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Electron-phonon scattering rates and intersubband optical gain spectra were calculated, including
the optical phonon confinement effect in AlGaAs/GaAs/AlGaAs quantum well heterostructures.
Comparison of the calculated gain spectra with those calculated using the bulk phonon
approximation shows that details of the phonon spectrum have a strong influence on the
intersubband optical gain. ©1997 American Institute of Physics.@S0021-8979~97!07517-8#
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I. INTRODUCTION

The intersubband optical gain in a quantum well is o
of the key parameters determining the performance o
quantum cascade laser~QCL!. Positive intersubband optica
gain can be achieved at any level of carrier concentrat
provided there is a population inversion at the wavelength
interest. The population inversion in a QCL is defin
mainly by the ratio of the intersubband scattering rate a
the lower subband depopulation rate in the active quan
well.1 Successful device design, therefore, requires a cor
calculation of both the intersubband transition rate and
lower subband depopulation rate. In the present article,
show that taking into account the realistic heterostruct
phonon spectrum is essential for accurate determinatio
the intersubband scattering rate in QCL. Laser optical g
spectra calculated using the realistic phonon spectrum
significantly different from those obtained in the bulk ph
non approximation. The intersubband optical gain spe
were obtained for an AlGaAs/GaAs/AlGaAs quantum w
with electron subbands calculated including the nonpara
licity of electron energy spectrum. The optical phonon sp
trum of the heterostructure was described in terms of c
fined, interface, and half-space barrier phonons by using
dielectric continuum model.2

II. THE MODEL

Electron spectrum:Spectral characteristics of the QC
are strongly influenced by the phase relaxation processe
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the electron states participating in the intersubband radia
transition.3,4 As a simplest model of the QCL unit cell, w
consider a symmetric double heterostructure AlGaAs/Ga
AlGaAs with a GaAs layer of widtha such that the structure
supports at least two subbands in the resulting quantum w
see Fig. 1. Since the inclusion of the subband nonparabo
ity is essential for correct description of QCL operation,3 we
calculate the electron energy spectrum on the basis of
four-band Kane model. Both the complex boundary con
tions for multicomponent wave functions5 and the finite val-
ues of energy band offsets at heterointerfaces are taken
account to obtain an accurate description of high ene
electronic states, especially in the second subband. The
tron wave functions for confined electron states in thenth
subband are taken in the form

CK
~n!~R!5

1

ASa
eiKr cK

~n!~z!; R5~r ,z!; r5~x,y!.

~1!

In this article, we concentrate on the electron energy state
the conduction band only and therefore we can simplify
description of the electron wave functions by reducing
four-component Kane wave function envelopescK

(n) to scalar
functions.

1st subband:
c1~z!5A2C15 cos~k1z!; uzu,
a

2
;

cos
k1a

2
e2l1~ uzu2a/2!; uzu.

a

2
;

k1 tan
k1a

2
5l1

Ew1

Eb1
, ~2a!

a!Electronic mail: postmaster@sbee.sunysb.edu
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2nd subband:

c2~z!5A2C25 sin~k2z!; uzu,
a

2
;

sign~z!sin
k2a

2
e2l2~ uzu2a/2!; uzu.

a

2
;

k2 cot
k2a

2
52l2

Ew2

Eb2
. ~2b!
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Here the energy origin in each layer, well (w) or barrier
(b), is taken at the top of the valence band in the correspo
ing material; for example,

Ew1,25Egw1E1,2~K !

5Egw1E1,2~0!1«1,2~K !,

where Eb5Ew1DV . ~3!

The dispersion relation of the Kane model gives express
for k andl, which describe the electron energy spectrum

S 2mc

\2Eg
E~E2Eg!2K2D

w,b

5H k2 ~w!

2l2 ~b!.
~4!

An exemplary subband calculation for an AlxGa12xAs/
GaAs/AlxGa12xAs double heterostructure with Al fractio
x50.3 are shown in Fig. 1. Energy band offsets in this c
areDc5300 meV andDV5150 meV. The width of the GaAs
layer was chosen to bea 56 nm in order to support two
electron subbands. These subbands are shown in Fig. 1
solid lines. To facilitate comparison, dashed lines illustr
the subband structure for the well widtha 510 nm.

Phonon spectrum:The phonon spectrum of a heter
structure consists of three types of longitudinal-optical~LO!
phonon modes which have been shown to be important
electron energy relaxation processes: confined modesc),

FIG. 1. Intersubband and intrasubband transitions in the active quan
well of QCL. The quantum well parameters used: Eg~GaAs!51.4 eV,
Dc50.3 eV,Dv50.15 eV, me~GaAs!5 0.067. Subbands shown for quantu
well width: a 5 6 nm—solid lines;a 5 10 nm—dashed lines.
2032 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
d-

s

e

ith
e

or

symmetrical or antisymmetrical interface modes (is,ia), and
half-space barrier (b) modes in the cladding layer.2 The in-
teraction hamiltonians for each type of phonons are

eFq
~m!~R!5S e2\vm~q!

2«0qS D 1/2

eiqrfq
~m!~z!mm~q!. ~5!

Functionsmm(q) contain the effective dielectric constan
for different phonon modes and can be easily found fr
expressions given in Ref. 2. Here the phonon mode poten
envelopesfq

(m) are taken in the usual form

fq
~ is!~z!5H cosh~qz!/cosh

qa

2
; uzu,

a

2

exp@2q~ uzu2a/2!#; uzu.
a

2

,

fq
~ ia !~z!5H sinh~qz!/sinh

qa

2
; uzu,

a

2

sign~z!expS 2qS uzu2
a

2D D ; uzu.
a

2

,

~6!

fq
~c1!5cos

pz

a
; fq

~c2!5sin
2pz

a
; ... uzu,

a

2
,

fq,qz

~b! 5~z!sinFqzS uzu2
a

2D G ; uzu.
a

2
.

Electron–phonon interaction:We use these results t
calculate the corresponding partial scattering ratesWn,n8,m

(6)

for electron transitions from then subband ton8 subband
due to absorption~1! or emission~2! of m-type phonons

Wn,n8,m
~6 !

~K !5
S

~2p!2E d2q
2p

\
uMn,n8,mu2

3d@En~K !6\vm~6q!2En8~K1q!#

3H Nq
~m!

N2q
~m!11J . ~7!

In this analysis, we ignore the effect of phonon heating a
assume the phonon distribution function,Nq

(m) , to be the
equilibrium Bose–Einstein distribution function. Addition
ally, we consider the electron initial state to be occupied a
the final state to be empty. The matrix element in~7! can be
represented as,

Mn,n8,m~q!5E d3R CK1q
~n8!1eFq

~m!CK
~n!

5S e2\vm~q!

2«0qS D 1/2

mm~q!Fn,n8,m~q!. ~8!

m
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It contains the interaction form-factorFn,n8,m which is inde-
pendent of material parameters and describes the overla
the smooth electron envelope functionscK

(n) and the phonon
macroscopic potential envelopefq

(m) :

Fn,n8,m~q!5
1

aE dz cK1q
~n8!1~z!cK

~n!~z!fq
~m!~z!. ~9!

A K dependence of the form factors is introduced as a re
of the nonparabolicity of the electron energy spectrum bu
practically negligible in the case of GaAs-based heterost
tures. Below, we present the form factors for different sc
tering processes. For confined and interface phonons:

Fn,n,cl5Cn
2H sin ~ lp/2!

lp/2
2~21!nFsin~akn1 lp/2!

akn1 lp/2

1
sin~akn2 lp/2!

akn2 lp/2 G J , ~10!
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o
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e
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F2,1,cl5C2C1H 2
sin 0.5@ lp1a~k21k1!#

lp1a~k21k1!

1
sin 0.5@ lp2a~k21k1!#

lp2a~k21k1!

2
sin 0.5@ lp1a~k22k1!#

lp1a~k22k1!

1
sin 0.5@ lp2a~k22k1!#

lp2a~k22k1! J , ~11!

Fn,n,is5
2Cn

2

a H 12~21!n cosakn

q12ln
1

1

qF tanh
aq

2

2
~21!nq2

q214kn
2 S tanh

aq

2
cosakn1

2kn

q
sin aknD G J ,

~12!

and
F2,1,ia5
2C2C1

a H 2

l11l21q
sin

ak2

2
cos

ak1

2
1

1

q sinh~aq/2!F 1

11~k11k2!2/q2S cosh
aq

2
sin

a~k11k2!

2

2
k11k2

q
sinh

aq

2
cos

a~k11k2!

2 D1
1

11~k22k1!2/q2S cosh
aq

2
sin

a~k22k1!

2
2

k22k1

q
sinh

aq

2
cos

a~k22k1!

2 D G J .

~13!
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In the case of a single symmetric quantum well, the num
of phonon modes participating in the scattering processe
essentially reduced by the parity selection rules:6

Wn→n5Wn,n
~ is2 !1Wn,n

~ is1 !1Wn,n
~cl !1Wn,n

~b! ,
~14!

W2→15W2,1
~ ia2 !1W2,1

~ ia1 !1W2,1
~cl !1W2,1

~b! .

Here only even~cos-like! confined modes (l 51,3, ...) can
participate in intrasubband scattering processes and only
~sin-like! confined modes (l 52,4, ...) participate in intersub
band processes. We remark that selection rules~14! hold
strictly under the assumption of scalar electron wave fu
tions and would not be valid in the case of a strong non
rabolicity. For two possible interface modes of each par
we use the same notations (i 6) and dispersion relations a
in Ref. 2 assuming thatv is1.v is2 and v ia1.v ia2 . We
also use a one-mode approximation for interface phono
assuming the interaction of electrons with GaAs-like sp
alloy mode to be weak7 and, therefore, neglecting this mod
in interface phonon spectra. Alloy splitting of phonon fr
quencies is indeed important for the barrier phonon mod
We can take into account modifying the interaction stren
for different barrier modes as in Ref. 7

S 1

kb~`!
2

1

kb~0! D\vbe2

2«0
→

\e2

«0
S ]kb~v!

]v D
vb5vLC ,vLD

21

.

~15!
r
is

dd

-
-
,

s,
t

s.
h

Here the dielectric function in the barrier alloy material
represented phenomenologically by

kb~v!5kb~`!
~v22vLC

2 !~v22vLD
2 !

~v22vTC
2 !~v22vTD

2 !
, ~16!

so that the barrier region is characterized by two alloy s
LO-phonon modes: an AlAs-like mode with frequencyvLC

and a GaAs-like mode with frequencyvLD . Because of the
constant value of split barrier mode frequencies, it is poss
to carry out the summation over all transverse phonon w
vectors qz and to define the effective matrix element f
barrier phonon scattering:

uMeff
~b!u25

Lz

2pS \vbe2

2«0SqD E2`

`

dqz@mb~qz!Fb~qz!#
2. ~17!

As a result, the form factor for this scattering process can
represented as

Fn,n8
~b!

~qz!5
1

a

2qzCnCn8
~ln1ln8!

21qz
2H F11S Ewnln

Ebnkn
D 2G

3F11S Ewn8ln8
Ebn8kn8

D 2G J 21/2

. ~18!
2033Kisin et al.
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III. SCATTERING RATE CALCULATIONS

Figure 2 shows the energy dependence of scattering rat
for different phonon modes in the case of intrasubband 2→
2 scattering processes at room temperature. The releva
physical parameters used in this calculation are listed i
Table I. The interface modes dominate in electron-phono
scattering for such a thin quantum well.2,6,8 In a heterostruc-

FIG. 2. Intrasubband 2→ 2 scattering rates for different phonon modes as
a function of electron energy for AlxGa12xAs/GaAs/AlxGa12xAs hetero-
structure at room temperature. The heterostructure parameters are: x50.4,
Dc5300 meV,Dv5200 meV,a56 nm. „a… Intrasubband 2→ 2 scattering
rates. Herec—confined phonon mode,is6—two types of the symmetrical
interface modes participating in intrasubband scattering, andb—half-space
barrier phonon mode in the cladding layer.„b… Intersubband 2→ 1 scatter-
ing rates. Here:c—confined phonon mode,ia6—two types of the antisym-
metrical interface modes participating in intersubband scattering, an
b—half-space barrier phonon mode in the cladding layer.
2034 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
es

nt
n
n

ture with a low enough energy barrier in the conductio
band, it is possible for the electron wave function to pe
etrate deeper into the barrier region.9 This concerns espe-
cially the high energy electron states in the second subb
of a quantum well. As a result, barrier phonon scatteri
becomes significant for intrasubband 2→2 scattering events;
see curveb in Fig. 2~a!. The two steps on the curve fo
barrier-type scattering are accounted for by the alloy splitti

d

FIG. 3. Dependence of scattering rates for different phonon modes on
width. „a… Intrasubband 1→ 1 processes. Here:c—confined phonon mode,
is6—two types of the symmetrical interface modes participating in intr
subband scattering. For electron states in the first subband, barrier m
scattering is negligible and is not shown. Initial electron energy in fi
subband is«1 560 meV. „b… Intersubband 2→ 1 processes. Here:
c—confined phonon mode,ia6—two types of the antisymmetrical inter-
face modes participating in intersubband scattering, andb—half-space bar-
rier phonon mode in the cladding layer. Initial electron energy in seco
subband is«2 510 meV.
Kisin et al.
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of barrier phonon modes.7 The data used for split phono
modes in AlxGa12xAs were taken from Ref. 10 and are re
resented in Table I.

The well width is a critical parameter in determining th
electron-phonon scattering because of its strong influenc
the overlap of phonon and electron envelope functions. S
stantial redistribution occurs between scattering rates co
sponding to the different phonon modes when the well wi
is changed. Figures 3~a! and 3~b! illustrate the dependenc
on the well width for scattering rates corresponding to int
subband 1→1 @Fig. 3~a!# and intersubband 2→1 @Fig. 3~b!#
transitions. In the first case, the electron kinetic energy w
taken to be«1 5 60 meV. In the second case, the electr
energy was fixed at the level«2 5 10 meV from the bottom
of the second subband. It is interesting to note the anoma
behavior of intersubband interface phonon scattering rate
a function of well widtha @Fig. 3~b!#. As a matter of fact, the
decreasing overlap of the electron and interface phonon
velopes results in the interaction form-factorsFn,n8

( is,ia)(qa)
which are also quite rapidly decreasing functions of the w
width a . For intrasubband transitions, this leads to the
creasing character of the corresponding scattering rates
-
-
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Fig. 3~a!, curvesis6. From another point of view, the de
crease in subband energy separation leads to lower effe
values of phonon wave vectorsq8,q participating in the
intersubband transitions in a quantum well witha8.a; see,
for example, Fig. 1. When the subband separation beco
comparable with the energy of the phonon, the contribut
of the scattering events with small momentum transfer
comes more valuable, especially for interface-phon
assisted processes, for which even the resonant condition
appear.11

Quasibulk approximation:It is a common view that for
purposes of intrawell electron relaxation analysis, it is su
cient to approximate the real phonon spectrum of the het
structure by the effective bulk phonon spectrum.12–14 As we
shall see below, this approximation is inadequate in the c
of the QCL because of the high sensitivity of the optical ga
to the details of electron-phonon scattering. For the purp
of comparison, let us derive the corresponding formula
the confined electron-bulk phonon~B! scattering rates in or-
der to evaluate the influence of model used on the calcula
optical gain spectra. Otherwise, we use the same approx
tions that we employed in deriving Eqs.~7! and~8!; we find
Wn,n8,B
~6 !

5
1

~2p!3E dqzE d2q
2p

\

e2\vB

2«0~q21qz
2!

S 1

k~`!
2

1

k~0! D F E dz c~K1q!
~n8!1 ~z!c~K !

~n! ~z!eiqzzG2

d@En~K !6\vB

2En8~K1q!#H Nq
~B!

Nq
~B!11J 5S mce

2\vB

2«0keff
D S 2

En~K !6\vB

Eg
21D H Nq

~m!

Nq
~m!11J 1

2pE2`

` dqz Fi , j
2

A~qz
21q1

2!~qz
21q2

2!
. ~19!
n–
lue
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n-
rate,
his

iting
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Hereq1 andq2 are the limiting values for the in-plane pho
non wave vectorq. The form factors for the particular pro
cesses are

Fn,n
~B!5

Cn
2

a H 2~12~21!ncosakn!

3
2lncos~0.5aqz!1qz sin~0.5aqz!

4ln
21qz

2 12
sin~0.5aqz!

qz

2~21!nFsin a~0.5qz1k2!

qz12k2
1

sin a~0.5qz2k2!

qz22k2
G J ,

~20!

F2,1
~B!5

C2C1

a H 4 sin
ak2

2
cos

ak1

2

3
~l11l2!sin~0.5aqz!1qzcos~0.5aqz!

~l11l2!21qz
2

2
sin0.5a~qz1k21k1!

qz1k21k1
1

sin 0.5a~qz2k21k1!

qz2k21k1

2
sin 0.5a~qz1k22k1!

qz1k22k1
1

sin 0.5a~qz2k22k1!

qz2k22k1
J .

~21!
It was argued in Ref. 15, that the sum rule for electro
phonon interaction in a quantum well causes the exact va
of the total scattering rate to lie between the calculated ra
for the interaction with well~GaAs! and barrier~AlGaAs!
bulk phonons. However, this is true only if we are not co
cerned with the phonon energy dependence of scattering
because the sum rule is restricted to matrix elements. T
situation is clearly seen from Figs. 4~a! and 4~b! where
dashed and dashed-dotted curves correspond to the lim
scattering rates with bulk phonons of GaAs~dashed curve!
and AlGaAs~dashed-dotted curve!. The curve corresponding
to AlGaAs phonons exhibits a two-step behavior as a re
of the alloy splitting of phonon modes in the alloy materia
Scattering rates calculated in the quasibulk approxima
include the scattering events for the same initial and fi
confined electron states but with only bulk phonon mod
involved. The total scattering rates for the real phonon sp
trum of the heterostructure~solid curve! obey the above sum
rule in the high energy region, where scattering rates
practically dispersionless. The situation is quite different
electron kinetic energies near«'\vph , that is in the elec-
tron energy range of 35–50 meV, where the strong ene
dependence of scattering rates results from the threshold
havior of the phonon emission processes. The sum rule
in this energy range even qualitatively. This fact should ha
2035Kisin et al.
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a strong influence on the optical gain calculations beca
the energies near«'\vph are typical for hot or injected
electrons in the heterostructure subbands.

IV. CALCULATIONS OF INTERSUBBAND OPTICAL
GAIN

We calculate the optical gain spectrumg(V) in accor-
dance with the theory presented in Refs. 3 and 4,

g~V!5
4pn2e2uz12u2V

\acAk`kTe
E

0

`

d« t«~V!e2«/kTeS 12
f 1

f 2
D .

~22!

Heret«(V) is the line shape function

t«~V!5
W~«!

@V2V«#21@W~«!#2 , ~23!

and emitted phonon energy corresponds to a particular ‘‘v
tical’’ transition

\V«5E2~K !2E1~K !5\V01«2~K !2«1~K !.

The vertical transition can be described by only one indep
dent variable,«[«2, since for a givenK ~neglecting the
photon momentum! the energy«2 determines«1 and vice
versa; see Fig. 1. The damping termW(«) results primarily
from the optical-phonon assisted scattering events that b
the phase coherence of electron states participating in
radiative transition, that is,

W~«!5 (
i jm~6 !

Wi jm
~6 !~K !. ~24!

The electron concentration in the second subband
taken to ben2 51011 cm22. At this moderate level of injec-
tion, we can use Boltzmann statistics, because even for e
tron temperatures as low asTe5100 K, we have
n2 /Nc!1, whereNc5m* kTe /p\2 is the effective density
of states in a 2D subband. The ratio of the distribution fu
tions in ~22! can be represented in a particularly simple fo
if we assume that the subbands themselves are parabo
but with different effective massesm1 andm2. In this case,
we have«15«m2 /m1 and

f 1

f 2
5

n1

n2

m2

m1
expF «

kTe
S 12

m2

m1
D G . ~25!

TABLE I. Heterostructure parameters used in calculations.

Al xGa12xAs/GaAs/AlxGa12xAs heterostructure parameters

a 6 nm x 0.4
mc ~GaAs! 0.067m0 Dc 300 meV
Egv~GaAs! 1.4 eV Dn 200 meV

Lattice parameters

Well material~GaAs! Barrier material~Al xGa12xAs!

\vL 36.2 meV \vLC 46.8 meV
\vLD 34.3 meV

\aT 33.3 meV \vTC 44.6 meV
\vTD 32.9 meV

K` 10.9 K` 10.1
2036 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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Room temperature gain spectra calculations are pre
sented in Figs. 5 and 6. Figure 5 illustrates an attempt t
approximate the realistic phonon spectrum of the hetero
structure by bulk phonons of GaAs~dashed curves! or
GaAlAs ~dashed-dotted curves! as has been described above.
The solid curves represent the results of calculations whe
the complex phonon spectrum of the heterostructure ar
taken into account. The gain spectra are calculated for dif
ferent values of the characteristic time of lower subband de
population, tout

(1) : 0.4 and 0.6 ps@Fig. 5~a!#; and 0.55 ps

FIG. 4. Comparison of the total scattering rate calculated for real phono
spectrum and scattering rates calculated in quasibulk approximation for in
trasubband 2→ 2 „a… and intersubband 2→ 1 „b… transitions. The curves in
the figures are marked:dashed line—approximation of real phonon spec-
trum with bulk GaAs phonons;dashed-dotted line—approximation of real
phonon spectrum with bulk GaAlAs phonons,solid line—real quantum well
phonon spectrum was taken into account.
Kisin et al.
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@Fig. 5~b!#. The timetout
(1) describes phenomenologically the

electron escape process from the lower subband and is to
determined by the prevalent escape mechanism, e.g., by t
optical16 or tunneling evacuation.1 High sensitivity of the
optical gain to the value of this parameter is a consequen
of its strong dependence on the difference between the d
tribution functions in Eq.~22! and, as a result, on the ratio
between the subband populationsn1 andn2 in Eq. ~25!. The
last ratio is directly related to the ratio between the charac

FIG. 5. Optical gain calculated in different phonon spectrum models and fo
different values of lower subband depopulation time,tout

(1) : 0.4 and 0.6„a…;
0.55 ps „b…. The curves in the figures are marked:dashed line—
approximation of real phonon spectrum with bulk GaAs phonons;dashed-
dotted line—approximation of real phonon spectrum with bulk GaAlAs
phonons,solid line—real quantum well~QW! phonon spectrum was taken
into account.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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teristic times of subband depopulation,4 t2151/W21 and
tout

(1) , because of the particle flow conservation condition i
steady staten2 /t215n1 /tout

(1) . As a result, it also implies high
sensitivity of the optical gain to the intersubband scatterin
rate valueW21. The last quantity may differ according to the
phonon spectrum model used, see Fig. 4~b!, and this differ-
ence, even when small, is capable of causing significa
changes in the optical characteristics of a QCL heterostru
ture, as we see in Fig. 5. This influence is especially impo
tant in the regime whent21'tout

(1) , which seems to be the
prevalent regime in reported QCL heterostructures. The r
sults calculated fortout

(1) 5 0.55 ps are shown in Fig. 5~b!. For
the heterostructure considered in our exemplary calculatio
we obtain the room temperature value of the characteris
intersubband scattering time to bet215 0.56 ps. This value
characterizes the scattering rate for an electron with kine
energy«2'kTe . The gain spectrum in this critical situation
is crucially determined by the small difference between o
cupation probabilities of electron states in the first and th
second subbands. Figure 5~b! shows that owing to the non-
parabolicity of electron energy subbands the occupati
probability of the state«2 in the upper subband can be highe
than that of the state«1 in the lower subband.4 Figure 5~b!
also shows the result of gain spectrum calculation with th
phonon spectrum of the heterostructure approximated
bulk phonons of GaAs~dashed line!. We conclude that an
attempt to use the quasibulk approximation of phonon spe
tra in the QCL heterostructure dramatically changes the c
culated optical characteristics and, therefore, is not suitab
for device design purpose.

Figure 6 gives another example of the sensitivity of ca
culated optical gain spectra to details of the phonon spe
trum. For illustrative purposes, we use the example of barr
phonon scattering which becomes sensible for the 2→1 in-

r

FIG. 6. Influence of the phonon spectrum fine structure on the intersubba
optical gain spectra:dashed line—all phonon modes are taken into account
solid line—without barrier phonon modes in the 2→ 1 intersubband scat-
tering processes. First subband depopulation timetout

(1) used in the calcula-
tions: „a… 0.4; „b… 0.5; and„c… 0.6 ps.
2037Kisin et al.
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ro-
tersubband transitions in the case of sufficiently thin Ga
layers; see Fig. 3~b!. Barrier phonon modes are usually ig
nored in device analysis17 because they are comparative
small. However, even when small, the enhancement of
intersubband scattering rate due to barrier phonon modes
change the optical gain of a QCL heterostructure, as we
in Fig. 6. The calculations were performed for three differe
values of the depopulation time of lower subbandtout

(1) : 0.4
~a!, 0.5 ~b!, and 0.6 ps~c!. In each case, the dashed cur
represents the gain spectrum calculated taking into acc
all the phonon modes in the double heterostructure and
solid curve represents exemplary results neglecting ba
modes scattering. In these two situations, the character
intersubband scattering rates for an electron with kinetic
ergy«2'kTe do not differ significantly and were found to b
W21 51.77, 1.70 ps21, correspondingly. Nevertheless, it
seen quite clearly that under the conditiont21'tout

(1) the op-
tical gain spectra appear to be very sensitive even to s
fine details of the phonon spectrum.

V. CONCLUSION

Electron–phonon scattering rates and intersubband o
cal gain spectra were considered, including the optical p
non confinement effect in the description of electron–phon
interaction in AlGaAs/GaAs/AlGaAs quantum well heter
structures. Comparison of the gain spectra obtained for
case of phonon confinement with the gain spectra calcul
using the bulk phonon approximation shows a signific
influence of the phonon spectrum fine structure on the in
subband optical gain. This demonstrates the necessity o
2038 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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cluding the optical phonon confinement effects in the qu
titative design of quantum wells for the active region
quantum cascade lasers.
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