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An ensemble Monte Carlo simulation of the femtosecond response of photoexcited electrons in
indirect-gap Al,Ga,_,As is performed. The time evolution of electron populations in the conduction-
band valleys is studied. By comparing with recent femtosecond infrared-absorption experiments, a value
for the L-X intervalley deformation potential was derived through parameter fitting. The effect of
binary phonon modes due to the alloy structure of the semiconductor is incorporated into the simulation
of both the ultrafast scattering processes and the indirect photogeneration process. The value found for
the L-X intervalley deformation potential, Dy, =1.7+0.5X 10® eV/cm, can be assumed as a lower

bound for the deformation potential in GaAs.

I. INTRODUCTION

With the push for smaller device dimensions and
higher-frequency operation, hot-electron phenomena,
particularly ultrafast scattering processes in the fem-
tosecond time range, have become an extensive area of
research. A number of groups have been active in study-
ing the intervalley scattering among the I', L, and X val-
leys in GaAs,! ™ which is one of the dominant scattering
mechanisms for hot electrons with energies above the in-
tervalley scattering threshold. Experimental techniques
based on optical excitation measurements and transport
are the basis for various determinations of the intervalley
scattering parameters through a numerical parameter fit
to measurements of population evolutions monitored by
pulsed photoexcitation pump-probe techniques,’’
linewidth broadening of the photoluminescense spectra in
continuous-wave optical excitation,* and mobility mea-
surements.”® Numerical simulations using ensemble
Monte Carlo (EMC) techniques are generally employed
for parmameter fitting to such data, as well as rate-
equation-based methods on pulsed’ or continuous-wave
photoexcitation.!® Theoretical treatments of the interval-
ley scattering deformation potential using empirical pseu-
dopotential methods have also been reported.!! Howev-
er, these various methods have resulted in a wide range of
values for important intervalley scattering deformation
potentials such as the I'-L deformation potential, which
range over an order of magnitude as (1-10)X 10® eV/cm,
and is a continuing matter of investigation, although the
measurements and theory seem to be converging to an ac-
cepted 7X 10® eV/cm for this value.’% 10

Relatively little work has been done to directly study
the L-X intervalley scattering process, the uncertainty of
which also affects the determinations of the I'-L and I'-X
intervalley scattering lifetimes. The scattering between
the L and X valleys in GaAs has mostly been treated
through a numerical fit to transport measurements.”®
Since GaAs is a direct-gap semiconductor, this process
cannot be monitored directly by optical techniques. Re-
cent femtosecond-scale infrared-absorption measure-
ments of Wang et al.!? provide access to the measure-
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ment of this scattering process in indirect-gap
Al, ¢Ga, 4As. These latter authors obtain a value for the
L-X intervalley scattering lifetime and deformation po-
tential from a rate-equation analysis. This value of the
scattering lifetime can be used to set an “upper bound”
for the X-L intervalley scattering time constant for
GaAs, since the density-of-states mass for the X valley in
GaAs is greater than in Al ,Ga,_,As."? However, it
should be noted that estimates of lifetimes are notably
poor estimates of actual scattering rates.!

In this study, we have developed a three-valley EMC
simulation for the photoexcitation and relaxation of elec-
trons in the various conduction bands of indirect-gap
Al (Ga, 4As. The L-X intervalley deformation potential
is determined by parameter fitting to the femtosecond
time-resolved absorption data of Ref. 12.

II. SIMULATION

The band-structure picture we use to study intervalley
scattering of electrons in indirect-gap Alj (Gag 4As is
shown in Fig. 1. Electrons in the valence band are in-
directly excited to the conduction-band valleys (X and L)
using a 400-fs full width at half maximum (FWHM),
212-eV pulse beam with a photoexcitation density of
n=2.8X10'® cm™3. The absorption process is an in-

t‘\bsorption
jinto X,

1 valley

FIG. 1. Band-structure schematic of Al,Ga,_,As showing
the intervalley and intravalley phonon-scattering processes and
the X¢-X intervalley infrared-absorption transition.
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direct one, and involves intervalley phonons, a point that
plays a major role in the simulation, as discussed below.
The conduction-band carriers undergo elastic- (acoustic-
phonon) and inelastic- (polar-optical-phonon, intervalley
and intravalley optical-phonon deformation-potential
scattering) scattering events at room temperature, and ac-
cumulate at the bottom of the X valley. This population
is probed through the absorption of a 3.3-um, 500 fs in-
frared pulse which excites these carriers to the X, valley.
Because the infrared probe pulse has a similar time reso-
lution to the excitation pulse, these effects are convolved
in time, and the simulation must account for this convo-
lution as well.

A. Material parameters and scattering rates

We have used the bulk material parameters for
Al ,Ga,_, As for the band structure near the I', X, and L
points, and the effective masses in these valleys, of Ada-
chi'* (see Table I). The virtual-crystal approximation,
i.e., the interpolation of the constituent material (GaAs
and AlAs) values for a given composition x with relevant
bowing parameters, was avoided wherever solid experi-
mental data were available in the literature. A parabolic
band approximation for the lower-lying X and L valleys
was assumed, while nonparabolicity for the ' valley was
considered in the calculations of scattering rates and
energy-momentum relations.

Electron-phonon interactions in the ternary allow
Al,Ga,_,As are greatly influenced by the fact that the
lattice structure supports two distinct sets of LA, TA,
LO, and TO modes due to the GaAs-like lattice in-
terweaved with the AlAs-like lattice.!*> We consider that
both sets of modes will contribute to the indirect-gap gen-
eration of electrons into the conduction-band valleys.
The scattering from both types of phonons is also taken
into consideration for polar optical and nonpolar inter-
valley and intravalley scattering. The phonon strength
ratios, i.e., the partitioning of the total phonon power
into the AlAs-like and GaAs-like sets, are found in
Raman-scattering measurements,'> which depict approxi-
mately a one-to-one ratio of phonon strengths for x =0.6.
The zone-center phonon energies fiw;, for x =0.6 in
Al ,Ga,_,As are found from these same data. However,
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the zone-edge phonon energies, which are involved in in-
tervalley and intravalley scattering, are found to be fairly
broad experimentally, so the values used were obtained
through a linear interpolation of their constituent materi-
al values and are assumed equal for both the X and L
points. This fit is easily within the broadness of the ob-
served Raman lines. The scattering due to each of the
two modes is treated as if it were a different scattering
process. Thus we have scattering by one phonon with an
AlAs-like zone-edge phonon energy, and by a second
with a GaAs-like zone-edge phonon energy. A relevant
partitioning of the phonon strength is made, based upon
the relative Raman strengths, but the same density-of-
states parameters are used, as these latter measure the
number of final states for the scattering process. For
optical-phonon scattering in III-V semiconductors selec-
tion rules from symmetry considerations allow only cer-
tain phonon modes to take part in intervalley and intra-
valley scattering. The nonpolar optical deformation-
potential scattering rate expression for zero-order scatter-
ing can be written as'®

1 (m*)3/2D2 —
= — N, +1+1 E—AFE Ftw,, (1)
Tcat " V2mptio, [No+ 5% v “o

where N, is the number of valleys to which the initial
state can scatter, namely one for intravalley scattering
and scattering to the I" valley, four for scattering into the
L valley, and three for scattering into the X valley, m* is
the density-of-states mass of the final state, D is the non-
polar optical deformation potential for the allowed pho-
non mode, N, is the phonon occupation number, AE is
the difference between the band minima of the initial and
final state, p is the mass density, and , is the phonon fre-
quency. The + and — signs in the phonon occupation
factor refer to the cases of phonon emission and absorp-
tion, respectively. Where zero-order phonon-scattering
processes are forbidden from symmetry considerations,
first-order corrections to optical deformation-potential
scattering can be made:'®

=N, [(N,+1£1)]

X[2E —(AE +#wy) |V E —(AEtfiwy) , (2)

TABLE I. Al (Ga, 4As material parameters.

m, 0.368(my)
my 0.246
mr 0.1168
My 0.704
my, 0.1248
My 0.070
Ep 2.0203 eV
AEy, 0.066 ¢V
AEyr 0.1715 eV
AE, 0.1048 eV
AEyex7 0300 eV
w1 0(GaAs) 0.033 eV
wLo(AlAsS) 0.049 eV

U, 5770 m/s

ﬂ)Bz(GaAS) 0.0273 eV
sz(AlAS) 0.045 eV

o A(GaAs) 0.012 eV

wp A(AlAs) 0.015

Dr, 7.0X10® eV/cm
Dy, 1.5X 10® eV/cm
Dyx,Dy1,Dxr 1.0X10° eV/cm
€(0) 9.25(€p)

€int 10.00

€. 11.31

= 5.0 eV

=, 7.0 eV

p 4400 kg/m’
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where E is the first-order optical coupling constant.

From selection rules,'®!” the zero-order intravalley
scattering within the I'" valley is not allowed. We have
not included a first-order scattering correction to this
case. Intravalley X scattering occurs through LA and
TA phonons only, while intravalley L scattering involves
all possible modes LA, LO, TA, and TO. Intervalley
scattering selection rules for X-X scattering (to different
equivalent valleys) are due to LO phonons only, since the
mass of the Ga and Al atoms are less than the As atom.
L-L intervalley scattering involves both longitudinal
modes LA and LO. Intervalley L-X scattering is due to
the LO-phonon modes only. We include also a first-order
scattering correction due to the LA modes for this case.
The intervalley scattering between the I valley and the X
and L valleys is due to the LO-phonon modes.

For polar-optical-phonon scattering, the existence of
two LO modes due to GaAs-like and AlAs-like phonons
shows itself by a modification of the Frohlich coupling
constant for each of the electron-polar-optical-phonon
scattering interactions. For the case of a single LO pho-
non existing in the lattice, the dielectric constant for the
long-wavelength case, excluding plasma effects, is given
by the expression'¢

2 2
@ —w

ew)=¢, [1+——2 1, 3)
Do~ @

where €, is the optical-frequency dielectric constant and
oo and wyg are the LO- and TO-phonon frequencies.
The ionic polarization, which causes the electron—polar-
optical-phonon interaction, is characterized by an
effective charge with which the scattering electrons in-
teract. Optical-frequency polarization, proportional to
€', does not have an ionic component since ionic motion
cannot follow the high frequencies. Hence, the ionic po-
larization is identified through the Frohlich coupling con-
stant, given by

1 1

r=w?
LO

) (4)

and is thereby purely of ionic origin. Here, €5 and €, are
the high- and low-frequency dielectric constants ap-
propriate to the particular mode. The effective ionic
charge is proportional to this Frohlich constant, as a
difference between the inverse of dielectric constants at
frequency o >wyg>wyo and o <wrg. When we have
two TO modes as in Al, Ga,_, As, the dielectric constant
has two singularity points (see Fig. 2). We can distribute
the total effective ionic charge between the two TO lines.
For higher-frequency LO phonons, i.e., the AlAs-like LO
phonon, the Frohlich coupling constant is given by

R S

int ®©

The remaining part of the effective ionic charge is due to
the GaAs-like LO phonon, with Fréhlich constant

1 1

= 2
w0y o(GaAs) €0 e

(6)
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FIG. 2. Dielectric constant dispersion for the alloy modes.
Two singularities due to the AlAs-like and GaAs-like phonons
exist.

Here, €, is an intermediate dielectric constant, whose
value is to be determined.!®!® The criterion for determin-
ing this is the fact that the phonon line strengths for
long-wavelength LO phonons from the Raman-scattering
spectra are approximately equal. Hence, by using the
two Frohlich constants given by (5) and (6), we have
effectively partitioned the total polar-optical-phonon
scattering process between the two LO modes. For this
purpose, we have set €;,, = 10¢,,.

The polar-optical-phonon scattering is also influenced
by the presence of other carriers through screening. Un-
der the assumption of no screening, the polar-optical-
phonon scattering rate is given by

1 _m"’ezww 1 1
Tscat 477'ﬁ2k €L €
k+V'k*Fq}
X {(Ng+1t)in [— 290 |1 )
tk+V'k*Fq}

where g, is the phonon wave vector and k is the electron
wave vector. We have implemented the effect of reduc-
tion of this scattering rate through screening through a
random number rejection technique in the program,
whereby the matrix element is reduced by a factor!®

1 1

€. €y

4

. 8
(q2+B2)2 ( )

~ 2
r (95 %6)

An important characteristic is that the Debye screening
length can be a time-dependent quantity. Following the
approach of Osman and Ferry,?’ the time-dependent
screening wave vector 3 was calculated at each time step
as (for parabolic bands)
. netl 1
B € N E, 2E; ’ ®)
where 7 is the electron concentration, N is the number of
electrons in the simulation, E; is the energy of electron i,
€, is the static dielectric constant, and the summation
runs over all electrons in the simulation. For nonpara-
bolic bands, the expression for the screening wave vector
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can be modified as?°

ne’ 1 2a 1+2aE,

— +
€ Nzi 1+2aE;, 2E;(1+aE;) |’ 1o

B=

S

where a is the nonparabolicity factor. Hence, by recalcu-
lating only the screening wave vector 3 at each time step
and reducing the scattering rate through a rejection tech-
nique, we do not have to calculate the polar-optical-
phonon scattering rates at each time step.

Acoustic-phonon scattering is also treated. The ex-
istence of alloy phonon modes does not have any effect on
this scattering process. The scattering rate is given by

1 EikgT(2m*)"?

4 2
Tscat 21H PV

EV? (11)

where Z? is the acoustic deformation potential and v, is
the velocity of sound.

The scattering rates given so far assume nondegenerate
statistics. Degeneracy is accounted for by a factor
[1—f(E)], where f(E) is the occupancy of the energy E.
The scattering rate reduction is implemented through a
rejection technique as in the case of screened polar-
optical interactions.?! The occupation factor f(E) is up-
dated at each time step for each of the valleys I', L, and
X. By counting the number of electrons with an energy
in the range E, E +AE, we obtain the energy distribu-
tion. To translate this number into the occupation prob-
ability, we normalize the number with the density of

states. Hence,
N,(E) n
f,(E) = 372 , (12)
2 . 2"’211 EI/ZAE elec
(2m) #
where N;(E) is the number of electrons in valley i with

energies between E and E + AE, n is the total concentra-
tion, and N, is the number of electrons used in the
simulation.

Electron-electron interactions at high carrier concen-
trations are treated through a molecular-dynamics ap-
proach. The Coulombic interaction between electrons is
calculated in real space using an Ewald sum technique at
each time step.?? The total Coulombic potential for n
electrons is given by

62

b=—-— 1 é ‘L (13)
41e(0) 2 i

where r;; is the distance between electrons i/ and j, and n
is the total number of electrons. Since we are simulating
a small volume in the crystal with N .. number of elec-
trons, the whole crystal is assumed to be composed of
cells which are the exact replicas of this simulated
volume. The summation of (13) can be expanded in terms
of the cell basis vectors L=L,a, +L,a, as (L,,L,,L, are
integer multiples of the dimensions of the simulated
volume)

62 l Netec 1 1

=— — 4 -_—,
4me(0) 2 &, 1y r;éo |L+r]

(14)
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FIG. 3. L-valley population evolution for D;,=1.5X10?
eV/cm. The straight line is for the case with the inclusion of
electron-electron Coulomb interactions, the dashed line is for
that without.

where the first term is the electron-electron interaction in
the cell being simulated, and the second term is due to
the replicated cells. For simplicity, only the nearest-
neighbor cells are considered in the calculation
(minimum image approximation).

The effect of electron-electron Coulomb interactions is
seen in the L valley population evolution and energy dis-
tributions of Figs. 3 and 4. Figure 3 illustrates the
response of carriers in the L valley, while Fig. 4 illus-
trates the distribution functions in the two valleys at 500
fs. There is no appreciable difference in the population
evolution curves for the cases with and without the in-
clusion of electron-electron Coulomb interactions. How-
ever, from the population energy distributions in Fig. 4,
we see that the X and L valley energy distributions are
significantly broadened due to electron-electron interac-
tions. These interactions are contributing to the thermal-
ization of the distribution and increasing the number of
electrons in the X valley above the X-L intervalley

60 T
5 without e-e interaction[ with e-e
50 ./ . — Lvalley L valley |
- - X valley - - - X valley |
a0 1 ]
- EEINN ]
30 SR ]

Population Distribution (arb.units)

0 50 100 150
Energy (meV)

FIG. 4. Energy distribution function of X and L valley popu-
lations at =500 fs after the maximum of the photoexcitation
pulse.
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scattering threshold (of 66 meV), and also broadening the
L valley distribution so that the scattering rate is higher
than the case without the treatment of Coulomb interac-
tion.

B. EMC simulation of the photogeneration process

The photogeneration process from the valence-band
states to the X and L conduction bands requires phonon
coupling for the indirect-gap  semiconductor
Al, (Gay 4As. The valence-band states at the I' point
(light- and heavy-hole bands) are composed of the p states
of the group-V elements. The selection rules for phonon
coupling depend on the particular path of the generation
process. In Fig. 5, the two possible paths for the
valence-band to conduction-band transition are shown.
In case (i), the valence-band electron absorbs a photon
and goes to an intermediate state in the energy gap at the
I point. The phonon-coupling selection rules for this
state are similar to those for I'-L and I'-X intervalley
scattering, i.e., LO zone-edge phonons are involved in the
transition process when the mass of the group-V atom is
greater than the III-group atoms. For case (ii), the
valence-band electron first couples with a phonon to
transfer to an intermediate state in the energy gap, then
absorbs a photon for transition into the conduction-band
valley. The phonon selection rule for this case is the re-
verse of case (i), i.e., LA phonons are allowed for the
transition to the intermediate state. The absorption rate
is given by!®

N m*3/2

vall
I-‘(ﬁwlaser)=1< :oey (Nq.*'%i'—;—)
phonon
X (hwlaser —Egap + ﬁwphonon)2 ’ (15)

where K is a constant depending on various material pa-
rameters and deformation potentials, but its value is ir-
relevant in the present case since we already know the to-
tal number of photoexcited electrons. The expression in
the energy term can be rewritten as

T valley U

L valley . -
i -
-
~ i e=” X valley
S ﬁ S~
N 0 E
= A 1 =
- |
Phg] X !
AEy, I
1 ! !
1 ! !
1 1
1
1 ! !
i ! ! -
heavy-hole band
light-hole band
— } $
+ + +
L r X

FIG. 5. Photogeneration in indirect-gap Al,Ga,_,As. Two
generation paths, (i) and (ii), are possible, each with different
phonon selection rules.
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FIG. 6. Photogeneration spectra for the X and L valleys as-
suming equal probabilities for the paths (i) and (ii) in Fig. 5.

ﬁwlaser - Egap + hwphonon = Eval + Econd + hwphonon > (16)

where E , and E_ 4 are the initial valence-band and
final conduction-band energies.

Since the photoexcitation process is complicated by the
existence of two sets of LO and LA phonon modes, we
need to do a rigorous calculation of the final conduction-
band state energies. By using a Monte Carlo approach,
the calculation of the initial energies of photoexcited elec-
trons is straightforward. These energies are used in the
main EMC route as electrons “appear” through photoex-
citation according to a secant hyperbolic squared pulse
shape in the program. The method of calculating these
energies is as follows: For each electron in the ensemble,
a random number decides on the path through which the
electron transfers from a valence-band state to the final
conduction-band states. The paths are the valence-band
state emitting or absorbing an AlAs-like or GaAs-like LO
or LA phonon to a final state in the X or L bands. The
weights of the respective paths are determined from the
quantities N, effective mass m* of the conduction
band, @pponens and the energy expression, in which an ini-
tial valence-band energy is chosen randomly with a
weight reflecting the density of states in the valence band.
This is due to the fact that a wide range of phonon wave
vectors can complete the transition. The selected path
and initial valence-band energy gives the energy in the X
or L conduction band. The spectrum of the generated
carriers which results from the simulation, assuming
equal weights for the paths (i) and (ii) of Fig. 5, is shown
in Fig. 6. We can interpret this curve as the absorption
spectrum of the semiconductor under continuous-wave il-
lumination. The main simulation is tested for sensitivity
to the photogeneration path by alternately assuming path
(i) only, path (ii) only, and equal probabilities for both
paths of generation. This is discussed in the next section.

III. RESULTS

The simulations were performed for a range of different
values for the intervalley deformation potential Dy .
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These ranged from 0.5X10® eV/cm to 5X10% eV/cm.
The simulations were also carried out both with and
without the band filling, screening of the electron-polar-
optical-phonon interaction and Coulombic interaction
effects, and for the various photogeneration cases dis-
cussed above. A first-order scattering correction to the
L-X intervalley scattering process was also made. How-
ever, since the first-order scattering rate is small com-
pared with the zero-order rate, no difference between the
simulations for different first-order deformation-potential
values (for Z,=0, 2.5, 5.0 eV) was found, indicating that
this is an unimportant process.

An important point in interpreting the experimental
data of Ref. 12 is the range of X-valley electron energies
at the bottom of the X, band which can be probed by the
absorption. Since we have different curvatures in the X
and X, bands, there is a cutoff energy near the bottom of
the X, band where the electron population is sampled.

This energy is given by the expression (under a
parabolic-band approximation
_ My
AE_(Eprobe_AEX6*X7)m > (17)

where AEyq_ - is the difference between the X and X,
conduction-band minima, mys and my, are the effective
masses in the X¢ and X, valleys. The X,-valley effective
mass is estimated from the band structures of GaAs and
AlAs,?® and interpolating under the virtual-crystal ap-
proximation. Using the masses my¢=0.368 and
my;=0.07, and AEy¢_x;=0.3 eV, we find the cutoff en-
ergy AE to be approximately 20 meV.

In our simulation, we determine the values of the X
population lying in the bottom of the band with an ener-
gy less than AE. The resulting curves are convolved with
the absorption probe pulsewidth (500 fs FWHM secant
hyperbolic squared). The results for AE =20 meV are
shown in Fig. 7. We find that a value of
Dy; =1.5+0.5X 10® eV/cm approximates the evolution

% 1.2 T T
g [
> - — -
N 1 - T = —
5 , S
= i
32 0.8 in eV/em ]
=
S2 data 1
55 0.6 8 ]
3 1.0x10
(=3 8 1
= 0.4 — 1.5x10 ]
L)
2 8 ]
= ~ -~ - 2.0x10
> 0.2 . ]
< 3.0x10
0 L . i
0 1000 2000 3000 4000 5000
time (fsec)

FIG. 7. X-valley population evolution for different L-X de-
formation potentials. The X4-X transition occurs for X¢-valley
electrons with energy less than AE =20 meV. The photogen-
eration path (i) is assumed.
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FIG. 8. Same as in Fig. 7, but for a cutoff energy of AE =50
meV for electrons in the bottom of the X valley.

of the X-valley population with energy less than the
probed energy range of 20 meV. For comparison, the
corresponding curve of case (i) for AE =50 meV is also
given in Fig. 8. In the latter case, the curves lie at larger
values than the experimental data at the region where
L-X intervalley scattering is the main mechanism of the
X-valley population increase (i.e., for ¢ greater than 1500
fs). However, the deformation-potential value
Dy, =1.5X10® eV/cm is still seen to be good at longer
times. The inclusion of effects like band filling, electron-
electron interactions, and screened electron—polar-
optical-phonon interactions do not have any significant
effect on the estimated value of Dy; at an electron con-
centration of 2.8 X 10'® cm ~? reported in the experiments
of Ref. 12, and the different X-valley population evolution
plots lie within the error bounds of the data. Specifically,
the difference between the number of scattering events
with and without the inclusion of band filling and polar-
optical-phonon screening is less than 3%.

The effect of varying the photogeneration path can be
seen in Figs. 9 and 10. In the initial results illustrated in

>
°E’ 1.2 T T T ]
= }
5
=
=€0'8 u in eV/cm
gs
£20.6 ) ¢ data .
58 i g
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g 0.4 4 ]
> v —— 2.0x108 -
s 024 - - - 25x10% ]
> i
0 - I |
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time (fsec)

FIG. 9. X-valley population evolution for electrons with en-
ergy less than AE =20 meV, assuming the photogeneration path
(ii). Note that the deformation-potential values fitted to the
data are higher than in Fig. 7.
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FIG. 10. X-valley population evolution for electrons with en-
ergy less than AE =20 meV, assuming an equal probability of
selection of photogeneration paths (i) and (ii).

Fig. 7, we assumed the photogeneration is due to path (i)
only, where only AlAs-like and GaAs-like LO phonons
are assumed to couple the intermediate state at the I
point in the energy gap to the conduction bands. The ra-
tio of photoexcited electrons in the L valley to those in
the X valley is approximately 0.3. In Fig. 9, photogenera-
tion due to path (ii) is assumed. The ratio of photoexcit-
ed electrons in the L valley to those in the X valley for
this case is approximately 1.1, much larger than the pre-
vious case. This mainly occurs because the LA-phonon
energies are much smaller than the LO-phonon energies
and phonon-emission processes resulting in transfer to
the L valley are more effective. As a result, the L-X
deformation-potential value that fits the data is nearer to
2.0X 10 eV/cm. The results for the case where paths (i)
and (ii) are equally probable is shown in Fig. 10. The ra-
tio of photoexcited electrons in the L valley to those in
the X valley here is approximately 0.6. The deformation
potential is clearly somewhere between 1.5X10% eV/cm
and 2.0X10® eV/cm for this case. Thus, the results we
obtain are not particularly sensitive to the details of the
photoexcitation process.

The L-X intervalley scattering lifetime 7,y correspond-
ing to Dy; =1.5X 10® eV/cm is found by keeping a track
of the number of L-X intervalley scattering events. Since
the total population of the L and X valleys is known, the
scattering lifetime is easily found from these numbers as

Tiy=— At , (18)
scat l

NL_N
Ny

In

where N, is the number of scattering events that occur
in a period At, and N, is the initial L-valley population at
the beginning of the time period considered. For the case
without the electron-electron interaction, 7,y =700+100
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fs; and with the electron-electron interaction we find
T x =600£100 fs. These values are a factor of 3 to 4
larger than the scattering lifetimes derived through the
rate equation analysis of Ref. 12, which calculated a
Trx =200%100 fs lifetime. The intervalley deformation-
potential value reported in Ref. 12, Dy; =3 X 10% eV/cm,
is also a factor of 2 greater than our results. However,
from the definition of the deformation potential describ-
ing the interaction between a single-phonon mode and
electrons, the value of D,y is partitioned between the two
LO-phonon modes, thereby being a factor of V'2 smaller
than an assumption of a single effective phonon mode as
in Ref. 12.

IV. CONCLUSION AND DISCUSSION

The photogeneration process and hot-carrier relaxation
in femtosecond photoexcited indirect-gap Al,Ga,_,As
was studied using an ensemble Monte Carlo simulation
technique. High-density effects such as screening of the
polar-optical-phonon interaction, band filling, and
electron-electron Coulomb interaction were also included
in the simulation. The effects of these corrections were
not distinguishable within the error bars of the experi-
mental data. The sensitivity of the simulation to the pho-
togeneration process, and also the relatively small cutoff
energy of sampling of the X¢-valley population in the
infrared-absorption data were, on the other hand,
checked carefully. The calculation of exact probabilities
of the photogeneration paths of Fig. 5 are complicated by
the fact that the phonon selection rules are not strict in
the random alloy. Similarly, the intervalley phonon
scattering process is also affected by alloy randomness
and symmetry breaking. Another possibly important al-
loy effect, alloy-assisted elastic intervalley transitions,**?°
was not considered in this simulation, the effect of which
would decrease the intervalley deformation-potential
value derived by phonon-assisted intervalley scattering
processes only. However, by comparing with the L-X
scattering deformation potentials for AlAs and GaAs of
Ref. 11, a value of D;y=2.4X10% eV/cm is found from
the empirical-pseudopotential calculations. Considering
the fact that our definition of the deformation potential
also includes the fact that there are two alloy phonon
modes, this value (divided by V'2 to be applicable to our
definition where the scattering due to two phonon modes
is treated as separate scattering processes) is close to our
result. The value we conclude is appropriate for the
electron-phonon coupling constant for intervalley scatter-
ing between the X and L valleys is 1.7+0.5X 10% eV/cm.
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