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Effects of interfacial charges on semiconductor films

A. M. Alencar, R. N. Costa Filho, V. N. Freire, and G. A. Farias
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60455-760 Fortaleza, Ceara´, Brazil
~Received 18 November 1997!

The electron-phonon coupling and the confined electron binding energy in a semiconductor film with a
charge density at both surfaces is investigated. Maxwell equations are solved with appropriate boundary
conditions to calculate the dispersion relation of bulk longitudinal-optical~LO! and surface-optical~SO!
phonons. The Hamiltonian that describes the electron-phonon interaction is obtained through a quantum treat-
ment, and a perturbation theory up to the second order is used to calculate the ground-state energy of confined
polarons. Numerical results are obtained for the dispersion relation, the electron-phonon coupling function, and
the ground-state energy of polarons in GaAs films. It is shown that the charged interfaces do not change the
volume modes of a GaAs film, but alter significantly its surface modes. The dispersion relation of SO phonons,
the electron-phonon coupling function, and the ground-state energy of the polaron depend on the surface
charge density, as well as on the film thickness.@S0163-1829~98!03219-6#
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I. INTRODUCTION

The interaction between electrons and elementary exc
tions in the neighborhood of a surface is a matter of r
evance to the development of technological applicatio
There has been great interest in the investigation of the p
erties of electrons close to a surface or confined in a
film,1–8 where the electron-surface interaction is very imp
tant. The coupling electron-interface modes in quant
wells and superlattices have attracted considerable atten
recently due to its relevance to the properties of semicond
tor heterostructures, which are important for dev
applications.9–14 The interaction between an electron and t
optical polarization in homogeneous crystal films have b
studied by Lucas, Kartheuser, and Badro15 and Licari and
Evrard.16 In these works, the interaction between the elect
and longitudinal-optical ~LO! and surface-optical~SO!
phonons was calculated including electronic polarization
fects due to ionic motion. Starting from a classical approa
and considering a quantum-mechanical treatment, Wend17

has calculated the interaction operator for an electron i
dielectric bilayer system. Using these results, the ground
the first excited state of a polaron confined in a film of
polar crystal has been calculated by Liang, Gu, and L2

Considering multilayer finite heterostructures, Pokatilo18

and Shi, Pan, and Liu19 have studied the interaction of a
electron with bulk~LO! and surface~SO! phonons in three-
and four-layer heterostructures, respectively. More recen
the binding energy and effective mass of a polaron in
GaAs/AlxGa12xAs quantum well structure has been studi
by Hai, Peeters, and Devreese.20 In all these works, the elec
tron confinement produces significative changes on the s
tering rates and on the polaron energy due to the elect
surface optical modes interaction.

The presence of a surface charge density at the interf
of a thin film causes a considerable effect on the dispers
relation of surface-optical phonons.21,22 Consequently, it is
expected that it should also change significantly the inte
tion between an electron and the surface modes, as we
570163-1829/98/57~19!/12275~6!/$15.00
a-
l-
s.
p-
in
-

ion
c-

n

n

f-
h
r
a
d

.

y,
a

at-
n-

es
n

c-
as

the binding energy of confined polarons in thin semicond
tor films. In the present paper, we study the effect of a tw
dimensional~2D! surface charge density on a polaron co
fined in a thin polar semiconductor film.

The paper is organized as follows. In Sec. II, we calcul
the dispersion relation of bulk LO and SO phonons. Us
these results we derive in Sec. III the surface electr
phonon coupling and the Hamiltonian that describes the
laron confined in a film with the presence of a charge den
at the interfaces. In Sec. IV, we obtain the ground-state
ergy of the polaron up to the second-order perturbat
theory. Numerical results for the dispersion relation of t
SO modes, the electron-phonon coupling function, and
ground-state energy in GaAs films with different thickne
and surface charge densities are shown in Sec. V. Finally
present our concluding remarks in Sec. VI.

II. DISPERSION RELATION

The system we consider is a polar semiconductor fi
which is infinite in thex-y plane and has plane interface
placed atz56a. The semiconductor film is characterized b
a dielectric constante(w) and it is immersed in vacuum. W
assume that the effective-mass approximation is valid for
electron inside the film and that the potential barrier at
interfaces is infinite. We consider the existence of a surf
charge at both interfaces with the same density.

In order to calculate the dispersion relation of S
phonons, we use the boundary conditions at the interfacz
56a and consider the existence of an equal charge den
at both interfaces, which is represented by a 2D current d
sity given by22

s5 i
nse

2

msw
2

, ~1!

wherens(ms) is the charge density~mass! of the 2D carriers
at the interfaces. Thus, imposing the continuity of the co
ponent Ei

s(qi ,z) and considering the discontinuity of th
12 275 © 1998 The American Physical Society
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componentEz
s(qi ,z) at z56a, whereqi is a wave vector in

the x-y plane, we obtain the dispersion relation of the S
phonons:

~e1F !7~e2F !e22qia50, ~2!

with

F5S 12
qinse

2

msw
2eo

D . ~3!

The termF in Eq. ~3! contains the correction in the su
face modes dispersion relation due to the presence of
charge density at the interfaces. Now, using in Eq.~2! the
dielectric constant in the Lyddanne-Saches-Te
format,23,24 we obtain the two frequency modes~a lower
modewSO2 and an upper modewSO1) for the SO phonons

wSO6
2 5

~ws506
2 1C6!1A~ws506

2 1C6!224wTO
2 C6

2
,

~4!

where

C65
qinse

2

eoms

16e22qia

~e`1e!6~e`2e!e22qia
, ~5!
b
or
he

r

and

ws506
2 5wTO

2 ~es11!7~es21!e22qia

~e`11!7~e`21!e22qia
, ~6!

being wTO the TO-phonon frequency, andes(e`) the static
~optical! dielectric constant of the semiconductor. Equati
~6! is the well-known SO-phonon dispersion relation in
film without the presence of a charge density at t
interfaces.16 The termC6 in Eq. ~4! includes the contribu-
tion of the surface charge density to the SO-phonon mod
We observe that whenqi→0, C6→0 we have wSO6

→ws506 , showing that for small values of the wave vect
the charge density at the interfaces has no influence on
dispersion relation. Whens→0 Eq. ~4! also reproduces the
dispersion relation obtained by Licari.16

III. ELECTRON-PHONON COUPLING
AND THE HAMILTONIAN

To obtain the electron–surface-optical-phonon inter
tion, we have first to calculate the components of the elec
field for each mode. Using the boundary conditions of t
electric field at the interfacesz56a, their components can
be written as
~7!

and

~8!
h
whereCs represents the normalization constant that can
obtained through the following normalization condition f
the polarization field:17

(
b

E
2a

a

dz
Q1/2~wi !Q

1/2~wj !

wp
2

n

Pb
i * ~qiz!Pb

j ~qiz!5d i j ,

~9!

where

Q1/2~w!5
3e`

e`12S wLO
2 2wTO

2

e`~wLO
2 2w2!2~wTO

2 2w2!
D , ~10!

with

P~qi ,z!5eox~w!E~qi ,z!, ~11!
eand x(w)5e(w)21. The normalization constant for bot
modes is calculated using Eq.~9! in Eqs.~7! and ~8!, and is
given by

uCsu65
1

eoux6u @wTO~es2e`!#1/2wTO
1/2J6

3
1

f 7~qia!
Aqi f 2~2qia!, ~12!

where

x65
es212~e`21!wSO6

2 /wTO
2

12wSO6
2 /wTO

2
~13!

and
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J65
1

2e`
S e`~wLO

2 2wSO6
2 !2~wTO

2 2wSO6
2 !

wLO
2 2wTO

2 D , ~14!

with f 1(x)5cosh(x) and f 2(x)5sinh(x).
With the electric field calculated we can now obtain, f

the system under consideration, the term in the Hamilton
that describes the electron-phonon interaction. To do this
use the fact that the second quantizated electron-phono
teraction Hamiltonian can be written as

He2ph5(
qi

(
i

eiqi•xe
G i~qi ,z!@ âi~qi!1âi

†~2qi!#,

~15!

whereâi(qi)@ âi
†(2qi)# is the annihilation~creation! opera-

tor associated with thei th mode, andG i is the electron-
phonon coupling function,17

G i~qi ,z!52S \eoe2

2Awi~qi!
D 1/2 i

qi
Ei

i ~qi ,z!, ~16!

with Ei given by Eq.~7!.
Using Eqs.~7! and ~12!, the coupling functionG i(qi ,z)

between the electron and the SO-phonon modes is stra
forwardly obtained,17 and is given by

G6~qi ,z!5Fe2\wTO~es2e`!

2Aeo
G1/2S f 2~2qia!

qi
D 1/2

G6 ,

~17!

with

G65S J6

x6 f 7~qia! D S wTO

wSO6
D 1/2 f 6~qiz!

f 6~qia!
. ~18!

Considerings50 in Eq. ~1!, i.e., no charge at the inter
faces, the coupling function@Eq. ~16!# is reduced to the one
obtained by Licari and Evrard.16

The Hamiltonian of the system under consideration c
tains four terms:

H5He1Hph1He2LO1He2SO. ~19!

The first and the second terms correspond to the elec
in the rigid lattice of the film and phonons, respectively. T
one associated with the electron in the film is given by

He52
\2

2m*
¹21Vb ; uzu,a, ~20!

wherem* is the electron effective mass andVb is parameter
related to the height of the barrier at the interfaces, wh
will be considered infinite. The phonon HamiltonianHp is
constituted of two terms,ĤLO and ĤSO:

ĤLO5(
i

(
qLO

\wLO@ âpi
† ~qLO!âpi~qLO!1 1

2 #, ~21!

for the bulk LO phonons and

ĤSO5(
i

(
qi

\wSOi~qi!@ b̂pi
† ~qi!b̂pi~qi!1 1

2 #, ~22!
n
e

in-

ht-

-

on

h

for the SO phonons, wherewLO is the bulk longitudinal-
optical frequency,wSO6(qi) is the surface optical frequenc
given by Eq.~4!, âi(qi), b̂pi(qi) and âi

†(2qi), b̂pi
† (qi)

are annihilation and creation phonon operator for bulk a
surface states, respectively, withi referring to the sum in
different modes.

The third term in Eq.~19!, He-LO , is associated with the
Hamiltonian of the electron-bulk longitudinal-optical~LO!
phonon. Since a surface charge density does not chang
bulk modes, it is well known as is given by Licari an
Evrard16

Finally, using Eqs.~7!, ~15!, ~16!, ~17!, and ~18!, the
Hamiltonian that describes the electron–SO-phonon inte
tion can be written formally as

FIG. 1. Dispersion relation of SO phonons in a GaAs film a
function of the wave vectorqi , for film thickness of~a! 10 and~b!
100 GaAs ML. The frequencies and wave vectors are normali
by the frequencies and wave vectors of the TO phonons, res
tively. The solid curve is the dispersion relation calculated in
absence of a charge density, while the dashed and dotted-da
curves correspond to a densityns51.03109 cm22 and 3.0
3109 cm22, respectively.
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He-SO5Fe2\wTO~es2e`!

2eoA G1/2

(
qi

eiqi•XeS f 6~2qia!

qi
D 1/2

3$G1„b̂i~qi!1b̂i
†~2qi!…1G2„b̂i~qi!1b̂i

†~2qi!…%.

~23!

Considerings50 ~no charge at the interfaces!, it is easy
to show that the Hamiltonian associated with the electron
phonons, Eq.~23! is reduced to that one obtained by Lica
and Evrard.16

IV. GROUND-STATE ENERGY

Since the film on which the electron is confined is a se
conductor with a weak electron-phonon interaction, we c
use perturbation theory to obtain the ground-state energ
e

o

io
e
re

.
th
O

i-
n
of

the polaron, which is given by

DE52 (
n8,qi

z^n,0uH intun8,qi& z2

En8qi
2En0

, ~24!

where H int represents the perturbation term in the Ham
tonian given by Eq.~19! (He-LO or He-SO), and qi is the
momentum of the LO and SO phonons, respectively.

In order to calculate the ground-state energy of the
laron, we follow the procedure used by Liang, Gu, and Li2

Through a straightforward calculation, the second-order c
rection to the polaron energy is obtained as

DE5DEqLO11DEqLO21DEqSO11DEqSO2 , ~25!

with
DEqLO6
52a\wLO

8NakLn2

p4 (
m,n8

$@~n81m!22n2#212@~n82m!22n2#21%2

@m21n22n822kL
2~Na/p!2#

lnF m2

n822n21~kLNa/p!2G , ~26!
of a
rre-

s to
en-
ge
d
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e
arge
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the
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f the
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where kL is the wave vector defined as\2kL
2/2m*

5\wLO , m51,3,5, . . . , (n82n)560,62,64, . . . for
EqLO1

, andm52,4,6, . . . , (n82n)561,63,65, . . . for

EqLO2
, and

DEqSO6
52a\wLO8NakL~ese`

3 !1/2(
n8

E
0

`

dxsinh~x!

3F S J6

x6sinh~x/2! D S wTO

w6
D 1/2

tanh~x/2!G2

3H F x

x21@~n2n8!p#2G2F x

x21@~n1n8!p#2G J 2

3@x21~kS6Na!21p2~n822n2!#21, ~27!

with (n2n8)50,62,64, . . . for EqSO1
and (n2n8)561,

63,65, . . . forEqSO2
, N is the number of monolayers of th

film, and kS6 are the wave vectors defined as\2kS6
2 /2m*

5\wSO6 , and in these equations we have defined the c
pling constant,

a5
m* e2

\2kL
S 1

e`
2

1

e0
D . ~28!

V. NUMERICAL RESULTS

The analytical results displayed in the previous sect
can be used in any system provided it presents a w
electron-phonon coupling. In order to obtain numerical
sults, we have chosen a GaAs film2 to illustrate the effects on
the polaronic corrections due to the presence of a~2D! sur-
face charge. To present the results, initially we plot in Fig
the dispersion relation of SO phonons as a function of
wave vectorqi , for a film of N510 and 100 GaAs ML. The
u-

n
ak
-

1
e

solid curve is the dispersion calculated in the absence
charge density, while the dotted and dashed curves co
spond to charge densitiesns51.03109 cm22 and 3.0
3109 cm22, respectively. We observe that whenqi
→0, C6→0, implying thatwSO6→ws506 , i.e., the posi-
tive and negative modes of the dispersion relation tend
the phonon frequencies in a film without surface charge d
sities. Whens→0, we do not have the presence of a char
density and our result@Eq. ~4!# reproduces the one obtaine
by Licari and Evrard.16 As can be seen in Fig. 1~a! for the
lower modewSO1 , there is a considerable change of t
dispersion relation with the doping, but this change is n
observed in the case of the upper modewSO2 . As can be
seen in Fig. 1~b!, the effects of the surface charge in a thick
film are significative only for large values ofqi .

As shown analytically in Sec. III, a modification in th
dispersion relation due to the presence of the surface ch
induces a change in the interaction of the electron with
surface modes. To analyze this, we present in Fig. 2
electron-phonon coupling functionG6 of the electron-
surface optical phonons@see Eq.~17!# as a function of thez
coordinate for a GaAs film of 10 GaAs ML. The solid curv
is the coupling function calculated in the absence of a surf
charge density, while the dotted curve corresponds to a d
sity ns53.03109 cm22. We observe a very small change
the coupling function corresponding to the antisymmet
modeG2 ~left branch in Fig. 2!. This is consistent with the
behavior ofwSO2 . However, for the symmetric modeG1

~right branch in Fig. 2!, the increase on the coupling consta
is very significant, which is expected since it is related to
lower modewSO1 . As can be seen, the effect of the sym
metric surface charge on the coupling function is to enha
its strength and consequently increase the confinement o
electron in the film. Although it is not presented here, w
have observed that the effect of a surface
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charge density in the coupling constant decreases when
film thickness increases.

In Fig. 3, we plot for a GaAs film the second-order co
rection in the polaron energy due to the SO modes@see Eq.
~27!# as a function of the monolayersN of the film given in
terms of the GaAs lattice parameter. The solid curve is
the second-order correction in the absence of a charge
sity, which reproduces the one obtained by Liang, Gu, a
Lin,2 while the dashed and dotted-dashed curves corresp
to a densityns51.03109 cm22 and 3.03109 cm22, re-
spectively. The increases of the polaron energy is dire
related with the enhancement of the coupling constant sh

FIG. 2. The electron-phonon coupling function of the electro
surface optical phonons as a function ofz coordinate in a GaAs film
of 10 GaAs ML. The solid curve is the coupling function calculat
in the absence of a surface charge density, while the dotted c
corresponds to a densityns53.03109 cm22.

FIG. 3. The second-order correction to the polaron energy
GaAs film due to the SO modes as a function of the numbe
monolayers. The solid line is the second-order correction in
absence of a charge density, while the dashed line and do
dashed curve correspond to a densityns51.03109 cm22 and 3.0
3109 cm22, respectively.
he

e
n-
d
nd

ly
n

in Fig. 2. As can be seen, the influence of the surface cha
density is very significant, mainly on thin films.

Finally, we plot in Fig. 4 the second-order correctionDE
to the polaron energy@Eq. ~25!# as a function of the mono
layersN of the film, given in terms of the GaAs lattice pa
rameter. It was calculated in the absence of a charge den
and for the densities ns51.03109 cm22 and 3.0
3109 cm22. Since the surface charge density does
change the bulk modes, the difference on the energies is
only to changes on the surface modes. In fact, the contr
tion of the volume modes tends to zero in very thin films a
contributes with less than 10% of the total polaronic corr
tion for films with N'200.

From the results we have obtained, we can not expect
a perturbation theory up to the second-order correction
be used for very thin films (a<5 GaAs lattice parameters!.

VI. CONCLUSIONS

In conclusion, the dispersion relation of SO phonons,
electron-phonon interaction, and the second-order correc
to the polaron energy have been obtained for films with
equal surface charge density. The numerical results we h
presented are restricted to the weak-coupling limit, but
analytical results for the dispersion relation and the electr
phonon coupling are general. It is also important to not
that, although a symmetric surface charge density does
produce a macroscopic electric field inside the film, it mo
fies the surface modes. Therefore, the change in the elec
phonon interaction induces a confinement on the elec
that is responsible for a remarkable correction on the ene
of a polaron confined in thin films. It is expected that the
changes are also important for the polaron effective ma
and consequently in all transport properties of electrons c
fined in films with a surface charge density. These calcu
tions are now under consideration.

-

ve

a
f
e
d-

FIG. 4. The second-order correction to the polaron energyDE
@Eq. ~25!# in a GaAs film as a function of the number of monola
ers. The solid curve is the second-order correction in the absenc
a charge density, while the dashed and long-dashed curve c
spond to a densityns51.03109 cm22 and 3.03109 cm22, re-
spectively.
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