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Effects of interfacial charges on semiconductor films
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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-opt{t&®) and surface-optica(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 thicknd§0163-182¢08)03219-9

[. INTRODUCTION the binding energy of confined polarons in thin semiconduc-
tor films. In the present paper, we study the effect of a two-
The interaction between electrons and elementary excitedimensional(2D) surface charge density on a polaron con-
tions in the neighborhood of a surface is a matter of relfined in a thin polar semiconductor film.
evance to the development of technological applications. The paper is organized as follows. In Sec. ll, we calculate
There has been great interest in the investigation of the proghe dispersion relation of bulk LO and SO phonons. Using
erties of electrons close to a surface or confined in a thithese results we derive in Sec. Ill the surface electron-
film,*~8 where the electron-surface interaction is very impor-phonon coupling and the Hamiltonian that describes the po-
tant. The coupling electron-interface modes in quantunfaron confined in a film with the presence of a charge density
wells and superlattices have attracted considerable attentigi the interfaces. In Sec. IV, we obtain the ground-state en-
recently due to its relevance to the properties of semiconducergy of the polaron up to the second-order perturbation
tor heterostructures, which are important for devicetheory. Numerical results for the dispersion relation of the
applications~#The interaction between an electron and theSO modes, the electron-phonon coupling function, and the
optical polarization in homogeneous crystal films have beeground-state energy in GaAs films with different thickness
studied by Lucas, Kartheuser, and Badrand Licari and and surface charge densities are shown in Sec. V. Finally, we
Evrard?® In these works, the interaction between the electrorPresent our concluding remarks in Sec. VI.
and longitudinal-optical (LO) and surface-optical(SO)
phonons was calculated including electronic polarization ef- Il. DISPERSION RELATION

fects due to ionic motion. Starting from a classical approach . . . '
and considering a quantum-mechanical treatment, Welidler The system we consider is a polar semiconductor film,

has calculated the interaction operator for an electron in ¥/hich is infinite in thex-y plane and has plane interfaces
dielectric bilayer system. Using these results, the ground an@laced az=*a. The semiconductor film is characterized by
the first excited state of a polaron confined in a film of a@ diélectric constaré(w) and it is immersed in vacuum. We
polar crystal has been calculated by Liang, Gu, and2Lin.@Ssume t_ha; the eﬁgctlve—mass apprOX|mat|_on is V§.|Id for an
Considering multilayer finite heterostructures, Pokatifov electron inside the film and that the potential barrier at the
and Shi, Pan, and L8 have studied the interaction of an interfaces is infinite. We consider the existence of a surface
electron with bulk(LO) and surfacgSO) phonons in three- Ccharge at both interfaces with the same density.
and four-layer heterostructures, respectively. More recently, N order to calculate the dispersion relation of SO
the binding energy and effective mass of a polaron in ghonons, we use the bour_1dary conditions at the mterfaces_
GaAs/ALGa, _,As quantum well structure has been studied= *a apd consider th_e e?(lstence of an equal charge density
by Hai, Peeters, and DevreeSdn all these works, the elec- a_t bot.h mterfgces, which is represented by a 2D current den-
tron confinement produces significative changes on the scatlty given by
tering rates and on the polaron energy due to the electron- 5
surface optical modes interaction. . Ns€
The presence of a surface charge density at the interfaces o=l
of a thin film causes a considerable effect on the dispersion
relation of surface-optical phonofAs??> Consequently, it is Wwhereng(ms) is the charge densitymass$ of the 2D carriers
expected that it should also change significantly the interacat the interfaces. Thus, imposing the continuity of the com-
tion between an electron and the surface modes, as well g®nent Eﬁ(q” ,Z) and considering the discontinuity of the

@
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componenEi(qH ,Z) atz=*a, whereq is a wave vector in

the x-y plane, we obtain the dispersion relation of the SO

phonons:
(e+F)¥(e—F)e 2U2=0, 2
with
nee?
F= 1—q”—s>. 3
mew2e,
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and

> (€st+1)+ (es— 1)e72q”a

To(ex+ 1)F (e, —1)e 22’

2
we_

(6)

0= W

beingwrg the TO-phonon frequency, and(e.,) the static
(optica) dielectric constant of the semiconductor. Equation
(6) is the well-known SO-phonon dispersion relation in a
film without the presence of a charge density at the
interfaces'® The termC.. in Eq. (4) includes the contribu-

The termF in Eq. (3) contains the correction in the sur- tion of the surface charge density to the SO-phonon modes.
face modes dispersion relation due to the presence of th&/e observe that whem;—0, C.—0 we havewsp.

charge density at the interfaces. Now, using in B).the
dielectric  constant in the
format?>2* we obtain the two frequency modéa lower
modewgy_ and an upper modegg, ) for the SO phonons:

(W2_p, +Ca)+(W2_y, +C.)?—4ws.C.

W2 — lll. ELECTRON-PHONON COUPLING
so* 2 ’( ) AND THE HAMILTONIAN
4

To obtain the electron—surface-optical-phonon interac-

where tion, we have first to calculate the components of the electric
2 1+e 292 field for each mode. Using the boundary conditions of the

_ainse ~—° i (5)  electric field at the interfaces= *a, their components can
€oMs (e, +€)*(€e,—€)e 2912 be written as
|
e_q“(z_a) 5 Z>a,
cosh(gyz)cosh(gya) branch(+)
Ej.(qpo)=ics{ { T ; a>r>-a, @)
sinh(qyz)/sinh(qja) branch(—)
+ 4|z +a) : —-a>z,
and
—e G- : >a,
sinh(qyz)/cosh(qpa) branch(+)
E; (q).2)=C" e ; a>z>-—a, (8
= cosh(gyz)/sinh(gya) branch(—)
+eflzta) ; -a>z,

—W,—g+ , Showing that for small values of the wave vector

Lyddanne-Saches-Tellethe charge density at the interfaces has no influence on the

dispersion relation. Whea—0 Eq.(4) also reproduces the
dispersion relation obtained by Licafi.

where C® represents the normalization constant that can band y(w)=e(w)—1. The normalization constant for both
obtained through the following normalization condition for modes is calculated using E@®) in Egs.(7) and(8), and is

the polarization field:

a @1/2(Wi)®l/2W') ) )
> jﬁadz 5 W Py (0)2)PL(qp2) = &jj ,

3 Won
9
where
3e., W2 — W2
OL2(w)= € / . Lo To2 (10
Eoo+2\ €(Wio—W?) — (Wio—W?)
with

given by
1002 = [wro( e~ e) JAwiBE..
60|Xt| T S o TO~ =
1
x————\lq|f_(2qja), (12
f=(qa)
where
€s—1— (€, — L)wio. w3,
X+=— =T (19
and
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2 2 2 2 1.10 T T r T . . . T
= _ 1 /Goo(WLo_Wsm)—(WTo_Wsm) (14
- 26“\ Wio—Wio
with . (x)=coshg&) and f_(x) =sinh). 1.08 | 1
With the electric field calculated we can now obtain, for

the system under consideration, the term in the Hamiltonian

that describes the electron-phonon interaction. To do this, we 106 | _-

use the fact that the second quantizated electron-phonon in- §° I -

teraction Hamiltonian can be written as 3 P -

1.04 | e s
PP} ~ ~ _‘/’ ///
He-prn=2 2 €97 Ti(ay 2)a(q) +a/(~q], . =
[ =
(15 1.02 | P ]
‘/

whereai(qH)[aiT(—q”)] is the annihilation(creation opera- - (a)

tor associated with théth mode, andl’; is the electron- 100 L

phonon coupling functiof’ 0.0 200.0 400.0 800.0  800.0  1000.0

he e2 1/2 i % /Gro
T ,z:—(—o) —Ej(q,2), 16
i(d,2) 2Aw(a)| a 1(ay.2) (16) 1.10 ———————————

with E; given by EQq.(7).

Using Egs.(7) and (12), the coupling functiorl’;(q;,2) 108
between the electron and the SO-phonon modes is straight-
forwardly obtained and is given by

- [€hwro(e— €)M f_(2qja)| 2 e
+(q),2)= A, a +, g
17 ° 104
with
E. wWro |\ Y2 f . (qz
:< + 1O ) =(q2) _ (18) 1.02
x=f=(q@)/ \Wso- ) f.(qa) ®)
Consideringec=0 in Eg. (1), i.e., no charge at the inter- 1.00 . . . .
faces, the coupling functiofEqg. (16)] is reduced to the one 0 200 400 600 800 1000
obtained by Licari and Evrartf. a9/ Gro

The Hamiltonian of the system under consideration con-

tains four terms: FIG. 1. Dispersion relation of SO phonons in a GaAs film as a

function of the wave vectay, for film thickness of(a) 10 and(b)
H=H.+ th+ He Lo+ He_so. (19) 100 GaAs ML. The frequencies and wave vectors are normalized
by the frequencies and wave vectors of the TO phonons, respec-
The flrst and the Second terms Correspond to the electrotﬁ/ely The Solid curve iS the dispersion I’elation CaICUIated in the
in the rigid lattice of the film and phonons, respectively. Theabsence of a charge density, while the dashed and dotted-dashed

. . . . . . i — —2
one associated with the electron in the film is given by ~ Curves correspond to a density,=1.0x 1¢° em™* and 3.0
x10° cm 2, respectively.

2
He=— Py VZ+Vy;  |Z<a, (200 for the SO phonons, where, is the bulk longitudinal-
optical frequencywso. () is the surface optical frequency
wherem* is the electron effective mass aNg is parameter given by Eq.(4), éi(qH), Bpi(q”) and éi’f(—q”), Bgi(qu)
related to the height of the barrier at the interfaces, whichare annihilation and creation phonon operator for bulk and
will be considered infinite. The phonon Hamiltonidt), is  surface states, respectively, withreferring to the sum in
constituted of two termsil, o andHgg: different modes.
The third term in Eq(19), He. o, IS associated with the
~ ~ A Hamiltonian of the electron-bulk longitudinal-opticélO)
HLO:Z quo ﬁWLO[a;i(QLO)aPi(q'-OH 21, @D phonon. Since a surface charge density does not change the
bulk modes, it is well known as is given by Licari and
for the bulk LO phonons and Evrard®
Finally, using Egs.(7), (15, (16), (17), and (18), the
N _ At 0 1 Hamiltonian that describes the electron—SO-phonon interac-
Hso=2. EH fiwsa (G)[bpi(apbpi(G) +2], (22 tion can be written formally as
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e’ hWrof €5 €. v

2€e,A

va_ f.(2qg5a
Heso™ > e'qI'Xe(—_( a2)

q) qy

X{G . (bi(a) +b{ (—a)+G_(Bi(a) +b](—a))}.
(23)

Consideringo=0 (no charge at the interfacest is easy
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the polaron, which is given by

: " q.\|2
AE:— 2 |<nvO|H|nt|n aq|>| , (24)

n’,qj En’qi_EnO

where H;,; represents the perturbation term in the Hamil-
tonian given by Eq.(19) (He. o Or Heso), andq; is the

to show that the Hamiltonian associated with the electron S@omentum of the LO and SO phonons, respectively.

phonons, Eq(23) is reduced to that one obtained by Licari

and Evrard®

IV. GROUND-STATE ENERGY

Since the film on which the electron is confined is a semi-

In order to calculate the ground-state energy of the po-
laron, we follow the procedure used by Liang, Gu, and.in.
Through a straightforward calculation, the second-order cor-
rection to the polaron energy is obtained as

AE:AEqLO++AEqLO—+AEqSO++AEqSO— y (25)

conductor with a weak electron-phonon interaction, we can
use perturbation theory to obtain the ground-state energy ofith

AEqLOt = aﬁWLo

where «_ is the wave vector defined a#Z2«?/2m*

=fiw,o, mM=135..., (hM—-n)=x0,x2,%4,... for
Eqio,, andm=24,6 ..., (n'—n)=*1x3*5,... for
Eqo_, and

AEgso, =~ afiw o8Narc (e5€3) 12 fo dxsinh(x)
n/

1/2
tanh(x/2)

2

B+ Wro
X[(MMX,Z)) (W

d ]

X[x%+ (kg:Na)?+ w2(n'?—n?)] "%, (27

X

x2+[(n—n")m]?

X
x2+[(n+n")7m]?

with (n—n")=0,£2,+4,... forEgso and (i—n')=*1,

*+3,%£5,... forEysp , N is the number of monolayers of the

film, and x5 are the wave vectors defined ﬁ%xs?_JZm*

8Nax n? « {[(n"+m)?>—n?]"1—[(n"—m)?—n?]"1}? m?
> |

mn’ [m?+n2?—n’2— k?(Na/m)?]

, 26
n'?2—n?+(k Na/m)? (29)

solid curve is the dispersion calculated in the absence of a
charge density, while the dotted and dashed curves corre-
spond to charge densitieng=1.0x10° cm 2 and 3.0
X10° cm 2, respectively. We observe that wheq,

—0, C.—0,implying thatwgg,. —W,_q-, i.€., the posi-
tive and negative modes of the dispersion relation tends to
the phonon frequencies in a film without surface charge den-
sities. Wheno— 0, we do not have the presence of a charge
density and our resuliEq. (4)] reproduces the one obtained
by Licari and Evrard® As can be seen in Fig.(4) for the
lower modewsgg, , there is a considerable change of the
dispersion relation with the doping, but this change is not
observed in the case of the upper madg,_ . As can be
seen in Fig. (b), the effects of the surface charge in a thicker
film are significative only for large values ofj .

As shown analytically in Sec. Ill, a modification in the
dispersion relation due to the presence of the surface charge
induces a change in the interaction of the electron with the
surface modes. To analyze this, we present in Fig. 2 the

=#wgo: , and in these equations we have defined the couelectron-phonon coupling functiod’. of the electron-

pling constant,

(28)

a=

m*ez( 1 1)

———
ﬁ K|\ €y €p

V. NUMERICAL RESULTS

surface optical phonorisee Eq(17)] as a function of the
coordinate for a GaAs film of 10 GaAs ML. The solid curve
is the coupling function calculated in the absence of a surface
charge density, while the dotted curve corresponds to a den-
sity ng=3.0x10° cm 2. We observe a very small change in
the coupling function corresponding to the antisymmetric
model _ (left branch in Fig. 2 This is consistent with the

The analytical results displayed in the previous sectiorbehavior ofwgg . However, for the symmetric modEg
can be used in any system provided it presents a wealtight branch in Fig. 2 the increase on the coupling constant
electron-phonon coupling. In order to obtain numerical re-is very significant, which is expected since it is related to the

sults, we have chosen a GaAs filto illustrate the effects on

the polaronic corrections due to the presence (2[) sur-

lower modewsq, . As can be seen, the effect of the sym-
metric surface charge on the coupling function is to enhance

face charge. To present the results, initially we plot in Fig. lits strength and consequently increase the confinement of the
the dispersion relation of SO phonons as a function of theslectron in the film. Although it is not presented here, we
wave vectom, for a film of N=10 and 100 GaAs ML. The have observed that the effect of a surface
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FIG. 4. The second-order correction to the polaron enérgy
[Eg. (25)] in a GaAs film as a function of the number of monolay-

of 10 GaAs ML. The solid curve is the coupling function calculated ers. The solid curve is the second-order correction in the absence of

in the absence of a surface charge density, while the dotted curva charge density, while the dashed and long-dashed curve corre-

corresponds to a density=3.0x 16° cm 2. spond to a densityng=1.0x10° cm 2 and 3.0<10° cm 2, re-
spectively.

I’ (arbitrary units)

FIG. 2. The electron-phonon coupling function of the electron-
surface optical phonons as a functiorzafoordinate in a GaAs film

charge density in the coupling constant decreases when the
film thickness increases. in Fig. 2. As can be seen, the influence of the surface charge
In Fig. 3, we plot for a GaAs film the second-order cor- density is very significant, mainly on thin films.
rection in the polaron energy due to the SO mofde=e Eq. Finally, we plot in Fig. 4 the second-order correctivi
(27)] as a function of the monolayehs of the film given in  to the polaron energjEg. (25] as a function of the mono-
terms of the GaAs lattice parameter. The solid curve is théayersN of the film, given in terms of the GaAs lattice pa-
the second-order correction in the absence of a charge defameter. It was calculated in the absence of a charge density,
sity, which reproduces the one obtained by Liang, Gu, an@nd for the densities ng=1.0x10° cm? and 3.0
Lin,2 while the dashed and dotted-dashed curves correspord10° cm 2. Since the surface charge density does not
to a densityn,=1.0x10° cm 2 and 3.0<10° cm 2, re-  change the bulk modes, the difference on the energies is due
spectively. The increases of the polaron energy is directlnly to changes on the surface modes. In fact, the contribu-

related with the enhancement of the coupling constant show#on of the volume modes tends to zero in very thin films and
contributes with less than 10% of the total polaronic correc-

tion for films with N~ 200.

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

15

-
o

VI. CONCLUSIONS

In conclusion, the dispersion relation of SO phonons, the
electron-phonon interaction, and the second-order correction
to the polaron energy have been obtained for films with an
equal surface charge density. The numerical results we have
presented are restricted to the weak-coupling limit, but the
analytical results for the dispersion relation and the electron-
phonon coupling are general. It is also important to notice
that, although a symmetric surface charge density does not
produce a macroscopic electric field inside the film, it modi-

0 B0 100 150 200 250 300 fies the surface modes. Therefore, the change in the electron-
N phonon interaction induces a confinement on the electron

FIG. 3. The second-order correction to the polaron energy in 4hat is responsible for a remarkable correction on the energy
GaAs film due to the SO modes as a function of the number off @ polaron confined in thin films. It is expected that these
monolayers. The solid line is the second-order correction in thehanges are also important for the polaron effective mass,
absence of a charge density, while the dashed line and dotte@nd consequently in all transport properties of electrons con-
dashed curve correspond to a densify=1.0x10° cm 2 and 3.0  fined in films with a surface charge density. These calcula-
X 10° cm 2, respectively. tions are now under consideration.

[AEg |/oha

(8]
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