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Photon-absorption-induced intersubband optical-phonon scattering of electrons in quantum wells
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In the presence of a normally incident intense mid-IR pulsed laser field, both photon-absorption-induced
intrasubband and intersubband phonon-scattering of electrons are found by including the photon-assisted
phonon-scattering process in a Boltzmann equation for phonon energies that are smaller than the energy
separation between two electron subbands in a quantum well. The ultrafast dynamics of the electron distribu-
tions for different subbands is studied with various lattice temperatures, photon energies, field strengths, and
quantum-well widths. Upward steps found in the differences between the electron distributions with/without
the photon-assisted process are attributed to either photon-absorption-induced phonon scattering of electrons
via intrasubband transitions or the photon-absorption-induced phonon scattering of electrons via intersubband
transitions in quantum wells. The photon-absorption-induced phonon absorption by intersubband transitions of
electrons from the first to the second subband is a unique feature in quantum-well systems and is found to have
a significant effect on the electron populations in both subbands.

DOI: 10.1103/PhysRevB.67.205323 PACS number~s!: 73.21.Fg, 61.80.Az, 61.80.Ba, 61.82.Fk
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I. INTRODUCTION

Our understanding of steady-state transport propertie
electron gases is primarily based on either the Kubo line
response quantum theory or simply the Boltzmann trans
equations.1 It has been of great interest to extend these th
ries to situations beyond the weak-field perturbation regim2

The most useful description has been the semiclass
theory for electron dynamics supplemented by the Bo
mann equations for quantum statistics.3 A more rigorous
quantum-statistical theory4 has revealed that the transport
electrons coupled to a strong electromagnetic field is o
determined by the center-of-mass motion through a fo
balance ~Newton-like! equation. However, the quantum
friction force in this force balance equation depends on
relative scattering motion of drifting electrons with static im
purity atoms or vibrational lattices.5 The simplest description
of this electron relative scattering motion is the use of Bo
zmann equations6 in steady state although the density-mat
equations7 have been widely employed to study the ultrafa
dynamics of electrons weakly coupled to an external elec
magnetic field. The so-called phonon-assisted ‘‘optical tr
sition’’ of electrons under a nonresonant intense electrom
netic field is proved to be directly related to the field-induc
center-of-mass acceleration, instead of single-elec
transitions,8 and not well understood,2 e.g., the connection to
the Joule heating and field-dependent diffusion a
antidiffusion.9 One must go beyond the perturbation limit
describe adequately the ultrafast dynamics of electron
transient state. In addition, to describe the ultrafast dynam
of quantized electrons in multisubband quantum wells, o
must generalize the single-band Boltzmann equations.2

Phonon scattering of electrons is an inelastic process
is associated with hot-electron energy dissipation. It cau
electron mobility to decrease with increasing temperatu
which greatly affects the electron transport through quantu
well systems,1,10 and it also broadens both absorption a
photoluminescence peaks, which alters the optical respo
0163-1829/2003/67~20!/205323~8!/$20.00 67 2053
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of electrons in quantum wells.11 Moreover, phonon-mediated
nonradiative~Auger! electron-hole recombination at room
temperature defines a threshold current density bey
which lasing in quantum wells can happen.12 Besides these
drawbacks, hot electrons injected from the contact layer
benefit from fast energy relaxation due to phonon emiss
to the band edge13 before they radiatively recombine wit
injected holes in bipolar semiconductor laser devices. I
study of laser damage to bulk dielectric materials, phon
assisted intraband photon absorption by conduct
electrons2 under a normally incident, intense, near-IR las
field was found to be the main energy-gain mechanism
quired for impact ionization.

For pulsed laser fields, a quantum density-matrix equa
with collision integrals is widely used for calculations o
steady-state or time-resolved optical spectra,7 where the
photon-induced coherence~nonzero off-diagonal density
matrix elements! plays a major role. The pulsed laser field
the current study does not directly couple to intersubba
electron transitions due to the plane-polarized field and sm
photon energy compared to the energy separation betw
the two lowest subbands. Its role is limited to thermal he
ing of electrons with assistance from phonon scatteri
Within this limit, the Boltzmann equation,2,14 even the
Fokker-Planck equation9 under approximation, is found to b
adequate for the calculation of hot-electron distributions.

In this paper, in the presence of a normally incident,
tense, mid-IR pulsed laser field, the unique photo
absorption-induced optical-phonon absorption by electr
undergoing intersubband transitions from the first to the s
ond subband in quantum wells is discovered by includ
photon-assisted phonon-scattering processes in a Boltzm
equation beyond the relaxation-time approximation15 for
phonon energies smaller than the energy separation betw
two subbands. We calculate the difference between the e
tron distributions with/without the photon-assisted phono
scattering process in two subbands for various lattice te
peratures, photon energies, laser field strengths,
©2003 The American Physical Society23-1
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quantum-well widths. The effect of the photon-absorptio
induced phonon-scattering by intersubband electron tra
tions on electron populations in the two lowest quantum-w
subbands is evaluated.

The organization of the paper is as follows. In Sec. II,
introduce a photon-assisted optical-phonon-scattering m
in quantum-well systems. Numerical results and discuss
are given in Sec. III for the photon-absorption-induced int
subband phonon scattering of electrons. The paper is br
concluded in Sec. IV.

II. MODEL AND THEORY

Let us consider a uniformly doped quantum well wi
electron confinement in thez ~growth! direction. For a uni-
form electromagnetic field polarized in the quantum-w
plane perpendicular toz, we assume a vector potentialA(t)
5@A(t),0,0# as a result of rotational invariance of the sy
tem in the plane. By using the Coulomb gauge“•A50, the
single-particle Hamiltonian for the system in the presence
vector potentialA is given by

H052
\2

2m*

]2

]x2
2

ie\

m*
A~ t !

]

]x
1

e2A 2~ t !

2m*
2

\2

2m*

]2

]y2

2
\2

2m*

]2

]z2
1UQW~z!, ~1!

where m* is the effective mass of electrons andUQW(z)
represents the quantum-well potential profile. For the Ham
tonian in Eq. ~1!, using the time-dependent Schro¨dinger
equation we get the total wave function for conducti
electrons16

Cn,kx ,ky
~r i ,z;t !5

1

ASexp~ iki•r i!fn~z!exp$2~ i /\!@En~ki!

12g\VL#t%exp@ igsin~2VLt !#

3exp$ ikxR0@12cos~VLt !#%, ~2!

where we have assumed thatA(t)5A0sin(VLt)u(t) with
u(t) being a step function. Here,S is the sample cross
sectional area,r i5(x,y), and ki5(kx ,ky) are the two-
dimensional position and wave vectors in the quantum-w
plane,n51,2,3, . . . is theindex of the quantum-well sub
bands due to quantum confinement in thez direction, R0

5eE0 /m* VL
2 , andg5e2E 0

2/8m* \VL
3 with E052VLA0. In

Eq. ~2!, the quantum-well wave functionfn(z) is deter-
mined from

F2
\2

2m*

]2

]z2
1UQW~z!Gfn~z!5En

zfn~z!, ~3!

whereEn
z is the edge of thenth subband in the quantum wel

Moreover, the electron kinetic energyEn(ki) introduced in
20532
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Eq. ~2! is given byEn(ki)5Eki
1En

z , with Eki
5\2ki

2/2m*
due to free motion of electrons within the quantum-w
plane.

In this paper, we only consider the scattering of electro
with optical phonons, since it is believed to be the mo
significant for polar semiconductors at room temperature.
using Eq. ~2! and first-order time-dependent perturbati
theory, the transition rate between initial and final electr
states,Cn,kx ,ky

andCn8,k
x8 ,k

y8
, is found to be17

Wn,kx ,ky ;→n8,k
x8 ,k

y8

5
2pa

\S (
qi

dki8 ,ki2qi
F nn8~qi! (

M52`

1`

JuM u
2 ~ uqxR0u!

3d@En8~ki8!2En~ki!2M\VL6\vLO#. ~4!

Here,vLO is the frequency of longitudinal-optical phonon
q5(qi ,qz) is the wave vector of phonons withqi
5(qx ,qy), a5(e2/2e0)\vLO@1/e r(`)21/e r(0)# is the
electron-phonon coupling constant withe r(`) ande r(0) be-
ing the relative optical and static dielectric constants, resp
tively, the 6 signs stand for phonon emission and abso
tion, JM(x) is the M th-order Bessel function, and th
Coulomb-interaction form factorF nn8(qi) is given by

F nn8~qi!5
1

2~qi1qTF!
E

2`

1`

dzE
2`

1`

dz8fn* ~z!

3fn8
* ~z8!e2qiuz2z8ufn~z8!fn8~z!, ~5!

whereqTF5@e2/2pe0e r(0)#(m* /p\2) is the inverse of the
Thomas-Fermi screening length.

It is well known that intrasubband electron transitio
cannot directly respond to a uniform laser field due to vio
tion of momentum conservation. However, we find from E
~4! that with the help of phonon-scattering, incident photo
can be absorbed by intrasubband (n5n8) electron transi-
tions. This type of phonon-assisted photon absorptionM
Þ0) has also been called phonon-assisted free-ca
absorption.2 Moreover, the intersubband electron transitio
cannot directly respond to a plane-polarized laser fi
through dipole coupling due to selection rules. Although
find from Eq. ~4! that the intersubband optical-phono
scattering of electrons (nÞn8) is prohibited for M50,
where \vLO,uEn8(uki6qiu)2En(ki)u, the photon-assisted
intersubband optical-phonon-scattering withMÞ0 becomes
possible due to renormalization of the electron-phonon in
action in the quantum well by a laser field.

For a given electron stateCn,kx ,ky
, from the calculated

transition rate in Eq.~4! we obtain the total scattering-in rat
W n,ki

(in) and scattering-out rateW n,ki

(out) , from which we arrive

at the following Boltzmann equation9 for the electron distri-
bution f n(En

z1Eki
,t) in each subband
3-2
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]

]t
f n~En

z1Eki
,t !5

2pa

\S @12 f n~En
z1Eki

,t !# (
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F nn8~qi! (
M852`

1`

JuM8u
2

~ uqxR0u!@N0d~Eki
2Euki2qiu

2M 8\VL2\vLO

1\Vnn8
z

! f n8~En8
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1Eki
2M 8\VL2\vLO1\Vnn8

z ,t !1~N011!d~Eki
2Euki1qiu

2M 8\VL1\vLO

1\Vnn8
z

! f n8~En8
z

1Eki
2M 8\VL1\vLO1\Vnn8

z ,t !#2
2pa

\S f n~En
z1Eki

,t ! (
n8,qi

F nn8~qi!

3 (
M852`

1`

JuM8u
2

~ uqxR0u!$N0d~Eki
2Euki1qiu

2M 8\VL1\vLO1\Vnn8
z

!

3@12 f n8~En8
z

1Eki
2M 8\VL1\vLO1\Vnn8

z ,t !#1~N011!d~Eki
2Euki2qiu

2M 8\VL2\vLO1\Vnn8
z

!@12 f n8~En8
z

1Eki
2M 8\VL2\vLO1\Vnn8

z ,t !#%. ~6!
,

-
fo

n-
pa-

on-
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.
e

For f n(En
z1Eki

,t), the energyEki
is measured from the

subband edgeEn
z and \Vnn8

z
5En

z2En8
z . Here, the optical

phonons are assumed to be in equilibrium for simplicity17

and their distribution is given by the Bose distributionN0

51/@exp(\vLO /kBT)21#. The use of nonequilibrium pho
non distribution by solving another Boltzmann equation
r

o
as

20532
r

phonons will slightly change the magnitude of phono
scattering rates, but the unique features predicted in this
per remain unchanged. It is important to note that phot
assisted intersubband optical-phonon-scattering is diffe
from direct field-induced intersubband electron transitions18

Using the calculated results listed in the Appendix w
rewrite Eq.~6! to leading orderO(qi

2) as
]

]t
f n~En

z1Eki
,t !5@12 f n~En

z1Eki
,t !#(

n8
$@N0B n,n8;21

(1)
~Eki

! f n8~En8
z

1Eki
1\VL2\vLO1\Vnn8

z ,t !1~N011!

3Bn,n8;21
(2)

~Eki
! f n8~En8

z
1Eki

1\VL1\vLO1\Vnn8
z ,t !#1@N0An,n8;0

(1)
~Eki

! f n8~En8
z

1Eki
2\vLO 1\Vnn8

z ,t !

1~N011!A n,n8;0
(2)

~Eki
! f n8~En8

z
1Eki

1\vLO1\Vnn8
z ,t !#1@N0B n,n8;1

(1)
~Eki

! f n8~En8
z

1Eki
2\VL

2\vLO1\Vnn8
z ,t !1~N011!B n,n8;1
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~Eki

! f n8~En8
z

1Eki
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,t !
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n8
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~Eki
!@12 f n8~En8

z
1Eki

1\VL1\vLO1\Vnn8
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(1)
~Eki

!

3@12 f n8~En8
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1Eki
1\VL2\vLO1\Vnn8
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z
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1\vLO

1\Vnn8
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(1)
~Eki

!@12 f n8~En8
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1Eki
2\vLO1\Vnn8

z ,t !#1N0B n,n8;1
(2)
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!

3@12 f n8~En8
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1Eki
2\VL1\vLO1\Vnn8
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!

3@12 f n8~En8
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2\VL2\vLO1\Vnn8

z ,t !#%. ~7!
e of
oles

b-
and
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ies
Here, the terms proportional to2 f n(En
z1Eki

,t) at the end
represent electrons scattered out of the state conside
while the terms proportional to@12 f n(En

z1Eki
,t)# represent

electrons scattered into that state. In Eq.~7!, A n,n8;0
(1) (Eki

)

and A n,n8;0
(2) (Eki

) for the scattering-in case are the rates
phonon absorption and emission in the absence of the l
field, while B n,n8;61

(1) (Eki
) andB n,n8;61

(2) (Eki
) are the rates of
ed,

f
er

induced phonon absorption and emission in the presenc
the laser field. For the scattering-out case, however, the r
played byA n,n8;0

(1) (Eki
) andA n,n8;0

(2) (Eki
), as well as the roles

played byB n,n8;61
(1) (Eki

) andB n,n8;61
(2) (Eki

), are reversed. It
is clear from Eq.~7! that all the intrasubband and intersu
band electron transitions associated with the phonon
photon absorption or emission are allowed. However,
extremely small population of electrons at very high energ
3-3
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FIG. 1. ~a! Illustration of photon-absorption-induced phonon scattering by intrasubband transitions of electrons and~b! photon-
absorption-induced intersubband phonon-scattering of electrons, wheren51 and 2 are the indices of the two lowest subbands in a quan
well, m0 is the chemical potential of electrons in the quantum well,qi is the wave number of phonons, andVL andvLO are the photon and
optical-phonon frequencies, respectively.
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within the first and second subbands and the strong en
dependence in transition ratesB n,n8;61

(1) (Eki
) and

B n,n8;61
(2) (Eki

) only allow a few of them to be observable. F

n5n8, the dominant photon-absorption-induced phon
scattering by intrasubband electron transitions is sketche
Fig. 1~a! with phonon absorption~term containingN0) or
emission@term containing (N011)]. For nÞn8, the photon-
absorption-induced intersubband phonon-scattering pro
is sketched in Fig. 1~b! with phonon absorption~term con-
taining N0). We find the distributionf n(En

z1x,t) to be zero
for x,0 due to the existence of a gap. Moreover, the ini
condition for Eq.~7! is set to bef n(En

z1x,0)51/†exp„@En
z

1x2m0(T)#/kBT…11‡, with temperatureT and electron
chemical potentialm0(T) determined by the ionized dope
electron densityn2D .

III. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we present some numerical results for
induced optical-phonon-scattering of electrons in quant
wells by including the photon-assisted phonon-scatter
process in Eq.~7!. The pulsed laser is chosen to have
Gaussian profile in time with a pulse-duration time of 1 p
For the resonant excitation, we take\VL1\vLO2\V21

z

50. For the off-resonant excitation, we choose the o
resonant energy\VL1\vLO2\V21

z .0. The parameters o
two samples chosen for calculations are listed in Tables I
II. The other parameters for the calculations will be given
the figure captions.

Figure 2 shows the difference between the electron dis
butions of sample 1 with/without the photon-assisted proc

TABLE I. Parameters of GaAs/AlxGa12xAs single-quantum-
well samples chosen for numerical calculations with well wid
LW , electron densityn2D , well depthV0, relative dielectric con-
stantse r(`) ande r(0), optical-phonon energy\vLO , and electron
effective massm* with me being the free-electron mass.

Sample LW

(Å)
n2D

(1011 cm22)
V0

~meV!
e r ~`! e r~0! \vLO

~meV!
m*

(me)

1 105 5.25 246 13.2 10.9 36.3 0.06
2 90 5.25 246 13.2 10.9 36.3 0.06
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for nonresonant excitations at the moment of peak pulst
5tp andE05350 kV/cm, \VL556.5 meV,T5200 K, and
\V21

z 582.7 meV. For the second subband (n52), the
change of electron distribution~dashed curve! exhibits two
upward steps atEki

5\VL1\vLO2\V21
z 510.1 meV and

Eki
5\VL2\vLO520.2 meV. The higher-energy step~up-

ward arrow! reflects the strong photon-absorption-induc
phonon emission by intrasubband transitions of electr
within the second subband, while the lower-energy s
~downward arrow! indicates the effect of the photon
absorption-induced phonon absorption by intersubband t
sitions of electrons from the first to the second subband.
the first subband (n51), from the difference between th
electron distributions with/without photon assistance~solid
curve!, we find only one upward step atEki

5\VL2\vLO .
This higher-energy step also comes from the strong pho
absorption-induced phonon emission by intrasubband tra
tions of electrons within the first subband.

Figure 3 displays the evolution of the electron distrib
tions f 1(E1

z1Eki
,t) and f 2(E2

z1Eki
,t) of sample 1 for three

different times at E05350 kV/cm, \VL556.5 meV, T
5200 K, and\V21

z 582.7 meV. From Fig. 3~a!, we find that
the weak early-time upward step forEki

5\VL2\vLO at

(t2tp)/tp520.5 ~dashed curve! is gradually enhanced with
time ~see solid and dash-dotted curves!. This step reflects the
enhanced populations of electrons in higher-energy st
due to emitting phonons and absorbing photons simu
neously by electrons at the first-subband edge. As show
Fig. 3~b!, we find that the features associated with the t
upward steps become much more clear, althoughf 2(E2

z

1Eki
,t) in Fig. 3~b! is one order of magnitude less tha

f 1(E1
z1Eki

,t) in Fig. 3~a!. Both steps~upward and down-

TABLE II. Calculated parameters of GaAs/AlxGa12xAs single-
quantum-well samples chosen for numerical calculations w
ground-state energyE1

z , first-excited-state energyE2
z , and chemical

potentialm0 at 200 K.

Sample E1
z ~meV! E2

z ~meV! \V21
z ~meV! m02E1

z ~meV!

1 28.1 110.8 82.7 11.52
2 35.1 137.2 102.1 11.52
3-4
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ward arrows! enhance with time. This is attributed to the fa
that electrons are moved from the second-subband edg
higher-energy states due to photon-absorption-induced
non emission~upward arrow! via intrasubband transition o
electrons, as well as from the first subband to the sec
subband due to photon-absorption-induced phonon abs
tion.

Figure 4 presents the difference between the electron
tributions of sample 2 with/without the photon-assisted p
cess at t5tp and E05350 kV/cm, \VL575.9 meV, T
5200 K, and\V21

z 5102.1 meV. Here, the increase of th
photon energy\VL for the same off-resonant energy due
reduced well width greatly reduces the effect of photo
absorption-induced phonon-scattering of electrons for
same value ofE0 because of reducedR0. Compared with

FIG. 2. Difference between the electron distributions of sam
1 with/without the photon-assisted process att5tp , with tp being
the time at which the pulse peak is reached for the first subb
f 1(E1

z1Eki
,t) ~solid curve! and the second subbandf 2(E2

z1Eki
,t)

~dashed curve!, with E05350 kV/cm, \VL556.5 meV, T
5200 K, and\V21

z 582.7 meV. The labels, as well as the dow
ward and upward arrows, in the figure indicate different ene
positions of upward steps. The dashed curve is amplified by
order of magnitude.
20532
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Fig. 2 for n51 ~solid curve!, the upward step~upward ar-
row! at Eki

5\VL2\vLO is shifted from 20.2 meV to a

higher energy of 39.6 meV, as expected. Forn52 ~dashed
curve!, only one lower-energy upward step~downward ar-
row! at Eki

5\VL1\vLO2\V21
z 510.1 meV is clearly vis-

ible.
Figure 5 exhibits the difference between the electron d

tribution of sample 1 with/without the photon-assisted p
cess at t5tp and E05350 kV/cm, \VL556.5 meV, T
5150 K, and\V21

z 582.7 meV. Compared with Fig. 2, th
photon-absorption-induced phonon absorption by inters
band transitions of electrons from the first to the second s
band ~downward arrow! at T5150 K is reduced, as is the
photon-absorption-induced phonon emission within the s
ond subband~upward arrow! for n52 ~dashed curve!. How-
ever, for the case withn51 ~solid curve!, we find only in-
significant change compared with the solid curve in Fig.

e

d

y
e

FIG. 4. Difference between the electron distributions of sam
2 with/without the photon-assisted process att5tp for f 1(E1

z

1Eki
,t) ~solid curve! and f 2(E2

z1Eki
,t) ~dashed curve!, with E0

5350 kV/cm, \VL575.9 meV, T5200 K, and \V21
z

5102.1 meV. The labels, as well as the downward and upw
arrows, in the figure indicate different energy positions of upwa
steps. The dashed curve is amplified by one order of magnitud
ree
res
FIG. 3. Electron distributions of sample 1 with the photon-assisted process for~a! the first subband and the second subband at th
different times, withE05350 kV/cm,\VL556.5 meV,T5200 K, and\V21

z 582.7 meV. The downward and upward arrows in the figu
indicate different energy positions of upward steps seen in Fig. 2. The dashed, solid and dash-dotted curves are for (t2tp)/tp520.5, 0, and
0.5, respectively.
3-5
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We display in Fig. 6 the difference between the electr
distributions of sample 1 with/without the photon-assis
process att5tp and E05250 kV/cm, \VL556.5 meV, T
5200 K, and\V21

z 582.7 meV. Compared with Fig. 2, th
decrease inE0 only slightly reduces the effects of photon
absorption-induced phonon emission and absorption. S
R0}E0 /VL

2 , we expect a smaller reduction in photo
assisted effects whenE0 decreases in Fig. 6 in comparison
the case when\VL increases in Fig. 4 for the same of
resonant energy.

We present in Fig. 7 the difference between the elect
distributions of sample 1 with/without the photon-assis
process att5tp and E05350 kV/cm, \VL566.5 meV, T
5200 K, and\V21

z 582.7 meV. Compared with Fig. 2, th
increase of photon energy\VL ~different off-resonant en-
ergy! in this case first weakens the effect of photo
absorption-induced phonon emission and absorption. The
crease of\VL pushes all the steps~downward and upward
arrows! to higher energies. Therefore, the reduction of co
ficients B n,n8;61

(1) (Eki
) and B n,n8;61

(2) (Eki
) with Eki

further
weakens the step features in Fig. 7.

IV. CONCLUSIONS AND REMARKS

In the presence of a normally incident mid-IR pulsed la
field, we have found a unique photon-absorption-induced
tersubband optical-phonon-scattering of electrons from
first to the second subband in quantum wells by including
photon-assisted phonon-scattering process in a Boltzm
equation beyond the relaxation-time approximation. We h
seen that a renormalized electron-phonon interaction ar
from the presence of the laser field. The laser field increa
the electron kinetic energy, and the increased electron en

FIG. 5. Difference between the electron distributions of sam
1 with/without the photon-assisted process att5tp for f 1(E1

z

1Eki
,t) ~solid curve! and f 2(E2

z1Eki
,t) ~dashed curve!, with E0

5350 kV/cm, \VL556.5 meV, T5150 K, and \V21
z

582.7 meV. The labels, as well as the downward and upward
rows, in the figure indicate different energy positions of upwa
steps. The dashed curve is amplified by one order of magnitud
20532
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can be exchanged with phonons or used to promote the e
trons to higher subbands. These processes significa
change the population of electrons in both subbands.
have also studied the difference between the electron di
butions with/without the photon-assisted process for t
subbands with various lattice temperatures, photon energ
laser-field strengths, and quantum-well widths. We ha
found upward steps in the difference between the elec

e

r-

FIG. 6. Difference between the electron distributions of sam
1 with/without the photon-assisted process att5tp for f 1(E1

z

1Eki
,t) ~solid curve! and f 2(E2

z1Eki
,t) ~dashed curve!, with E0

5250 kV/cm, \VL556.5 meV, T5200 K, and \V21
z

582.7 meV. The labels, as well as the downward and upward
rows, in the figure indicate different energy positions of upwa
steps. The dashed curve is amplified by one order of magnitud

FIG. 7. Difference between the electron distributions of sam
1 with/without the photon-assisted process att5tp for f 1(E1

z

1Eki
,t) ~solid curve! and f 2(E2

z1Eki
,t) ~dashed curve!, with E0

5350 kV/cm, \VL566.5 meV, T5200 K, and \V21
z

582.7 meV. The labels, as well as the downward and upward
rows, in the figure indicate different energy positions of upwa
steps. The dashed curve is amplified by one order of magnitud
3-6
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distributions with/without the photon-assisted process and
tributed them to either the photon-absorption-induc
phonon-scattering by intrasubband transitions of electron
the photon-absorption-induced intersubband phon
scattering process of electrons. The main features reveal
this study include the occurrence of a forbidden photon
sorption for a plane-polarized laser field with\VL!\V21

z ,
as well as the occurrence of ‘‘forbidden’’ intersubba
phonon-scattering of electrons for phonon energy\vLO

!\V21
z . The features presented in this paper are not limi

to the samples used in the calculations. The calculated
electron distribution can be used to evaluate the nonequ
rium electron temperature and the average electron ene
which play crucial roles in understanding laser damage
semiconductor materials.2,9

Phonon scattering is a first-order contribution, while t
Coulomb scattering is a second-order contribution. Negle
ing the Coulomb scattering in comparison with phono
scattering requires

n2D,
4m* e r~0!\vLO

p\2 F 1

e r~`!
2

1

e r~0!G .
Moreover, the first-order Coulomb effect is the Hartree-Fo
correction. Neglecting the Hartree-Fock correction to
electron energy requires

n2D.
1

paB
2 S 4aB

3LW
D 1/2

,

where aB54pe0e r(0)\2/m* e2 is the Bohr radius of elec
trons in GaAs well material. For samples 1 and 2, the e
tron densities used in the calculations@see Tables I and II#
satisfy these two requirements. This justifies neglecting b
the Hartree-Fock correction to electron energy and the C
lomb scattering as a contribution to the collision integral.

The spatially uniform field only couples to the center-o
mass motion of electron gases, and the center-of-mass m
with a drift velocity in space. The dynamics for scattering
electrons, including electron-impurity, electron-phonon, a
electron-electron scattering, is seen only in the relative m
tion of electrons. The drift of electrons due to a dc elect
field gives rise to a Doppler shift in the scattering of ele
trons with static lattice or impurity atoms. The drift of ele
trons due to an electromagnetic field, on the other ha
gives rise to a renormalization of electron scattering w
. B

20532
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d
or
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in
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d
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gy,
f
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th
u-

ves
f
d
-

c
-

d,

static lattice or impurity atoms.8,19 In this paper, only the
drift of electrons due to an electromagnetic field exis
which has been included in the Bessel function in Eq.~6!.
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APPENDIX

Here, we calculate the coefficientsA n,n8;0
(1,2) (Eki

) and

B n,n8;61
(1,2) (Eki

) introduced in Eq.~7!. For a weak incident

laser field, qxR0 is small. As a result, we retain onl
J0(uqxR0u) andJ1(uqxR0u) by settingM 850,61 in the Bolt-
zmann equation~6!, which leads to Eq.~7!. Finally, we ob-
tain

A n,n8;0
(1)

~Eki
!5

2pa

\S (
qi

F nn8~qi!^^J0
2~ uqxR0u!&&dn,n8;0

(1) ,

~A1!

A n,n8;0
(2)

~Eki
!5

2pa

\S (
qi

F nn8~qi!^^J0
2~ uqxR0u!&&dn,n8;0

(2) ,

~A2!

B n,n8;61
(1)

~Eki
!5

2pa

\S (
qi

F nn8~qi!^^J1
2~ uqxR0u!&&dn,n8;61

(1) ,

~A3!

B n,n8;61
(2)

~Eki
!5

2pa

\S (
qi

F nn8~qi!^^J1
2~ uqxR0u!&&dn,n8;61

(2) .

~A4!

In Eqs.~A1!–~A4!, we have defined forM561,

Fdn,n8;M
(1)

dn,n8;M
(2) G

5F d~Eki
2Euki2qiu

2M\VL2\vLO1\Vnn8
z

!

d~Eki
2Euki1qiu

2M\VL1\vLO1\Vnn8
z

!
G . ~A5!
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