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Infiuence of different phonon modes on the exciton ground-state energy
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The ground-state energy and the binding energy of an exciton in a GaAs/Ga& Al As quantum well

under an electric field have been studied, and the interactions between excitons and different phonon
modes have been taken into consideration. Numerical calculations show that an electric field brings
more obvious interface phonon effects and makes the inhuence of other phonon modes different com-
pared to those without an electric field.

I. INTRODUCTION

In recent years, the properties of Wannier excitons in a
quantum well have aroused a great deal of interest, ' be-
cause in these kinds of localized semiconductor struc-
tures quantum effects make the properties of excitons
different from those in three-dimensional systems. Some
work has been done on the effect of an electric field on
the exciton properties in a quantum well. ' It is under-
stood that the exciton binding energy will be reduced due
to the polarization of the exciton wave function by the
electric field. ' As photocurrent technique began to be
used in studying the optical properties of quantum wells,
the problem of excitons in a quantum well under an
external electric field became of practical interest.

The interaction of excitons and optical phonons is an
important factor influencing exciton properties in a polar
semiconductor structure. Considerable work has been
done on the problem of polaron effects in quantum-well
structures, both theoretically ' ' ' and experimental-
ly. ' However, when dealing with polaron effect in
quantum-well structures, many authors only consider the
bulk longitudinal optical (LO) phonon mode, i.e., they ig-
nore the lattice structural difference between a quantum-
well structure and a bulk semiconductor. ' '" It has
been proved theoretically and experimentally that inter-
face phonon modes make a great contribution to polaron
effects in quantum-well structures. ' ' Hai et al. ' re-
ported a strong polaron effect caused by the interface
phonons as the well becomes narrow. Our recently pub-
lished paper showed that interface phonons and other
phonon modes can infIuence the exciton ground-state en-
ergy. The contributions of different phonon modes to the
exciton energy shift depend on the well width and the
height of the well potential. Certainly, when an electric
field is introduced into a quantum-well structure, the well

potential will be changed. This will have interesting
effects on the exciton-phonon system.

In the present paper, we investigate, the shifts of the
exciton ground-state energy and binding energy due to
the inhuence of various phonon modes when the exciton
is in a quantum well under an electric field. In order to
understand the influence of different phonon modes in de-
tail, difFerent well widths (20—600 A) and different field
strengths (0—120 kV/cm) are considered in our calcula-
tion. In the following, the theoretical framework is given
in Sec. II. In Sec. III, we give the numerical calculation
results and some discussion.

II. THEORY

e +H ~+H;„, .
E„QP +(z, —

zh )

The first two terms are the Hamiltonians of electrons and
holes on the z axis:

dH„=— +eFz, + V, (z, ),
2&7qz

fi dH„=—,eP'z„+ V„(z, ), —
2mgz dz~

(2)

and for a finite well V(z) =0 when ~z
~
( W'/2 and

Consider a GaAs/Ga, „Al As quantum well (see the
Fig. 1). Under the effective-mass approximations the
Hamiltonian of the exciton and phonons in a quantum
well of width 8' can be written as [the electric field is ap-
plied along the growth axis (z axis) of the well]

P +P p„+pH=H +H, + +
2M 2p
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various modes.
According to Refs. 16 and 18, there are four types of

optical phonon modes interacting with the excitons: (i)
symmetric interface optical phonon modes (S+ ) with fre-
quency cps+(Q), (ii) antisymmetric interface optical pho-
non modes ( A+) with frequency co„+(Q), (iii) confined
slab LO-phonon modes in the well (SL) with frequency
coL, and (iv) half-space LO-phonon modes in the barrier

layers (HS) with frequency coL .
2

Then
FIG. 1. Geometry of a GaAs/Ga& „Al As quantum well: I,

GaAs; II, Ga& „Al„As.

V(z) = V when
~

z
~
) W/2.

The third and fourth terms in (1) are the kinetic ener-
gies of the exciton center of mass and relative motion per-
pendicular to the z direction. (P„,P» ) and (/2, /i» ) are the
in-xy-plane projection of the exciton center-of-mass
momentum and relative motion momentum, respectively.
M =I,+mh is the total mass of the exciton and
/2=m, mi, /(m, +mh) is the reduced mass of electrons
and holes with respect to motion in the xy plane. The
fifth term is the Coulomb potential between electron and
hole. H h is the phonon Hamiltonian and H;„, is the in-
teraction Hamiltonian of the exciton and phonons of

H „=QA'co a (Q)a (Q),
o., Q

H;„,= g Iexp(iQ R)
o,Q

X [I (Q,z, )exp(i/3i, Q p) I . (Q—,z„)

X exp( —i/3, Q p) ]a +H. c. I,
where o. denotes the phonon mode, o. =SL,HS, 5+, 3+,
q=(Q, q, ), /3, =m, IM, and/3i, =m„IM.

The dispersion relation for the interface phonon is
given by'

co(+( Q) =
I E', (coL +coT )+c,2(coL +coT

2(E', +E2) 1 2 2 1

—+[ei(toL +a~T )+E2(a L2+~T( )) (El+ E2)(el~L)~T2+E2~L2~T) ))

1/2

where E', =E„,[1—y&exp( —QW)], ez=e„2[1+y&exp( —QW)], E„(v=1,2) is the light-frequency dielectric constant of
material, and coL, and coT are the frequencies of longitudinal-optical vibration and transverse optical vibration respec-

tively. /=Sand 3 refers to the symmetric (S) and antisymmetric (3 ) modes, respectively. ys= 1 and y„=—1. Also

&i+(Q,z)=— 2~e A

a~, +(Q)

exp[ —Q(z —
—,
' W) ], z ) —,

' W,

Q
X .f&(Q,z}, ~z~ (—,

' W,
y&exp[Q(z+ —,

' W)], z (—
—,
' W,

where A is the interface area and

C, +=
1/2

Q [1+y &exp( —Q W) ]
2

[~T ~l, +(Q)1'[~T,—~i, ~(Q))

ei(~L, —~'T, )l ~'T, —~i, +(Q))'+e2(~L, —~'T, )[~T, ~i, +(Q))

and

cosh(Qz)
h(-'QW) '

2

given by

r~L (Q,z)=—
4 g2 2g 1/2 1/2

VT COL 0,'1 COI

M1
sinh( Qz )

sinh( —'QW)
2

The coupling function of a single exciton with the
confined slab LO-phonon modes with frequency col is

sin[qj (z+ —,
' W)]

X
QQ2+(q J )2
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4'1' col A2 2i66)L
2 2

M2

1/2 1/2

for lz I
( W/2 and is zero otherwise. The wave vector of

the confined slab LO phonon is ( Q, q Ji ), where
qJi =j vr/W, j=1,2, . . . .

The coupling function of a single exciton with the
half-space LO-phonon modes in the barrier material with
frequency coL is given by

2

g&Q[a (Q)a (Q)+f (Q,p)a (Q)
a.,Q

+f*(Q,p) (Q)+ If (Q,p)l']
i V+ g [a (Q) A *(Q)

2p &
Q'+a'

+a (Q)A (Q)],

where
sin[q, (z —W/2) ]

'1/ Q +q,
X .0, zl(W/2,

sin[q, (z + W/2)]

V'Q'+q. '

z) 8'/2,

z & —8'/2,

(12)

2m V.*(Q p)f. Q,p=-
+u

Au

2M

V (Q,p) = I (Q, z, )exp(iPh Q p)

(19)

where VG is the volume of the barrier material. The cou-
pling constant characterizing the electron or hole LO-
phonon potential strength is quite small for GaAs and
Gai Al As.

We may use the Lee-Low-Pines (LLP) variational for-
malisrn' as we have done in Ref. 8. The two unitary
transformation operators are

—I (Q, zh )exp( —iP, Q p),
2M

A (Q)=
2 [I (Q,z, )PI, exp(iPhQ p)

fi

(20)

+I (Q, zi, )P, exp( —iP, Q.p)] . (21)

The eigen wave function of the exciton-phonon system
can be written as

S=exp i K —ga (Q)a (Q) R
O, Q

(13) ~=y(. )lo&, (22)

U=exp ga (Q)f (Q p) —a (Q)f*(g p)
o., Q

(14)

where g(r) is the normalized exciton wave function and
lo& represents the normalized vacuum state (the state of
no phonon). It satisfies

a (Q)Io&=o.

u= U-'S-'HSU, (15)

where A'K=P+g &A'Qa (Q)a (Q) is the total momen-
tum of the exciton-phonon system for motion in the xy
plane. Then we get the following transformed Hamiltoni-
an (neglecting the interaction related to the emission or
absorption of two or more virtual phonons): AK=H„+Hh, +

2M

2

E '1/ p + (z, —
zh )

''v
2p

For the low-temperature limit (T~o K), the efFective
Hamiltonian of the system will be

H„=«lalo&

A' K&=H„+Hh, +
2 fi

s„Qp +(z, —z„)2
2M I v. (Q) I' ir2 g'+
g2 ~ g2+ 2 2M + g2+ 2

+2M+ g(Q'+ii' )a (Q)a (Q)
(T, Q

I
v (Q)I'

~2~ g'+ '

+ y, , IA. (g)I2+m, ,
P2 Q2

2M
&

Q2+ii'

xI A.(g)l'. (23)

Consider the finite-barrier quantum-well model of the
GaAs/Gai Al& Al„As material. The confining po-
tentials are V0=0.6X(1.155x+0.37x ) eV for electrons

Vho=0. 4X(1.155x+0.37x ) eV for holes. The
wave function in the z direction for an electron (hole) in
the lowest subband is given by' '

B(g)cos(kz )exp[ —g(z+ W/2)], lzl ( W/2,
B(g)cos(kW/2)exp[ —ki(lzl —W/2)]exp[ —g(z+ W/2)], lzl) W/2,

where k =+2m, Ei /A', k, =+2m 2 ( Vo EI ) /A'; EI is determ—ined by the equation

(24)
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W+2m )E(
tan 2'

mi(V0 E—I)
m, E,

(25)

The normalized constant B(g) is given by

2$(k f
—g )exp((W)

B(g) =
gk&[cos(kW)+1]cosh((W)+k

&
[sinh($ W) +X] +g [cos(kW)+1]sinh(gW)

with

X=
z [icos(kW)sinh((W)+k sin(kW)cosh(gW)],1

g+k

(26)

where g is the variational parameter. Using g, (z) and Eqs. (2) and (3), we obtain the lowest subband energy for elec-

trons and holes as

AX —(qFz )E)(g)=
2m)

with

(qFz)=(H ) +(H ) +(H )

qFB ( g) cos (k W/2 )
[ k

4(k, +g)

Ki(g)=(k —
g )+B(g) cos (kW/2)k, g

1

k, —g

e
—2$W

k, +g
—B(g) e ~ [kcos(kW)sinh(gW)2-W

k +g
—

g sin( k W)cosh( g W) ],

(27)

(HF )o=
2 qFB(g) e ~ [sinh(g W) —gW cosh(gW)+ P],1

2 kW

(I 2+$2)2 [(k —
g )cos(k W)sinh(g W) —2k/ sin(kW)cosh(g W) ]— sin(kW)sinh(gW)

k +g
+g W cos(k W)cosh(g W),

where q = —e for electrons and e for holes. By minimizing E, (g) according to g, we can obtain g s for diFerent electric
field strengths.

The exciton wave function is

1(1 (z ) Plh (zh )4'1 (P Y ) (28)

where P„(p,y ) is the normalized wave function of the ground state of a two-dimensional hydrogenlike atom given by

P„(p,y ) =v'2/m. y e

where y is the variational parameter.
The energy of an exciton is given by

E&, ( le, 1h ) =minr( g(r) ~H,&~g(r) ),
AK Ay(y(r) IH,~ly(r) & =E(,(g, )+E)h(gh )+ +
2M 2p

(29)

(30)

f f@„(z,)@,h(zh)~z, zh~
—[H, (2y~z,—zh ~)

—N, (2y~z, ——zh ~)
—1 dz, dz„+bE, (31)

where H, (x ) is the first-order Struve function and N, (x ) is the Neumann function (the second-type Bessel function) of
the Grst order.

bE=+bE~=bEs++bEs +bE„++b.E~ +bEsi+bEHs (32)

is the exciton ground-state energy shift due to the interaction between the exciton and various phonon modes.
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2
2Me ~ I+

AE(+ =—
Q(Q +ui+ )

where l =S, A,

16y
(Q2+4 2)3/2 Q2+ 2 ~ —e I —" ~ (Q)

(33)

1
—2$W

+
2(Q+k, —g) 2(k, +Q+g)

g(p )2
—gW 2

+ sinh($W)/g+ [icos(kW)sinh(gW)+k sin(kW)cosh($W)]
4 cosh ( Q W/2 ) k +g

+ [/cosh(QW)sinh($W) —Q sinh(QW)cosh(gW)]
g2 Q2

+ 1

2g2(Q2 k2)+(Q2+k2)2

X [g(g —
Q +k )cos(k W)cosh(QW)sinh($ W) —2kgg sin(k W)sinh(Q W)sinh(g W)

+k(g +Q +k )sin(kW)cosh(QW)cosh(gW) —Q(g —Q —k )cos(kW)

Xsinh(QW)cosh(JW)] ', (34)

e
—2$W

+
2k, +Q —2$ 2k, +Q+2g

I

+ gcosh(QW/2)sinh(gW) ——sinh(QW/2)cosh(gW)
g(g)2 —gW

2 cosh W/2 g2 —Q 2/4

+ 1

/+2(2(k2 Q2/4)+(k2+Q2/4)2

X (g —
Q /4+k )cos(kW)cosh(QW/2)sinh((W) —kg(sin(kW)sinh(QW/2)sinh((W)

+k(g +Q /4+k )sin(kW)cosh(QW/2)cosh($W)

——(g —
Q /4 —k )cos(kW)sinh(QW/2)cosh(gW)

2

1 e
—2/ 8'

Gz+ =B(g) cos (kW/2) +
2 +k, — 2 k, +Q+g

(35)

a(g)2e-~w sinh(gW)
4sinh (QW/2) 2 2 [/cosh(kW)sinh(gW)+k sinh(kW)cosh($W)]

1

g+k

+
2 2 [(cosh(QW)sinh(gW) —Q sinh(QW)cos((W)]

1

$2 Q2

+ [ —2kgg sin(kW)sinh(QW)sinh(gW)
1

—2g (Q —k )+(Q +k )

+g(g —Q +k )cos(kW)cosh(QW)sinh(gW)

+k(g +Q +k )sin(kW)cosh(QW)cosh(gW)

—Q(g —
Q —k )cos(kW)sinh(QW)cosh(gW)] &, (36)
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1 e
—2/8

+
2k i +Q

—2g 2k, +Q +2/

B(g)2 —gw

2sinh(QW/2) g2 —g2/4
—

g sinh( Q W/2) cosh(g W) +—cosh( Q W/2 )sinh( (W )
2

P+2$'(k' —Q'/4)+ (k'+ Q'/4)'

X kg/ sin(k W)cosh( Q W/2)cosh(g W)

—g(g —Q /4+k )cos(kW)sinh(QW/2)cosh($W)
—k(g +Q /4+k )sin(kW)sinh(QW/2)sinh($W)

+—(g —Q /4 —k )cos(kW)cosh(QW/2)sinh(gW) (37)

1/2
4MmL iud 2AmL )

EESL
1

Qdg Pe Q
p g +usL Ph Q +us„ e Q'+usL

16y +1 G, G
(g2+4 2)3/2 g2+ 2

(38)

)2
—gW 1

G = . sinh(gW)/g+ [icos(kW)sinh(gW)+k sin(kW)cosh(gW)]
4[g +(qi ) ] k +g

1
I pe ~ /2+ [qi& sin(2q~& W) —icos(2qi& W)/2]e ~

]
( j )2+(2

P+2g [k +(q', ) ]+[(qj ) —k2]2

X gkq~&sin(kW)sin(2qi&W)e ~ —~[/ +k +(q~& ) ]cos(kW)[e~ —cos(2q~& W)e ~ ]

——[g +k —(q~i ) ]sin(kW)[e~ +cos(2qj W)e ~ ]

[g —k +(qi ) ]cos(kW)sin(2qJ, W)e

B( )2
—gw

'

1
GJ = . . tq, e~ —[q, cos(qj W)+2(sin(q~ W)]e

2+g'+(q& )' 40'+(q
&

)'

(39)

P+2g [k +(qj ) /4]+[(qadi) /4 —k ]

X [g k+(qj, ) /4]co—s(kW)[e~ cos(qi W—)e ~ ]
g i

+ sin(kW}[e~ +cos(q~&W)e & ]— [g +k +(q~& ) /4]cos(kW)sin(qi&W)e
gkq~

+—[g +k —(q 1 ) /4]sin(k W)sin(q J, W)e

AEHs = —2Mml ~a~

2%coCOL QdQ
p Q2+ 2

fi g2
Pq Q +uHs

g'
GHs, e + 1

e Q +uHs
2

GHS, h (41)

1
GHs = 4'B(g) cos (kW/2) (42)
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TABLE I. Material parameters (Refs.fs. 13 and 17)~

m„, (units of mo)
m z, (units of mo)
m„„» (units of mo)

(meV)

%coT (me V)

&ov

GaAs (v= 1)

0.067
0.45
0.088

36.25

33.29

13.18
10.89

Ga& Al As (v=2)

0.067+0.083x
0.45+0.31x
0.088+0.049x
36.25+ 3.83x+ 17.12x —5. 11x'

33.29+ 10.70x+0.03x +0.86x

13.18—3.12x
10.89—2.73x

AlAs

0.15
0.76
0.137

50.09

44.88

10.06
8.16

III. RESULTS AND DISCUSSION

A. Exciton energy shift

W' h the round-state energy of the exciton-phonon
system obtained, we will carry out a numerica 1 calcula-
tion for a GaAs/Ga& Al As quantum well. The ma-
terial parameters chosen are the same as those we use in
Ref. 8; they are listed in Table I.

The calculation will be carried out on the ground-state
energy of the cavy- o e ex
is x =0.3. The heavy-hole effective mass for motion m
the x-y plane is mz„=( ,mz, +—4m&,

free-electron mass. i erenD'ff rent well widths and diff'erent
electric field strengths are considered in the calculation.

In Fig. , we po e
' . 2 we lotted the exciton ground-state energy

shift (b,E) due to the exciton-phonon interaction as a
function of t e we wih 11 dth. The electric field strength is

I' =60 kV/cm. For comparison, the results ob-fixed: I' = cm.
d in the absence of electric field from Re .f. 8 are alsotaine in e a

'1 conclude thatplotted in the same figure. One can easi.y co

when the e ectric e i1
'

fi ld 's introduced into the system the
contribu

' of different phonon modes to AE undergo
the same ten ency o cd f change as those without electric
field as the well width increases. But different modes
be ave i eren yh d'ff tly under the field. The contribution of
h 1 b LO-phonon mode (EEsL) becomes a itt e i

i fieldsmaller. This can be understood because the electric e
draws electrons an o1 d holes in different directions and
moves them near the well edges; small portions of the
electron and hole wave functions escape out of the we
and are beyond the inhuence of the slab LO-phonon
mode. This same reason makes the contribution of t e

alf-spac LO-phonon mode (EEHs) become g e
comparison wi a'th th t in the absence of electric field. ig-
ure 3 shows the response to electric field strength wit
fixed, well width W=100 A. We can see that ~b,Esz ~

is
reduced and ~b,EHs~ increases as the field strength in-
creases.

hononNow let us see the contribution of the interface p onon
mode (bE;„=bEz++bEz +bE~++bE~ ). It is a
little bit greater than that without electric field, because

-- F 60k V/cm ——— — —F ORV/cm

'vV =100k

0

IN
HS

! ! ! ! ! ! ! ! ! ! ! ! ! !! ! ! ! ! ! ! ! ! ! ( ! !!

100 200 300 400 500 600

WELL WIDTH(X)
30 60

F(aV/crn)
90 120

FIG. 2. The exciton ground-state energyr shift caused by
different phonon modes as a function of thhe well width.

FIG. 3. The exciton ground-state energyr shift caused by
different phonon modes as a function of the field strength.
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0.5—
w=iooA

A+

0—

-0.5—
s+

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

100 200 300 400 500 600

WELL WIDTH(A)

30 60
F(ave crn)

90

FICx. 4. The contribution to the energy shift of different in-

terface phonon modes as a function of the well width.
FIG. 5. The contribution to the energy shift of different in-

terface phonon modes as a function of the field strength.

the electron and hole wave functions are near the inter-
face. But when the well width is greater than 150 A, it
does not decrease to zero with increasing well width as it
does when there is no electric field (Fig. 2). For a wider
we, e11 the same electric field strength modifies the well po-

ell.tential more obviously than it does for a narrower we .
So the exciton will have a greater radius under an electric
fi ld and the electron and hole will be driven much closere, an

hto the well edges. This will certainly make hE;„muc
greater than in the absence of electric field. However, for
a wide well,

l «;„l is still much smaller than for a nar-
row well (8'(100 A). lb, E;„ increases as the electric
field strength increases (Fig. 3). Careful analysis of «;„
gives more interesting results. Among the four interface
phonon modes, «s+ is the major term in hE;„(Figs. 4
and 5); lb, Es l

is small and l«„+l are very small in the
absence of electric field. An external electric field breaks
the symmetry of the well potential and, of course, the
electron and hole wave functions are no longer symmetri-
cal. These make lb, E„+l become greater. The increase
of lb E„+l with increasing well width under an electric
field (Fig. 4) explains the effect of the well potential asym-
metry on hE„+.

B. Exciton binding-energy shift

It would be more interesting to observe how the exci-
ton binding energy is influenced by the different phonon
modes. With the theoretical result obtained above, we
calculate the polaron energy shifts for the lowest subband
of an electron and a hole. For simplicity, we only give
the numerical result [Figs. 6(b) and 6(c)]. The curves in
Fig. 6(b) and 6(c) are reasonable according to our previ-
ous analysis. With the polaron energy shifts available,

the exciton binding-energy shift can be calculated from
AE =b,E'+«" b,E'". Figur—e 6(a) shows how AE
changes as the well width increases when there is electric
field. The result in the absence of the electric field is also
plotted in the same figure for comparison. In Fig. 6(a),
we notice that polaron effects caused by different phonon
modes influence the exciton binding energy quite
differently. The polaron effect may increase the exciton
binding energy or reduce it. ' '" This depends on the
exci on an't band mass and the phonon mode. First let us
take a look at the interface phonon mode. lb.E,„ l

is sma
when the well is very narrow because the exciton is
confined in the well, and the polaron energy shifts for ex-
citon and bound exciton have little difference. As the
well grows wider, this difference becomes bigger; it de-
creases again as the well becomes even wider because the
inAuence of the interface phonon is no longer strong.
lbE;„l is smaller when there is an electric field. It should
be noted that in the absence of electric field the interface
phonon tends to "trap" single electrons or holes and
keeps part of its inhuence even when the well is very

d B t for an exciton the Coulomb force is strong
ellenough to keep it away from the well edges when the we

is wide (Fig. 2). This make l «;„+l
b,E;„l

greater than
lbE;„"

l
and gives a certain l«;„ for a wide well [Fig.

6(a)]. An external electric field makes the exciton radius
greater and the interface phonon has a stronger infIluence
on the exciton energy (Fig. 2). This results in a smaller

l «;„l because the "trap" effect for a single electron or
hole no longer prevails. The curve of AEsL is easy to ex-

lain since, as we mentioned previously, the electric field
reduces l«sL I, l«sLI, »d I~EsLI [»gs. 2, 6(b), »d
6(c)].

In conclusion, we have investigated the exciton-
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phonon system in a quantum well under an external elec-
tric eld. Special attention has been paid to the various
phonon modes in the quantum-well structure. By using
t e generalized LLP formalism, we obtained the effective
Hamiltonian of the exciton-phono t . Nnon sys em. umerical
calculation shows that external electric field will enhance
the inIIIuence of the interface phonons and LO phonons of

the barrier material on the exciton gro d- tun -s ate energy,
while the inhuence of LO phonons in the well material on
t e exciton ground-state energy is slightly weakened by
the electric field. However, the dependence of AE on
the well width is still similar to that w th t 1

e d. When we turn our attention to the exciton binding
energy, a similar conclusion is obtained for the inAuence

(b)

F =60k V/cm — — — F =Ok V/cm F =60k V/'cm

— — — — F =0k V/(-m

0

I I I I I I I I I I I I I I I I I I I I I

100 200 300 400 500 600 100 200 300 400 500
I I I I I I I I I I I

600

WELL WIDTH(A) WE L L W I DT H(A. )

F =60k V/CITj
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I I I I I I I I I I I ! I jI j I I I I I I I I I I I I I j I
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FIG. 6. (a) The exciton bindin energ ergy shifts as a function of the well width. b
polaron energy shift of a hole.

wi . ( ) The polaron energy shift of an electron. (c) The
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of LO phonons in the well material. Unexpectedly, the
external electric field, instead of enhancing the inhuence
of interface phonons on the exciton binding energy, will
weaken it.
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