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Theory of bound polarons near interfaces of polar semiconductors
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The binding energy of the ground state of a bound polaron near an interface of a polar-polar
semiconductor is obtained, using a variational method, as a function of the static electric field ap-
plied perpendicular to the interface and the impurity position. Assuming that the electron couples
with both the bulk LO phonon and the interface phonons, it is shown that the total polaronic
correction decreases the binding energy and depending on the system it is found that a minimum
external electric field is necessary to obtain a stable, bound ground state. We have shown that the
contribution of the interface phonons to the eA'ective interaction between the electron and the im-

purity is repulsive. Numerical results are present for systems constituted by the heterojunctions
AlAs-GaAs and GaAs-GaSb.

I. INTRODUCTION

In the past few years, the electronic and transport
properties of semiconductor structures such as superlat-
tices and multiple quantum wells have been studied both
experimentally and theoretically. ' The presence of im-
purities in these systems can be controlled experimentally
and they can affect the transport mechanisms, principally
at low temperatures. Several efforts to understand vari-
ous properties of an electron bound to a shallow dopant
impurity in polar materials have been published. In
three-dimensional systems it is known that the
electron —bulk-longitudinal-optical (LO) -phonon interac-
tion plays an important role, and these studies have
shown that this interaction tends to increase the binding
energy and the electron effective mass. On the other
hand, in superlattices and heterojunctions the presence of
interfaces changes dramatically the properties of the free
polaron and the bound polaron. In these systems the
electron —interface-phonon interaction needs to be con-
sidered.

The binding energy of an electron bound to an impuri-
ty has been calculated in several systems. In n-type Si in-
version layers the binding energy was calculated as a
function of the screening parameter and the external elec-
tric field. In quantum wells the binding energy was cal-
culated by several authors as a function of the layer
thickness, the impurity position inside the well, screen-
ing effects, ' the finite height of the barriers at the inter-
faces, " and the polaronic effects. ' ' Recently, Li,
Zheng, and Gu' have investigated the properties of an
electron bound to an impurity in a polar crystal slab. In
their calculation the electron —surface-optical (SO) pho-
non interactions were considered, but the interaction of
the impurity with SQ and LO phonons were neglected.
As has been shown by Platzman and by Nettel for the

analogous case of the three-dimensional bound polaron,
this interaction plays an important role in screening the
Coulomb interaction and consequently changes the bind-
ing energy by a considerable amount.

In the present work we report the calculation of pola-
ronic effects on the binding energy of an electron bound
to a positive isolated hydrogenic impurity near a polar-
polar interface, by taking into account the coupling be-
tween electrons and interface phonons and LO phonons,
the electronic polarizability, and also the possible aniso-
tropic electron effective mass. We have calculated the
contribution of the interface phonons to the effective in-
teraction between the electron and the impurity. The
influence of an external static electric field, applied per-
pendicular to the interface, on the binding energy is also
investigated. Since the heterojunctions of interest are
constituted by weakly polar semiconductors, we will ap-
ply a generalization of the variational method proposed
by Lee, Low, and Pines' which is known to be valid for
this range of the electron-phonon coupling constant.

The theory is applied to heterojunctions: A1As-GaAs
and GaAs-GaSb. In the case of the heteroj unction
A1As-GaAs, we discuss two different situations: (1) the
impurity is localized inside the GaAs and the electron is
confined at the X point of the conduction band of A1As;
(2) the impurity is localized inside the A1As and the elec-
tron is confined at the I point of the conduction band of
GaAs. When the electron is at the X point of the conduc-
tion band of A1As there is a high anisotropy on the elec-
tron effective mass such that the longitudinal mass (m„)
is about six times larger than the transversal mass (m~~ ),
however when the electron is at the I point of the GaAs
the electron effective mass is isotropic. ' For the hetero-
junction GaAs-GaSb, we consider the situation in which
the electron is confined in GaAs and the impurity is lo-
calized inside GaSb. As it is to be expected the
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II. THE MODEL HAMILTONIAN

We consider a system constituted by a junction of two
semi-infinite polar semiconductors with the interface
placed at z =0 and characterized by the wave vector in-
dependent lattice dielectric functions ei(co) for z )0 and
ez(co) for z &0, respectively. Using an infinite-potential-
barrier model, we will assume that the impurity will be
placed at z0 (z0 ~ 0) and the electron is inside of the ina-
terial 1 (z )0), as shown in Fig. 1. The electron effective
mass has transversal component m~~ and longitudinal
component m~. To obtain the interface phonons frequen-
cies co& and the bulk LO phonons frequencies ~LQ;
(i=1,2) we have used the well-known relations
e&(ei&)+ e2(co&) =0 and e, (cot o, ) =0, respectively. The
Hamiltonian of the system can be written as

with

e +@ph ++int (2.1)

electron —LO-phonon interaction increases the binding
energy. On the other hand, we have observed that the in-
clusion of the interactions of the electron and the impuri-
ty with the interface phonons in the calculation decreases
the binding energy of the ground state. This result is in-
teresting because it shows that the total polaronic correc-
tion to the binding energy can be positive and conse-
quently decreases the stability of the electron-impurity
system. As we will see, this result is due to the fact that
the impurity induces interface charges with the same sign
of the electron charge which tends to maintain the elec-
tron far from the interface. The presence of the static
external electric field applied perpendicular to the inter-
face increases the binding energy and the polaronic
corrections since the electron is closer to the interface.

This paper is organized as follows. In Sec. II the mod-
el Hamiltonian for the electron-impurity interaction is
defined taking into account the anisotropy of the electron
effective mass, the electron-LO-phonon and electron (im-
purity) —interface-phonon interactions, and the effects of
the electronic polarizability. In Sec. III we present the
variational method and set up a variational wave function
to obtain the binding energy of the ground state. Finally,
we present in Sec. IV the numerical calculations and con-
cluding remarks.

2m 2m'

e'
+

4ze„, (e,+e z)
(2.2)

where the third term represents the barrier at the inter-
face which will be taken to be equal to infinity for z (0
and zero for z) 0, and E„, is a static external electric
field applied perpendicular to the interface. The last term
corresponds to the electron interaction with the electron-
ic part of the polarization which follows the electron adi-
abatically, and e „e 2 are the optical dielectric con-
stants of the materials 1 and 2, respectively. The Hamil-
tonian of the phonons H h in Eq. (2.1) is given by

Hph =g A'coi oaqaq+g g ficoibgibqi, (2.3)
q Q

H. t= +H~+Hl,
E' g[P +(Z Zp) j

(2.4)

where e,s=(e i+e 2)/2 and

Hii =g I (q)e'~'~sin(q, z)(a +aq ) (2.5)

is the electron —bulk-LO-phonon interaction and

H. =XX»«)('~'e ~' —e ')(bg~+b'-~. »
Q

(2.6)

is the electron (impurity) —interface-phonon interaction.
The Fourier coeKcients for the interactions described in
Eqs. (2.5) and (2.6) are

where a is the annihilation operator of the bulk LO pho-
nons of material 1 with wave vector q=(g, q, ) and the
energy AcoLQ, and bQ& is the annihilation operator of the
interface excitation with wave vector Q, the in-plane pro-
jection of q with energy iii'ai&. In Eq. (2.3), we have con-
sidered only the bulk LO phonons of material 1 since we
are using the infinite-potential-barrier model and conse-
quently the electron does not couple with the bulk LO
phonons of material 2. The interaction between the im-
purity and bulk LO phonons of material 2 was not con-
sidered due to the fact that it does not contribute to the
binding energy of the bound polaron.

The Hamiltonian H,„, in Eq. (2.1) is given by

2

I +ra))

.&~LO 4~ 1I (q)= i—0 F~)

2
1

~01 ~~LO

1/2

(2.7)

' 1/2
2~

)'i.(g) = —
~ air, i (2.8)

FIG. 1. System considered in the present paper. The elec-
tron is confined in material 1 and a positive hydrogenic irnpuri-

ty is placed at z0. We consider the electron interacting with
both interface and bulk LO phonons and we take into account
the anisotropic electron eftective mass.

respectively, where 0 is the volume of material 1, A is
the area of the interface, e0, is the static dielectric con-
stant of material 1, and by analogy with the bulk polaron
problem we have defined the traditional dimensionless
electron —interface-phonon coupling a& and the interface
polaron radius as
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minimum. The total energy of the bound interface pola-
ron is obtained computing the expectation value
(/IHIP), which gives

2

dQe 'M(Q)G(Q) —(@Iez&,„,IC')
&ea

respectively. In Eq. (2.9) the dielectric function of both
media is considered in the simplest case of diatomic crys-
tals where we have only one set of infrared-active modes,

2 2~r On
e„(co)=e

CANTO n CO

(2.11)

with coTo„as the transverse optical frequency of the ma-
terial n (n =1,2), and the ion plasma frequency is given
by

e'+ " " (eIz-' a )+as, +as, ,(e„,+e„z) 4e„,
(3.3)

where the contributions from the electron —bulk-LO-
phonon interaction and the electron (impurity)
—interface-phonon interaction are given by

~2 Q Q2
0

~pn

1/29e

(e„„+2)p (~LOn ~Ton ) (2.12) (3.4)

and the function 0„(co) is defined as

e,„(e „—1)(e „+2) (co,„—co )
I9„(co)= 1+

3e~n (eon e~n ) ~LOn

(2.13)

and

b,EI = —g nqAcoqr q J dQIM(Q)G(Q) —e j
0

(3.5)

with
with

2
~on ~LOn

2
+2 (~Lo ~To+2

1/2

(2.14)

and

M(Q)=(q Ie'q'Iq ),
G(Q)=(@Ie

(3.6)

(3.7)

III. THE VARIATIONAL METHOD F(Q)=j dz'4 (z')j dz 4 (z)e
0 0

(3.8)

g=@(z)&p(p) UIO), (3.1)

where @(z) is the electron wave function in the z direc-
tion, qr(p) describes the electron wave function parallel to
the interface, IO) is the phonon vacuum state, and the
canonical transformation U is given by

U=exp g (fgxbgx —fqxbQZ)
A, , Q

X exp g (g a —
g *at )

q

(3.2)

where f&& and g are variational functions to be deter-
mined requiring that the energy of the system be

Since the materials of interest are weakly polar, such
that the electron-phonon interaction is in the weak-
coupling regime, we will use a generalization of the Lee,
Low, and Pines method' in order to obtain the ground-
state energy of the bound polaron near an interface of a
polar-polar semiconductor. This method has been used
extensively and is very well established in the literature
such that we will not present all calculations in detail.
Thus, the variation technique developed by Lee, Low,
and Pines, ' is generalized considering the following an-
satz to the wave function of the bound polaron:

The ground-state energy of the interface bound polaron
will be obtained using the following variational wave
functions:

3

+(z) = —5z /2 (3.9)

and

y(p) =
1/2

—o.p/2e (3.10)

where 5 and o. are variational parameters determined
minimizing the total energy of the system. The binding
energy of the bound interface polaron is obtained, as usu-
al, by taking the difference of the minimum total energy
of the system with and without the impurity. The numer-
ical results of this theory will be presented in the next
section.

IV. RESULTS AND DISCUSSION

As an application of this theory we will use the systems
constituted by the heterojunctions A1As-GaAs and
GaSb-GaAs. In order to calculate the binding energy of
the ground state of the interface bound polaron we have
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GaAs
AlAs
GaSb

36.25
50.09
29.80

E'p

12.83
10.06
15.69

10.9
8.16

14.44

m
~~

/mp

0.067
0.19

m~/mp

0.067
1.1

TABLE I. The parameters used in the calculations: the fre-
quencies of the bulk LQ phonons (in meV), dielectric constants
(static and optical), and efFective mass for electron in units of
free-electron mass (Refs. 7 and 18).

used the parameters listed in Table I. The binding energy
was obtained as a function of the electric field applied
perpendicular to the interface and the impurity position.

In Fig. 2 the results for a hydrogenic impurity placed
at the interface and the electron confined in the L point
of the conduction band of AlAs are presented. The bind-
ing energy of the ground state is plotted as a function of
the electric field in Fig. 2(a), with and without the pola-
ronic corrections. Also plotted is the binding energy of
the bound polaron considering just the bulk LO phonon
and neglecting the interface phonons contribution. The
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FIG. 2. The ground-state binding energy of the bound pola-

ron near the interface of the heterojunction AIAs-GaAs is plot-
ted in (a) as a function of the external electric field. The impuri-
ty is placed at the interface and the electron is confined in AlAs.
The solid line ( —)is the result of the present theory, the dashed
line (—-) is the binding energy when we neglect the presence of
phonons, and the dashed —dotted line (- ~ -) is the result of the
binding energy where we have neglected only the
electron —interface-phonons interaction. In (b) we show the po-
laronic contributions to the binding energy due to the electron
interaction modes (I+ and I ) and the bulk LO phonons as a
function of the electric field. In (c) we plotted the average dis-
tance to the interface (z ) and the in-plane average radius (p),
with and without polaron eiTects, as a function of the electric
field.

Ee~ (V/cm)

FIG. 3. The ground-state binding energy of the bound pola-
ron near the interface of the heterojunction AlAs-GaAs is plot-
ted in (a) as a function of the external electric field. The impuri-

0

ty is placed 30 A from the interface inside GaAs and the elec-
tron is confined in AlAs. The solid line ( —) is the result of the
present theory and the dashed line (—-) is the binding energy
when we neglect the presence of phonons. In (b) we show the
polaronic contributions to the binding energy due to the elec-
tron interaction with the interface modes (I+ and I ) and the
bulk LO phonons as a function of the electric field. In (c) we
plotted the average distance to the interface (z) and the in-
plane average radius (p ), with and without polaron eff'ects, as a
function of the electric field.
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total polaronic corrections decrease the binding energy as
compared to the case in which it neglected the presence
of any phonons. When only the bulk LO phonon is in-
cluded in the calculation we recover the usual result that
this interaction increases the binding energy. As expect-
ed, when the electric field is increased the electron will be
closer to the interface, and consequently will raise the
binding energy. In Fig. 2(b) we present the contribution
of the polaronic energy to the binding energy of the sys-
tem as a function of the electric field. As can be seen, the
interface contributions, I+ and I, are always positive

and increase as a function of the electric field due to the
fact that the electron is closer to the interface. On the
other hand, the bulk LO phonon contribution is negative
and tends to zero for large electric fields. It is important
to note that the polaronic corrections from the interface
phonons are greater than the absolute value of the contri-
bution from the bulk LO phonons. In Fig. 2(c) we have
plotted the average distance of the electron to the inter-
face (z ) and the average in-plane radius (p ), as a func-
tion of the electric field, with and without polaron e6'ects.
As (z) as (p) decreases with the enhancement of the
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FIG. 4. The ground-state binding energy of the bound pola-
ron near the interface of the heterojunction GaAs-AlAs is plot-
ted in (a) as a function of the external electric field. The impuri-

0
ty is placed 30 A from the interface inside AlAs and the elec-
tron is confined in GaAs. The solid line ( —) is the result of the
present theory and the dashed line (—-) is the binding energy
when we neglect the presence of phonons. In (b) we show the
polaronic contributions to the binding energy due to the elec-
tron interaction with the interface modes (I+ and I ) and the
bulk LO phonons as a function of the electric field. In (c) we
plotted the average distance to the interface (z) and the in-
plane average radius (p), with and without polaron eff'ects, as a
function of the electric field.

FIG. 5. The ground-state binding energy of the bound pola-
ron near the interface of the heterojunction GaAs-GaSb is plot-
ted in (a) as a function of the external electric field. The impuri-

0

ty is placed 30 A from the interface inside GaSb and the elec-
tron is confined in GaAs. The solid line ( —) is the result of the
present theory, and the dashed line (—-) is the binding energy
when we neglect the presence of phonons. In {b) we show the
polaronic contributions to the binding energy due to the elec-
tron interaction with the interface modes (I+ and I ) and the
bulk LO phonons as a function of the electric field. In (c) we
plotted the average distance to the interface (z) and the in-

plane average radius (p), with and without polaron effects, as a
function of the electric field.
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electric field and the confinement of the electron is larger
when the polaronic effects are taken into account. In or-
der to understand the reduction of the binding energy
due to polaronic effects, we have calculated the contribu-
tion of the interface phonons to the effective interaction
between the electron and the impurity, which is given by

1
EVt(p, z) =g 2ath'co~ 2+ ( )211/z

(4.1)

Since the effective potential given by Eq. (4.1) is repul-
sive it will decrease the binding energy of the bound pola-
I on.

In Fig. 3 we present the results for the bound polaron
when the hydrogenic impurity is placed in GaAs 30 A
from the interface and the electron is confined at the X
point of the conduction band of A1As. The binding ener-
gy is reduced significantly compared to the preceding re-
sults in which the impurity was placed at the interface.
Also, the polaronic corrections are decreased, as can be
seen in Fig. 3(b), since the electron average distance from
the interface has increased [Fig. 3(c)].

Now we will consider the case where the electron is at
the I point of the conduction band of the GaAs, and the
impurity is inside the A1As. In Fig. 4 the results of the
binding energy, polaronic corrections, and electron aver-
age distance are plotted as a function of the electric field
for the impurity placed 30 A from the interface. These
results are qualitatively similar to those shown in Figs. 2
and 3. Comparing the results in Figs. 3 and 4, we have
observed that the binding energy and the polaronic
corrections are significantly reduced and the electron
average distance is increased. This fact occurs basically
due to the difference in the electron effective mass in

A1As and GaAs.
Another interesting system that we have studied is the

heterojunction GaAs-GaSb. In this system the electron is
confined inside GaAs, and we will consider that the im-
purity is placed inside of the GaSb. In Fig. 5 the results
for the binding energy, polaronic corrections, and the
electron average distance for an impurity placed inside
the GaSb, 30 A from the interface are presented. We
have observed that the bound polaron is unstable for low
electric fields. As can be seen in Fig. 5(a), there is a
minimum electric field required to create a bound state.
The others results are qualitatively similar to those al-
ready obtained in this paper.

In conclusion, we have shown in this paper that for a
bound polaron close to the interface of polar-polar semi-
conductors the total polaronic correction is positive and
decreases the binding energy of the ground state. De-
pending on the system, the reduction on the binding ener-
gy is large enough to avoid a bound state for low electric
fields. Finally, in this work it has been shown that the in-
terface modes play a fundamental role in the understand-
ing of the properties of the ground state of a bound pola-
ron.
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