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Effect of the type-I to type-II transition on the binding energy of shallow donors
in GaAs/AlAs quantum wells
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The binding energy of electrons to shallow donors in GaAs/AlAs quantum wells in the vicinity of the type-I
to type-II transition is obtained for impurities lying inside the GaAs layer. The calculation is performed
variationally using a two-parameter trial function, the same for both type-I and type-II structures. The transition
occurs for a GaAs layer width near 37 Å. For widths smaller than 37 Å we obtain the binding energy for the
X electrons in a GaAs/AlAs double well, where the impurity lies inside the GaAs middle barrier. For widths
larger than 37 Å the binding energy is calculated using a single well for theG electrons. A change of
symmetry froms-like to p-like is obtained as the transition occurs, for theG and for theX electron, respec-
tively. @S0163-1829~97!02523-X#
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In GaAs/Ga12xAl xAs quantum wells~QW! with x<0.4
the conduction subbands in the effective-mass approxima
are obtained fromG-type bulk states. However, forx.0.4,
Ga12xAl xAs becomes an indirect-gap semiconductor w
the minimum of the conduction bands lying near theX point
in the Brillouin zone. Since the first electron subband in
QW increases in energy as the QW width decreases,
GaAs/AlAs QW (x51) the first subband will lie above th
X-point minima in the AlAs layer, if the GaAs thicknes
becomes smaller than a certain value. In that case, the G
layer becomes a barrier for theX electron, and what is called
a type-I to type-II transition occurs. Near this transition t
electron subband becomes hybridized,1,2 a mixing of the
states at theG and at theX minima. From the point of view
of shallow-donor impurities, a significant difference is e
pected for impurities lying inside such QW’s, for widths ju
above and just below that value in which the transition
curs. A donor impurity at the center of a GaAs well binds
G electron, which is mostly confined inside the well, havi
a binding energy between 6 and 15 meV, roughly, depend
on the well width. The same donor in a GaAs barrier bin
an X electron,3 that is mostly confined outside the barrie
having, however, a binding energy that may be higher t
in the first case, because of the difference in the effec
masses at the minima of the conduction band at theG point
and theX point. This fact provides an interesting mechanis
to observe the transition itself. It has been treated in the
by using two different approaches. Wang, de Andrada
Silva, and da Cunha Lima4 used a transfer matrix metho
based on a mixing parameter to consider the effect of
G-X hybridization of the first electron subband on t
shallow-donor binding energy in a type-I QW. Recently,
550163-1829/97/55~23!/15420~3!/$10.00
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Cunha Lima, Emmel, and Ferreira da Silva5 studied the same
problem using a simple variational model of the trial fun
tion. On the other hand, Weber6 treated the case of anX
electron bound to a shallow-donor impurity~lying in the
AlAs layer! in an AlAs/GaAs QW. The effect of theG-X
hybridization on the dynamics of an exciton bound to
ionized donor was obtained recently by da Cunha Lim
Ghazali, and Emmel.7

In order to understand the photoluminescence spectra
lated to neutral donors in GaAs/AlAs structures, it is impo
tant to clarify to which minimum of the conduction band th
bound electron is associated in each case.8 In the present
work we calculate the effect of the type-I to type-II transitio
on the binding energy of a neutral shallow donor inside
GaAs layer of widthL by assuming, in a first model,G
electrons in a type-I structure~a QW in which the AlAs
layers are the barriers! and, in a second model,X electrons in
a type-II structure. This type-II structure is represented b
symmetric double well~SDW! for theX electrons in which
the barriers are the GaAs layers and the wells are the A
layers. In both models the impurity is assumed to lie in t
GaAs layer, which is either the well, for theG electrons in
the first model, or the middle barrier, for theX electrons in
the second model. Our results show an important chang
the binding energy as the transition takes place. Also
change occurs in the state symmetry, since the obta
bound state in the type-II structure is predominantly
p-like state.9

In order to obtain the binding energy of an electron bou
to a shallow-donor impurity~from now on simply referred to
as impurity! in the QW and the SDW, we have used a var
tional calculation that applies to all symmetric structu
based on a trial function
15 420 © 1997 The American Physical Society
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Cab~r,z!5Nabf~0!~z!exp~2r/a!exp~2uz2zi u/b!,
~1!

composed of the unperturbed envelope functionf (0)(z), and
modulated by a confining function depending on variatio
parametersa andb. zi is the impurity position in the growth
direction (z direction! andNab is a normalization factor.

The envelope function in the type-I structure is the us
first-subband wave function of a symmetric well:

f~0!~z!5HA cos~kz! for uzu<L/2

B exp~2puzu! for L/2<uzu.
~2!

The first subband of the symmetric double well with inte
faces at6L/2 and6d/2 is

f~0!~z!5H A cosh~pz! for uzu<L/2

B cos~kz! for L/2<uzu<d/2

C exp~2puzu! for d/2<uzu.
~3!

In both cases the parameters assure normalization and c
nuity of wave functions and probability current densities
the interfaces. The formalism used here applies to the im
rity lying anywhere in the structure, but it is assumed, in
present calculation, to be located inside the GaAs layer
distancezi from its center. In general, the effective mass
are tensors and depend on the coordinate along the axis
pendicular to the interface (z axis!, since the values are dif
ferent for GaAs and AlAs, as shown in Table I.10 The expec-
tation value of the Hamiltonian can be written as

^CabuHuCab&5E~0!1t'1t i1tc . ~4!

In the above equation,E(0) is the energy of the first subband
the termt' is due to the motion in the plane parallel to th
interfaces,t i represents the kinetic energy due to motion
the z direction, andtc is the Coulomb interaction with the
impurity.

The kinetic contributiont' in Eq. ~4! becomes

t'5
\2a22

2m'

, ~5!

with

1

m'

5
1

m1'
1
m1'2m2'

m1'm2'

3
*AlAsdzuf~0!~z!u2exp~22uz2zi u/b!

*structuredzuf~0!~z!u2exp~22uz2zi u/b!
, ~6!

and

m'~z!5Hm1' for GaAs

m2' for AlAs.
~7!

TABLE I. Effective masses of the electron atG andX points in
units ofm0.

mG mXi mX'

GaAs 0.067 1.3 0.23
AlAs 0.15 1.1 0.19
l
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The above equations show that the expectation value of
kinetic energy due to the motion parallel to the interface c
be obtained by using a renormalized transversal effec
mass corrected by the probability of finding the electron o
side the GaAs layer.

The termt i , resulting from the contribution of the motio
in the z direction, is expressed in a way similar to Eq.~5!,
but has an additional contributionKab(zi) carrying the sig-
nature of the boundary conditions in the structure:11

t i5
\2b22

2mi
1
Nab
2 pa2\2

2b S 1

m1
2

1

m2
D cosh~2zi /b!Kab~zi !.

~8!

In the case of the QW,

Kab
QW~zi !5uf~0!~L/2!u2exp~2L/b!, ~9!

and, for the SDW,

Kab
SDW~zi !5uf~0!~d/2!u2exp~2d/b!

2uf~0!~L/2!u2exp~2L/b!, ~10!

whered represents the width of the two AlAs layers plus t
GaAs layer between them. The renormalized longitudinal
fective massmi is defined as in Eq.~6!.

In order to obtain the term resulting from the Coulom
interaction, it is worthwhile to define the Fourier transfor
of the probability density in thez direction as

Fb~q,zi !5E
2`

`

dz exp@ iq~z2zi !#uf~0!~z!u2

3exp~22uz2zi u/b!. ~11!

Then,

tc52
e2

K Nab
2 a2E

0

`

dq Ga~q!ReFb~q,zi !, ~12!

where Re stands for real part, andGa(q) is defined as

Ga~q!5E
0

1

ds s2~12s2a2q2s2/4!21. ~13!

The calculation was performed using the conduct
minima in a Ga12xAl xAs/GaAs heterostructure given a
functions of the Al concentration, in meV and at 4 K, by12

EG515191911x1147x2, ~14!

EX519922295x. ~15!

In Fig. 1 we show the binding energy as a function of t
GaAs width for an impurity lying at the layer center. Th
calculation forL<37Å was performed in the SDW mode
with d5200, 300, and 500 Å. With these values we ha
performed a second degree polynomial regression in 1/d to
obtain the binding energies ford→`. The results are shown
as the lowest curve in the left side of Fig. 1. The curve in
right side was obtained from the QW model. We observ
large change in the binding energy at the transition, of
order of 10 meV, which is due to the difference in theX and
G effective masses. It is worthwhile to mention that cycl
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tron resonance13 and Faraday rotation14 experiments lead to
values of the effective Rydberg in the bulk AlAs in the ran
25.85–356.47 meV,15 much higher than that of theG elec-
tron in bulk GaAs.

In Fig. 2 we show how the binding energy depends on
impurity position in the two models, for a GaAs width of 3
Å and takingd5500 Å in the case of the SDW mode
Together with the change of the binding energy, there is a
a change on the symmetry. Our results show that
1s-like signature is preserved in the type-I structure, sin
the minima of the binding energy were obtained in the lim
of b→`, for all values ofL and zi . This is in agreemen
with the general choice of either exp(2br) or exp(2br) for
the trial function of the neutral impurity in a QW.16 In the
case of the SDW model, on the contrary, a finiteb is neces-
sary for binding the electron. The minima of the bindin

FIG. 1. Binding energy as a function of the GaAs layer wid
for an impurity atzi50. The curves at the left ofL537 Å are
obtained for an X electron in the SDW model with
d5200, 300, 400, 500 Å and a second degree polynomial reg
sion in 1/d to obtain the case in whichd→`. The curve at right is
obtained for aG electron in the QW model.
.
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energy were obtained forb around 10 Å. This gives a
p-like character, as suggested by Ghazali.9

In conclusion, we have shown that the type-I to type
transition in a GaAs/AlAs QW affects the shallow-don
binding energy both quantitatively and qualitatively. Fir
due to the differences on effective masses, the binding e
gies are typically higher in the type-II QW than in the type
QW, for the impurity lying in the GaAs layer in both situa
tions. Second, a change in the state symmetry occurs, f
ans-like symmetry in the type-I to ap-like symmetry in the
type-II QW. We believe this change in symmetry is an im
portant factor to take into account, as well, in other Coulo
center problems, e.g., type-II excitons lifetimes in simi
structures, since the particle symmetry may establish n
selection rules for transitions caused by confined and in
face optical modes. This question, however, is beyond
scope of the present work.

One of us~A.T.C.L.! was supported by CNPq-IC.
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FIG. 2. Binding energy as a function of the impurity positio
The width of the GaAs layer isL537 Å. The lower curve repre-
sents aGelectron in a type-I QW. The upper curve represents
X electron in a type-II SDW withd5500 Å.
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