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The roles of the electron-hole (e-A), electron-electron (e-e), hole-hole (h-h), and screened
electron-phonon (e-ph) interactions on the ultrafast relaxation of photoexcited carriers in GaAs
are examined. Theoretical expressions for the various scattering rates are obtained, and these are
used in an ensemble Monte Carlo calculation. At low carrier concentrations the e-ph interaction
is the main energy-loss channel for hot electrons, while at high carrier concentrations the e-h in-
teraction is the primary energy-loss channel. This latter result follows from the high e-h scattering
rate, the screening of the e-ph interaction, and the high efficiency of hole-phonon scattering
through the unscreened deformation-potential interaction. The electron energy-loss rates through
the e-h interaction increase as the excitation energies and intensities are increased. For excitation
by an excess photon energy of 130 meV, for example, it is found that the e-e interaction slows the
cooling rates at all excitation levels, while the h-h interaction enhances the cooling rate of the

holes.

I. INTRODUCTION

Progress in the generation of ultrashort pulses and
their application in studying the phenomena on a pi-
cosecond time scale has made it possible to investigate
processes such as cooling rates of photoexcited car-
riers,! =2 the lifetimes of phonons,® the screening of
optical-phonon-carrier interactions,* and velocity
overshoot in semiconductors,” which all occur on the
subpicosecond time scale. Several models have been
developed to explain the role of processes such as screen-
ing of LO-phonon—carrier interactions,® hot phonons,”?
and electron-hole (e-#) interaction® in the observed cool-
ing rates of the excited carriers. Although carriers are
generated monoenergetically, and the time scales in-
volved are very short for a standard distribution to be
defined, most previous models assumed either Fermi-
Dirac or Maxwell-Boltzmann statistics. Furthermore,
the electrons and holes were assumed to have equal tem-
peratures even though initially the energies of the elec-
trons and holes are quite different. Even when different
temperatures for electrons and holes® were assumed, the
form of the distribution function was imposed in order
to study transients on the subpicosecond time scale.
However, these approaches are valid only on time scales
that are large compared with the relaxation time for in-
formation on a microscopic scale, which is the time for
the system to lose the memory of the initial distribution®
and to reach a quasiequilibrium state. This inherently
assumes that the system has thermalized through the
carrier-carrier interaction processes, at which point the
form for the nonequilibrium distribution function can be
defined. Additionally, the presence of the higher valleys
in GaAs is usually neglected, even at excess energies
ranging from 0.5 to 2.5 eV, in order to avoid the compli-
cations of the resulting coupled system of transport
equations.

- Because the initial rapid thermalization of the pho-
toexcited electron-hole plasma occurs though carrier-
carrier interactions, the understanding of the cooling
process requires a knowledge of how this thermalization
proceeds on the subpicosecond time scale. More
specifically, the manner in which the e-e, h-h, and e-h
interactions influence the cooling of the photoexcited
carriers at different excitation energies and levels is re-
quired to understand the dynamics of carriers on a sub-
picosecond time scale. The e-e (and h-h) scattering pro-
cess is quasielastic, in that the energy of the electron
(hole) system is conserved. This has led some research-
ers to consider that the e-h scattering was elastic, so that
the energy of the electron in the initial and final states
was the same.!® This is justified only if the mass of the
hole is infinitely larger than that of the electron. Take-
naka,!! using a Monte Carlo technique, has also assumed
that the electron-hole interaction is similar to the ion-
ized impurity scattering, so that no energy exchange is
involved in this process.

On the other hand, the recent experiments using pi-
cosecond and subpicosecond laser pulses have revealed
new information about the nature of the electron-hole
interaction and how it influences the transport properties
of semiconductors. Hopfel er al.>!? have observed that
the energy-loss rates for the photoexcited electrons were
doubled in the presence of a cold hole plasma, and that
minority electrons in quantum-well structures exhibit ab-
solute negative mobility at low temperatures and low
electric fields. Similarly, Degani et al.!® have observed
an increase in the saturation velocity of the minority
photoexcited electrons in p-type Gag 53Ing 47As and no
negative-differential-resistance effect for the minority
electrons. Instead, the velocity continued to increase
throughout the range of electric fields used in their ex-
periment. All of the above observations have been at-
tributed to the energy exchange between the minority
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electrons and holes which tends to transfer the energy
from the hot electrons to the holes. Consequently, the
above models for the electron-hole interaction do not ex-
plain these observed phenomena and there is a need to
treat the electron-hole interaction without making any a
priori assumptions about the magnitudes of the energy
involved in the scattering process.

In this paper, the role of the e-A interaction in the ul-
trafast relaxation of hot photoexcited carriers is exam-
ined at different excitation levels and energies using the
ensemble Monte Carlo approach. The details of the
model used in the simulation are discussed in the next
section. The theory of the e-h and screened electron-
phonon (e-ph) interactions is developed in Sec. III and
the expressions for the scattering rates of the e-e, e-h, h-
h, and screened e-ph and h-ph interactions are also de-
rived. Similarly, the self-consistent screening model is
discussed and the expression for the screening length is
given. The results of the simulation are discussed in Sec.
IV, with special emphasis on the role of the e-h interac-
tion in the relaxation of the photoexcited electrons and
holes. In addition, the influence of the screening and the
manner in which the e-e (h-h) interaction affects the re-
laxation of the electrons (holes) are examined. Further-
more, the energy-loss rates of electrons through the e-h
and e-ph interactions are studied as a function of excita-
tion energy and level. The time evolution of the energy
distribution function of electrons for various combina-
tions of scattering processes is also obtained. Finally,
the summary and conclusions are given in Sec. V.

II. THE APPROACH

The dynamics of electrons and holes was studied using
the ensemble Monte Carlo (EMC) approach, which has
been shown to be suitable for studying the fast tran-
sients.!* The model takes into account the e-e, e-h, h-h,
carrier-phonon, and carrier-impurity scattering. Fur-
thermore, the screening of the e-ph and h-ph interac-
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tions in polar semiconductors is included self-
consistently in the static and long-wavelength limit of
the random-phase approximation. The conduction-band
model consists of three nonparabolic valleys, while the
valence band consists of a parabolic heavy-hole band
(the light hole is included in the model but ignored in
this investigation). The inter—valence-band hole-hole
and screened light-hole—phonon scattering are built into
the model, but as mentioned, the role of the light holes
has been ignored in the present calculation because of
their small population (less than 10% of the holes) and
also to reduce the required computational time by elim-
inating the need to self-consistently calculate the scatter-
ing rates for the light-hole processes. However, the
strong coupling between the heavy and light holes
through the h-h interaction, combined with the expected
high efficiency of the interactions between the light holes
and the electrons in exchanging momentum and energy,
might lead to enhancement of the electron energy-loss
rates through the electron-light-hole interaction. The
investigation of the role played by the light holes is
currently underway and will be published elsewhere.

The present analysis deals mainly with a lattice tem-
perature of 77 K and excess electron energies below the
energy difference of the L valleys (from the zone-center
I" valley). Under these conditions, the acoustic phonon
scattering is elastic and the interaction between the elec-
trons, which may reside in the L valleys, and the holes is
negligible. The elastic impurity scattering is ignored in
our calculation, since we assume that all of the carriers
are generated by the photoexcitation process. In order
to examine the role of the e-h interaction more closely,
the phonon system was assumed to be in equilibrium.
This is a significant assumption, but our purpose here is
to examine the role of the e-h interactions. Subsequent
work will address the interplay between this process and
the nonequilibrium phonons.

Because the initial energy of the electron is about
seven times larger than the hole’s energy (for 130 meV

TABLE 1. Parameters for GaAs electron transport program.

Value
Parameter I valley L valley X valley
Density (g/cm’) 5.37
Energy-band gap at 77 K (eV) 1.51
High-frequency 10.92
dielectric constant
Static dielectric 12.9
constant
Lattice constant (cm) 5.65x 1078
Number of valleys 1 4 3
Effective mass ratio 0.063 0.222 0.58
Nonparabolicity (300 K) 0.61 0.46 0.20
factor (eV~') (77 K) 0.58 0.44 0.19
Valley separation 0.29 0.522
from ' valley (eV)
Polar optic-phonon 0.036 0.036 0.036
energy (eV)
Acoustic deformation 7.0 7.0 7.0

potential (eV)
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TABLE II. Parameters for GaAs hole-transport program.

Bulk material parameters

Crystal elastic constants (dyn/cm?): Cy;

Cn

Cu
[100] longitudinal sound velocity S; (cm/sec)
[100] transverse sound velocity S, (cm/sec)

11.88 x 10"
5.38 10"
5.49x 10"
4.73x10°
3.34x10°

Scattering-rate parameters

Effective masses: heavy-hole band myy
light-hole band my
Optical-phonon energy (eV)
Deformation-potential constants (eV):

a
b
d

0.45m,
0082m0
0.036
6.7
1.7
4.4

excess energy, the electron gains 113 meV), the
electron-hole plasma forms a thermodynamically far-
from-equilibrium system. Consequently, one expects
that energy will be transferred from the hot electrons to
the cold holes and to the lattice through the electron-
hole interaction and the electron-phonon interaction, re-
spectively. To achieve this, a good model of the materi-
al must be achieved. The parameters for the electron
and hole transport are shown in Tables I and II, respec-
tively. The values for the equivalent and nonequivalent
intervalley phonon energies and deformation potentials,
which give a good fit for the velocity-field characteristics
for electrons in GaAs,'® are given in Table III. The hole
transport parameters are essentially the same as those
used by Brennan and Hess,'® except for the
deformation-potential constant b, which was reported by
Madelung.!” These constants give a good fit for the ex-
perimental velocity-field measurements and result in a
stronger role played by the deformation-potential in-
teraction, which has been observed in p-type III-V com-
pounds.'®!® Figure 1 is a flow chart of the EMC pro-
gram used in this investigation. The first step corre-
sponds to specifying the material parameters, initial en-
ergy distribution of the carriers, pulse shape and dura-
tion, lattice temperature, value of the electric field, and
which carrier-carrier (c-c) interactions are active. The
scattering rates for the acoustic phonons, deformation-
potential optical phonons, and intervalley phonons are
then calculated and tabulated. On the other hand, the
scattering rates of the various c-c and screened carrier-
phonon interactions, which depend upon the evolving
distribution function of the carriers, are calculated every

TABLE III. Intervalley coupling constants and phonon en-
ergies.

50 fs initially, and at longer intervals as the time
proceeds and changes occur more slowly. For finite
pulse duration, the number of carriers is adjusted ac-
cording to the pulse shape, with an initial energy deter-
mined from the energy of the pulse, taking into account
the nonparabolicity of the conduction (or valence) band.
The dynamics of the electrons and holes is then exam-
ined using the regular EMC approach. Coupling be-
tween the electron EMC and the hole EMC programs is
accomplished through the e-A interaction, which de-
pends on the energy and momentum distribution of the

INITIALIZATION

l COMPUTATION OF CARRIER SCATTERING RATES l

PHOTOEXCITATION

COMPUTATION OF CARRIER-
CARRIER SCATTERING RATES

COMPUTATION OF SCREENED CARRIER
PHONON SCATTERING RATES

ELECTRON EMC

[ COMPUTATION OF ENSEMBLE AVERAGES ]

YES STEADY

Coupling constant Phonon energy

Transition (10% eV/cm) (eV)

I-L 10 0.0278
r-x 7 0.0299
L-L 10 0.0278
L-X 5 0.0293
X-X 7 0.0299

STATE?

FIG. 1. Flow chart of the ensemble Monte Carlo (EMC)
program.
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electrons and holes. The average energy of the electrons
and holes, energy-loss rates through e-hA and e-ph in-
teractions, are then calculated at the end of each itera-
tion or at specified time intervals.

III. THEORY

The carrier-carrier interaction is very important at
high carrier densities. Furthermore, each carrier, while
interacting with the phonons, is influenced by the pres-
ence of the other carriers. Consequently, the carrier-
carrier interactions screen the carrier-phonon interac-
tions. This screening considerably weakens the
electron-phonon interactions compared to the hole-
phonon interactions. This is because holes also interact
with TO phonons through the practically unscreened
deformation-potential coupling.” The e-ph interaction is
strongly screened at high concentrations of electrons
where the Puali exclusion principle has to be taken into
account. This makes the e-ph interactions very
inefficient as a channel for transferring the excess energy
of the hot electrons to the lattice. On the other hand,
the h-ph interactions are very efficient in transferring the
energy from the hot holes to the lattice. Furthermore,
the photoexcitation process generates electrons with ex-
cess energy much higher than that of holes, on account
of the band structure. This results in a two-carrier sys-
tem that is very far from equilibrium. The optimum
manner in which the system can reach equilibrium is by
transferring energy from the hot electrons to the rela-
tively cold holes and then to the lattice. The effects of
exchange forces, band-gap renormalization, and state
filling?® are neglected. In addition, we also neglect the
mixing of the longitudinal-optical phonons and the
plasmon modes.?! In Sec. III A, the scattering reates for
carrier-carrier interactions are derived. The screened e-
ph and h-ph interactions are then derived in Sec. III B,
and the self-consistent screening model is discussed
briefly. The expressions for the energies of the photoex-
cited e-h pairs are developed in Sec. III C.

A. Screened carrier-carrier interaction

The electron and holes are assumed to interact among
themselves, and with each other, through a screened
Coulomb potential of the form

2

Vir) exp(—pBr) , (1)

" 4ger
where € is the dielectric constant of the material and S is
the inverse screening length. The probability for the two
interacting fermions to make a transition from the initial
state (ko,k) to a final (kg,k’) as a result of the Coulomb
interaction is obtained from the Fermi golden rule as

21
Sko,kak('),k's—%_ | M | szofk(l—fké H1—fr)
X 8(E,, +Ej—Ey, —Ey) 2)

where f; and E; are the occupation probability and the
energy of the wave vector k, respectively, and similarly
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for the other wave vectors. The matrix element M is

given by
e? 8k0+k,k;,+k'

_— (3)
Ve |ky—ko| >+

M ={ko,k | V(r)|kopk')=

where V is the volume of the crystal, and the initial and
final states have been represented by plane waves. The
scattering rate for the carrier-carrier interaction is ob-
tained from (2) by summing over k, k’, and ky. Because
the manner in which degeneracy is implemented in EMC
decides whether the final state is occupied or not after
selecting the scattering mechanism, all the final states
are assumed to be unoccupied in the calculation of
scattering rates.’? Consequently, we can assume that all
the final states are empty, i.e., fké = f1 =0 (furthermore,
we set fi =1). Under these conditions the scattering
rate for an electron in state |ky|) by a hole in state
| k), assuming parabolic energy momentum dispersion
(E =#°k?/2m*) for both the electrons and holes, is
given by

4
S fig/(g*+BY), (@)

L. (ko) =—H——
WO ahdetV <

where the relative wave vector g and reduced mass pu are
defined by

g=2ulko/m,—k/my)
and

u=memy/(m,+my) . (5)

We can gain more insight into this process by rewrit-
ing (4) in integral form for both I',, (k) and I';, (kg), i.e.,

th

reh(ko)=ﬁ%§ﬁ% dk f,,(k)m 6)
and
r,,e(ko)=—”"%43—f dk fe(k)—Z—%e—z— , ™
2me*h B (Qj. +B°)
where

Qen=2u | ko/m,—k/my | » Qne=2u|ko/my—k/m, t ’

(8)

and n and p are the electron and hole concentrations. It
is obvious that in general I',, T, , because of the large
density of states in the heavy-hole band compared to the
central valley of the conduction band. Moreover, the
two distribution functions can be dramatically different
in detail. This situation arises particularly in the pho-
toexcitation of e-h plasmas, because the initial energy of
the electrons is usually much higher than that of the
holes. Furthermore, the concentrations of electrons can
be different from that of the holes in the situation in
which the starting semiconductor material is doped
significantly.

Expressions (6) and (7) are not suitable for calculating
the scattering rates in the ensemble Monte Carlo method
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because one has to know the form of the electron and
hole distribution functions. Takenake er al.!! assumed
f.(k) to be a drifted Maxwellian in order to evaluate the
e-e scattering rate numerically. Although this assump-
tion is justified for steady-state situations, it does not
hold in transient situations following the application of a
laser pulse or electric field. Lugli and Ferry?® used the
time-evolving distribution function built into the EMC
approach to calculate the e-e scattering rates self-
consistently. Their algorithm eliminated the need to
know the form of the distribution function and allowed
them to study the effect of e-e interactions in transient
situations. The basic idea behind their approach is the
realization of the fact that the ensemble average (G (k))
of any k-dependent microscopic observable G;(k) of the
ith particle of the ensemble is given by

N
(GUN=[d% G = 3 Gk, O

i=1

where N is the number of carriers in the ensemble. In a
similar fashion, using the fact that the integral over the
distribution function is equivalent to a sum over all the
ensemble, the expressions for the scattering rates can be
rewritten as

4 1 th
k)= ie 1 s Qo (10)
RO ame 3 N, h%es B Q% +B)
and
4
I, (ko)= e 1 L — (1n

- 2‘IT62ﬁ3 Ne c]e(%(lns BZ( Ife+Bz) '

To obtain the expression for the e-e scattering rate
I,.(ky), we set m,=m =m, and p=m /2 in (10) (choos-
ing the appropriate mass for the electrons and converse-
ly for the holes in h-h scattering), and

_ nme* 1 2 | ko—k |
4re’t* N, £ B | ko—k|*+5)

I\ee(k()) y (12)
where N, (N, ) are the number of electrons (holes) in the
ensemble and the sum is over all the k vectors of the en-
semble carriers. The major advantage of the above ex-
pressions for the scattering rates is the elimination of the
need to explicitly know the form of the distribution
function. Furthermore, because the EMC has a built-in
distribution function, these expressions make use of the
actual distribution function as it evolves in time with the
ensemble. Consequently, one can study the relaxation of
highly excited carriers, taking into account the carrier-
carrier interaction on a subpicosecond time scale.

The magnitude of the relative wave vector g is con-
served in the collision, which allows one to determine
the relative wave vector g’, and hence k; and k’, from
the following relations:

ko=ko—5(g'—8),
k'=k+1i(g'—g) . (13)

The final states are then checked to see if they are al-
lowed, to account for degeneracy in a manner similar to
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that described by Lugli and Ferry.?? If either k' or kj is
not allowed, the scattering event is taken as a self-
scattering, i.e., the states of two particles are not
changed.

The above scattering rates describe the scattering of
the primary particle. We have chosen to change the
state of the second particle taking part in the carrier-
carrier interaction to conserve both the energy and
momentum, even though this means some of the carriers
will scatter more frequently.

In Fig. 2, we plot the scattering rates for e-e, e-h, and
h-h interaction processes, assuming a Maxwellian distri-
bution for both the electrons and holes, for illustrative
purposes. In this way, we have assumed the electron
temperature is 1100 K and the hole temperature is 160
K. From this figure, it is clear that the A-h scattering
rates are much stronger than the e-e scattering rates due
to the larger density of states in the heavy-hole band.
Also notice that the interaction of an electron with a
hole plasma is stronger than the rate at which a hole in-
teracts with a sea of electrons. This is related to the
large density of states for holes also.

B. Screened carrier-phonon interactions

The electron-electron interaction modifies the
electron-phonon interaction by screening these interac-
tions. Assuming static screening, the expression for the
screened electron-phonon interaction is

2

_L_—(42+Bz)z , (14)

ezﬁ&)()
eV

11

V;h(Q)= — €

©

where B is the inverse screening length. The total
scattering rate is given by

10"
L Goas 7160 K
L n=5x10"%em™3
L To= 1000 K
N
/ \
/ \
- / \
T / \\
‘:IOB»- ,/ \
, \
L , \
Ve N
S N
/// //——\\\\\
- //// _ F \\\
‘,/// hh IS
77 len
—— T
——T1
o2l_1 | L he ] ) L
-6 —a -2 ) 2 4 6
kg (10°m™H

FIG. 2. Carrier-carrier scattering rates as a function of the
average z-directed momentum.
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_ 4 Y(E) | _pj1_1
;O(E)—A '}/1/2(E) In 2 EB 2 N
X(No+4£3), (15)
where
2
A=(2m)1/2.e_ﬁw_° L_i
16me#® | €, € |’

ﬁZBZ
Eg= )
B~ am
E'—E FHwg .

The angular dependence of the scattering is determined
from

[(k")?+k*—2kk’' cosf]

P(k, cos@)= , (16)
[(k')?+k?—2kk’cosO+B2]
using the rejection method.?*
Similarly, the total screening rate for intraband

scattering of the screened heavy-hole—phonon interac-
tion is given by

$W(E)= AW(E)G,(E)E ~V*(No+1+1), (17)

1
2

where A has the same meaning as above except for the
obvious change in carrier mass, and

[E1/2+(El)l/2]2+EB
[EI/Z_(EI)1/2]2+EB

Y(E)=In

’

E; has the obvious change of carrier mass,

ved_g) o |14 -2 || ],
P21
E+E'+E
<1>(E)=———”B,
2(EE")Y/

E(E)=(E +E')/2(EE")'/? .

The scattering rates for the light holes are obtained by
replacing the heavy-holes mass m; by the light-hole
mass m, in the above expressions. For interband transi-
tions from the heavy-hole band to the light-hole band,
the total scattering rate is

[$AE)= A, ¥12(E)G ,(E)E VX (Ny+1+1) . (18)

Here,

zﬁa)o

1 1
T 16men?

12 m,(2/m )2 l——
€ €p

’
©

‘*I/12(E)= In

[E'2+(m,E"/m\)'**+Eg
[E'?—(myE" /m)'?P+Eg |’
Gp(E)=31[1—® (P, —2¥3")

— 2P — )P, —2¥RN],
and
2[E(m2/m1)E’]'/2
E+(m2/m1)E'
"~ 2[m,/m,)E'E]"* "’

2=

’

¢12

By interchanging the subscripts 1 and 2 in the above ex-
pressions we get the total scattering rate for light-hole to
heavy-hole band transitions.

The angular dependence of the scattering is deter-
mined from the following expressions:

[k24(k')*—2kk’ cosB])(1+ 3 cos?0)

P, (k| cosO)~
et [k2+(k')?—2kk’ cosf+B*]

’

(19)

and
[k24(k')*—2kk’ cos8](1— cos’6)
[k2=(k')2—2kk’ cosO+B° ]

PIZ(kl cosf) ~

’

(20)

for the intraband and interband transitions, respectively.

The energy dependence of the scattering rate for elec-
tron temperature 7,=1000 K at T'=77 K is shown in
Fig. 3 for concentration levels of 5x 10'7 and 10'® cm 3.
In Fig. 4, the scattering rates in the presence of holes at

TL = 77K
1014 —
F Tg = 1000K
- 000 W/O Screening
L AAA N =1017 cm3
jo13|—  t+t N =108 cm-3
— r 50 0 A DR RBRRDRARDID
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] ot
~ r *
12
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'_ -
< -
[+
O 4oit
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E +MQQMQDQQWQQDMDQQQQQQQQQQQQQQQQ
|4 PPttt rdatttdttttds + 4+ + + 4 4 + + 4 + 4+ o+ 4+
< 10
o 1010 1
) -
109Jj_Llllxll‘llllllllllllll]
0 50 100 150 200 250

ENERGY (meV)

FIG. 3. Energy dependence of the screened electron-phonon
scattering rates in GaAs for various electron concentrations,
neglecting the presence of the holes, at 77 K.
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FIG. 4. Energy dependence of the screened electron-phonon
scattering rates in GaAs in the presence of equal concentra-
tions of electrons and holes, for various electron concentra-
tions, at 77 K.

T, =160 K and a concentration similar to that occurring
in photoexcitation are shown. From these plots, it is ob-
vious that screening is effective at high carrier concen-
trations and low temperatures. This reduction in the
scattering rates at high concentration will slow down the
cooling rate of the hot photoexcited carriers. The pres-
ence of the electrons does not influence the screening in
the same way as holes affect the scattering rates for elec-
trons. This is because the holes have lower average en-
ergy so that the screening length is more or less deter-
mined by the hole themselves.

The Debye-Hiickel screening model was used to calcu-
late B in the plotted scattering rates, which is given by

2 nez

T €kgT,

(21)

and in the presence of holes at temperature T, by (for

the assumption of equal concentrations of electrons and
holes used in this study)

2

2 ne

B €kp

1

1
Te Th

(22)

However, in this investigation the screening length
was calculated self-consistently, which is different from
all previous EMC investigations of carrier-carrier in-
teraction effects!"?> which have used the Debye-Hiickel
screening model. Although this is a consequence of as-
suming a Maxwell-Boltzmann distribution of the car-
riers, it is justified under steady-state conditions but is
not valid for systems that are far from equilibrium.
Thus, to study the fast transients properly using EMC,
one has to calculate the screening length self-consistently
using the evolving built-in distribution function. In the

static and long-wavelength limit of the random-phase ap-
proximation, 2 is proportional to the ensemble average
of B(E) and is given by

ne2

N
= % S B(E;), 23)

€;s i=1

where N is the number of carriers in the ensemble. The
form of B(FE) depends on the band model used in EMC
calculation and is given by

B(E)=1/2E ,
and
_ 2a 142aFE
B(E)= 1+2aE + 2E(14+aE) "’ 24)

for parabolic and nonparabolic bands, respectively.

C. The excess energies
of photoexcited electron-hole pairs

The excess energy of the electron-hole pairs excited by
a photon of energy #iw is evaluated using the band model
discussed in Sec. II. The excess energy AE, of the hole
is given by

AE, =(1/2a)T(1—{1—4alfio—E,)
X [1+alfiw—E,)]}'/2/T)
(25)
and
AE,=(fiw—E,)—AE, ,
respectively, where
C=1+m,/m,+2alfio—E,),

m, (my) is the electron (hole) mass, E, is the energy
gap, and a is the nonparabolicity factor. We have
neglected the inhomogeneity in the spatial carrier distri-
bution. This amounts either to assuming that the excita-
tion of carriers is achieved via a two-photon absorption
process or by considering the transport in a very thin
layer near the surface of the material, which in either
case means that the sample thickness is small compared
to the absorption depth. The generation of carriers was
achieved either by simulating a laser pulse of subpi-
cosecond duration, or by starting from an initially
monoenergetic distribution of carriers. The latter
amounts to assuming that the pulse is a delta function in
time, which is ideal for examining the cooling process,
since the complications due to the continuous generation
of carriers is avoided.

IV. RESULTS

The cooling of the photoexcited carriers was investi-
gated for different excitation levels, ranging from
5% 10 to 1 10'® cm—3, at three different photon ener-
gies (1.55, 1.64, and 1.71 eV) which correspond to excess
energies of 40, 130, and 200 meV, respectively. The
pulse duration was taken to be either 0.2 ps or a delta
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function in time. In the following sections, the manner
in which the screening of the carrier-phonon interactions
and the e-h, e-e, and h-h interactions influence the cool-
ing process are discussed.

A. Effect of carrier-phonon screening

The cooling rates of the photoexcited electrons were
examined in the absence of the c-c interactions, using
both the Debye-Hiickel and the self-consistent screening
models. This was done to compare the results of the
simulation to previous models which either assumed
equal electron and hole temperatures or totally ignored
the presence of holes on account of the small fraction of
energy they receive in the photoexcitation process. In
Fig. 5, we illustrate the results. Curve 1 corresponds to
the situation where the screening is totally ignored,
which predicts a very fast cooling rate in contrast to the
observed slow cooling rates at high excitation levels.
When the screening of the e-ph interaction is taken into
account, while the presence of the photoexcited holes is
ignored, the cooling rate is slightly reduced, as shown by
curve 2. However, when the presence of the photoexcit-
ed holes is included, using the same screening model, the
cooling rate is significantly decreased, which is shown by
curve 3.

Immediately after excitation, the distribution function
is significantly different from the Maxwellian upon
which the Debye-Hiikel model is based. We have exam-
ined the importance of the distribution in screening by
using the self-consistent screening model discussed
above. The cooling rates shown by curves 4 and 5 in
Fig. 5 correspond to situations where the presence of the
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FIG. 5. Time dependence of the mean energy of electrons
for different screening models of the electron-phonon interac-
tions: curve 1, no screening; curve 2, Debye screening by only
the electrons; curve 3, Debye screening by both the electrons
and the holes; curve 4, self-consistent screening by only the
electrons; and curve 5, self-consistent screening by both the
electrons and the holes.
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holes is either ignored (curve 4) or included (curve 5).
From these cooling rates, it is obvious that the screening
length for the e-kA plasma is controlled by the holes
which are initially generated at lower energies, and also
thermalize at a faster rate due to the strength of the A-h
interaction. This is obvious from the expression for the
screening length given above, which shows that the
screening length is inversely proportional to the carrier
temperature. Furthermore, the fact that the decrease in
the cooling rate is smaller for the self-consistent screen-
ing model reflects the evolution of the distribution func-
tion of the carriers. On the other hand, the Debye-
Hiickel model assumes an equilibrium distribution, so
that the screening is dominated by the cold (low-energy)
carriers, which do not exist in the first stages of the cool-
ing of photoexcited plasmas.

B. The effect of electron-hole interaction

The investigation of the cooling rates in the previous
section assumed that the electrons and holes cool in-
dependently. Thus there was no coupling between the
cooling rates of the electrons and the holes, and no ener-
gy transfer from one system component to the other.
Because the initial energy of the electron is about seven
times that of the hole, the e-h plasma forms a far-from-
equilibrium plasma in which one component is
significantly hotter than the other. Consequently, one
expects energy transfer from the hot electron system to
the relatively cold hole system and the role of e-ph and
h-ph interactions to vary accordingly. The relative im-
portance of the e-h and e-ph interactions as energy-
transfer channels depends upon the excitation level and
energy. The details of these cooling processes were in-
vestigated over the range of densities mentioned above,
but only at the single laser energy of 1.64 eV.

First, the simulation was carried out assuming only
phonon interactions were active. Curve 1 in Figs. 6 and
7 corresponds to this situation and it is obvious from
comparing Figs. 6(a) and 6(b) that the electrons cool fas-
ter at low photoexcited-carrier concentrations where the
screening is negligible. On the other hand, curve 1 in
Fig. 7, which represents the cooling of holes, does not
vary with time, since the holes are generated with ener-
gies below the phonon emission threshold, which togeth-
er with the fact that at 77 K the phonon absorption pro-
cess is negligible, puts a severe restriction on the role the
optical phonons can play in the cooling process.

In the second step, the electron-electron and hole-hole
interactions were included in addition to the optical-
phonon interaction. Curve 2 in these figures shows the
cooling process for the electrons and holes. The most
interesting phenomenon is that the hA-h interaction
enhances the cooling of the hole system, while the e-e in-
teraction slows the cooling process of the electrons. The
enhancement in the cooling of the hole system can be at-
tributed to the fact that the h-h interaction is very
strong, and the fact that the energy exchange between
the holes increases the energy of some holes above the
phonon emission threshold, so these can then emit pho-
nons through the optical deformation-potential interac-
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tion. On the other hand, the interaction among the elec-
trons quickly redistributes the electrons into high- and
low-energy regions, as we will show in the discussion of
the evolution of the distribution function. Thus, many
electrons end up in regions where they cannot emit opti-
cal phonons, while those which end up in the higher-
energy regions essentially have the same probability for
emission of optical phonons. Those electrons which
have energies below the phonon emission threshold can
cool further only by giving up some of their energy to
other electrons, to the holes, or to gain energy through
the e-e process sufficient to emit a phonon. Thus we end
up at a situation where more electrons are just below the
phonon emission threshold. The slowing becomes more
significant at high concentrations, as shown in Fig. 6(b),
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FIG. 6. The time evolution of the mean energy of the elec-
trons for various active scattering mechanisms: curve 1, e-ph
only; curve 2, e-ph and e-e; curve 3, e-ph and e-h; and curve 4,
e-ph, e-e, and e-h. The material is GaAs at 77 K. (a) is for a
density of 5 10'® cm ™3, while (b) is for a density of 10'8 cm~3.
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FIG. 7. The time evolution of the mean energy of the heavy
holes for various active scattering mechanisms, with (a) and (b)
corresponding to (a) and (b) of Fig. 6: curve 1, A-ph only; curve
2, h-ph and h-h only; curve 3, h-ph and e-e; and curve 4, h-ph,
e-h, and h-h.

where the optical phonons are strongly screened and the
e-e scattering is more frequent.

The case where only the e-ph and e-h interactions
were active was then investigated to understand how
these two energy-loss mechanisms contribute to the cool-
ing of the electrons. From examining curve 3 in Fig. 7,
we see that the average energy of the holes increases rap-
idly during the first half picosecond as a result of the en-
ergy transferred from the electrons. Notice that the in-
crease in the average energy is larger at an excitation
level of 10'® cm ™3, due to the increase in the e-h scatter-
ing rates. Also, the holes eventually cool down at a
slower rate than when the A-Ak interaction is present, so
that the holes take longer to thermalize through the e-h
than through the A-h interaction. From Figs. 6(b) and
7(b), it is obvious that the electron-hole interaction
enhances the cooling rate at a high carrier concentra-
tion, since the electrons channel their excess energy to
the lattice through the holes. On the other hand, at low
concentrations [Figs. 6(a) and 7(a)], the e-h scattering
slows down the cooling rate by gradually shifting the
electron population to lower energy states.

Finally, the more realistic situation, where all the
scattering mechanisms e-e, e-h, h-h, e-ph, and h-ph are
present, was investigated. At low concentrations, the
cooling of the electrons is not affected by the added com-
plexity, and the resulting cooling rate is identical to the
situation where only the e-h and A-ph interactions were
present, reflecting the fact that e-h scattering is efficient
in moving electrons to lower states even at this low con-
centration, as shown by curve 4 in Fig. 6(a). At high
concentrations, the e-h interaction is the most important
factor in determining the cooling rate. The presence of
the e-e scattering slows down the cooling rate slightly
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during the first two picoseconds, during which the elec-
tron thermalization takes place through the e-e and e-h
collisions [curve 4 in Fig. 6(b)]. However, for the holes,
the presence of the h-h scattering, together with the e-h
scattering, leads to a faster cooling rate because of the
dominance of the A-h collisions. The cooling rates were
then studied at other excitation levels, between 53X 10'®
and 10"® ¢cm™3, to examine the manner in which the
electron-hole interaction changes with concentration.
The time evolution of the mean energy of the electrons is
shown in Fig. 8 for different carrier concentrations. The
cooling rate slows down with increasing carrier concen-
trations. The holes also exhibit the same trend as shown
in Fig. 9. In addition, the initial rise in the average en-
ergy is higher at higher carrier concentration. The fact
that less heating is observed at 5 10'® cm ™3 means that
energy transfer from the electrons to the holes is small.
This can be understood from the fact that the electron-
hole scattering rate is proportional to the carrier concen-
tration, so that at high concentrations the collisions
occur more frequently, resulting in more energy transfer
from the hot electrons to the holes, even though the en-
ergy transfer in a single collision is small. Although, at
a carrier concentration of 10'® cm ™3, the e-h interaction
leads to a faster relaxation, the cooling rate predicted by
this model was found to be slower than an analytical
model which includes the hot phonon effect and assumes
equal electron and hole temperatures.?® Figure 10 shows
the time evolution of the average energy of the electrons
and holes excited by different excitation energies. Notice
that when a photon of energy 1.55 eV is used to excite
the carriers, holes end up with approximately 5 meV, so
that they gain energy gradually to reach equilibrium
with the lattice and electrons. The energy gradient be-
tween the electrons and holes increases as the pulse ener-
gy increases, and lasts for a longer time. This will lead
to an increase in the role of the e-h interaction which
will be shown in the next section.
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FIG. 8. The time dependence of the mean energy of the
electrons excited by a 1.64-eV laser pulse, for various excited
carrier densities, in GaAs at 77 K.
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FIG. 9. The time dependence of the mean energy of the
holes excited by a 1.64-eV laser pulse, for various carrier con-
centrations, in GaAs at 77 K.

C. The electron energy-loss rates

In order to get a measure of the rates at which the
carriers cool down, the electron energy-loss rates
through e-h and e-ph collisions were calculated for
different excitation levels and energies. The energy
transfer from the electrons to the holes is calculated
from the following relationship:

AE, ,(1)=E,(1)+ AE; (1) —E,(0) , (26)

where AE) ;(2) is the net energy the holes transfer to
the lattice through phonon emission up to time ¢, and
E,(t) is the average energy of the hole ensemble. From
the knowledge of the amount of energy lost by the elec-
trons via phonon emission and electron-hole interaction,
we were able to obtain the energy-loss rates. In Figs.
11(a) and 11(b), the time dependence of the electron
energy-loss rates through phonon emission and e-k in-
teraction are shown for an e-h plasma excited by a 1.64-
eV laser pulse at excitation levels of 5X10'® and 10'®
cm 3, respectively. At the lower excitation level, the
electron energy-loss rate during the first picosecond
through the e-ph interaction is five times larger than the
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FIG. 10. The time dependence of the mean energy of the
electrons and the holes, for various laser energies, at an excita-
tion level of 10'® cm~3 at 77 K.
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corresponding e-h interaction. On the other hand, for
the higher density, the energy-loss rate through the e-h
interaction is almost twice as large as that for the e-ph
interaction. From these two plots, we conclude that, at
low hot carrier concentrations, the cooling of electrons is
controlled by the phonon emission process, while at high
concentration the cooling is mainly through the transfer
of energy to the cold hole plasma. This can be under-
stood from the fact that at high carrier concentrations
the e-ph interaction is strongly screened while the
electron-hole interaction becomes stronger.

The electron energy-loss rate was further investigated
at two densities intermediate between those discussed
above. In Fig. 12(a), the energy-loss rate through the e-h
interaction is plotted for all of the densities investigated.
From this figure, it is obvious that the role of e-A in-
teractions as an energy-loss channel becomes stronger as
the carrier concentration increases. The energy-loss
rates for the electrons through the e-ph interaction are
plotted in Fig. 12(b) for the same range of concentra-
tions. Notice that, as the carrier concentration increases
above 10'7 cm 3, the energy-loss rate actually decreases
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FIG. 11. The time dependence of the electron loss rates

through the e-h and e-ph interactions. (a) is for a density of

5% 10'® cm~3, while (b) is for 10'® cm 3.
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for this latter mechanism due to the effect of screening.
However, the magnitude of the change in the energy-loss
rate through this latter interaction is smaller than that
due to the e-h interaction. Thus it is the increased
strength of the e-h interaction, and not the screening of
the e-ph interaction, that is primarily responsible for
determining the cooling rates of the electrons at high
concentrations. From these figures, we conclude that at
low concentrations the cooling of the electrons is pri-
marily through the transfer of energy to the lattice by
phonon emission, while at high concentrations the cool-
ing is mainly through the transfer of energy to the cold
hole plasma. Furthermore, the holes continue to
transfer the energy gained from the electrons to the lat-
tice through the essentially unscreened deformation-
potential interaction. Figure 13 summarizes the impor-
tance of the energy-loss channels for photoexcited elec-
trons at the lowest and highest densities discussed here.
The width of the arrows is proportional to the amount
of energy flow through the respective channel, and thus
schematically depicts the above results.

The above results agree with the recent experimental
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FIG. 12. The time dependence of the electron energy-loss
rates, for a variety of excited-carrier densities, for (a) the e-h
interaction, and (b) the e-ph interaction.
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observations by Hopfel et al.? of the increase in the
energy-loss rates of electrons in the presence of a cold
hole plasma in multiple quantum-well structures. How-
ever, the manner in which the confined electrons in
quantum wells lose energy may not be of the same order
of magnitude as that for the free electron in bulk materi-
al. Additionally, the e-h scattering rate is mainly deter-
mined by the hole concentration, since the rate at which
an electron interacts with a hole plasma is larger than
the rate at which a hole interacts with an electron plas-
ma. Therefore the role of the e-h interaction in the pho-
toexcited e-h plasma is more or less similar to that for
photoexcited minority electrons in p-type material.

The energy-loss rates were then examined at 1.55- and
1.71-eV photon energies at an excitation level of 10'®
cm 3. The results are shown in Fig. 14. Here, it is ap-
parent that the e-h interaction becomes stronger at
higher energies. From Fig. 10, it is clear that the in-
crease in photon energies primarily increases the energy
of the hot electrons, leading to higher-energy differences
between the electrons and the holes. This then leads to
an enhanced energy-loss rate through the e-h interaction.

In the presence of an external electric field, the elec-
trons will gain energy at a higher rate than the holes due

(a) excess energy AE-hyv-Eg
holes (“———jelectrons
lattice

(b) excess energy AE=hv-Eg

IR

K electrons

holes

lattice

FIG. 13. The energy flow channels for energy relaxation fol-
lowing excitation by a 1.64-eV pulse for (a) 5x10'® cm~* and
(b) 10'® cm™3. The width of the arrows indicates the relative
size of the energy decay channel.
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FIG. 14. The time dependence of the electron energy-loss
rate through e-ph interactions for different initial excitation en-
ergies.

to their smaller mass.?® However, the hotter electrons
will lose more energy to the holes if there is a p-type
background of charge. This effect will reduce the energy
of the electrons and reduce their heating by the field.
Moreover, since there is less electron heating, it is ex-
pected that there will be less transfer to the upper val-
leys.!>?’ Furthermore, since electrons and holes gain
momentum in opposite directions from the field, the
momentum exchange involved in the e-h interaction
leads to reduced mobilities for the electrons at high exci-
tation levels and p-type materials at high fields.”® The
same conclusions hold for quantum-well structures
where the holes have higher mobilities so that the effect
of momentum exchange through the e-A interaction is
magnified. This has been suggested as the primary
reason minority electrons excited in quantum wells ex-
hibit absolute negative mobility at low fields and temper-
atures.!?

D. The evolution of the carrier distributions

The presence of the e-e interaction manifests itself
through redistribution of the energy among the electron
population in such a way that there are electrons in the
high-energy tails and at low energies. The same argu-
ment applies to the h-h interaction. Analytical models
for the cooling process always assumed that this
thermalization process is quite fast, so that a distribution
function is rapidly established immediately following the
pulse. This distribution is either Fermi-like or a
Maxwellian in nature. We now want to examine how
the e-e, h-h, and e-h interactions influence the form of
the distribution function.

The energy transfer involved in an e-h scattering event
is small on account of the large mass of the hole. In the
previous section, we showed that, at low carrier concen-
trations, the e-ph interaction dominates the energy relax-
ation process [see Fig. 11(a)]. This is again illustrated in
Fig. 15, where the distribution function displays peaks at
energies localized below the laser energy at integral mul-
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FIG. 15. The electron energy distribution after excitation by
a 200-fs, 1.64-eV laser-pulse-generated density of 5 10'® cm~3,
assuming only that the e-ph and e-h interactions are active, and
at times of (a) 100 fs and (b) 500 fs after start of the pulse.

tiples of the optical-phonon energy. In this curve, we
have assumed that a 0.2-ps, 1.64-eV laser pulse was used
to create the e-h plasma. Note that, at a time midway
through the pulse, electrons have already started cascad-
ing downward by the emission of optical phonons. In
addition, we see that the e-h and e-e collisions lead to
broadening of the peaks that arise from phonon emis-
sion, and that there are more electrons on the lower side
of the peaks, indicating a loss of energy by the electrons
through the e-h interactions. Furthermore, even at a
time of 0.5 ps after the pulse, the distribution function
still exhibits marked peaks, reflecting the fact that most
of the electrons cool down by emitting phonons.

At high concentrations, a different procedure results.
In Fig. 16, we show the distribution function for a con-
centration of 10'® cm~3. Here, the carriers thermalize
faster through the e-e interaction and through the e-A in-
teraction. The peaks that were clearly visible at lower
concentrations at 0.5 ps are no longer visible, even at
much shorter times. This means that the role played by
the emission of optical phonons is much weaker than
that of the carrier-carrier interactions. The presence of
the e-e interaction results in more electrons being scat-
tered to higher energy states, so that an almost smooth
distribution of the carriers results at shorter times.

The manner in which the e-e and e-h interactions
influence the shape of the energy distribution of elec-
trons generated by a 1.71-eV laser pulse is demonstrated
more clearly in Figs. 17-19. First, the phonon peaks
are already barely visible at 0.25 ps, even in the absence
of the e-e interaction. Furthermore, the e-h interaction
is very dominant, and establishes a single broadened
peak centered at the excitation energy (with more elec-
trons in the lower energy states), rather than merely
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FIG. 16. The electron energy distribution function after ex-
citation of an electron-hole plasma, with density of 10'® cm~3,
by a 1.64-eV laser pulse, with e-ph, e-A, and e-e interactions all

present, and for times of (a) 50 fs and (b) 250 fs after the pulse.

broadening the phonon emission peaks. The introduc-
tion of the e-e interaction thoroughly washes out the in-
dividual peaks, weakens the central peak, and pushes
more electrons both to lower and higher energies. This
results in a very smooth distribution function at 0.5 ps,
as shown in Fig. 18(b). From these plots, and also from
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FIG. 17. The electron energy distribution after excitation by
a 1.71-eV laser pulse, and a density of 10'® cm~3. (a) is the
case where only e-ph and e-h interactions are included, and the
time is 250 fs, while (b) is for e-ph, e-e, and e-h scattering and a
time of only 100 fs.



36 MONTE CARLO INVESTIGATION OF THE ELECTRON-HOLE- . .. 6031
- 1.0 T T 1.0 ps after the pulse, as shown in Fig. 19(b). The high-
= (a) energy tails disappear from the energy and momentum
=] r 1 distributions, and a ‘“‘standard” form is obtained, only
o sl after 2.0 ps. At these longer times, no distinction can be
5 102 ' n made from the shape of the distribution obtained ignor-
E o ing e-e scattering and that shape obtained by including
= I ’ 1 all scattering processes. Thus the final shape is deter-

104 . 1 mined largely by the e-h process.
1.0 T T ,
2 L (b) V. CONCLUSIONS
g ]
o 102 | 4 A detailed ensemble Monte Carlo model for the
o A analysis of the ultrafast relaxation of photoexcited car-
m L riers in GaAs has been presented. The expressions for
= the scattering rates for the e-h, screened e-ph, and h-ph
104 | | . interactions were developed. The scattering rates for h-h
0 200 400 interactions are quite large in comparison to the e-e

ENERGY (meV)

FIG. 18. The electron energy distribution function after ex-
citation by a 1.71-eV laser pulse, and a concentration of 10'®
cm™3, 500 fs after the pulse. (a) is for e-ph and e-h interactions
only, while (b) includes the e-e interaction as well.

the distribution function in momentum space, we have
found that the e-e interaction determines the shape of
the distribution function. However, this distribution
may not have a standard (Maxwellian or Fermi-Dirac)
form at times less than 0.5 ps, even though a smooth dis-
tribution may be found at earlier times. The large
spread in the energy distribution persists even at times of
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FIG. 19. The electron energy distribution after excitation by
a 1.71-eV laser pulse to a concentration of 10" cm~—3, 1 ps after
the initial pulse. (a) includes only the e-ph and e- interac-
tions, while (b) includes the e-e interactions as well.

rates, due to the difference in the final-state densities.
The screening of the e-ph interaction leads to a
significant reduction in the scattering rates, especially at
high carrier concentrations and low temperatures. The
screening is included in a self-consistent, but long-
wavelength, approximation to take advantage of the
built-in, time-evolving distribution function inherent in
the EMC approach. The model does not make any as-
sumptions about the form of the distribution functions
or about the individual or average energies of the elec-
trons and holes.

For an e-h plasma generated by a 1.55-eV laser pulse,
with a generated density between 5> 10'¢ and 10'® cm—3,
we have shown that the e-A interactions slow the cooling
rate of the photoexcited electrons at low excitation levels
by shifting the electron population to energies below the
phonon emission threshold. The e-e interaction results
in the same behavior. On the other hand, at high con-
centrations, the e-h interaction enhances the cooling
rates by transferring the electron energy to the holes.
These results suggest that at low densities, the energy
flow from the electrons to the lattice is primarily
through the e-ph interaction, while at high concentra-
tions it is primarily through the e-4 interaction and then
through the A-ph interaction. This latter proceeds pri-
marily through the unscreened TO deformation-potential
interaction.

The holes themselves have a modified behavior in the
presence of the c-c interactions. The h-h interactions
enhance the cooling of the holes by shifting a fraction of
the holes to states above the threshold for the emission
of phonons. Normally, the photoexcited holes sit too
low in energy for this process.

The presence of the e-e and h-h interactions is neces-
sary to achieve the rapid randomization of energy and
momentum in the respective distributions. At higher
laser energies, the loss rate of the electrons through the
e-h interaction is further increased, a result that is also
achieved by increasing values of the electric field.

Although the results predicted by this model give
qualitative agreement with the experimental results ob-
tained by others, a more general model should include
the possibility of nonequilibrium phonons and inelastic
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acoustic scattering, as well as the coupled modes of the
plasmons and phonons. Furthermore, the complex
structure of the valence band and the overlap function
behavior of the e-h interaction should be included to try
to understand the orientation dependence of the momen-
tum and energy relaxation processes that has been ob-
served.?® Investigations of these processes are currently
underway.
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