equation within a finite-difference scheme.

(iii) To account for the modifications induced by the
phonon disturbance on the rate of electron-phonon
scatterings, the integrated scattering probabilities for LO
phonons are calculated and tabulated at the beginning of
the simulation using an artificially high value N „for
the phonon distribution. The choice of the final state of
each scattering process involving a LO phonon is made
using a rejection technique which compares the actual
value of the differential scattering rate with the maxim-
ized one. In this way, we are able to discriminate be-
tween the scatterings that can be attributed to the
enhanced phonon distribution versus those induced by
the initial maximization (which are treated as self-
scatterings in the simulation). A schematic plot of the re-
jection technique is presented in Fig. 2. In order to
reduce the. number of self-scattering events, it is possible
to recalculate the scattering rates at Axed times during
the simulation. A numerical integration over the per-
turbed phonon distribution function gives the exact
scattering rates at a given time, which can be used direct-
ly on the simulation.

The suggested procedure is a full MC simulation of the
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FIG. 2. Schematic of the rejection technique used for the
selection of the final state in the Monte Carlo algorithm for
hot-phonon effects. The two random numbers r& and r2 are uni-
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FIG. 3. Nonequilibrium LO-phonon distribution functions at
three different delay times as a function of the phonon wave vec-
tor. The inset shows the shape of the laser pulse.

dynamics of an interacting electron-phonon gas witnin
the finite-difference scheme indicated above, free of ad-
jusa e pat bl arameters. In the next section, the resu ts of
the MC simulation in the presence of laser excitation wi
be resented. The application of the algorithm in the
presence of an applied electric field will be presented in a
separate contribution. In that case, a two-dimensiona
grid, which stores the amplitude of q as well as the angle
between q and the electric field, is used to describe t e
perturbed distribution. '

IV. SIMPLE CASK: EXCITATION
FROM A SINGLE VALENCE-BAND LEVEL

A. Bulk GaAs

enough and the coupling with the carriers su%ciently
strong, emitted phonons can be reabsor e .d.

It is important to notice that modes of different wave
vector evolve in time in different ways, as indicated in
Fig. 4. Those with the smaller q (6X 10 cm ') exhibit an
exponential decay, immediately after the end of the exci-
tation, with a characteristic decay time of 7 ps. At inter-
mediate q's (8 X 10 and 10X 10 cm ') the phonon distri-
bution decays much faster at short times (up to 5- and 8-

ps delay), approaching then the exponential behavior.
The amplification of these large-q phonons is not as pro-
nounced as that of the small-q ones.

The time evolution of the phonon distribution rejects

The algorithm described in the previous section has
been applied to various situations to study the dynamics
of the LO phonon, of the electron distributions, and their
mutual effects. The time evolution of the perturbed pho-
non distribution is shown in Fig. 3 for an excited carrier
density of 5 X 10' cm . Electrons are excited at an en-
ergy of 0.25 eV above the bottom of the conduction band,
corresponding to a photon energy of 1.8 eV.V. The lattice
temperature is 77 K. The line shape of the laser pulse is
shown in the inset (half-width 0.8 ps). The LO distribu-
tion is driven out of equilibrium even during the excita-
tion, due to the fast power dissipation of the high-energy
p 0hotoexcited electrons. The maximum is reac e at a de-
lay time of 1 ps for wave vectors of about 6X10 cm
The small q values that are amplified during and immedi-
ately after the excitation are due to the polar nature of
the electron-phonon coupling. At longer times, the pho-
non distribution relaxes towards its equilibrium value as a
result of two distinct processes, phonon reabsorption and

honon-phonon interaction. The first one is due to thep onon-
fact that the group velocity of optical phonons is ve yver
small (less than 10 cm/s), implying that the phonons
cannot . drift away from the excitation volume during
their lifetime. Therefore, if the phonon lifetime is long
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FIG. 4. Time evolution of four different modes as a function
of delay time.
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the microscopic details of the cooling processes in the
coupled electron-phonon system. While phonon-phonon
processes are always active, and their effect is indepen-
dent of wave vector, phonon reabsorption varies drasti-
cally as a function of time and wave vector. In fact, the
very rapid changes in the electron distribution function
(which will be examined later) modify the range of pho-
non transitions that are allowed by energy and momen-
tum conservation. Figure 5 shows the minimum q for
LO-phonon absorption and emission as a function of elec-
tron energy in a parabolic band. At high energy, elec-
trons can emit phonons with very small q, but as they
cool the minimum allowed q shifts to higher values. Such
a shift appears in Fig. 3, although it is hidden by the
strong initial amplification. Furthermore, an electron
will not be able to reabsorb the earlier emitted phonons
once it goes below a certain energy.

This simple analysis explains why the phonons with
small q vector excited during the first stages of the elec-
tron relaxation (up to 2-ps delay time) cannot be reab-
sorbed, and decay exponentially via nonelectronic
phonon-phonon processes. On the other side, both the
reabsorption and the phonon-phonon terms will contrib-
ute to the damping of phonons of larger wave vector in
the first few picoseconds, leading to their faster decay
over this time interval.

The modification of the scattering rates for the
electron —LO-phonon interaction due to the phonon per-
turbation is presented in Fig. 6. There the total scatter-
ing rates for absorption and emission, obtained from a
numerical integration over the perturbed distribution
function N, are plotted at different time delays after the
end of the laser pulse. Since at low temperature the value
of the equilibrium phonon distribution is much smaller
than unity, the emission probability is a few orders of
magnitude higher than the absorption one. As the pho-
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FIG. 6. Total scattering rates for polar-optical interaction at
different times after the excitation as compared with their equi-
librium value.
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non population grows out of equilibrium, the absorption
rate increases dramatically, relatively much faster than
the emission one. The changes of the scattering rate with
time reAect the temporal evolution of the phonon popula-
tion. It is important to notice that even a few pi-
coseconds after the pulse, a significant amount of pho-
nons are still present and a considerable number of pho-
non reabsorptions is detected.

The time evolution of the electron distribution func-
tion, shown in Fig. 7, completes the previous analysis of

2.0

I

I

1.6
I

E
O

0 1.2

O

em.

0 8 +x/llYz x/// ///y

0.4

0 I I I I I I I I I I

0 01 02 03 04 05
E (ev)

FICx. 5. Energy dependence of the minimum wave vector for
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the phonon amplification. The distinct peaks in the dis-
tributions at short time delays (0 and 1 ps) are due mainly
to LO-phonon emission which sets in already during the
laser pulse (an average time of 160 fs for the emission of a
LO phonon by electrons at the excitation energy is calcu-
lated from the simulation). At a time delay of 4 ps, the
electrons mainly populate the low-energy region below
100 meV. Many of them have an energy below the
threshold for LO-phonon emission. It will be seen later
that in this case reabsorption can become very important.

As a last remark on the phonon dynamics, it is impor-
tant to compare the previous considerations with the ex-
perimental results of Raman spectroscopy. The shaded
area in Fig. 5 indicates the range of Raman-active wave
vectors for the data given in Refs. 19 and 31. The MC re-
sult for those modes (curve ~ in Fig. 4) is in good qualita-
tive agreement with the findings of Kash et al. ,

' ob-
tained for the same electron concentration but a higher
excitation energy.

The effect of the phonon perturbation on the cooling of
the photoexcited electrons is shown in Fig. 8. The elec-
tron relaxation rate is drastically reduced because of the
presence of nonequilibrium phonons. The phenomenon is
mainly due to the reabsorption of the LO phonons that
have been emitted in the first stage of the relaxation
without having had enough time to decay. The effect of
phonon reabsorption grows with time as the electrons
populate the low-energy regions below the threshold for
optical emission. Furthermore, the reduction in the cool-
ing rate of the electrons is even larger at higher electron
densities or higher injection levels, as found both experi-
mentally ' as well as in our simulation.

The MC algorithm presented here has been compared
with the models of Refs. 5 and 21. At the low excitation
energies used in Ref. 21, the phonon disturbance is re-
duced with respect to the case shown in Fig. 3, and
reaches its maximum at higher q's. The result of the
simulation obtained with an electron density of 10'
cm and an 80-fs laser pulse with an initial electron en-
ergy of 80 meV is shown in Fig. 9. The MC result agrees
quite well with that of the more sophisticated model of
Ref. 21.

10

IO

t (ps)
FIG. 8. Average electron energy, measured in equivalent

temperature, as a function of time with (solid curve) and
without (dashed curve) hot phonons.

0.06
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0
2 4 6 8

q(to cm')
FIG. 9. Nonequilibrium phonon distribution for an excita-

tion energy of 80 meV and an electron concentration of 10'
cm for an 80-fs laser pulse at two different delay times.

0

The temperature model of Ref. 5 assumes that the car-
riers (electrons and holes) are characterized by a Fermi-
Dirac distribution at any time during and after the laser
pulse, corresponding to a very fast thermalization with
the photogenerated plasma. In order to verify the con-
sistency of our results, we have performed a simulation
by assuming that the carriers are initially distributed ac-
cording to a heated Maxwellian distribution. The MC re-
sults, obtained using the same parameters as in the calcu-
lation of Fig. 3, indicate in this case a much smaller pho-
non perturbation, with the maximum of the phonon dis-
tribution still reached at 1-ps delay time as in Fig. 3, but
its value being reduced by a factor 2. The reduction of
phonon heating is related to the population of the low-
energy region of the Maxwellian distribution as com-
pared to the sharp distribution at the excitation energy.
The MC results agree very well with those we obtained
from a temperature model for a one-component plasma.
When both electrons and holes are considered, the tem-
perature model, assuming the same temperature for both
carriers, implies an inherent instantaneous energy
transfer from the electrons to the holes, and thereby a
further reduction of the phonon heating by electrons. Al-
though the latter result depends heavily on the assump-
tions of the single-temperature model, it nevertheless
shows that the electron-hole interaction can be very im-
portant. A preliminary step to combine the effect of
electron-hole scattering and nonequilibrium phonons has
recently been presented both for a two-temperature Inod-
el' and a MC analysis.

Up to now we restricted our discussion to cases where
only the central valley is important. In general, especial-
ly if the excitation energy is sufficiently high, the popula-
tion of the higher valleys (L and X) is not negligible. For
such cases the influence of the satellite valleys on the
phonon disturbances can be very strong. Figure 10
shows the minimum q for LO-phonon absorption and
emission as a function of electron energy for the I (same
curve as Fig. 5) and L valleys. Due to the higher effective
mass of the latter valleys, the emitted LQ phonoms have a
large wave vector. Because of the increased area of phase
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al number of phonons reflects indeed the relative popula-
tion of the two valleys. Nevertheless, the effect of those
phonons on the perturbed distribution [Fig. 11(b)] is
negligible. Furthermore, all of the L-valley phonons have
q values too large to be detected spectroscopically. We
can therefore expect that phonon amplifications experi-
mentally detected would decrease in the presence of sub-
stantial intervalley transfer. We are assuming here that
the four ellipsoidal valleys can be represented by an
equivalent spherical valley with an average effective mass,
although a study of the effect of the valley anisotropy is
needed.

B. GaAs-Al„Cza& „As quantum wells

FIG. 10. Minimum wave vector for absorption and emission
of LO phonons as a function of energy in a parabolic band for
the I and L valleys of GaAs.
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at 1 ps after the excitation, for an initial electron energy of 0.5
eV.

space, the contribution of the L electrons to the phonon
distribution function will be reduced. This is illustrated
in Fig. 11, where an initial electron energy of 0.5 eV has
been used (with a I -L separation of 0.3 eV). The parame-
ters of the simulation are the same as before. One pi-
cosecond after the excitation, about 60%%uo of the electrons
are found in the L valley. The MC histogram [Fig. 11(a)]
confirms that the emission of LO phonons by L-valley
electrons is concentrated in the large-q region. The actu-

Recent results obtained with time-resolved photo-
luminescence have, shown dramatically reduced energy
relaxation rates for photoexcited electrons in GaAs-
Al Ga& As quantum wells. ' It is still a debated ques-
tion whether the slow cooling rates are due to the effect
of nonequilibrium phonons, ' ' ' of screening, ' or
of some combined action of these mechanisms. The alga-
rithm just presented has been applied to a single quantum
well of GaAs-A1„Ga, „As (150 A wide and 0.28 eV
deep), with subband energies given by the solution of the
one-dimensional wave equation for a square-well poten-
tial. The bands are assumed to be parabolic. The scatter-
ing rates (both intrasubband and intersubband) of the
quantized 2D electrons with bulk unscreened LO pho-
nons are calculated numerically without the use of
momentum-conserving approximations. It has been
shown that, for wells larger than 100 A, there is little
difference between the scattering rates calculated ac-
counting for phonon confinement (slab modes) and the
one obtained using bulk modes. Intervalley transfer to
the L valleys (also quantized) is included as well. The
mechanism of 2D electron-electron scattering is intro-
duced in the MC simulation through a generalization of
the self-scattering technique given in Ref. 39 to the mul-
tisubband quantized system. The various electrons are
allowed to interact via a statically screened Coulomb in-
teraction determined by the long-wavelength limit of the
two-dimensional Lindhard dielectric function. Degenera-
cy effects due to the Pauli exclusion principle are also
considered. In the present simulation we have
neglected electron-hole scattering and recombination,
which might be of importance in some of the reported ex-
periments.

In two dimensions, the component of the phonon wave
vector in the direction of the well, q„ is not conserved
due to the spatial localization of the electrons there. In
fact, the emitted phonons are spatially localized, which
causes problems as to their representation in terms of
plane waves, as was noted by Price. This problem has
been more recently addressed by Cai et al. ,

' who solve
the coupled 2D electron-phonon kinetic equations con-
sidering off-diagonal contributions of the phonon density
matrix. In our model we considered a simpler approach,
that is, that the q, components of the phonon distribution
are localized in a region of wave-vector space of extent
1/L, L being the width of the well. This choice is indi-
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FIG. 12. Average electron energy, measured in equivalent

temperature, as a function of time during and after the laser ex-
citation for two di6'erent excitation sheet densities. The posi-
tion of the energy levels in the well is shown in the inset.

cated by the probability amplitude for emission and ab-
sorption obtained from the 2D electron-phonon scatter-
ing matrix element which has been shown to be a zeroth-
order spherical Bessel function of width 1/L. ' We
approximate this function by a Bat distribution over the
range 1/L. For intrasubband transitions, this function is
centered around q, =0, whereas for intersubband transi-
tions, it is centered around a nonzero momentum related
to the change in subband energy. Therefoie, the pho-
non distribution is tabulated for discrete q, correspond-
ing to the various intersubband and intrasubband events,
with the phonon wave vectors otherwise treated as two
dimensional.

The cooling of photoexcited electrons in an n-type
GaAs-AI„Csa, „As quantum well at low temperature (5
K) has been considered. ' ' A background sheet den-
sity of 2.5 X 10" cm is used. The injected sheet density
is 5X10" cm . The GaAs parameters are the same as
for the bulk case. The width of the simulated laser pulse
is about 1 ps, during which time carriers are added to the
simulation with an initial energy of 0.25 eV above the
bottom of the lowest subband. The inset in Fig. 12 shows
the position of the energy levels in the well. Figure 12
shows the evolution of the electron total energy (kinetic
plus potential) as a function of time during and after the
pulse. The excited electrons lose energy mainly through
the interaction with the background electrons and
through the emission of LO phonons. For equilibrium
phonons (Cl), the hot electrons are found to reach equilib-
rium in about 3 ps. In contrast with the case of an unper-
turbed phonon distribution, a much slower relaxation is
found when nonequilibrium phonons are accounted for
(O, A). The two cases in Fig. 12 correspond to diff'erent

1.0 ps
O 14 ps
0 40 ps

p

0 6

q (~p' cm-')
10

FICx. 13. LO-phonon distribution as a function of total paral-
lel momentum (for q, =O) for times during and after the laser
excitation.

injection densities. At the excitation energy considered
here, virtually no intervalley transfer occurs. It is worth
noticing that no real dependence on well width has been
found in the MC results. The reduction of the electron
cooling rate is due to the reabsorption of nonequilibrium
phonons which build up during the initial pumping and
the first stage of the electron relaxation. This is evi-
denced by the time evolution of the phonon distribution
at q, =0 (intrasubband scattering) shown in Fig. 13. The
same, although reduced, features are found also at q, &0.
LO-phonon emission during the pulse and immediately
after creates a large population of phonons at small q's.
At longer times, phonon reabsorptions and phonon-
phonon losses drive the distribution back to equilibrium.
The secondary peak that develops at later times in the
phonon distribution is due to phonon emission by elec-
trons that have already relaxed to lower energy. As
pointed out before, the reduction in the electron relaxa-
tion rate is mainly due to reabsorption of the emitted LO
phonons. The eft'ect is stronger when a considerable
number of electrons have relaxed to the low-energy re-
gion below the emission threshold.

Recently, a time-resolved Raman analysis of the devel-
opment of nonequilibrium LO phonons in narrow
Al„Ga

&
As-GaAs quantum wells was presented.

There, electrons were excited in the first subband with an
excess energy of about 160 meV. From the anti-Stokes
peak of the Raman signal it was possible to monitor the
buildup of the nonequilibrium LO-phonon population.
For an experiment performed in backscattering geometry
lI1 a two-dlmenslonal system, the output (that ts, the LO-
phonon population) constitutes an average over all LO
modes, contrary to the bulk case where a well-de6ned re-
gion of q space is analyzed. The experimental results
(extracted from the time-resolved average of the anti-
Stokes peak) indicate an "average" phonon lifetime of 8

ps at 10 K. The MC results for the same situation are
shown in Fig. 14 for three dift'erent values of ~, .

It is clear that reabsorption plays a very important role
in the experiment. The more strongly amplified phonons
(around q = 8 X 10 cm ') decay with a time constant
which is much shorter than the ph-ph value introduced
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FIG. 14. Time evolution of various phonon modes obtained by using three difFerent values for 7 p.

in the simulation. As pointed out in the discussion for
the bulk case, this indicates a strong contribution of the
electronic processes to the phonon lifetime. Therefore,
even if it is hard to extract an average phonon lifetime
from the results of Fig. 14, this seems to indicate that the
measured phonon lifetime is not directly the nonelectron-
ic ph-ph lifetime, but sets a lower limit for it.

U. RKAI,ISTIC MODEL: EXCITATION
I RuM Z THREE-VAI, KXCK-BAWD MODKI.

When the details of the band structure are taken into
account for the photoexcitation process, a more elaborate
description of the initial carrier distribution is necessary.
As illustrated in Fig. 15 for bulk GaAs, the absorption of
photons with considerable energy (typically around 2 eV)

FIG. 1S. Schematic representation of the excitation process
in polar semiconductors.
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induces transitions from the three hole bands. Therefore,
the energy distribution of the photoexcited electrons is
characterized by three distinct peaks, slightly broadened
because of the warping of the valence band and of the
natural absorption linewidth. This condition enters as
the initial condition (for the electron energy distribution
function) is the MC program described earlier. The
present MC algorithm has been used to analyze the
luminescence spectra after photoexcitation with a 400-fs-
wide laser pulse at TL =300 K. '" A very good agree-
ment has been found with the experimental data for a I-
L deformation potential D„L of 6.5+1.5X 105 eV/cm.
The physical parameters used in the simulation are
shown in Table I. Figure 16 shows the MC electron dis-
tribution at three diferent time delays in bulk InP and
GaAs. Some important differences are worth noticing.
In GaAs, about 60go of the photoexcited carriers transfer
to the satellite valleys during the laser pulse (the average
time for I ~L transition via phonon emission or absorp-
tion is about 80 fs). This creates the depletion in the
high-energy region, above 0.3 eV, noticeable in Fig. 16.
Carriers return slowly to the I valley, with a characteris-
tic time of 2 or 3 ps. The net I"~L transfer is actually a
complicated series of processes where electrons can
scatter in and out of the I. valleys before leaving the ac-
tively coupled energy region (that is, the range of energy
about 0.27 eV). The L valleys in InP are located at a
much higher energy, and do not significantly contribute
to the cooling process. The electron distribution is
smoother than in GaAs, and the population of the low-
energy region is higher at all times, since the cooling pro-
cess is not slowed down by intervalley transfer. In both
iases, electrons are characterized at the shortest time (1
ps) by an athermal distribution. Even if the intercarrier

TABLE I. Physical parameters used in the simulation.

gg (eV)
m,"/m,
mq /mo
m ~/m,
Z«(eV)
Qr~ (eV}

Cp

D«(eV/cm)
Dr& (eV/cm)
DLz {eV/cm)
D„{eV/cm)
T;rI (K}
Trx «)
T'„. (K)
TP, I (K)

GaAs

1.42
0.063
0.22
0.58
0.3
0.61

10.92
12.9

7x 10'
7x 10'
5x10'
7x 10'
357
323
323
410

InP

1.34
0.078
0.4

0.61

9.52
12.35

2.5x 10'

7x 10'
492

scattering is not sulciently strong, at the low densities
considered here (5X10' cm ), to assure complete
thermalization within the ensemble, it is nevertheless
sufficient to smooth out the initially peaked distribution.
This indicates the inadequacy even at the shortest times
of the cascade model. '

The time behavior of the electron average energy for
InP and GaAs is presented in Fig. 17 for three different
carrier concentrations. The density dependence of the re-
sults is due to hot-phonon effects as described earlier.
Cleaply, other processes such as electron-hole scattering
discussion in Sec. IV A or free-carrier screening of the
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FIG. 16. Energy distribution function for I -valley electrons in (a) CxaAs and (b) Inp at three di6'erent time delays after the excita-
tion. The excitation density is 5 X 10' cm and the lattice temperature is 300 K.
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ture, of the I -valley electrons for difFerent excitation densities
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polar-optical-phonon coupling can have an inAuence on
the carrier relaxation, especially at the highest carrier
densities. However, screening has repeatedly been
demonstrated to play a minor role in the presence of
strong LO-phonon amplification 5, &r, &5,48 At room
perature, the reduction of the cooling rate is not very
pronounced, especially in GaAs, because of the large
availability of LO phonons that limits the erat'ectiveness of

the reabsorption processes. The time behavior of the
average energy indicates a very rapid cooling of the pho-
toexcited electrons in InP, due to the confinement of elec-
trons in the I valley and to the stronger polar coupling of
this material. Because of the high density of I electrons,
the hot-phonon e6'ects noticeable in the first picoseconds
after the excitation are stronger than in GaAs.

The characteristic behavior of the two materials also
shows up in the nonequilibrium LO-phonon distributions
shown in Fig. 18. A stronger and faster phonon buildup
is found in InP, with the maximum amplification reached
at a time delay of 1 ps. The time evolution of the
Raman-active modes (qz —8 X 10 cm ') for GaAs is
shown in Fig. 19, For the room-temperature case (open
circles), a plateau is observed in the first picoseconds after
excitation, which is direct evidence of the slow return of
the electrons from the upper valleys. Such features are
related to the fact that, within the spherical model for the
upper valleys, phonons are emitted there with wave vec-
tors outside the Raman-active area. Therefore, the con-
tribution to the phonon amplification at q~ follows close-
ly the loss of population of the upper valleys. The corn
parison of the time behavior of the phonon modes at two
difFerent temperatures is also presented in Fig. 19. After
the initial delay, the populations decay with characteris-
tic times of around 3.5 and 7 ps at 77 and 300 K, respec-
tively, in agreement with the experimental results (see in-
set).

As a last point, we would like to comment on a previ-
ous determination of D&I for GaAs obtained from Ra-
mgn data. In the experiment of Collins and Yu, ' a value
of DzL equal to 1.5 X 10 eV/cm was derived from the
time evolution of the anti-Stokes peak for a much lower
excitation density and a much longer laser pulse, com-
pared to the situations examined above. The data were
interpreted as indicating very little transfer of photoexcit-
ed carriers into the satellite valleys despite the very high
excitation energy. Our MC simulation of that experi-
ment shows that the nonequilibrium phonon population
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FIG. 18. LO-phonon distribution for I -valley electron in (a) GaAs and (b) Inp for three difFerent time delays after the excitation at
TL =300 K
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is not very sensitive to the I -L coupling, as shown in Fig.
20, mainly because of the long times and small densities
'evolved. Figure 21 illustrates this point, by comparing
the time evolution of the phonon disturbance (at
q =8 X 10 cm ') obtained from the MC simulation with
two values of DzL equal, respectively, to 1.5 X 10 and
7X10 eV/cm. When the I -L coupling is weak, the
transfer of photoexcited electrons to the satellite valleys
is drastically reduced. Therefore, a stronger phonon

amplification is found at the shortest times, compared
with the case (D&L =7 X 10 eV/cm) when the intervalley
transfer is dominant.

As was shown in Ref. 46, the MC analysis of tirne-
resolved photoluminescence data indicates that a value of
D&L =1.5X 10 eV/cm is far too low to interpret the ex-
perirnental results, while an excellent agreement is found
for Dri =6.5(+1.5) X 10 eV/cm. If the experiment
could be repeated under more favorable conditions (that

0
5 -1

q =8-1 x 10 cm

~ O = 1.5 x 10 e V/c m
8

ri
~ D = 7 xlO ev/cm8

I'i
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FICx. 20. Monte Carlo calculations of the Raman-active
modes as a function of the laser-pulse energy under the condi-
tion of the experiment of Collins and Yu (Ref. 31) for two
different values of the I -L coupling: U, DzL =7.0X 10 eV/cm;
~, D« = 1.5 X 10' eV/cm.
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FIG. 21. Monte Carlo calculations of the Raman-active
modes as a function of time under the condition of the experi-
ment of Shah et al. (Ref. 46) for two different values of the F-L
coupling: ~, Dt-L =7.0X 10' eV/cm; ~, D« = 1.S X 10'
eV/cm.
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is, with a much shorter laser pulse and a higher density),
the phonon distribution could be used to discriminate be-
tween different values of DzL.

VI. CONCLUSIONS

A full Monte Carlo technique for the study of electrons
and phonon dynamics in bulk GaAs, InP, and in
Al Ga& As-GaAs quantum wells has been presented.
The method does not require any assumption on the form
of the distribution function, and provides a detailed mi-
croscopic description of the transport phenomena. We
have focused on the relaxation of electrons photoexcited
by ultrafast laser pulses. During the initial stage of the
relaxation, a strong emission of LO phonons occurs
which drives the phonon distribution function out of
equilibrium. The presence of a perturbed LO-phonon
population causes a reduction of the cooling rate of the
photoexcited electrons. Such a reduction, which is a
function of the excitation conditions and of the lattice
temperature, is caused by a sizable reabsorption of LO
phonons by the cooling electrons. Peculiar differences in

the time evolution of the electron and phonon distribu-
tions are found in GaAs versus InP, due to the contribu-
tion of the satellite valleys in the former material. The
results of the Monte Carlo simulation compare favorably
with available experimental results obtained with time-
resolved photoluminescence and Raman measurements.
A similar investigation for the case of bulk GaAs has re-
cently been presented in Ref. 49. The slowing down of
the photoexcited electrons due to the presence of hot
phonons has also been found in GaAs-Al„Ga& „As
quantum wells.
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