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Abstract. The electronic structure of (001)(AlAs)k(GaAs)l (AlAs)m(GaAs)n superlattices is
studied for many combinations of values ofk, l, m and n. We have charted the regions of
indirect gap and direct gap respectively by studying energy eigenvalues, especially band-edge
levels, and also the spatial dependence of the local amplitude of some representative states, in
order to obtain information on the confinement problems. The calculations are based on an
sp3s∗ empirical tight-binding model and on the surface Green-function-matching method.

1. Introduction

Over the last few years there has been a continued interest in the properties and device
applications of semiconductor superlattices [1]. The developments achieved in growth
techniques and microfabrication technology have made it possible to control the structure,
composition and doping of semiconductor heterostructures to a very high precision. In
this way more complicated heterostructures than the simple quantum wells and binary
superlattices have appeared in recent years. Some of these heterostructures, such as the
digital quantum wells [2, 3], have more than two non-equivalent interfaces. The idea
behind the fabrication of these heterostructures is the design of systems having electronic
band structures which exhibit the desired optical and transport properties for some specific
application [4]. This was usually done by changing the layer widths in quantum wells
and superlattices or by introducing new materials or changing the doping. All of these
approaches have their limitations, because of difficulties in the actual growth processes, the
diffusion of impurities, etc.

Some years ago alternative methods for modulating the superlattice minibands were
proposed [5, 6]. In those cases the idea was to introduce spatially localized defects
(δ-doping) periodically repeated in the well layers and/or in the barrier layers of the
superlattices. In practice it is not easy to achieve the desired band structure and material
properties by controlling the position and concentration of the dopants, without encountering
some of the difficulties and problems mentioned above. A different approach was recently
proposed in which the modulation of the superlattice minibands was achieved by considering
superlattices with a two-well period [7]. In this way it is possible to avoid the difficulties
already discussed and to take advantage of using those systems in which the growth of
heterostructures is easier and better controlled. All of these and other similar cases have
been studied by using the effective-mass approximation [5–10].
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It is clear that a very good candidate for this kind of modulation is the AlAs–GaAs
system. This is a very well known system which exhibits excellent growth characteristics
and provides a very good starting point for this kind of system. We shall study the electronic
properties of (001) (AlAs)k(GaAs)l(AlAs)m(GaAs)n superlattices, wherek, l, m, n indicate
the numbers of principal layers in each one of the different slabs forming the superlattice
period. In this way we have superlattices with alternating barriers formed byk and m

principal layers of AlAs and wells formed byl and n principal layers of GaAs. We
shall employ an sp3s∗ empirical tight-binding (ETB) Hamiltonian [11] including spin–
orbit coupling [12] which has given good results in the study of the AlAs–GaAs binary
superlattices [13]. We shall study this system here and analyse the influence of the variation
of the thicknesses of the constituent slabs on the electronic properties of these superlattices.

To study this type of superlattice in which we havefour non-equivalent interfaces we
shall employ a recent extension of the surface Green-function-matching (SGFM) method
[14], which provides for a compact way of studying systems with an arbitrary number,N ,
of non-equivalent interfaces [15]. We shall obtain the eigenvalues of the lowest conduction
bands and highest valence bands, as well as their spatial localization in order to obtain
information on the confinement of the different states.

In section 2 we present the theoretical model employed in our calculations, together
with the basic SGFM formulas needed for the analysis. Results are presented in section 3,
while the conclusions are presented in section 4.

2. The model and method

In order to study semiconductor heterostructures several theoretical approaches can be used.
Ab initio methods have been used to study short-period superlattices [16–20]. These methods
are quite demanding as regards memory and computer time resources. Because of this, a
useful alternative for the study of the electronic properties of heterostructures having long
periods or thicknesses is provided by semiempirical methods like thek · p method [21]
and the empirical tight-binding (ETB) Hamiltonians [22]. The ETB models include the
multiband and band-mixing characteristics together with the crystalline symmetry for the
bulk constituent materials, and they can be more useful than thek · p method in the study
of the properties of these systems in the complete Brillouin zone. It is also known that
self-consistent ETB calculations for semiconductor interfaces [23–25] gave results for the
band offset comparable to those obtained using the local density approximation (LDA) [26].
It was then quite natural to employ ETB Hamiltonians to study the electronic properties
of heterostructures. It has been found that the electronic properties thus obtained [13, 20,
27] are in qualitative agreement with those obtained fromab initio calculations [16–20].
Even the quantitative agreement for properties like the gaps in the band structure are in
the range 0.1 eV [13, 17, 18] to 0.02 eV [20]. It is then clear that the ETB Hamiltonians
provide a very efficient and reasonable way to study the electronic properties of long-period
heterostructures, with a lower cost in computer resources.

We use here an ETB sp3s∗ model with the parameters corrected according to reference
[28] to include the spin–orbit coupling. We have used the following energy reference:
EV (AlAs) = 0 eV,EC(AlAs) = 2.30 eV, which corresponds to the AlAs indirect band gap;
EV (GaAs) = 0.55 eV andEC(GaAs) = 2.10 eV. This band offset is within experimentally
accepted values for (001) interfaces [29] and corresponds to a 66/34 band-offset rule [30].
The ETB parameters employed in our calculations are those of [31]. They take into
account the spin–orbit coupling and thus they are different from those of reference [11].
This parametrization gives effective masses for the conduction electrons at the0 point of
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m∗ = 0.106 for GaAs andm∗ = 0.249 for AlAs, which are higher than those measured
experimentally,m∗ = 0.065 for GaAs andm∗ = 0.19 for AlAs. In spite of this the
parametrization has given good results when compared with experimental data in the case
of (311) AlAs/GaAs superlattices [32, 33], and triangular [34], inverse parabolic [35] and
digital quantum wells [36]. We could improve on the effective masses of the conduction
electrons by using a Hamiltonian including interactions up to second neighbours. We would
then have more parameters at our disposal and it would then be possible to improve on the
results obtained with the simpler Hamiltonian. It would also be possible to use different
parametrization schemes to fit the effective masses [37, 38]. This would affect some details
concerning the thicknesses of the layers where the different localizations appear, and the
numerical values of the different energy levels, but it would not modify the overall qualitative
picture emerging from the calculations. For all of these reasons we decided to keep the
simpler parametrization in order to obtain the general picture.

We shall now study the electronic properties of (001) (AlAs)k(GaAs)l(AlAs)m(GaAs)n
superlattices. We shall employ a recently developed version of the SGFM method to deal
with systems having an arbitrary number,N , of non-equivalent interfaces [15]. In our case
N = 4. The method has been fully explained elsewhere and need not be repeated here. The
eigenvalues are obtained from the peaks in the imaginary part of the trace of the interface

projection of the Green function of the matched systemG̃
−1
S [15]. A small imaginary part

of 10−3 eV was added to the real energy variable, which was varied by steps of 0.01 eV,
and iterations were carried out until absolute differences between the last iterations of order
10−6 eV were obtained. We have found in previous practical calculations that this provides
a satisfactorily accurate procedure. The spatial localization was obtained by calculation of
the local density of states at the different layers of the superlattice period, which is directly
obtained from the Green function of the whole systemGS [15]. We have concentrated
on the lowest conduction and highest valence states, which are the most important for the
electro-optic properties of the heterostructures, and we have studied the high-symmetry0

and X points only.

3. Results

In the case of (001) (AlAs)n(GaAs)m superlattices it was found [13] that these superlattices
show a great variety of electronic structures. The top of the valence band is always confined
to the GaAs slabs, but the bottom of the conduction band shows different behaviours.
Folding effects induced the appearance of a region in the(n, m) chart where comparable
amplitudes were found for the two constituents.Four distinct types were found, only
one exhibiting an indirect gap in the Brillouin zone of the superlattice, covering the range
(n 6 5, m 6 6).

In order to see the differences introduced by the two-well superlattices
(AlAs)k(GaAs)l(AlAs)m(GaAs)n we have covered the range(2 6 k, l, m, n 6 8) which
spans basically the range of direct- and indirect-gap superlattices found in the binary case,
without covering the high numbers which give direct-gap superlattices. In figure 1 we
present the basic conclusions of our calculations. In order to present the results it is con-
venient to convert the index pairs(k, l) and (m, n) to a new indexj , in such a way that
we can label the superlattice(k, l, m, n) as (j, j ′) in the new indexing system. It is clear
that there are different ways to perform this relabelling. We have chosen the following
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(a)

(b)

Figure 1. The local density of states, in arbitrary units, of some selected states of the(5, 2, 2, 4)

superlattice. (a) The conduction band bottom at the in-plane X point. (b) The valence band
top at the0 point. (c) The second valence band at the0 point. (d) The third valence band
at the0 point. The figure displays the spatial distribution in the different atomic layers of the
superlattice. A solid line represents cation layers and a dashed line represents anion layers.
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(c)

(d)

Figure 1. (Continued)

assignment:

(k, l) (2, 2) (2, 3) (3, 2) (4, 2) (3, 3) (2, 4) (2, 5) (3, 4) (4, 3) (5, 2)

j 1 2 3 4 5 6 7 8 9 10
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Table 1. Each(n, m) entry gives the corresponding values in eV of Xc, 0c, 0hh and0lh, from
top to bottom.

1 2 3 4 5 6 7 8 9 10

1 2.285
2.335
0.193
0.185

2 2.285 2.286
2.342 2.351
0.256 0.286
0.236 0.269

3 2.285 2.286 2.285
2.318 2.321 2.318
0.179 0.244 0.166
0.169 0.219 0.156

4 2.285 2.286 2.285 2.285
2.305 2.304 2.303 2.302
0.169 0.237 0.157 0.148
0.157 0.207 0.145 0.136

5 2.285 2.286 2.285 2.285 2.286
2.321 2.323 2.317 2.305 2.324
0.244 0.273 0.234 0.228 0.260
0.219 0.252 0.205 0.195 0.236

6 2.285 2.286 2.285 2.285 2.286 2.286
2.341 2.325 2.320 2.305 2.323 2.305
0.316 0.328 0.309 0.305 0.318 0.348
0.281 0.302 0.267 0.256 0.286 0.325

7 2.285 2.286 2.285 2.285 2.286 2.286 2.286
2.312 2.298 2.320 2.304 2.319 2.284 2.270
0.365 0.369 0.360 0.358 0.363 0.377 0.391
0.320 0.333 0.307 0.298 0.319 0.348 0.364

8 2.285 2.286 2.285 2.285 2.286 2.286 2.286 2.286
2.320 2.323 2.319 2.305 2.323 2.323 2.306 2.324
0.309 0.318 0.304 0.301 0.309 0.338 0.369 0.327
0.267 0.286 0.254 0.245 0.272 0.309 0.334 0.294

9 2.285 2.286 2.285 2.285 2.286 2.286 2.286 2.286 2.286
2.304 2.305 2.305 2.304 2.305 2.305 2.304 2.305 2.302
0.237 0.265 0.228 0.223 0.252 0.313 0.361 0.305 0.243
0.207 0.239 0.195 0.185 0.225 0.275 0.309 0.261 0.214

10 2.285 2.286 2.285 2.285 2.286 2.286 2.286 2.286 2.286 2.285
2.295 2.296 2.296 2.295 2.296 2.296 2.296 2.296 2.295 2.292
0.163 0.233 0.151 0.143 0.225 0.303 0.357 0.300 0.221 0.137
0.148 0.198 0.137 0.129 0.187 0.248 0.292 0.239 0.178 0.122

and so on (we proceed in a similar way for(m, n)). It is easy to see that we are following
the diagonals in a zigzag way.

Table 1 gives the values of the two topmost states of the valence band at the0 point,
corresponding to a heavy-hole (0hh), and a light-hole (0lh) state, respectively, and the
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bottom of the conduction bands at the0 and X points (0c and Xc, respectively). The
superlattice gap is indirect when the bottom of the conduction band is at the in-plane X
point of the superlattice Brillouin zone. The superlattice gap isfully direct when the bottom
of the conduction band is at the0 point of the superlattice Brillouin zone and its amplitude
is confined to the GaAs slabs, as in the binary-superlattice cases. It is easy to see that
the number of possible combinations for obtaining indirect-gap superlattices has increased
considerably in the present case.

We shall show now briefly consider the richer variety of behaviour exhibited by the
spatial localization of the different states.

In order to show this we shall consider the(5, 2, 2, 4) superlattice which is the(10, 6)

one according to the new labels, and a fully indirect-gap superlattice as indicated in table
1. Figure 1(a) gives the local density of states for the bottom of the conduction band at
the in-plane X point of the superlattice Brillouin zone. It can now be seen that there is
not a clear spatial localization in this case. The state has mixed orbital character with
predominant pz and s∗ contributions. The mixed localization in the present case can be
understood if we take into account that the(5, 2) and (2, 4) binary superlattices have their
spectral strength distributed over the whole period of the superlattice, although with more
intensity in the AlAs layers. It is clear that the(5, 2, 2, 4) superlattice can also be considered
as a combination of the(2, 2) and (4, 5) binary superlattices. In these binary superlattices
the spectral strength presents the same behaviour as discussed before. The fact of now
having the two monolayers of GaAs contiguous to the two monolayers of AlAs produces
a stronger localization in these layers, and enhances the localization at the anion interface
layers. Figure 1(b) gives the local density of states corresponding to the top of the valence
band at the0 point. In this case there is a strong localization in only one of the GaAs slabs.
The state has px = py contributions, thus corresponding to a heavy-hole state. Figure 1(c)
gives the same information for the second valence band state. It provides evidence of the
same localization, and it has px = py < pz contributions, thus corresponding to a light-hole
state. Figure 1(d) gives the same information for the third valence band state. This state is
also localized in only one GaAs slab, but in this case in that having two monolayers. It has
px = py contributions, thus corresponding to a heavy-hole state. This selective localization
constitutes a difference as regards the behaviour of the local density of states exhibited
by other fully indirect-gap superlattices, like the(3, 4, 2, 4) one, or(8, 6) according to the
relabelling explained before, which have localization at both GaAs slabs for the highest
valence bands.

In the case of the direct-gap superlattices we have found that the lowest conduction and
highest valence bands at the0 point of the superlattice exhibit localization at the GaAs slabs.
The lowest conduction band has predominantly s character and the dominant contribution
comes from the cations.

The local density of states can help us to understand the experimentally observed
transitions, by looking to the localizations of the different states, and estimating the
contributions of the overlaps of the different states [39].

We have seen that the two-well (AlAs)/(GaAs) superlattices have more possibilities of
combining to give indirect superlattices, and that when one combines a direct superlattice
with an indirect one, there is a high probability of ending up with an indirect two-well
superlattice. We have also seen that they exhibit a richer variety in the behaviour of the
spatial localization for the different states. It is also possible to obtain selective localization
in only one slab, and this slab can be different for the different states of a given superlattice.
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4. Conclusions

We have studied the electronic properties of (AlAs)/(GaAs) two-well (001) superlattices.
We have considered all of the possible combinations for superlattices in which the thickness
of the different slabs forming the superlattice period is varied between two and eight
monolayers. We have found that the top of the valence band is always at the superlattice
0 point, and that the highest valence band states are localized in the GaAs slabs of the
superlattice, although in some cases the state can be localized in only one of the constituent
GaAs slabs. We have found that the highest valence band states of a given superlattice can
be localized selectively in each one of the GaAs slabs forming the superlattice. All of these
states can be classified according to the heavy- and light-hole scheme.

For the bottom of the conduction band we have found that in the majority of the
superlattices considered it corresponds to the in-plane X point of the superlattice Brillouin
zone, thus producing indirect-gap superlattices. In these cases the spatial localization is in
the AlAs slabs of the superlattice, although in some cases there is contribution to the local
density of states in all of the slabs of the superlattice. In these indirect superlattices the
orbital character of the bottom conduction band is a mixed one, although with predominant
pz and s∗ contributions. We have found a small number of superlattices in which the bottom
of the conduction band at the0 point is lower than that at the in-plane X point, and in these
cases the states show a spatial localization in the GaAs slabs forming the superlattice and
have s-orbital character. It is clear that these (AlAs)k(GaAs)l(AlAs)m(GaAs)n superlattices
can show competing effects of the (AlAs)k(GaAs)l and (AlAs)m(GaAs)n superlattices, but
also of the (GaAs)l(AlAs)m and (GaAs)n(AlAs)k ones. This opens the door to a very rich
variety of spatial localizations, from which we have shown only a few cases.

It is then clear that the two-well (AlAs)(GaAs) superlattices provide the possibility,
because of the easy growth possibilities, of a very rich variety of superlattices with different
spatial localizations and also a larger number of superlattices with indirect gaps.
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