
PHYSICAL REVIEW B, VOLUME 64, 235311
Quantum-confined Stark effects of an exciton bound to an ionized donor
in a GaAsÕGa1ÀxAl xAs quantum well
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We have calculated by a variational procedure the binding energy of an exciton bound to an ionized donor
(D1,X) in a GaAs/Ga12xAl xAs quantum well withx50.15 andx50.30 as a function of the well widthL and
an electric fieldF perpendicular to the well interfaces. The dependence of the correlation energy on the electric
field is investigated and compared with those of a shallow donorD0 and an excitonX. It is shown that the
correlation energy of the (D1,X) complex decreases monotonically at increasingF values in the case of large
well widths (L*10 nm). However, it is not sensitive to the electric field in narrow QW’s. For all investigated
well widths, the (D1,X) complex remains stable compared to its product of dissociation.
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I. INTRODUCTION

The electric field effects on insulating quantum well stru
tures have received, in the last years, much interest due to
possibility of making fast electro-optic devices. It has be
shown that the electronic properties of quantum well~QW!
systems may change significantly when an electric fi
is applied along the growth direction.1 Both the induced
polarization and the energy level shift of the confined ca
ers are responsible for the intensity decrease and peak
of the photoluminescence~PL! spectra observed in
GaAs/Ga12xAl xAs multi-quantum-well structures.

Theoretically, the electric fieldF effects on the energy o
confined electrons and holes were studied by variational
exact numerical calculation by Bastardet al.2 and Austinet
al.3 Later, Brum and Bastard4 extended the calculations t
Wannier excitons states and showed that their binding e
gies are little affected byF in narrow QW’s. However a
significant reduction of the exciton binding energy occurs
QW structures with larger well widthsL (L*100 Å)).
Brum and Priester5 reported the electric field dependence
the binding energy of shallow donors in GaAs/Ga12xAl xAs
QW’s for different well widths and impurity positions. Re
cently Dujardinet al.12 studied the influence on an electr
field on the energies of a negatively charged excitons
semiconductor quantum wells. They found that the corre
tion energy, defined as the difference between the en
associated with the relative motion and that of the three
particles, increases with the electric field strength and w
the well width. However, for narrow wells, the correlatio
energy is little affected as it has shown in the case of e
tons. To our knowledge, there does not exist any work c
cerning the influence of an electric field on an excito
ionized-donor (D1,X) complex in a semiconductor quantu
well.

Historically its possible existence in three-dimension
~3D! semiconductors was predicted in 1958 by Lampert.6 In
3D semiconductors its stability and binding energies h
been the subject of several theoretical studies.7,8 As a result,
it appears9 that the (D1,X) complex is stable if the effective
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mass ratio s5me* /mh* satisfies the conditions<sc
3D

50.426. However, in the two-dimensional~2D! case,
Stauffer and Ste´bé10 have shown that the (D1,X) complex
remains stable untils<sc

2D50.88, a value about two time
larger than that obtained in the 3D case. Erzhenet al.11 cal-
culated the binding energy of a (D1,X) complex with a do-
nor located on the surface of a nonpolar semiconducto
function of s and the high-frequency dielectric constante`

of the host semiconductor occupying the semi-infinite spa
They showed that the binding energy of the complex
creases with boths ande` and that no unstable range ofs
appears. Ste´bé et al.13,14 extended their 3D and 2D calcula
tions to the case of an exciton bound to an ionized impu
located at the center of a GaAs/Ga12xAl xAs single QW with
x50.15 andx50.30. They concluded that the binding e
ergy lies in the range between the 3D and 2D cases.

In the present work, we study the influence of an appl
electric field on the binding energy of an exciton bound to
ionized donor in GaAs/Ga12xAl xAs QW’s. We use the effec-
tive mass approximation and adopt a trial envelope w
function extending that used previously13,14 without any ex-
ternal field. In the next section we outline our method
calculations. Our results are reported in Sec. III.

II. THEORY

We consider a (D1,X) complex located at the center of
GaAs/Ga12xAl xAs single quantum well in the presence of
uniform electric fieldF perpendicular to the well interface. I
the envelope function approximation the Hamiltonian rea

H (D1,X)5eg2
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Here Vw
i ( i 5e,h) are the electron and hole quantum w

potentials with the well widthL. Ve andVh are the electron
and hole band offsets.u(x) is the Heavyside unit-step func
tion andeg corresponds to the energy gap the well mater
r e , r h , and r eh are the~electron, hole!-ionized donor dis-
tances, and electron-hole distance. We used effective ato
units with a length unit equal to the 3D donor effective Bo
radius,aD5k\2/e2me* , and an energy unit equal to twic
the absolute value of the 3D donor Rydberg, 2RD

5\2/me* aD
2 . f 5F/F0 is a dimensionless parameter for th

electric field intensity, whereF05e/kaD
2 is the unit of the

electric field. We neglect band nonparabolicity and both d
ferences of the effective masses and dielectric constants
tween the well and barrier materials.

We determine the ground state energy using the va
tional method. In the case of an electric field parallel to
growth direction, the symmetry of the problem is not mo
fied comparatively to the case with no external field. Th
we use a trial wave function analogous to that we u
previously13 in the study of the (D1,X) complex in a semi-
conductor QW. However, in the present case, we replace
electron and hole QW ground states wave functions by
corresponding functions taking to account the existence o
external electric field analogous to that obtained by Br
and Bastard.4 Thus our trial wave function reads

c~r !5N(D1,X)xe~ze!xh~zh! (
lmnpr

Clmnprap~ze!br~zh!

3expS 2
ks

2 D slumtn, ~3!

ap~ze!5ze
p exp~2aeze

2! and br~zr !5zh
r exp~2ahzh

2!,

~4!

xe~ze!5H Ae exp~2beze!exp~2qeuzeu! if uzeu.L/2,

Be exp~2beze!cos~kezh! if uzeu<L/2,
~5!

xh~zh!5H Ah exp~bhzh!exp~2qhuzhu! if uzhu.L/2,

Bh exp~bhzh!cos~khzh! if uzhu<L/2.
~6!

N(D1,X) stands for the normalization constant.x i(zi)
( i 5e,h) are the ground state wave functions of an elect
or a hole in a QW subjected to an electric field parallel to
growth axis. The constantsAi and Bi ( i 5e,h) are deter-
mined by the continuity conditions for thex i(zi) functions
and their derivatives atzi56L/2. The vectors ke ,qe
(kh ,qh) are the characteristic wave vectors for the grou
state QW electron~hole! wave functions at zero electri
field ke5A2Ee, kh5A(2/s)Eh, qe5A2(Ve2Ee), qh

5A2/s(Vh2Eh). Ee andEh are the confinement energies
the lowest electron and hole QW bound states.be andbh are
variational parameters which depend on the electric fi
strength and are determined in the case of simple elec
and hole problem.
23531
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The in-plane part of our wave function depends on
Hylleraas type coordinatess, t andu defined by

s5re2reh , t5re1reh , u5rh ,

0<s, 2u<t<u, 0<u<s, ~7!

wherere , rh , andreh are the electron and the hole coord
nates in the plane perpendicular to the growth axis.l , m, n,
p, andr are positive integers or zero.

The linear variational parametersClmnqr as well as the
three nonlinear parametersae , ah , andk are determined by
minimizing the mean value of the total energy

E5 min
ae ,ah ,k

^cuH (D1,X)uc&

^cuc&
. ~8!

So they must satisfy the conditions]^H (D1,X)&/]k
5]^H (D1,X)& /]ae5]^H (D1,X)& /]ah5]^H (D1,X)& /]Clmnpr
50, for all possible values of the indicesl ,m,n,p,r . The last
equation is equivalent to the eigenvalue problem

~H2ES!C50, ~9!

whereC denotes the column matrix of the linear coefficien
Clmnpr . The matrixH andS are defined with respect to th
basic functions defined above.

III. NUMERICAL RESULTS AND DISCUSSION

In order to study the stability of the (D1,X) complex
against dissociation into the most stable dissociat
products

~D1,X!→D01h,

~D1,X!→X1D1, ~10!

it is necessary to know the values of the ground state of
neutral donorD0 and the excitonX with the same accuracy
as the exciton-ionized donor energyE. To this purpose we
have performed a variational calculations for both neu
donor and exciton using the following trial waves function

cD05N D0xe~ze!(
p

Cpze
p exp~2aeze

2!exp~2kr!,

~11!

cX5NXxe~ze!xh~zh!(
pr

Cprze
p exp~2aeze

2!zh
r

3exp~2ahzh
2!exp~2kr!, ~12!

wherer is the in-plane separation of the electron-hole pair
the case of the exciton and the in-plane electron-ionized
nor distance in the case of the donor.ae , ah , andk as well
asCp andCpr are variational parameters.p andr are positive
integers or zero. After some preliminary computations,
have obtained the required accuracy with a three terms w
function for the neutral donor, i.e.,p<2, and a six-terms
wave function for the exciton, i.e.,p1r<2.

It is useful to define the ‘‘correlation energies’’ by
1-2
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Ec
(D1,X)5E(D1,X)2Ee2Eh , ~13!

Ec
X5EX2Ee2Eh , ~14!

Ec
D0

5ED02Ee , ~15!

where ED0 and EX correspond, respectively, to the groun
state energies of the neutral donor and of the exciton.Ee and
Eh are the energies of the electron and the hole in a QW
the presence of an electric fieldF. Thus the stability condi-
tions of the (D1,X) complex may be written

E(D1,X)<ED0⇔E(D1,X)
c <ED0

c , ~16!

E(D1,X)<EX⇔E(D1,X)
c <EX

c . ~17!

We compute the binding energy of the (D1,X) complex
as a function of the well widthL, the mass ratios, the
electric field intensityF, and the conduction and valenc
bands offsetsVe andVh . In the presence of the electric field
odd and even terms are necessary to express the polariza
However, at zero field, due to the existence of the invers
symmetry along the growth axis, the wave function m
have definite parity, and for the ground state only the e
order terms have to be taken into account. We have
determined the nonlinear variational parametersk, ae , and
ah using a ten-term wave function defined by the conditio
l 1m1n<2 and p1r 50. In the present study, keepin
fixed these predetermined values ofk,ae , andah , we use a
112-term wave function defined by the conditionsl 1m1n
<5 and (pr)500,11. This choice corresponds to a realis
compromise between accuracy and computing time.

FIG. 1. Electric field dependence of the(D1,X) complex corre-
lation energies in a GaAs/Ga12xAl xAs QW (x50.15 and 0.30!
for different values of the well thickness (L510, 15, 20, 25, and
20 nm!.
23531
in

ion.
n
t
n
st

s

We have done our numerical calculations in the case o
GaAs/Ga12xAl xAs QW. We use the following materia
data:15,16 me* /m050.0665,mhh* /m050.34, andk512.5. The
heavy hole mass has been proposed15 in order to fit experi-
mental observations in both parabolic and square G
QW’s. We remark that this value lies between the theoret
in-plane and the perpendicular values 0.11 and 0.38,
tained using the Luttinger parametersg156.85, g252.10,
and g352.90. Nevertheless, it must be stressed that in
present work we have not taken into account the poss
difference between the barrier and well materials. The ba
offsets are given byVe5QeDeg and Vh5QhDeg , where
Qe50.57512Qh . Furthermore, we assume that the ba
gap differenceDeg and the Al concentrationx are related
by17 Deg51.155x10.37x2 eV. In this case we gets
50.196 for the effective mass ratio,aD59.95 nm for the
effective neutral donor Bohr radius and 2 Ry511.58 meV
for twice the effective neutral donor Rydberg, andF0
5 11.638 kV/cm for the electric field unit.

In Fig. 1 we show the electric field dependence of t
correlation energy of (D1,X) for different values of the well
width (L510, 15, 20, 25, and 30 nm! with aluminum con-
centrationsx50.15 andx50.30. We note that the correlatio
energy increases with the field intensity. This increase is n
ligible for narrow wells (L.10 nm) because the quantu
confinement effect overrides that of the electric field, b
become significant for higher values of the width (L
*20 nm).

Figure 2 shows the calculated correlation energies of
(D1,X) complex, the exciton and the shallow donor imp
rity, as functions of the well width, for three values of th

FIG. 2. Calculated dependence of the correlation energies
the shallow donor impurity, the exciton and the (D1,X) complex
in a GaAs/Ga12xAl xAs QW with x50.15, versus the GaAs wel
thicknessL, for three values of the electric fieldF50, 10, and
20 kV/cm!.
1-3
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electric field intensityF50, 10, and 20 kV/cm!. At zero elec-
tric field, whenL decreases, the correlation energies of
three systems first decrease because of the confinemen
fects, and subsequently they increase because the sprea
of the wave functions outside the well. We remark that
correlation energies of the three systems are not sensitiv
the strength of the electric field in the vicinity of the min
mum (L.5 nm). When the width of the well increases, t
correlation energies remain negative for the three value
the field intensity. For all values of the field intensity in th
range @0,20 kV/cm# and for L<30 nm, it appears tha
E(D1,X)

c /ED0
c

.1 andE(D1,X)
c /EX

c .1. Thus in these cases th
complex is stable against dissociation.

In Fig. 3 we show the variation of the electron-hole p
averagez separation̂ uzehu& in the (D1,X) complex as a
function of the electric field intensity forx50.30 andL
530 nm. It appears that, as expected, this separation
creases with the electric field. Indeed, the electric field te
to repel the electron and the hole towards the opposed in
faces. This leads to a reduction of the Coulombic poten
energy and of the absolute value of the correlation energ

In order to estimate the position of the (D1,X) lines, it is
necessary to make a hypothesis concerning the radiative
cess involved in the transition. The most simple one cons
in a transition between an initial state involving an ioniz
impurity D1 and a (D1,X) final state. The energy balanc
corresponding to direct transitions reads

hn (D1,X)5hnX1EX
c 2E(D1,X)

c , ~18!

wherehn (D1,X) andhnX are, respectively, the ionized dono
bound exciton and exciton transition energies. In order
give an estimation of the localization energyDhn5hnX

FIG. 3. Variation of the electron-hole pair averagez separation
^uzehu& in the (D1,X) complex as a function of the electric fiel
intensity forx50.30 andL530 nm.
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2hn(D1,X) , we compare in Fig. 4 the exciton and bound e
citon correlations energies for different values of the w
width as functions ofx and for F520 kV/cm. We remark
that the localization energy is little affected by the aluminu
concentrationx because the quantum confinement for t
exciton and for the (D1,X) complex are of the same orde
On the other hand, whenL increases,Dhn decreases.

FIG. 5. Electric field dependence of the exciton and the co
lation energies of the exciton and the (D1,X) complex on the cor-
relation energies in a GaAs/Ga12xAl xAs QW with x50.30 for two
values of the well thickness (L510 and 20 nm!.

FIG. 4. Variations of the correlation energies of the excitonX
and the (D1,X) complex in the case of a GaAs/Ga12xAl xAs QW as
functions of the Al concentrationx for F520 kV/cm and for dif-
ferent values of well widthL.
1-4



e
f

es

t
c-

QUANTUM-CONFINED STARK EFFECTS OF AN . . . PHYSICAL REVIEW B64 235311
In order to show the effect of the electric field on th
localization energyDhn, we show in Fig. 5 the variations o
the correlation energies of the (D1,X) complex and the ex-
citon as functions of the electric field intensity for two valu
of the well width (L510 and 20 nm!. As a result,Dhn is not
sensitive to electric field. The two last figures may be used
d

23531
o

determine the location of the (D1,X) line relative to the
exciton line.
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