


structure of segregation and interfacial atomic intermixing
to provide accurate values.

In this paper we show that an atomistic empirical
pseudopotential approach, fitted to bulk reference systems,
is sensitive to the microscopical details of the atomic
configuration of the system and, thus, provides an appro-



significant set of parameters that needs somehow to be fixed.
Indeed, Dente and Tilton adjust the implicit parameters of
their theory (in particular the number of Fourier expansion
terms of the ‘smoothing function’), for abrupt SLs so as to
reproduce the bandgaps of actual, non-abrupt SLs. It is thus
not clear if the potential form factors Vðq 6¼ GBKÞ
determined in this way implicitly can carry any independent
physical significance in the case of the electronic structure
of InAs/GaSb ternary and quaternary alloy systems.
(d) The procedure of Dente and Tilton does not allow
considering atomistic patterns of interfacial intermixing
such as those observed by X-STM [3] in InAs/GaInSb,
which lead to significant changes in the bandgaps.

The atomistic model we propose [16] overcomes the four
difficulties encountered above.

4 Method

Our empirical pseudopotential approach is fully atomistic.
We solve the single-particle Schrödinger equation:
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where Rn� denotes the position of the nth ion of type
�ð¼ In; Ga; As; SbÞ: Thus, the crystal potential is written
as a superposition of atomic potentials, v�; centred around
the atomic sites. The potential includes the spin–orbit
interaction; thus the wavefunctions  iðrÞare spinors with
spin-up and spin-down components. For the potential v� we
do not use the local density approximation (LDA), since not
only does it produce the well-known [17] LDA errors in
bandgaps, but also the all-important effective masses are
considerably in error, but atomic screened pseudo-poten-
tials. In the traditional implementations of the empirical
pseudopotential method the crystal potential is written in
terms of few form factors V(G) relative to the reciprocal
lattice vectors G



underlying (3) naturally allows for the potential of the
various InAs monolayers to differ from each other,
depending on their distance from the interface. This is
clearly shown in Fig. 3 of [25], where the potential of InAs
is similar to the self-consistent one (Fig. 1 here); (iii) the
form factors Vðq 6¼ GBKÞ are determined explicitly by
fitting many properties of bulk materials at different
volumes; (iv) interdiffused interfaces are described in a
simple way.

We next test the performance of our empirical pseudo-
potential description against the available experimental
results.

5 Results

5.1 Band bowing of ternary alloys

An important test of the capability of our scheme to treat
disorder effects properly in the quaternary InAs/GaSb
system is the prediction of the band bowings of all the
ternary alloys. The ternary random InxGa1�xAs; InxGa1�x

Sb; GaAs



5.3 Blue shift of bandgap of segregated
InAs/GaSb superlattices against ideal
structures

To describe interfacial segregation effects we need a
realistic model of the atomistic structure of segregated
InAs/GaSb SLs. To obtain it we relied on a kinetic model for
molecular beam epitaxy (MBE) growth first introduced by
Dehaese et al. [26]. We extended the model to treat the
simultaneous segregation of group III and group V species
in the no-common atom InAs/GaSb system. Details of our
kinetic model are given elsewhere [25]. Segregation is
driven by atomic exchange between atoms in the subsurface
monolayer and atoms at the surface. The exchange rate
depends on the growth temperature and on the overcoming
of a net energy barrier for atomic swapping between the
surface and the subsurface layers, which depends on the
kind of atom. For the In and Ga cations, appropriate values
for the exchange energies have been reported in previous
papers [26], while for the Sb and As anions we have
extracted them by fitting our growth model to the
Sb concentration profiles measured via cross-sectional
STM [2, 3]. The fit has been described in [25].

The growth model correctly shows that Sb segregates into
the InAs layer and that In segregates into the GaSb layer as
observed experimentally [2, 3]. It also predicts the
unexpected penetration of As into the first two layers of
GaSb, in agreement with recent experimental finding [27].
Through the kinetic model of MBE growth we can obtain
realistic composition profiles for the superlattices along the
growth direction. Next, we need to build their atomistic
structure. No experimental information is available on the
atomistic arrangement in the planes perpendicular to the
growth direction. We thus assume random arrangements in
these planes, consistent with the planar composition profile
dictated by the growth model. Once we have determined the
superlattice configuration at a given growth temperature Tg;
we allow local atomic displacements minimising the strain
energy of the structure using a valence force field
approach [23].

Finally, we apply our atomistic empirical pseudopotential
technique to assess the effects on the band structure of the
segregation at different growth temperatures, Tg: Figure 3
shows the trend of the bandgaps as a function of the
superlattice growth temperature Tg for ðInAsÞ8=ðGaSbÞ8

and ðInAsÞ8=ðGaSbÞ16: In the Figure we also report

the experimental bandgaps as deduced from the absorbance
data of Kaspi et al. [28, 29] for the ðInAsÞ8=ðGaSbÞn SLs.
We see that abrupt SLs produce significantly (up to 50 meV)
smaller gaps than SLs with intermixed interfaces. Since
interfacial mixing is a fact (X-STM), one must compute
bandgaps of nonideal interfaces. The blue shift of the
bandgaps with increasing sample growth temperature is in
agreement with the trend observed recently by Yang et al.
[4, 5]. The bandgap wavelength decrease (blue shift) with Tg

is larger for the ðInAsÞ8=ðGaSbÞ8 SL than for the ðInAsÞ8=
ðGaSbÞ16 SL, and also the difference between the bandgap
wavelength of the ideal abrupt geometry and that of the
segregated ones is larger for the ðInAsÞ8=ðGaSbÞ8 SL.

In Fig. 4 we compare our results for the bandgaps of the
ðInAsÞ8=ðGaSbÞn SLs with abrupt and segregated interfaces
with those predicted by other calculations. We note the
following features:

(i) assuming artificially abrupt interfaces, our atomistic
empirical pseudopotential approach predicts much smaller
bandgaps than does the Dente and Tilton [11, 12] empirical
pseudopotential approach. Since the pseudopotentials are
similar for the bulk solids, the Dente–Tilton approach
involves for SLs some approximations about the interface
structure not done in the atomistic approach, (see Section 3).
(ii) The envelope function calculation by Lau and Flatte
[30] with interfacial terms added to optimise the agreement
with the experiment fits the experiment well for n& 16 and
at larger n approaches our result for the bandgaps of abrupt
interfaces. However, this approach is not predictive and it
does not allow for easy inclusion of the segregation effects.
(iii) The atomistic pseudopotential with segregated inter-
faces (obtained for a growth temperature Tg



6 Conclusions

We have presented in this paper a fully atomistic approach
to band structure calculations based on an empirical
pesudopotential method and integrating new features such
as: (i) a consistent treatment of the local strain around
the atoms and in the structure; (ii) an appropriate description
of all the bonds present in the quaternary InAs/GaSb system,


	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


