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Abstract. The electronic structures of thin-layer(AlAs)m(GaAs)n(001) superlattices (SLs) are
investigated versus the SL layer thicknesses(m, n) and the band offsets. The calculations are based
on the empirical sp3s∗ tight-binding model, which includes only nearest-neighbour interactions.
Particular attention is given to the effect of the interface parametrization on the SL electronic
properties. This is done, mainly, by varying the band offsets over a sufficiently broad range. The
results show that the existence of type-II behaviour in the ultrathin-layer SLs necessitates a large
valence band offset(VBO ' 0.56 eV) and small conduction band offset(CBO ' 190 meV).
Providing that these offset values are achieved, it is found that the highest state of the valence
band is always confined to the GaAs slabs whereas the bottom state of the conduction band shows
different behaviours as it is sensitive to band-mixing effects. It is due to these mixing effects
that most of the ultrathin-layer SLs (withm, n 6 8) behave as type-II heterostructures, where
the electrons are localized in the AlAs Xxy valley. The rest of the ultrathin-layer SLs behave as
type-I heterostructures with a direct bandgap at the0 point, whenever the GaAs slabs are thick
enough to make the electron confinement energy small in the GaAs wells. For thick-layer SLs, our
results suggest the existence of a critical barrier thickness, beyond which the GaAs wells become
completely decoupled and the SL behaves as a type I heterostructure. The estimated critical layer
thickness, for the crossover from type-I to type-II behaviour, isnc = 9 for the SLs withm = n
when using VBO= 0.56 eV. Thisnc-value is consistent with the photoreflectance experiments.
The relevance of our work to photonic device applications is discussed further.

1. Introduction

There has been great interest in short-period semiconductor superlattices (SLs) because they
often possess tunable electronic properties and, hence, are suited to a variety of applications
[1]. The(AlAs)m(GaAs)n(001) superlattices, in particular, have received an enormous amount
of attention as they show a variety of electronic structures depending on the choice of
layer thicknesses. The top state of the valence band (VB) is always confined to the GaAs
slabs whereas the bottom state of the conduction band (CB) shows different behaviours
as it is sensitive to the band-mixing effects. The importance of such mixing has been
demonstrated from studies of optical transition lifetimes [2, 3], from observations of0X
anticrossing [4], from transport and electroluminescence studies [5] and from photoreflectance
and photoluminescence measurements [6, 7]. Despite intensive scrutiny, the order of the low-
lying conduction band valleys in these SLs remains controversial. Theoretical calculations
disagree and experimentally it is difficult to disentangle intrinsic behaviour from the effects
of the disorder. In spite of these difficulties, there is plentiful experimental evidence [2–7]
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that the thin-layer SLs (withn = m and smaller than a certain critical layer thicknessnc)
behave as type-II heterostructures, where the electrons and holes are spatially separated—the
former being localized in the AlAs slabs while the latter are confined to the GaAs layers.
The disagreement arises, however, in characterizing the lowest-lying CB states of the type-II
SLs in the reciprocal space. Some authors reported that these latter SLs exhibit pseudodirect
transitions (i.e. the CB minimum of the SL is located at the0 point of the SL Brillouin zone
that originates from the zone-folded AlAs Xz level) whereas others reported the existence of
indirect transitions (i.e. the CB minimum of the SL is located at the M point of the SL Brillouin
zone that originates from the Xx and Xy levels of AlAs) and in this latter case the electrons are
separated in both real and reciprocal spaces. Thus, this particular question remains open and the
existing results are controversial. For instance, Fujimotoet al [6] carried out photoreflectance
(PR) and photoluminescence (PL) measurements on short-period(GaAs)n(AlAs)n(001) SLs,
with n = 1–15, grown by means of molecular beam epitaxy (MBE), and their results suggest
the existence of a crossover from an indirect (Xxy-like) to a direct transition at aroundnc = 10.
These authors, in addition, supported their experimental observations with calculations of
the band structures using the sp3s∗ tight-binding model which includes the second-nearest-
neighbour interactions. On the other hand, Matsuokaet al [7] carried out the same PR and PL
measurements on MBE-grown short-period(GaAs)n(AlAs)n(001) SLs withn = 3–15 and
reported the existence of a crossover from a direct to a pseudodirect (Xz-like) transition at
aboutnc = 12. Moreover, these latter authors also performed energy band calculations using
a (different) empirical sp3 tight-binding model which includes the second-nearest-neighbour
interactions to corroborate their experimental observations. The discrepancies between the
results of reference [6] and those of reference [7] may be summarized in the two following
points:

(a) From the experimental side, there is a difficulty in growing sufficiently homogeneous
atomic layers and the predominant discrepancy may be attributed to the layer thickness
fluctuations.

(b) On the theoretical side, however, the tight-binding parameters are affected by the interface.

Furthermore, it is obvious that the band mixing in these particular SLs is very sensitive to
interface-related effects such as the atomic structure and parametrization. As far as theory
is concerned, the aim of our present paper is to investigate the effects of the interface
parametrization, such as band offsets, on the SL electronic properties.

It is worth noting that in the type-II SLs, the electronic transition is distinguished by
the characteristics of low optical efficiency and slower photoluminescence decay rate at low
temperature ('2 K). Thus, these SLs are believed to be of low importance as active optical
materials in semiconductor devices such as light-emitting diodes. In this respect, of course, it
is obvious that type-I SLs are more attractive and suitable for such applications. On the other
hand, it has recently been reported [8] that at room temperature the ultrathin-layer SLs (with
m = n) possess type-I emissions with very high external quantum efficiency. There definitely
remain many open questions about the physical mechanism leading to the observed features
and these are left to a forthcoming investigation.

From a theoretical point of view, the band structures of the(AlAs)n(GaAs)n(001)SLs have
been investigated by a variety of methods from the simplest Kronig–Penney (KP) calculation
[9], through the Wannier-function-type calculation [10] to the sophisticated microscopic
methods based on tight-binding [6–8, 11–17], empirical and self-consistent pseudopotential
[18–25], or linear muffin-tin orbital (LMTO) calculations [26]. The theoretical results are
contradictory and the ordering of the CB states in type-II SLs as well as the crossover from type-
II to type-I behaviour are model dependent. There seems, however, to be mutual agreement
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between theory and experiment [27–29] that the lowest CB state in the(AlAs)1(GaAs)1(001)
SL is at the R point of the tetragonal Brillouin zone (t.BZ), which corresponds to the AlAs
L point of the bulk Brillouin zone (b.BZ). For the ultrathin SLs withn > 1, however,
disagreement occurs.

(a) First, the effective-mass approach (based on the Kronig–Penney model) [9] is irrelevant
as it cannot take into account the band-mixing effects and, therefore, fails even to predict
the existence of type-II behaviour.

(b) The Wannier-function-type calculations done by Ting and Chang [10] suggested that
the Xz level lies lower than the Xx,y states. A disadvantage of the Wannier functions
is the nonlocal nature (spanning 20 nearest neighbours in their case). Thus, too many
Hamiltonian overlap parameters are affected by the interfaces. Such a wide interface
region, obviously, greatly reduces the effective widths of the well and barrier regions.
This feature makes Wannier-function calculation an inappropriate method for studying
the short-period SLs. For example, the transition from type-I to type-II behaviour was
found by Ting and Chang [10] to occur at about an 80 Å AlAs layer thickness as compared
with the expected value of 35 Å [7, 8, 30]. The one-band Wannier function is centred on a
unit cell, in contrast to the tight-binding wavefunction which is centred on an atomic site,
and therefore they lead to completely different conclusions as regards the SL electronic
properties.

(c) The first-principles calculations using the LDA are unable to obtain the bandgaps in the
bulk correctly [31] without adjustments [19]. Even with the inclusion of these corrections,
Nakayama and Kamimura [19], using a self-consistent pseudopotential method, predicted
that only the(AlAs)1(GaAs)1 SL has an indirect bandgap at the R point of the t.BZ. A
second disadvantage of the first-principles methods is their limitation to dealing with only
small-size systems and, as a consequence, they are unsuitable for use in looking for the
value ofnc corresponding to the crossover from type-I to type-II behaviour. They are
more suited to the study of problems involving the total energy, such as that of the SL
stability, rather than the conduction subbands such as is required in our present case.

For all of these reasons, we decided to adopt the sp3s∗ tight-binding (TB) method including
only the nearest-neighbour interactions [32]. To reduce the effect of the interfaces on the
TB parameters, as one learned from, for instance, the Wannier-function calculations, the
second-nearest-neighbour interactions are excluded. Furthermore, we prefer this scheme to the
first-principles method because it is capable of reproducing more accurately the experimental
bandgaps [33] as well as the respective bulk CB valleys of the GaAs and AlAs including the
values of the carrier effective masses. These latter are important indicators of the accuracy of
the subbands and the TB scheme thus enables us to study more broadly the dependence on
layer thicknesses.

It should be noted that the disadvantage of the TB method is the lack of knowledge of
the parameters across the interface. The CB states are very sensitive to both the interface
parametrization and the bulk band structures of the two constituents, such as effective masses.
Earlier calculations [11, 12], starting with an empirical fit to the bulk bands, took the valence
band offset (VBO) to be 15% of the direct-bandgap difference between the two constituents
1E(d)g (i.e. this choice is following Dingle’s rule [34], which gives VBO= 0.225 eV for
our present case) and yielded no type-II alignment and no valley-mixing effects. Nara [13],
furthermore, took two cases of band-offset values based on Dingle’s rule [34] and Kroemer’s
rule [35] (Kroemer’s rule suggests that VBO/1E(d)g = 40%, which yields VBO= 0.50 eV
for our present case) and compared the resulting band structures of ultrathin SLs to the
pseudopotential calculations [19]. It was concluded from this study that Dingle’s rule yields
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a good description of the valence bands whereas Kroemer’s rule leads to conduction bands
in better agreement with the pseudopotential results. Yamaguchi [14], using the sp3s∗ TB
model and Kroemer’s rule for the band-offset values, has studied the band structure of the
(AlAs)n(GaAs)n(001) SLs and has shown that the lowest CB state forn = 1–5 is indirect and
located in the Xxy valley and that the crossover to a direct-bandgap SL occurs atnc = 7. Last but
not least, two further papers [15, 16] have, specifically, addressed the valley-mixing problem for
(AlAs)m(GaAs)n(001) SLs and worked out a type-I and type-II phase diagram using the sp3s∗

TB model [32], which includes only nearest-neighbour interactions. They found that the Xx,y

levels lie lower than the Xz level in the type-II SL realizations. Ihm [15] used VBO= 0.50 eV
consistently with Kroemer’s rule whereas Muñozet al [16] used VBO= 0.55 eV, which is in
accordance with the photoluminescence data [36]. On the other hand, Lu and Sham [17] studied
the electronic structures of the short-period(AlAs)m(GaAs)n(001)SLs, withm, n < 10, using
the sp3 TB model including the second-nearest-neighbour interactions. Although they took
VBO = 0.55 eV, like Mũnozet al [16] (but, of course, using a different TB model), they found
a crossover from type-I to type-II behaviour, in the case of SLs withn = m, to occur atnc =
12 and, in contrast with the results of Muñozet al [16], that the Xz level lies below the Xx,y
states.

The aim of the present investigation is to shed light on the effect of the interface
parametrization (and particularly the band offsets) on the(AlAs)m(GaAs)n(001) SL band
structures. Special attention will be given to the existence of type-II behaviour and the ordering
of the CB states in short-period SLs when the VBO is varied over a sufficiently broad range.
The method that we used in calculating the band structures is based on the sp3s∗ tight-binding
model including only nearest-neighbour interactions, and will be described in some detail in
the next section. Section 3 gives a discussion of our results and the final section summarizes
our main conclusions.

2. Computational method

In the tight-binding framework, the Hamiltonian matrix elements are expressed in terms of a
basis of symmetrically orthonormalized atomic orbitals|b, µ, ERi〉, also called L̈owdin orbitals
[37]. Here ERi denotes a Bravais lattice point referred to the unit cell,b is a basis atom in this
unit cell, andµ denotes an orbital (such as s, px , py , pz, or s∗) of the atomb. In fact, in the
Ek-space, the Hamiltonian is expressed in terms of a basis|b, µ, Ek〉, which is obtained via a
discrete Fourier transformation of the localized orbitals|b, µ, ERi〉, given by

|b, µ, Ek〉 = 1√
Nw

∑
j

eiEk· ERj |b, µ, ERj 〉 (1)

whereNw is the number ofEk-vectors taken from within the irreducible wedge of the Brillouin
zone.

The Schr̈odinger equation whose solutions are the Bloch functions|nEk〉 is given by

(H − EnEk)|nEk〉 = 0 (2)

which can be expressed in terms of the Löwdin basis as∑
j,ν

[
〈i, µ, Ek|H |j, ν, Ek〉 − EnEkδi,j δµ,ν

]
〈j, ν, Ek|nEk〉 = 0 (3)

wheren is a band index,i andj denote basis atoms, andµ andν denote orbitals of these
respective atoms. The eigenvalues,EnEk, and corresponding eigenvectors,|nEk〉, are obtained
by means of a direct diagonalization based on the Lanczos algorithm [38] procedure. The
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Table 1. Empirical sp3s∗ tight-binding parameters for AlAs and GaAs, in units of eV. The same
notation is used as in reference [32]. The bond lengths (d) are in Å.

Compound d E(s, a) E(p, a) E(s, c) E(p, c) E(s∗, a) E(s∗, c)

AlAs 2.45 −7.5273 0.9833−1.1627 3.5867 7.4833 6.7267
GaAs 2.45 −8.3431 1.0414−2.6569 3.6686 8.5914 6.7386

Compound V (s, s) V (x, x) V (x, y) V (sa, pc) V (sc, pa) V (s∗a, pc) V (pa, s∗c)

AlAs −6.6642 1.8780 4.2919 5.1106 5.4965 4.5216 4.9950
GaAs −6.4513 1.9546 5.0779 4.4800 5.7839 4.8422 4.8077

Hamiltonian, of either the bulkfcc structure or thetetragonalsuperlattice structure, uses the
empirical tight-binding parameters given in table 1. Furthermore, one should note that in the
SL electronic structure calculation one must take into account the band discontinuities [39].
In the tight-binding framework, the valence band offset is considered as a constant, and added
to the diagonal elements of the Hamiltonian matrix (for instance, in our case, the GaAs on-site
energies are shifted up by the VBO value because the GaAs valence band edge is higher in
energy when this latter material forms an interface with the AlAs). The VBO is taken as a free
parameter in our present work to assess the effect on the SL electronic properties. Moreover,
the spin–orbit effects are included only in our supercell calculations, through the values used
for the band offsets. Lastly, we emphasize that the on-site tight-binding parameters for the ‘As’
atoms across the interface are taken to be averages of the values from the two bulk regions.
This choice makes the lowest CB state, in the(AlAs)1(GaAs)1(001) SL, located at the R point
in agreement with what is well established in the literature [27–29].

In the next section, we display and discuss our results on the band structures for the
(AlAs)m(GaAs)n(001) SLs versus the layer thicknesses(m, n) and the valence band offset
(VBO).

3. Results and discussion

The bulk band-structure calculations, using the sp3s∗ tight-binding model [32], yield a direct
bandgap at the0 point for GaAs and an indirect one at the X point for AlAs. The energy gap
values obtained, neglecting spin–orbit interactions, areEg = 1.55 and 2.30 eV for GaAs and
AlAs respectively. Moreover, the effective masses [32] are also in good agreement with the
experimental data [33].

For the band structures of(AlAs)m(GaAs)n(001) SLs, we start with the case ofm, n 6 8.
We took in our calculation VBO= 0.56 eV unless stated otherwise in the text below. This
VBO value is more reliable and consistent with experimental data [36, 40–41] and will be
further commented on below. In table 2, we display the results for the bandgap energy (Eg)
as well as showing the position of the bottom of the SL conduction band with respect to the
high-symmetry lines in the t.BZ. As can be seen in this table, in the AlAs/GaAs thin-layer
heterostructure, the potential modulation along the growth axis induces mixing of the GaAs0

and the AlAs X electronic states and direct transitions can take place. For instance, whenever
the GaAs layers are sufficiently thick, the0 conduction subband lies below the X subband and
the SL becomes of type I with a direct bandgap (see, for example,m = 1 with n > 2, m = 2
with n > 6 etc). The existence of type-I heterostructures in table 1 seems to be robust against
the variation of the VBO from 0.25 to 0.56 eV, whereas for all other combinations ofm andn
(especially whenn 6 m 6 8) the SL forms a type-II heterostructure with an indirect bandgap.
In the latter heterostructures, the lowest state in the SL conduction band is mainly attributed to
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Table 2. The bandgap energies of the(AlAs)m(GaAs)n(001) SLs versusm, n (68) when
VBO = 0.56 eV. The position of the bottom of CB with respect to the high-symmetry lines
of the t.BZ is indicated under eachEg-value. The symbol¶ indicates the SLs of type I.

↓ n;m→ 1 2 3 4 5 6 7 8

1 2.12 2.11 2.15 2.17 2.18 2.19 2.19 2.20
R MA (80%) MA (80%) 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

2 1.98¶ 2.00 2.05 2.07 2.08 2.08 2.09 2.09
0 MA (80%) MA (30%) 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

3 1.86¶ 1.94 1.97 1.99 2.00 2.00 2.00 2.00
0 MA (30%) M 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

4 1.79¶ 1.89 1.92 1.93 1.94 1.94 1.94 1.94
0 M MA (30%) 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

5 1.75¶ 1.86 1.88 1.89 1.89 1.89 1.89 1.89
0 MA (30%) MA (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

6 1.72¶ 1.82¶ 1.86 1.86 1.86 1.86 1.86 1.86
0 0 MA (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

7 1.69¶ 1.78¶ 1.82¶ 1.84 1.84 1.84 1.84 1.84
0 0 0 0M (90%) 0M (90%) 0M (90%) 0M (90%) 0M (90%)

8 1.67¶ 1.75¶ 1.79¶ 1.81¶ 1.82 1.82 1.82 1.82
0 0 0 0 0M (70%) 0M (90%) 0M (90%) 0M (90%)

Table 3. Same as table 2, but for the results onEg for the(AlAs)n(GaAs)n(001) SL versusn.

n: 1 2 3 4 5 6 7 8 9 10 15 20 25

Eg (eV): 2.12 2.00 1.97 1.93 1.89 1.86 1.84 1.82 1.80¶ 1.77¶ 1.68¶ 1.63¶ 1.61¶
R M M M M M M M 0 0 0 0 0

the AlAs X valley. The last remark about table 2 concerns the confinement effects. We note
that for small barrier thicknesses (smallm), the SLEg decreases very rapidly toward the bulk
GaAs bandgap value asn increases. On the other hand, for small well thicknesses (smalln),
the SLEg increases very quickly toward the bulk AlAs bandgap value asm increases.

In figure 1, we show the band structures of the(AlAs)m(GaAs)n(001) SLs corresponding
to: (a)m = n = 4; (b)m = 1, n = 4; and (c)m = n = 10. The bandgap is indirect for
figure 1(a) and direct for the other two panels and the respective energy gaps are 1.93, 1.79
and 1.77 eV. In all of these panels we have shown the four highest valence bands and the eight
lowest conduction bands and taken the top of the VB as an energy reference. As can be seen
in figure 1(a), the strong band mixing of electronic states, through the electronically low (and
relatively short) AlAs barrier, enhances the AlAs X subband to become lower than the GaAs
0 subband. As a result, the SL becomes of type II with an indirect bandgap. On the other
hand, in figure 1(b), due to the low confinement energy of the electron in the GaAs well (when
this latter is much thicker than the AlAs barrier), the GaAs0 subband is lower than the AlAs
X subband and, as a consequence, the SL behaves as a type-I heterostructure. As the AlAs
barrier becomes thicker than a certain critical value (nc = 9 in the case of SLs withm = n),
as shown in figure 1(c), the GaAs wells become completely decoupled and the band mixing
vanishes. Hence, the electrons become localized within the GaAs0 valley and the superlattice
behaves as a type-I heterostructure with a direct bandgap at the0 point.
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Figure 1. Band structures of the(AlAs)m(GaAs)n(001) superlattices with: (a)m = n = 4;
(b) m = 1, n = 4; and (c)m = n = 10. VBO = 0.56 eV is used. The four highest valence
bands and the eight lowest conduction bands are shown and the top of VB is chosen as the energy
reference.

Furthermore, we have inspected the band structures of the(AlAs)n(GaAs)n(001) SL
versus the layer thicknessn (n = 1–25) and summarized the results in table 3 using
VBO = 0.56 eV. Forn = 1, the lowest CB state is located at the R point of the t.BZ in
agreement with what is well known in the literature [27–29]. Forn = 2–8, our results show
that the lowest CB state changes its location to the M point of the t.BZ (which corresponds
to the AlAs Xxy level of the b.BZ). It is worth mentioning here that in the SL there exist
two distinct X-related AlAs CB states—namely, the state with itsEk-vector parallel to the SL
growth direction, called ‘Xz’, and the one with itsEk-vector parallel to the interface, called
‘X xy ’. Within the framework of the nearest-neighbour TB approximation used here, GaAs
slabs and AlAs slabs completely decouple for the Xxy state, which is characterized as purely
AlAs in its origin, whereas the Xz level deviates from the bulk AlAs X level significantly due
to the zone folding and the strong band mixing. Forn > 9, the lowest CB state becomes
located at the0 point and fully localized in the GaAs slabs and, hence, the SL becomes of
type I with a direct bandgap. The corresponding critical layer thickness for this type-I–type-II
transition (i.e.nc = 9) is therefore estimated to be about 26 Å, which is in good agreement
with the photoreflectance measurements [6].

In figure 2, we show the variation of the four lowest CB states corresponding to four
different high-symmetry points in the t.BZ—namely,0, X, R and M—versus the layer thickness
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Figure 2. The ordering of the four lowest CB states corresponding to four different high-symmetry
points in the t.BZ of(AlAs)n(GaAs)n(001) SLs versusn. The VBO values used are: (a) 0.25 eV;
(b) 0.46 eV; (c) 0.51 eV; and (d) 0.56 eV. The SL valence band edge is chosen as the energy
reference.

n in the case of SLs withm = n. Different VBO values are used to assess their effects
on the ordering of the CB states, especially for type-II SLs. These VBO values are taken
from the literature. For instance, VBO= 0.25 eV was obtained by Frensley and Kroemer
[42], using first-principles calculation but with respect to the average of the potentials at the
two zinc-blende empty lattice sites. The second value(VBO = 0.46 eV) is based on the
ab initio calculation using the Gaussian orbitals carried out by Bylander and Kleinman [23],
whereas VBO= 0.51 eV was obtained from theab initio self-consistent pseudopotential
calculation of Baldereschiet al [43]. The last value, VBO= 0.56 eV, is in accordance
with the photoluminescence data [36, 40–41] and lies between the two theoretical estimates
of 0.51 eV (of reference [43]) and 0.60 eV of Van de Walle obtained using the model-solid
theory [44]. For these different VBOs, thenc-values obtained arenc = 10 for VBO= 0.25,
0.46 and 0.51 eV, whereasnc = 9 for VBO = 0.56 eV. For this latter value, the ordering of
the CB states seems to be more consistent with experimental findings. In other words, for
n = 1 we have the CB minimum at the R point, whereas for 1< n < 9 it is located at the
M point and forn > 9 the SL exhibits a transition to type I. We emphasize that it is only in
the case of VBO= 0.56 eV (figure 2(d)) that the M state does indeed correspond to the pure
AlAs X xy level. However, the M state in the other three panels is a mixed state and therefore
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type-II behaviour occurs only when the CBO is small (such as in figure 2(d)). Thus, the value
VBO = 0.56 eV seems to be the optimum for which a favourable compromise between the
ordering of the CB states in type-II SLs and the value of the critical layer thickness (nc), which
is consistent with experiments [6], is achieved. This VBO value is also at 34% of the direct-
bandgap difference between AlAs and GaAs, in accordance with the photoluminescence data
[36, 40, 41].

Figure 3. Comparison of the calculated energy gaps of the(AlAs)n(GaAs)n(001) superlattices
with experiments: (◦) reference [45]; (4) reference [46]; (•) reference [47]; and (∇) reference
[48]. The theoretical curves correspond to four different VBO values.

Figure 3 displays the variation of the energy gapEg versus the layer thicknessn for the
(AlAs)n(GaAs)n[001] SLs, with various VBO values. In this figure, the experimental data
shown by the symbols◦, 4, • and∇ correspond respectively to the references [45], [46],
[47] and [48]. As shown in this figure, the solid curve, corresponding to VBO= 0.56 eV, lies
in between the other three theoretical curves and also is the least-squares fit to the scattered
experimental data. Our theoretical results show thatnc = 9 for VBO = 0.56 eV, whereas
nc = 10 for the other three VBO values. The last remark, but not the least important as regards
figure 3, is that all of the theoretical curves meet in the region wheren > 10 (the region of
type-I SLs) independently of which VBO value is used. This clearly shows that band mixing
is only effective whenn < nc whereas the GaAs wells become completely separated when
n > nc and thus the SL becomes of type I.

4. Conclusions

We have studied the electronic band structures of the(AlAs)m(GaAs)n(001) superlattices
versus the layer thicknesses(m, n) and the valence band offset (VBO). The highest state in the
SL valence band is found to be, always, confined to the GaAs slabs whereas the lowest state
in the SL conduction band shows different behaviours as it is sensitive to the valley-mixing
effects. Our tight-binding results favour a high valence band offset (VBO= 0.56 eV) and
a small conduction band offset (CBO= 190 meV). These band offsets are necessitated by
the ultrathin SLs exhibiting type-II behaviour. Providing that these offset values are achieved,
for most of the ultrathin-layer SLs (m, n 6 8), the strong band-mixing effects enhance the
AlAs X xy valley to become the lowest in the CB and, as a result, the SL behaves as a type-II
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structure with an indirect bandgap. In the rest of the ultrathin-layer SLs, whenever the GaAs
slabs are thick enough, the electronic confinement energy becomes small in the GaAs wells
and, therefore, the SL behaves as a type-I structure with a direct bandgap at the0 point.

For thick-layer SLs (m, n > 9), there exists a critical barrier thickness beyond which the
GaAs wells become completely decoupled and the SL behaves as a type-I structure with a
direct bandgap at the0 point. Our band-structure results for the(AlAs)n(GaAs)n(001) SLs,
when VBO= 0.56 eV, suggested a critical layer thickness (nc = 9) of about 26 Å for the
type-I–type-II transition. Thisnc-value is consistent with the photoreflectance experiments [6].

Finally, thick-layer SLs (m, n > 9) are definitely more suitable for photonic applications
as they behave as type-I SLs and possess direct-bandgap energies lying within the energy
spectrum of visible light. These SLs do, indeed, exhibit very high radiative efficiency. On the
other hand, the very recent results of photoluminescence experiments [8], which found that
the ultrathin-layer SLs can also behave as type-I SLs at room temperature, have opened up a
new area of investigation which we plan to address in future work.
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