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Magnetoexciton states in GaAsÕGa0.7Al0.3As double quantum wells:
The effects of well-width asymmetry

Carlos L. Beltra´n Rı́os and N. Porras-Montenegro
Departamento de Fı´sica, Universidad del Valle, A. A. 25.360, Cali, Colombia

~Received 15 May 2003; published 20 October 2003!

The binding energies for 1S-, 2P6-, and 3P6-like exciton states and some allowed transition energies
between these states have been calculated in GaAsGa0.7Al0.3As double quantum wells as a function of the well
and barrier widths in the presence of a magnetic field applied in the growth direction. We have used the
effective-mass approximation and considered the symmetric and asymmetric well widths in the double quan-
tum well structure. We have found that the binding energy of the ground and all exciton excited states is higher
in double quantum well structures, when the width of the wells are slightly different~asymmetric case!, than
when they are equal~symmetric case!, a diference which is increased by the barrier width. Our results show
that the binding energy of the exciton ground state increases with the magnetic field for all values of the well
widths. We have found that the binding energy of the 2P1- and 3P6-like excitonic states decreases with the
magnetic field, which additionally splits the binding energies of thenP (m561) excited states. This behavior
is similar to that observed in single quantum wells.
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I. INTRODUCTION

In recent years the study of the double quantum w
~DQW! semiconductor structures has exhibited an impr
sive growth. Authors have reported different theoretical a
experimental studies on such systems. In particular Kamiz
et al.1 studied the binding energy~BE! of excitons as a func-
tion of the well and barrier widths, which determine the b
dimensional character of excitons. Dignamet al.2 studied the
four lowest energy levels and oscillator strengths of 1s ex-
citons in a coupled DQW in the presence of an applied st
electric field. Cen and Bajaj3 calculated the BE of excitons in
symmetric DQW, under the action of a magnetic field a
plied in the growth direction, as a function of the interwe
coupling and well size, and for different values of the ma
netic field, including subband mixing effects. Kasapog
et al.4 calculated the binding energy for the ground state
the exciton in asymmetric and symmetric DQW’s under
action of uniform magnetic fields applied in the growth d
rection, using a variational procedure for small well width
showing basically the competition between the magnetic
the geometric confinement on the exciton BE. Mathoset al.5

have studied the diamagnetic shift, of the 1S-like and
2S-like states of excitons, in symmetric DQW system usi
the fractional-dimensional approach. Others authors8–13 have
been focused on studying the effects of the temperature, e
tric field, and bosonic condensation on these systems.

While some authors3–5 have calculated the BE of th
ground and the 2s-like state of excitons in DQW with thin
barrier widths, in this work we present the BE not only f
the 1S-like state~the exciton ground state!, but also for the
2P6- and 3P6-like excitonic states in a GaAsGa0.7Al0.3As
DQW as a function of the right well width, for differen
barrier widths, under the action of magnetic fields applied
the growth direction. Also, we present some allowed tran
tion energies. On the basis of these results we analyze
role of the well width asymmetry on the exciton BE.
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II. THEORETICAL FRAMEWORK

In Fig. 1 we show a schematic representation of
GaAsGa0.7Al0.3As DQW. The z axis corresponds to the
growth direction of the structure, the indexe and h denote
the electron and hole, respectively. CB and VB refer to
conduction and valence band. The magnetic field is app
in the z direction.

The Hamiltonian of the system, in dimensionless units
energy and length,12 can be represented in separated Ham
tonians for the electron (He), hole (Hh), and excitonic
(Hexc) parts by

H~r,f,ze ,zh!5He~ze!1Hh~zh!1Hexc~r,f,ze ,zh!,
~1!

where

He~ze!52
m

me

]2

]ze
2 1Ve~ze!, ~2a!

Hh~zh!52
m

mh

]2

]zh
2 1Vh~zh!, ~2b!

FIG. 1. Schematic representation of a GaAsGa0.7Al0.3As DQW.
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FIG. 2. ~a! BE of the 1S-like heavy hole exciton state in
GaAsGa0.7Al0.3As DQW, withLL5120 Å, as a function of the righ
well width LR , without an applied magnetic field.., m, d, j

correspond to DQW’s with barrier widths of 5, 10, 20, and 50
respectively.~b! BE of the 1S-like light hole exciton state.l, d,
n, ., L, h correspond to DQW’s with barrier widths of 0, 10, 2
30, 40, and 50 Å, respectively.~c! BE as a function of the barrie
width (Lb) for both symmetric (LL5LR5120 Å) and asymmetric
(LL5120 Å, LR5130 Å) DQW’s for a heavy hole exciton.
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,

~2c!

with r 5Ar21(ze2zh)2, M5me1mh , me and mh are the
electron and hole effective mass in thez direction,m is the
effective mass in thexy plane, andg5 (e/c\) (a0

2)B, where
a0 is the effective Bohr radius. In the above equationr is the
relative distance between the electron and the hole in thexy
plane, f is the azimutal coordinate, andB is the applied
magnetic field.

The functional form of the electron and hole potent
profiles is

,

FIG. 3. Probability amplitud for the ground state of a heavy h
exciton in three different GaAsGa0.7Al0.3As DQW’s, for two values
of the applied magnetic field.~a! For a DQW with LR5LL

5120 Å, and LB510 Å, ~b! for a DQW with LL5120 Å, LR

5130 Å and LB510 Å, and ~c! for a DQW with LL5120 Å,
5200 Å andLB510 Å.
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FIG. 4. BE of 1S-like heavy~a! and light hole~b! exciton states
as a function ofLR for different values of the applied magnetic fie
in a GaAsGa0.7Al0.3As DQW with LL5120 Å andLB510 Å. ~c!
Binding energy of the 1S-like heavy and light hole exciton states a
a function of the applied magnetic field for a symmetric DQ
(LR5LL5120 Å, LB510 Å).
15531
FIG. 5. BE of 2P2-like ~a! and 3P2-~b! exciton states as a
function of theLR and zero magnetic field in GaAsGa0.7Al0.3As
DQW with LL5120 Å and LB510 Å. ~c! BE of the 2P2-like
heavy hole exciton state as a function ofLR for different values of
the magnetic field in a DQW withLL5120 Å, LB510 Å.
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FIG. 6. BE of the 2P6- and
3P6-like exciton states as a
function of the magnetic field for
a symmetric GaAsGa0.7Al0.3As
DQW (LL5LR5120 Å, LB

510 Å).
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The trial wave function for the exciton in the (n,l ,m) state is
taken as

Cn,l ,m5 f e~ze! f h~zh!expS 2
g

4
r2D r umu exp

~2 imf!Pn,l~r ,bn,l ,m!exp~2ln,l ,mr !, ~4!

where f e(ze) and f h(zh) are the uncorrelated electron an
hole wave functions andPn,l(r ,bn,l ,m) are the hidrogenic
variational polynomials in whichbn,l ,m andln,l ,m are varia-
tional parameters.6

The Schro¨dinger equation for the exciton in a DQW is
15531
HCn,l ,m5En,l ,mCn,l ,m , ~5!

whereEn,l ,m is the energy of the exciton in the (n,l ,m) state.
The BEEn,l ,m

b for the (n,l ,m) excitonic state is calculated b
means of

En,l ,m
b 5Ee

01Eh
01g2En,l ,m . ~6!

For computational purposes the BE is expressed in m
The electron effective mass isme50.067mo , the heavy and
light hole effective mass in thez direction aremh50.45mo
and ml50.082mo , wheremo is the bearing electron mass
The dielectric constant is«512.5, and the effective mass o
the heavy and light hole in thexy plane aremh50.04mo and
m l50.051mo . The effective Rydberg for the heavy and lig
hole excitons are Ryh53.47369 meV and Ryl
54.44067 meV, respectively. We have assumed the s
value of these parameters for the barrier and well region
the DQW.

III. RESULTS

In Fig. 2 ~a! we show the BE for the 1S-like excitonic
state as a function of the right well width (LR) for different
values of the applied magnetic field. In this figure it is o
served that whenLR increases, starting fromLR'0 Å, the
BE diminishes, but whenLL'LR it reaches a minimum, in-
6-4
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creases again up to a maximum at a certain value ofLR ,
after which the BE continues decreasing, showing the sa
behavior as if the exciton were confined in a single quant
well, going to the bulk limit for large values ofLR . Also, it
is observed that the minimum atLL'LR is reached in a
smaller range ofLR for wider barrier widths. Note that this
behavior is the same for both the heavy and light hole e
tons. This behavior of the exciton BE in a DQW as a fun
tion of the LR , whenLL is constant, can be understood
follows: WhenLR diminishes from large values, the BE in
creases because the geometrical confinement is incre
When the size of the exciton is comparable withLR the
tunneling probability increases and both the electron
hole can exist separately in one or another well of the str
ture and consequently the BE diminishes up to get a m
mum in the symmetric case (LR5LL). WhenLR continues
decreasing, fromLR5LL to LR,LL , the BE increases agai
because the exciton prefers to localize at the wider well~the
left well! and to get the BE, it would have, if the structu
were of a single quantum well~QW!. Effectively whenLR
50, the exciton BE recovers the expected value for a sin
QW.6,7 In other words, we have found that the binding e
ergy of the ground state is higher in double quantum w
structures, when the width of the wells are slightly differe
~asymmetric case!, than when they are equal~symmetric
case!, a difference which is increased by the barrier width.
this point it is well to stress that our results coincide qu
well with those reported by Kasapogluet al.4 who only con-
sidered the study of the DQW withLL5120 Å and LB
510 Å and forLR<LL5120 Å. As it is observed in Figs
2~a! and ~b!, the BE for heavy and light hole excitons in
DQW behaves as in a single QW when the barrier width
very small. In Fig. 2~c! it is observed the behavior of the B
of a heavy hole exciton as a function of the barrier wid
(LB) for both symmetric and asymmetric DQW. The BE pr
sents a minimum value in both cases for a different value
LB , at LW1 in asymmetric DQW and atLW2 in symmetric
DQW. Also, it is observed that whenLB50, the BE in the
symmetric DQW is a little greater than that one in the asy
metric DQW. This is a typical behavior of the BE in a sing
quantum well QW, that is, the BE diminishes with the wid
of the well. WhenLB is increased fromLB50 the BE goes
down until to reach a minimum value.LW1 is smaller than
LW2 because in asymmetric DQW the exciton is more loc
ized in the wider well and the tunneling probability dimin
ishes faster than in the symmetric DQW, whenLB is in-
creased. In the interval 0,LB,LW1 the BE of the exciton in
the symmetric DQW is a little greater than in the asymme
DQW, as expected, and it is seen that the barrier width in
range has practically no effect upon the BE. ForLB.LW1
the BE of the asymmetric DQW is greater than the BE
symmetric DQW. This behavior of the BE is the same as t
shown in Figs. 2~a! and 2~b!. After the minimum, we found
that the BE increases withLB and although it is not shown
its maximum value is reached first in the asymmetric than
the symmetric DQW. These results are in good agreem
with those in Refs. 1, 3, 4.

Thez dependence of the probability density of the grou
state of a heavy hole exciton in three different DQW’s
15531
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presented for two values of the magnetic field in Fig. 3. It
observed that the symmetry of the DQW reflects itself in
symmetry of the exciton probability density as it is observ
in Fig. 3~a!. When the symmetry of the DQW is diminishe
that is when the width of one of the quantum wells is a lit
different than the other@Fig. 3 ~b!#, the exciton probability
density changes drastically, indicating that the exciton p
fers to be localized at the widest well. This behavior is e
hanced in Fig. 3~c!, where the right well is wider than the lef
well in Fig. 3~b!. This result is in agreement with the expla
nation given above for the appearance of the minimum in
BE of the 1S-like exciton state whenLL5LR .

In Fig. 4 we present the BE of the ground state of a hea
~a! and a light~b! hole exciton in a DQW as a function ofLR
for different values of the applied magnetic field. The min

FIG. 7. 1S→nP allowed transition energies for light and heav
hole excitons as a function of the applied magnetic field in a sy
metric GaAsGa0.7Al0.3As DQW (LL5LR5120 Å, LB510 Å).
6-5
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mum of the BE atLR5LL is present for all values of the
applied magnetic field. The magnetic field applied in t
growth direction certainly modifies the tunneling probabil
of the carriers through the barrier, spreading out the car
wave function in thez direction, effect which combined with
the preferably localization of the exciton in the wider well,
pointed out in Figs. 3~b! and 3~c!, consequently increases th
exciton BE. This effect is displayed in Fig. 4~c!, where we
show the BE of the heavy and light hole exciton ground st
as a function of the applied magnetic field for a symme
DQW with LR5LL5120 Å andLB510 Å.

In Fig. 5 we show the BE as a function ofLR and zero
magnetic field for 2P-like exciton states@Fig. 5~a!#, for
heavy and light hole exciton, and 3P-like heavy hole exciton
state @Fig. 5~b!#. In Fig. 5~c! we present the BE of the
2P-like heavy hole excitonic state as a function ofLR for
different values of the applied magnetic field. In these figu
it is observed that the BE is smaller in these states than in
1S-like, although their behavior is similar withLR . Notice
that these exciton excited states also have a higher B
asymmetric DQW than that in the symmetric DQW. It
important to mention that the BE of the 2P1 excited exci-
tonic state forB52 T is negative for all values ofLR . Also,
it can be observed the splitting of the 2P6-like excitonic
state due to the magnetic field. The BE is higher for
excitonic excited states withm521, than for those withm
511 for all values ofLR . This behavior is similar to tha
observed in previous works in single QW’s.6,7

Figures 6~a! and 6~b! displays the BE of the 2P6- and
3P6-like light hole exciton states, and Figs. 6~c! and 6~d! the
BE of the 2P6- and 3P6-like heavy hole excitonic states
respectively, as a function of the magnetic field for a sy
metric DQW (LL5LR5120 Å, LB510 Å). Excepting the
2P2-like heavy hole exciton state, which binding energy
positive and practically does not change with the magn
field, the BE of the 2P1- and 3P6-like heavy and ligth hole
exciton states diminish with the magnetic field and are ne
tive for a wide range of the magnetic field. The negative
means that the energy level of these states is higher than
m

J.

d

o,

iy
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energy of the uncorrelated electron-hole system in th
ground state in the DQW.

The 1S→nP allowed transition energies for light an
heavy hole excitons are displayed in Fig. 7 as function of
applied magnetic field for a symmetric DQW. It can be o
served that the transition energies increase with the magn
field and that the 1S→nP1 transition energies are greate
than the 1S→nP2 for both light and heavy hole excitons
This behavior is similar to that found in a single QW~Refs.
6, 7! and in QWW’s.14

IV. SUMMARY

Summing up, we have calculated the ground and so
heavy and light hole exciton excited states in
GaAsGa0.7Al0.3As double quantum well structure as a fun
tion of the well width, for different barrier widths and sever
values of the magnetic field applied in the growth directio
We have found that the binding energy of the ground and
exciton excited states is higher in double quantum well str
tures, when the width of the wells are slightly differe
~asymmetric case!, than when they are equal~symmetric
case!, a difference which is increased by the barrier wid
Our results show that the BE of the exciton ground st
increases with the magnetic field for all the values of the w
widths. Otherwise, the BE of the 2P1 , 3P1 , and 3P2 ex-
citonic states decreases and these states are less bo
with the magnetic field. Also we have found that the ma
netic field splits the binding energies of thenP (m561)
excited states in a similar way to that observed in sin
QW’s. We believe that the present calculation will be of im
portance in the quantitative understanding of future exp
mental works on this subject.
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