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Intrasubband scattering in highly excited semiconductor quantum wells with biaxial strain
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Intrasubband scattering rates are calculated for electrons and holes at finite temperatures in highly ex-

cited semiconductor strained-layer quantum-well structures. Carrier-carrier and carrier-phonon interac-

tions are taken into account on an equal basis within the fully dynamic random-phase approximation for

multisubband structures. It will be shown that the strain-induced changes in the valence-band structure

exert a significant inhuence on the scattering rates of the electrons as well as the holes. The screening of
carrier-phonon interaction by the electron-hole plasma in the coupled electron-hole-phonon system is

discussed and analyzed.

I. INTRODUCTION

The relaxation mechanism of charge carriers (electrons
and holes) in highly excited semiconductors has attracted
much interest since it exerts significant influence on the
electronic and optical properties of semiconductor de-

vices. Of particular interest are many-body processes,
such as the screening of the Coulomb interaction poten-
tial, carrier-carrier scattering, optical dephasing, etc., in
the electron-hole plasma generated in semiconductors.
These processes in highly excited semiconductors have
been studied extensively not only in bulk (i.e., three-
dimensional) materials' but also in quantum-well (i.e.,
quasi-two-dimensional) structures. Although a con-
ventional quantum-well (QW) structure consists of a
stack of lattice matched se-miconductor layers, recent
progress in epitaxial growth techniques has made it possi-
ble to produce a strained layer (SL) q-uanturn-well struc-
ture in which a thermodynamically stable semiconductor
thin film undergoes an internal elastic biaxial strain due
to the lattice mismatch. With these SL QW structures,
we have entered a new era not only in electronic but also
in optoelectronic semiconductor devices. '

One of the successful applications of SL QW structure
is the semiconductor laser, which was proposed by Ya-
blonovitch and Kane' and Adams. ' Biaxial strain ap-
plied to the QW can vary the degree of valence-band mix-
ing, which makes it possible to realize the tailor-made
valence-band structure with the desired in-plane effective
mass by adjusting the amount of strain in either direction
(either compressive or tensile). ' ' This idea of valence
band engineering has led to a significant improvement in
threshold currents and other device properties of semi-
conductor lasers as predicted. ' ' The excitation and re-
laxation of charge carriers in the electron-hole plasma
play a principal role in determining laser dynamics. '

Therefore, it has become very important to clarify the
infIuence of the strain-induced changes in the valence-
band structure on the many-body processes in highly ex-

cited semiconductor SL QW structures that relate to de-
vice performance.

In general, charge carriers can relax through a variety
of scattering processes, including carrier-carrier scatter-
ing, acoustic- or LO-phonon emission, etc. Since the re-
laxation process can be quite complex with these multiple
processes simultaneously present, one has often taken the
approach in which these processes are studied in an iso-
lated manner. ' ' ' However, it is known that, in polar
semiconductors, the phonons and the electron gas are
mutually interacting and affecting each other's proper-
ties. '3' ' In addition, it has been reported that the sum
of the electron scattering rates obtained in an isolated
manner becomes larger than the scattering rate obtained
in the coupled electron-phonon system when the carrier
density is very high. ' Hence it is necessary to take into
account carrier-carrier scattering and carrier-phonon
scattering on an equal basis in the coupled electron-hole-
phonon system.

There are two important frequencies in the coupled
system: the LO-phonon frequency (toLo) and the plasma
frequency (to &) of the electron-hole plasma. Approxima-
tion schemes for the coupled system, corresponding to
the limits ~to ~p~ ~LQ pl
publications. ' However, in the doped or excited semi-
conductors that we are interested in, the carrier density
usually ranges from 10' to 10' cm, which corre-
sponds to the situation of 0.1~IQ Mpf 10MLQ Conse-
quently, under these conditions the usual approximations
are not applicable; we are interested in the intermediate-
coupling regime. Furthermore, in III-V semiconductor
compounds, the polar coupling (though weaker than in
II-VI semiconductor compounds) is sufficiently strong
such that its inclusion is necessary.

In this paper, we calculate intrasubband scattering
rates for electrons and holes in the lowest subband of
In& „Ga„As P& /InP SL QW structures at finite tem-
peratures. (We refer to the subband nearest from the
band edge of strained InGaAsP well as the lowest sub-
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band throughout this paper. ) Many-body processes are
treated within the Born approximation including carrier-
carrier interactions and carrier —LO-phonon interactions
on an equal basis. We demonstrate here that the strain-
induced changes in the valence-band structure exert a
significant inhuence on the scattering processes for both
charge carriers. We also discuss the mutual interactions
between the phonons and the electron-hole plasma in

highly excited semiconductor SL QW structures. In Sec.
II the mathematical formulation for the calculation of
the band structure and the intrasubband scattering rate is
presented. The valence-band mixture and the strain
effects are taken into account using the Luttinger-Kohn
Hamiltonian. On the basis of these results, the average
effective-mass approximation is introduced to extract the
characteristic features of the strain-induced changes in
the valence-band structure. The screening of the
Coulomb and Frohlich interactions are treated con-
sistently in the fully dynamic random-phase approxima-
tion (RPA) including the carriers occupying multiple sub-
bands. In Sec. III we briefly describe the characteristic
features of the strain-induced changes in the valence-
band structures on the basis of the k p results. We then
present a detailed discussion of the carrier scattering
rates in the coupled electron-hole-phonon system. The
effects of strain on the valence-band structures are direct-
ly correlated with the intrasubband scattering rates for
both electrons and holes. The screening of the carrier-
phonon interaction by the electron-hole plasma is also
discussed in this section. A short summary of this work
is given in Sec. IV. In the Appendix the k p method used
in the band-structure calculation for the SL QW is de-
scribed in more detail.

II. MATHEMATICAL FORMULATION

A. Band structure

Band-structure calculations including the effects of
strain are described in many publications. ' ' ' ' There-
fore, we just summarize the basic procedure. Valence-
band structures are calculated on the basis of the multi-
band effective-mass theory and the deformation potential
theory. In this formalism, the hole wave function is given

by

(rII z y e'"II 'IIg.("II z) lg", &

where k~~ is the in-plane wave vector, z is the coordinate
perpendicular to the heterointerface, rll is the in-plane ra-
dial coordinate, n is a valence-subband index, and lg„) is

the Bloch function having spin symmetry v at the center
of the Brillouin zone. The envelope function g„(kII z) and
subband energy E„"(kII)are obtained by solving the multi-
band effective-mass equation

g [HI, "+V&(z)5„„]g„"(kIIz):E (kII)g (kII z) (2)

where Vi, (z) is the potential profile in the valence band of
the well. In our calculations, we use a 4X4 Luttinger-

K.ohn Hamiltonian ' for Hh", which includes a mix-

ture of
l

—'„+—,') and l3, +—,') states. Following the ideas

of Broido and Sham, we blockdiagonalize the Hamil-

tonian by a unitary transformation. For further analysis,
we then apply the axial approximation, which has been

shown to give a good description of valence-band struc-
tures. Thus we can neglect the warping in the (k„,k~)
plane. The electron envelope function p&(kII, z) and sub-

band energy Ef(kII) are then obtained by solving a simple

scalar effective-mass equation

[H, + V, (z) j41(kII,z) =El (kII)pi(kII, z), (3)

where H, is the conduction-band Hamiltonian, V, (z) is

the potential profile in the conduction band, and I is a
conduction subband index. Some more details concern-
ing the Luttinger-Kohn and the conduction-band Hamil-
tonians including the effects of strain are described in the
Appendix.

To extract the characteristic features of the strain-
induced changes in the valence-band structures, we use
the average effective-mass approximation ' in which
the coupled valence bands are approximated by a set of
decoupled parabolic bands with averaged effective mass
assigned according to the following procedure. For a
given total hole density I', we first determine the quasi-
Fermi level on the basis of the exact band structure using

P=gp„

= g fdE p„"(E)nf(E„"(kII)), (4)

Here m„" is the averaged effective mass assigned to the
nth valence subband and E„'"(kII) is the fitted parabolic
band, which is given by

Ak
Eav(k )

II + Eh(k min)
II ~ h n n

mn

where k„'" is the in-plane wave vector at which the nth
subband reaches the band extrema. It should be noted
that, for a given quasi-Fermi level, the exact band struc-
ture obtained by k-p theory and the approximated band
structure obtained by the average effective-mass approxi-
mation yield exactly the same total carrier density and
subband carrier densities. Within this approximation, the
changes in the effective mass of each valence subband as
well as in the actual valence-subband energy spacings (en-

ergy separation between the band extreme of subbands)
are we11 described.

where p„ is the subband carrier density of the nth valence
subband, p„"(E) is the nth subband's density of states cal-
culated from the exact band structure, nf is the Fermi
distribution function, and kII

= lkIIl. For each previously
obtained quasi-Fermi level and subband carrier density,
we then determine the averaged effective mass for each
subband using

h

pn E
p ~f En
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B. Intrasubband scattering rate

The intraband (including both intrasubband and inter-
subband) scattering rate for electrons or holes I'f
(o =e, h) is given by

(7)
and

( E E )coro
&»»(q ~)=& +

N coyo
(1 la)

—' u (q)f»» (q)llf, (q, co) —v(q)f»» (q)II»(q, co),

(1 lb)

I „.„,= f d q[1 —nf(E; (k —q))][nb(co)+1]
(2n )

X Im[ —V';; (q, ro)], (8)

where V';;~(q, ro) denotes the screened Coulomb potential
and i and j are the subband indices of the initial and final
states, respectively. In this study, we focus our attention
on the intrasubband scattering rate for carrier in the
lowest subband in a quantum well. To properly treat the
multisubband structures, we use an approximate analytic
form of Eq. (8) that includes the effects of carriers occu-
pying the higher subbands and the excitons between
diff'erent subbands as described later in this section.
Hence Eq. (8) is simplified such that the scattering-out
rate for carrier cr in the lowest subband of the well is
given by

I'f,„,= f d q[1 —nf (Ef(k—q))]
(2m )

where I &,„, and I &;„are the rates of scattering out of
1 I

and into the momentum state k„respectively. The gen-
eral form of the intraband scattering-out rate for carrier
cr is derived by using Fermi's golden rule and is expressed
as"

2 2
TO LO

&s
(12)

Within the RPA, the dynamical screening due to the
carrier 0 is determined by the Lindhard form and is
given by

nf (EP ( Ik+ql ))—nf (Et (lkl ))
II„(q,co) =2 g

, „EP(lk+ql) —EP(lkl) —a~ —is
(13)

(e e )coro+
N NyQ

—u(q)f „„(q)11;,(q, m) —u(q)f „„(q)ll"„(q,~) .

(1 lc)

The RPA dielectric functions, Eqs. (lla)-(llc), corre-
spond to (i) the unscreened interaction with the phonons,
(ii) the screened interaction with double-component
electron-hole plasma neglecting the phonons, and (iii) the
screened interaction with double-component electron-
hole plasma coupled with the phonons, respectively. We
assume dispersionless, bulk-type LO phonons. Here ~~Q
is the TO-phonon frequency and is given by the
Lyddane-Sachs-Teller relation

X [n~(co)+ I]
u(q)f ~&&]( )q

X Im

(9)

To properly treat multisubband quantum-well structures
using Eq. (9}, the effects of the carriers occupying the
higher subbands are taken into account by including the
corresponding polarization terms in the dielectric func-
tion as shown in Eq. (13).

We use the Fermi-Dirac statistical factor nf since we
focus our attention on the situation where a quasiequili-
brium carrier distribution is realized, being most relevant
to cw oscillated semiconductor lasers. The energy
Rco=E f (k) —E, (k —q) is the energy loss of the scattered
particle. The function nb is the Bose statistical factor
and v (q) is the two-dimensional Fourier transform of the
Coulomb interaction. I &;„ is obtained by replacing

1

1 nf~nf and —nb+ 1~nb in Eq. (9). The function f»&&
represents a form factor involving the overlap of the elec-
tron (hole) wave functions P, (z) of the ground state and is
given by

f»»(q)= f f dz&dz2$&'(z&)P&(z&)

Xexp( —
q lz, —z2 l )P, (z~ )Pf (z2 ) .

The function e(q, co) in Eq. (9}is the complex RPA dielec-
tric function. In this study, the RPA dielectric function
assumes three different forms, each corresponding to one
of the three cases studied; they are given by

III. RESULTS AND DISCUSSION

A. Valence-band structure

We analyzed In, „Ga„As P, SL QW structures
with a lattice-matched InGaAsP barrier (E =1.31 eV).
We used quaternary In&, Ga„As~ P

& ~ as a well material
instead of ternary In, ,Ga„As. The Ga content x and As
content y were adjusted to vary the amount of strain from
1.9% tension of 1.4% compression while maintaining the
energy difference between the conduction and valence
ground states at 0.95 eV for all quantum wells. The well
thickness 6 nm was independent of the amount of strain.
The material parameters used in the calculations are
listed in Table I. Most of the parameters for
In, „Ga„As P, quaternary compound were derived
from the four binary-compound parameters by using an
interpolation scheme.

To extract the characteristic features of strain-induced
changes in the valence-band structure, we introduced the
average effective-mass approximation in which the
coupled valence bands are approximated by the decou-
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TABLE I. Material parameters.

Parameters' GaAs GaP InAs InP

E, (eV)

&s

coLO (10 cm ')
m,*, /m,
Vl

y2

y3 .
I, (A)
CII (X10" dyn/cm )

C» (X10" dyn/cm )

dEg /dP ( X 10 eV/bar)
b (eV)

1.42 2.74 0.36 1.35
13.1 11.1 14.6 12.4
11.1 8.46 12.25 9.55

2.85 4.03 2.39 3.45
0.067 0.17 0.023 0.08
6.85 4.05 19.67 4.95
2.1 0.49 8.37 1.65
2.9 1.25 9.29 2.35
5.6533 5.4512 6.0584 5.8688

11.88 14.12 8.329 10.22
5.38 6.253 4.526 5.76

11.5 11.0 10.0 8.5
—1.7 —1.5 —1.8 —2.0

'The parameters for binary compounds are taken from Refs. 28
and 29.

pled parabolic bands with averaged effective mass m„".

This approximation is schematically explained in Fig. 1,
which shows the calculated valence-band structure for
tensile-strained, unstrained, and compressive-strained
quantum wells. The exact band structure, which was ob-
tained by the k p theory (solid lines), exhibits strong non-

parabolicity due to the valence-band mixing. The decou-
pled parabolic bands (dashed lines) were fitted to each
subband of the exact band structure according to the pro-
cedure described in Sec. II A. For a given carrier density
and the quasi-Fermi level for holes, the effective mass m„"

of the approximated parabolic band was determined so
that the density and the quasi-Fermi level agree with
those of the exact band structure. Hence, not only the to-
tal carrier density but also the carrier density of each sub-

band is unchanged in this approximation.
Figure 2 shows the variation in the averaged effective

mass of the lowest valence subband m", with the amount
of strain. The electron effective mass obtained by a linear
interpolation is also shown in this figure. In the case of
compressive strain, m

&
decreases rnonotonically with

strain. Applying small amount of tensile strain, m, in-

creases with strain since g, +—,') and
~

—'„+—,') states ap-

proach each other, which results in an increase of the
density of states due to a strong coupling between these
two subbands. Around the critical amount of tensile
strain at which they cross over, m

&
becomes maximum.

With the application of larger amount of tensile strain,
m

&
decreases with strain since the coupling between these

two states is relaxed. As shown in this figure, the varia-
tion of the electron effective mass is less significant
throughout the whole range of strain, while the largest
hole effective mass is almost five times as large as the
smallest one in the range of strain studied. Hence
strained In, Ga„As P, quaternary compound is an
ideal material system to study the direct relationship be-
tween the intrasubband scattering rates and the strain-
induced changes in the valence-band structures as com-
pared with strained In, Ga As ternary compound in
which the electron effective mass significantly changes
with In content (i.e., the amount of strain).
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FIG. 1. Valence-band structure of (a) 1.9% tensile-strained,

(b) unstrained, and (c) 1.4%%uo compressive-strained

In& „Ga„AsyP& y quantum well. The solid lines are the results

calculated by k p theory within the axial approximation and the

dashed lines indicate the parabolic bands which are fitted to

each valence subband. The well width is 6 nm. Wave vectors

are normalized by 2n. /I„where I, is a lattice constant of the

well. Energies are measured from the top of the valence-band

edge for
~

—', , +—', ) states.

B. Intrasubband scattering rates
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FIG. 2. The averaged effective mass of the lowest valence

subband plotted as a function of the amount of strain. The vari-

ation of the electron effective mass with the strain is also shown.

The effective mass is represented in units of free electron mass

mo.

Figures 3(a) and 3(b) show the hole and electron in-

trasubband scattering rates plotted as a function of the
initial state energy in an unstrained quantum well. The
temperature is 300 K and the carrier density (n, ) of each

component of the electron-hole plasma is 3X10' cm
which is most relevant to the threshold carrier density of
QW lasers. The results for three situations are compared:
(i) the unscreened phonon system [which uses the dielec-
tric function given in Eq. (l la), dotted line in the figure],
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FIG. 3. The intrasubband scattering rates for (a) holes and

(b) electrons plotted as a function of the initial state energy

[Ef (k, )] in an unstrained quantum well. The results for three
kinds of dielectric functions are compared: ph (dotted line), e -h

(dashed line), and coupled e -h -ph (solid line) represent the un-

screened phonon system [Fq. (1 la)], the screened electron-hale
plasma neglecting the phonons [Eq. (1 lb)], and the screened
electron-hole plasma coupled with the phonons [Eq. (11c)], re-

spectively. The quantum-well thickness is 6 nm and the temper-
ature is 300 K unless otherwise specified.

217e g in ~

COp)
=

m;
' 1/2

(14)

phonon system as is shown in Fig. 3(b). This indicates
that the electron-phonon interaction is completely
screened by the electron-hole plasma at this plasma den-
sity. Consequently, the scattering rates obtained by con-
sidering the electron-hole plasma without the phonons
[case (ii), dashed line] becomes a good approximation as
compared to those of the coupled electron-hole-phonon
system [case (iii), solid line] as shown in this figure. That
the phonons may be neglected for an electron scattering
and not for a hole is later explained to result from the
electrons' weaker coupling with the phonons, due to the
mass dependence of the coupling constant. Another can-
sideration is that since the electron effective mass is much
smaller, the electron distribution function becomes de-
generate at this plasma density as compared with the
holes. This results in the reduction of the scattering rates
with initial state energy due to phase-space restrictions. 0

Since Figs. 3(a) and 3(b) demonstrate the importance of a
carriers mass on its scattering, it is expected that strain
will have a very significant impact on the carriers' mutual
interactions.

Before we discuss the mutual interaction in detail, we
summarize the important parameters, such as the amount
of strain, the plasma frequency, and the Frohlich cou-
pling constant, to characterize the coupled electron-
hole-plasma system. The parameters are shown in Table
II. The plasma frequency (co &) and the Frohlich cou-
pling constants for holes (a"h) and for electrons (a~h)
were calculated by using the following relations:

+cr
ph

1 1 e m i

e„e, A 2coLo

(ii) the screened electron-hole system neglecting the pho-
nons [which uses the dielectric function given in Eq.
(1 lb), dashed line], and (iii) the screened electron-hole
system coupled with the phonons [which uses the dielec-
tric function given in Eq. (1 lc), solid line].

It is interesting to compare the total scattering rate of
a carrier in the electron-hole-phonon system by consider-
ing the electron-hole plasma coupled and uncoupled with
the phonons The latter is the sum of the rates for the
cases (i) and (ii), while the former is given by (iii). As can
be seen from the results in Fig. 3(a), the scattering rates
in the electron-hole plasma uncoupled with the phonons
are higher than those in the coupled electron-hole-
phonon system This implies that the hole-phonon in-
teraction is screened by the electron-hole plasma to some
extent at this plasma density. Another indication of
screening is that the LO-phonon threshold is less pro-
nounced for the coupled electron-hole-phonon system
[case (iii)] as compared with that for unscreened phonons
[case (i)]. In addition, the hole scattering rates for the
electron-hole system [case (ii)] show an almost indepen-
dent behavior with the initial state energy. Due to the
large hole effective mass, the hole distribution function is
not degenerate.

For electron scattering, on the other hand, there is no
LO-phonon threshold for the coupled electron-hole-

Here e is the free electron charge and n; (o = e, h ) is the
ith subband carrier density. According to Eq. (14), the
plasma frequency can change with the application of
strain due to the strain-induced changes in the hole
effective mass even if the plasma density is unchanged.

To clarify the mutual interactions between the phonons
and the electron-hole plasma, the effects of strain on the
scattering rates for both charge carriers were calculated

TABLE II. Strain, LO-phonon frequency, plasma frequency,
and Frohlich coupling constant.

Parameters' Sample I Sample II Sample III

Strain (%)

co„(& (10 cm ')
co, ( 10 cm ')
co '

( 10 cm ')

aph (hole)

a,'h (electron)

—0.85
2.72
8.26
2.68
0.298
0.079

no strain
2.70
8.23
2.66
0.247
0.073

1 .4
2.88
8.52
2.75
0.190
0.089

'The plasma frequency (co» ) and the Frohlich coupling con-
stants (a~h and a~h) were obtained from Eqs. (14) and (15), re-
spectively.

cop] calculated at n, =3 X 10' cm
cop[ calculated at n, =3 X 10" cm
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FIG. 4. The hole intrasubband scattering rates for double-
component electron-hole plasma density of (a) 3X10' cm '
and (b) 3 X 10"cm ' plotted as a function of the initial state en-

ergy [E",(k~)]. The solid, dashed, and dotted lines are the re-
sults for 0.85%%uo tension, no strain, and 1.4% compression, re-
spectively. The dielectric function for the screened electron-
hole plasma with the phonons [Eq. (11c)]is used for the calcu1a-
tions.

for two different plasma densities: 3X10' and 3X10"
cm . The carrier densities of optically excited or doped
semiconductors usually belong to this range. The results
for holes are shown in Figs. 4(a) and 4(b). The scattering
rates were calculated for three samples with different
amount of strain: 0.85% tension (sample I), no strain
(sample II}, and 1.4%%uo compression (sample III). As
shown in Fig. 2, the hole effective mass becomes the larg-
est at the 0.85%%uo tension and the smallest at the 1.4%
compression. In Fig. 4(a), for the plasma density of
3X10' cm, the LO-phonon threshold becomes more
pronounced as the hole effective mass increases. On the
other hand, at low densities as shown in Fig. 4(b), the
LO-phonon threshold clearly appears regardless of the
amount of strain (i.e., the hole effective mass). It is also
noted from these results that the larger hole effective
mass leads to the larger scattering rates throughout the
whole range of the initial-state energy regardless of the
plasma density.

The presence and absence of the phonon threshold in
Figs. 4(a) and 4(b) are primarily explained by the change
in the hole effective mass with strain. For a plasma den-
sity of 3X 10' cm, the plasma frequency (co~, ) is about
three times as large as the LO-phonon frequency (co„o),
as shown in Table II. In this situation (coLo &co,), the
electron-hole plasma can respond with higher frequency
than the phonons and can follow the motion of the pho-
nons (but not vice versa). Therefore, the screening of the
hole-phonon interaction by the high-density electron-hole
plasma results in the reduction of the Frohlich coupling.
As shown in Table II, the Frohlich coupling constant for
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FIG. 5. The electron intrasubband scattering rates for
double-component electron-hole plasma density of (a) 3X10'
cm and (b) 3X10" cm plotted as a function of the initial
state energy [E;(k,)]. The solid, dashed, and dotted lines are
the results for 0.85% tension, no strain, and 1.4% compression,
respectively. The dielectric function for the screened electron-
hole plasma with the phonons [Eq. (1lc)] is used for the calcula-
tions.

holes exhibits strain dependence; this is due to the hole
mass changing as can be seen from Eq. (15). Hence, due
to the small coupling constant in the compressive-
strained well (a"h =0.190), the hole-phonon interaction is
more easily screened than in the tensile-strained well
(a"h=0.298). For a plasma density of 3X10"cm, the
plasma frequency is approximately equal to the LO-
phonon frequency (coLo=co»), as shown in Table II. The
LO-phonon threshold is clearly observed irrespective of
the amount of strain at this density. For this density, the
electron-hole screening is sufficiently weak as to be un-

able to reduce the carrier-phonon interactions. These re-
sults indicate that the changes in the hole effective mass
due to the application of strain exert a signi6cant
influence on the hole scattering rates through corre-
sponding changes in the mutual interactions between the
phonons and the electron-hole plasma.

Figures 5(a) and 5(b) are similar to Figs. 4(a) and 4(b),
but instead of hole scattering, the electron scattering
rates are plotted for the same conditions. The inhuence
of the electron-hole plasma on the electron-phonon in-
teraction is similar to that of holes. At high densities, no
LO-phonon threshold is observed in any of the samples,
as shown in Fig. 5(a}. We recall that the electron
effective mass is smaller and shows less strain dependence
as compared with holes. Therefore the Frohlich cou-
pling constants for electrons are much smaller than
those for holes and with less strain dependence
(a'h=0. 073—0.089}. Accordingly, electron-phonon in-

teraction is easily screened by the electron-hole plasma of
this density irrespective of the amount of strain and the
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I.O-phonon threshold disappears in all samples. At low

plasma densities, the LO-phonon threshold is clearly ob-
served regardless of the amount of strain as shown in Fig.
5(b). The electron-hole plasma's screening is not strong
enough to reduce the electron-phonon interaction. It is
also noted that the electron scattering rates near the sub-
band edge increase with the hole mass at both plasma
densities. This is attributed to the low and narrow range
of energies the holes occupy (due to their larger effective
masses), so that low-energy electrons are included to a
greater degree than those of high energy.

It is clear from these results that the mutual coupling
between the phonons and the electron-hole plasma plays
an important role in carrier scattering at the densities
most relevant to electronic and optoelectronic device
operation, that is, from 3X10" to 3X10' cm . The
overall results demonstrate that the strain-induced
changes in the valence-band structure exert a significant
influence on the scattering rates of the electrons as well as
the holes.

IV. SUMMARY

We have calculated the intrasubband scattering rates
for electrons and holes at finite temperatures in highly ex-
cited QW structures with biaxial strain (both compressive
and tensile). The characteristic features of the strain-
induced changes in the valence-band structures were ex-
tracted from the k p results by average e8'ective-mass ap-
proximation. Carrier-carrier and carrier-phonon interac-
tions have been taken into account on an equal basis
within the fully dynamic random-phase approximation.
To properly treat multisubband structures, the efFects of
carriers occupying higher subbands are consistently in-
cluded in the RPA dielectric function. The plasma densi-
ties considered, 3 X 10"-3X 10' cm, are those
relevant to electronic and optoelectronic device opera-
tion. A discussion of the screening of carrier-phonon in-
teraction by the electron-hole plasma in the coupled
electron-hole-phonon system has been presented.

We show that the strain-induced changes exert a pro-
nounced influence on the scattering rates not only for
holes but also for electrons. The principal influence of
the change in the hole effective mass is the change in the
density of final states of the holes and the phonon cou-
pling with holes. The efFectiveness of screening at a given
carrier density has been shown to depend strongly on the
strain-induced changes in the efFective mass through
changes in the Frohlich interaction (and of course, car-
rier density). On the basis of our results, we conclude
that the strain-induced changes in the valence-band
structure are essential to include in the investigation of
carrier scattering in highly excited semiconductor SL
QW structures.
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APPENDIX

For the case of strained-layer semiconductor quantum
wells in which we are interested, we can assume pseu-
domorphic epitaxial growth, where the epitaxial semicon-
ductor layer is under biaxial strain. In this case, the
strain tensor e;. is represented by

Io I, —
&xx &yy

2C,2
&zz= ~ &xx ~ (Al)

(Ix &+i ly &)a,
1

2

—(I» &+i ly &)p+&2i3lz &a,
6

(lx &
—ily &)a+&'2nlz &p,

1

6

(I» &
—ily &)p.

1

2

(A2)

Here a and p denote the up and down spinors. For this
basis set, a 4 X4 Luttinger-Kohn Hamiltonian H» in Eq.
(2) is represented as

P+Q —S
—S P —Q

Hz =
R~ 0
0 RP

R 0
0 R

P —
Q S

S' P+Q

(A3)

The matrix elements of H& are given by

P =Pk+P, ,

Q =Q»+Q,

P»= yi(k„+k +k2),
2mp

f2
Q» = yi(k„+ k —2k,2),

2@ip

2

2V 3y3(k„ik~)k, , —

g = — 2W3[y2(k„—k )—2iy3k„ky],2' p

P, = —a„(e„„+e„+e~),
b

Q, = ——(e +e „—2e ),

(A4)

&xy=&yz=&~=0 ~

where 10 and I, are the lattice constants of the substrate
material and the quantum-well material, respectively, and

C» and C,z are the stifFness constants.
The Bloch states for holes are expressed as the linear

combinations of the products of the spinor and the p-like
valence-band Bloch states lx &, ly &, and lz& and are
given by
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where y &, yz, and y3 are Luttinger parameters, mo is the
free electron mass, I is the pure imaginary, a„ is the hy-
drostatic deformation potential for the valence band, and
b is the shear deformation potential.

The conduction-band Hamiltonian H, in Eq. (3) is
given by

( C) ) +2C)2 ) dEs

3 dP
(A6)

where m, (z) is the electron effective mass and a, is the
hydrostatic deformation potential for the conduction
band. The total hydrostatic deformation potential
a =a, +a, is given by

H, = (k, +k +k, )+a,(e„+e»+e„),
2m, (z)

(A5)
Here dE /dP is the hydrostatic pressure dependence of
energy band gap. '
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