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Effects of epitaxial strain and ordering direction on the electronic properties
of GaSb/InSb and InAs/InSb superlattices
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The structural and electronic properties in common-anion GaSb/InSb and common-cation
InAs/InSb [111] ordered superlattices have been determined using the local-density total-energy
full-potential linearized augmented plane-wave method. The in6uence of the ordering direction,
strain conditions, and atomic substitution on the electronic properties of technological and experi-
mental interest (such as energy band gaps and charge carrier localization in the difFerent sublattices)
were determined. The results show an appreciable energy band-gap narrowing compared to the band
gap averaged over the constituent binaries, either in [001] ordered structures or (more markedly)
in the [111]systems; moreover energy band gaps show an increasing trend as the substrate lattice
parameter is decreased. Finally, the systems examined o6er interesting opportunities for band-gap
tuning as a function of the growth condition (about 0.7 eV in GaSb/InSb and 0.3 eV in InAs/InSb).

I. INTRODUCTION

Ternary systems based on III-V semiconductors (such
as disordered alloys, ~ heterostructures, or quantum
well systems o i2) have been the subject of wide scien-
tific interest and of accurate theoretical studies, since
they could be used as fundamental components in a large
class of important devices (laser diodes or in&ared de-
tectors, to name just a few). In the present work, we
focus our attention on superlattices (SL), whose struc-
tural, electronic, and transport properties can be op-
portunely tuned by varying the constituent materials,
the strain, the ordering direction, or the layers thick-
ness. To this end, we have examined the properties
of interest in ultrathin [111] ordered SL, specifically
in common-anion GaSb/InSb systems and in common-
cation InAs/InSb systems, using the self-consistent all-
electron full-potential linearized augmented plane-wave
(FLAPW) inethod within the density functional formal-
ism. The systems considered here are now under ex-
perimental investigation (results obtained for strained-
layer InSb/GaSb quantum well, In Gai Sb/GaSb
heterostructures and InAsq ~Sb alloys ' have al-
ready been published); at the present time, however, we
are not yet able to compare our predicted results with
experimental values regarding the SL.

The appreciable mismatch between the lattice param-
eters of the binary constituents (5.7'Po in GaSb/InSb and
6.4% in InAs/InSb) gives us the opportunity to study
the efI'ects of the strain conditions on the SL electronic
properties. In analogy with the common experimental
approach, ' we have considered various growth con-
ditions for the SL, leading to difIerent strain modes in
the structure: (i) pseudomorphic growth on a substrate

usually constituted by one of the binary constituents (in
which the lattice constant parallel to the growth plane
is taken equal to that of the bulk semiconductor com-
posing the substrate) and (ii) a "free standing mode"
(FSM), in which no constraints are imposed on the bond
lengths, leading to relaxed lattice constants for the bi-
nary constituents, both difI'erent &om their bulk values.
The structural parameters for all of the structures con-
sidered have been chosen through total energy minimiza-
tion or according to the macroscopic theory of elasticity
(MTE) zo

The choice made towards the [111] direction is en-
couraged by recent experimental observations that sug-
gested the spontaneous ordering along this particular axis
(the so called CuPt structure), shown by some III-V al-
loys during vapor-phase growth. The strong inHuence of
the ordering direction on the SL electronic properties is
immediately clear if we consider the ternary SL Brillouin
zones (BZ) as obtained from the binary zinc blende BZ
through folding operations, which are obviously difFerent
for [ill] or [001] ordered systems; the immediate conse-
quence of this is a noticeable difFerence in the electronic
properties.

In order to study the dependence of the electronic
properties on the ordering direction, we have studied
the common-anion and the common-cation systems in
the three different growth conditions both in the CuAu-
like (having [001] direction as growth axis) and CuPt-like
structure.

Following the model proposed by Wei and Zunger, 22

we consider the SL as obtained first from an ideal virtual
crystal [a common-anion (common-cation) system hav-
iilg the cation (anion) with intermediate properties be-
tween the two cations relative to the binary constituents].
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We then introduce a perturbative potential, having a
structural part (due to atomic displacements and relax-
ation due to epitaxial strain) and a chemical one (due to
the electronegativity difference between the constituent
atoms).

In order to separate the eKects due to the two dif-
ferent terms in the expression of the potential, we have
studied strained AC/AC-type systems ideally obtained
by monolayer deposition of the same binary constituent
(AC) along the [ill] direction, in which the two differ-
ent AC bond lengths are equal to those in the equivalent
AC/BC SL.

We will discuss the results obtained in this work as fol-
lows: Erst of all, we will briefly expose the computational
details and parameters used in the calculations (Sec. II);
in Sec. III, our structural results will be reported for all
the di6'erent systems considered. In Sec. IV, we will dis-
cuss the electronic properties of the SL, with particular
attention given to the quantities of technological interest
(such as energy band-gaps and crystal-field splittings)
and their dependence on growth direction, atomic sub-
stitution, and strain conditions. We will also discuss the
charge density distribution and, in particular, the local-
ization of the charge carriers in the difFerent constituents
sublattices. Section V summarizes our main results and
draws some conclusions.

II. METHOD QF CALCUI ATION

We have determined the properties of the structures
considered using the density functional formalism, within
the local-density approximation (LDA) (Ref. 23) ex-
change and correlation potential as parametrized by
Hedin-Lundqvist. The calculations were performed us-
ing the ab initio all-electron FLAPW. Core electrons
as well as valence ones are treated using a self-consistent
procedure; the shallow Ga 3d and In 4d states are consid-
ered as valence states, for which scalar-relativistic eH'ects
are included in the self-consistent calculation, whereas
spin-orbit eÃects are treated in a perturbative approach.
I"or [ill] ordered systems, angular momenta up to t
= 6 in the muffin-tin spheres (with radius R = 2.4 a.u.
for all the constituents atoms) and plane waves with wave
vector up to k = 3.3 a.u. are used, leading to about
600 basis functions.

To perform integrations in reciprocal space, a set of
four special k points is chosen in the trigonal BZ, fol-
lowing the Monkhorst-Pack scheme. Similar values for
these computational parameters have been used for [001]
ordered systems, with the only exceptions represented by
l = 8 and a set of three special k points used for the
integration over the tetragonal Brillouin zone. Finally,
the Broyden method is used to accelerate the conver-
gence in the self-consistent iterations.

III. 8TH.UCTUR, AL PR,&PE&TIES

The atomic ordering along the [ill] direction of a SL
grown on a (ill) substrate results in a trigonal Bra-

vais lattice with Cs„(Schoenfhes notation) space group.
The unit cell in real space contains four atoms and the
origin is taken on a cation site.

The &ee structural parameters are determined follow-
ing the macroscopic theory of elasticity (MTE),2e taking
into account the elastic properties of the constituent ma-
terials, and then compared with those obtained through
total-energy minimization. We observe that in each cell,
there are two atoms belonging to the same chemical
species (the two Sb anions in the GaSb/InSb systems and
the two In cations in the InAs/InSb systems), which are
not equivalent &om the coordination point of view. As an
example, we consider the particular case of GaSb/InSb
SL, having the erst SbG bound with three Ga and one
In, and the second Sbp„showing a complementary sit-
uation. The total energy minimization procedure that
considers all the free parameters in the unit cell as diR'er-

ent degrees of freedom is a very onerous computational
problem; this encouraged some simpli6cations, such as
considering equal bond lengths between equal atomic
species (i.e. , in the common-anion system, we have cho-
sen di„si,~ = di„si„„),thus reducing to three the num-
ber of degrees of freedom (in-plane lattice parameter and
two difFerent bond lengths). Although this simplifica-
tion is &equently used in total-energy minimizations,
one should be aware that this approximation results in
considering an average over the two diferent local envi-
ronments and, therefore, that the real elastic structures
may diBer slightly from our optimized SL's.

According to MTE, using the same notation as in
Ref. 20, the structural parameters for the epilayer are
determined as follows:

epi
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epi
a&

epi
II

epi

SubS
)

all xx] all
aepi

t'cii + 2 ci2 —2 c44 l
cii + 2 ci2 + 4 c44)

all 1
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epi
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aepi

where c~ are the elastic constants for the bulk epi-
layer (we have used the experimental values reported in
Ref. 30).

Through total-energy minimization of the "ideal"
AC/BC unrelaxed structures [in which all the atoms are
arranged in a zinc blende structure with lattice con-
stant a—our free parameter —and with bond lengths
dAc = dBC ——a (~3/4)], we have found an in-plane lat-
tice constant very close to the average of the bulk con-
stituents, according to Vegard's rule. We have, thus, ex-
amined a free standing mode structure (indicated in the
following as elastically relaxed or simply ER) that has
this value for the in-plane lattice constant. In Table I and
Table II, we report the calculated structural parameters
for the ternary common-anion and common-cation sys-
tems: the Sl (S2) system is a common-anion SL grown
on a GaSh (InSb) substrate, while the S3 (S4) system is
a common-cation SL grown on an InAs (InSb) substrate.
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TABLE I. Bond lengths (do~sb and di„sb in a.u. ) and strain parameters (e and e" )
parallel and perpendicular to the growth plane for GaSb/InSb [111] and [001] ordered systems.
The quantities denoted by A indicate percentage deviations from calculated bulk bond lengths
(do sb = 5.00 a.u. and di sb = 5.29 a.u.).

dcaSb
+GaSb

Gasb

,K.sb

dInsb
+InSb

InSb
'L.sb

El. Rel.
5.07

+1.4%
+0.029
-0.014
5.22

-0.028
+0.016

[Ill]
GaSb-subs.

5.00

5.16
-2.5%
-0.055
+0.033

InSb-subs.

5.15
+3.0%
+0.058
-0.028

5.29

El. Rel.
5.05

+1.0%
+0.029
-0.027

5.25
-0.8%
-0.028
+0.030

[ool]
GaSb-subs.

5.00

5.24
-0.9%
-0.055
+0.076

InSb-subs.

5.11
2.2%

+0.058
-0.053
5.29

In the case of pseudomorphic growth on a substrate,
we have found general agreement between the struc-
tures obtained through total-energy minimization and
those given by MTE; this fully justices our having con-
sidered this approximation to determine the five un-
known parameters in the FSM structure. Note that de-
viations &om the results predicted by MTE occur in
the case of InSb strained to GaSb or to InAs; in both
these structures, total-energy minimization gives an InSb
bond length that is systematically larger (within 0.6%)
than the one expected according to MTE, even though
the difference between the total energies for the elastic
SI and for the total-energy minimal structures is very
small (barely larger than the numerical uncertainty of 1
mRy/unit cell). However, this can be justified consider-
ing that, due to its elastic properties, this material could
easily be out of the linear elastic region. In fact, the elas-
tic constants for InSb are quite smaller than those for
GaSb and InAs, resulting in a larger effective strain-
due to the mismatch —in the former case; this is also
con6rmed by the nonlinear behavior of the band gap as
a function of the strain, as will be discussed later.

As expected from the similarity of the GaSb and
InAs elastic constants and bulk moduli [the experi-
mental values are BI" ' = 0.579 Mb and Bc~sb = 0.578
Mb (Ref. 31)], we obtain similar deformations for these
two constituents, respectively, in the common-anion and

common-cation SL's. We also notice that strains (ei-
ther parallel or perpendicular) and percentage devia-
tions &om bulk bond lengths are more pronounced in the
common-cation systems, compared to the common-anion
systems: this is obviously a consequence of the greater
mismatch between the constituent lattice parameters in
the InAs/InSb structures.

In the case of [001] ordered systems (whose structural
parameters are reported in Table I and Table II, respec-
tively, for common-anion and common-cation SL), we ob-
tain a tetragonal Bravais lattice with Dz& space group
and a unit cell in real space with four atoms (two of which
are equivalent); the origin is taken on a cation (anion) site
for the common-anion (common-cation) system.

The MTE relations reported in Eq. (1) are still valid
for [001] ordered SL, if the parameter D is redefined as

D [ooi]

(Cl1

A comparison between the [111] and [001] ordered
structures (having the same chemical composition) shows
that in the same growth conditions (FSM or growth on
a substrate) the structural parameters are not equal. In
particular, we notice larger perpendicular strains in the
[001] compared to the [111]ordered structures, while the
parallel strains are obviously equal in considering the

TABLE II. Bond lengths (di„~, and di„sb in a.u. ) and strain parameters (e " ' and e" )
parallel and perpendicular to the growth plane for InAs/InSb [ill] and [001] ordered systems. The
quantities denoted by A indicate percentage deviations from calculated bulk bond lengths (di„&,
= 4.96 a.u. and di„sb = 5.29 a.u. ).

[001]

dInAs

+InAs
InAs

~InSb
+InSb

InSb
;'I.sb

El. Rel.
5.04

+1.6 %
+0.033
-0.019
5.21

-1.5%
-0.031
+0.019

InAs-subs.

4.96

5.14
-2.8%
-0.062
+0.037

InSb-subs.

5.12
+3.2%
+0.066
-0.038
5.29

El. Rel.

5.01
+1.0%
+0.033
-0.036
5.24

-0.9%
-0.031
+0.033

InAs-subs.

4.96

5.22
-1.3%
-0.062
+0.078

InSb-subs.

5.07
2.2%

+0.066
-0.072

5.29
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TABLE III. Calculated electronic energy levels (in eV) with respect to the VBM for the [ill]
SL (neglecting s.o. coupling). The superscripts (1) and (2) indicate the two states involved in the
repulsion mechanism. The state multiplicity is given in parentheses.

SL state ZB state GaSb/InSb
S1 S2 ER

InAs/InSb
S3 S4

+(2)lc
I (1)

1c

Lt'1 c

r„
0.50
-0.81

0.70
-0.64

-0.20
-1.47

0.79
-1.02

1.04
-0.95 -1.42

+(2)
3v

I lv
p(1)

3U

I'15
I'15„
L3„

0(2)
-0.11

-1.31(2)

o(2)
-0.59

-1.35(2)

-0.42(2)
0

-1.68(2)

o(2)
-0.21

-1.38(2)

o(2)
-0.77

-1.46(2)

-0.18(2)
0

-1.50(2)

same growth conditions; what we find is thus a smaller
deviation from bulk bond lengths, due to a more eEective
relaxation.

IV. ELECTRONIC PROPERTIES

considering L~F as obtained &om Table III and 4,
for the SL as the value averaged over the equivalent
calculated s quantities for the binary constituents. (Even
neglecting the L, negative bowing, occurring in the
common-cation SL, it is possible to uniquely identify

1.0

A. Electronic levels
0.5 —,

GaSb/InSb [111] (a)

The determination of the SL electronic energy levels is
a fundamental point for most of the properties of interest
in the systems considered. In Table III, we report the
calculated electronic levels (with a numerical uncertainty
of + 0.04 eV, equal for all the energies reported in the
present work, unless otherwise specified) at the BZ center
(I'), for the different [lll] ordered systems considered
(&ee standing mode and pseudomorphic growth on the
two substrates), both for the common-anion and for the
common-cation systems. We also report the zinc blende
state &om which the SL state derives through folding the
fcc Brillouin zone back into the smaller ternary trigonal
zone.

The splitting, L~F, of the triply degenerate I'q5„zinc
blende state is due to the non-cubic crystal Geld and is
conventionally taken positive if the doubly degenerate
state I'3 has a higher energy compared to the state(2)

I'q . As can be seen &om Table III, we obtain a neg-
ative Acp in the case of GaSb (InAs) strained to InSb
for common-anion (cation) systems —corresponding to an
in-plane extensive strain e~~

—whereas the complementary
case [pseudomorphic growth on a GaSb-substrate (InAs
substrate)] and the free standing mode produce a positive
+CF ~

The introduction of spin-orbit coupling removes the
double degeneracy of the I"3„state and yields the elec-(2)

tronic energy levels illustrated in Fig. 1 as a function
of the substrate lattice constant. The topmost valence
bands (Ei, E2, Es) have been labeled according to the
"quasicubic" modelsz (taking the center of gravity of the
SL valence bands as zero);

CD

0.0
Co

CD

CD

05 ™
CD

UJ

-1.0-

-1.5
a(GaSb)

1.0
IDAs/InSb [111]

0.5 4

0
CD

~ ~

0.0
M
CD)
CD

-0.5-P
CD

LLI

-1.0-

-1.5
a(InAs) a(ave)

Subs. lattice constant

a(ave)

Subs. lattice constant

F.

E3

E~ i

C

a(lnSb)

(b)

E

E.

E

I

a(lnSb)

Ei =+-,'(A. .o. + acp)
E2 s ————'(A. + Acp) + 2if(A. + Acp)

s + .o. +Cp)

FIG. 1. Calculated highest valence band energy levels (Ei,
E2, and Zs) and lowest conduction state (E,) at I' versus
substrate lattice constant for the [111](a) common-anion and
(b) common-cation SL's considered. The center of gravity of
the topmost valence bands is taken as zero.
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TABLE IV. Calculated electronic energy levels (in eV) with respect to the VBM for the [001]
SL (neglecting s.o. coupling). The superscripts (1) and (2) indicate the two states involved in the
repulsion mechanism. The state multiplicity is given in parentheses.

SL state ZB state
ER

GaSb/InSb
S1 ER

InAs/InSb
S3

z (2)
1c

+(1)
1c

Xg
r„

1.12
-0.49

1.26
-0.43

0.78
-0.77

1.46
-0.68

1.54
-0.69

1.01
-0.96

I'i5
l j5
X5„

o(2)
-0.07

-2.52(2)

o(2)
-0.41

-2.52(2)

-0.20(2)
0

-2.71(2)

0(2)
-0.06

-2.46(2)

0(2)
-0.46

-2.46(2)

-0.25(2)
0

-2.70(2)

the SL levels with the "quasicubic" ones, which difFer at
most by 0.05 eV. ) From Fig. 1 we notice that the Ei and
E (the lowest conduction state) levels show an almost
linear behavior as a function of the substrate lattice con-
stant, while the other valence band states show a more
complex trend, due to the interplay between crystal-field
and s.o. effects (see the cross-over between the Ei and
E2 states).

In Table IV, we report the relevant electronic energy
levels for the CuAu systems at I'; the notation is analo-
gous to that of Table III, where folding relations of the
fcc Brillouin zone in the now tetragonal ternary zone in-
volve the zinc blende states, as indicated in the Table.
The trend in the signs of the crystal-6eld splittings L~F
is similar to that evidenced in the [111]ordered systems
(see Table IV).

The general underestimation of the band-gap energy in
LDA has stimulated many attempts to solve this prob-
lem, but correction algorithms need an extraordi-
nary computational efFort in the SL case; thus, our LDA
band-gap energy (E ) was corrected starting &om the
experimental data of the binary constituents. Due to a
lack of experimental band gaps regarding strained bina-
ries, we have Gtted the calculated values obtained for
each binary in difFerent strain conditions (i.e. , tetrag-
onal and trigonal), assuming a linear trend for the
band-gap energy as a function of the in-plane strain e~~.

Es z (e~~) = Es z (0) + n e~~, where Es ~ (0) is the bi-
nary equilibrium calculated band gap [a parabolic trend
Es ~ (e~~) = Es ~ (0) + n e~~ + P e~~

has been used for

InSb, which is assumed to be out of the linear region].
Once we determined the coeKcient o., we translated the
curve so that it becomes E' ~(e~~) = E'"i'~(0) + a e~~,

where E'"P~(0) is the binary equilibrium experimental
band gap. We have thus used these empirical values to
obtain the empirical band-gap energy averaged over the
strained binaries ((E' P)). Summing this quantity to
the correction [8' = E (SL) —(E )], we have fi-
nally obtained the predicted band-gap energy in the SL
(E' ~~(SL)) with a nuinerical uncertainty of + 0.05 eV.
Although this procedure is empirical, it is expected to
give good estimates of the real band gaps, since it is well
known that while the band gap is strongly underesti-
mated, the band-gap behavior as a function of pressure
is always very well reproduced by LDA.

We report in Tables V and VI (respectively, for [ill]
and [001] ordered structures), the band-gap energies as
obtained &om LDA self-consistent unperturbed calcula-
tions (E""~~), with the introduction of the perturbation
due to spin-orbit coupling (ELD ) and with the correc-
tion starting Rom experimental data (E' ~). From these
Tables, we first notice that for all the systems considered,
we find a negative E [due to an inversion which causes
the conduction band minimum (CBM) to lie below the
valence band maximum (VBM)]. Furthermore, we ob-
serve that the larger the substrate lattice parameter, the
smaller the band-gap energy (either in common-anion or
in common-cation systems) .

A comparison between Table V and Table VI confirms
the trend predicted by Wei and-Zunger3 for the energy
band gap:

E[111] + 8[001] + Eave
K&P K~P K~P

where EK p and EK p are the band-gap energies, re-[111] [001]

spectively, in the [ill] and in the [001] ordered struc-

TABLE V. Band-gap energies (in eV) for GaSb/InSb [111]systems and InAs/InSb [111]obtained
from unperturbed LDA calculations (R""~~), with the introduction of spin-orbit coupling (Es ~ )
and corrected starting from experimental data (E" ~). We also report the calculated bowing

parameter (bz~ ~ ~) for the difFerent systems considered.

gunp
gap

ELDA
gap

gemp
gap

b[» &]
gap

ER
-0.81
-1.05
0.05
1.92

GaSb/InSb
S1

-0.64
-0.90
0.20
1.32

-1.47
-1.59
-0.47
4.08

-1.02
-1.26
-0.26
2.42

InAs/InSb
S3

-0.95
-1.20
-0.21
2.18

-1.42
-1.49
-0.51
3.34
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GaSb/InSb
S1 S4
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' uction o spintained rom unp
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8+P

@LDA
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8+P
[001j
8+P

-0.49
-0.74
0.33
0.68

-0.43
-0.69
0.41
0.48

-0.77
-0.96
0.13
1.56

-0.68
-0.88
0.11
0.90

-0.69
-0.89
0.10
0.94

-0.96
-1.07
-0.09
1.66
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TABLE VII. Band-gap energies Eg~p p
spin-orbit coupling included, and crystal-field splittings

b, op (in eV) for common-anion systems.

ELDA
g~p

+CF
-1.05
0.11

GaSb/InSb
S1

-0.90
0.59

S2 ER
-1.59 -1.15
-0.42 0.19

GaSb/GaSb
S1

-1.14
0.58

-1.66 -0.34
-0.42 0.14

InSb/InSb
S1

-0.26
0.57

-0.88
-0.50

upward shift and the smaller LcF becomes: this obser-
vation is, thus, a further proof of the validity of the band
repulsion model.

We observe that in the [ill] ordered SL's the band-gap
energy is determined by the difference in energy between
the VBM—slightly localized on the anion belonging to
the InSb monolayer (as will be clearly shown in the next
section) —and the CBM—strongly localized on the GaSb
(InAs) sublattice in the common-anion (cation) super-
lattice. Thus, we could think of GaSb/GaSb-type sys-
tems as common-anion SL's in which we substitute the
InSb monolayer with a GaSb monolayer. We would ex-
pect in this case a small modification of the band-gap
energy, since the VBM will no longer be localized on the
Sb belonging to the InSb sublattice, but rather on the
Sb belonging to a GaSb sublattice; therefore, this will
be only a second order effect. Our prediction is con-
firmed by the calculated band-gap energies (spin orbit
included) reported in Table VII (second column), which
prove the almost total independence of the VBM on the
cationic substitution; the change of the band-gap energy
in the different structures is thus caused by the struc-
tural term in the perturbative SL potential rather than
by the chemical term. An equivalent interpretation con-
siders the InSb/InSb-type systems as SL's in which we
have substituted the GaSb monolayer (where the CBM
is strongly localized) with an InSb monolayer. In this
case, the cationic substitution implies the chemical alter-
ation of one of the atomic species (Ga) on which the wave
function is strongly localized; thus, what we expect, is an
appreciable change in the band-gap energy, as confirmed
by the third column in Table VII (&om which we notice
the E D+ increase). An analogous trend is observed for
the common-cation systems, where InAs has now susbsti-
tuted the GaSb as the InSb partner in the SL (see second
and third column in Table VIII).

The trend in the crystal-field splitting is strongly de-
pendent on the class of systems considered. In fact, in the
common-anion systems, this quantity is almost indepen-
dent of the cationic substitution (as expected, because of
the anionic character of the VBM, localized on the Sb
atom). In this case, the chemical term of the potential
existing in the SL has very little effect on L~F, com-

pared to the structural term (see Table VII). On the
other hand, in common-cation systems anionic substitu-
tion has a strong effect on the crystal-Geld splitting and
the chemical term in the SL potential is now much more
important than before, even though the structural term
still has a strong effect on E~F (see Table VIII).

B. Charge density distribution

One of the main effects of the perturbative potential in
the SL (in particular, of its chemical term, due to diKer-
ences in the constituent atom's orbital energies ) is the
localization of the charge density in one of the constituent
monolayers, which varies from state to state. As an ob-
vious consequence, this effect causes the confinement of
the charge carriers (holes or electrons, respectively, for
valence or conduction states) in a different sublattice.

In order to better clarify the character relative to the
different states of interest, their angular decomposition-
for the common-anion systems in the three growth con-
ditions considered —is reported in Table IX (we do not
report the equivalent table for InAs/InSb, since this sys-
tem is very similar to the previous one, as far as the
charge decomposition is concerned). Referring to the
charge density of the I ~ state, we notice, in particu-
lar, the growing s character on the InSb monolayer and
the decreasing p character on the In atom as the sub-
strate lattice parameter is increased; at the same time,
the s charge density on the GaSb sublattice decreases,
while the p charge grows on the Ga atom.

We report in Fig. 3(a) distribution for the I'i„state
for the GaSb/InSb ER systems, drawn the same for all
the charge densities reported in this work in a plane per-
pendicular to the atomic layers. This state comes IIrom

p, orbitals (as we can see from the typical "butterfly"
shape along the vertical growth z direction) and shows a
strong bonding character, between different monolayers
and within each monolayer.

In Fig. 3(b), we report the charge density distribution
relative to the I's (VBM) state for the common-anion
system in its elastically relaxed structure, where the lo-

TABLE VIII. Band-gap energies E'g p ) spin-orbit coupling included, and crystal-6eld splittings
Bop (in eV) for common-cation systems.

ER
InAs/InSb

S3 S4 ER
InAs/InAs

S3
InSb/InSb

S3
ELDA

g&P

&CF
-1.26
0.21

-1.20
0.77

-1.49
-0.18

-1.26
0.14

-1.24
0.57

-1.44 -0.29
-0.39 0.11

-0.25
0.68

-1.09
-0.47
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n relative to the muffin-tin charge density [for s (Q, ) and pli, fo h G Sb/I Sb [ 11](Q„) components) o e if the different states, neglecting s.o. coupling, or e

State Ga
S1
Sb In Sb

ER
Sb In Sb Ga

S2
Sb In Sb

017 0.007 0.001 0.045 0.0230 065 0.057 0.006 0.005. . . Ol. . . 30 003 0 001 0 014 0 01
10 0218 0048 0.10.037 0.187 0.060 0.134 0.04

I (2)
3v 0.000 0.0000.000 0.000 0.000 0.000 0.000 0.000 0 ~Q, 0.000 0.000 0.000 0.000 0.000 0.000 . . . 0.

Q„0.023 0.122 0.0.061 0.321 0.025 0.117 0.063 0.30

I (1)
1c 2 0 177 0074 0072 0345 0 232 0.047 0.045

0.005 0.019 0.006 0.0010 019 0 027 0 002 0 063 0.p

0.349 0.217 0.031 0.030
0.011 0.031 0.005 0.001

p(2)
1c 0.008 0.000 0.228 0.180 0.000 0.003 0.223 0.180

Q„0.073 0.02424 0 000 0 025 0 057 0 006 0.001 0 05

~ ~of the charge density in the InSb sublattice is
p

more enhanceu in e cth common-cation system nomuch more
f the anionic charac-as a robable consequence o e an

ter of this state: in fact, what we expec in
cation system is or e

nd that the charge den-
d- '. - "-,l, '-8--.sit distribution in this state is no

can be seen from Ta eb the strain conditions, as can
firste d h d sity distribution for the rsThe calculate c arge en

(CBM), relative to the comman-conduction state
& &, r

Fi . 4,a, .ll relaxed system, is presented in ig.anion elastica y re axe
hat is relevant in this state is t e s rong oc

of the charge density in t e a m
n b the common-cation sys em,

where the charge density is concentrate on e n
onola erl.

ounced as the substrate lattice parameter is increase
the charge density distribution co

hlmore int e ah G Sb monolayer (InAs monolayer, w i e
same time the InSb monolayer becomes ch g-char e-

ep Table IX). The second con-depleted (as confirmed by Ta e . e

I h s a complementary trend, owingcn state, s ows a
to the charge density distri ution a is

e InSb sublattice as the substrate lat-

for the common-anion elastica y relaxed system; t is e-
to the common-cation systems].havior is simi ar o e

ll theset ese observations, in aAs a consequence of t es
hile'rect a in reciprocal space, w i e

we obtain a "spatially indirect" gap, due to t e oca iza-
ion s„(VBM) on the InSb sublattice andtion of the I'3 state on

(CBM) an the GaSb (InAs) sublattice
in the common-aiuon (common-cation

V. CONCLUSIONS

Ab znztzo FLAPW calculations, based on density func-
in or-within LDA, have been performed inoy

der to determine the electronic proper ies o u
tudied a common-anionSL's. In articular, we have studies. n p
on-cation InAs InSb sys-GaSb/InSb system and a common-ca '

tern, ordered along tera difFerent ([lll] and [001]) direc-
tions .

Sb-

Ga

aSb / InSb

Sb-

Ga-

GaSb / InSb

I (2)
3v Sb-

Ga-

GaSb / InS

I (1)
1c

GaSb / InSb
I-(~)

1c

Sb-

In-

-
ceo 3 Sb- Sb-

Sb-

(b)

C)

~
QQD

Sb-

Ga- Ga-'

(in units of 0.5 e/unitFIG. 3. Charge density distr1bution &in u

e ~b~zI' state in thecell) for the (a) I'i„state and for the
elastically relaxee d ~111&~ordered common-anion structure.

ribution in units of 0.5 e/unitFIG. 4. Charge density distribution in un

) ( ~
I' CBM) state and for the (b) I i state incell for the a

d [ill] ordered common-anion struthe elastically relaxe or er
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The relevant results obtained for these structures can
be summarized as follows.

(1) Both the GaSb/InSb and InAs/InSb systems show

a direct gap (Es ~ ), which is smaller than the aver-[111]

age band-gap energy (E "') taken over the binary con-
stituents: the dependence of this quantity on the ordering
direction is expressed by the relation: Eg p ( Eg p

[111] [001]

(2) Both common-anion and common-cation systems
show a decreasing band-gap energy as the substrate lat-
tice parameter is increased.

(3) The structures studied offer interesting opportuni-
ties for band-gap tuning as a function of growth con-
ditions; the range in which the gap varies is as large
as 0.7 eV in GaSb/InSb type systems and 0.3 eV in
InAs/InSb systems.

(4) In the common-anion (common-cation) systems,
the marked charge density localization of the CBM on

the GaSb (InAs) monolayer and of the VBM on the InSb
monolayer causes the gap to be "spatially indirect. "

(5) In the case of &ee standing mode elastically relaxed
structures, we obtain a band-gap value of 0.05 + 0.05 eV
in the common-anion system (semiconducting properties)
and of —0.26 + 0.05 eV in the common-cation system
(semimetallic properties).
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