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Bound polaron in a polar semiconductor heterojunction
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The behavior of an optical polaron bound to a donor impurity near the interface of a polar semiconductor
heterojunction is investigated with a variational method by considering the influence of a realistic heterojunc-
tion potential, the electron-phonon and impurity-phonon interactions, including the effect of half-space bulk
longitudinal and interface-optical phonon modes. The bound-polaron binding energy is computed for
GaAs/AlxGa12xAs (0.2,x,0.4) heterojunction system. The result shows that the impurity-phonon interaction
is important and that the phonon contribution to the binding energy is negative. Both of the bulk longitudinal
and interface-phonon modes give important contributions to the binding energy when the impurity is located in
GaAs. The interface modes are more important than the bulk-phonon modes when the impurity is located in
Al xGa12xAs. @S0163-1829~99!06103-2#
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I. INTRODUCTION

The properties of polarons bound to impurities near
interfaces or surfaces of layered semiconductors are con
erably different from that in bulk materials.1 This may bring
about transport and optical properties, which have an imp
tant significance both in fundamental science and device
velopment. A polaron bound to a donor in a polar-crys
slab2 was discussed, including both the electron longitudin
optical ~LO! phonon interaction and the electron surfac
optical ~SO! phonon interaction. In a quantum well~QW!,
the polaron bound to a donor3–6 has been a subject of intere
during the past decade. Some authors adopted the app
mation of considering only three-dimensional~3D! bulk LO
phonon modes3 or purely 2D phonon modes.4 Some authors5

neglected the effect of bulk LO phonons and only took
electron SO phonon interaction into account. For a Ga
slab or a GaAs/AlxGa12xAs QW, the weak electron-phono
coupling gives a small contribution to the impurity bindin
energy even though it lowers the impurity energy levels. T
influence of the electron-phonon coupling becomes sign
cant for a thin QW when considering the screening effects
the impurity potential and the electron-phonon interaction6

The impurity states of a donor on a semiconductor surf
were initially studied three decades ago.7 Later, the SO pho-
non effects were investigated for the bound-polaron gro
state8,9 and the excited states.9 An electron bound to an im
purity near the interface of a semiconductor heterojunct
was discussed under the influence of a magnetic field.10 For
an impurity located at the interface, the polaronic effect w
investigated while including the electron half-space bulk L
phonon and electron interface-optical~IO! phonon
interactions.11 Here the SO-like phonon modes were used
an approximation of the IO phonon modes. In an exter
electric field, the polaron bound to an impurity near the h
erojunction interface12 was investigated by considering n
only the electron IO phonon coupling and electron half-sp
bulk LO phonon coupling, but also the impurity IO phono
coupling. Unfortunately, for an impurity placed 30 Å from
the interface inside AlAs and the electron confined in Ga
a very small binding energy was obtained; i.e., 1.2 and
PRB 590163-1829/99/59~3!/2276~8!/$15.00
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meV corresponding, respectively, to the exclusion and inc
sion of the phonon influence, in the zero-field limit. Thus, t
phonon influence is found much too strong. This result d
not reflect a realistic property of the heterojunction.

For GaAs/AlxGa12xAs heterojunctions with low Al con-
centration, the ratio of the potential barrier to the impurit
state binding energy is on the order of a factor of 10. T
effect of the finite barrier as well as the energy-band bend
is to make the conduction electrons within the channel s
~GaAs! penetrate the barrier side (AlxGa12xAs) of the het-
erojunction. The strong confinement of the electrons caus
shift in the average distance between the electron and
interface,13 and will, therefore, affect the binding energy of
donor impurity near the interface. The infinite-barri
approximation10–12 to the interface potential needs to be im
proved by treating it more realistically. More recently, th
ground-state energy of a donor impurity, located on the h
erointerface, was investigated without considering the con
bution due to phonons.14 The interface potential used did no
include band-bending effects.

In the present paper the ground state of a polaron bo
to a hydrogenlike donor impurity near the interface of a h
erojunction is investigated by considering the effects of b
half-space bulk LO phonons and IO phonons. Both
electron-phonon coupling and the impurity-phonon coupl
have been taken into account. The influence of a reali
interface potential, including the electron-image poten
and the conduction-band bending, is considered throug
self-consistent computation. A one-subband model is use
modified Lee, Low, and Pines~LLP! intermediate-coupling
method15 is adopted to deal with the interaction between t
phonons and the electron as well as the impurity. The ene
level, the binding energy, and the effective mass of
bound polaron in the ground state are obtained variationa
The numerical computation is performed for
GaAs/AlxGa12xAs heterojunction. An effective
phonon-mode16 approximation~EPMA! has been used to ob
tain the LO and the transverse-optical~TO! phonon modes of
the ternary-mixed crystal AlxGa12xAs. This approximation
seems to work well17 in such a weak polar semiconducto
The other parameters of AlxGa12xAs used in this paper hav
2276 ©1999 The American Physical Society
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been calculated using the virtual-crystal approximatio18

~VCA!. The phonons, at the most, may give a 7% contrib
tion to reduce the binding energy when the impurity-phon
coupling is included. On the other hand, we also found t
the phonon effect on the binding energy is negligibly smal
the impurity-phonon coupling is neglected.

II. THEORY

We consider a heterojunction consisting of two semic
ductors denoted by material 1~channel side! for z.0 and
material 2~barrier side! for z,0, respectively. The interfac
of the heterojunction is chosen as thex-y plane. Without
losing generality, the interface can be assumed infinite
this coordinate system an external donor impurity bearin
chargee is located at (0,0,z0). A conduction electron with
charge2e, located at~x,y,z! in the heterojunction potential
interacts with the impurity through the Coulomb potenti
The Hamiltonian of the electron-impurity system includin
the LO and IO phonons and both the electron- and impur
phonon coupling can be written as

H5Hx-y1Hz1Hc1Hph1He,i -ph, ~1!

with

Hx-y5
px

21py
2

2mi1
u~z!1

px
21py

2

2mi2
u~2z!, ~2!

Hz5
pz

2

2m'1
u~z!1

pz
2

2m'2
u~2z!1V~z!

1
e2~e`12e`2!

4eeff~e`11e`2!z
, ~3!

Hc52
e2

e~z,z0!@x21y21~z2z0!2#1/2, ~4!

Hph5(
k

\vL1ak
†aku~z!1(

k
\vL2ak

†aku~2z!

1(
q,s

\vsbqs
† bqs , ~5!

and

He,i -ph5(
k

H 1

k F(
l

Bl~z!sin~kzuzu!e2 iki•r

2Bl8~z0!sin~kzuz0u!Gak
†1H.c.J

1(
q,s

FGs

Aq
~e2 iq•re2quzu2e2quz0u!bqs

† 1H.c.G , ~6!

where mil and m'l are the band mass of the conducti
electron being in materiall (l51,2) in thex-y plane and in
thez direction, respectively.u(6z) is the step function.e`l

is the optical-dielectric constant of thelth material. The last
term in Eq.~3! is the electron-image potential. The effectiv
dielectric constanteeff is defined aseeff5(e`11e`2)/2, which
-
n
t

f

-

n
a

.

-

removes the mismatch of the electron-image potentia
z50. The heterojunction potentialV(z) in Eq. ~3! satisfies19

V~z!5V0u~2z!1Vs~z!1Vd~z!, ~7!

in which V0 is the potential-barrier height.Vs(z) andVd(z)
are the electron contribution and the depletion-charge con
bution to the potential, respectively. The depletion-cha
contribution is obtained by solving

]

]z
e0~z!

]

]z
Vd~z!524pe2@NA~z!2ND~z!#, ~8!

where the static-dielectric constant is given by

e0~z!5 H e01 for z.0
e02 for z,0. ~9!

In Eq. ~8!, NA(z) andND(z) are, respectively, the position
dependent acceptor and donor concentrations. In the C
lomb interaction term Eq.~4!, the position-dependent dielec
tric constant is defined by

e~z,z0!5H e`1 for z.0 and z0.0
~e`11e`2!/2 for z.0,z0,0 or z,0,z0.0
e`2 for z,0 and z0,0.

~10!

In Eq. ~5!, vLl is the LO phonon frequency of thelth ma-
terial. The vs’s (s56) are, respectively, the higher an
lower frequencies of the two IO phonon modes and can
obtained by solving20 v6

2 5(b6Ab224ac)/2a, in which a
5e`11e`2 , b5e`1(vL1

2 1vT2
2 )1e`2(vL2

2 1vT1
2 ), and c

5e`1vL1
2 vT2

2 1e`2vL2
2 vT1

2 ; vTl is the TO phonon fre-
quency of thelth material. In Eq.~6!, l851 ~52! refers to
the impurity being in the channel side~barrier side!. The
electron ~impurity! LO phonon and electron~impurity! IO
phonon interaction factors are given by

Bl~z!52 i F4pe2

V
\vLlS 1

e`l
2

1

e0l
D G1/2

u~l,z!, ~11!

in which

u~l,z!5 H u~z! for l51
u~2z! for l52, ~12!

and

Gs5 i S 1

d1
21d2

2

2p\e2

Svs
D 1/2

, ~13!

wheredl5(e0l2e`l)1/2vTl /(vTl
2 2vs

2).
For the ground state of the system, we choose the follo

ing variational trial-wave function:

uc&5uf~x,y!&uz~z!&u0&

5uf~r!&uz~z!& )
k,q,s

u0k&u0qs&, ~14!

with
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f~r!5F 1

2p G1/2

geiK i•re2gr/2, ~15!

and

z~z!5H zA~z!5Bb1/2~bz1b!e2bz/2 for z.0

zB~z!5B8b81/2eb8z/2 for z,0,
~16!

wherer5Ax21y2 is the radial component of the electro
coordinate in thex-y plane andK i5(Kx ,Ky,0). Also g, b
and b8 are independent-variational parameters. In Eq.~15!,
we introduce the factoreiK i•r in order to recover the free
polaron case wheng approaches 0. This free-polaron-lim
case is fully discussed near the end of Sec. II A. Accord
to the continuity condition of the wave functionz(z) and its
first-order differential atz50, the normalization constants i
Eq. ~16! satisfy18 b52b/(b81b), B5@b(11b/b8)12b
12]21/2, and B85Bb(b/b8)1/2. In Eq. ~14!, u0& is the
phonon-vacuum state.

The electronic contribution to the potential in Eq.~7! can
be obtained by solving

]

]z
e0~z!

]

]z
Vs~z!524pe2Nsuz~z!u2, ~17!

whereNs is the areal electron density.

A. Displacement oscillator transformation with the coupling
in the z direction „DOTC…

We use

U15expF2 i S (
k

kiak
†ak1(

q,s
qbqs

† bqsD •rG , ~18!

and21

U25expF(
k

~ f ke
2 ikzzak

†2 f k* eikzzak!

1(
q,s

~gqsbqs
† 2gqs* bqs!G , ~19!

with f k , gqs and their complex conjugate as variational p
rameters, to perform two unitary transformations on Ham
tonian ~1! and obtain the expectation energy for the bou
polaron at ground state:

E~b,b8,g!5^cuU2
21U1

21HU1U2uc&

5Ea1^T&1^Vd&1^Vs&1^V0&

1Eimage1Ec2ELO2(
s

EIs . ~20!

The transformation withU1 is essential for the weak
electron-phonon coupling case to obtain a lower ener
However, it was neglected in a previous paper.12

In Eq. ~20!,

Ea5
\2K i

2

2mi*
1

\2g2

8mi
, ~21!
g

-
-
d

y.

of which the first term is the kinetic energy corresponding
the free-polaron limit. For a bound polaron, this term is tak
to be zero.mi* is the free-polaron effective mass parallel
the x-y plane and is given by

mi* 5miS 11DmLO1(
s

DmIsD . ~22!

The average electron-band mass parallel to thex-y plane in
Eqs. ~21! and ~22! is defined asmi5mi1mi2 /(mi1P̄2

1mi2P̄1). Here P̄15*0
`uzA(z)u2dz and P̄2

5*2`
0 uzB(z)u2dz are, respectively, the electron probabilitie

of being in material 1 and 2. The contributions from LO a
IO phonons to the effective mass are given by

DmLO52
\2

mi

(
k

ufB~k,z0 ,g!g→0u2ki
2cos2~u!

S \vL1P̄11\vL2P̄21
\2ki

2

2mi

1
\2kz

2

2m'

D 3 ,

~23!

and

DmIs52
\2

mi
(

q

ufG~s,q,z0 ,g!g→0u2q2cos2~u!

S \vs1
\2q2

2mi
D 3 ,

~24!

whereu is the angle betweenK i andki or qW . In Eq. ~20!,

^T&5
\2

2
@~Bb!2~11b2b2/2!/2m'1

2~B8b8!2/4m'2#, ~25!

^Vd&54pe2Nd$2B82/b8e02

1B2@~614b1b2!/be01#%, ~26!

^Vs&54pe2Ns@B82~12B82/2!/b8e02

1B4~33150b134b2112b312b4!/4be01#,

~27!

^V0&5V0B82, ~28!

and

Eimage5
e2~e`12e`2!

4eeff~e`11e`2!
B2b@112b#. ~29!

In Eq. ~26!, Nd denotes the areal concentration of the fixe
depletion charges.18 For the Coulomb interaction contribu
tion in Eq. ~20! we first perform a Fourier transformatio
then simplify it and obtain
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Ec52 K cU e2

e~z,z0!@x21y21~z2z0!2#1/2Uc L
52K cU e2

e~z,z0! (
Q

4p

Q2 exp@ iQ•~r2z0!#UcL
52e2g3E

0

`

dq
1

~g21q2!3/2

3 K z~z!U 1

e~z,z0!
exp~2uz2z0uq!Uz~z!L , ~30!

where the integrations overr and qz have been carried ou
with definitionsr5(r,z), Q5(q,qz), andq5Aqx

21qy
2.

The last two terms of Eq.~20! are the self-trapping ener
gies of the polaron due to the contribution from LO and
phonons, respectively, and are given by

ELO5(
k

ufB~k,z0 ,g!u2

\vL1P̄11\vL2P̄21
\2ki

2

2mi

1
\2kz

2

2m'

, ~31!

and

EIs5(
q

ufG~s,q,z0 ,g!u2

\vs1
\2q2

2mi

. ~32!

In the above equations, we have adopted the following n
tions:

fB~k,z0,g!

5(
l

K z~z!UBl~z!sin~kzuzu!eikzz

k Uz~z!L
2

g3

~g21ki
2!3/2K z~z!UBl8~z0!sin~kzuz0u!eikzz

k Uz~z!L ,

~33!

and

fG~s,q,z0 ,g!5K z~z!UGse2quzu

Aq
Uz~z!L

2
g3

~g21q2!3/2

Gse2quz0u

Aq
. ~34!

It should be pointed out that the second term on the rig
hand side of Eq.~33! is the contribution from the impurity
LO phonon interaction. Only whenz and z0 have the same
sign is the contribution defined to be nonzero.

Minimizing E(b,b8,g)2^Vs&/2 with respect to the varia
tional parameters, respectively,18 we obtainb, b8, andg. By
inserting them intoE(b,b8,g) the bound-polaron ground
state energyEbp can be obtained.

The ground-state energyEfp for a free polaron in the ab
sence of the donor can be derived by choosingHc50 in Eq.
~1!, subsequently,Ec50 in Eq.~20!. By repeating the above
process, the variational parameterg approaches 0 and th
a-

t-

trial function in Eq.~15! becomes a plane wave. We note th
theg→0 limit has to be done carefully since the wave fun
tion of Eq.~15! is normalized. The normalization constant
what gives rise to theg factor in front of the exponential
The normalization constant is different in the limit ofg
→0. On the other hand, equivalent results can be reache
just replacing Eq.~15! with f(r)5exp(iK i•r)/AA; in addi-
tion, one also removesHc and the impurity-phonon coupling
terms in Eqs.~6!. The resulting expectation energy in E
~20! is exactly the sum of the previous terms withg50.
Thus, for the free polaron we only have two independe
variational parametersb andb8.

The bound-polaron binding energy for the ground st
can be written as

EB5Efp2Ebp. ~35!

B. Displacement-oscillator transformation
without the coupling in the z direction „DOT…

We turn next to the second-unitary transformation of E
~19! but without the phase factor:

U25expF(
k

~ f kak
†2 f k* ak!1(

q,s
~gqsbqs

† 2gqs* bqs!G ,
~36!

and repeat the procedure described in Sec. II A. For this c
the only difference in the results is in the formulas conce
ing the contributions from LO phonons. Equation~23! is
replaced by

DmLO52
\2

mi

(
k

ufB~k,z0 ,g!g→0u2ki
2cos2~u!

S \vL1P̄11\vL2P̄21
\2ki

2

2mi

D 3 .

~37!

Equation~31! is replaced by

ELO5(
k

ufB~k,z0 ,g!u2

\vL1P̄11\vL2P̄21
\2ki

2

2mi

. ~38!

Equation~33! is given by

fB~k,z0 ,g!

5(
l

K z~z!UBl~z!sin~kzuzu!
k Uz~z!L

2
g3

~g21ki
2!3/2 K z~z!UBl8~z0!sin~kzuz0u!

k Uz~z!L . ~39!

The corresponding results can be obtained by combining
equations in Sec. II A with Eqs.~37!–~39!.

C. VCA and effective phonon-mode approximation

To obtain the various parameters of the AlxGa12xAs sys-
tem used in the present paper the VCA is adopted.18 Let QA
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andQB be the quantities associated with GaAs~A! and AlAs
~B!, respectively, the quantities associated with AlxGa12xAs
can be written as

QAlxGa12xAs5~12x!A1xB. ~40!

The energy-band gap, the dielectric constants, and
electron-band mass of AlxGa12xAs will be calculated using
the VCA.

As for the phonon frequencies of AlxGa12xAs, an empiri-
cal interpolation @effective phonon-mode-approximatio
~EPMA!#16 is used to represent the two LO and TO mod
with the respective effective one LO and TO modes. W
adopt the EPMA in our calculation and give the formulas
Table I.

III. NUMERICAL RESULTS AND DISCUSSION

The Hamiltonian components Eqs.~5! and~6! are strictly
suitable to the heterojunction of which the semiconduct
are one-mode LO or TO phonons. Here we perform the co
putation on the GaAs/AlxGa12xAs heterojunction adopting
the EPMA to simplify the LO and TO phonon modes of t
barrier material AlxGa12xAs. The parameters needed a
listed in Table I. The band mass of the electron has b
considered as isotropic:mi5m' since the electrons ar
mainly confined within GaAs.

We focus our attention on the Al concentration within t
rangexl<x<xc , wherexc'0.4 is the critical value,18 below
which the AlxGa12xAs is a direct band-gap semiconducto
The lower boundxl is the point of the concentration belo
which we do not expect the impurity near the interface to
properly treated within the present formalism. A value
xl50.2 is used here. The barrier heightV0 needed in the
computation, according to the 60:40 rule22 in Eq. ~28!, is
given by

V050.6~EG22EG1!x for x,xc . ~41!

For the given Al concentrationx50.3 and areal electronic
densityNs5431011/cm2, the energy level of a bound po
laron at ground state vsz0 is calculated by using the
displacement-oscillator transformation coupling~DOTC! and
the DOT respectively. The DOT gives an energy level low

TABLE I. Parameters used in computation.

Quantities GaAs AlxGa12xAs AlAs

a ~Å! 5.64a 5.64(12x)15.66xb 5.66a

EG ~eV! 1.52a 1.52(12x)13.05xb 3.05a

EX ~eV! 1.98a 1.98(12x)12.36xa 2.36a

e0 13.18a 13.18(12x)110.06xb 10.06a

e` 10.89a 10.89(12x)18.16xb 8.16a

m (me) 0.067a 0.067(12x)10.15xb 0.15a

\vL ~meV! 36.25c 36.2511.83x117.12x225.11x3d 50.09c

\vT ~meV! 33.29c 33.29110.7x10.03x210.86x3d 44.88c

aReference 19.
bThe VCA ~Refs. 18 and 19!.
cReference 16.
dThe EPMA ~Ref. 16!.
e

s
e

s
-

n

e
f
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than that given by the DOTC whenz0,30 Å and the differ-
ence is within 2% of the energy-level height. The results
opposite whenz0.30 Å, but the difference is negligibly
small. It indicates that the result by the DOT is more reas
able when the impurity is closer to the interface (uz0u
,30 Å). In Fig. 1~a!, the bound-polaron binding energie
EB

A andEB
B calculated by using the DOTC and the DOT a

shown, respectively, along with the binding energyEB
N ,

which excludes the influence of phonons. It can be seen
the polaronic effect always decreases the binding energyEB .
The phonon influence reaches its maximum about 7% ofEB ,
when the impurity is located in the channel side aroundz0
550 Å. The offset ofEB at z050 is due to the abruptness i
the dielectric constants of the Coulomb contribution in E
~4!.

The net-phonon contributions toEB are defined as

DELO52ELO ~ free-polaron!1ELO ~bound polaron!
~42!

for the LO phonon mode and

DEIs52EIs ~ free-polaron!1EIs ~bound polaron!
~43!

for the sth IO phonon mode, respectively. The free-polar
results are computed in the limit ofK i50. DEI 1 andDEI 2

are given in Fig. 1~b!. Both of them are negative and deca
when the impurity is located far away from the interface. T
LO phonon contributionsDELO

A andDELO
B , respectively, by

the DOTC and by the DOT, are also plotted in Fig. 1~b! for
comparison. It can be seen that IO phonons give a lar
contribution when the impurity is located in the barrier sid
where the LO phonon contribution is small. On the oth
hand, both the IO and LO phonons are important and giv
negative contribution when the impurity is in the chann
side. The phonon contribution is due to the competition
tween the electron and impurity polarization. When the i
purity is located in the barrier side, the LO phonon contrib
tion to EB is mainly from the electron-phonon coupling. Th
contribution is small because there is not an obvious diff
ence of the electron-phonon interactions between before
after the bound polaron is ionized. The impurity polarizati
and the weakness of the phonon effect, compared to the
bulk GaAs, make the bound polaron become ‘‘shallow.’’

The electron-average distance to the interface^zph&, ^z&
5B2(614b1b2)/b2B82/b8 and the in-plane average dis
tance between the electron and the impurity^rph&,
^r&52/g with and without the influence of the phonons b
the DOT, as functions of the impurity positionz0 , are plot-
ted in Fig. 1~c!. It shows us that̂r& is always less than̂rph&
and that the phonon influence becomes weaker as the im
rity gets near the interface.^zph& is lower than^z& when the
impurity is located on the barrier side. When the impurity
on the channel side,̂zph&.^z& for z0,60 Å and ^zph&
,^z& for z0.60 Å. Generally speaking, the phonon influ
ence on̂ r& and^z& is small due to the weak electron-phono
impurity-phonon coupling, and the strong confinement of
heterojunction potential.

For the given Al concentration and impurity positio
both ^rph& and^zph& monotonically decrease with increasin
Ns . ^zph& is less than the free-polaron value^zF&. Whenx
50.3, ^zF& decreases from 120 Å to 59 Å with increasin
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FIG. 1. As functions of the impurity positionz0 , in units of Å,
for a given areal-electronic densityNs5431011/cm2, the following
quantities are presented corresponding to Al concentrationx50.3.
~a! The bound-polaron binding energyEB in units of meV.EB

N is
the result without the influence of phonons.EB

A (EB
B) is the result

with the influence of phonons calculated by the DOTC~DOT!. The
effective Rydberg energyER5m1e4/2e`1

2 \256.35 meV for GaAs
bulk material.~b! The phonon contribution, in units of meV, toEB .
DEI 1 andDEI 2 are the net contributions from IO phonon mod
with higher and lower frequencies, respectively.DELO

A (DELO
B ) is

the net contribution from LO phonon modes calculated by
DOTC ~DOT!. ~c! The electron-average distance to the interfa
^zph&,^z& and the in-plane-average distance between the elec
and the impurity^rph&,^r&, in units of Å, with and without the
influence of phonons calculated by the DOT. The average dista
of the electron to the interfacêzF& for the free-polaron case is als
given for comparison. The effective Bohr radiusaB5e`1\2/m1e2

585.9 Å for GaAs bulk material.
Ns . However,zph decreases from 100~112! to 54~57! Å, cor-
responding toz0530(230) Å. This interface effect cause
the binding energyEB to gain a negative contribution from
phonons as one increasesNs , as shown in Figs. 2~a! and 2~b!
for z05630 Å, respectively. In this case, the bound-polar
energy level calculated by the DOT is lower than that of t
DOTC at most values ofNs . But the difference is less tha
1% of the energy-level height. The binding energiesEB’s
calculated by the DOTC and by the DOT, respectively,
presented for comparison. It can be seen that in the co
bution toEB the IO phonon modes (DEIs) play a dominant
role for z05230 Å. The difference betweenEB

A and EB
B is

negligibly small.
The phonon contribution, when the impurity is located

z0530 Å decreases the binding energy, especially for la
Ns , because the impurity LO phonon contribution becom
more important. At the same time, there is a non-negligi
difference between the results obtained by the DOTC and
the DOT @Fig. 2~a!#.

For the givenNs5431011 cm22 and z05230(30) Å,

e
e
on

ce

FIG. 2. As functions of the areal-electron densityNs , in units of
cm22, the following quantities are given for Al concentrationx
50.3, corresponding to the impurity positionz05230 and 30 Å,
respectively.~a! The bound-polaron binding energyEB in units of
meV. EB

N is the binding energy without the influence of phonon
EB

A andEB
B are the ones with the influence of phonons calculated

the DOTC and by the DOT.~b! The phonon contribution, in units o
meV, to EB calculated by the DOT.DEI 1 and DEI 2 are the net
contributions from IO phonon modes with higher and lower fr
quencies, respectively.ELO is that from the LO phonon modes.
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the bound-polaron energy-level height increases withx, with
^rph& and ^zph& decreasing slowly. Due to the small chan
of ^rph& and^zph&, and in addition to the fact that the impu
rity is not so close to the interface,EB is insensitive tox. EB ,
as a function ofx, with and without the phonon influence

FIG. 3. As functions of Al concentrationx, the following quan-
tities are plotted for the given areal-electron densityNs54
31011/cm2, corresponding to the impurityz0530 and230 Å, re-
spectively.~a! The bound-polaron binding energyEB in units of
meV. EB

N is the binding energy without the influence of phono
EB

A andEB
B are the ones with the influence of phonons calculated

the DOTC and the DOT, respectively.~b! The phonon contribution
in units of meV, toEB calculated by the DOT.DEI 1 andDEI 2 are
the net contributions from IO phonon modes with higher and lo
frequencies, respectively.DELO is that from the LO phonon modes
U

.

t

given in Fig. 3~a!. For z0530 Å, both the LO and IO
phonons are important to decrease the binding energy. O
the IO phonons are important forz05230 Å, as shown in
Fig. 3~b!. In the contribution toEB from the two branches o
IO phonon modes,DEI 1 increases andDEI 2 decreases with
increasingx. As a superposition result, the total contributio
is insensitive tox.

In general, the polaron effect would increase with the
duction in dimensionality. For our quasi-2D system, the ph
non effect is weaker in comparison with the bulk GaAs. Th
behavior is reminiscent of a similar result, albeit for a sc
tering investigation;23 nevertheless, this surprising proper
needs further investigation.

The more complicated screening-effect influence on
bound-polaron properties is out of the scope of the pres
paper and will be the subject of future investigation.

IV. CONCLUSION

A variational theory has been developed to investigate
ground state of an optical polaron bound to a donor impu
near the interface of a polar semiconductor heterojunction
particular, the influence of a realistic heterojunction poten
is considered. A modified LLP intermediate-couplin
method is adopted to deal with the electron-phonon a
impurity-phonon interactions, including the effect of ha
space bulk longitudinal and interface-optical phonon mod
The bound-polaron binding energy vs impurity positio
depletion-electron density, and Al concentration is compu
for a GaAs/AlxGa12xAs (0.2,x,0.4) heterojunction sys-
tem. It is found that the impurity-phonon interaction is im
portant and that the phonon contribution to the binding
ergy is negative. Both the bulk-longitudinal and interfac
phonon modes give an important contribution to the bind
energy when the impurity is located in GaAs. The interfac
phonon modes are more important than the bulk-pho
modes when the impurity is located in AlxGa12xAs.
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