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A variational method in terms of Wannier functions is used to study the structural and
electronic properties of thin GaAs-AlAs superlattices with homopolar interfaces. We
compute self-consistently ionic relaxations, charge transfers, potential barriers, interac-
tions between Wannier functions, and band structures for several [001]- and [111]-
oriented superlattices. The results of our localized sciieme are compared with experimen-
tal information, as band discontinuities, for thick superlattices.

I. INTRODUCTION

In the last few years much progress has been
made in the technology of artificial crystals consti-
tuted by periodic layers of two semiconductors.
These superlattices (SL’s) show, under certain con-
ditions, very interesting properties such as extreme-
ly high carrier mobility! or negative differential
resistance.” A SL which has received a great deal
of attention is GaAs-Al,Ga;_,As grown by
molecular-beam epitaxy. Several experimental
techniques®~!7 have been used to study the vibra-
tional and electronic properties of this system.

The Kroning-Penney model has been extensively
used to interpret the phenomenology. Such models
can be adequate when the layer thickness is large
enough to consider that regions with bulk proper-
ties of each semiconductor exist. However, for a
general value of x, the theoretical analysis is more
difficult in that systems where ultrathin layers
form the SL. Fortunately, in such cases the exper-
ments have been performed in samples where

x =1."71° This makes possible a calculation of the
properties of these (GaAs),,-(AlAs), SL’s where m
and » are the number of layers of each semicon-
ductor in a period of the crystal. Some ef-
forts'®~2% have been made to study such systems
by means of model Hamiltonians. However, to our
knowledge, just one self-consistent calculation®* has
been carried out for [110]-oriented GaAs-AlAs
SL’s.* This implies heteropolar interfaces with
properties which can be different compared to the
homopolar ones of the experimental samples which
have been grown in the [001] direction. The aim
of this paper is to analyze several SL’s with polar
interfaces, both (001) and (111) by means of a self-
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consistent calculation of their electronic and struc-
tural properties. Besides the electronic self-consis-
tency, similar to that obtained in the computations
published for other interfaces,”*?* we extend the
self-consistency to the ions which are free to move
in order to reach their equilibrium positions. The
method is a minimization of the total energy in
terms of a localized basis which makes easier its
comparison with calculations where a tight-binding
model Hamiltonian is used. Since the experiments
are usually performed in [001] SL’s, we will devote
more attention to this case. In particular, we will
analyze several systems with different layer thick-
ness in order to see when the SL can be considered
as a junction of the two semiconductors or as a
completely new crystal.

In Sec. III the method, which has been used else-
where for some other problems, is sketched and ap-
plied to GaAs and AlAs perfect crystals as a start-
ing point of the study of the SL’s. Sections III
and IV are devoted to the analysis of the results
for [001] and [111] SL’s, respectively. Some con-
clusions are drawn in Sec. V, particulary on the
comparison between different systems.

II. THE METHOD

Since the method has been applied elsewhere for
other problems,?®—3! we just give a brief outline of
it. In order to describe the electronic structure of
the crystal, we use a Wannier-function (WF) repre-
sentation.’? This localized basis presents an impor-
tant advantage in our case of fully occupied bands.
By means of a unitary transformation between the
eigenstates of the valence bands and the WF of
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these bands, both the charge density and the kinet-
ic energy can be written in terms of the WF.27»28
Therefore, within a local approximation, the total
energy of the semiconductor can be expressed as a
function of the valence WF and an ionic pseudopo-
tential. A self-consistent solution is obtained by a
minimization of that total energy as a function of
a set of variational parameters included in a set of
trial WF’s. The whole scheme to get trial WF’s
from localized functions which must be ortho-
gonalized was proposed by Kohn?? and it is simple
enough to allow the calculation of different crystal
properties.?=3! In particular, it has been used to
study stacking faults in silicon® by a model where
a fictitious SL is used. Satisfactory results were
obtained so that we will follow here the same pro-
cedure and only a few technical points need more
attention.

The procedure begins with a set of sp? Slater-
type orbitals (STO’s) centered at the positions
where ionic pseudopotentials are placed to describe
the effect of the nuclei and core electrons. In or-
der to have a good starting point for the SL calcu-
lation we have previously computed the WF and
lattice constant for GaAs and AlAs perfect semi-
conductors in a zinc-blende structure. We apply
our method with the ionic pseudopotentials used
for the [110] GaAs-AlAs superlattice.?* The
parameters of the STO involved in the valence WF
and the lattice constants are the results we are in-
terested in, because this information is required as
a starting point in the SL calculation. Moreover,
the value of the lattice constant is a test of the
correctness of our approach. We have obtained
5.556 and 5.544 A for the lattice parameters of
AlAs and GaAs, respectively, when the necessary
sums®®28 running over the reciprocal lattice con-
tain the terms corresponding to | g | <87 /a. The
agreement with the experimental values,® 5.660
and 5.653 A, respectively, improves when more g
vectors are included, but in the SL case that means
a numerical task beyond our possibilities, so that
we take that maximum value of | €| in our calcu-
lations. The other result we need is the valence
WF. They are built up from trial functions for
each bond given by

[+ (¥)=sinA¢ 7i( T)+cosAd ¥,
2.1)

where ¢ () is a sp3 STO centered at one ion and
pointing along the bond direction labeled by V.

Besides the variational parameter A which gives
the relative weight of each one of the two sp* orbi-
tals, other parameters varying in the minimization
are the exponents of the STO. Table I shows our
results for all those variational parameters for
AlAs and GaAs with zinc-blende structure with
the calculated lattice constant given above.

Once the perfect crystal has been analyzed, the
results there obtained are used to start the SL cal-
culation. The ions are placed at their ideal posi-
tions in a perfect SL with a lattice constant which
is the average of the two above obtained for each
zinc-blende crystal. With this choice no mismatch
of the two lattices is allowed which is a good ap-
proach because of the very similar parameters of
these semiconductors. For this lattice constant, the
total energy is self-consistently computed. The cal-
culation is repeated for several lattice constants
around that initial value so that a more precise
minimization is achieved. In a final step the pro-
cess is completed by allowing ionic relaxation at
the interfaces which is a feature never calculated
for these SL’s. Each one of these steps is fulfilled
in the following way. The valence WF of the su-
perlattice are variationally computed with the same
procedure from a set of linear combinations of sp*
STO. Now the symmetry along the superlattice
direction has been broken so that both the ex-
ponents of the orbitals and the mixture coefficients
can be different for each bond. That implies many
variational parameters and consequently a rather
cumbersome numerical task. Therefore, we adopt
the approach which gave us excellent results in the
case of the stacking fault of silicon.?’ Only the
parameters of the atoms at the interfaces are treat-
ed as variable, fixing the corresponding ones in the
inner layers at their bulk values as previously cal-
culated for the zinc-blende structure. In order to
test the results of this enormously simplified ap-
proach we have made particular calculations by

TABLE 1. Parameters obtained for the valence WF’s
of AlAs and GaAs with zinc-blende structure. The
STO of Ga and As have the functional form corre-
sponding to states of the fourth atomic shell and the or-
bitals of Al the form corresponding to the third atomic
shell (Refs. 26 and 27).

AlAs GaAs
A 1.014 A 1.042
s 2.470 s 2.478
Bas 1.705 s 1.691
o 1.559 o2 2.270
B 1.038 B 1.494
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minimizing with respect to the parameters of the
inner layers. The total energy decreases so little
with this degree of freedom in which no significant
variation appears, that this simplified approach can
be considered as rather effective. In this scheme,
the computation starts by taking, for the interface
bonds, the bulk parameters as the initial values for
the minimization procedure. As far as other
technical points are concerned, they are treated as
detailed in Ref. 29, in particular the expressions
for the total energy and the special-points scheme
used to perform integrals in reciprocal space.

In spite of the fact that the following sections
are devoted to the analysis of different SL’s, we
can advance here the general trend of the results.
The main variation obtained with the minimization
corresponds to the mixture parameter A at the in-
terface as well as to the coefficients, obtained in
the orthogonalization procedure, of each WF given
in terms of the bond orbitals (2.1). However, the
exponents of the STO do not vary significantly.
Such a result could be expected because something
similar happens in a much more drastic situation
as that of the change from free atoms to ions
forming a crystal ?%?’

III. [001] SUPERLATTICES

In this section we discuss the results obtained
when the method above described is applied to
SL’s oriented along the [001] direction which are
of experimental interest. We concentrate upon
(GaAs),,-(AlAs),, systems with m =1, 2, and 3 in
order to analyze the effect of layer thickness on the
properties of the SL’s. Experimental information®
for such very thin SL’s indicates that these crystals
must be considered as three-dimensional (3D) with
properties rather different from those of thicker
SL’s where two-dimensional (2D) configuration ap-
pears. Our results allow us to analyze how the
transition in the 3D-2D behavior occurs and, in
particular, the way in which transfer of charge and
ionic relaxation takes place at the interface of
thicker SL and heterojunctions.

Figure 1 shows the supercell used in the calcula-
tion for m =3. Similar supercells are taken for
m =1 and m =2. Straight lines joining the ions
represent the bonds [Eq. (2.1)] from which a set of
trial WF’s is built up as described above. As in
many other systems?®~3! our results show that
each valence WF can be associated with one of
those bonds because its weight in the neighboring
bonds decreases very quickly. Therefore, we refer

hereafter sometimes to a particular valence WF as
a particular bond. As mentioned above we start by
self-consistently solving the problem of a perfect
(without ionic relaxations at the interface) SL in
order to determine the size of the supercell. This
can be represented by the bond length /,, in each
case (GaAs),,-(AlAs),,. We get [;=2.404 A, 1,
=2.370 A, and /3=2.380 A, values which are very
close t0 Igaas =2.401 A and 44, =2.406 A ob-
tained in zinc-blende structure. This can be taken
as a satisfactory test of the consistency of our SL
calculations. Once the bond length has been deter-
mined for the inner ions, the distance between ion-
ic layers at the interface is allowed to vary looking
for equilibrium positions. Such a step is made
only for m =3 because it does not mean a new
variational freedom in the other two cases where
all the ions can be considered as being at an inter-
face. For m =3 we obtain that both the distances
Al-As and Ga-As at the interface increase by 2.5%
of their bulk value. This implies that the period of

4

a Al
®As
OGa

FIG. 1. Supercell used in the calculation of the struc-
ture of a (GaAs);-(AlAs); SL oriented along the [001]
direction. Heavy lines represent the bonds [Eq. (2.1)]
from which WF’s are built up. Parameter a is the lat-
tice constant of the corresponding zinc-blende crystal.
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TABLE II. Values of the mixture parameter A for bonds in the bulk and at the interface
for different superlattices. A, is for the combination in Al—As bonds, and Ag for Ga—As

bonds [Eq. (2.1)].

Bulk Interface

m=1 A, =1.005

Ao =1.043

(GaAs),,-(AlAs),, — As=1.014 Ay =0.991
(001) m= Ao =1.042 Ag=1.040

s A,=1.014 Ay =0.974

m= Ao =1.042 Ac=1.046

(GaAs)y-(AlAs), As=1.015 As=0.999
(111) Ag=1.046 Ag=1.048

(GaAs);-(AlAs); SL’s is 1.008 times that of the
ideal one. Let us now discuss the values of the
variational parameters at this minimum of the to-
tal energy. No significant variations exist for the
exponents of the STO with respect to the bulk
values. The main changes at the interface are
those of the mixture of parameters A appearing in
Eq. (2.1).

Table II gives our results for such parameters
for the three SL’s under study. The comparison
between bulk and interface values shows that the
combination between Ga and As orbitals does not
change significantly. The main variation is that of
the mixture of Al and As orbitals. The connection
of these results with physical properties is far from
straightforward because the main change produced
in going from perfect crystals to SL’s is not in the
orbitals’ shape but in the way in which these orbi-
tals combine to give the WF of the system. In
other words the effect of the SL is essentially con-
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FIG. 2. Self-consistent potential averaged parallel to
the interface (IF) for (GaAs);-(AlAs); SL’s oriented
along the [001] direction. Layers of ions are represented
by @ for As, A for Al, and O for Ga.

tained in the orthogonalization procedure. There-
fore, it is better to analyze directly physical results
as the charge density or the potential self-consis-
tently calculated for the SL’s. Figure 2 shows the
potential average parallel to the interface plane for
(GaAs);-(AlAs);. The mean value of V(z) is 6
meV higher in the GaAs region than in the AlAs
one. Similar results are obtained here for m =2
and by Pickett et al.?* for the [110]-oriented SL.
The reason of this induced potential barrier is easi-
ly understood in terms of the charge transfer. In
order to visualize this transfer, Figs. 3 and 4 show,
for m =2 and 3, respectively, the difference be-
tween the SL charge density and the charge of
each perfect crystal placed at the adequate spatial
region. In both cases a net charge is transferred
from AlAs to GaAs. Such a resuli could be ex-
pected from the Pauling’s scale of electron nega-
tivities® where Ga has a higher value than Al, so
that the latter tends to transfer electrons to the

o

MFMI;

-0.05

—0.1 L

FIG. 3. Charge transfer in electrons per ion (see text)
self-consistently computed for (GaAs),-(AlAs), SL’s in
the [001] direction. Layers of ions are represented by @
for As, A for Al, and O for Ga.
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FIG. 4. Charge transfer in electrons per ion (see text)
self-consistently computed for (GaAs);-(AlAs); SL’s in
the [001] direction. Layers ions are represented by @ for
As, A for Al, and O for Ga.

former. This effect is mainly concentrated at the
interface and it has a clear implication in the in-
teraction between localized orbitals. In our scheme
we work with the interaction between WF g;(T)
given by

€;(R)=(a;(F) |H | a;(F—R)) , 3.1)

where H is the self-consistent Hamiltonian, Ra
lattice vector, and i,j label two WF’s of the set as-
sociated with the valence bands.?*? In order to
compare with simple tight-binding models it is
enough to look at the interaction of a WF with it-
self because a WF essentially contains atomic orbi-
tals of two first neighbors. Table III shows that
magnitude for different WF’s in the (GaAs);-
(AlAs); SL’s. The conclusion drawn from these re-
sults is that the self-interaction of Ga— As bonds
at the interface tends to be an average of the two
bulk values in consistency with a simple tight-
binding model proposed by Schulman and
McGill.®® However, that is not the case of the
self-interaction of the Al— As bond at the interface
which is significantly lower than the bulk values.
This clear difference with the simple tight-binding
model is associated with the change of the mixture
parameter A mentioned above and shown in Table
1L

Let us finally discuss our results for the band

structure. Once the self-consistent potential has
been obtained, the valence spectrum is computed
by diagonalizing the Hamiltonian represented in a
basis of Bloch sums of WF’s.26 Then, the calcula-
tion is rather simple because the size of the matrix
is just 8m X 8m. Table IV gives the eigenstates at
the valence-band edges for the three SL’s we are
concerned with. The main result is the well-
known'®2%2! splitting of some meV of the upper
valence states at I'. As it was obtained by Pickett
et al.** in their self-consistent calculation for [110]
GaAs-AlAs SL’s, we get a nondegenerate upper
state, but since the width of our SL is too small,
such a state is not concentrated at the GaAs re-
gion. Therefore, it cannot be considered as a 2D
SL state as the ones experimentally observed in
thicker SL’s.>~® A magnitude which gives the
trend of the band structure as a function of the SL
thickness is the valence-band width. Table IV
shows an increase of this width as m increases.
We also obtain a similar increase for the total ener-
gy per atom, a magnitude that, to our knowledge,
is not possible to compare with any experimental
information.

IV. [111] SUPERLATTICES

No experimental or theoretical information ex-
ists, to our knowledge, for SL’s grown in the [111]
direction. We have applied our method to such a
system because, together with the [001] SL’s above
discussed, they contain the two common polar in-
terfaces. Moreover, we will use the results here ob-
tained to analyze, in the next section, the valence-
band discontinuities at semiconductor heterofunc-
tions.

Figure 5 shows the supercell used to calculate
the properties of a (GaAs);-(AlAs); [111] SL’s with
the same approach as that discussed above for the
[001] case. Again we start with the ions placed at
the ideal bulk positions and minimize the energy as
a function of the bond length . We get [ =2.403
A which is practically the average of Igaas =2.401
A and /pjp,=2.406 A obtained in Sec. II for per-
fect zinc-blende crystals. Once this bulk bond

TABLE III. Self-interaction (in a.u.) of different WF’s around the interface of the superlattice (GaAs);-(AlAs);

grown in the [001] direction.

Ga As Ga

As Al As Al

€:(R=0) 0.1772 0.1771 0.1767

0.1582 0.1711 0.1723
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TABLE 1V. Eigenstates in I'=(0,0,0) and J =(27/a) (%,%,O) at the valence-band edges
of a [001] SL. The other eigenvalues of the valence bands are not required in our discussion
so they are omitted in order to simplify the table. Numbers in parentheses stand for degen-
erancies. Result are given in eV with origin at the mean potential for each superlattice.

(GaAs),-(AlAs),

(GaAs),-(AlAs),

(GaAs);-(AlAs);

r J r
9.906 8.773 9.928
9.893(2) 8.245 9.921(2)
7.128(2) 6.443 8.257(2)

—2.490 —1.058 —2.526

J r J
9.006 9.918 8.860(2)
8.781 9.909(2) 8.705
8.751 8.951(2) 8.571
—1.102 —2.579 —1.110

length has been determined, the interface ions are
allowed to relax looking for a deeper minimum of
the energy. In contrast with the [001] SL’s where
a net relaxation was obtained, now the distance be-
tween Al and As interface planes increases by
0.5%, but the distance between Ga and As inter-
face planes decreases by the same amount. In oth-
er words, no relaxation appears at this interface
where just the As plane slightly moves towards the
Ga plane but the Al-Ga distance does not change.
In spite of this difference our results for the varia-
tional parameters are rather similar in both sys-
tems. Again the only change at the (111) interface
is that the mixture parameter A for Al—As bond
significantly decreases with respect to bulk values
as shown in Table II. This similitude implies that
charge transfer and differences of mean potentials
appear in this [111] SL in the same way as in the
[001] one. The charge density that AlAs transfers
to GaAs implies that the mean value of V(z) at
GaAs is 8 meV higher than the mean value of
V(z) at AlAs. Since a figure of V(z) or the aver-
aged transfer charge would be very similar to Fig.
4, we give here a different picture of the same
questions by showing in Fig. 6 the contour plots of
the total charge density around the interface.

All these results bring to the conclusion that
[001] and [111] SL’s are very similar, the main
difference being that the former shows ionic relax-
ation at the interface and the latter does not. One
more difference appears when one analyzes the
spectrum of the [111] SL. Now the upper state at
T, placed 10.07 eV higher than the mean value of
the SL potential, is doubly degenerate and is local-
ized at the GaAs region. Since this type of local-
ized state has been experimentally observed in
thicker [001] SL’s our result suggests that the tran-
sition from 3D to 2D behavior appears before in
[111] SL’s than in [001] ones where we have not
obtained states localized in the GaAs region.

V. CONCLUSIONS

We have used a self-consistent localized scheme
in terms of WF’s to analyze the structural and
electronic properties of several GaAs-AlAs SL’s
grown in the [001] and [111] directions. From the
structural point of view, we have found that these
SL’s with polar interfaces differ from each other in
that [001] ones present ionic relaxation while [111]
ones do not. Nevertheless, that difference is not
very important because the relaxation around the
As ions of the (001) interface just affects to the

® As
& Al
O Ga

FIG. 5. Supercell used in the calculation of the struc-
ture of a (GaAs);-(AlAs); SL oriented along the [111]
direction. Heavy lines represent the bonds [Eq. (2.1)]
from which WF’s are built up.
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FIG. 6. Total charge density at the interface of a
(GaAs);-(AlAs); SL oriented along the [111] direction.
Units are in electrons per ion.

first Ga and Al planes on each side both increasing
by 2.5% their distance to the anion. Such small
relaxation has no significant effect on the electron-
ic properties. In any case, this relaxation is a pure-
ly interface effect so that it seems quite natural to
consider that the displacements here obtained can
be valid for thicker SL’s and heterojunctions.

Since we work with a localized scheme the influ-
ence of an interface does not enter too much into
the deep layers of each semiconductor. Therefore,
(GaAs),,-(AlAs),, SL’s for both orientations, when
m =3, already show bulklike behavior in the cen-
tral layer of each semiconductor. For instance, our
results for these m =3 cases allow us to see how
AlAs transfers a small amount of electronic charge
to GaAs, so that a potential barrier between both
semiconductors appears. At this point, it is very
tempting to use this barrier A between mean poten-
tials to estimate the shift of the electronic structure
of GaAs with respect to AlAs for thicker SL’s or
even an heterojunction of semi-infinite semicon-
ductors. The best magnitude to measure this shift
is the difference AE, between the top of the AlAs

and GaAs valence bands which requires the posi-
tion of that level E, for both bulk semiconductors.
In order to be consistent with our approach, we
have computed that level in a SL framework for
(GaAs)g-(AlAs) and (GaAs)y-(AlAs)g for both
orientations. We have obtained

AEU[OOI]:A[OOI]+EvGaAs[00|]__El;\1As[OOI]

=0.282 ¢V,
AEU[111]=A[111]+EvGaAs[111]_EvAlAs[nl]

=0.288 eV,

which are very similar to each other. The unique
experimental information for this magnitude is ob-
tained as an extrapolation for x —0 of this shift
measured in GaAs-Ga, Al; _,As thick SL’s orient-
ed along the [001] direction.* The experimental re-
sult is AE, =(0.15+0.03)E; where E; is the direct
gap at the I" point of the SL. In this paper we do
not concentrate on conduction bands which are re-
quired to know E r, but it is straightforward to use
the self-consistent Hamiltonian we have obtained
to compute such a magnitude. We find

AE,=0. 135E; which compares fairly well with
the above-mentioned experimental result. This
suggests the possibility of an analysis of thick SL’s
or heterojunctions by using the information ob-
tained for ultrathin SL’s. In particular we plan to
use the interactions between WF’s calculated here
to analyze the spectrum of GaAs-AlAs heterojunc-
tions.

In spite of the similarity of both [001] and [111]
SL’s with m =3, the electronic spectrum shows a
significant difference. In the [111] SL’s the upper
valence state is spatially localized on the GaAs re-
gion as it has been experimentally observed for
thicker SL’s. However, in the [001] SL’s no such
localization exists in our results. This seems to be
consistent with Raman experiments analyzed by a
simple model.!° Nevertheless the experimental in-
formation obtained both by Raman spectroscopy
and infrared absorption requires a more detailed
analysis which we are currently fulfilling.
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