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Electron optical-phonon coupling in GaAs/Al Ga1 As quantum wells
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The electron optical-phonon coupling is studied in GaAs/Al Gaz As quantum wells as due to
the interface modes, the con6ned slab modes in the well, and the half-space modes in the barriers.
The polaron binding energy and effective mass are calculated and the relative importance of the
different phonon modes is investigated as a function of the width of the quantum well. The full-
energy spectrum, i.e., the discrete energy levels in the well and the continuum energy spectrum
above the barrier, are included as intermediate states. The polaron binding energy and effective
mass go continuously from the three-dimensional (3D) Al Gaz As to the 3D GaAs results when
the well width varies from zero to in6nity.

I. INTRODUCTION

In a quasi-two-dimensional (Q2D) semiconductor sys-
tem, such as heterojunctions, quantum wells, and super-
lattices, the phonon modes become much more complex
than those in a three-dimensional (3D) system due to
the presence of the interfaces. In most of the works
about the problem of electron optical-phonon interaction
in Q2D semiconductor systems, one assumed that the
phonon modes were not influenced by the presence of the
interfaces and the usual Frohlich Hamiltonian based on
the bulk phonons was employed. Recently, the optical-
phonon modes in a Q2D semiconductor structure system
have been studied and the electron-phonon interaction
Hamiltonian was derived. In the absence of external
fields, several theoretical results have been obtained on
polarons in Q2D systems where interface and slab phonon
modes are included. In Ref. 9, the present authors
calculated the polaron energy and effective mass in a sin-
gle quantum well. We found that, to obtain the correct
results for narrow or wide quantum well structures, it
is important to include the full energy spectrum as in-
termediate states in a second-order perturbation calcu-
lation of the polaron energy and effective mass. For an
infinite-barrier quantum well model, it is possible to in-
clude all the intermediate states in the calculation. For
a finite-barrier well model, however, the calculation be-
comes much more complicated and the so called lead-
ing term approximation was made in previous works.
Within this approximation, the erst important interme-
diate state is only taken into account and, as a conse-
quence, it is impossible to obtain the correct results in
the limit of well width.

In the presence of a magnetic field, we have studied the
effect of interface and confined slab modes on the polaron
Landau levels and the magneto-optical absorption spec-
trum in a GaAs/A1As quantum well. Our theoretical
result demonstrated that in narrow GaAs/A1As quan-
tum wells a substantial coupling of the electrons with
the interface phonon modes shows up near the LO- and

TO-phonon modes of GaAs and AlAs at high magnetic
fields.

In this paper, we will study the electron-phonon cou-
pling in quantum wells due to the interface and the con-
fined slab modes in the well, as well as the half-space
modes in the barriers. The polaron binding energy and
effective mass will be calculated and the relative impor-
tance of the different phonon modes will be investigated
as a function of the width of the quantum well. This is
the first calculation in which the full energy spectrum,
i.e. , the discrete energy levels in the well and the con-
tinuum energy spectrum above the barrier, are included
as intermediate states and all the possible phonon modes
which couple to the electrons are incorporated. Numer-
ical results will be presented for a GaAs/Al Gaq As
quantum well.

In Sec. II, we will give the Hamiltonian of the system
and the bare electron states will be discussed in detail.
Then, in Sec. III, the polaron binding energy and effective
mass due to the different phonon modes will be calculated
by including the full energy spectrum as intermediate
states. Our results are summarized in Sec. IV, which
also contains our conclusions.

II. THE HAMILTONIAN
AND THE BARE ELECTRON STATES

The system under consideration is described by the
Hamiltonian

p 2

II = + V(z)
2mb

+).).~'(qadi)[,'(qadi)a'(qadi)+ —,']+ H ~

where p (r) is the momentum (position) operator of
the electron, a (q~~) [a1(q~~)] the creation (annihilation)
operator of an optical phonon with wave vector q~~ and
energy hcui(q~~) in the jth mode, and ms the electron
band mass which is given by
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z &W/2
z &W/2, (2)

function which are important to calculate the polaron en-

ergy and effective mass due to the electron-phonon inter-
action in detail.

where mbi ——0.067mp and mb2 ——(0.067 + 0.083x)mp
are the electron band mass of GaAs and Al Gaq As,
respectively, mo is the electron mass in vacuum, and TV

is the width of the quantum well. U(z) is the confinement
potential in the z direction,

z &W/2
z & W/2,

where Vp ——0.6 x (1.155x+ 0.37x ) eV for the I' point in
a GaAs/Al Gai As quantum well. We denote GaAs as
material 1 and Al Gaq As as material 2. The material
parameters are given in Table I of Ref. 9. Notice that in
Al Gaq As there exist two pairs of LO- and TO-phonon
modes (for x g 0 and x g 1); one is GaAs-like and the
other is AlAs-like. In the present calculation we will make
the effective LO- and TO-phonon mode approximation
which we expect to be valid in the nonresonant polaron
region.

In a semiconductor heterostructure the phonon modes
are modified because of the presence of the interfaces.
For a single GaAs/Al Gai As quantum well structure,
there are four types of optical-phonon modes which cou-
ple to the electrons: (1) the symmetric-interface-optical-
phonon modes with frequency or~~(q~~) (g = S+), (2)
the antisymmetric-interface-optical-phonon modes with
frequency wz+(q~~) (j = A+), (3) the confined slab LO-
phonon modes in the well with frequency col, i (j = I,
l=1,2,3, . . . ), and (4) the half-space LO-phonon modes in
the barrier layers with frequency urL2 (j = q, ).

The confined slab LO-phonon modes are dispersionless
with frequency uL, q, but their momentum in the z direc-
tion is quantized with q, = lvr/W, I = 1, 2, 3, . . . , I

where l „=int(W/ap) and ap ——5.65 A. is the lattice
constant of GaAs.

The electron-phonon interaction Hamiltonian can be
written in the form ' '

H. =) .). ""'"I' (qi )( (qi()+,'(—
qadi)] (4)

A. Discrete energy levels in the well

An electron in a quantum well has discrete levels E, =
E ( Vo, which are determined by the transcendental
equation

/ W /2mbiE„lt
tan

( 2 5 )
(mbi(Vp —E„))' '

mb2E„)
for n = 1, 3, 5, . . . . These levels correspond to the sym-
metric wave function

B cos(k z), ized
& W/2

B„cos(k„W/2)e "-&~ ~ ~ i, )z~ & W/2,

(8)

( 2k„
gk W + sin(k W) + 2k cos2(k W/2)/k' )

The equation

&W g2mb, E„I
cot

i

)
ambi(Vp —E ) l

mba E„) (10)

determines the energy levels n = 2, 4, 6, . . . , and the cor-
responding wave functions are antisymmetric,

(z)

~

~

A„sin(k„z), I
l&W/2

sgn(z)A sin(k W/2)e " f~ ~ ~~2&, fzf & W/2,

where k = /2mbiE'/5, k' = /2mb2(Vp —E')/h, and
the normalization constant

where I'~(q~~, z) is the coupling function which describes
the coupling strength of a single electron at the position
z with the jth optical-phonon mode with the dispersion
relation w~. (q~~). The expression of the coupling function
was given by Eqs. (13)—(17) in Ref. 9.

The state of a bare electron in such a system is deter-
mined by the Hamiltonian H, = p /2m, b + V(z). The
eigenenergy of the bare electron is

with the normalization constant

2k„
(k W —sin(k W) + 2k sin (k W/2)/k' )

(12)

EII+E (5) B. Continuum energy spectrum above the barrier Vo

and the corresponding wave function can be written as

4(x, y, z) = P(x, y) g(z), (6)

where P(x, y) is the wave function in the xy plane and
g(z) the one in the z direction as determined by V(z). In
the following we will discuss the electron energy and wave

We consider the case that the total sample length L
is much larger than the well width R', in fact, we will
assume that L —+ oo. In such a situation the eigenenergy
has a continuum spectrum above the barrier Vo. We find
that there exist two types of states, i.e. , the symmetric
one with wave function
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( )
+ cos(kwz), z &W/2

cos(kwW/2) cos[k&(lzl —W/2)] &
' »n(kwW/2)»n[k~(lzl —W/2)], » W/2

and the antisymmetric one with wave function

)
A' sm(kwz), z &W/2

sgn(z)(sin(kwW/2) cos[k~(lzl —W/2)] + ( cos(kwW/2) sin[ktr(lzl —W/2)]), z ) W/2, (i4)

where kw = v 2m»E, /5, k~ = /2mg2(E, —Vo)/h, , ( =
mbl kH /mb2 kw

III. THE POLARON ENERGY
AND EFFECTIVE MASS

and

, ~(w)~(, , (wb~)
)

In this section, we will calculate the polaron correc-
tion to the ground state energy and its effective mass
within second-order perturbation theory. The energy of
a polaron in the ground state is given by

(20)

) & 2 )
(16)

The energy E~~ in the xy plane in Eq. (5) can be written
as m —mll + Lm (21)

where AE is the energy shift due to electron-phonon in-
teraction. The effective mass is given by

h2k2
II

Ell
2mll

(17)

where kll is the electron wave vector and mll the effective
mass in the xy plane which is given by

with Am the correction due to the electron-phonon in-
teraction.

Based. on second-order perturbation theory the polaron
contribution to the binding energy and the effective mass
is given by

mblmb
mll

mb2 + b b1.

where P (Pt, ) is the probability of finding the electron
inside (outside) the quantum well. The corresponding
wave function P(z, y) has the form

aE= ) )
n 2

dqll

~, (q~, )+ E, —E;+ n q,'/2m„

(22a)

and

am= ) ) OO

qll) + E E' + h2q /2m,
(22b)

M,' „(q(()= (k(( —q((, n; qlH rlk((, 1;0)
= (nlI (qadi z)l» (23)

which has to be calculated for the different phonon modes
and the full set of intermediate states. Notice that the
sum over n in Eq. (22) is an abbreviation for all the
possible electron energy states in the system, which are
the discrete levels in the well and the continuum energy
spectrum above the barrier. For the continuum energy
spectrum the sum over n transforms into an integration.

respectively, with the electron-phonon interaction matrix
element

A. Con6ned slab phonon modes

f. The contribution from the discrete energy levels

AE,&''b = 2crqkuLq(m~~/mph')kr, QW
nmax ~max

x ) ) .IG',
,.I'+i(E:)

n=1 L=1
(24)

The contribution of the electron —slab-phonon interac-
tion to the polaron energy and effective mass from the
discrete levels E in the well is given by
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'+max ~max

zh. m /"b = et/( II/ /1)kLow ) ) IG1, I
P/(E„'),

n=1 I,=l
(25)

respectively, where kLO ——(2m/, lwL1/h)1/2, n „=int(Wv 2m/, 1VO/her) + 1 is the number of the discrete levels in the
quantum well,

G/

brW cos[(kl —kn) W/2] lvrW cos[(kl + kn) W/2]
(lm-) —[(kl —k„)W] (le) —[(kl + k„)W]

laW sin[(kl —kn) W/2] lvrW sin[(kl + k )W/2]
(l~) —[(kl —k„)W] (l~) —[(kl + k„)W]

(26)

otherwise Gl: 0;

ln[r/(E) /12vr2]

[rl(E) —12vr']

where

( ln[r/(E)/l2vr2] l2m. 2 11
[12a2 —r/(E)]2 ( 1 —r/(E)/127r2 2r/(E) 2) ' (28)

r/(E) = 2mIIW (RuL1+ E —El')/5 . (29)

g. The contribution from the continuum energy spectrum

The contribution of the electron —slab-phonon interaction to the polaron energy and efFective mass from the contin-
uum states E, ) Vo is given by

m k2 W~Econt (~ )
1/2

I

II

I

LO

qm»P

max

dE. ) IG'(kw) I'S'/(E. )
/=1

and

(m' l k4 W'
cont 2 (~ )

—1/2 II LO

bl ) Vo

1
1max

E ):IG'(kw)l'P/(E. )
/=1

respectively, where

G'(kw) =
&

lvr W cos[(kl —kw) W/2]
(l~) ' —[(kl —kw) W]'

lvr W sin[(kl —kw) W/2]
(1~)2 —[(k, —kw) W]'

lmW cos[(kl + kw) W/2]
(hr)' —[(kl + kw) W]'

l~ W sin [(kl + kw) W/2]
(hr) —[(kl + kw) W]

t =- odd

l = even,

and

Am, $ b ——Am j"b + Am,'] b, (34)

which are depicted in Figs. 1 and, respectively, as a

and E~(E) and P/(E) are given by Eqs. (27) and (28).
Then, the polaron binding energy and efFective mass
correction due to the electron —slab-phonon coupling are
given by

function of the well width for a GaAs/Ale 2 Gas &As quan-
tum well. Both AE } b and AE

& b are zero at TV = 0
as one expects. With increasing well width, LE,&"b in-
creases monotonously while AE,

& b is zero up to R' = ao
and then starts to increase rapidly in the range TV ( 50
A. before the second discrete level appears in the quan-
tum well, the position of which is indicated by the arrow
labeled by n = 2 in Fig. 1(a). After the third level ap-
pears, LE,

& b starts to oscillate very weakly. We find
that AE,&"b has a discontinuous derivative each time a
new level enters the quantum well, and at the same time
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FIG. 1. The confined slab phonon mode contribution to
the polaron binding energy from (a) the discrete levels in the
well, and (b) the continuum states above the barrier for a
GaAs /Alp sGap rAs quantum well structure. The arrows in-
dicate the position at which a new discrete level appears. The
number n gives the number of discrete levels in the quantum
well.

FIG. 2. The same as Fig. 1 but for the polaron effective
mass.

Notice that the contribution of the continuum part of
the spectrum to the polaron correction for the energy
and the mass is always smaller than the corresponding
contribution from the discrete part.

AE;& b" decreases. The small structure in Fig. 1(b) occurs
for W = lao, 1 = 1, 2, 3, . . . , which is a consequence of
each time a new slab mode enters the quantum well with
increasing the well width. For very wide wells AE, ~ b ap-
proaches the 3D result of GaAs as it should be. The cor-
responding results for the polaron mass are shown in Figs.
2(a) and 2(b). We denote the polaron mass correction
with respect to the 3D GaAs value Amc~A, = njmg) /6.

B. The symmetric-interface-phonon modes

The contribution from the discr'ete energy levels

The contribution of the electron —symmetric-interface-
phonon interaction to the polaron energy and effective
mass from the discrete levels E in the well is given by

&max
~disc 0,'y EdgyEs

kr, c) (1/e t —1/cog)
dq/)'

I G',.(qadi) I'+~,+ (qii &.')

and

discms
o!t hkk)1 )

kr, o(1/e~t —1/eoi) + „; o
dq[[IG (q[[)l +,+(q[[ @') (36)

where

cos[(kt + k„)W/2] cos[(kt —k„)W/2] / q~~
W )

2 2 2 2(kt+k„) +q)( (k) —k„) +q() ( 2 )
(kq + k ) sin[(kr + k ) W/2] (kr —k ) sin[(k) —k„)W/2]+ 2 2 +

(kg + k„) + q~~ (k~ —k„) +
q~~

2 cos(ks W/2) coo(k„W/2)

)ki+ k„'+ q
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for n=odd, and Gl „(qII) = 0 for n=even,

(1+ e r~~w)Rs ~(qII)
~s,+(qII) [~s,+(qII) + (E El)/~+ hqII/2mII]

' (38)

qII(1+ '" )&,+(qII)
Ps ~(qII, E) =

s,+(qII) [ s,+(qII) + (E El)/h+ hqII/2 II]

and

[ Tl -
S,+(qll)]'[ T2

—~s,+«II)]'
l ( Ll Tl) [ T2 s,+(qll)] + 2 ( L2 T2) [ Tl s,+ (qII)]

(4o)

where el = e l(l —e l~~ ) and e2 = e 2(1+ e l~~ ).

2. The contribution from the continuum energy spectrum

The contribution of the electron —symmetric-interface-phonon interaction to the polaron energy and effective mass
from the continuum states E ) V0 is given by

OO

~Econt l ( Ll) ) dE,
27r(1/e~l —1/apl) v,

' gE, «II I&'(qII) I'&S,+(qII E.) (41)

and

n OO OO

dms "' —— ) dE, dqII IG (qII) I Ps, +(qII, E.),
2vr 1 e~l —1 apl v, E,

!
(42)

where

~'p») = s s'(&»
cos[(kl + kw)W/2] cos[(kl —kw)W/2] f qIIW&tanh

I

(kl + kw)'+ qII (kl —kw)'+ qII

(kl + kw)»n[(kl + kw) W/2] (kl kw) sin[(kl kw) W/2]
(k, + k )'+

qII (k —k )'+
qII

~Edisc + ~Econt (44)

and the contribution to the polaron mass

»d &s,+(qll E)»d Ps, +(qll E)»e given by Eqs. (3&)
and (39), respectively. Then we obtain the contribution
to the polaron energy due to the symmetric interface
modes

and the antisymmetric interface modes have a very small
contribution to the polaron energy and mass only when
the second level n = 2 appears (this is for W 50 A in
GaAs/Alp sGap 7As and for W 25 A in GaAs/A1As
quantum well). We will neglect this part and take
LE "'=pand Lm "'=0

A A
For the continuum energy spectrum E ) V0, we ob-

tain
disc + ~ contms m~ (45) nl (RuLl) '~2

C. The antisymmetric-interface-phonon modes

The contribution from the antisymmetric-interface-
phonon modes to the polaron energy and mass is much
smaller than the previous one. For the discrete levels in
the well, we have

.).f dz, '

x dqIIIG (qII)l'F~, ~(qII, E,),
0

(47)

(111~,+(~II ~)11) = o (46) and
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n OO 1A7n~"' = ) dE, dq()JG (q(()[ P~ ~(q(), E,),2771 e~g —1 epg ~, E, p
7

(4S)

where

»n[(ki + kw) W/2]»n[(k~ —kw) W/2] / q()W )coth
/

(k] + kw) + q// (k] —kw) + q// ( 2 )
(kq —kw) cos[(kq —kw) W/2] (kq + kw) cos[(kq —kw) W/2]

(ki —kw) + q(~ (ki+ kw)'+
q(~

2cos(kgW/2) „, . f kwW It ~k t'kwW)
k~ + q)~

sin
)+

kgb cos (49)

(1 —e ~~~ )Bx,+(q(()

~,+(q~~) [ ~,+(q~~) + (E —Ei)/&+ "q~~/
(50)

q~~
(1 e ~~ )+A, +(q~~)

~~,+(q()) [ ~,+(q()) + (E —Ef)/" + "q((/™Ii]' (51)

and

[~~~ —~~,~(qadi) 1'[~4—
( — )[,+(q([)1 + ". ( '. — '.)[ '. —",+{qii)]

(52)

where ep = e y{1+e ~~~ ) and e2 = E' 2{1—e ~~ ).
For 'GaAs/Alp sGap 7As quantum well structures, the

energies AE&"' and LES " and LE&" are given as a
function of the well width in Figs. 3(a) and 3(b), respec-

I I I I
(

I ~ I3

tively. It is shown that, with increasing well width, the
interface mode contribution starts from zero at W = 0
and increases to a maximum at W 20 A (AE&"'),
5 A. (AEP"t), and 27 A (DE&" ), then decreases to
zero. The corresponding results for the polaron mass
are shown in Fig. 4. The behavior of the polaron mass
correction due to the interface modes is similar to the
one of the binding energy. The maximum of Am&"' ap-

a)

1.5

I I I I I I I I I I I I I I I ~ I I I0
(b)

LLJ

0.06
gE cont.

A
0.5

E
O

0.03
E

(b)-

/ I I I I I I0
0 50 100

w (A)

150 200

0 02 . dms' "

0.01
FIG. 3. The interface phonon mode contribution to the

polaron energy from (a) the discrete levels in the well,
and (b) the continuum states above the barrier in a
GaAs/A1Q. 3GaQ. 7As quantum well structure. The solid and
dashed curves in (b) indicate the contribution from the sym-
metric (AE's "') and the antisymmetric (AE~ "

) phonon
modes, respectively.

cont.
A

L

0 20 40 60 80 100
w (A)

FIG. 4. The same as Fig. 3 but for the polaron efFective
mass.
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pears at W 18 A. , and those of Am@" and Am&" at
W 1 A and W 25 A. , respectively. Notice that the
contribution from the electron states in the continuum is
very small. The interface modes are important for not
too wide and not too narrow quantum wells.

D. The half-space phonon modes

appreciable overlap between the electron wave function
and the phonons in the barrier. In this case only one or
a few discrete energy levels exist in the quantum well.
Furthermore we have

&1Il'L2(q[I q. ;~)I1) = o

The half-space phonon modes are only important for
very narrow quantum wells because only then is there an

l

and consequently only the coupling via the continuum
energy spectrum E, ) Vo is important. We obtain

~2 ./, «. „ IGh-~~l'»I(~'q. '/ »)/(~L2+ E —E~)~ (54)

and

Amh &g
= —(RuL2)

dE

v. V'E. —&Q

OO 62x
I
Gh~gr I

(q2+ x)(ML2+ E, —Ef + 5 x/2mII)
(55)

where

f k&W) q, (q2 + kP —k&~) sin(k~W/2) + 2( kqk~q, cos(k~W/2)
+ ) +k ~I(k ) +k (56)

We have calculated the contribution of the electron—
half-space-phonon interaction to the polaron binding en-
ergy (the dotted curves in Fig. 5) and effective mass (the
dotted curves in Fig. 6) through the continuum energy
states in GaAs/Alp 3Gap 7As and GaAs/A1As quantum
wells. With increasing well width, the contributions due
to half-space modes to the polaron energy and mass de-
creases rapidly from the 3D values of Al Gai As at
t/V = 0 to zero for W -+ oo.

LLI
CI

I I I 3 } I I II I I I I I I I II

3O(AIO gGQO 7As

3O(

2 — half space '.

(a)—

IV. SUMMARY AND CONCLUSION

So far, we have calculated the separate contributions
from the electron coupling to the different phonon modes
to the polaron energy and effective mass including the
full energy spectrum as intermediate states. The polaron
binding energy and effective mass in a quantum well sys-
tem is thus given by

I I I I I I I II0
0, 1 1 10

w (A)

1000

. , half s

I I I I I I III I I I I I I III I I I I I 1 III

3D(AIAs) ( )

LE = AE, ) b+ LEg+ LE~+ LEh ]f,

and LLJ
CI

I b++ S++ A++mh 1f- (58)

The results of the polaron binding energy for (a) a
GaAs/Alp 3GaQ 7As and (b) a GaAs/A1As quantum well
structure are shown in Figs. 5(a) and 5(b), respectively.
And the results of the polaron effcctive mass are pre-
sented in Figs. 6(a) and 6(b). The contribution from the
confined slab phonon, the interface phonon, and the half-
space phonon modes are given by the thin-solid, the dot-
dashed and the dotted curves, respectively. Clearly, the
half-space modes are important for very narrow quantum
wells and, in such cases, their contribution to the polaron
is only via the continuum energy states above the bar-

0
0. 1

I I I I I I I II I I I I

10
w (A)

100 1000

FIG. 5. The polaron binding energy as a function of the
well width for (a) GaAs/Alp 3Gap 7As and (b) GaAs/AlAs
quantum-well structures. The thin-solid, dot-dashed, and
dotted curves indicate the contribution from the slab, in-
terface, and half-space modes, respectively. The thick-solid
curves give the total polaron binding energy. The thin-dashed
curve in (b) is the approximate result as given in Ref. 9.
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Ea
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0
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FIG. 6. The same as Fig. 5 but for the polaron efFective
mass.

3D GaAs results when the well width varies from zero to
infinity. The thin-dashed curves in Figs. 5(b) and 6(b)
are the approximate results as given by Eqs. (42)—(45)
in Ref. 9 which were based on the calculation of the po-
laron effects in an infinite-barrier quantum well where
the results were weighted by the probability to find the
electron inside the finite-barrier quantum well.

As far as we know, the present paper is the first work
which includes the full energy spectrum and all the pos-
sible phonon modes in the study of the polaron effects in
a Q2D system. Within the infinite-well model, Comas,
Trallero-Giner, and Riera calculated the polaron bind-
ing energy and effective mass including only the confined
slab modes, and Degani and Hipolito"' incorporated the
interface and confined slab modes to study the polarons
in a heterojunction and. a quantum well. The shortcom-
ing of the infinite-well model is that the electrons have no
coupling to the half-space modes and, furthermore, when
the well width goes to zero, an ideal 2D system is reached
instead of the realistic 3D system. More recently, Lin,
Chen, and George studied the polaron ground state in
a GaAs/A1As quantum well. Within the leading term ap-
proximation, the confined slab and the interface modes,
as well as the half-space modes, were incorporated in
their calculation. They claimed erroneously that the
W ~ 0 and R' m oo limit results were obtained cor-
rectly. In Ref. 10 the polaron binding energy and the
efFective mass were given for a GaAs/A1As quantum well
for W ( 100 A which were much smaller than the 3D val-
ues of GaAs. From the present results and from Ref. 9 we
know that this cannot be the case and the full electron
energy spectrum has to be included.

rier. When W —+ 0, LE —+ AEh ~g which approaches
the 3D result of the barrier material Al Gaq As. With
increasing well width the AEh ~f decreases rapidly and
the interface mode contribution becomes important. For
W & 100 A. , the slab mode contribution is larger than
that of the interface modes. Our calculation demon-
strates that the polaron binding energy and effective
mass go continuously from the 3D Al Gaq As to the
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