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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/ALGa _,As (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,Ga _,As. [S0163-182699)06103-3

[. INTRODUCTION meV corresponding, respectively, to the exclusion and inclu-
sion of the phonon influence, in the zero-field limit. Thus, the
The properties of polarons bound to impurities near thephonon influence is found much too strong. This result does
interfaces or surfaces of layered semiconductors are considot reflect a realistic property of the heterojunction.
erably different from that in bulk materialsThis may bring For GaAs/AlGa, _,As heterojunctions with low Al con-
about transport and optical properties, which have an imporeentration, the ratio of the potential barrier to the impurity-
tant significance both in fundamental science and device destate binding energy is on the order of a factor of 10. The
velopment. A polaron bound to a donor in a polar-crystaleffect of the finite barrier as well as the energy-band bending
slalf was discussed, including both the electron longitudinalis to make the conduction electrons within the channel side
optical (LO) phonon interaction and the electron surface-(GaA9 penetrate the barrier side (Ma _,As) of the het-
optical (SO phonon interaction. In a quantum weQW), erojunction. The strong confinement of the electrons causes a
the polaron bound to a doribf has been a subject of interest shift in the average distance between the electron and the
during the past decade. Some authors adopted the apprositerface® and will, therefore, affect the binding energy of a
mation of considering only three-dimensiorfdD) bulk LO  donor impurity near the interface. The infinite-barrier
phonon modesor purely 2D phonon modésSome authors  approximation’~2to the interface potential needs to be im-
neglected the effect of bulk LO phonons and only took theproved by treating it more realistically. More recently, the
electron SO phonon interaction into account. For a GaAground-state energy of a donor impurity, located on the het-
slab or a GaAs/AlGa, _,As QW, the weak electron-phonon erointerface, was investigated without considering the contri-
coupling gives a small contribution to the impurity binding bution due to phonon¥. The interface potential used did not
energy even though it lowers the impurity energy levels. Thanclude band-bending effects.
influence of the electron-phonon coupling becomes signifi- In the present paper the ground state of a polaron bound
cant for a thin QW when considering the screening effects ofo a hydrogenlike donor impurity near the interface of a het-
the impurity potential and the electron-phonon interaction. erojunction is investigated by considering the effects of both
The impurity states of a donor on a semiconductor surfacéalf-space bulk LO phonons and 10 phonons. Both the
were initially studied three decades dgbater, the SO pho- electron-phonon coupling and the impurity-phonon coupling
non effects were investigated for the bound-polaron groundhave been taken into account. The influence of a realistic
staté® and the excited statésAn electron bound to an im- interface potential, including the electron-image potential
purity near the interface of a semiconductor heterojunctiorand the conduction-band bending, is considered through a
was discussed under the influence of a magnetic Hfeltbr  self-consistent computation. A one-subband model is used. A
an impurity located at the interface, the polaronic effect wasnodified Lee, Low, and Pine@d.LP) intermediate-coupling
investigated while including the electron half-space bulk LOmethod?® is adopted to deal with the interaction between the
phonon and electron interface-optica(lO) phonon phonons and the electron as well as the impurity. The energy
interactions:! Here the SO-like phonon modes were used adevel, the binding energy, and the effective mass of the
an approximation of the 10 phonon modes. In an externabound polaron in the ground state are obtained variationally.
electric field, the polaron bound to an impurity near the het-The numerical computation is performed for a
erojunction interfac¥ was investigated by considering not GaAs/ALGa, _As heterojunction. An effective
only the electron 10 phonon coupling and electron half-spacghonon-mod¥ approximatiof EPMA) has been used to ob-
bulk LO phonon coupling, but also the impurity 1O phonon tain the LO and the transverse-opti€&D) phonon modes of
coupling. Unfortunately, for an impurity placed 30 A from the ternary-mixed crystal AGa,_,As. This approximation
the interface inside AlAs and the electron confined in GaAsseems to work well in such a weak polar semiconductor.
a very small binding energy was obtained; i.e., 1.2 and 0.Zhe other parameters of &g _,As used in this paper have
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been calculated using the virtual-crystal approximaflon removes the mismatch of the electron-image potential at
(VCA). The phonons, at the most, may give a 7% contribuz=0. The heterojunction potenti®|(z) in Eq. (3) satisfies®

tion to reduce the binding energy when the impurity-phonon

coupling is included. On the other hand, we also found that V(2)=V0(—2)+V(2)+Vy(2), @)

the phonon effect on the binding energy is negligibly small if ) ) ) _ )
the impurity-phonon coupling is neglected. in which Vy is the potential-barrier height/s(z) andVq(z)
are the electron contribution and the depletion-charge contri-

bution to the potential, respectively. The depletion-charge
contribution is obtained by solving

We consider a heterojunction consisting of two semicon-
ductors denoted by material (thannel sidefor z>0 and d d
material 2(barrier side for z<0, respectively. The interface 7z €0(2) 72 Va(2)= —4me’[NA(2)~Np(2)],  (8)
of the heterojunction is chosen as they plane. Without
losing generality, the interface can be assumed infinite. Invhere the static-dielectric constant is given by
this coordinate system an external donor impurity bearing a
chargee is located at (0,@y). A conduction electron with _|en for z>0
charge—e, located at(x,y,2 in the heterojunction potential, €(2)= €gy for z<O. ©)

Il. THEORY

interacts with the impurity through the Coulomb potential. ) .
The Hamiltonian of the electron-impurity system including 'N Ed- (8), Na(2) andNp(2) are, respectively, the position-

the LO and 10 phonons and both the electron- and impuritydependent acceptor and donor concentrations. In the Cou-
phonon coupling can be written as lomb interaction term Eq4), the position-dependent dielec-

tric constant is defined by

H:HX—y+HZ+HC+th+He,i—phv (1)
€., for z>0 and z;>0

with €(2,29)=1 (€x1+€x)/2 for z>02y<0 or z<0zy>0

2, .2 2, .2 € for z<0 and z;<0.
Pkt Py Pxt Py #2 0
_ _ 10
Hy.y 2m, (z T 6(—2), 2 (10
In Eq. (5), o, is the LO phonon frequency of theh ma-
2 2 terial. Thew,'s (o==) are, respectively, the higher and
pZ pZ .
H,= 0(z) + 0(—2)+V(z) lower frequencies of the two 10 phonon modes and can be
2m, 4 2m, , : . 2 . .
obtained by solvin® w3 = (b+ Vb?—4ac)/2a, in whicha
€%( €1~ €xp) 3 =6m1+263022, bzemlz(wfzﬁ— w%z) +.6w2(w52+ w%l), and ¢
A€t €qt €02)Z° = €, W[ 10T T €] 0T T\ IS the TO phonon fre-
guency of thexth material. In Eq(6), A’ =1 (=2) refers to
e? the impurity being in the channel sid®arrier sidé. The
He= (4 electron(impurity) LO phonon and electroimpurity) 10

- 2 2 21172
€(2,29)[ X +y +(z—2 _ - i
(2,20l y 2 phonon interaction factors are given by

Hon= h ¥ + h T - 4 e2 1 1 1/2
R BA(2)=—i| hwu(___” 60\2), (10)
€x\  €0)
+ 2 fiogb,bee, (5)  in which
q,0
0(z) for A=1
and _
o(.2) [9(—2) for =2, (12
1 _ .
He,i-ph:; [EP;* B, (z)sin(k,|z|)e TkirP and
G 1 2mwhe?\1? s
— B,/ (z0)sin(k;|zo|) aE+H.C.} aal mw , (13

where 8, = (€o\ — €-:) 2oy /(0F, — ]).
(6) For the ground state of the system, we choose the follow-
ing variational trial-wave function:

+2

q,0

Gy
— (e 19-pa q‘zl_e Q|ZO|)qu+ H.c.
q

wherem;, andm, , are the band mass of the conduction |y =|d(x,y))|£(2))]0)

electron being in material (A =1,2) in thex-y plane and in

the z direction, respectivelyd( = z) is the step functione,,, _

is the optical-dielectric constant of the¢h material. The last —|¢(p)>|§(z))kgg 10100,
term in Eq.(3) is the electron-image potential. The effective-

dielectric constant is defined asq=(€.11 €.2)/2, which  with

(14)
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1/2

! ye'Ki-pg=el2 (15)

¢<p)={g

and

{a(z)=BbY3(bz+ B)e %2 for z>0

{(z :Lﬂs(z):B’b’l’zeb'Z’2 for z<0, 1o

where p=\Xx?+y? is the radial component of the electron

coordinate in thex-y plane andK;=(K,,K,,0). Also v, b
andb’ are independent-variational parameters. In @&),

we introduce the factoe'*i*? in order to recover the free-
polaron case whery approaches 0. This free-polaron-limit
case is fully discussed near the end of Sec. Il A. According(;f
to the continuity condition of the wave functi@ifz) and its

first-order differential az=0, the normalization constants in

Eq. (16) satisfy® g=2b/(b’+b), B=[B(1+b/b’')+28
+2]7Y2 and B’=BpA(b/b’)Y2 In Eq. (14), |0) is the
phonon-vacuum state.

The electronic contribution to the potential in Ed@) can
be obtained by solving

J J
— €(2) — Vs(2)=—4me’Ny|{(2)|?, 17

0z 0z

whereN; is the areal electron density.

A. Displacement oscillator transformation with the coupling
in the z direction (DOTC)

We use

Ulzex;{—i(z kjaja+ > qb(;(,bq,,) ~P}, (18
k q,0

and!
U,= exp{ > (fe kZal—frelkaay)
k

: (19

+ qz: (gqcrb;o_ g;obcw')

with f,, g4, and their complex conjugate as variational pa-
rameters, to perform two unitary transformations on Hamil-
tonian (1) and obtain the expectation energy for the bound

polaron at ground state:
E(b,b",7)=(4|U; U1 "HU U5l y)
=Eat(T)+(Vg) +(Vs) +(Vo)

+ Eimage+ Ec_ ELO_ E ElU‘ . (20)

The transformation withU,; is essential for the weak
electron-phonon coupling case to obtain a lower energy.

However, it was neglected in a previous paffer.
In Eq. (20),

2
AL
& 2mr

ﬁZ,yZ
8m;’

(21)
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of which the first term is the kinetic energy corresponding to
the free-polaron limit. For a bound polaron, this term is taken
to be zeromy is the free-polaron effective mass parallel to
the x-y plane and is given by

m‘T:mH 1+Am|_o+z Am|0. . (22)

The average electron-band mass parallel toxtheplane in
Egs. (21) and (22) is defined asm,=mym;,/(m;P,
+mPy).  Here  P;=[3|ia(2)]?dz  and P,

% |¢s(2)|?dz are, respectively, the electron probabilities
being in material 1 and 2. The contributions from LO and
10 phonons to the effective mass are given by

Am :Zﬁ_ZE |¢B(k,zo,7)7ﬂo|2kfcosz(6)
©  m % — a2 nA2\Y
ho 1 Pitho Pt —+
2m; 2m;
(23
and
hz |¢G(Uvq12017)yﬁ0|2q200§(0)
Am'“ZZ_E 2,2\ 3 :
m; “q ( h2q )
hws,+=—
2m;
(24)

where 6 is the angle betweel{; andk; or §. In Eq. (20),

ﬁ2
(M=% [(Bb)?(1+ B— B%/2)/2m 4

—(B'b")?/4m ,], (25

<Vd>:47Tesz{_ BIZ/b’ 602
+B?[(6+48+ B?)/beyy]}, (26)

(Vo) =4me®NJB'}(1-B'%/2)/b’ €,
+B*(33+ 508+ 3482+ 1283+ 28%)/4bey,],

(27
(Voy=VoB'?, (28)

and
E mage— Flem=€d) pariiogl 29

A€cif( €11 €202)

In Eq. (26), N4 denotes the areal concentration of the fixed-
depletion charge¥ For the Coulomb interaction contribu-
tion in Eq. (20) we first perform a Fourier transformation
then simplify it and obtain
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: |
Ec=- < ¥ e(z,zo)[x2+y2+(2_20)2]1/2| ‘//>

_ e’ 4 _

T\ €(2,2) %: ?eXF['Q-(r—zo)] W

* 1
= —e273fo dq P
1
><<§(z)‘6(z 20 exp(—|z—zo|q)‘§(z)>, (30)

where the integrations over and g, have been carried out

with definitionsr=(p,z), Q=(q,9,), andq=\/qxz+qy2.
The last two terms of Eq20) are the self-trapping ener-

gies of the polaron due to the contribution from LO and IO

phonons, respectively, and are given by

|¢B(k12017)|2
E o= , 31
0= % _ I (Y
ﬁlePl+th2P2+—
2m;  2m;
and
|¢G(0-1q1201’)/)|2
=2 — 7707 (32
q q
hw,+ ———
2m,
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trial function in Eq.(15) becomes a plane wave. We note that
the y—0 limit has to be done carefully since the wave func-
tion of Eq.(15) is normalized. The normalization constant is
what gives rise to they factor in front of the exponential.
The normalization constant is different in the limit of
—0. On the other hand, equivalent results can be reached by
just replacing Eq(15) with ¢(p) =exp(K,- p)/VA; in addi-
tion, one also removed; and the impurity-phonon coupling
terms in Eqgs.(6). The resulting expectation energy in Eqg.
(20) is exactly the sum of the previous terms with=0.
Thus, for the free polaron we only have two independent-
variational parameters andb’.

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

Eg=Efp—Epp- (35

B. Displacement-oscillator transformation
without the coupling in the z direction (DOT)

We turn next to the second-unitary transformation of Eq.
(19 but without the phase factor:

Uzzexl{; (fa—fiao+ 2, (gngag—gagbq(»},
(36)

and repeat the procedure described in Sec. Il A. For this case,
the only difference in the results is in the formulas concern-

In the above equations, we have adopted the following notaing the contributions from LO phonons. Equati¢23) is

tions:

#s(k,20,7)
B\ (2)sin(k,|z|)e'**

-3 {aa] B

o)

(33
and
Le-a
¢G(U,q,Zo,7)=<§(Z) N é(Z)>
% G, e Ul 34

- (,y2+ q2)3/2

Va

It should be pointed out that the second term on the right-

hand side of Eq(33) is the contribution from the impurity
LO phonon interaction. Only when and z, have the same
sign is the contribution defined to be nonzero.

Minimizing E(b,b’,y) —(V,)/2 with respect to the varia-
tional parameters, respectivéfyywe obtainb, b’, andy. By
inserting them intoE(b,b’,y) the bound-polaron ground-
state energ¥, can be obtained.

The ground-state enerdy;, for a free polaron in the ab-
sence of the donor can be derived by choosihg-0 in Eq.
(1), subsequentlyE.=0 in Eqg.(20). By repeating the above
process, the variational parametgrapproaches 0 and the

replaced by

ﬁZ
Amo=2— 2
m, k

|¢B(k1201 7) y—>0|2ka0§( 6)
— a2\
ﬁwL1P1+ﬁwL2P2+ —H
2m,

37
Equation(31) is replaced by

|¢B(k12017)|2
7 2ke

m

ELo:§k:

(39)
th]_El‘l‘fLszEz‘f'

Equation(33) is given by

ds(K,29,7)

~ By(2)sin(k,|2])
-3 |t

o)

B,/ in(k,
<§(z) x(Zo)Slln( |ZO|)}§(2)>_ (39

'}’3

- (yz_,_ kf)glz

The corresponding results can be obtained by combining the
equations in Sec. Il A with Eq$37)—(39).

C. VCA and effective phonon-mode approximation

To obtain the various parameters of thg @&, _,As sys-
tem used in the present paper the VCA is adoptddet Q,
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TABLE |. Parameters used in computation. than that given by the DOTC whezg<<30 A and the differ-
= ence is within 2% of the energy-level height. The results are
Quantites ~ GaAs AlGa - As AlAs  opposite whenz,>30 A, but the difference is negligibly
ad) 566  564(1—x)+5.66" 5 66 small. It indicates that the result by the DOT is more reason-

able when the impurity is closer to the interfac&zy(

b
Er (V) 152 1.52(1 X)+3'05(a 3.0 <30A). In Fig. 1(a), the bound-polaron binding energies
Ey (eV) 198  1.98(1-x)+2.36« 2.36 A B )

b Eg andEg calculated by using the DOTC and the DOT are
€ 13.18  13.18(1-x) +10.06 10.06' ) . -

b shown, respectively, along with the binding eneraﬂ,
€ 10.8¢"  10.89(1-x)+8.16x 8.16" hich excludes the infl  oh " b that
m(my 0.067  0.067(1—x)+0.15" oqx  Which excludes the influence of phonons. It can be seen tha

the polaronic effect always decreases the binding enéggy
The phonon influence reaches its maximum about 7%gqf
when the impurity is located in the channel side aroupd

fw, (MeV) 36.25  36.25+1.8%+17.1%%-5.11x%¢ 50.0
fiwr (MeV) 33.29  33.29+10.7%+0.03%+0.86¢3¢  44.88

aReference 19. =50 A. The offset ofEg atzy=0 is due to the abruptness in
bThe VCA (Refs. 18 and 19 the dielectric constants of the Coulomb contribution in Eq.
‘Reference 16. (). I ,

4The EPMA (Ref. 16. The net-phonon contributions g are defined as

AE o=—-E free-polaron+E bound polaro
andQg be the quantities associated with GaA$ and AlAs Lo o ( P M+ Eio P 2]42)

(B), respeptlvely, the quantities associated with@d, _,As for the LO phonon mode and
can be written as

AE,,=—E,, (free-polaron+E,, (bound polaron
Qaica,_as= (1-X)A+XB. (40) (43

The energy-band gap, the dielectric constants, and thfor the oth 10 phonon mode, respectively. The free-polaron

electron-band mass of Aba,_As will be calculated using "€Sults are computed in the limit & =0. AE,, andAE,
the VCA. are given in Fig. (b). Both of them are negative and decay

As for the phonon frequencies of &a, As, an empiri- when the impurity is located far away from the interface. The
—Xx\>s A A B :
cal interpolation [effective phonon-mode-approximation LO Phonon contributiond Ej, andAE,, respectively, by
(EPMA)]' is used to represent the two LO and TO modesthe DOTC and by the DOT, are also plotted in Figb)lfor
with the respective effective one LO and TO modes. Wetomparison. It can be seen that IO phonons give a larger

adopt the EPMA in our calculation and give the formulas incontribution when the impurity is located in the barrier side,
Table 1. where the LO phonon contribution is small. On the other

hand, both the IO and LO phonons are important and give a
negative contribution when the impurity is in the channel
side. The phonon contribution is due to the competition be-

The Hamiltonian components Eq&) and(6) are strictly ~ tween the electron and impurity polarization. When the im-
suitable to the heterojunction of which the semiconductorgurity is located in the barrier side, the LO phonon contribu-
are one-mode LO or TO phonons. Here we perform the comtion to Eg is mainly from the electron-phonon coupling. The
putation on the GaAs/AGa _,As heterojunction adopting contribution is small because there is not an obvious differ-
the EPMA to simplify the LO and TO phonon modes of the ence of the electron-phonon interactions between before and
barrier material AlGa _,As. The parameters needed are after the bound polaron is ionized. The impurity polarization
listed in Table I. The band mass of the electron has beeAnd the weakness of the phonon effect, compared to the 3D
considered as isotropiom;=m, since the electrons are bulk GaAs, make the bound polaron become “shallow.”
mainly confined within GaAs. The electron-average distance to the interfexg), (z)

We focus our attention on the Al concentration within the =B%(6+48+ 8%)/b—B’?/b’ and the in-plane average dis-
rangex,<x<x., wherex,~0.4 is the critical valué®below  tance between the electron and the impurifpg),
which the AlGa, _,As is a direct band-gap semiconductor. (p)=2/y with and without the influence of the phonons by
The lower bound, is the point of the concentration below the DOT, as functions of the impurity positiag, are plot-
which we do not expect the impurity near the interface to bged in Fig. Xc). It shows us thafp) is always less thagp,p)
properly treated within the present formalism. A value ofand that the phonon influence becomes weaker as the impu-
x,=0.2 is used here. The barrier heigify needed in the rity gets near the interfacgzy,) is lower than(z) when the
computation, according to the 60:40 rtfién Eq. (28), is  impurity is located on the barrier side. When the impurity is
given by on the channel side(z,,>(z) for z;<60A and (z,

<(z) for z,>60 A. Generally speaking, the phonon influ-
Vo=0.6Ero—Ep)x for x<xc. (41)  ence onp) and(z) is small due to the weak electron-phonon,
impurity-phonon coupling, and the strong confinement of the

For the given Al concentratior= 0.3 and areal electronic heterojunction potential.
density Ng=4x 10'Ycn?, the energy level of a bound po- For the given Al concentration and impurity position,
laron at ground state vg, is calculated by using the both(pg,) and(z,, monotonically decrease with increasing
displacement-oscillator transformation coupli@@©OTC) and  Ns. (z,,) is less than the free-polaron valge:). Whenx
the DOT respectively. The DOT gives an energy level lower=0.3, (z:) decreases from 120 A to 59 A with increasing

Ill. NUMERICAL RESULTS AND DISCUSSION
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A 3
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Phonon contribution to E; (meV)
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0.3
é .

04 AE, (2,=304)
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1", 2
N, (10" /em")

FIG. 2. As functions of the areal-electron dengity, in units of
cm™2, the following quantities are given for Al concentration
=0.3, corresponding to the impurity positiag=—30 and 30 A,
respectively(a) The bound-polaron binding enerdsg in units of
meV. Eg is the binding energy without the influence of phonons.
Eg andES are the ones with the influence of phonons calculated by
the DOTC and by the DOTb) The phonon contribution, in units of
meV, to Eg calculated by the DOTAE,, andAE,_ are the net
contributions from IO phonon modes with higher and lower fre-
guencies, respectivel¥, o is that from the LO phonon modes.

Q9

Average distance (A)

Ns. However,z,, decreases from 10012 to 54(57) A, cor-

responding taz,=30(—30) A. This interface effect causes
z, (A) the binding energyEg to gain a negative contribution from

FIG. 1. As functions of the impurity positior,, in units of A, phonons as one increadds, as shown in Figs.(2) and Zb)

for a given areal-electronic densiy,=4x 10*/cn?, the following  for z,= +30 A, respectively. In this case, the bound-polaron

quantities are presented Corresponding to Al concentratief.3. energy |eve| Calculated by the DOT |S |Ower than that Of the

(@) The bound-polaron binding enerd in units of meV.Eg is  DOTC at most values df,. But the difference is less than

the result without the influence of phonor; (Eg) is the result 194 of the energy-level height. The binding energigss

with the influence of phonons cal4cu|a§ed2by the DOMOT). The  c5icylated by the DOTC and by the DOT, respectively, are

effective Rydberg energifg=m;"/2¢:.,2°=6.35meV for GaAs  jracented for comparison. It can be seen that in the contri-

bulk material.(b) The phonon contribution, in units of meV, k. bution toEg the 10 phonon modes\E,,) play a dominant

AE,, andAE,_ are the net contributions from 10 phonon modes - . A B -
with higher and lower frequencies, respectivelEl, (AEF,) is role for zo= 30 A. The difference betweelig andEg is
negligibly small.

the net contribution from LO phonon modes calculated by the o . N
DOTC (DOT). (c) The electron-average distance to the interface The phonon contribution, when the impurity is located at

(Zpw.(z) and the in-plane-average distance between the electrofo=30 A decreas_es th? binding energy, es_pec_lally for large
and the impurity(p,,(p), in units of A, with and without the ~Ns, because the impurity LO phonon contribution becomes
influence of phonons calculated by the DOT. The average distanc@ore important. At the same time, there is a non-negligible
of the electron to the interfadg) for the free-polaron case is also difference between the results obtained by the DOTC and by
given for comparison. The effective Bohr radiag=e..;7%/m;e>  the DOT[Fig. 2@)].

=85.9 A for GaAs bulk material. For the givenNg=4xX 10" cm 2 and z,=—30(30) A,
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FIG. 3. As functions of Al concentratiox the following quan-
tities are plotted for the given areal-electron denshty=4
X 10 cn?, corresponding to the impuritg,=30 and—30 A, re-
spectively.(@ The bound-polaron binding enerdyg in units of
meV. Eg is the binding energy without the influence of phonons.
Ep andES are the ones with the influence of phonons calculated b
the DOTC and the DOT, respectivel§n) The phonon contribution,
in units of meV, toEg calculated by the DOTAE,, andAE,_ are
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given in Fig. 3a). For z,=30A, both the LO and IO
phonons are important to decrease the binding energy. Only
the 10 phonons are important fag=—30 A, as shown in
Fig. 3(b). In the contribution tdEg from the two branches of

10 phonon modesAE, , increases andE, _ decreases with
increasingx. As a superposition result, the total contribution
is insensitive tox.

In general, the polaron effect would increase with the re-
duction in dimensionality. For our quasi-2D system, the pho-
non effect is weaker in comparison with the bulk GaAs. This
behavior is reminiscent of a similar result, albeit for a scat-
tering investigatiorf> nevertheless, this surprising property
needs further investigation.

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

IV. CONCLUSION

A variational theory has been developed to investigate the
ground state of an optical polaron bound to a donor impurity
near the interface of a polar semiconductor heterojunction. In
particular, the influence of a realistic heterojunction potential
is considered. A modified LLP intermediate-coupling
method is adopted to deal with 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 vs impurity position,
depletion-electron density, and Al concentration is computed
for a GaAs/AlGa _,As (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 en-
ergy is negative. Both the bulk-longitudinal and interface-
phonon modes give an important contribution to the binding
energy when the impurity is located in GaAs. The interface-

Yohonon modes are more important than the bulk-phonon

modes when the impurity is located in,&a, _,As.

the net contributions from 10 phonon modes with higher and lower

frequencies, respectivelrE,  is that from the LO phonon modes.

the bound-polaron energy-level height increases withith
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