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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 semicondudtsush as GaAs, Si, eicis 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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[. INTRODUCTION the incident laser field without assistance from deféicts
purities and phonons(Ref. 7) since A(t) - (u§(r)|p|uS(r))
Optical and transport properties of semiconductors deter=q in the dipole approximation, wher&(t) is the vector
mine their applications as optoelectronic d(_avices. Thes%otential for a spatially uniform laser field ang(r) is the
properties are found to be altered when semiconductor dggjoch function for conduction electrons. This is a direct re-
vices are exposed to an intense Ia}ser field due to the crea‘u%n of the impossibility of conserving energy and momen-
of a large number of free conduction electrons. Therefore, i, , simultaneously during the absorption of a photon by an

is of great importance to describe the microscopic processgSectron. Several groupg® have derived a quantum kinetic

taking place when a semiconductor is irradiated by an ingqyation for calculating the electron distribution function in

tense laser. The critical electron density sufficient to damag@,e conduction band based on a method involving an equa-
the crystal is defined as the one at which the laser is cOMo of motion with a Hamiltonian consisting of an electron-
pletely reflected by the induced free-electron plasi@me of phonon interaction and a canonical momentum in the pres-
the mechanisms for electron production in the conductiorynce of a laser field. This formalism reduced to a Fokker-
band(CB) is thro.ugh collisional .|on|gat|c.)n of valence elec- Planck-type kinetic equatidh'? under the physical
trons by conduction electrons with kinetic energy larger than.gnditions that the change of electron energy is small in the
the band gapg). In order to reach this threshold energy for cB and that the photon energy of the laser is smaller than
collisional ionization, the conduction electrons have to gaing ;. However, both the classical joule heating effect from
energy from the incident laser field. power dissipation of the laser field within the material and

The first fact which was recogniz&tlis that an electron  the field-dependent diffusion of conduction electrons in en-
in the CB of a dielectric can continuously gain or lose energyergy space were neglected in this previous work, although a
through interaction with phonons and the incident laser fieldquantum correction to the electron-phonon coupling
In this picture, the energy change of electrons is small if the(o<|Cq|2 and referred to as phonon-assisted free-carrier ab-
laser field is not extremely strong, and the electron energgorption from the laser field was included. This correction
displacements are random with time. This is reminiscent oferm becomes important only when the laser field is very
Brownian motion of electrons in energy space. By assumingtrong and either the lattice temperature is very high or the
a Brownian motion for conduction electrons in energy spaceglectron initial kinetic energy is very large. More recently, a
Uhlenbeck and Ornstelnproposed a phenomenological numerical approach based on Boltzmann equations for both
equation and applied it to the time evolution of the electronelectron and phonon occupation probabilities with proper
distribution function, where an assumption that electron eneollision integral$® was used to find the time dependence of
ergy does not change significantly over many collisions iselectron and phonon occupations. Joule heating and field-
introduced. The coefficients of this kinetic equation were ob-induced diffusion were still missing in this approach, al-
tained under the relaxation-time approximation which can beéhough the modifications to the electron-phon@n|(‘cq|2)
explicitly calculated for the scattering of electrons with op-and even the Coulompx|V(q)|?] interactions due to an
tical and acoustic phononié. incident laser field were taken into account.

It is well known that free carriers cannot directly absorb  In the present work, we first note that the conduction elec-
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trons in semiconductors cannot directly absorb the incidentions and the analytical expressions for all the other source
laser field without assistance from defettdnder the con- terms up to second order in perturbation theory are presented
dition that ), 7<1, whereQ), and r are the laser-field fre- in Sec. V. This section also includes a discussion of some
quency and carrier relaxation time in semiconductors, repossible types of damage in semiconductors. Numerical re-
spectively, the electrons acquire a certain momentum ovegults for the effects of antidiffusion on the electron distribu-
time in the presence of the laser field. However, the electronon function are presented in Sec. VI, along with the tran-
will acquire an average power from the laser field under theSi€nt properties of the electron density and average kinetic
condition of 0, 71, which produces a local fluctuation in €nergy(hot-electron temperatureThe paper is concluded in
the electron kinetic energies or a drift of conduction elec-S€¢- VII with some remarks.

trons in energy space towards higher energies, as can be seen

from a shifted Fermi-Dirac modéf. We further find that Il. SCATTERING MODEL

joule heating of conduction electrons can be the main

energy-gain mechanism to reach the threshold energy for i 5ulk semiconductor materid.g., GaAgpola, Sinonpo-

pact ionization, and both joule heating and f|eld-dependen|ar)] at finite lattice temperaturd and with temperature-

diffusion of conduction electrons can be derived simulta- . .
: ; . , dependenEg separating the conduction and valence bands.
neously from the energy-drift effect instead of inserting them - : .
Because of finite lattice temperatures, there exist electron-

into the equation phenomenologicay: More importantly, Phonon interactions in this system, including electron scat-

we have uncovered an antidiffusion process due to the cor-_ . . X : ;
. L e tering with optical and acoustic phonons. At the same time,
rection to a spontaneous-phonon emission from drifting con- . . ) .
) - there exists a drift of conduction electrons in energy space
duction electrons. Some of the preliminary results of the cur- . . Lo o
e due to local fluctuations in the electron kinetic enerduif
rent researchthermal diffusion and temperature-dependent,

band-gap effecishave been presented elsewhtreiow- ST T RETREER e R et e
ever, in this paper we mainly concentrate on the effects of the, =’ P 9

laser pulse profildfrequency detuning, peak intensity, and photon_ excitation, -~ impact ionization, and Auger
: . : : recombination due to the Coulomb interaction between elec-
pulse duratiohon the dynamics of excited conduction elec-

; : . trons and holes.
trons and present new numerical results associated with these The total Hamiltonian of the interacting electron-phonon
effects. Compared with our previous papere have pre- S g PN
sented the detailed quantum-mechanical derivation of th yster_n exposed to a laser field in the second quantization can
Fokker-Planck-type equation and additionally included the e written as
Auger recombination process due to the Coulomb interaction - - -
between electrons and holes, which has a huge effect on the H(U) =Ho(t) +Hi(1), (2)
Eopglation of electrons around the edge of the conductioyhere the noninteracting part of the Hamiltonian is given by
and.

The question we ask is, are there any new effects arising R ent en A fpoa
from the electron energy drift besides joule heating and field- Ho(t) = ; Efa(t)a (t) + 2 hogbi(hby(t) (2
dependent diffusion? We have found the answer to this ques- a
tion to be yes. In this paper, based on Fermi's golden rule wend the interacting part takes the forn? Uf
derive a dynamical equation for conduction electrons in
semiconductors in the presence of a laser field. This equation - ~t - - ot
reduces to the quantum kinetic equatibin the absence of a Hi(t)= kE Cqlk+ gD ar(t)[bg(t) +bZq(1)]

. . . . . g

laser field. By including the energy-drift effect in the pres-
ence of the laser field, however, we find a new antidiffusion AtoAt .n -
process for conduction electrons as a correction to the +; [Frax(d () +Fid_(Hadt]. (3
spontaneous-phonon emission from drifting electrons. The
source terms in this equation are calculated simultaneouslMere, the laser field is treated classically with being the
up to second order in perturbation theory. We also discusterband dipole-coupling coefficient between the laser field
some possible types of damage in semiconductors includingnq electrond® a/(t) [d](t)] anday(t) [dy(t)] are the elec-

?ptitcal, electridc?rll, angl strufcttrt:ral da(;natg!e. Vt\)/e f(ij”_d ‘?hki”k"ketron [hole] creation and annihilation operators satisfying
eature around the edge of e concuction band in the ener ermi-Dirac statistics, Whilef)(;(t) and Bq(t) stand for the

spectra of the electron distribution function due to the exis- : AN )
tence of the antidiffusion process. We also analyze the trarf—’hono_n creation aend "’2‘”2 |h|I:it|_on operators obeymg Bose-
sient behavior of both the conduction electron density andFNStein statisticsE, =#k/2m, is the free-electron kinetic
the hot-electron temperature. energy in the conduction b:_;md with effective mass, ﬁwq

The organization of this paper is as follows. In Sec. II, welS the phonon energy, ar@ is the electron-phonon coupling
present our scattering model within Fermi's golden rule. ThecOefficient” The exchange energy which changes the elec-
dynamical equation in the absence of a laser field is derivet{ON €nergy dispersidhcan be neglecte@inuch smaller than
in Sec. III. The effect of the energy drift of conduction elec- EF) under the condition of 4/(8ag)<(2n5p)"* due to the
trons in the presence of a laser field is taken into account istrong screening at high electron densities, whege
Sec. IV. A discussion of stimulated interband electron transi=4meqe fi?/m}e? is the effective Bohr radius§y is the

Let us start by considering a laser incident on an undoped
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’7T
§ \ Wkﬂk+q |Cq|25(E\ek+q\_ﬁwq_EE)
h
------- P T XNEYL=fiey N Y
k-q k+q and the scattering-out rate for the initial electron state
@ ) with phonon emissiofisee Fig. 1d)] takes the form of
k+q k-q

2
Wkﬂk a- |Cq|25(E\equ\+hwq_EE)
@, o, X(NE™+ 1) (1= nf_q)NE. ®)

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

FIG. 1. Diagrams for electron scattering into sté¢ in ()
(with phonon absorptignand (b) (with phonon emissionand for
electron scattering out of statk) in (c) (with phonon emission
and (d) (with phonon absorption Here, the upward solid arrows
represent the electron states with the wave vector indicated. The |n this section, we consider the case of no incident laser
horizontal dashed arrows stand for the phonon states with the pheie|d. The electron- -phonon interaction is included within Fer-
non frequencywy indicated. mi's golden rule ¢|Cy|?). Based on the calculated partial

scattering-in and scattering-out rates in E@8—(8), we can
conduction-electron density, arek=7%2(372n5p)?¥2m? is  calculate the total scattering-in rate for the final electron state
the Fermi energy of electrons at zero temperature. The Hatk),
tree energy {-2E(/3) can also be neglected sinEg<E.
The higher-order renormalization &, by the interaction
between electrons and the laser f|é[lxlhonon -assisted free- W('”)—Z W& L FWET )
carrier absorption(Ref. 11) is neglected due to the weak
electron-phonon interaction at moderate lattice temperature

I1l. DYNAMICS OF PHONON-SCATTERED CONDUCTION
ELECTRONS

a
and not too high laser-field intensity. Using Fermi’s golden = 7(1—n§)2 ICql S(Ex—hwq—Ef_q)
rule'® for the calculation of the transition rate from the initial 4
stateli) to the final statef), we obtain ><Nghnfquﬁ5(E§+ﬁwq—Efk+q|)(N2h+ DG o,
2 “ 12 9
Wi%f:7|<f|7'f|(t)||>| o(Es—E)), 4

as well as the total scattering-out rate for the initial electron

where the total energy is conserved for the electron transitiofitate(K),
process. Hereafter, we will neglect the laser field until it is
explicitly indicated. (out) om ab
As shown in Fig. 1, the scattering-in rate for the final "Wk =2 MM gt W ki)
electron staték) with phonon absorptiofisee Fig. 19)] is d

calculated as 2T )
:—nk2 |Col [ S(Ef+hwg—Efs o)

2m 2 e_ _ e
Wi g k=7 |CqlPa(ER— g = Ef—q) XNEA(L =, o)+ S(Ef—frwog—Efe_ o) (NE™+ 1)
X NS (1—nf). (5 X(L=nf_g) ], (10)

On the other hand, the scattering-in rate for the final electrofvhere the phonon distribution function is assumed to be in
state| k) with phonon emissiofisee Fig. 1b)] is found to be  equilibrium and given by

fiwg
"Nket)”
with lattice temperaturd. Using Egs.(9) and (10), we get

Similarly, the scattering-out rate for the initial electron statethe following dynamic equation for the conduction-electron
|k) with phonon absorptiofsee Fig. {c)] is obtained from  distribution function in the absence of a laser field:

em 2T 2 ER g EE ) h B
k+q-k= 7 1Cq k a~ Efk+q| Np"= , (11

X(NE"+ 1)nfy, (1—np). (6)
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d ' ourselves to the diffusive limit in whichw,<E;, we obtain

—neZW(m)—VV(OUt) X . § q i

gt K k k the following kinetic Fokker-Planck-type equation for the
electron thermal motion in energy space by including only

2w the electron scattering with phonons,
:? % |Cq|25(E§+ﬁwq_E|ek+q\)

(92
e e e__ e
XL(NE™ 1)y (1= ) = NEME(L—nf, 4] Efk+vk_&EEfk_Dk—a(EE)sz_Akfk+Sku (13)
2 : : : :
2o/Ee_ _ e where the following expansion approximation has been em-
" zq: ICol" 0B~ wog—Elc—q) ployed:

XINEf (1= — (NE™+ 1)ng(1—nf_,)]. g 1 P
fleki_qlmfﬁiﬁqufE'F E(ﬁwq)z_fs. (14
k

(12) I(ER)?
Moreover, we denote thahi=n%Eg,t) and definefy |y Eq.(13), S, represents all the other source contributions

= pgng with the density of statesf= C,E in a parabolic-  which will be given in Secs. V and VI, and the dynamical
dispersion model, wher€,=(2m*)%%27243. If we limit  coefficientsA,, V,, andD, are defined by

hw
(NP+ 1—n§)( 1- —q) —Nphl

2
A== % |cq|2[ S(Ef+hwa—Ef . q)

hw
+ S(Ef—twg—Ef_q)| (NS+nf)| 1+ 2E2 —(NP"+1) ] (15)
k
2m 2 e e ph e ﬁwq e e ph e ﬁwq
(16)
2 1 hw hw
Dk=72 |Col*5 (hwg)?) S(E+fiwg—Efeq) (NE™+1-nP)| 1- I+ S(Ef—fiwg— Ef_g)(NS+nd)| 1+ —1| 1.
q 2E¢ 2E¢
17)

Here, V, and D, represent the velocity in energy space of Thomas-Fermi screening lengthw, o is the frequency of
conduction electrons due to power loss in spontaneoushe longitudinal optical phonons, arg«) ande,(0) are the
phonon emission and the thermal-diffusion coefficient ofrelative optical and static dielectric constants. On the other
electrons in energy space, respectively. As can be seen frohand, for longitudinal acoustidLA) phonons in both polar
Eq. (12), the effect of Pauli exclusion is included in the fac- and nonpolar semiconductors we have

tors of 1-ny and 1- nf‘kﬂﬂ for the final electron states dur- ) 2
ing the transitions. If the effect of Pauli exclusion is ne- Ic |2:< niq ) €
glected in Eqs(13)—(17), we get the same equation as the q 2Mv V]| €0e(0)(q2+Q3) |

previously derived quantum kinetic equattbiy Epifanov
et al. for the electron-phonon scattering.

The lattice temperature is assumed to be not too high, s
that only the scattering with longitudinal phonons is consid-
ered by neglecting the umklapp process. For longitudinal op

which approaches the results for deformation-potential
8coustic(DA) phonon scattering ag— 0,'° whereM, is the

1on massn; is the ion density, and is the sound velocity of
longitudinal acoustic phonons. The weak piezoelectric effect
in some semiconductor®.g., GaA$ with weak inversion-

tical (LO) phonons in polar semiconductors, we have center effect is neglected hereafter at high lattice tempera-
tures.
ﬁwLo 1 1 e2
|Cq|2:( o, ) =) (0 > | IV. CORRECTION TO SPONTANEOUS-PHONON
&) €(0)]] eo(g?+Q2) EMISSION

which reduces to the results for deformation-potential optical In the absence of a laser field, the kinetic Fokker-Planck-
(DO) phonon scattering wheg—0,'° where 1Qq is the  type equation(13) for fS=f%EZ,t) only describes the dy-
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namics of electrons due to interactions with phonons, where A
Ey is time independent. In this section, we include the effect - Ey
of the laser field treated classically and find that the intra-

band transitions of conduction electrons cannot optically re- I\ e

spond to the laser field without assistance from phonons. i / vf, o
However, we understand th&€ (t))=0, but (£2(t))#0 L) N Ant-Diffusion Current
only whenQ, 7,>1, where(A(t)) is the time average of a i Il f: \ ~IV ¢ fk - f:>

quantity A(t) within an interval of collision timer, [many
time periods of the oscillating field, (t)] over which two
successive collisions of an electron with phonons can hap- [ [lA .
pen. The fact tha{& (t))=0 implies no net momentum ! 2.
change of electrons over, after £ (t) is applied, which is —
quite different from the case of a dc electric field. However,

<SE_(t)>¢O !ndlcates a local fluctuation in the electron ki- FIG. 2. lllustration of an antidiffusion process, where the solid
'?e“c energies. We know that the Fokker-Planck-type quasng gashed curves represent the electron distribution functfpns
tion (13) deals with the con(_juctlon-electron dynamiester andfg, respectively. The dashed curve is a replica of the solid one
an ensemblt_e avera)g_ever a time scale r_nuch Iong_er thap. with a downshift in energy ok, due to the energy drift in the
Since the time period of the laser ﬂ?ldﬂml- is much presence of a laser field. The normal diffusion current always flows
shorter than7,, we need to take a time average of the 4own from the maximum of the solid curve. However, the antidif-
Fokker-Planck-type equation here over many time periods Ofysion currenttwo upward hollow arrows which results from the

the laser field. In the presence of a laser field given bychange of the spontaneous-phonon emission due to energy drift and

&L (t)=EpLcosLt), wherecy, is the amplitude of the laser s proportional to] Vi (fe—f9), flows up towards the maximum of
field, there exists a local fluctuation in the electron kinetiCine solid curve.

energies, described by

Distribution Function f°

=~

Y 1

Y

Electron Energy E,°

a time scale comparable tg. Using the following expan-

ofp 1 . "
&_tk|dr: lim (E)UE(EE_(d EE/dt)At,t)—fe(Eﬁ,t)] sion under the COﬂdItIOEtr<EE,
At—0
— Jd
(%) e Buggg e 19
B dt ﬁEﬁ k-

we finally arrive at the generalized Fokker-Planck-type equa-
Consequently, after an average over many time periods dfon in the presence of a laser field after an ensemble average
& (1), the previous Fokker-Planck type equatid®) can be over a time scale much longer thap has been taken:
generalized to include this additional energy-drift term
af gl at| 4, on the right-hand side of the equation, thus yielding ife+v* ifE_ D* d AL, (20
otk kﬁEﬁ k k—a(Eﬁ)z k k

0— — 0 — P _

—fe+Vi—fr— D ———=fk —e e :

at JES I(ES)? where of\ /ot~ of /ot since dE,/dt=0. In Eq. (20), the
renormalized velocityV; and diffusion coefficienDy in

dEp\ 0 — —— — energy space are given b
= =X ) S+ Af+S,, (18) P J Y
dt / oy aES\\
k=t =) )+ Vit
where only the slow electron motion comparedrids kept, Vi < < dt > > Vi EeA @D

and(dEg/dt)oc(E£2(t)) results from the energy drift of elec-
~€_ fe[-e H P _ — dE; —
.trons. In Eq.(18), we denote‘_k—f (Eg,t) with nearly time D =Dyt Etr<< k> > LEV,
independent average ener§=E;,—AE.. We have also dt
el € . . o
assumed thdtA E;| <E}, for the weak local fluctuation in Eq. The antidifiusion termE,V, in Eq. (22) results from the

(18). In principle, Eq.(18) can be applied to study the . o
. . . correction to the spontaneous-phonon emission from non-
conduction-electron dynamics between any two successivé

collisions with phonons provided an expressionAdEy is cﬂfting (ﬁi) to drifting (fi) electrons and is proportional to
given for each scattering event. Instead, we introduce an alV«l(fi—fg). Here E;V plays the role of an antidiffusion
eraged fluctuatiorE,=<AES> for the transport of elec- Process; i.e., the spontaneous-phonon emission decreases
trons in energy space, which represents the average energfiendfy/dEy>0 but increases agf/JEx<0, as shown in
gained from power dissipation of the laser field within semi-Fig. 2. The antidiffusion term is negative and its magnitude
conductors, wherd( A(EE,t)))=(SdECA(EE,1)fE) is the is usually smaller than the field-dependent diffusion coeffi-
average over an ensemble of collisions or over a time scaleient E,((dEg/dt)). Here, the coefficientd,, V,, andD,

much longer tharr,. In this way,E;, becomes a constant on are redefined by

(22
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— 2
== % |Cyf |5(E§+hwq—Eek+q)

[ — hw
x| (NE"+ 1—n;§)( 1- e—q) —Nghl
_ 2(Ex—Ey)

+ S(Ef—hwg—Ef_q)

f
“a ) — (NPt 1)

x| (NP+n)| 1+ ———
| 2(Ef—Ey)

], (23
W R
=5 zq |Cq|2ﬁwq| 5(Eﬁ—ﬁwq—Eﬁ(7q‘)(Ngh+ nE)
ﬁwq
X| 1+ ——— (Ek-l—ﬁwq E|k+q\)

2(E(I:_ Etr)

X (NEn 1—?@( 1— —Z(Eza_’qE )) J , (24)
k tr

— 27 1
_ 2= 2
Di=% 2 [Cdl*3 (faq)

[5(Ee+hwq Efs o) (NB™+1—np)

fiwg
X[1-———— |+ 5(Eﬁ—hwq— Eﬁ(_q‘)
2(Ex—Ey)

o]l e
k tr

Wherenk—ne(EE— Ey ,t). In addition, we find

d e d e _1 2
= VimE Vi) ) = 50dQUEL (26)

from which we obtainEtr%ac(QL)EfrpB (7p is here re-
garded as an ensemble-average relaxation)tif@ther, we

" fsel{ i)
{{sepem )

2 2re
~ 30 QETEL. 27

In Eqs (26) and (27), we have used the fact that
({vg- midvp/dty)y= (e/3)(<v§5L(t)>> o (Q)EX3 from the
Drude model e((vEE (1)))=(EE(1))o(Q), where &
= &2 /2, and the ac Drude conductivity in E¢&6) and(27)

is given by

2
erp

o(Q)= ——P
() m3 (1+0Q272)

(28)

PHYSICAL REVIEW B66, 075208 (2002

Here o (Q,) tends toe?/m} Qfr, whenQ 7,>1.

The energy-drift phenomenon for conduction electrons is
a classical joule heating effect due to power dissipation of
the laser field within semiconductors, which justifies the use
of the Drude model for the energy-drift effect in E6). It
is completely different from the absorption of photons by
either interband or intraband electron transitions. We also
know that there is no intraband free-carrier absorption of
photons without assistance from phonons. The effect of
phonon-assisted intraband free-carrier absorption of photons
renormalizes the electron-phonon interaction and is calcu-
lated as ~|C,4|2NBT €255, %/ (m3 Q) 2Jexp(—2mZ vZEd/
kgT) to leading order. Therefore, if the conditiogy
<(hvmt Q2/kgT)exp(/miv2Eg/2/ksT) is satisfied, this
effect becomes negligible compared to the contributions
from electron-phonon scattering described in Sec. Ill.

By including the effect of energy drift of conduction elec-
trons in Eq.(18), both joule heating((dE}/dt)) and the
field-dependent diffusiok,<dE}/dt)) of electrons are sys-
tematically derived in Eq€21) and(22) instead of including
them in the equation phenomenologically. More importantly,

the new contributiork,V, from the antidiffusion process as

a correction to the spontaneous-phonon emission arises in
Eqg. (22). The amplitudeg,, of the pulsed laser field intro-
duced in this paper should be time dependent. We assume a
standard Gaussian profilgvith unit peak strengthfor the
intensity (x 8§L) of the pulsed laser field. Therefore, the time
dependence of the laser intensity is characterized by both the
peak intensity;, and the pulse duration We label the time

by the deviation from the moment of peak intensity.

V. STIMULATED INTERBAND ABSORPTION
OF PHOTONS

The previous theoriés™3 are most often applied to a
dielectric with a hugeEg, thereby allowing only multipho-
ton excitations to be considered. For semiconductors, how-
ever,Eg can be moderaté€5aA9 or even narrowGash. In
these cases, single-photon excitation becomes possible. In
contrast to intraband transitions, interband electron transi-
tions between the conduction and valence bands can respond
to the laser field directly if the laser photon energf), is
larger thanEg . This contributes to the source te®pin Eq.
(20), which usually depends only on electron-energy change.
Hereafter, we will simply write it a8, and denote the direct
coherent interband excitation (" . Fermi's golden rule
(=|F|?) leads us to

(hQ —Ef—Ef—Eg)?+4|Fy|?)
(29

3<1)_ | 2Py

whereP = pg—2f} if pg=2f} for Pauli exclusion or zero if
pp<2f} for saturated absorption|B,|? in the denominator
of Eq. (29) is the power broadening due to the laser field in
the interband transition of eIectroi"n%EE is the hole energy
in the valence band, affd
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FIG. 3. Diagrams for impact ionization with electron scattering
into state|k) in (a) and scattering out of stat&) in (b). Here, the
upward and downward solid arrows represent the electron and ho

PHYSICAL REVIEW B6, 075208 (2002

2q -

FIG. 4. Diagrams for Auger recombination with electron scat-
tering into statek) in (a) and scattering out of statk) in (b). Here,
e upward and downward solid arrows represent the electron and

states with the wave vector indicated, respectively. The horizontqgole states with the wave vector indicated, respectively. The hori-

dashed arrows stand for the Coulomb interactity{q) between
two electrons.

with free-electron mass, and the spin-orbit splittingy of
the bulk semiconductor. The hole energy is much smalle

202

o Ec(Ect+Ay)

Mo
2(Eg+2A0/3)

|Fyl2~

(30

meQZ| |\ m*

than the electron energy due to its very heavy effective mass

and can be set to zero as an approximation.

VI. COULOMB SCATTERING AND DAMAGE

In Secs. Il and V, we included Fermi’'s golden rule for
interactions between electrons and phonow$dq|2) and
between electrons and a laser fietd| £, |?), respectively. In
this section, we will include source terms to the Fokker-
Planck-type equatio(0) derived using second-order pertur-
bation theory, such as Coulomb scatteripg|V(q)|?],

which is very important to conduction-electron dynamics and
the change of electron density. The next-higher-order elec-
interactions
(oc|Cq|4) is very small and can be neglected due to weak

tron scattering through phonon-mediated
interactions between electrons and phonons.

A. Impact ionization

zontal dashed arrows stand for the effective phonon-mediated inter-
actionU4(q) between two electrons.

Finally, we obtain I'{"=3,{"O(k, q) and T'{""
=3 Ik, q). As a result, the source contributicy’)
from impact ionization is given by

6&2):ps(l—w(kin)_ F(kout))
=1{Mf%2ES+Eg,t) — I (PF(EE 1)

2

7 2 [Ve(a)Pgu(a)

q

_NIE
— Weff

X| 8(2Ef—Efis o+ EgtEff_q)(1—nf)?

><(1—nrk_q>\/2

Xt 2Ef+Eg+Efj_q,t) — 8(2Ef_ o~ Ef+ Eg+EY)

Ex
h
EktEctEjk_g

X(1=n)(1—nf_ ) *F(EE ) (33

We have defined the coefficients in E§3) as

Impact ionization is a second-order two-particle Coulomb

scattering process proportional[d-(q)|?. As shown in Fig.
3, the scattering-in rate for final electron stéte [see Fig.
3(a)] is calculated as

e 27
effﬁ

(in)

Iim(k,q)=N (1-nQ)?Ve(a)Pgy(a)

X 8(2Ef—Efi s+ Eat+Efi_q)
(31)

where Ngg is the effective number of conduction electrons
with energy close toEg, Vo(q)=e%/[€ye(0)g?V] is the
Fourier transform of the Coulomb potential, agdq) is the
interband-transition form factor. Similarly, the scattering-out
rate for initial electron statgk) [see Fig. 8)] is found to be

h e
X (1= i) Micrq)

e

(out) _
I [k—q]

imp

2
(k,6) = NEy 7 niIVe(a)9y(a) A(2Ef,_— EF+Eo

+E\hk72q|)(1_n\e‘qu|)2(1_n\hk72q|)- (32

2
1
Iﬁ )%ngDV 4

*
2mg

Ee
> [Ve()?

e
ktEga

|

X 8(2Ef—Efy, 4 +Eo),

Mo ) 2E

2 (2
e

m*
|2 Vel )|?8(2Ef -~ Ef+Eo),
0 q

where we have assumed
~2(mg/mg).

thamj —c and g,(q)

B. Auger recombination

The electron-electron interaction which leads to Auger re-
combination was included phenomenologically in our previ-
ous work?! The recombination rate was derived based on the
existing impact ionization mod®lvia detailed balance. The
Auger recombination process is also a second-order two-
particle Coulomb scattering process proportional to
|Ve(q)|?. As we can see from Fig. 4, the scattering-in rate
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for a final electron statgk) [see Fig. 4a)] is 2m
T{&0(k,q) = == (N)*IVe(a)*gy(a) S(Ef g — 2Ef— Eg

&k q>=2—”(1—n8>n“ IVe(@)|?gy(a)
et g v Tk zal T Sy ~Ef ) (1= )N - (35

X &(Eg— 2Ef—q ~Ec— Efjaq) (Nfi—q)
(34 Finally, we arrive atT'{"==_T®(k, q) and T{®"

rec
Similarly, the scattering-out rate for an initial electron state=2qI'{%"(k, 0). As a result, the source contributic{®’

|k) [see Fig. 4b)] is found to be from Auger recombination is given by

3((3): PE(F(kin) _ F(kout))

=RM{FT(EE— Eg)/2,t1}2— RP{F(EE 1)}

2 ZEE
=— > |[V{(9)l%g (Q)‘ S(Ef—2Ef_q—Eg—Efkzq)(1-nPNi_, ]
h 9 c v [k—q| I al | al p(li‘( EE_ EG_ E|hk—2q|)
e 1 e h 2 e e h e h 1 e e 2
X T8 5 (B Be™Ejk—aq)t | | = 0(Ej—q 2Bk~ B Ejicr ) (1= Nji— ) N g o [FELD]I% . (36)
|
In Eq. (36) we have defined the following coefficients: and thus the Coulomb interaction is strong. The existence of
this plasma increases the reflection of the incident light.
When the condition
27 [ 2m} 2E;
R 27| 2| IS ey .
Mo pk(Ek_EG) q 2 € Nzp
e e L €Q€E (O)m*
X5(Ek_2E‘k—q|_EG)’ 0€r e

is satisfied, the incident light will be totally reflected from

om(2m*\ [ 1 the surface of the semiconductor. At this point, the semicon-
RP~nS V| —|| =| > |V(q)|?n! ductor becomes opaque, and the electron density reaches its
k 3DY § m e c [k+q ) " . :
0/ \pg/ 4 maximum valueng™. In this case, we call the opaque semi-
5 5(Eﬁ<—q\—2'5§— Eq), conductor optically damaged by the laser field for optoelec-

tronic uses since the incident light can no longer be coupled

. into it. For #Q, =Eg=1.42 eV (for GaAs, we getn
where we have assumed thany—o and g,(q) —1.3x 1073 cm 2.

~2(m¢/mo). The contribution from Auger recombination in - Ap intrinsic (undoped semiconductor behaves like an in-
Eq. (36) is very small compared with that from the impact gjator at low temperatures, but it becomes a good conductor
ionization in Eq.(33) due to a negligible population of holes 4¢ room temperature T=300 K). The thermally excited

at large momenta. Combining the results in Secs. V and Vlggndyction-electron density in intrinsic semiconductors un-
we obtain the total source ter@~S{"+ S+ S under  der equilibrium is found to be

kao.

E
N|: \/NcNVeX - _G y
) ) 2kgT
C. Laser damage in semiconductors

In this part, we would like to discuss some possible typegvhereNy=2(mikgT/277%)%? andNc=2(mjkgT/2mi%)>?
of damage in semiconductors. The discussion below includedre the state densities of holes and electrons, respectiely.
optical, electrical, and structural damage possibilities. is found to increase witff. Here N, reaches its maximum

If an incident light field is absorbed by an intringion-  value through thermal excitation &, (melting temperatuje
doped bulk semiconductor, the electrons in the completelyand is denoted bp&'®®. At this point, a huge current under a
filled valence band will transit upward to the conductionsmall bias will be produced in a circuit utilizing this host
band. The free-electron density increases with the intensitgemiconductor. The conduction electrons can be equivalently
of the incident light. The excited electrons in the conductionproduced by a laser field instead of by thermal excitation to
band can form an electron plasma when the density is highive rise to the same electron densiiS}ec. In this case, we
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call the ngiconductor eleCtrica"y damaged by the laser ﬁelqjiffusion Bk (|arge at low energies and h|gh temperatmres
for transistor uses. For GaAs, we find,=1512 K, and  for E,~kgT (see Fig. 2 When the laser field is further

thereby we Ogtet”'gleczij 107 cm™® which is much jcreased irfc) (t=0.1), the field-dependent diffusion starts
smaller tham¢” for Eg=1.42 eV. _ to take the role of the thermal diffusion fdE,>kgT and
are chemically connected by covalent bonds with coheanglEX@U)/IVil>L1. n tis case, the surength of the kink i

. . " . relatively reduced by transferring the electrons above the
energyVg~E in a crystal sincé g prohibits the creation of ink to the peak in both(c) and (d). The laser-induced
free electrons from bound electrons in the valence band. Iif{ P e ' L
the intrinsic semiconductors are exposed to an incident IaseCPangeS observed iff |n_ F'g'_ 5 are also V'S't_lle '”f'g' 6.
field, the statistically averaged kinetic energy per electrortiere, the electron densityss in (a) as a function oft dis-

can be written as plays a slight increase far>—0.5 when the antidiffusion
process is includedsolid curve. This results from the fact

(ES)= MEefed e Mfed e that the effect of the impact ionization is actually enhanced

k o K kTTK KXk ) by moving electrons up from the edge of the conduction

_ band due to the upward antidiffusion energy current. The
which is related to the electron temperatufg by AE  average electron kinetic energiy) in (b) reflects the shape
=(Ef)— 3EL/5=3kgTJ2, whereE=%2(37?n5p)¥%¥2m? is  change off even thougm$, (area under théf curve is a
the Fermi energy of conduction electrons at zero temperaconstant with time. The solid curve ifb) starts peeling off
ture. When the electron distribution functidif peaks at the dashed curve arourd — 1.0 due to the development of
higher and higher energieAE increases although3, can  a kinklike feature at low energies. Later, the solid curve
be very small at this time. HE})=Eg, there is an instability merges with the dashed curve for0 due to the relatively
for chemical bonds in semiconductors. In this case, we calteduced strength of the kink and the dominant enhancement
the semiconductor structurally damaged by the laser field foof the peak. In the following, we will keep the antidiffusion

semiconducting-material uses. term E,V, as our standard calculation which includes all the
terms. In comparison with the standard calculation, we study
VIl. NUMERICAL RESULTS AND DISCUSSIONS different effects by turning off the relevant term in our cal-

i i i culations.
In the following numerical calculations, we choose a bulk ¢ is known that the Auger recombination that results from

GaAs semiconductor sample although the theory presentggle coylomb interaction between two electrons can reduce
in this paper applies to most semiconductors. The paramete{e electron density in the conduction band. From our calcu-
for our calculations are listed as followd:=300 K, Ec |ation, we find that the recombination reduces the occupation
=142 eV at T=300 K (1.50 eV At T:2100 K), Ao of electrons at the band edgeominant therg and sup-

=0.43 eV, 7,=0.66 ps, I, =8x10" W/im?, #0Q, —Eg presses a spikelike feature there to a kink. Combined with
=200 meV, 7.=1 ps, mg=0.067 my, m;=0.62 My,  the thermal and field-dependent diffusion as well as the ther-
€(0)=13.18, (=) =10.89, fiw 0=36.25 meV,v=5.14  mal emission, the recombination greatly decreases the occu-
X10° cmfs, n=222x<10% cm %, and M;=24  pation of low-energy electrons and shifts up the peakin

X 10" kg. For a peak intensity, =8x10'° W/m?, we  The dramatic decrease of, at the peak intensity is an
f”;g from calgg(!atmsgs ”latt the conduction-electron densitygication of the efficient recombination. On the other hand,
ng” satisfiesng**<ng"<nc™. This implies that the semicon- py removing low-energy electrons through recombination,
ductor suffers from electrical damage but not optical damype eyident increase 4¢EE) is seen before the peak intensity
age. Moreover, we find that the average kinetic energy pej reached, which is the combined result of both shifting up
eIectron{Ek) is alwa_lys smaller thakg, which implies thgt the peak and suppressing the spikelike feature.
the semiconductor is structurally stable. We denote a dimen- prom Fig. 5, we find that the competition between thermal
sionless timet/ 7 by t as the deviation from the moment of diffusion and antidiffusion is one of the reasons for the for-
peak intensity and a dimensionless kinetic eneEfyE; ~ mation of the kinklike feature on the low-energy side of the
by E. peak. From our calculation, we find that the thermal diffu-
The current theory compared with previous Sion at early times iny causes a slight reg]yction_of Fhe peak
theorie$~®®~3has introduced an antidiffusion term arising Strength and a shifting-up of the peak position. With increas-
from the correction to the spontaneous-phonon emissiol'd Peak intensity of the laser field, the downward thermal
from the drifting electrons. Figure 5 displays the effect of thediffusion induces a kinklike feature around the band edge.

antidiffusion process on the electron distribution functign ~Simultaneously, it somewhat reduces the peak strengtf.of
The downward thermal diffusion promotes the occupation of

as a function o by including the antidiffusion terrE"Vk

) e P electrons near the band edge and greatly speeds up the Auger
in the total diffusion coefficienDy in Eq.(22). Compared to S - -

~ ) o ) recombination process. It is found that efficient Auger re-
t=-1.25 in(a) where the laser field is weak, we see(d)  combination at the band edge overcomes the increase of
that whent = —0.5, a “kink” is developed inf; on the low-  electrons from the thermal diffusion. Consequently, the band
energy side of the peak as a result of the competition beedge spike is suppressed into a kink.

tween the upward antidiffusion and the downward thermal The main energy-loss mechanism for conduction elec-
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FIG. 5. Comparison of}, as a function oE}/E at four different times of a laser pulse by includitaplid curves or excluding(dashed
curves an antidiffusion current. The four times set(@, (b), (c), and(d) aret/7 = —1.25,—-0.5, 0.1, and 0.55, respectively. Here, the laser
pulse is assumed to peaktat0. The vertical arrows in the figures indicate the kinklike feature described in the text. The parameters for our
calculations are given in the text.
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FIG. 6. Comparison ofigy in (a) and{E})/E in (b) as a function of/ 7 of a laser pulse by includingolid curves or excluding(dashed
curves the antidiffusion current. For convenience, the intensity profile of an incident laser pulse is also sh@wryia dotted curvéright
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FIG. 7. Comparison of; as a function ofEy/Eg at four different times with a largefsolid curve$ or a smaller(dashed curves
=-1.25,-0.5, 0.1, and 0.55, respectively.

laser-frequency detuning. The four times setah (b), (c), and(d) aret/7 = —
trons at low energies is known to be due to spontaneous- It is well known that single-photon absorption is a reso-
phonon (therma) emission. The electrons in high-energy nant process, which implies that a peakffshould occur
states are found to be transferred to low-energy statewitially at the energy determined by the laser-frequency de-
through the emission of spontaneous phonons, shifting thgning away from the band edge. We deffiftas a function
peak down. Tra_ns_fern_ng electrons to the t_)and ed_ge _enhan081$~E at four different times of a laser pulse for two detunings
the upward antidiffusion process, producing a kinklike fea-, — _ .
. . =hQ —Eg=400 meV (solid curveg and Ay

ture on the low-energy side of the peak. The accumulation of L

=200 meV (dashed curvesin Figs. 7a), 7(b), 7(c), and
electrons around the edge further speeds up the Auger re- . ] 7
combination process, leading to a smahéf, after the peak 7gd_)' At an early timet = —1.25 in(a), the peak position of

« Is solely determined byAy. However, the final peak po-

intensity is reached. k 158 _
Opposite to the energy loss of conduction electrons in théition is eventually determined by the balance among the

low-energy range, the energy gain of electrons in the whol&ifferent kinds of diffusion, thermal emission, and classical
energy range is through classical joule heating from powelome heating effect, and the peak position becomes indepen-

dissipation of the laser field within semiconductors. Jouledent ofAq as shown in(c) and(d). As seen in(a), especially
heating has an opposite effect 6fcompared with that for for large A4, the initial lack of electron occupation near the
thermal emission. In this case, the electrons in low-energf@"d €dge is rapidly compensated for by thermal emission
states are transferred to high-energy states by energy drift"d ;herma:cl -and field-dependent dlgfu(?on has Wﬁ” as dthe
This results in a shifting-up of the peak ffi. Moreover, the speed-up o |r_npact |on|zat|9n ifc) an e( ) T, € enhance
impact ionization is enhanced by moving electrons up inlmpact ionization for large\ increasesizy, in Fig. 8a) after
energy space, which is reflected in the increaselgfafter ~ t=0. Moreover, the initial higher-energy peak iy in-

the intensity peak is reached. creasegEf) in Fig. 8b) whent<—0.5.
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Classical joule heating, field-dependent, and antidiffusiorpresence of a pulsed laser field as a correction to the
processes are all proportional to the intensity of the incidenspontaneous-phonon emission from drifting conduction elec-
laser field. We find that these currents all play a crucial roleirons. Both classical joule heating and field-dependent diffu-
in determining the internal dynamics of distributing electronssion are systematically derived instead of including them
throughout the whole energy range. In Fig. 9 we demonstratphenomenologically. The single-photon interband excitation,
this effect by showind{ as a function of at four different ~as well as the impact and Auger recombination resulting
times relative to a laser pulse for two different peak intensifrom the Coulomb scattering of two conduction electrons,
ties 1, =8x10" W/m?> (solid curve$ and | =8 have been included as the source terms up to second-order
X 10** W/m? (dashed curvgsThe magnitude of¢ becomes perturbation theory. We have also discussed some possible
very large at high, because of the large optical absorptiontypes of laser damage in semiconductors including optical,

proportional tol, . At t=—1.25 in (a), only the peak electrical, and structural damage.

. . o PR Our numerical results have demonstrated a kinklike fea-
strength off}, is greatly increased while its position is locked X T :
by Ay. The kinklike feature in(b), (), and (d) becomes ture in the electron distribution function around the edge of

visible only for higherl; due to the enhanced antidiffusion the conduction band. The kink becomes appreciable at room

) - temperature even when the laser field is not too strong. The
?(;ggﬁzz EL:?\?;?S? g;g;m;ggtgglz ISGSJZ p%ﬁ:'%? ﬁitglr? ‘IM energy spectra of the electron distribution function at differ-
d L

(solid curve it is determined by a balance among the differ- ent times relative to the time at which the peak of the laser

ent kinds of diffusion thermalyemission and cle?ssical 'oulepuIse 's reached have been used to explain the calculated
. . A P 10U ansient behavior of the conduction-electron density and the

heating since their contributions become important at high

. . . average kinetic energy of electrofslectron temperatuye
I .The mcrgasgd absorption d'recF'Y leads to a Ian@. The roles played by antidiffusion, laser-frequency detuning,
(solid curve in Fig. 10a), and the shifting-up of the peak in | ser intensity, impact ionization, Auger recombination, ther-
fic (solid curve results in a highe(E,) in Fig. 10b). mal diffusion, thermal emission, classical joule heating, lat-
It is easy to understand that the lattice temperalucan tjce temperature, and sample mobility in determining the dy-

affect the thermal emission and thermal diffusion. From ouf,gmics of the electron distribution in energy space have been
calculation, we find a spikelike feature at Iovaround the analyzed and explained.

band edge due to the reduced thermal diffusiionbalance The validity of our current theory requires thél) the
between thermal diffusion and antidiffusiomt low T, Egis  maximum phonon energy be smaller than the average single-
increased compared to that at highwhich reduces the im-  gjectron kinetic energy(2) the electron-phonon interaction
pact ionization. Moreover, the lack of electrons around the,e weak,(3) the time period of the laser field be smaller than
band edge due to reduced impact ionization suppresses thes relaxation time of conduction electrons, afd the

antidiffusion process and thus shifts up the peakjpnd  phonon-assisted free-carrier absorption can be neglected for
gives rise to a reduced peak strength. The suppression of th@yt too strong laser fields.

impact ionization directly contributes to a lowe§,. On the
other hand, the shifted-up peak produces a la¢g§} after ACKNOWLEDGMENTS
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