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Theoretical comparative study of negatively and positively charged excitons
in GaAsÕGa1ÀxAl xAs semiconductor quantum wells

B. Stébé,* A. Moradi, and F. Dujardin
Universitéde Metz, Institut de Physique et d’Electronique, 1 Bd Arago, 57078 Metz Cedex 3, France

~Received 19 July 1999; revised manuscript received 24 November 1999!

We compare the binding energies of the singlet ground states of negatively and positively charged excitons
in a GaAs/Ga12xAl xAs semiconductor quantum well. We found that the binding energies are very close,
contrary to what happens in three-dimensional and two-dimensional semiconductors where the positively
charged exciton is always more stable than the negatively charged exciton. This result is in agreement with
recent experimental observations.
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Since the first observation1 by Khenget al., much interest
has been devoted to charged excitons in semicondu
quantum wells~QW!. The existence of singlet~s! and triplet
~t! negatively (Xs

2 and Xt
2) and positively (X2,s

1 and X2,t
1 )

charged excitons has been widely reported in GaAs
CdTe heterostructures. The triplet statesXt

2 and X2,t
1 have

only been observed using a magnetic field. However, ge
ally speaking, theX2 and X2

1 states cannot be observed
the same sample because the corresponding optical tr
tions require the presence of a free electronor a free hole
gas. Thus it is difficult to compare the experimental bindi
energies. Recently it has been reported2 how it is possible to
control the density and type of the excess carriers in the
by changing the illumination conditions and to study theX2

and X2
1 spectra in the same sample. It was found2 that the

Xs
2 and theX2,s

1 binding energies are very close at zero ma
netic field. At first sight, this result seems rather surprisi
Indeed, it is well known that the hydrogen ion H2 is less
stable than the hydrogen molecule ion H2

1 . Moreover, it has
been shown3 in bulk semiconductors that theX2,s

1 state has
always the highest binding energies. Nevertheless, this
clusion may be different in a QW, where the heavy holes
more localized than the electrons. To our knowledge, no
oretical comparison of the binding energies of the differ
kind of charged excitons in a QW has been reported up
now. Only the singlet state of the negatively charged exci
has been studied.4

In this paper we present a theoretical study of theX2,s
1

states in a QW. In particular, we compare the binding en
gies of the singlet states of negatively and positively char
excitons in a GaAs/Ga12xAl xAs QW and show how the
quantum confinement may explain the experimen
observation.2

We extend here our previous theory4 to the case of a
positively charged excitonX2

1 . In a two-bands model, we
assume that in the bulk materials, the constant energy
faces in the reciprocal space are isotropic and spherical.
thermore, we suppose that the electron and hole effec
massesme* and mh* are the same in the well and in th
barrier materials, and we neglect the electron-hole excha
interaction. Within the envelope-function approximation, t
effective-mass total Hamiltonian of the system consisting
two holes~1, 2! and an electron~e! confined in a well mate-
rial with thicknessL reads
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H52
\2

2mh*
~D11D2!2

\2

2me*
De

2
e2

k S 1

r 1e
1

1

r 2e
2

1

r 12
D1Vw , ~1!

wherer 1e , r 2e , andr 12 are the distances between the thr
particles. The effective dielectric constantk, assumed to be
the same in the two materials, takes into account poss
polarization effects. The well potentialVw arising from the
band offsets is modeled by the sum of three square-well
tentials. The total envelope energy reads

Etot5Erel1
\2K0,p

2

2M0
, ~2!

where Erel is the ‘‘relative’’ envelope energy,Ko,p is the
in-plane wave vector of the center of mass, andM052mh*
1me* is the total effective mass of the system. We determ
the relative energies in the frame of the variation meth
using a trial wave function similar to that we use
previously4 in the study of the negatively charged excito
However, though this atomiclike wave function becomes l
well adapted in the case of very heavy holes, i.e.,s
5me* /mh* !0.1, it is expected to lead to reasonable results
the case of a GaAs/Ga12xAl xAs QW wheres.0.2. It reads

c5 f h~z1! f h~z2! f e~ze!exp@2ks/22ah~z1
21z2

2!2aeze
2#

3 (
lmnpqr

Clmnpqrs
lumtn~z1

pz2
q1z1

qz2
p!ze

r , ~3!

wheres, t, andu are the in-plane elliptic coordinates define
by

s5r1e1r2e , t5r1e2r2e , u5r12, ~4!

0<s,2u<t<1u, 0<u<s, ~5!

andr12, r1e , andr2e are the in-plane distances between t
particles. The functionsf e(z) and f h(z) describe the ground
states of the electron and the holes in a quantum well.
indicesl, m, n, p, q, andr are positive integers or zero. In th
case of singlet states,n must be even because of the symm
try of the envelope function against the permutation of
7231 ©2000 The American Physical Society
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two holes. The variational parametersClmnpqr , ae , ah , and
k are determined by minimizing the mean value of the
ergy. We have calculated the energiesE of the singlet ground
state of the charged excitons using a symmetrical 66-te
wave function defined by l 1m1n<4 and $pqr%
5(000,101,110). In order to estimate the influence of
quantum confinement on the Coulombic correlations,
have defined the ‘‘correlations energies,’’EX2

c , EX
2
1

c
, and

EX
c of the charged excitons and the exciton

EX2
c

5EX2
rel

22Ee2Eh ,

EX
2
1

c
5EX

2
1

rel
22Eh2Ee , ~6!

EX
c 5EX

rel2Ee2Eh ,

whereEe andEh are the electron and hole ground-state e
ergies in a quantum well. The conditions of stability agai
dissociation into an exciton and a free electron or hole re

WX25EX2
c

2EX
c <0,

~7!
WX

2
15EX

2
1

c
2EX

c <0,

where2WX2 and2WX
2
1 are theX2 andX2

1 binding ener-

gies. In order to get the exciton energies, we have perform
an analogous variational calculation using the wave func

FIG. 1. Comparison between theX, Xs
2 , and X2,s

1 correlation
energies against the well widthL.
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2
2bhzh

2

(
pr

cprze
pzh

r , ~8!

whereb, be , bh , andcpr are variational parameters,p and
r are positive integers chosen such thatp1r is even. It was
found that the use of a nine-term wave function, defined
the conditionp1r<4, yields to an accuracy comparabl
with that we obtained for the trions.

We present here the results obtained in the case o
GaAs/Ga12xAl xAs QW with x50.33. We use the following
material data:5 me* /m050.0665 for the electron mass an
mhh* /m050.34 for the heavy-hole mass. Thus, the value
the electron to hole effective-mass ratio amounts tos
50.196. The band offsets are given byVe5QeDeg andVh
5QhDeg whereQe50.57512Qh . Further we assume tha
the band-gap differenceDeg and the aluminum concentration
x are related by6 Deg51.155x10.37x2 eV and we use the
valuek512.5 for the dielectric constant.7 In Fig. 1 we com-
pare the correlation energies of theXs

2 and X2,s
1 singlet

states. It appears that they remain stable for all values of
well width L and that their correlation energies are ve
close. WhenL tends to infinity, we should get the ‘‘exact’’
excitonic three-dimentional~3D! value, EX524.84 meV,
and the 3D singlet charged excitons values we obtain us
the method reported previously:3 EX

s
2525.07 meV,EX

2,s
1

525.24 meV. It appears that the values we obtain in th
limit are a little bit higher than the 3D values. This is due
the fact that our wave functions are not well adapted to t
3D case. However, we expect to get better values for
binding energies, Eq.~7!. From the 3D values of the binding
energies:2WX

s
250.23 meV and2WX

2,s
1 50.4 meV, it re-

sults that in this limitX2,s
1 is more stable thanXs

2 . This
behavior is well known in atomic physics, where the hydr
gen ion H2 is less stable than the hydrogen molecule io
H2

1 . However, at first sight, it may seem rather surprisin
that for lowerL values, theXs

2 andX2,s
1 correlation energies

become very close, but this result is in agreement with rec
observations2 of Xs

2 andX2,s
1 in the same sample. It may be

explained by the fact that the quantum confinement localiz
more the heavy holes in theX2

1 states than the electrons in
theX2 states. Thus the Coulomb repulsion is more importa
for the holes than for the electrons. This explains why theX2

1

state becomes less stable in a QW than in a 3D materia
must be stressed that this result is largely insensitive to
mass ratio as it results from calculations carried out in t
case of 0<s<1, and thus does not much depend on t
choice of the material parameters.

As a conclusion, we have shown that in a quantum w
the negatively and positively charged excitons correlati
energies are very close in agreement with the experime
observations.2
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4B. Stébé, G. Munschy, L. Stauffer, F. Dujardin, and J. Mura
h,

Phys. Rev. B56, 12 454~1997!.
5R.C. Miller, D.A. Kleinmann, and A.C. Gossard, Phys. Rev. B

29, 7085~1984!.
6H.J. Lee, L.Y. Juravel, J.C. Wolley, and A.C. Springthorpe, Phys.

Rev. B21, 659 ~1980!.
7R.L. Greene and K.K. Bajaj, Solid State Commun.45, 825

~1983!.


