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Polaronic effects on excitons in quantum wells
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A theory of exciton-phonon interaction in quantum wells is presented. Bound states of excitons in polar
quantum wells are investigated by using an improved variation method. The interaction with both interface and
confined longitudinal-optical phonons are included in consideration. A general expression of the bound-state
energy of the exciton in a quantum well is obtained. The theoretical result is shown to be valid throughout the
entire well-width range. Based on the theory, general properties of the exciton–optical-phonon coupling sys-
tems in quantum wells are discussed in detail. Some interesting futures of the system are concluded.
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I. INTRODUCTION

A semiconductor quantum well~QW! composed of a
sandwich structure with two different materials has a qu
tum confinement effect both on charge carriers and phon
The quantum-confinement effect makes the electronic
optical properties of QW’s quite different from those of bu
materials. For an example, the enhancement effect of
exciton binding energy shows that the exciton states exh
relatively high stability in QW’s. In recent years the inves
gation of the exciton property in QW heterostructures h
attracted much attention in condensed-matter physics.

In the past decade, quantum size effects on charge car
were studied extensively by experimental and theoret
physicists,1–10 and some second-order effects~such as the
effects of excited subbands, the valence-band mixing, n
parabolicity of the dispersion relations, mass and dielec
constants mismatch, etc.! were also included in the works
From the view of elementary excitation in solid-state ph
ics, the exciton-phonon interaction also has considerable
fects and cannot be neglected in the study of transport
optical properties of most of the QW systems. Von Lehm
et al.11 found that exciton–LO-phonon interaction plays
important role in determining the spectral characteristics
magnitude of the low-temperature absorption. A calculat
of the absorption coefficient based on the two-dimensio
Fröhlich interaction shows agreement with the experimen
data.

As the simplest model, the bulk phonon approximati
was used by many authors to study the exciton-phonon
teraction in QW’s.12–21 The published results were very di
ferent due to different theoretical methods. Some authors
ported that the polaronic effect on the exciton binding ene
is rather noticeable, and increases with decreasing the
thickness,12–14but some authors found that the polaronic c
rection causes a decrease to the exciton binding energy
GaAs/Ga12xAl xAs QW.19 One of the present authors15

pointed that the key point is that large polaron self-ene
570163-1829/98/57~3!/1749~13!/$15.00
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shifts of the electron and hole subbands were neglecte
Refs. 12–14.

In recent years, the confined LO-phonon and the surfa
optical ~SO!-phonon models were introduced to stud
exciton-phonon interaction in QW’s.22–24 These approxima-
tions are better than the bulk phonon approximation, but
not entirely correct pictures of the QW cases. The optic
phonon modes and the interaction Hamiltonian of the el
tron ~hole! with the phonons in QW structures have be
investigated in detail by several study groups.25–27 It was
found that the phonon modes are very different from those
the bulk crystals because of the quantum confinement ef
on the lattice vibration. In a double heterostructure made
two binary crystals, there are three types of optical phon
interacting with charge carriers:~i! symmetric and antisym-
metric interface optical~IO! phonons, ~ii ! confined LO
phonons in the well, and~iii ! half-space LO phonons in th
barrier. Works studying polaronic effects in polar QW’s co
sidered the effects of different types of the optical phonons
the QW’s. Xie and Chen28 studied the ground state of bot
heavy- and light-hole excitons in a GaAs/Ga12xAl xAs QW.
Based on the work of Mori and Ando,26 they took all the
phonon modes into account. Unfortunately, some import
terms which represent the features of the quantum confi
ment effects on the exciton-phonon interaction system w
omitted in their algebraic calculations, which made the e
pressions and also the numerical results in their paper
entirely correct. The role of phonons, especially IO phono
in the QW exciton state has not been very clear up to no

Very recently we investigated polaronic effects on excit
states in GaAs/AlAs and CdSe/ZnSe QW’s~Ref. 29! by in-
cluding the different optical-phonon modes into consid
ation. By using a nonseparable trial wave function, the ex
ton binding energies and the interaction energies of
exciton with every phonon mode in two typical QW’s hav
been calculated as functions of the well width. The featu
of the exciton–optical-phonon interaction have been d
cussed.

In the present paper we extend our work to general QW
1749 © 1998 The American Physical Society
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and study the general property of exciton–optical-phon
interaction systems in polar semiconductor QW’s in det
The subband effect and the anisotropy mass effect of
electron and hole are incorporated into our theory. The
of the present paper is to introduce our theoretical treatm
in detail, and give definite expressions of the bound-s
energy and the average virtual phonon number of the Q
exciton-phonon system. For theoretical completeness
show that our theory can be reduced to the published exc
theories in the three-dimensional~3D! and ideal 2D limits,
and also to the free-polaron theory in the limiting case wh
the electron and hole are separated completely. Based o
theory, a series of numerical calculations is made for typ
QW cases. The general properties of exciton-phonon inte
tion systems in polar QW’s are discussed and conclud
The characteristic and relative importance of every pho
mode on the exciton state as a function of the well width
clarified from the theoretical results. Some very interest
features of the exciton-phonon system in polar semicond
tor QW’s are found and discussed in the paper. We beli
that our works will be helpful to understand the optical a
electronic properties of the QW structures.

II. HAMILTONIAN

For completeness, we give a short review of the Ham
tonian at first. A general QW made of two binary polar m
terials is considered. For academic purpose the infi
square-well model is used in this work. Thez axis is taken as
the growth direction. The system of an exciton in the w
interacting with optical phonons is expressed within t
framework of effective-mass and non-degenerate-band
proximations as

H5(
j

H Pj i
2

2mj i
1

Pjz
2

2mjz
1V~zj !1Vs~zj !J

1Ve-h~r,ze ,zh!1Hph1Hi , ~2.1!

with

V~zj !5H 0, uzj u<d

`, uzj u.d
~ j 5e,h!, ~2.2!

Vs~zj !5
e2

2e`1
(
nÞ0

j unu

uzj2~21!nzj1nWu
~ j 5e,h!,

~2.3!

Ve-h~r,ze ,zh!

52
e2

e`1r
2

e2

e`1
(
nÞ0

j unu

Ar21@ze2~21!nzh1nW#2
,

~2.4!

j5
e`12e`2

e`11e`2
, ~2.5!

where j 5e,h refers to the electron and hole, respective
Pj5(Pj i ,Pjz), r j5(rj ,zj ), and m5(mj i ,mjz) are the mo-
mentum, position, and effective band mass of the partic
Pj i and rj are two-dimensional vectors in thex-y plane.
n
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V(zj ) for j 5e ( j 5h) is the barrier potential experienced b
the electron~hole!. The width of the QW isW ~52d). Vs(zj )
for j 5e ( j 5h) is the self-polarization potential from th
interaction of the electron~hole! with its image charge dis-
tribution, where the summation indexn runs from2` to `.
Ve-h(r,ze ,zh) is the Coulomb interaction potential of th
electron-hole pair evaluated by the image charge metho30

r5re2rh5(r,z) is the relative position between the ele
tron and the hole.j is a measure of the mismatch of diele
tric constants at the interfaces.e`1 (e`2) is the optical di-
electric constant of the well~barrier! material.

The free-phonon HamiltonianHph is given by

Hph5(
b

(
k

\vb~k!akb
† akb , ~2.6!

whereakb
† (akb) is the creation~annihilation! operator of an

optical phonon with frequencyvb(k) and wave vector
(k,kb). b5m refers to the confined LO phonon in the we
material with frequencyvL1 and wave vectorkm5mp/2d.
The positive integerm is limited by the Brillouin-zone
boundary, that is,mmax5 int(W/a). a is the lattice constan
of the well material.b5(s,p) refers to the IO phonon. The
index p(51,2) refers to the symmetric and antisymmetr
IO-phonon modes, ands(51,2) to the high- and low-
frequency IO-phonon modes, respectively. The dispers
relation of the frequencyvsp is given by25,27,31

v6p
2 ~kd!5

1

2~ep11ep2!
„@ep1~vL1

2 1vT2
2 !1ep2~vL2

2

1vT1
2 !#6$@ep1~vL1

2 2vT2
2 !1ep2~vL2

2 2vT1
2 !#2

14ep1ep2~vL2
2 2vL1

2 !~vT2
2 2vT1

2 !%1/2
…, ~2.7!

with

e61~kd!5~17e22kd!e`1 , ~2.8!

e62~kd!5~16e22kd!e`2 , ~2.9!

where the subscripti 51 and 2 refers to the well and th
barrier, respectively.e0i is the static dielectric constant,vLi
(vTi) is the longitudinal-~transverse-! optical-phonon fre-
quency of the material indicated byi .

The exciton–optical-phonon interaction Hamiltonia
takes the form of

Hi5(
b

(
k

(
j

@u jVkbLkb~zj !exp~ ik•rj !akb1H.c.#,

~2.10!

where

u j5H 21, j 5e

1, j 5h,
~2.11!

which shows that the electron– and hole–optical-phonon
teractions have opposite effects. The coefficientVkb and
Lkb(zj ) are well understood. For confined LO phonons
takes the forms of
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Vkm5 i S \vL1

2dSe1

4pe2

k21km
2 D 1/2

, ~2.12!

Lkm~zj !5sin@km~zj1d!# ~ j 5e,h!, ~2.13!

wheree i
215e` i

212e0i
21 , (i 51,2).S stands for the area of th

interface. The coefficient of IO phonons takes the forms

Vk,sp5 i S \vsp

Sesp

pe2

k D 1/2

, ~2.14!

Lk,s1~zj !5
cosh~kzj !

cosh~kd!
, ~2.15!

Lk,s2~zj !5
sinh~kzj !

sinh~kd!
, ~2.16!

with

esp5
ep1j1sp1ep2j2sp

11pe22kd
, ~2.17!

j isp~kd!5H vLi
2 2vTi

2

vTi
2 2vsp

2 J 2
vsp

2 e i

vTi
2 e0i

~ i 51,2!. ~2.18!

The coefficient ofVk,sp is essentially the same as our prev
ous papers,31,32but the physical meaning of the definitions
Eqs. ~2.14!, ~2.17!, and ~2.18! is clearer than that used pre
viously.

III. VARIATION TREATMENT

In this paper we use a reasonable variational metho
study the exciton-phonon interaction problem. Based on
Lee-Low-Pines~LLP! variational theory,33 the phonon state
of an exciton-phonon coupling system is considered a
coherentlike stateU(F)u0&, where u0& is the zero-phonon
state.U(F) is a unitary transformation operator, which
defined as

U~F !5expS (
b

(
k

(
j

Fkb j~r j !akb
† 2H.c.D , ~3.1!

Fkb j~r j !5 f kb jLkb~zj !exp~2 ik•rj !, ~3.2!

where f kb j is a variational parameter, which will be subs
quently determined by the minimization condition of the e
ergy. It should be stressed that the phonon stateU(F)u0& has
a direct relation with the exciton wave function in the pres
theoretical method.Fkb j (r j ) is a function of the coordinate
of the electron and hole. The value off kb j depends on the
average effect of the exciton state as well as the pho
states. The inclusion ofLkb(zj ) in Fkb j (r j ) greatly enhances
the mathematical difficulties, but it can give good theoreti
to
e

a

-

t

n

l

results of the exciton-phonon interaction system in the wh
range of the well width, as seen later.

The translation relations are given as the following:

U†akbU5akb1(
j

Fkb j~r j !, ~3.3!

U†akb
† U5akb

† 1(
j

Fkb j* ~r j !, ~3.4!

U†Pj iU5Pj i2
1
2 (

b
(

k
\kH Fkb j* S (

j 8
Fkb j 8D

1Fkb j S (
j 8

Fkb j 8
* D J 2(

b
(

k
\k$Fkb jakb

†

1Fkb j* akb%, ~3.5!

U†PjzU5Pjz1
i

2(b (
k

\kb$ f kb j 8 f kb j* Lkb~zj 8!Jkb~zj !

3exp@ ik•~rj2rj 8!#2 f * kb j 8 f kb jLkb~zj 8!Jkb~zj !

3exp@2 ik•~rj2rj 8!#%

1 i(
b

(
k

\kb$ f kb j 8
* Jkb~zj !exp~ ik•rj !akb

2 f kb j 8Jkb~zj !exp~2 ik•rj !akb
† % ~ j 8Þ j !, ~3.6!

where the notationJkb(zj ) is defined as

Jkb~zj !5kb
21 ]

]zj
Lkb~zj !. ~3.7!

Since there is translational symmetry in thex-y direction,
we can divide thex-y motion of the exciton into center o
mass motion and relative motion. The position and mom
tum of the center-of-mass~relative! motion are denoted by
Ri(r) andPi(pi), respectively. The corresponding center o
mass and reduced mass are noted asM i and m i , respec-
tively.

The transformed HamiltonianH* 5U†HU is very
lengthy, but one can distinguish them clearly by zero-, on
and two-phonon contributions. Since we are only interes
in the state involved in the optical absorption, we setPi50
in the following. The correlation between the virtual phono
emitted and absorbed by the particles will be neglected in
following calculation, since it is very weak in the weak an
intermediate coupling cases, as proved by LLP earlier. T
approximation was used successfully in the exciton-pho
interaction systems by many authors.34,35 Then the zero-
phonon part of the transformed Hamiltonian is given as
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H0* 5
p2

2m i
1Ve-h~r,ze ,zh!1(

j
H Pjz

2

2mjz
1V~zj !1Vs~zj !J

1(
b

(
k

(
j

H \2k2

2mj i
Lkb

2 ~zj !1
\2kb

2

2mjz
Jkb

2 ~zj !J u f kb j u2

1(
b

(
k

\vb~k!H(
j

u f kb j u2Lkb
2 ~zj !

1 f kbe* f kbhLkb~ze!Lkb~zh!exp~ ik•r!

1 f kbef kbh* Lkb~ze!Lkb~zh!exp~2 ik•r!J
1(

b
(

k
H(

j
u jVkb f kb jLkb

2 ~zj !

1Vkb f kbhLkb~ze!Lkb~zh!exp~ ik•r!

2Vkb f kbeLkb~ze!Lkb~zh!exp~2 ik•r!1H.c.J . ~3.8!

The trial wave function of the exciton can be physica
chosen in many forms, and can also contain variational
rameters. The subband effect of the electron and hole
also the ground or low-lying excited internal state of t
exciton can be put into consideration in the function. It
convenient to use the variational wave function

Cn,l e ,l h
~r,ze ,zh ,l!5Nn,l e ,l h

fn~r ,l!c l e
~ze!c l h

~zh!,
~3.9!

where the constantNn,l e ,l h
is determined by orthonormaliza

tion conditions, andl is a set of variational parameters th
will be determined by the procedure of minimizing the e
ergy of the system.fn(r ,l), in which l is placed, is the
exciton wave function with the quantum numbern. Usually,
the hydrogenlike wave function is chosen as the candid
for the envelope function.c l e

(ze) and c l h
(zh) are the sub-

band wave functions of the electron and hole moving in
QW in the subbandsl e and l h , respectively. It has bee
shown30,36,37that the effect of the self-polarization potenti
Vs(zj ) ( j 5e,h) can be satisfactorily accounted for by a sh
in the subband energy, without significant modification
the subband wave functions. So that the funct
c l e

(ze)c l h
(zh) can be written by

c l e
~ze!c l h

~zh!5sinS l ep

2d
~ze1d! D sinS l hp

2d
~zh1d! D .

~3.10!

The total trial wave function of the system is assumed
be a product of the exciton wave function and the phon
wave function; it take the form of

uC&5U~F !u0&uCn,l e ,l h
&. ~3.11!

Then the energy of exciton-optical phonon system is giv
by
a-
nd

-

te

e

f
n

o
n

n

E~l!5^CuHuC&5ŠCn,l e ,l h
z^0uU†HUu0& zCn,l e ,l h

‹

5^Cn,l e ,l h
uH0* uCn,l e ,l h

&5E0~l!1Es

1(
b

(
k

(
j

H \2k2

2mj i
Akb j1

\2kb
2

2mjz
Bkb j J u f kb j u2

1(
b

(
k

\vb~k!H(
j

u f kb j u2Akb j1 f kbe* f kbhCkb

1 f kbef kbh* Ckb* J 1(
b

(
k

H(
j

u jVkb f kb jAkb j

1Vkb f kbhCkb2Vkb f kbeCkb* 1H.c.J , ~3.12!

with the following abbreviations:

E0~l!5 K Cn,l e ,l hU p2

2m i
1Ve-h~r,ze ,zh!UCn,l e ,l hL ,

~3.13!

Es5K Cn,l e ,l hU(j
H Pjz

2

2mjz
1V~zj !1Vs~zj !J UCn,l e ,l hL ,

~3.14!

Akb j5^Cn,l e ,l h
uLkb

2 ~zj !uCn,l e ,l h
&, ~3.15!

Bkb j5^Cn,l e ,l h
uJkb

2 ~zj !uCn,l e ,l h
&, ~3.16!

Ckb5^Cn,l e ,l h
uLkb~ze!Lkb~zh!exp~ ik•r!uCn,l e ,l h

&,
~3.17!

whereE0(l) is the binding energy of a bare exciton in th
QW. Es represents the subband energy of the electron
hole in the dielectric QW. Since this energy is a simple fun
tion of the well width and is canceled out in the results f
the exciton binding energy,2,30,36 it need not be considere
further, and will not be mentioned again in the rest of th
paper. By using the variational conditiond^CuHuC&/d f kb j
50, the parameterf kb j is determined as

f kbe5
QkbePkbh2QkbhGkb

PkbePkbh2uGkbu2
, ~3.18!

f kbh5
QkbhPkbe2QkbeGkb*

PkbePkbh2uGkbu2
. ~3.19!

Here we have defined the following notations as

Qkbe52Vkb* ~Akbe2Ckb!, ~3.20!

Qkbh5Vkb* ~Akbh2Ckb* !, ~3.21!

Pkb j5H \vb~k!1
\2k2

2mj i
J Akb j1

\2kb
2

2mjz
Bkb j ~ j 5e,h!,

~3.22!

Gkb5\vb~k!Ckb . ~3.23!
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Inserting Eqs.~3.18! and ~3.19! into Eq. ~3.12!, then the
general expression of the bound-state energy of the exc
phonon interaction system is given in a very abbrevia
form:

E5min
l

E~l!5min
l

H E0~l!2(
b

(
k

~PkbePkbh

2uGkbu2!21~PkbeuQkbhu21PkbhuQkbeu2

2QkbeQkbh* Gkb* 2Qkbe* QkbhGkb!J . ~3.24!

The binding energy of the exciton-phonon coupling s
tem is defined as the difference of the bound-state energ
the exciton and the sum of the polaron self-energies of a
electron-polaron and a free hole-polaron in the same Q
The polaron energy can be calculated by the same theore
method as we used in Refs. 31 and 32.

If the form of the trial wave functionfn(r ,l) has been
chosen, then one can use the expression and relating a
viations given above to calculate the bound-state energy
the binding energy of the exciton-phonon interaction syst
in a polar semiconductor QW by a standard numerical va
tional method. The quantum-confinement effect, polaro
effect, subband effect, and nonisotropic band mass effec
the exciton states can be studied based on our theory.

The average phonon number of the virtual phonons
sorbed and emitted by the exciton is defined by

Nph5K CU(
b

(
k

akb
† akbUCL . ~3.25!

Performing the unitary transformation, then the average
tual phonon number can be given in an abbreviated form

Nph5(
b

(
k

H(
j

u f kb j u2Akb j1 f kbe* f kb2Ckb

1 f kbef kbh* Ckb* J . ~3.26!

IV. GROUND STATE

Since the ground state is very important in experimen
we give more detailed expressions of the ground-state en
and the average virtual phonon number of the QW excit
phonon system in this section.

In the ground state both the electron and the hole ar
the lowest subbands, and the internal state of the excito
the hydrogenlike 1s state, so that the trial wave function o
the ground state is chosen as

C1,1,15N1,1,1expS 2
r

l D cosS pze

2d D cosS pzh

2d D . ~4.1!

This type of trial wave function is simple, but it can giv
reasonable results throughout the entire well-width ran
and has been used successfully by many authors.2 In this
case, sincel j 15 l j 251, we thus find

Akbe5Akbh5Akb , ~4.2!
n-
d

-
of
e
.

cal

re-
nd

-
c
on

-

r-

s,
gy
-

in
is

e,

Bkbe5Bkbh5Bkb , ~4.3!

Ckb* 5Ckb . ~4.4!

It is helpful to introduce dimensionless units, where e
ergy is in units of\vL1 and lengths in units of the electron
polaron radiusRp@5(\/2mevL1)1/2#. Some dimensionless
notations are defined as

q5k~\/2mevL1!1/2, ~4.5!

Gqb5Cqbvb /vL1 , ~4.6!

Kqb j5S vb

vL1
1

me

mj i
q2DAqb1

me

mjz
qb

2Bqb ~ j 5e,h!.

~4.7!

Inserting the above expressions into Eq.~3.24!, and trans-
forming the sum overk into an integral form

(
k

⇒ S

4p2E 2pkdk⇒ SmevL1

p\ E q dq, ~4.8!

we then obtain the ground-state energy of a QW excit
phonon system in unit of\vL1,

Eg5min
l

@E0~l!1Eex-LO~l!1Eex-IO~l!#, ~4.9!

whereE0(l) is the ground-state energy of a bare exciton
the QW, Eex-LO(l) is the interaction energy of the excito
with the confined LO phonons, andEex-IO(l) is that of the
exciton with the IO phonons. They are defined by

E0~l!5K C1,1,1UH me

m i

1

lS 2

r
2

r2

r 3
2

r2

lr 2D 1
me

mz

1

lS r2

r 3
2

z2

lr 2D
2

k

r
2k (

nÞ0

j unu

Ar21@ze2~21!nzh1nW#2

2
p

ld

z

r F me

mez
tanS pze

2d D2
me

mhz
tanS pzh

2d D G J UC1,1,1L ,

~4.10!

Eex-LO~l!52ae1

2

d(m E dq
q

q21qm
2

•

3
~Aqm2Cqm!2~Kqme1Kqmh12Cqm!

KqmeKqmh2Cqm
2

,

~4.11!

Eex-IO~l!52ae1(
sp

E dqS vsp

vL1

e1

esp
D

3
~Aqsp2Cqsp!2~Kqspe1Kqsph12Gqsp!

KqspeKqsph2Gqsp
2

,

~4.12!

with
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k5
2

e`1
S mee

4

2\3vL1
D 1/2

, ~4.13!

a j i 5
1

e i
S mje

4

2\3vLi
D 1/2

~ j 5e,h; i 51,2!. ~4.14!

By the same process, the average virtual phonon numbe
the ground state can be calculated, and is given by

Nph5Nex-LO1Nex-IO, ~4.15!

with

Nex-LO5ae1

2

d(m E dq
q

q21qm
2

~Aqm2Cqm!2

~KqmeKqmh2Cqm
2 !2

3$Aqm@~Kqme1Cqm!21~Kqmh1Cqm!2#

22Cqm~Kqme1Cqm!~Kqmh1Cqm!%, ~4.16!

Nex-IO5ae1(
sp

E dqS vsp

vL1

e1

esp
D ~Aqsp2Cqsp!2

~KqspeKqsph2Gqsp
2 !2

3$Aqsp@~Kqspe1Gqsp!21~Kqsph1Gqsp!2#

22Cqsp~Kqspe1Gqsp!~Kqsph1Gqsp!%. ~4.17!

V. ANALYSIS

It is important academically for theoretical works deali
with QW problems to give correct approaches in 2D and
limit cases, which are judgments of the justice to the theo
In this section we intend to analyze the validity of the pres
theory in the whole well-width range from the ideal 3D lim
to the ideal 2D limit, and also to show the relationship of t
present theory to the published polaron and exciton theo

In order to compare with other authors’ published the
ries, we also use the isotropic mass approximation, tha
mj i5mjz5mj , and study the limiting property of the
exciton-phonon interaction system in the ground state.

A. r˜` limit

From Eq.~3.17!, it is seen that the parameterCkb depends
very much on the overlap probability of the electron a
hole. When the electron and hole are separated enough
value of Ckb goes to zero. With a very simple calculatio
the displacement amplitudesf kb j and the energyE(l) are
reduced, respectively, to

f kb j ⇒
r→` 2u jVkb* Akb

Pkb j
, ~5.1!

E~l! ⇒
r→`

Ep52(
j

(
b

(
k

uVkbAkbu2

Pkb j
. ~5.2!

The properties of polarons in infinite and finite QW’s we
investigated in our previous papers31,32 with the same theo-
retical method; it is understood thatEp is just the sum of the
self-energies of a free electron-polaron and a free h
of

.
t

s.
-
is,

the

-

polaron in the QW. Based on this fact, the binding energy
the exciton-phonon system can be calculated s
consistently in this paper by

Eb5Ep2min
l

E~l!. ~5.3!

B. r˜0 limit

If the radius of the exciton is much smaller than the p
laron radius, as it is the cases ofze5zh and r50 in the
theoretical treatment, then from the definitions of Eqs.~3.15!
and~3.17!–~3.21! we find thatCkb5Akb and f kb j50. In this
limit the polaronic effects are compensated for complet
because of the opposite polarization effects of the elec
and hole.

C. Ideal 3D limit

If the well width is much larger than the polaron radiu
and the exciton Bohr radius, the quantum-confinement ef
and the IO-phonon effect will disappear and the pres
theory will reduce to bulk exciton–LO-phonon interactio
theory. This is seen in the following by the limit analys
method:

~a! For the IO phonons: It is easy to confirm thatvsp and
esp go to finite values, and

lim
d→`

Aksp50, ~5.4!

lim
d→`

Bksp50, ~5.5!

lim
d→`

Cksp50, ~5.6!

which yield the effects of the exciton-IO-phonons interacti
to be zero:

lim
d→`

Eex-IO50. ~5.7!

~b! For the confined LO phonon,

lim
d→`

Akm5 1
2 , ~5.8!

lim
d→`

Bkm5 1
2 , ~5.9!

lim
d→`

Ckm5 1
2 ^C1suexp~ iK•r !uC1s&, ~5.10!

wheremÞ1,2 in the case ofl e5 l h51, K5(k,km). Then the
displacement amplitudef qm j is reduced as

f qm j5
2u jvqm* ~12Gqm

1s !~Kqmi1Gqm
1s !

KqmeKqmh2~Gqm
1s !2

~ iÞ j 5e,h!,

~5.11!

where

Q5~q,qm!, ~5.12!

vqm5Vkm /~\vL1!, ~5.13!
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Kqm j
1s 5S 11

me

mj
Q2D ~ j 5e,h!, ~5.14!

Gqm
1s 5^C1suexp~ iQ•r !uC1s&. ~5.15!

Inserting Eq.~5.11! into Eq.~3.24! and transforming the sum
over m into an integral form by

1

d(m ⇒ 1

pE dqm , ~5.16!

then the ground-state energyEg is given in dimensionless
units

Eg5min
l

@E0~l!1Eex-LO~l!#, ~5.17!

with

E0~l!5 K C1sUFme

m

1

lS 2

r
2

1

l D2
k

r GUC1sL 5
me

m

1

l2
2

k

l
,

~5.18!

Eex-LO~l!52
ae1

p E E q dq dqm

~12Gqm
1s !2

q21qm
2

3
Kqme

1s 1Kqmh
1s 12Gqm

1s

Kqme
1s Kqmh

1s 2~Gqm
1s !2

. ~5.19!

If we compare Eq.~5.11! with Eq. ~4.4! in Ref. 34, in which
the interaction of Wannier excitons with LO-phonon field
polar semiconductors was investigated in detail by a va
tion calculation, it is found that the two equations are rea
the same except for the differences of some definitions.
theory gives correct result in the wide well-width limit.

~c! From Eqs.~5.17!–~5.19!, one can easily obtain th
following limit values.

When there are no phonon effects (ae150), then l
52(me /m)/k for minimizing the energy, and the bare exc
ton energy is given asEg52(m/me)k

2/4 in the unit\vL1.
This result is equal toEg52Ry , whereRy is the effective
Rydberg energy defined by

Ry5
me4

2e`1
2 \2

. ~5.20!

When phonon effects are considered and the electron
hole are separated enough from each other, then, by sim
analytical calculation, we find

lim
d→`

Eex-LO52~ae11ah1!\vL1 . ~5.21!

This is the sum of the self-energies of a free electron-pola
and a free hole-polaron in weak- and middle-coupling cas
ae1 (ah1) is just the Fro¨hlich electron~hole!–LO-phonon
coupling constant in the well material.

D. The ideal 2D limit

~a! For the confined LO phonons, sincemmax5 int(W/a),
if W,a thenm50 and the confined LO phonon disappea
then we have
-
y
ur

nd
le

n
s.

,

lim
d→0

Eex-LO50. ~5.22!

~b! For the IO phonons, from the expressions in Secs
and IV, one can obtain the following limit values at thed→0
limit:

v115vL2 , v215vT1 , v125vT2 , v225vL1 ,

e115e2 , e215`, e125`, e225`,

Aks151, Bks150,

Cks15Cq
1s5S 2

l D 3F S 2

l D 2

1q2G23/2

.

Keeping the above expressions in mind and doing st
dard limit analysis, then the ground-state energy of the Q
exciton-phonon system at the 2D limit is given by

Eg5min
l

S me

m

1

l2
2

2k

l
2

2k

l (
nÞ0

j unu1Eex-IO~l!D ,

~5.23!

Eex-IO~l!52ae2S vL2

vL1
D 3/2

3E dq

~12Cq
1s!2S Kqe

1s1Kqh
1s12

vL2

vL1
Cq

1sD
Kqe

1sKqh
1s2S vL2

vL1
Cq

1sD 2 ,

~5.24!

where

Kq j
1s5S vL2

vL1
1

me

mj
q2D ~ j 5e,h!. ~5.25!

~c! One can see clearly that the above expressions
correct theoretical results in the 2D limit case. Two spec
results are the following.

When the electron~hole!–IO-phonon interaction is ab
sent, i.e.,ae250, then the minimum value of the bare exc
ton energy is given as

Eg52
mk2

me
S 11 (

nÞ0
j unu D 2

52
mk2

me
S 11j

12j D 2

52
mk2

me
S e`1

e`2
D 2

~5.26!

in the unit\vL1. Obviously, this result is equal to the exc
ton energy in a dielectric QW in the 2D limit, that is,

Eg524RyS e`1

e`2
D 2

. ~5.27!

The factor (e`1 /e`2)2 is contributed by the image charg
distributions. If the effect of the image charge is not put in
consideration, or the dielectric constant of the well is eq
to that of the barrier, thenEg is reduced to the conventiona
2D exciton binding energy24Ry . Remembering the defini
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tion of Ry , it is found thatRy(e`1 /e`2)2 is just the Rydberg
energy of the barrier material. Since the contribution of
image charges increases with decreasing the well width,
factor (e`1 /e`2)2 gives a maximum correction to th
quasi-2D exciton binding energy. This factor can be used
estimate the importance of the image charge in nar
QW’s.

When the electron~hole!–IO-phonon interaction is in-
cluded and the electron and hole are separated from
other and move freely,l→` and Gq

1s→0, then by simple
analytical calculation we find

lim
d→0

Eex-IO52~p/2!~ae21ah2!\vL2 . ~5.28!

This result is in agreement with the polaron theory in t
infinite QW cases.31,38 It should be noted that this result
not completely the same as the self-energy of a surf
electron-polaron and a hole-polaron in the barrier mater
The reason is thatae2 (ah2) defined by Eq.~4.14! is not the
Fröhlich coupling constant of the electron~hole! in the bar-
rier material because the band mass used in the definitio
not the mass of the electron~hole! in the barrier material.

From the above analysis it is shown that our theory c
yield correct theoretical results in 2D and 3D limits analy
cally. It is very important academically to have a theo
which is valid in the whole range of the well width from
ideal 2D limit to 3D limit cases.

VI. NUMERICAL CALCULATION AND DISCUSSION

As an application of the present theory, properties
exciton-phonon systems are investigated numerically in
section. This quantitative investigation will give us a gene
knowledge of exciton-phonon interaction in QW’s.

There are many physical parameters in the present p
lem. In order to discuss the essential property of the prob
we use the isotropic mass approximation and study
ground state only. In this case the system is characterize
the following fundamental physical parameters:

W,me ,mh ,e01,e`1 ,e02,e`2 ,vL1 ,vT1 ,vL2 ,vT2 ,a.

Since there is the well-known Lyddane-Sachs-Teller re
tionship

S vLi

vTi
D 2

5
e0i

e` i
, i 51,2, ~6.1!

and the system is studied in dimensionless units, that is,
energy is in units of\vL1 and lengths in units of the polaro
radiusRp , there are eight independent parameters. Base
the analysis of the feature of practical QW’s we use
following characteristic parameters:

W,
Ry

\vL1
, ae1 ,

me

mh
,

vL2

vL1
,

e`2

e`1
,

e02

e`2
, a.

HereRy /\vL1 represents the strength of the Coulomb bin
ing energy of an electron-hole pair in unit of the LO-phon
energy, andae1 is the Fröhlich electron–LO-phonon cou
pling constant of the well material.me /mh is the ratio of the
e
he

to
w

ch

e
l.

is

n

f
is
l

b-
m
e
by

-

he

on
e

-

effective band mass of the electron to that of the ho
e`1 /e01 is not an independent parameter, which can be
termined by

e`1

e01
512ae1F Ry

\vL1
S 11

me

mh
D G21/2

. ~6.2!

Since e`1 /e01 must be positive and not larger than 1, th
parameters involved in the right-hand side of Eq.~6.2! are
restricted by this physical condition.

The lattice constant of the well material,a, is chosen as
0.1Rp . Other choices will have very little influence on th
interaction energy contributed by confined LO phonons
the narrow well range because the number of the LO pho
mode is determined by int(W/a), and will not affect the
qualitative property of the exciton-phonon coupling syste

The influences of characteristic parameters on proper
of exciton-phonon systems in QW’s are calculated num
cally, and are shown in Figs. 1–6. The average virtual p
non numberNph reflects the coupling strength of the partic
with the phonons. The numerical results of the present pa
show that the variation ofNph is similar to Eex-(LO1IO) in
most of the cases except for the parametervL2 /vL1. The
variation ofNph with Ry /\vL1 is plotted in Fig. 7~a! as an
example of the normal cases, and that ofNph with vL2 /vL1
is plotted in Fig. 7~b! to show the special character of th
studied system. Typical values of the parameters35 are used
in the numerical calculations, and listed in the figures a
captions. The exciton binding energy, the exciton-phon
interaction energy, and the average virtual phonon num
are plotted as functions of the well width. The quantu
confinement effects on the properties of the exciton-pho
system in every case can be seen clearly in the figures.

In order to give a clear picture of the polaronic effect, t
bare exciton binding energy with optical dielectric consta
e`1, the sum of the polaron energies of a free electron, an
free hole interacting with the phonons are also plotted in
figures with thin lines. The bare exciton binding energy
calculated independently by minimizing Eq.~4.10!. The sum
of the polaron energies contributed by the confined LO
and IO phonons is calculated by Eqs.~4.11! and~4.12! with
Cqm50 andCqsp50, as we discussed in Sec. V. The sum
average virtual phonon numbers of an electron-polaron an
hole-polaron are also plotted in Fig. 7 for comparison. F
the convenience of the readers, the exciton binding energ
plotted in units of exciton Rydberg energyRy , the length in
units of the exciton Bohr radiusaB (5\2e`1 /me2), the in-
teraction energy of the exciton with phonons and the pola
energy in units of\vL1, and the corresponding length i
units of the polaron radiusRp , respectively.

Figure 1 shows the influence of the Coulomb bindi
strength of the electron-hole pair on the property of t
exciton-phonon coupling system in the whole range of
well width. According to Ref. 35 three typical values o
Ry /\vL1 are used in the numerical calculations, which a
Ry /\vL150.2, 1.0, and 10.0. It is clearly seen that the Co
lomb binding strength has a significant effect on the prope
of the exciton-phonon system. The stronger the Coulo
binding, the weaker the exciton–optical-phonon interacti
The effects of the Coulomb binding strength is from tw
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facts:~i! The electron and the hole which compose the ex
ton have opposite polaronic effects, as shown in Eqs.~2.10!
and~2.11!. If the two particles are forced close to each oth
the interaction of the two particles with optical phonons w
cancel each other.~ii ! The strength of the Coulomb bindin
has a direct relation with the ratio ofRp /aB ,

Rp /aB5~Ry /\vL1!1/2. ~6.3!

aB /Rp is a criterion of the relative distance between the el
tron and hole. If the exciton Bohr radiusaB is smaller than
the polaron radiusRp , the exciton–optical-phonon interac
tion will be canceled. Conversely, ifaB is larger thanRp , the
exciton–optical-phonon interaction will be complete. Th

FIG. 1. Influence of the strength of the Coulomb bindin
Ry /\vL1, on ~a! the exciton binding energy,~b! the exciton–
optical-phonon interaction energy,~c! the exciton–LO-phonon in-
teraction energy, and~d! the exciton–IO-phonon interaction energ
The solid lines stand forRy /\vL150.2, the dashed lines fo
Ry /\vL151.0, and the dotted lines forRy /\vL1510. The other
physical parameters are set asae150.4, me /mh50.5, vL2 /vL1

51.0, e`2 /e`151.0, ande02/e`252.0. The thick lines stand fo
the exciton-phonon system. The thin dot-dashed line in~a! stands
for the bare exciton binding energy. The thin lines in~b!–~d! stand
for the sum of the polaron energies of a free electron-polaron a
free hole-polaron in the same cases as for excitons with the s
line types.
i-

,

-

property can also be seen in Fig. 7~a!. In the present paper
corresponding toRy /\vL150.2, 1.0, and 10.0, the ratio o
Rp /aB are 0.447, 1.0, and 3.16, respectively.

It is seen from Fig. 1~c! that the strength of the Coulom
binding does not affect the polaron energy of a free elect
and a free hole interacting with confined LO phonon, sin
this interaction energy in the dimensionless units is de
mined only by the Fro¨hlich coupling constant, but the Cou
lomb binding strength strongly affects the exciton–confine
LO-phonon interaction. On the other hand, as shown in F
1~d!, the Coulomb binding strength affects both the fre
electron~hole!–IO-phonon interaction and the exciton–IO
phonon interaction obviously. The reason is that the IO p

a
e

FIG. 2. Influence of the Fro¨hlich electron–LO-phonon coupling
constant of the well material,ae1, on ~a! the exciton binding en-
ergy, ~b! the exciton–optical-phonon interaction energy,~c! the
exciton–LO-phonon interaction energy, and~d! the exciton–IO-
phonon interaction energy. The solid lines stand forae150.1, the
dashed lines forae150.4, and the dotted lines forae151.0. The
other physical parameters are set asRy /\vL151.0, me /mh50.5,
vL2 /vL151.0, e`2 /e`151.0, ande02/e`252.0. The thick lines
stand for the exciton-phonon system. The thin dot-dashed line in~a!
stands for the bare exciton binding energy. The thin lines in~b!–~d!
stand for the sum of the polaron energies of a free electron-pola
and a free hole-polaron in the same cases as for excitons with
same line types.
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non parameters ofvsp and esp relate with e`1 /e01, and
e`1 /e01 is related withRy /\vL1 by Eq. ~6.2!.

It should be noticed that Fig. 1~a! gives a relative relation
of the exciton binding energies with the bare exciton bind
energy because the energies are in units ofRy , andRy is a
variable parameter in this case.

The influence of the electron–LO-phonon coupling co
stant of the well material,ae1, is shown in Fig. 2. Since ther
is the inequality

ae1,F Ry

\vL1
S 11

me

mh
D G1/2

, ~6.4!

FIG. 3. Influence of the ratio of the electron band mass to
hole band mass,me /mh , on ~a! the exciton binding energy,~b! the
exciton–optical-phonon interaction energy,~c! the exciton-LO–
phonon interaction energy, and~d! the exciton–IO-phonon interac
tion energy. The solid lines stand forme /mh51.0, the dashed lines
for me /mh50.5, and the dotted lines forme /mh50.1. The other
physical parameters are set asRy /\vL151.0, ae150.4, vL2 /vL1

51.0, e`2 /e`151.0, ande02/e`252.0. The thick lines stand fo
the exciton-phonon system. The thin dot-dashed line in~a! stands
for the bare exciton binding energy. The thin lines in~b!–~d! stand
for the sum of the polaron energies of a free electron-polaron a
free hole-polaron in the same cases as for excitons with the s
line types.
g

-

three values ofae1 (50.1,0.4,1.0) are chosen in the calc
lation corresponding toRy /\vL151. The electron–LO-
phonon coupling constant plays a determinate role in
interaction energies contributed by the confined LO phon
The interaction energy increases in proportion toae1. On the
other hand, the variation ofae1 has a small effect on the
interaction energies contributed by the IO phonons. Since
modes of the confined LO phonons is determined
int(W/a), and decreases linearly with decreasing well wid
and also since the IO phonon has no direct relation withae1,
the change ofae1 does not affect the properties of th
exciton-phonon systems and the free polarons in the QW’
the 2D limit.

Figure 3 shows the influence of the electron-hole m

e

a
e

FIG. 4. Influence of the ratio of the LO-phonon frequency
well material to that of barrier material,vL2 /vL1, on ~a! the exciton
binding energy,~b! the exciton–optical-phonon interaction energ
~c! the exciton–LO-phonon interaction energy, and~d! the exciton–
IO-phonon interaction energy. The solid lines stand forvL2 /vL1

50.5, the dashed lines forvL2 /vL151.0, and the dotted lines fo
vL2 /vL152.0. The other physical parameters are set asRy /\vL1

51.0, ae150.4, me /mh50.5, e`2 /e`151.0, and e02/e`252.0.
The thick lines stand for the exciton-phonon system. The thin d
dashed line in~a! stands for the bare exciton binding energy. T
thin lines in ~b!–~d! stand for the sum of the polaron energies o
free electron-polaron and a free hole-polaron in the same case
for excitons with the same line types.
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ratio me /mh on the properties of exciton-phonon couplin
systems and polarons in QW’s. It is seen that the exc
binding energy is affected obviously by the the mass ra
For a fixedRy /\vL1, the correction by the mass ratio orig
nates from the different polaronic coupling strength of t
electron- and hole-polarons with different mass ratios. I
somewhat beyond our expectation that the dependence o
polaronic effect of the IO phonons upon the mass ratio
completely different from that of the confined LO phonon
The mass ratio has obvious effects on the interaction e
gies of the exciton and the charged particles with the c
fined LO phonons, but has very little effect on that with t
IO phonons except for very narrow well cases. The differ
characters of the confined LO and IO phonons are cle
shown in this case.

The roles of barrier parameters in exciton-phonon s
tems, and free polarons in QW’s, are shown in Figs. 4
The common feature is that these parameters have no o
ous influence on the contributions of the confined L
phonons because the confined LO phonons have no d
relation with the barrier parameters in the Hamiltonian a
the expressions of the energies. The changes of the pola
effects in Figs. 4–6 result completely from the IO phono

It is seen from Fig. 4 that, with increasingvL2 /vL1, the
exciton binding energy is decreased, and the exciton–
phonon interaction energy is increased in the narrow w
range, but the changes go to zero rapidly outside theW
<2Rp range. The reason for this is that the IO-phonon
ergy given by Eq. ~2.7! is increased with increasin
vL2 /vL1, but, at the same time, the virtual IO-phonon nu

FIG. 5. Influence of the optical dielectric constant mismatch
well material with barrier material,e`2 /e`1, on ~a! the exciton
binding energy, and~b! the exciton-optical phonons interaction e
ergy. The solid lines stand fore`2 /e`150.6, the dashed lines fo
e`2 /e`150.8, and the dotted lines forvL2 /vL151.0. The other
physical parameters are set asRy /\vL151.0, ae150.4, me /mh

50.5, vL2 /vL151.0, ande02/e`252.0. The thick lines stand fo
the exciton-phonon system. The thin lines in~a! stand for the bare
exciton binding energies, and the thin lines in~b! for the sum of the
polaron energies of a free electron-polaron and a free hole-pol
in the same cases as for excitons with the same line types.
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bers of the free polarons is decreased, as shown in Fig. 7~b!;
the two opposite effects make the influence ofvL2 /vL1 on
the exciton and free polaron states small, and it almost
appears in theW.2Rp range.

In Fig. 5 three typical values of the parametere`2 /e`1 are
chosen in the calculations.e`2 /e`151.0 refers to a QW with
no dielectric mismatch. It is shown that the dielectric m
match greatly influences the properties of the exciton in
dielectric QW. Because of the image potential the exci
binding energy is enhanced by decreasinge`2 /e`1. On the
other hand, since the free-polaron energy increases with
creasinge`2 /e`1, but the exciton-phonon interaction energ
almost has no change at the same case, the polaronic e
reduces the exciton binding energy with decreasinge`2 /e`1.
The polaronic effect is opposite to the image charge eff
for the exciton binding energy of dielectric QW’s, but th
increase caused by the image potential overcomes the
crease due to the polaronic effect. Both the image cha
effect and the polaronic effect are important in this case,
the image potential effect is in dominant position.

The parametere02/e`2 represents the ratio of the polariz
abilites of the barrier material in static and high-frequen
cases. In Fig. 6 three typical values are used:e02/e`251 is
for the nonpolar material,e02/e`252 for typical polar ma-
terials, ande02/e`2510 for some special polar material suc
as PbS, PbSe, and PbTe.39 The most interesting fact is that, i
the barrier is made of nonpolar material, the amplitude of
IO phonons and the interaction energy contributed by the
phonons are considerably reduced, and go to zero in the

f

on

FIG. 6. Influence of the ratio of the static dielectric constant
the optical dielectric constant of barrier material,e02/e`2 on ~a! the
exciton binding energy, and~b! the exciton-optical phonons inter
action energy. The solid lines stand fore02/e`251.0, the dashed
lines for e02/e`252.0, and the dotted lines fore02/e`2510. The
other physical parameters are set asRy /\vL151.0, ae150.4,
me /mh50.5, vL2 /vL151.0, and e`2 /e`151.0. The thick lines
stand for the exciton-phonon system. The thin dot-dashed line in~a!
stands for the bare exciton binding energy. The thin lines in~b!
stand for the sum of the polaron energies of a free electron-pola
and a free hole-polaron in the same cases as for excitons with
same line types.
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limit. Consequently the exciton binding energy will go to th
maximum theoretical value 4Ry in the 2D limit case. This
fact may be important experimentally for the increase of
exciton binding energy of the manmade layered material

VII. CONCLUSION

From analytic and numerical results we can conclu
some general properties of the exciton–optical-phonon in
action in polar semiconductor QW’s.

~1! The exciton–optical-phonon interaction has an ob
ous effect on the exciton binding energy. When the latt
parameters related to the phonons are changed, the ex
binding energy receives a significant correction, especiall
the narrow well cases.

~2! In spite of the free-electron- and hole-polaron energ
increasing with decreasing well width in QW’s, the exciton
optical-phonon interaction energy is reduced little by lit
decreasing the well width, except for the vary narrow w
cases.

~3! If we compare the magnitudes of the exciton–I
phonon interaction energiesEex-IO ~thick lines! with the sum
of the polaron energies of a free electron and a free h
interacting with IO phonons~thin lines! in the figures, it is
clearly seen that, being very different from the confined L
phonons, the IO-phonon–exciton interaction energy
mostly canceled by the opposite polaronic effects of the e
tron and the hole. Only in narrow well cases, that is,W
<2Rp , do IO phonons have obvious effects on the exci
state. This feature shows the short-range nature of the
phonons.

FIG. 7. ~a! Influence of the strength of the Coulomb bindin
Ry /\vL1, on the average virtual phonon numbersNph. The param-
eters used in this case are the same as in Fig. 1.~b! Influence of the
ratio of the LO-phonon frequency of well material to that of barr
material,vL2 /vL1, on the average virtual phonon numbersNph.
The parameters used in the calculations are the same as in F
The thick lines stand for the exciton-phonon system, and the
lines for the sum of the average virtual phonon numbers of a
electron-polaron and a free hole-polaron in the same cases a
excitons with same line types.
e
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IO

~4! The image charge effect due to the mismatch of
dielectric constants of the QW structures is important, a
cannot be neglected in the study of the optical and electr
properties of dielectric QW’s. Although the polaronic effe
intends to reduce the exciton binding energy by increas
e`1 /e`2, analytical and numerical calculations show that t
image potential is dominant, and increases the exciton b
ing energy with increasinge`1 /e`2.

~5! The weaker the polaronic effect of the barrier materi
the larger the binding energy of the exciton in the QW. If t
barrier material is of nonpolar material, then the excit
binding energy is close to the bare 2D exciton energy in
narrow QW limit. This fact shows that if we want to increa
the exciton banding energy in manmade layered material
experiments, we should select weakly polar or nonpolar m
terials as the barrier materials.

~6! The exciton–IO-phonon interaction energies a
small, and go to zero rapidly as the well width is increas
and can be neglected in most of the cases, but, conver
the free-polaron energies contributed by the IO phonon
very large and reduce slowly to zero with increasing wid
Then we have a situation where the IO phonon has a sm
effect on the exciton state, but has a significant effect on
exciton binding energy because the exciton binding energ
defined as the difference between the exciton ground-s
energy and the polaron energies of the electron and hole

~7! The ratio of the effective exciton Bohr radiusaB to the
polaron radiusRy plays an important role in determining th
property of the exciton-phonon interaction system. In ge
eral, if aB /Rp.3, the polaronic effect will work completely
and the corresponding exciton binding energy will be clo
to the hydrogenic exciton binding energy with static diele
tric constante0. The GaAs-based QW structure is an e
ample of this case. On the other hand, ifRp /aB.3 the
exciton-phonon interaction will be canceled to some ext
because of the opposite polaronic effect of the electron
hole; the corresponding exciton binding energy will be t
hydrogenic exciton binding energy with effective dielectr
constanteeff , whose value is betweene0 ande` .

In summary, we have presented a theory for investigat
the exciton-phonon interaction in semiconductor QW’s ma
of polar compounds. By using an improved variation
method, expressions of the bound-state energy and the a
age virtual phonon numbers are obtained. It is proved t
the present theory is valid in the entire well width range fro
the 2D limit to the 3D limit. Based on the isotropic approx
mation, the ground states of exciton-phonon interaction s
tems in QW’s have been investigated numerically. Some
teresting features of the system are found, and gen
properties of the exciton-phonon coupling system in QW
are discussed and concluded.

Our method is analytically simple, and also quite effecti
in discussing problems of two interacting fermions in bos
fields in quantum-confinement structures. Furthermore,
procedure is easily extended to other systems, such as b
larons, bound polarons, and bound excitons in QW’s, Th
works will be under consideration.
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