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Effect of laser-induced antidiffusion on excited conduction electron dynamics
in bulk semiconductors
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By including the effect of local fluctuations in the electron kinetic energies, the kinetic Fokker-Planck-type
equation for excited conduction electrons in bulk semiconductors~such as GaAs, Si, etc.! is systematically
derived in the presence of a pulsed laser beyond the classical limit. A new contribution from an antidiffusion
process is found as a correction to the spontaneous-phonon emission from drifting electrons in addition to
contributions from joule heating and a field-dependent diffusion of electrons. The stimulated interband optical
transitions of electrons from single-photon absorption are included as one of the source terms of the equation.
Some possible types of damage in semiconductors including optical, electrical, and structural damage are
explored. The calculated results demonstrate the existence of a kinklike feature in the electron distribution
function around the edge of the conduction band due to antidiffusion. The energy spectra of the electron
distribution function are studied at different times and used to analyze the transient behavior of both the
conduction electron density and the hot-electron temperature.
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I. INTRODUCTION

Optical and transport properties of semiconductors de
mine their applications as optoelectronic devices. Th
properties are found to be altered when semiconductor
vices are exposed to an intense laser field due to the cre
of a large number of free conduction electrons. Therefore
is of great importance to describe the microscopic proce
taking place when a semiconductor is irradiated by an
tense laser. The critical electron density sufficient to dam
the crystal is defined as the one at which the laser is c
pletely reflected by the induced free-electron plasma.1 One of
the mechanisms for electron production in the conduct
band~CB! is through collisional ionization of valence ele
trons by conduction electrons with kinetic energy larger th
the band gap (EG). In order to reach this threshold energy f
collisional ionization, the conduction electrons have to g
energy from the incident laser field.

The first fact which was recognized2,3 is that an electron
in the CB of a dielectric can continuously gain or lose ene
through interaction with phonons and the incident laser fie
In this picture, the energy change of electrons is small if
laser field is not extremely strong, and the electron ene
displacements are random with time. This is reminiscen
Brownian motion of electrons in energy space. By assum
a Brownian motion for conduction electrons in energy spa
Uhlenbeck and Ornstein4 proposed a phenomenologic
equation and applied it to the time evolution of the electr
distribution function, where an assumption that electron
ergy does not change significantly over many collisions
introduced. The coefficients of this kinetic equation were o
tained under the relaxation-time approximation which can
explicitly calculated for the scattering of electrons with o
tical and acoustic phonons.5,6

It is well known that free carriers cannot directly abso
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the incident laser field without assistance from defects~im-

purities and phonons! ~Ref. 7! sinceA(t)•^uB
c (r )up̂uuB

c (r )&
50 in the dipole approximation, whereA(t) is the vector
potential for a spatially uniform laser field anduB

c (r ) is the
Bloch function for conduction electrons. This is a direct r
sult of the impossibility of conserving energy and mome
tum simultaneously during the absorption of a photon by
electron. Several groups8–10 have derived a quantum kineti
equation for calculating the electron distribution function
the conduction band based on a method involving an eq
tion of motion with a Hamiltonian consisting of an electro
phonon interaction and a canonical momentum in the p
ence of a laser field. This formalism reduced to a Fokk
Planck-type kinetic equation11,12 under the physical
conditions that the change of electron energy is small in
CB and that the photon energy of the laser is smaller t
EG. However, both the classical joule heating effect fro
power dissipation of the laser field within the material a
the field-dependent diffusion of conduction electrons in e
ergy space were neglected in this previous work, althoug
quantum correction to the electron-phonon coupling
(}uCqu2 and referred to as phonon-assisted free-carrier
sorption! from the laser field was included. This correctio
term becomes important only when the laser field is v
strong and either the lattice temperature is very high or
electron initial kinetic energy is very large. More recently,
numerical approach based on Boltzmann equations for b
electron and phonon occupation probabilities with prop
collision integrals13 was used to find the time dependence
electron and phonon occupations. Joule heating and fi
induced diffusion were still missing in this approach, a
though the modifications to the electron-phonon (}uCqu2)
and even the Coulomb@}uVC(q)u2# interactions due to an
incident laser field were taken into account.

In the present work, we first note that the conduction el
©2002 The American Physical Society08-1
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trons in semiconductors cannot directly absorb the incid
laser field without assistance from defects.7 Under the con-
dition that VLt!1, whereVL and t are the laser-field fre-
quency and carrier relaxation time in semiconductors,
spectively, the electrons acquire a certain momentum o
time in the presence of the laser field. However, the electr
will acquire an average power from the laser field under
condition of VLt@1, which produces a local fluctuation i
the electron kinetic energies or a drift of conduction ele
trons in energy space towards higher energies, as can be
from a shifted Fermi-Dirac model.14 We further find that
joule heating of conduction electrons can be the m
energy-gain mechanism to reach the threshold energy for
pact ionization, and both joule heating and field-depend
diffusion of conduction electrons can be derived simul
neously from the energy-drift effect instead of inserting th
into the equation phenomenologically.2–4 More importantly,
we have uncovered an antidiffusion process due to the
rection to a spontaneous-phonon emission from drifting c
duction electrons. Some of the preliminary results of the c
rent research~thermal diffusion and temperature-depende
band-gap effects! have been presented elsewhere.15 How-
ever, in this paper we mainly concentrate on the effects of
laser pulse profile~frequency detuning, peak intensity, an
pulse duration! on the dynamics of excited conduction ele
trons and present new numerical results associated with t
effects. Compared with our previous paper,15 we have pre-
sented the detailed quantum-mechanical derivation of
Fokker-Planck-type equation and additionally included
Auger recombination process due to the Coulomb interac
between electrons and holes, which has a huge effect on
population of electrons around the edge of the conduc
band.

The question we ask is, are there any new effects aris
from the electron energy drift besides joule heating and fie
dependent diffusion? We have found the answer to this q
tion to be yes. In this paper, based on Fermi’s golden rule
derive a dynamical equation for conduction electrons
semiconductors in the presence of a laser field. This equa
reduces to the quantum kinetic equation11 in the absence of a
laser field. By including the energy-drift effect in the pre
ence of the laser field, however, we find a new antidiffus
process for conduction electrons as a correction to
spontaneous-phonon emission from drifting electrons. T
source terms in this equation are calculated simultaneo
up to second order in perturbation theory. We also disc
some possible types of damage in semiconductors inclu
optical, electrical, and structural damage. We find a kinkl
feature around the edge of the conduction band in the en
spectra of the electron distribution function due to the ex
tence of the antidiffusion process. We also analyze the t
sient behavior of both the conduction electron density a
the hot-electron temperature.

The organization of this paper is as follows. In Sec. II, w
present our scattering model within Fermi’s golden rule. T
dynamical equation in the absence of a laser field is deri
in Sec. III. The effect of the energy drift of conduction ele
trons in the presence of a laser field is taken into accoun
Sec. IV. A discussion of stimulated interband electron tran
07520
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tions and the analytical expressions for all the other sou
terms up to second order in perturbation theory are prese
in Sec. V. This section also includes a discussion of so
possible types of damage in semiconductors. Numerical
sults for the effects of antidiffusion on the electron distrib
tion function are presented in Sec. VI, along with the tra
sient properties of the electron density and average kin
energy~hot-electron temperature!. The paper is concluded in
Sec. VII with some remarks.

II. SCATTERING MODEL

Let us start by considering a laser incident on an undo
bulk semiconductor material@e.g., GaAs~polar!, Si~nonpo-
lar!# at finite lattice temperatureT and with temperature-
dependentEG separating the conduction and valence ban
Because of finite lattice temperatures, there exist electr
phonon interactions in this system, including electron sc
tering with optical and acoustic phonons. At the same tim
there exists a drift of conduction electrons in energy sp
due to local fluctuations in the electron kinetic energies~dif-
ferent from phonon-assisted free-carrier absorption of p
tons!, stimulated interband optical transitions due to sing
photon excitation, impact ionization, and Aug
recombination due to the Coulomb interaction between e
trons and holes.

The total Hamiltonian of the interacting electron-phon
system exposed to a laser field in the second quantization
be written as

Ĥ~ t !5Ĥ0~ t !1ĤI~ t !, ~1!

where the noninteracting part of the Hamiltonian is given

Ĥ0~ t !5(
k

Ek
eâk

†~ t !âk~ t !1(
q

\vqb̂q
†~ t !b̂q~ t ! ~2!

and the interacting part takes the form of8,16

ĤI~ t !5(
k,q

Cqâk1q
† ~ t !âk~ t !@ b̂q~ t !1b̂2q

† ~ t !#

1(
k

@Fkâk
†~ t !d̂2k

† ~ t !1Fk* d̂2k~ t !âk~ t !#. ~3!

Here, the laser field is treated classically withFk being the
interband dipole-coupling coefficient between the laser fi
and electrons.16 âk

†(t) @ d̂k
†(t)# andâk(t) @ d̂k(t)# are the elec-

tron @hole# creation and annihilation operators satisfyin
Fermi-Dirac statistics, whileb̂q

†(t) and b̂q(t) stand for the
phonon creation and annihilation operators obeying Bo
Einstein statistics.Ek

e5\2k2/2me* is the free-electron kinetic
energy in the conduction band with effective massme* , \vq

is the phonon energy, andCq is the electron-phonon couplin
coefficient.8 The exchange energy which changes the el
tron energy dispersion17 can be neglected~much smaller than
EF) under the condition of 4/(3paB* )!(2n3D

e )1/3 due to the
strong screening at high electron densities, whereaB*
54pe0e r\

2/me* e2 is the effective Bohr radius,n3D
e is the
8-2
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EFFECT OF LASER-INDUCED ANTIDIFFUSION ON . . . PHYSICAL REVIEW B66, 075208 ~2002!
conduction-electron density, andEF5\2(3p2n3D
e )2/3/2me* is

the Fermi energy of electrons at zero temperature. The H
tree energy (;2EF/3) can also be neglected sinceEF!EG.
The higher-order renormalization ofCq by the interaction
between electrons and the laser field~phonon-assisted free
carrier absorption! ~Ref. 11! is neglected due to the wea
electron-phonon interaction at moderate lattice tempera
and not too high laser-field intensity. Using Fermi’s gold
rule18 for the calculation of the transition rate from the initi
stateu i & to the final stateu f &, we obtain

Wi→ f5
2p

\
u^ f uĤI~ t !u i &u2d~Ef2Ei!, ~4!

where the total energy is conserved for the electron transi
process. Hereafter, we will neglect the laser field until it
explicitly indicated.

As shown in Fig. 1, the scattering-in rate for the fin
electron stateuk& with phonon absorption@see Fig. 1~a!# is
calculated as

W k2q→k
ab 5

2p

\
uCqu2d~Ek

e2\vq2Euk2qu
e !

3Nq
phnuk2qu

e ~12nk
e!. ~5!

On the other hand, the scattering-in rate for the final elect
stateuk& with phonon emission@see Fig. 1~b!# is found to be

W k1q→k
em 5

2p

\
uCqu2d~Ek

e1\vq2Euk1qu
e !

3~Nq
ph11!nuk1qu

e ~12nk
e!. ~6!

Similarly, the scattering-out rate for the initial electron sta
uk& with phonon absorption@see Fig. 1~c!# is obtained from

FIG. 1. Diagrams for electron scattering into stateuk& in ~a!
~with phonon absorption! and ~b! ~with phonon emission! and for
electron scattering out of stateuk& in ~c! ~with phonon emission!
and ~d! ~with phonon absorption!. Here, the upward solid arrow
represent the electron states with the wave vector indicated.
horizontal dashed arrows stand for the phonon states with the
non frequencyvq indicated.
07520
r-

re

n

l

n

W k→k1q
ab 5

2p

\
uCqu2d~Euk1qu

e 2\vq2Ek
e!

3Nq
ph~12nuk1qu

e !nk
e , ~7!

and the scattering-out rate for the initial electron stateuk&
with phonon emission@see Fig. 1~d!# takes the form of

W k→k2q
em 5

2p

\
uCqu2d~Euk2qu

e 1\vq2Ek
e!

3~Nq
ph11!~12nuk2qu

e !nk
e . ~8!

Here, the effect of Pauli exclusion on the final state is tak
into account for the electron transition process.

III. DYNAMICS OF PHONON-SCATTERED CONDUCTION
ELECTRONS

In this section, we consider the case of no incident la
field. The electron-phonon interaction is included within F
mi’s golden rule (}uCqu2). Based on the calculated partia
scattering-in and scattering-out rates in Eqs.~5!–~8!, we can
calculate the total scattering-in rate for the final electron s
uk&,

W k
(in)5(

q
~W k2q→k

ab 1W k1q→k
em !

5
2p

\
~12nk

e!(
q

uCqu2@d~Ek
e2\vq2Euk2qu

e !

3Nq
phnuk2qu

e 1d~Ek
e1\vq2Euk1qu

e !~Nq
ph11!nuk1qu

e #,

~9!

as well as the total scattering-out rate for the initial electr
stateuk&,

W k
(out)5(

q
~W k→k2q

em 1W k→k1q
ab !

5
2p

\
nk

e(
q

uCqu2@d~Ek
e1\vq2Euk1qu

e !

3Nq
ph~12nuk1qu

e !1d~Ek
e2\vq2Euk2qu

e !~Nq
ph11!

3~12nuk2qu
e !#, ~10!

where the phonon distribution function is assumed to be
equilibrium and given by

Nq
ph5FexpS \vq

kBT D21G21

, ~11!

with lattice temperatureT. Using Eqs.~9! and ~10!, we get
the following dynamic equation for the conduction-electr
distribution function in the absence of a laser field:

he
o-
8-3
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]

]t
nk

e5W k
(in)2Wk

(out)

5
2p

\ (
q

uCqu2d~Ek
e1\vq2Euk1qu

e !

3@~Nq
ph11!nuk1qu

e ~12nk
e!2Nq

phnk
e~12nuk1qu

e !#

1
2p

\ (
q

uCqu2d~Ek
e2\vq2Euk2qu

e !

3@Nq
phnuk2qu

e ~12nk
e!2~Nq

ph11!nk
e~12nuk2qu

e !#.

~12!

Moreover, we denote thatnk
e[ne(Ek

e ,t) and define f k
e

5rk
enk

e with the density of statesrk
e5C0AEk

e in a parabolic-
dispersion model, whereC05(2me* )3/2/2p2\3. If we limit
o
u
o

fro
c-
-
e-
he

,
id
op

ica

07520
ourselves to the diffusive limit in which\vq!Ek
e , we obtain

the following kinetic Fokker-Planck-type equation for th
electron thermal motion in energy space by including o
the electron scattering with phonons,

]

]t
f k

e1Vk

]

]Ek
e

f k
e2Dk

]2

]~Ek
e!2

f k
e5Akf k

e1Sk , ~13!

where the following expansion approximation has been e
ployed:

f uk6qu
e ' f k

e6\vq

]

]Ek
e

f k
e1

1

2
~\vq!2

]2

]~Ek
e!2

f k
e . ~14!

In Eq. ~13!, Sk represents all the other source contributio
which will be given in Secs. V and VI, and the dynamic
coefficientsAk , Vk , andDk are defined by
Ak5
2p

\ (
q

uCqu2H d~Ek
e1\vq2Euk1qu

e !F ~Nq
ph112nk

e!S 12
\vq

2Ek
eD 2Nq

phG
1d~Ek

e2\vq2Euk2qu
e !F ~Nq

ph1nk
e!S 11

\vq

2Ek
eD 2~Nq

ph11!G J , ~15!

Vk5
2p

\ (
q

uCqu2\vqH d~Ek
e2\vq2Euk2qu

e !~Nq
ph1nk

e!S 11
\vq

2Ek
eD 2d~Ek

e1\vq2Euk1qu
e !~Nq

ph112nk
e!S 12

\vq

2Ek
eD J ,

~16!

Dk5
2p

\ (
q

uCqu2
1

2
~\vq!2H d~Ek

e1\vq2Euk1qu
e !~Nq

ph112nk
e!S 12

\vq

2Ek
eD 1d~Ek

e2\vq2Euk2qu
e !~Nq

ph1nk
e!S 11

\vq

2Ek
eD J .

~17!
her

tial

ect

era-

ck-
Here, Vk and Dk represent the velocity in energy space
conduction electrons due to power loss in spontaneo
phonon emission and the thermal-diffusion coefficient
electrons in energy space, respectively. As can be seen
Eq. ~12!, the effect of Pauli exclusion is included in the fa
tors of 12nk

e and 12nuk6qu
e for the final electron states dur

ing the transitions. If the effect of Pauli exclusion is n
glected in Eqs.~13!–~17!, we get the same equation as t
previously derived quantum kinetic equation11 by Epifanov
et al. for the electron-phonon scattering.

The lattice temperature is assumed to be not too high
that only the scattering with longitudinal phonons is cons
ered by neglecting the umklapp process. For longitudinal
tical ~LO! phonons in polar semiconductors, we have

uCqu25S \vLO

2V D F 1

e r~`!
2

1

e r~0!GF e2

e0~q21Qs
2!

G ,

which reduces to the results for deformation-potential opt
~DO! phonon scattering whenq→0,19 where 1/Qs is the
f
s-
f
m

so
-
-

l

Thomas-Fermi screening length,17 vLO is the frequency of
the longitudinal optical phonons, ande r(`) ande r(0) are the
relative optical and static dielectric constants. On the ot
hand, for longitudinal acoustic~LA ! phonons in both polar
and nonpolar semiconductors we have

uCqu25S niq

2M ivLVD F e2

e0e r~0!~q21Qs
2!

G 2

,

which approaches the results for deformation-poten
acoustic~DA! phonon scattering asq→0,19 whereM i is the
ion mass,ni is the ion density, andvs is the sound velocity of
longitudinal acoustic phonons. The weak piezoelectric eff
in some semiconductors~e.g., GaAs! with weak inversion-
center effect is neglected hereafter at high lattice temp
tures.

IV. CORRECTION TO SPONTANEOUS-PHONON
EMISSION

In the absence of a laser field, the kinetic Fokker-Plan
type equation~13! for f k

e[ f e(Ek
e ,t) only describes the dy-
8-4
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namics of electrons due to interactions with phonons, wh
Ek

e is time independent. In this section, we include the eff
of the laser field treated classically and find that the int
band transitions of conduction electrons cannot optically
spond to the laser field without assistance from phono
However, we understand that^EL(t)&50, but ^E L

2(t)&Þ0
only whenVLtp@1, where^A(t)& is the time average of a
quantityA(t) within an interval of collision timetp @many
time periods of the oscillating fieldEL(t)] over which two
successive collisions of an electron with phonons can h
pen. The fact that̂ EL(t)&50 implies no net momentum
change of electrons overtp after EL(t) is applied, which is
quite different from the case of a dc electric field. Howev
^E L

2(t)&Þ0 indicates a local fluctuation in the electron k
netic energies. We know that the Fokker-Planck-type eq
tion ~13! deals with the conduction-electron dynamics~after
an ensemble average! over a time scale much longer thantp .
Since the time period of the laser field 2p/VL is much
shorter thantp , we need to take a time average of t
Fokker-Planck-type equation here over many time period
the laser field. In the presence of a laser field given
EL(t)5E0Lcos(VLt), whereE0L is the amplitude of the lase
field, there exists a local fluctuation in the electron kine
energies, described by

] f k
e

]t
udr5 lim

Dt→0
S 1

Dt D @ f e
„Ek

e2~dEk
e/dt!Dt,t…2 f e~Ek

e ,t !#

52S dEk
e

dt D ]

]Ek
e

f k
e .

Consequently, after an average over many time period
EL(t), the previous Fokker-Planck type equation~13! can be
generalized to include this additional energy-drift te
] f k

e/]tudr on the right-hand side of the equation, thus yieldi

]

]t
f̄ k

e1V̄k

]

]Ek
e
f̄ k

e2D̄k

]2

]~Ek
e!2

f̄ k
e

52K dEk
e

dt L ]

]Ek
e
f̄ k

e1Āk f̄ k
e1S̄k , ~18!

where only the slow electron motion compared totp is kept,
and^dEk

e/dt&}^E L
2(t)& results from the energy drift of elec

trons. In Eq.~18!, we denotef̄ k
e[ f e(Ēk

e ,t) with nearly time-

independent average energyĒk
e5Ek

e2DEk
e . We have also

assumed thatuDEk
eu!Ek

e for the weak local fluctuation in Eq
~18!. In principle, Eq. ~18! can be applied to study th
conduction-electron dynamics between any two succes
collisions with phonons provided an expression ofDEk

e is
given for each scattering event. Instead, we introduce an
eraged fluctuationEtr[!DEk

e@ for the transport of elec-
trons in energy space, which represents the average en
gained from power dissipation of the laser field within sem
conductors, wherê ^A(Ek

e ,t)&&[^*dEk
eA(Ek

e ,t) f k
e& is the

average over an ensemble of collisions or over a time s
much longer thantp . In this way,Etr becomes a constant o
07520
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a time scale comparable totp . Using the following expan-
sion under the conditionEtr!Ek

e ,

f̄ k
e' f k

e2Etr

]

]Ek
e

f k
e , ~19!

we finally arrive at the generalized Fokker-Planck-type eq
tion in the presence of a laser field after an ensemble ave
over a time scale much longer thantp has been taken:

]

]t
f k

e1Vk*
]

]Ek
e

f k
e2Dk*

]2

]~Ek
e!2

f k
e5Ākf k

e1S̄k, ~20!

where ] f̄ k
e/]t'] f k

e/]t since dEtr /dt'0. In Eq. ~20!, the
renormalized velocityVk* and diffusion coefficientDk* in
energy space are given by

Vk* 5K K dEk
e

dt L L 1V̄k1EtrĀk , ~21!

Dk* 5D̄k1EtrK K dEk
e

dt L L 1EtrV̄k . ~22!

The antidiffusion termEtrV̄k in Eq. ~22! results from the
correction to the spontaneous-phonon emission from n
drifting ( f k

e) to drifting ( f̄ k
e) electrons and is proportional t

uV̄ku( f k
e2 f̄ k

e). Here EtrVk plays the role of an antidiffusion
process; i.e., the spontaneous-phonon emission decre
when] f k

e/]Ek
e.0 but increases as] f k

e/]Ek
e,0, as shown in

Fig. 2. The antidiffusion term is negative and its magnitu
is usually smaller than the field-dependent diffusion coe
cient Etr^^dEk

e/dt&&. Here, the coefficientsĀk , V̄k , and D̄k

are redefined by

FIG. 2. Illustration of an antidiffusion process, where the so
and dashed curves represent the electron distribution functionf k

e

and f̄ k
e , respectively. The dashed curve is a replica of the solid

with a downshift in energy ofEtr due to the energy drift in the
presence of a laser field. The normal diffusion current always flo
down from the maximum of the solid curve. However, the antid
fusion current~two upward hollow arrows!, which results from the
change of the spontaneous-phonon emission due to energy drif

is proportional touV̄ku( f k
e2 f̄ k

e), flows up towards the maximum o
the solid curve.
8-5
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Āk5
2p

\ (
q

uCqu2H d~Ek
e1\vq2Euk1qu

e !

3F ~Nq
ph112n̄k

e!S 12
\vq

2~Ek
e2Etr!

D 2Nq
phG

1d~Ek
e2\vq2Euk2qu

e !

3F ~Nq
ph1n̄k

e!S 11
\vq

2~Ek
e2Etr!

D 2~Nq
ph11!G J , ~23!

V̄k5
2p

\ (
q

uCqu2\vqH d~Ek
e2\vq2Euk2qu

e !~Nq
ph1n̄k

e!

3S 11
\vq

2~Ek
e2Etr!

D 2d~Ek
e1\vq2Euk1qu

e !

3~Nq
ph112n̄k

e!S 12
\vq

2~Ek
e2Etr!

D J , ~24!

D̄k5
2p

\ (
q

uCqu2
1

2
~\vq!2

3H d~Ek
e1\vq2Euk1qu

e !~Nq
ph112n̄k

e!

3S 12
\vq

2~Ek
e2Etr!

D 1d~Ek
e2\vq2Euk2qu

e !

3~Nq
ph1n̄k

e!S 11
\vq

2~Ek
e2Etr!

D J , ~25!

wheren̄k
e[ne(Ek

e2Etr ,t). In addition, we find

K K d

dt
Ek

eL L 5 K K vk
e
•me*

d

dt
vk

eL L 5
1

3
sc~VL!E L

2, ~26!

from which we obtainEtr'sc(VL)EL
2tp/3 (tp is here re-

garded as an ensemble-average relaxation time!. Further, we
find

EtrK K d

dt
Ek

eL L ' K K DEk
e d

dt
Ek

eL L
5 K K DEk

evk
e
•me*

d

dt
vk

eL L
'

2

3
sc~VL!E L

2Ek
e . ~27!

In Eqs. ~26! and ~27!, we have used the fact tha
^^vk

e
•me* dvk

e/dt&&5(e/3)^^vk
eEL(t)&&5sc(VL)EL

2/3 from the
Drude model e^^vk

eEL(t)&&5^E L
2(t)&sc(VL), where EL

2

5E0L
2 /2, and the ac Drude conductivity in Eqs.~26! and~27!

is given by

sc~VL!5
e2tp

me* ~11VL
2tp

2!
. ~28!
07520
Heresc(VL) tends toe2/me* VL
2tp whenVLtp@1.

The energy-drift phenomenon for conduction electrons
a classical joule heating effect due to power dissipation
the laser field within semiconductors, which justifies the u
of the Drude model for the energy-drift effect in Eq.~26!. It
is completely different from the absorption of photons
either interband or intraband electron transitions. We a
know that there is no intraband free-carrier absorption
photons without assistance from phonons. The effect
phonon-assisted intraband free-carrier absorption of pho
renormalizes the electron-phonon interaction and is ca
lated as;uCqu2Nq

ph@e2E0L
2 q2/(me* VL

2)2#exp(2A2me* vs
2EG/

kBT) to leading order. Therefore, if the conditioneE0L

!(\vsme* VL
2/kBT)exp(Ame* vs

2EG/2/kBT) is satisfied, this
effect becomes negligible compared to the contributio
from electron-phonon scattering described in Sec. III.

By including the effect of energy drift of conduction ele
trons in Eq. ~18!, both joule heatinĝ ^dEk

e/dt&& and the
field-dependent diffusionEtr!dEk

e/dt&& of electrons are sys
tematically derived in Eqs.~21! and~22! instead of including
them in the equation phenomenologically. More importan
the new contributionEtrV̄k from the antidiffusion process a
a correction to the spontaneous-phonon emission arise
Eq. ~22!. The amplitudeE0L of the pulsed laser field intro
duced in this paper should be time dependent. We assum
standard Gaussian profile~with unit peak strength! for the
intensity (}E0L

2 ) of the pulsed laser field. Therefore, the tim
dependence of the laser intensity is characterized by both
peak intensityI L and the pulse durationtL We label the time
by the deviation from the moment of peak intensity.

V. STIMULATED INTERBAND ABSORPTION
OF PHOTONS

The previous theories1,11,13 are most often applied to a
dielectric with a hugeEG, thereby allowing only multipho-
ton excitations to be considered. For semiconductors, h
ever,EG can be moderate~GaAs! or even narrow~GaSb!. In
these cases, single-photon excitation becomes possible
contrast to intraband transitions, interband electron tra
tions between the conduction and valence bands can res
to the laser field directly if the laser photon energy\VL is
larger thanEG. This contributes to the source termS̄k in Eq.
~20!, which usually depends only on electron-energy chan
Hereafter, we will simply write it asSk and denote the direc
coherent interband excitation bySk

(1) . Fermi’s golden rule
(}uFku2) leads us to

Sk
(1)5

2p

\
uFku2P k

eF 2uFku/p

~\VL2Ek
e2Ek

h2EG!214uFku2G ,

~29!

whereP k
e5rk

e22 f k
e if rk

e>2 f k
e for Pauli exclusion or zero if

rk
e,2 f k

e for saturated absorption, 4uFku2 in the denominator
of Eq. ~29! is the power broadening due to the laser field
the interband transition of electrons,16 Ek

h is the hole energy
in the valence band, and20
8-6
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uFku2'
e2E L

2

m0VL
2 F S m0

me*
21D EG~EG1D0!

2~EG12D0/3!G ~30!

with free-electron massm0 and the spin-orbit splittingD0 of
the bulk semiconductor. The hole energy is much sma
than the electron energy due to its very heavy effective m
and can be set to zero as an approximation.

VI. COULOMB SCATTERING AND DAMAGE

In Secs. III and V, we included Fermi’s golden rule f
interactions between electrons and phonons (}uCqu2) and
between electrons and a laser field (}uFku2), respectively. In
this section, we will include source terms to the Fokk
Planck-type equation~20! derived using second-order pertu
bation theory, such as Coulomb scattering@}uVC(q)u2#,
which is very important to conduction-electron dynamics a
the change of electron density. The next-higher-order e
tron scattering through phonon-mediated interactio
(}uCqu4) is very small and can be neglected due to we
interactions between electrons and phonons.

A. Impact ionization

Impact ionization is a second-order two-particle Coulom
scattering process proportional touVC(q)u2. As shown in Fig.
3, the scattering-in rate for final electron stateuk& @see Fig.
3~a!# is calculated as

G imp
(in)~k,q!5Neff

e 2p

\
~12nk

e!2uVC~q!u2gv~q!

3d~2Ek
e2Euk1qu

e 1EG1Euk2qu
h !

3~12nuk2qu
h !nuk1qu

e , ~31!

whereNeff
e is the effective number of conduction electro

with energy close toEG, VC(q)5e2/@e0e r(0)q2V# is the
Fourier transform of the Coulomb potential, andgv(q) is the
interband-transition form factor. Similarly, the scattering-o
rate for initial electron stateuk& @see Fig. 3~b!# is found to be

G imp
(out)~k,q!5Neff

e 2p

\
nk

euVC~q!u2gv~q!d~2Euk2qu
e 2Ek

e1EG

1Euk22qu
h !~12nuk2qu

e !2~12nuk22qu
h !. ~32!

FIG. 3. Diagrams for impact ionization with electron scatteri
into stateuk& in ~a! and scattering out of stateuk& in ~b!. Here, the
upward and downward solid arrows represent the electron and
states with the wave vector indicated, respectively. The horizo
dashed arrows stand for the Coulomb interactionVC(q) between
two electrons.
07520
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Finally, we obtain Gk
(in)5(qG imp

(in)(k, q) and Gk
(out)

5(qG imp
(out)(k, q). As a result, the source contributionSk

(2)

from impact ionization is given by

Sk
(2)5rk

e~Gk
(in)2Gk

(out)!

5I k
(1)f e~2Ek

e1EG,t !2I k
(2)f e~Ek

e ,t !

5Neff
e 2p

\ (
q

uVC~q!u2gv~q!

3F d~2Ek
e2Euk1qu

e 1EG1Euk2qu
h !~12nk

e!2

3~12nuk2qu
h !A Ek

e

2Ek
e1EG1Euk2qu

h

3 f e~2Ek
e1EG1Euk2qu

h ,t !2d~2Euk2qu
e 2Ek

e1EG1Ek
h!

3~12nk
h!~12nuk2qu

e !2f e~Ek
e ,t !G . ~33!

We have defined the coefficients in Eq.~33! as

I k
(1)'n3D

e V2p

\ S 2me*

m0
DA Ek

e

2Ek
e1EG

(
q

uVC~q!u2

3d~2Ek
e2Euk1qu

e 1EG!,

I k
(2)'n3D

e V2p

\ S 2me*

m0
D(

q
uVC~q!u2d~2Euk2qu

e 2Ek
e1EG!,

where we have assumed thatmh* →` and gv(q)
'2(me* /m0).

B. Auger recombination

The electron-electron interaction which leads to Auger
combination was included phenomenologically in our pre
ous work.21 The recombination rate was derived based on
existing impact ionization model22 via detailed balance. The
Auger recombination process is also a second-order t
particle Coulomb scattering process proportional
uVC(q)u2. As we can see from Fig. 4, the scattering-in ra

le
al

FIG. 4. Diagrams for Auger recombination with electron sc
tering into stateuk& in ~a! and scattering out of stateuk& in ~b!. Here,
the upward and downward solid arrows represent the electron
hole states with the wave vector indicated, respectively. The h
zontal dashed arrows stand for the effective phonon-mediated in
actionUeff(q) between two electrons.
8-7
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for a final electron stateuk& @see Fig. 4~a!# is

G rec
(in)~k,q!5

2p

\
~12nk

e!nuk22qu
h uVC~q!u2gv~q!

3d~Ek
e22Euk2qu

e 2EG2Euk22qu
h !~nuk2qu

e !2.

~34!

Similarly, the scattering-out rate for an initial electron sta
uk& @see Fig. 4~b!# is found to be
n
ct
s
V

e
d

el
on
si
io
ig

07520
G rec
(out)~k,q!5

2p

\
~nk

e!2uVC~q!u2gv~q!d~Euk1qu
e 22Ek

e2EG

2Euk2qu
h !~12nuk1qu

e !nuk2qu
h . ~35!

Finally, we arrive at Gk
(in)5(qG rec

(in)(k, q) and Gk
(out)

5(qG rec
(out)(k, q). As a result, the source contributionSk

(3)

from Auger recombination is given by
Sk
(3)5rk

e~Gk
(in)2Gk

(out)!

5Rk
(1)$ f e@~Ek

e2EG!/2,t#%22Rk
(2)$ f e~Ek

e ,t !%2

5
2p

\ (
q

uVc~q!u2gv ~q!H d~Ek
e22Euk2qu

e 2EG2Euk22qu
h !~12nk

e!nuk22qu
h F 2Ek

e

rk
e~Ek

e2EG2Euk22qu
h !

G
3F f e S 1

2
~Ek

e2EG2Euk22qu
h !,t D G2

2d~Euk2qu
e 22Ek

e2EG2Euk1qu
h !~12nuk2qu

e !nuk1qu
h S 1

rk
eD @ f e~Ek

e ,t !#2J . ~36!
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In Eq. ~36! we have defined the following coefficients:

Rk
(1)'n3D

e V2p

\ S 2me*

m0
D F 2Ek

e

rk
e~Ek

e2EG!
G(

q
uVc~q!u2nuk22qu

h

3d~Ek
e22Euk2qu

e 2EG!,

Rk
(2)'n3D

e V2p

\ S 2me*

m0
D S 1

rk
eD(q

uVc~q!u2nuk1qu
h

3d~Euk2qu
e 22Ek

e2EG!,

where we have assumed thatmh* →` and gv(q)
'2(me* /m0). The contribution from Auger recombination i
Eq. ~36! is very small compared with that from the impa
ionization in Eq.~33! due to a negligible population of hole
at large momenta. Combining the results in Secs. V and
we obtain the total source termS̄k'Sk

(1)1Sk
(2)1Sk

(3) under

Āk'0.

C. Laser damage in semiconductors

In this part, we would like to discuss some possible typ
of damage in semiconductors. The discussion below inclu
optical, electrical, and structural damage possibilities.

If an incident light field is absorbed by an intrinsic~un-
doped! bulk semiconductor, the electrons in the complet
filled valence band will transit upward to the conducti
band. The free-electron density increases with the inten
of the incident light. The excited electrons in the conduct
band can form an electron plasma when the density is h
I,

s
es

y

ty
n
h

and thus the Coulomb interaction is strong. The existenc
this plasma increases the reflection of the incident lig
When the condition

VL
2>

e2n3D
e

e0e r~0!me*

is satisfied, the incident light will be totally reflected from
the surface of the semiconductor. At this point, the semic
ductor becomes opaque, and the electron density reache
maximum valuenc

opt. In this case, we call the opaque sem
conductor optically damaged by the laser field for optoel
tronic uses since the incident light can no longer be coup
into it. For \VL5EG51.42 eV ~for GaAs!, we get nc

opt

51.331023 cm23.
An intrinsic ~undoped! semiconductor behaves like an in

sulator at low temperatures, but it becomes a good condu
at room temperature (T5300 K). The thermally excited
conduction-electron density in intrinsic semiconductors u
der equilibrium is found to be

NI5ANCNVexpS 2
EG

2kBTD ,

whereNV52(me*kBT/2p\2)3/2 andNC52(me*kBT/2p\2)3/2

are the state densities of holes and electrons, respectivelNI
is found to increase withT. Here NI reaches its maximum
value through thermal excitation atTm ~melting temperature!
and is denoted bync

elec. At this point, a huge current under
small bias will be produced in a circuit utilizing this ho
semiconductor. The conduction electrons can be equivale
produced by a laser field instead of by thermal excitation
give rise to the same electron densitync

elec. In this case, we
8-8
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call the semiconductor electrically damaged by the laser fi
for transistor uses. For GaAs, we findTm51512 K, and
thereby we get nc

elec58.731017 cm23 which is much
smaller thannc

opt for EG51.42 eV.
The atoms in most semiconductors, such as Si and G

are chemically connected by covalent bonds with cohes
energyVB;EG in a crystal sinceEG prohibits the creation of
free electrons from bound electrons in the valence band
the intrinsic semiconductors are exposed to an incident l
field, the statistically averaged kinetic energy per elect
can be written as

^Ek
e&5S E

0

1`

Ek
ef k

edEk
eD Y S E

0

1`

f k
edEk

eD ,

which is related to the electron temperatureTe by DĒ
5^Ek

e&23EF/553kBTe/2, whereEF5\2(3p2n3D
e )2/3/2me* is

the Fermi energy of conduction electrons at zero temp
ture. When the electron distribution functionf k

e peaks at

higher and higher energies,DĒ increases althoughn3D
e can

be very small at this time. If̂Ek
e&5EG, there is an instability

for chemical bonds in semiconductors. In this case, we
the semiconductor structurally damaged by the laser field
semiconducting-material uses.

VII. NUMERICAL RESULTS AND DISCUSSIONS

In the following numerical calculations, we choose a bu
GaAs semiconductor sample although the theory prese
in this paper applies to most semiconductors. The parame
for our calculations are listed as follows:T5300 K, EG
51.42 eV at T5300 K ~1.50 eV at T5100 K), D0
50.43 eV, tp50.66 ps, I L5831015 W/m2, \VL2EG

5200 meV, tL51 ps, me* 50.067 m0 , mh* 50.62 m0 ,
e r(0)513.18, e r(`)510.89, \vLO536.25 meV,vs55.14
3105 cm/s, ni52.2231022 cm23, and M i52.4
310225 kg. For a peak intensityI L5831015 W/m2, we
find from calculations that the conduction-electron dens
ne

3D satisfiesnc
elec,ne

3D,nc
opt. This implies that the semicon

ductor suffers from electrical damage but not optical da
age. Moreover, we find that the average kinetic energy
electron^Ek

e& is always smaller thanEG, which implies that
the semiconductor is structurally stable. We denote a dim
sionless timet/tL by t̃ as the deviation from the moment o
peak intensity and a dimensionless kinetic energyEk

e/EG

by Ẽ.
The current theory compared with previou

theories2–6,8–13has introduced an antidiffusion term arisin
from the correction to the spontaneous-phonon emiss
from the drifting electrons. Figure 5 displays the effect of t
antidiffusion process on the electron distribution functionf k

e

as a function ofẼ by including the antidiffusion termEtrV̄k

in the total diffusion coefficientDk* in Eq. ~22!. Compared to

t̃ 521.25 in ~a! where the laser field is weak, we see in~b!

that whent̃ 520.5, a ‘‘kink’’ is developed inf k
e on the low-

energy side of the peak as a result of the competition
tween the upward antidiffusion and the downward therm
07520
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diffusion D̄k ~large at low energies and high temperature!
for Etr;kBT ~see Fig. 2!. When the laser field is furthe
increased in~c! ( t̃ 50.1), the field-dependent diffusion star
to take the role of the thermal diffusion forEtr@kBT and

^^dEk
e/dt&&/uV̄ku.1. In this case, the strength of the kink

relatively reduced by transferring the electrons above
kink to the peak in both~c! and ~d!. The laser-induced
changes observed inf k

e in Fig. 5 are also visible in Fig. 6

Here, the electron densityn3D
e in ~a! as a function oft̃ dis-

plays a slight increase fort̃ .20.5 when the antidiffusion
process is included~solid curve!. This results from the fact
that the effect of the impact ionization is actually enhanc
by moving electrons up from the edge of the conduct
band due to the upward antidiffusion energy current. T
average electron kinetic energy^Ek

e& in ~b! reflects the shape
change off k

e even thoughn3D
e ~area under thef k

e curve! is a
constant with time. The solid curve in~b! starts peeling off
the dashed curve aroundt̃ 521.0 due to the development o
a kinklike feature at low energies. Later, the solid cur
merges with the dashed curve fort̃ .0 due to the relatively
reduced strength of the kink and the dominant enhancem
of the peak. In the following, we will keep the antidiffusio
termEtrV̄k as our standard calculation which includes all t
terms. In comparison with the standard calculation, we st
different effects by turning off the relevant term in our ca
culations.

It is known that the Auger recombination that results fro
the Coulomb interaction between two electrons can red
the electron density in the conduction band. From our cal
lation, we find that the recombination reduces the occupa
of electrons at the band edge~dominant there! and sup-
presses a spikelike feature there to a kink. Combined w
the thermal and field-dependent diffusion as well as the th
mal emission, the recombination greatly decreases the o
pation of low-energy electrons and shifts up the peak inf k

e .
The dramatic decrease ofn3D

e at the peak intensity is an
indication of the efficient recombination. On the other han
by removing low-energy electrons through recombinatio
the evident increase of^Ek

e& is seen before the peak intensi
is reached, which is the combined result of both shifting
the peak and suppressing the spikelike feature.

From Fig. 5, we find that the competition between therm
diffusion and antidiffusion is one of the reasons for the fo
mation of the kinklike feature on the low-energy side of t
peak. From our calculation, we find that the thermal diff
sion at early times only causes a slight reduction of the p
strength and a shifting-up of the peak position. With incre
ing peak intensity of the laser field, the downward therm
diffusion induces a kinklike feature around the band ed
Simultaneously, it somewhat reduces the peak strength of k

e .
The downward thermal diffusion promotes the occupation
electrons near the band edge and greatly speeds up the A
recombination process. It is found that efficient Auger
combination at the band edge overcomes the increas
electrons from the thermal diffusion. Consequently, the ba
edge spike is suppressed into a kink.

The main energy-loss mechanism for conduction el
8-9
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FIG. 5. Comparison off k
e as a function ofEk

e/EG at four different times of a laser pulse by including~solid curves! or excluding~dashed
curves! an antidiffusion current. The four times set in~a!, ~b!, ~c!, and~d! aret/tL521.25,20.5, 0.1, and 0.55, respectively. Here, the las
pulse is assumed to peak att50. The vertical arrows in the figures indicate the kinklike feature described in the text. The parameters
calculations are given in the text.

FIG. 6. Comparison ofn3D
e in ~a! and^Ek

e&/EG in ~b! as a function oft/tL of a laser pulse by including~solid curves! or excluding~dashed
curves! the antidiffusion current. For convenience, the intensity profile of an incident laser pulse is also shown in~a! by a dotted curve~right
axis!.
075208-10
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FIG. 7. Comparison off k
e as a function ofEk

e/EG at four different times with a larger~solid curves! or a smaller~dashed curves!
laser-frequency detuning. The four times set in~a!, ~b!, ~c!, and~d! are t/tL521.25, 20.5, 0.1, and 0.55, respectively.
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trons at low energies is known to be due to spontaneo
phonon ~thermal! emission. The electrons in high-energ
states are found to be transferred to low-energy st
through the emission of spontaneous phonons, shifting
peak down. Transferring electrons to the band edge enha
the upward antidiffusion process, producing a kinklike fe
ture on the low-energy side of the peak. The accumulation
electrons around the edge further speeds up the Auge
combination process, leading to a smallern3D

e after the peak
intensity is reached.

Opposite to the energy loss of conduction electrons in
low-energy range, the energy gain of electrons in the wh
energy range is through classical joule heating from po
dissipation of the laser field within semiconductors. Jo
heating has an opposite effect onf k

e compared with that for
thermal emission. In this case, the electrons in low-ene
states are transferred to high-energy states by energy
This results in a shifting-up of the peak inf k

e . Moreover, the
impact ionization is enhanced by moving electrons up
energy space, which is reflected in the increase ofn3D

e after
the intensity peak is reached.
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It is well known that single-photon absorption is a res
nant process, which implies that a peak inf k

e should occur
initially at the energy determined by the laser-frequency
tuning away from the band edge. We depictf k

e as a function

of Ẽ at four different times of a laser pulse for two detunin
Dd5\VL2EG5400 meV ~solid curves! and Dd
5200 meV ~dashed curves! in Figs. 7~a!, 7~b!, 7~c!, and
7~d!. At an early timet̃ 521.25 in ~a!, the peak position of
f k

e is solely determined byDd . However, the final peak po
sition is eventually determined by the balance among
different kinds of diffusion, thermal emission, and classic
joule heating effect, and the peak position becomes indep
dent ofDd as shown in~c! and~d!. As seen in~a!, especially
for largeDd , the initial lack of electron occupation near th
band edge is rapidly compensated for by thermal emiss
and thermal and field-dependent diffusion as well as
speed-up of impact ionization in~c! and ~d!. The enhanced
impact ionization for largeDd increasesn3D

e in Fig. 8~a! after

t̃ 50. Moreover, the initial higher-energy peak inf k
e in-

creaseŝEk
e& in Fig. 8~b! when t̃ ,20.5.
8-11
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FIG. 8. Comparison ofn3D
e in ~a! and ^Ek

e&/EG in ~b! as a function oft/tL with a larger~solid curves! or a smaller~dashed curves!
laser-frequency detuning. The intensity profile is also depicted in~a! by a dotted curve~right axis!.

FIG. 9. Comparison off k
e as a function ofEk

e/EG at four different times with a higher~solid curves! or a lower~dashed curves! laser
intensity. The four times set in~a!, ~b!, ~c!, and~d! are t/tL521.25, 20.5, 0.1, and 0.55, respectively.
075208-12
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FIG. 10. Comparison ofn3D
e in ~a! and^Ek

e&/EG in ~b! as a function oft/tL with a higher~solid curves! or a lower~dashed curves! laser
intensity. The intensity profile is also displayed in~a! by a dotted curve~right axis!.
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Classical joule heating, field-dependent, and antidiffus
processes are all proportional to the intensity of the incid
laser field. We find that these currents all play a crucial r
in determining the internal dynamics of distributing electro
throughout the whole energy range. In Fig. 9 we demonst
this effect by showingf k

e as a function ofẼ at four different
times relative to a laser pulse for two different peak inten
ties I L5831015 W/m2 ~solid curves! and I L58
31014 W/m2 ~dashed curves!. The magnitude off k

e becomes
very large at highI L because of the large optical absorpti
proportional to I L . At t̃ 521.25 in ~a!, only the peak
strength off k

e is greatly increased while its position is locke
by Dd . The kinklike feature in~b!, ~c!, and ~d! becomes
visible only for higherI L due to the enhanced antidiffusio
process. From~d! we find that the peak position at lowI L
~dashed curve! is determined solely byDd but at high I L
~solid curve! it is determined by a balance among the diffe
ent kinds of diffusion, thermal emission, and classical jo
heating since their contributions become important at h
I L . The increased absorption directly leads to a largern3D

e

~solid curve! in Fig. 10~a!, and the shifting-up of the peak i
f k

e ~solid curve! results in a higher̂Ek
e& in Fig. 10~b!.

It is easy to understand that the lattice temperatureT can
affect the thermal emission and thermal diffusion. From o
calculation, we find a spikelike feature at lowT around the
band edge due to the reduced thermal diffusion~imbalance
between thermal diffusion and antidiffusion!. At low T, EG is
increased compared to that at highT, which reduces the im-
pact ionization. Moreover, the lack of electrons around
band edge due to reduced impact ionization suppresse
antidiffusion process and thus shifts up the peak off k

e and
gives rise to a reduced peak strength. The suppression o
impact ionization directly contributes to a lowern3D

e . On the
other hand, the shifted-up peak produces a larger^Ek

e& after
the laser intensity becomes strong.

VIII. CONCLUSION AND DISCUSSION

In conclusion, we have found a new antidiffusion cont
bution in the kinetic Fokker-Planck-type equation in t
07520
n
t

e
s
te

i-

e
h

r

e
the

the

presence of a pulsed laser field as a correction to
spontaneous-phonon emission from drifting conduction e
trons. Both classical joule heating and field-dependent di
sion are systematically derived instead of including th
phenomenologically. The single-photon interband excitati
as well as the impact and Auger recombination result
from the Coulomb scattering of two conduction electron
have been included as the source terms up to second-o
perturbation theory. We have also discussed some pos
types of laser damage in semiconductors including opti
electrical, and structural damage.

Our numerical results have demonstrated a kinklike f
ture in the electron distribution function around the edge
the conduction band. The kink becomes appreciable at ro
temperature even when the laser field is not too strong.
energy spectra of the electron distribution function at diff
ent times relative to the time at which the peak of the la
pulse is reached have been used to explain the calcul
transient behavior of the conduction-electron density and
average kinetic energy of electrons~electron temperature!.
The roles played by antidiffusion, laser-frequency detuni
laser intensity, impact ionization, Auger recombination, th
mal diffusion, thermal emission, classical joule heating, l
tice temperature, and sample mobility in determining the
namics of the electron distribution in energy space have b
analyzed and explained.

The validity of our current theory requires that~1! the
maximum phonon energy be smaller than the average sin
electron kinetic energy,~2! the electron-phonon interactio
be weak,~3! the time period of the laser field be smaller th
the relaxation time of conduction electrons, and~4! the
phonon-assisted free-carrier absorption can be neglecte
not too strong laser fields.
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