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The binding energies of excitons in quantum well structures subjected to an applied uniform electric field by taking

into account the exciton longitudinal optical phonon interaction is calculated. The binding energies and corresponding

Stark shifts for III-V and II-VI compound semiconductor quantum well structures have been numerically computed.
The results for GaAs/AlGaAs and ZnCdSe/ZnSe quantum wells are given and discussed. Theoretical results show that
the exciton—phonon coupling reduces both the exciton binding energies and the Stark shifts by screening the Coulomb

interaction. This effect is observable experimentally and cannot be neglected.
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1. Introduction

Much attention has been paid recently to optical
properties of heterostructures, such as superlattices,
quantum wells, etc., due to the fact that these sys-
tems offer a promising class of materials for a variety

[1-5] Since exci-

of opto-electronic device applications.
tonic effects play an important role in optical phenom-
ena in semiconductor materials, the behaviour of exci-
tons in quantum wells (QWs) has been extensively in-
vestigated both theoretically and experimentally. The
stability of excitons in an external electric field is par-
ticularly important for designing new types of high-

speed electro-optical devices.

In Refs.[6-8] electric-field-induced excitonic ab-
sorption peaks in QW structures were observed and
found to shift significantly to lower energies accom-
panied by some broadening. This phenomenon is at-
tributed to the fact that the applied electric field per-
pendicular to the well plane pushes the electrons and
holes towards opposite sides of the layers and thus
reduces the exciton binding energies and the transi-

tion energies. This phenomenon is often referred to as

quantum-confined Stark effect (QCSE).[® Some au-
thors have calculated the electric field dependence of
the exciton binding energy without taking into ac-
count the exciton—phonon interaction.®~13! On the
other hand, the effects of the electron-phonon (e—p)
interaction on the exciton binding energies in QWs
have also been investigated by using various theoret-
ical methods.['*=19] Different conclusions were drawn
for the e—p effect enhancing or reducing of the exciton
binding energy. Generally, it is understood that the e—
p interaction causes a decrease in the exciton binding
energy. A few effective interaction potentials between
an electron and a hole in the longitudinal optical (LO)
phonon field in a QW were derived and used to calcu-
late the exciton binding energies.!7191 However, to
our knowledge, the effect of e—p interaction on the ex-
citon binding energy in QW structures in an external

electric field has not been studied yet.

In this paper, a variational method is used to
investigate the binding energies and the Stark shift
of excitons in QWs by including the effect of opti-
cal phonons in an external electric field. An effective

electron—hole potential has been used to take into ac-
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count their interactions with the optical phonon field.
Numerical calculations for several III-V and II-VI
compound QWs have been performed. The results
for GaAs/Aly3Gag.7As and Zng g9Cdy 315¢/ZnSe, as
examples, are given. And the effects of the electron—
phonon interaction on the binding energy and Stark

effects of excitons are discussed.
2.Hamiltonian

Let us consider an exciton consisting of an elec-
tron and a hole confined completely in a polar QW
of width 2d in the presence of a uniform weak electric
field perpendicular to the interface of the well. The
origin of the coordinate system is set at the centre of
the well. The well material is confined in the range
|z] < d and the barrier material in the spaces |z| > d.
The electron and the hole are coupled together to form
an exciton by an attractive Coulomb potential. Both
of them also interact with the LO-phonon field.

Within the framework of the effective mass ap-
proximation and taking into account the exciton—
phonon field coupling, the system Hamiltonian can be
written as
PR PP P
TR + T +V(ze) + V(zn)

62

H =

€/ (Ze — 20)% + p?
+HF+th+Hex—ph- (1)

Here R is the mass-centre coordinate and p = p, — p,
the relative coordinate of the electron—hole system in
x — y plane. Py and P, are respectively the corre-
sponding centre of mass and relative momenta. M),
and p are the total mass and the reduced mass in
the z — y plane respectively, given by

meth

My =me+my), p= (2)

Me + My ’
where mg)| and my,| are respectively the masses of the
electron and hole in  — y plane and m., and my
are the masses along the z-direction. We have as-
sumed that the mass of the electron is isotropic, i.e.
Me|| = Mel = Me. The hole masses my, | and my| are
determined from the Kohn—Luttinger parameters ~y;

and v, as[*20]

1 1
— = — (11— 272), 3a
mp | mo (’Yl 72) ( )
—1 = —1 (71 +72) (3b)
o = mo Y1 T 72)s

where my is the free electron mass.

Since our attention is focused on the bound state
of the exciton, the centre of mass momentum Py will
be omitted hereafter. The infinitely deep potential
well approximation will be used for the confining po-

tentials V,, and V}, of the electron and the hole respec-

m’
Ven = {
0,

The electric field energy Hy of the electron—hole

tively, i.e.

|Ze,h| > d,
|Zth| S d

(4)

system in the external field F is given by
Hp = eF(zo — zn). (5)

The last term in Eq.(1) is related to the exciton—
phonon interaction, which influences the exciton bind-
ing energies by screening the Coulomb potential. This
effect will be taken into account by using an effec-
tive potential derived by Aldrich et al which has been
verified to be quite efficient to calculate the exciton
binding energies in QW structures.!'®% To do so, the

Hamiltonian (1) can be rewritten as

H = H.+ Hy + Hp + Hey, (6)
where
n? 92
He = T a5 . a5 e\®e) — e )
Sme 92 + Ve(ze) — aefiwro (7a)
and
r? 92
H=———-—+W — aph . b
h mr . 022 + Vi(2zn) — anhwro (7b)

Here m} and mj  are the polaron masses of the elec-
tron and the hole along the z-direction and are given

respectively by
14 ae/12
m; = T Yefo2 /

e 8
1—a./12" (8a)
and ) /12
+ap
L= 8b
My 1— h/12mhL7 (8b)

where o, and ay are respectively the electron- and
the hole-bulk LO-phonon coupling constants and are

given by
mee? mye?
Qe = —5——, Qp= 8c
hPuce’ " Rupe’ (8c)
with
2MeWwLo 1/2 2mypwro /
U = up =
e 7 3 h 7 )
1 1 1
-—=— - —. (8d)
€ €00 €0
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It should be noted that the hole mass we used in (8c) where
and (8d) is chosen as the average isotropic mass.

The last term in Eq.(1), Hex includes the exci- G = Ue . (11a)
ton motion in x —y plane and the effective interaction {1+ ae/[4(1 + 0 /12)2[H(1 + 0 /12)
potential between the electron and the hole and

R (10 8 1 0
o= Gopoag * ) V0 @ Uh
Sh = 2 s (llb)
Here p = [(ze — z1)% + (ye — yu)?]'/? is the distance {1+ on/[A0 + an/12)°T}H(1 + e /12)
between the electron and the hole, and u* is the re- ) )
7 = [(ze — 2n)? + p?]*/? is the distance between the

duced mass of the exciton in the x — y plane, given

by
%,k
w = M (10)
m} + m;‘lH
Vesr (1) is the effective electron—hole interaction poten-

tial including the phonon effects and can be written,

electron and the hole.

3. Variational treatment

We use a variational method to calculate the

ground state energy of the exciton. The trial wave-

following Antonelli et al,[18:1%] as function can be chosen asl™!"
e? e2[/1 v
v =- = - 2[(3-a)e ) = 1o, (12
1 —upr
+ ; —Gh |€ y (11) where
|

N TZeh By (P 1 lzen| < d
zem) = 4 P T2a TP [T (og T2 )| =D (13)

0 |Ze,h| > d>

describes the electron (e) and the hole (h) wavefunc-
tion confined in the well. N, and IV}, are the normal-
ization constants which depend on the parameters G,

and [y, respectively and are given by

2 2/867}1( g,h —|—’/T2)

eh = n2(] — e Zon)’ (13a)

Here we consider the case where the applied electric
field is weak and the exciton is un-dissociated.[?!] The
wavefunction of the exciton in the z — y plane |p) is

then chosen as
o) = (\/V2m)e /2, (14)

where A, 8. and (), are all the variational parameters
and will be determined by minimizing the expectation
values of the Hamiltonian (1).

Consequently the ground-state energy of the ex-
citon can be calculated by the following minimizing
equation

Ey = min (y{H[). (15)

sPesPh
The binding energy of the exciton may then be
obtained by subtracting the ground state energy from

the free electron—hole pair Ef.co
EB - Efree - Eg' (]‘6)

By dropping the free motions of the electron and the
hole in the x — y plane, the corresponding electron—

hole pair Hamiltonian is written as
Hfree:He+Hh+HF~ (17)
Choosing the trial wavefunction as

‘f> = |Ze>|zh>7 (18)

the energy of the free electron—hole pair can be calcu-
lated by
Efree = énl[? <f|Hfree|f>' (19)

esPh
The stark shifts of the exciton binding energy is

determined as

AEg = Eg(F) — Eg(F = 0). (20)

4. Numerical results and discus-

sion
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The calculations for the values of the binding
energies of the heavy-hole excitons for III-V and
II-VI compound QW systems are performed nu-

merically. The results for GaAs/Alp3GaprAs and

Zng.69Cdg.315¢/ZnSe QWs are shown in Figs.1-3. The
parameters used in the calculations are listed in Table
1.

Table 1. Values of the physical parameters used in the computations. Energies are measured in
meV and masses in units of the mass of a free electron.
€0 €oo hwro 71 2 my
GaAs/Alp 3Gag.7As 12.5 10.9 35.2 6.93 2.15 0.067
Zno_ggcdo_glse/znsea) 87 573 31.7 2.45 0.61 0.14

a)Ref. [22, 23, 24]

In Fig.1 we plot the values of the binding energies
of heavy-hole excitons in the GaAs/Aly 3Gag 7As and
Zng.69Cdp 515¢/ZnSe QWs as a function of half well
width d. As expected, the exciton binding energies in-
crease monotonically with decreasing well-width from
the bulk (3D) values for very large widths, and to the
2D values, namely, 4 times the 3D value for the case of
F = 0 (see Fig.1(a)), for very thin wells. The values
of the exciton binding energies with the exciton-LO-
phonon interaction are lower than those without, for
both the III-V and II-VI compound QWs as respec-
tively shown in Figs.1(a) and 1(b).

bution to the reduction of the exciton binding ener-

Phonon contri-

gies for the ZnCdSe/ZnSe system is much bigger (by
an order of magnitude) than that for GaAs/AlGaAs
QW because of the stronger polarity of the II-VI
compounds. The exciton—phonon interaction reduces

the exciton binding energy by screening the Coulom-

20 TT T I[P T V[T T rpryrrrrey

Binding energy/meV

d/nm

bic potential by LO phonons. It is also seen clearly
by comparing the results for F =5 and 0kV/cm in
Fig.1(a) that the external electric field reduces the
binding energy and will cause a Stark shift. It is well
known that the electron is pushed against the direc-
tion of the applied field while the hole along the field so
that the binding of the excitons is weakened due to the
Further-
more, the influence of the e—p interaction on the Stark

shift can be found clearly for GaAs/AlGaAs QW in
Fig.1(a), in which the reduction of the exciton binding

reduced overlap of the two wavefunctions.

energy from F' =0 to 5.0kV/cm with phonon contribu-
tion is lower than that without phonons. However, the
effect is negligible for the ZnCdSe/ZnSe system due to
the large binding energy as in Fig.1(b). To illustrate
the effect of Stark shift, the electric field dependence
of the exciton binding energies will be illustrated in

the following figures.
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Fig.1. Values of the binding energies of heavy-hole excitons as a function of half-well-width d without
(dotted lines) and with (solid lines) exciton—phonon interaction for (a) GaAs/Alp.3Gag.7As QW and (b)
Zng.69Cdo.315¢/ZnSe QW for two different values of the electric field F=0 and 5.0kV/cm.
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Exciton binding energies with (solid) and without (dotted) LO-phonons as functions

of the electric field in (a) GaAs/Alg.3Gag.7As QWs of the well width d= 5 and 20nm, (b)

Zng.69Cdo.315¢/ZnSe QWs of d=8 and 14nm.

The numerical results of the electric field de-
pendence of the binding energy of heavy-hole exci-
tons are shown in Fig.2 for the GaAs/Aly3Gag.7As
QWs of the well width d=5 and 20nm and for the
Zng.69Cdp 315¢/ZnSe QWs of d=8 and 14nm. One
can see from the figures that the binding energies of
excitons decrease significantly with increasing electric
field strength for the wide well case, whereas the de-
crease is not significant for narrow wells, because the
electron and hole cannot be pulled apart so far due
An-

other interesting feature is seen in Fig.2, namely, the

to the confinement by the two closed barriers.

slopes of the curves for the binding energies without
LO-phonon effect are steeper than those with phonon
It is clear that

the exciton—phonon interaction introduces a depolar-

contribution for both the systems.

ized field and reduces the macroscopic electric field, so

that the QCSE is weakened.

To clearly see the influence of the e—p interac-
tion on the Stark shifts, we have plotted in Fig.3
the exciton binding energy shifts (the Stark effect)
with and without phonons as functions of the elec-
tric field for the above mentioned systems. It is found
again that the phonon field screens and reduces the
Stark shifts for both the systems, and the screening

increases rapidly with the electric field as well as the

well-width. Moreover, the screening depends sensi-
tively on the e—p coupling strength. As is shown in
Fig.3, the e—p screening in the ZnCdSe/ZnSe system
is much stronger than that in the GaAs/AlGaAs sys-
tem because of stronger polarity. In the wide well-
width (d=14nm) case, the e-p coupling around 3/5
reduces the Stark shift of the exciton at F=10kV/cm.
Therefore, the e—p coupling plays an important role in
the QCSE and cannot be neglected, especially for the
II-VI polar semiconductor QW systems.

In conclusion, we have presented a theoretical in-
vestigation of the effect of exciton-LO-phonon cou-
pling on exciton binding energies in a polar quan-
tum well in the presence of an applied weak electric
field perpendicular to the well layer. The results show
that the exciton-LO-phonon interaction reduces the
Stark shift of the exciton binding energy. This effect
depends on both the well-width and the polarity of
the materials. It cannot be neglected for wider wells,
We have

used an infinite-deep well approximation in the cal-

particularly in II-VI compound systems.

culations. The formulation is valid for the considered
weak field and not very narrow well case, due to the
fact that the exciton is not dissociated by the electric
field and also the probability of the particles penetrat-

ing into the barrier regions is very small in the two
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QWs considered above. Although our calculation can

give reliable theoretical results in the two-dimensional
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limit, it should not be compared directly with the ex-

perimental data without appropriate modifications.
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Exciton binding energy shifts with (solid) and without (dotted) LO-phonons as func-

tions of the electric field in (a) GaAs/Alg.3Gag.7As QWs of the well width d=5 and 20nm, (b)

Zng.69Cdo.315¢/ZnSe QWs of d=8 and 14nm.
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