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Theory of electronic and optical properties of bulk AlSb and InAs and InAsÕAlSb superlattices
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An empirical tight-binding model with an orthogonalsp3 set of orbitals, interactions up to second neighbor,
and spin-orbit coupling is used to describe the electronic and optical properties of bulk InAs and AlSb as well
as InAs/AlSb superlattices. The tight-binding parameters required for the model are obtained by fitting existing
band structures for bulk materials. It is found that with the evaluated tight-binding parameters the model
describes very accurately the band structure and the optical properties of the bulk materials. Then the model is
used in order to investigate the electronic and optical properties of InAs/AlSb superlattices. It is shown that
interface states located in the InSb-like interface quantum wells produce a narrow upper valence band. The
effective masses and the variation of the energy gap with interface structure and lattice periodicity are also
examined. Additionally the optical functions for the superlattice are calculated, and from the second derivative
of «2 the critical points are obtained. Finally the optical anisotropy in the superlattice plane is investigated.
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I. INTRODUCTION

In recent years heterostructure systems based on
monide compounds and alloys have emerged as some o
most promising compounds for optical device applicatio
A particular system that has been the subject of consider
attention is that of InAs/AlSb superlattice~SL! structures
because of their interesting physical properties as wel
their technological importance.1–11 The very large
conduction-band offset2 of 1.35 eV between InAs and AlSb
and the high electron mobility (83105 cm2/V s at 4.2 K! in
InAs, make the materials potential candidates for use in
formation of key parts of high-speed electronic devices.12–14

The change of both the anion and cation across an In
AlSb interface~IF! is a characteristic that makes the form
interface different than that for GaAs/~Al, Ga!As and
~Ga,In!As/~Al,In!As. As a result, in the InAs/AlSb hetero
structure, it is possible to obtain two different types
interfaces.3 An InSb-like interface, where the InAs layer te
minates on an In monolayer and the adjoining AlSb la
starts with an Sb monolayer; and an AlAs-like interfac
where the InAs layer terminates on an As monolayer and
Al monolayer immediately after that. In practice, InAs/AlS
SL’s can be constructed consisting either of only one of
previously mentioned interface types, or with alternati
InSb/AlAs interfaces. Ideal SL’s, with sharp interfaces a
only one type of interface possess tetragonal symme
while SL’s with alternating InSb/AlAs interfaces posse
orthorhombic symmetry.9 In the former case, SL’s should b
isotropic in the layer plane, while in the latter case they w
exhibit an optical anisotropy in the superlattice plane. E
periments performed on InAs/AlSb SL’s, with the use
spectroscopic ellipsometry and by reflection differen
spectroscopy,9 have revealed the existence of an optical a
isotropy not only in structures with alternating AlAs/InS
interfaces but also in those with only InSb or AlAs inte
faces. It has been proposed10 that an intermixing of the atom
across the interface is responsible for the observed an
ropy changes. However, the picture is not clear as yet, e
cially for the case of SL’s with only InSb interfaces; furth
investigations, both theoretical and experimental, are nee
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The existence of localized interface states in InAs/Al
SL’s, connected to InSb-like interface quantum wells, w
first proposed by Kroemeret al.,15 in response to a series o
experimental studies3 related to the observation of a signifi
cant excess of electron concentration. Subsequent stu
suggested that even though such states may indeed exist
not certain that are in fact the source of the carriers.16–18

Also, ab initio pseudopotential calculations demonstrated
existence of such interface-induced localized states in a n
ber of InAs/AlSb SL’s.19,20 We investigate for the presenc
of such states, and examine their influence on electronic
optical properties of the material.

In this work we present a theoretical investigation of t
electronic and optical properties of ideal InAs/AlSb SL’
The calculations are based on an empirical tight-bind
~ETB! method, with ansp3 set of orbitals in the three-cente
representation. The ETB model was used in the past to
scribe the III-V compounds with either ansp3s* set of or-
bitals and nearest-neighbor interactions,21–23 or with ansp3

set of orbitals and interactions up to the second-nea
neighbor.24 The emphasis in those calculations was on
scribing well the valence bands and energy gaps. This, h
ever, is not sufficient for a description of the optical prope
ties of the materials. To achieve this we must be able
describe accurately the conduction bands as well. In
present work particular effort has been devoted to describ
both the valence and conduction bands well. To establish
accuracy of the method, and to obtain the necessary ti
binding parameters, the electronic and optical properties
the bulk materials InAs and AlSb were studied first. T
obtained results compare very well with experiment. Th
the SL properties were investigated. In particular, the ba
structure was obtained, and its dependence on the inter
structure was examined. A narrow valence band was
vealed, produced by the localized states at the InSb-like
terface quantum wells. Also, the effective masses for
upper valence and lower conduction bands were calcula
and a variation produced by the various interfaces w
found. Additionally the optical functions were calculated f
various SL’s, and their critical points were uncovered a
compared with the experimental results. Finally we have
vestigated the optical anisotropy in the layer plane for id
SL’s.
10 782 ©2000 The American Physical Society
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TABLE I. Values for the tight-binding model interaction parameters~in eV! of InAs and AlSb, including
the spin-orbit coupling constants,lso . The notation of Slater and Koster is used.

InAs AlSb InAs AlSb

Ess
c 20.4031 20.2255 Ess

c (0.5,0.5,0.0) 20.011029 0.156385
Epp

c 2.9174 2.2617 Esx
c (0.0,0.5,0.5) 20.062396 20.159544

Ess
a 28.9133 27.8290 Esx

c (0.5,0.5,0.0) 0.043573 20.027257
Epp

a 0.5597 1.0440 Exx
c (0.5,0.5,0.0) 0.313299 0.196373

Exx
c (0.0,0.5,0.5) 20.183525 20.194711

Ess(0.25,0.25,0.25) 20.822428 20.717704 Exy
c (0.5,0.5,0.0) 0.248578 0.191088

Esx(0.25,0.25,0.25) 1.182663 1.028487 Exy
c (0.0,0.5,0.5) 20.114664 20.030883

Exs(0.25,0.25,0.25) 21.077662 21.057460 Ess
a (0.5,0.5,0.0) 20.225538 20.207004

Exx(0.25,0.25,0.25) 0.168504 0.135002 Esx
a (0.0,0.5,0.5) 20.454499 20.482288

Exy(0.25,0.25,0.25) 1.399101 1.311837 Esx
a (0.5,0.5,0.0) 20.290068 20.309544

Exx
a (0.5,0.5,0.0) 0.201376 0.114560

lso
c 0.1290 0.0080 Exx

a (0.0,0.5,0.5) 20.553861 20.546311
lso

a 0.1390 0.3200 Exy
a (0.5,0.5,0.0) 0.032127 20.021574

Exy
a (0.0,0.5,0.5) 20.432608 20.313940
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II. METHOD

As stated in Sec. I, the calculations are based on an E
model Hamiltonian, with an orthogonalsp3 set of orbitals,
interactions up to second-neighbor, and a three-ce
representation.25 The spin-orbit interaction is also included
the calculations. The values of the interaction parameters
determined by fitting existing band-structure results with o
ETB model. For that purpose the band-structure results
Huang and Ching26 for AlSb and that of Chelikowsky and
Cohen27 for InAs, are used. The obtained values for the E
interaction parameters are listed in Table I. From Table I
see that the maximum absolute value for the near
neighbor interactions is about 1.5 eV for both materia
while that for the second-neighbor interactions about 0.5
giving a ratio of about 3. The corresponding ratio for t
tight-binding parameters of Ref. 24 is about 5.

For the calculation of the imaginary part«2(v) of the
dielectric function, the formula28

«2~v!5
4p2e2

m2v2 (
c,v

E 2

~2p!3
u^k,cuP"auk,v&u2

3d@Ecv~k!2\v#dk ~1!

is used, whereuk,c& and uk,v& stand for the wave function
of the conduction and valence bands, respectively,
Ecv(k) is the energy difference between thec conduction
band and thev valence band.P is the momentum operator
and a the polarization unit vector. In our ETB scheme t
momentum matrix elements are expressed in terms of
Hamiltonian matrix elements, and distances between lo
ized orbitals.29–31The integration in the Brillouin zone~BZ!
has been performed within a linear analytic tetrahed
method,32,33 and for the bulk materials a uniform mesh
40340340 k points has been used. The real part of t
dielectric function is obtained by use of the Kramers-Kron
relations.

The model described above is also used for an invest
tion of the electronic and optical properties of strained m
terials. A lattice deformation results in a change in the d
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tances between the atoms and, depending on the typ
deformation, a modification of the bond angles. The deter
nation of the new atomic positions of the strained materia
a difficult problem. We will approach this problem by usin
the theory of elasticity. For a calculation of the electron
and optical properties of the strained material, a modificat
of the Hamiltonian matrix elements is needed in order
incorporate the change in the atomic distances. This
achieved with the use of the scaling formula25,31

Ha,b~d!5Ha,b~do!~do /d!nab, ~2!

FIG. 1. Calculated band structure for bulk~a! AlSb and ~b!
InAs. The numbering of the bands, as indicated in the figure
from the lowest valence band upwards.
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10 784 PRB 61G. THEODOROU AND G. TSEGAS
wherea and b represent atomic orbitals anddo and d un-
strained and strained interatomic distances respectively
addition, uniaxial strain along the@001# direction lifts the
degeneracy betweenpx , py , andpz orbitals. This modifica-
tion is taken into account by the linear formula

Ep
x,y5Ep2bp~e i2e'!, Ep

z5Ep12bp~e i2e'!, ~3!

whereEp
x,y andEp

z are the on-sitep-orbital integrals, ande i
and e' the strain components parallel and perpendicula
the strain axis. The values of the scaling indicesna,b and the
orbital spitting parameterbp are determined in such a way a
to obtain the best values for theG-point deformation poten-
tials. The optimal set for the scaling parameters, consis
with previous results for III-V compounds,34 was found to be
nss54, nsp52, andnpp52, for both materials, with the in
ternal strain parameter35 z taken equal to 1 and the orbita
splitting parameterbp equal to 0, 2, 0.5, and 0.5 eV for As
In, Sb, and Al ions, respectively.

III. BULK MATERIALS

A. Electronic properties

The calculated band structure for AlSb and InAs, us
our ETB model, is shown in Fig. 1. The spin-orbit couplin
was taken into account in the calculations. InAs is a dire
gap material, while AlSb an indirect one, with the minimu
of the conduction band along theD direction, at the point of
k50.73(2p/a). The calculated band gaps, together w
their experimental values, are shown in Table II. The cal
lated values come closer to the room-temperature res
than to the low temperature experimental results.

The hole and electron effective masses are also calcul
for both materials and the resulting values, together w

TABLE II. Calculated and experimental values for the dire
and indirect gaps~in eV! of AlSb and InAs.

Theory Experimenta

AlSb Eg
dir(G15v2G1c) 2.30 2.38~25 K!, 2.30 ~R.T.!

Eg
ind(G15v2D1c) 1.57 1.69~27 K!, 1.62 ~R.T.!

InAs Eg
dir(G15v2G1c) 0.37 0.42~4.2 K!, 0.35 ~R.T.!

aReference 36.
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experimental results, are listed in Table III. Our ETB mod
predicts a large anisotropy between the@001# and @111# di-
rections for the heavy-hole effective masses for both mat
als. For the case of AlSb, the calculated electron effec
masses at the bottom of the conduction band show a la
variation between the longitudinal and transverse directio
with the experimental value approximately equal to the me
value of the theoretical ones.

B. Optical properties

AlSb: Figure 2 shows the calculated imaginary parts
the dielectric function,«2, for AlSb as a function of energy
together with the experimental data of Zollneret al.39 It is
apparent that our ETB model describes the experimenta
sults well; the main difference is in the strength ofE2(S)
peak, with the theoretical results showing a stronger peak
the same figure we also show the partial decomposition o«2
into contributions from different interband transitions, whi
as an inset we show the second derivative of«2; the num-
bering of the bands starts from the lowest valence band
ward, as shown in Fig. 1. The interband transitions fro
bands~7,8! to ~9,10! are responsible for the critical point

FIG. 2. Calculated imaginary part of the dielectric function,«2,
for bulk AlSb. In the figures we also include the experimental d
of Ref. 39 for«2 ~1!. In addition, the partial decomposition of«2

into contributions from transitions between different valence a
conduction bands is also shown. The numbering of the bands
shown in Fig. 1. Finally, the second derivative of«2 , d2«2 /d2E, is
shown in the inset, with the critical points indicated.
58
TABLE III. Calculated electron and hole effective masses in units of the free-electron mass,m0, along
with experimental data.

mhh* @100# mhh* @111# mlh* @100# mlh* @111# mso* mc* (G) mL* (D) mT* (D)

InAs Expt. 0.41a 0.026b 0.024b

Theory 0.35b 0.43b

Present work 0.426 1.034 0.030 0.029 0.110 0.025
AlSb Expt. 0.94c 0.14c 0.39a,b

Theory 0.336b 0.872b 0.123b 0.091b

Present work 0.304 0.859 0.161 0.120 0.317 0.198 0.560 0.1

aReference 37.
bReference 36.
cReference 38.
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TABLE IV. Critical-point energies~in eV! for InAs, AlSb, and the SL (InAs)6 /(AlSb)6–c grown in a
pseudomorphic way on a~001!-AlSb substrate.

ES E1 E11D1 E2(X) E2(X)1D2 E2(S) E08 E2

InAs
2.40 2.66 4.14 4.47 4.76 5.19 Present work
2.49 2.77 4.5 (E08) 4.7 @E2(X)# Expt. ~Ref. 10!

AlSb
2.68 3.15 3.37 3.64 4.18 Present work
2.81 3.21 3.7 (E08) 4.3 Expt.~Ref. 10!

(InAs)6 /(AlSb)6–c
2.3 2.65 3.0 3.6 4.25 Present work
2.45 2.64 2.88 4.15 Expt.~Ref. 10!
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E1 , E2(X), andE2(S), resulting from transitions along th
L direction ~close to theL point!, the D direction ~close to
the X point!, and theS direction ~close to theK point!,
respectively, while transitions from bands~5,6! to ~9,10! are
responsible for the critical pointsE11D1 and E2(X)1D2.
The calculated critical-point energies are given in Table
together with the experimental results. The calculated crit
pointsE11D1 andE2(X) are close in energy, and probab
will appear as one point in the experiment. The critical po
mentioned in Ref. 10 asE08 coincides in energy with the
calculatedE2(X)1D2 point. In addition, the partial decom
position of «2 does not show a sharp structure for theE08
transitions. Therefore, theE08 critical point of Ref. 10 should
be reinterpreted as theE2(X)1D2 point. With this reinter-
pretation taken into account, there is an excellent agreem
between theory and experiment. The calculated value for
low-frequency dielectric constant is equal to 11.1. For io
materials, like AlSb, the above calculated quantity cor
sponds to«` , and is in good agreement with the experime
tal result36 equal to 10.24. Finally Fig. 3~a! gives the calcu-
lated reflectivity for AlSb, together with the experiment
data of Zollneret al.39 The agreement between theory a
experiment is excellent.

InAs: Figure 4 shows the calculated imaginary parts
the dielectric function for InAs, as a function of energy, t
gether with the experimental data of Aspnes and Studna.40 It
is apparent from the figure that our ETB model describes
experimental results very well. In the same figure we a
show the partial decomposition of«2 into contributions from
different interband transitions, while as an inset we show
second derivative of«2. The interband transitions from
bands~7,8! to ~9,10! are responsible for critical pointsE1
andE2(S), resulting from transitions along theL direction
~close to theL point! and theS direction ~close to theK
point! respectively. Transitions from bands~5,6! to ~9,10!
along theL direction ~close to theL point! are responsible
for the critical pointE11D1. Transitions from both~7,8! to
~9,10! bands and~5,6! to ~9,10! bands along theD direction
~close to theX point! are responsible for the critical poin
E2(X). Finally, transitions from~7,8! to ~11,12! bands near
theG point are responsible for the critical pointsE08 andE28 .
The calculated energies for the critical points are given
Table IV, together with the experimental values. The exp
mental point mentioned asE08 coincides in energy with the
,
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calculatedE2(S) critical point, and the experimental poin
mentioned asE2 coincides with the calculatedE08 . With this
reinterpretation of the experimental data, there is a very g
agreement between theory and experiment. The calcul
value for the low-frequency dielectric constant is 12.7, and
in good agreement with the experiment result36 for «` , equal
to 12.25. Finally Fig. 3~b! gives the result of our calculation
for the reflectivity for InAs, together with the experiment
data of Morrison,41 Philipp and Ehrenreich,42 and Aspnes
and Studna.40 The agreement between theory and experim
for energies smaller thanE2 is excellent. The main discrep
ancy at higher energies is with the experimental data of
pnes and Studna,40 that show a considerably larger width o
theE2 peak, and which might be the result of the presence
an oxide overlayer on their sample.

IV. SUPERLATTICES

Bulk InAs and AlSb compounds crystallize in the zin
blende structure with nearly matched lattice constants~with a
difference of about 1.25%!, that makes the pseudomorph
growth of InAs/AlSb SL’s easy. For pseudomorphic grow
the lattice constant in the growth plane is determined by
substrate, while along the growth axis the lattice constan
given to a good accuracy by the elasticity theory. For grow
along the@001# direction, the strain in each layer of the co

FIG. 3. ~a! Calculated reflectivity for bulk AlSb. The experi
mental data of Ref. 39 (j) are also included.~b! Calculated reflec-
tivity for bulk InAs. The experimental data of Refs. 41, (d), 42
~dotted line!, and 40 (j) are also shown.
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10 786 PRB 61G. THEODOROU AND G. TSEGAS
stituent material~InAs or AlSb!, parallel and perpendicula
to the growth plane, will then be given by

e i
i 5

ai

ai
21 ~4!

and

e'
i 5

2v i

12v i
e i

i , ~5!

respectively, withai andai the lattice constants for the un
distorted bulk material and the substrate, respectively, anv i
the Poisson ratio. Strain modifies the bonds in the constitu
materials. In addition, the In-Sb and Al-As bonds at the
terfaces were also distorted, and their bond length and b
angles were obtained from elasticity theory applied to
corresponding materials. InAs/AlSb SL’s can be construc
either with only InSb IF’s, denoted as type-a SL’s, with only
AlAs IF’s, denoted as type-b SL’s; or with alternating InSb,
and AlAs IF’s, denoted as type-c SL’s. SL’s with an even
number of atomic monolayers in the unit cell for each co
stituent material are of typec, e.g. (InAs)6 /(AlSb)6–c, and
possess orthorhombic symmetry9 (C2v point-group symme-
try!, while SL’s with an odd number of atomic monolaye
for both materials are either of typea or b, e.g.,
(InAs)5In/Sb(AlSb)6–a or As(InAs)5 /(AlSb)6Al–b, and
possess tetragonal symmetry (D2d point-group symmetry!.

A. Electronic properties

Lattice distortion in the constituent materials in a SL r
sults in a modification of the ETB parameters, that is tak
into account as described in Sec. II. Interaction parame
for In-Sb and Al-As bonds at the interface were obtain
from the interaction parameters for materials InSb and Al
respectively, by appropriate scaling. The values for the tig
binding parameters for these materials are given in the
pendix. The second-neighbor In-Al interactions appearing
some interfaces were approximated by taking the aver
value between the second-neighbor In-In and seco
neighbor Al-Al interactions, scaled at the appropriate d

FIG. 4. Calculated imaginary part of the dielectric function,«2,
for bulk InAs. In the figure are also included the experimental d
of Ref. 40 (d). In addition, the partial decomposition of«2 into
contributions from transitions between different valence and c
duction bands is also shown. The numbering of the bands i
shown in Fig. 1. Finally, the second derivative of«2 , d2«2 /d2E, is
shown in the inset, with the critical points indicated.
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tance. Likewise, the second-neighbor As-Sb interacti
were approximated by taking the average value between
second-neighbor As-As and second-neighbor Sb-Sb inte
tions, scaled at the appropriate distance. In addition
conduction-band offset between InAs and AlSb equal2 to
1.35 eV is taken into account, producing a valence-band
set equal to 0.15 eV and a staggered band alignment of
materials, and implying that in InAs/AlSb SL’s the bottom
the conduction band is an InAs-like band and the top of
valence an AlSb-like band. The band structures for typea,
-b, and -c SL’s, namely, (InAs)5In/Sb(AlSb)6–a,
As(InAs)5 /(AlSb)6Al–b, and (InAs)6 /(AlSb)6–c, calcu-
lated with the present ETB model, are shown in Fig. 5. T
above SL’s, grown in a pseudomorphic way on an Al
substrate, are direct-gap materials, having gaps equal to 0
0.96, and 0.80 eV respectively. SL’s with orthorhombic sy
metry exhibit an anisotropy between theGX andGY direc-
tions, evident in the band structure of the (InAs)6 /(AlSb)6–
c SL. In addition, the highest valence band in theGX direc-
tion for type-a SL’s and in eitherGX or GY directions for
type-c SL’s, is a narrow one. To investigate the nature of t
narrow band, the probability amplitudes on the different
oms for the wave function of the previously mentioned n
row valence band for the (InAs)5In/Sb(AlSb)6–a SL were
calculated with wave-vector values as indicated in Fig. 6
is apparent that these states are localized at InSb-like in
faces. In the primitive cell, there exist two InSb-like interfa
quantum wells for type-a SL’s, one for type-c SL’s, and
none for type-b SL’s. For type-a SL’s, states belonging to
the narrow valence band and having wave vectors along
@110# direction are localized in one of these InSb-like qua
tum wells, while states withk along the@ 1̄10# direction are

a

-
as

FIG. 5. Calculated band structure for~a! (InAs)5In/Sb(AlSb)6-
a, ~b! As(InAs)5 /(AlSb)6Al–b, and~c! (InAs)6 /(AlSb)6–c SL’s,
along symmetry lines of the BZ. The inset in~b! shows the BZ for
a tetragonal structure, and that in~c! the BZ for an orthorhombic
structure.
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localized in the other, as can be seen from Fig. 6. On
basis of a simple model, this can be understood as follo
In-Sb interface atoms form chains that are directed eit

along@110# or @ 1̄10# directions, depending on the position
the interface. For type-c SL’s, all In-Sb chains are directe
along one of the above directions, while for type-a SL’s they
are directed along both. In the latter case, all chains belo
ing to equivalent interfaces are directed along the same
rection, but chains belonging to neighboring, nonequivale
interfaces are directed perpendicular to each other. Hop
matrix elements between neighboring In-Sb chains, in
same interface, are weak, because they are mediated thr
bonds to the InAs and AlSb layers, while between neighb
ing atoms along the chain the hopping matrix elements
strong. As a result, the band produced by the In-Sb interf
chains will be a narrow one in the direction perpendicular
the chain axis, and a wide one along it. In particular, cha
directed along the@ 1̄10# direction will produce a narrow
band along the@110# direction, and a wide one along th

@ 1̄10# direction, and vice versa. To verify this behavior, t
band structure close to theG point is calculated for the uppe
valence bands, and the results are shown in Fig. 7. The
of inversion symmetry produces the small spin splitti
shown in the figure. The As(InAs)5 /(AlSb)6Al–b SL does
not possess a narrow valence band; the (InAs)6 /(AlSb)6–c
SL has a narrow valence band along the@110# direction and
a wide one along the@ 1̄10# direction; and finally the
(InAs)5In/Sb(AlSb)6–a SL, with In-Sb chains in both direc
tions, tends to produce narrow and wide bands in both di
tions with the net result shown in Fig. 7. States in the w
band will strongly mix with regular valence states and lo
their localized character, while in the narrow band the sta
will remain more or less localized at the interface.

To further investigate the properties of the upper vale
bands, their effective masses were calculated and the va
given in Table V. These values were obtained by averag
the corresponding values for the spin-split bands. For typb
SL’s, with no narrow upper valence band present, the ef
tive mass for the upper valence band is about 0.26m0. For
type-c SL’s the effective mass in the direction of the lar
dispersion~chain axis! is about 0.13m0 and that in the nar-
row band dispersion~perpendicular to the chain axis! is

FIG. 6. Probability amplitude~in arbitrary units! on different
atomic sites in the unit cell for the upper valence state for
(InAs)5 In/Sb(AlSb)6–a SL, with thek values as indicated in the
figure. Circles denote InAs and triangles AlSb sites, with solid sy
bols denoting cations and hollow anions.
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about 0.4m0. Finally for type-a SL’s the effective mass is
mostly determined by the dispersion of the wide band, an
close to 0.13m0.

According to the first-principles calculations of Dandr
and Duke,43 the energy gap for short-period InAs/AlSb SL
depends on the interfacial structure, and can be varied
several hundred meV by varying the interface structure.
deed, an energy difference in the band gaps of about 0.15
was experimentally observed10 for SL’s with the same num-
ber of atomic layers in the unit cell but with different inte
face structures, e.g. type-a and -b SL’s, with type-b SL’s
having larger gaps than the corresponding ones for t
-a SL’s. In order to investigate that effect, the band gaps
(InAs)nIn/Sb(AlSb)112n–a, As(InAs)n /(AlSb)112nAl–b,
and (InAs)n /(AlSb)122n–c SL’s, grown in a pseudomorphic
way on an AlSb substrate, were calculated as a function
the numberm of InAs monolayers in the unit cell, equal t
2n11 for type-a and -b SL’s and 2n for type-c SL’s. The
results are shown in Fig. 8. Our calculations show that
deed the energy gap for type-b SL’s is larger than that for the
corresponding type-a SL’s by about 0.2 eV, while type-c
SL’s have a variation in the middle. This is also in agreem
with the theoretical predictions of Dandrea and Duke43 for a
0.24-eV difference between type-b and -a SL’s. In Fig. 8 we
also show the experimental results10 for the energy gaps for
(InAs)5In/Sb(AlSb)6–a, As(InAs)6 /(AlSb)5Al–b, and
(InAs)6 /(AlSb)6–c SL’s. There is a good agreement b
tween theory and experiment for first two SL’s, while th
experimental value for the third one almost lies on a cu
corresponding to type-a SL’s. This discrepancy might indi-
cate a bad quality of the particular sample.

Finally the band gaps for (InAs)n /(AlSb)n SL’s, grown
in a pseudomorphic way on a AlSb substrate, were ca
lated as a function of the number of InAs monolayers in

e

-

FIG. 7. Band structure, close to theG point, for the upper va-
lence bands for~a! (InAs)5In/Sb(AlSb)6–a, ~b! As(InAs)5 /
(AlSb)6Al–b, and~c! (InAs)6 /(AlSb)6–c SL’s.
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TABLE V. Electron and hole effective masses for several types of InAs/AlSb SL’s in units of

free-electron massm0, calculated along the@110# and @11̄0# directions.

Atomic layers IF’s mv1
* @110# mv1

* @11̄0# mv2
* @110# mv2

* @11̄0# mc1
* @110# mc1

* @11̄0#

6/18 ~type c) InSb/AlAs 0.432 0.122 0.133 0.766 0.171 0.189
7/17 ~type a) InSb 0.150 0.150 0.291 0.291 0.160 0.160
7/17 ~type b) AlAs 0.268 0.268 0.159 0.159 0.168 0.168
8/16 ~type c) InSb/AlAs 0.424 0.116 0.128 0.825 0.145 0.162
9/15 ~type a) InSb 0.140 0.140 0.293 0.293 0.128 0.128
9/15 ~type b) AlAs 0.268 0.268 0.150 0.150 0.147 0.147
10/14 ~type c) InSb/AlAs 0.417 0.110 0.122 0.879 0.121 0.132
11/13 ~type a) InSb 0.131 0.131 0.286 0.286 0.105 0.105
11/13 ~type b) AlAs 0.266 0.266 0.140 0.140 0.124 0.124
12/12 ~type c) InSb/AlAs 0.412 0.103 0.115 0.924 0.101 0.109
13/11 ~type a) InSb 0.121 0.121 0.267 0.267 0.086 0.086
13/11 ~type b) AlAs 0.262 0.262 0.129 0.129 0.105 0.105
14/10 ~type c) InSb/AlAs 0.415 0.094 0.106 0.950 0.085 0.090
15/9 ~type a) InSb 0.111 0.111 0.238 0.238 0.071 0.071
15/9 ~type b) AlAs 0.253 0.253 0.117 0.117 0.088 0.088
16/8 ~type c) InSb/AlAs 0.435 0.084 0.095 0.924 0.071 0.074
17/7 ~type a) InSb 0.098 0.098 0.205 0.205 0.057 0.057
17/7 ~type b) AlAs 0.242 0.242 0.103 0.103 0.074 0.074
18/6 ~type c) InSb/AlAs 0.501 0.074 0.081 0.763 0.059 0.060
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unit cell, equal tom52n, and the results are given as a
inset in Fig. 8. The calculated energy gap decreases witm,
indicating carrier confinement into a quantum well. In t
limit m5` the quantum wells would possess an infin
width, and the gap would be equal to the energy differe
between the bottom of the conduction band for InAs and
top of the valence band for AlSb, equal to 0.22 eV. In t
same figure are also included the results obtained by add
to the minimum gap of 0.22 eV, the increase in energy p
duced by quantum confinement of the electrons, with an
fective mass of 0.025m0, into a conduction-band quantum

FIG. 8. Band gap for SL’s (InAs)nIn/Sb(AlSb)112n–a,
As(InAs)n /(AlSb)112nAl–b, and (InAs)n /(AlSb)122n–c as a
function of the InAs monolayers,m, in the primitive cell. In the
figure are also shown the experimental results~Ref. 10! for the
energy gaps of (InAs)5In/Sb(AlSb)6–a, As(InAs)6 /(AlSb)5Al–b,
and (InAs)6 /(AlSb)6–c SL’s. Finally, the band gap for
(InAs)n /(AlSb)n–c SL’s, as a function of the InAs monolayers i
the primitive cell,m52n, are shown in the inset~solid line!. In the
inset are also included the results obtained by quantum confine
of electrons in independent wells~dotted line!.
e
e
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well with a barrier height of 1.35 eV. In this model, tunne
ing is not taken into account; therefore, the calculated g
will be larger than that for the corresponding superlatti
and will approach the latter form→`. This is indeed the
case, as shown in the inset of Fig. 8. Besides electron c
finement in the conduction-band quantum well, there is a
hole confinement in the valence-band quantum well. Si
the valence-band quantum well is quite shallow, 0.15 e
and the hole effective mass considerably larger than that
electrons, the influence of the valence quantum-well confi
ment on the band gap will not be significant.

B. Optical properties

Using the present ETB model, the dielectric function f
InAs/AlSb SL’s has been calculated. The results for the
electric function, averaged over the three principal axes,

nt

FIG. 9. Real and imaginary parts of the dielectric function f
(InAs)5In/Sb(AlSb)6–a, As(InAs)5 /(AlSb)6Al–b, and (InAs)6 /
(AlSb)6–c SL’s. The second derivative of the imaginary part of t
dielectric function,d2«2 /dE2, for the same SL’s are shown in th
inset, with the critical points indicated.
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shown in Fig. 9 for (InAs)5In/Sb(AlSb)6–a,
As(InAs)5 /(AlSb)6Al–b, and (InAs)6 /(AlSb)6–c SL’s.
The critical points have been obtained from the second
rivative of the imaginary part of the dielectric function
shown in the inset of Fig. 9, and their energies for t
(InAs)6 /(AlSb)6–c SL are given in Table IV. In the sam
table we also include the critical-point energies for the c
stituent bulk materials, as well as the corresponding aver
energy for each critical point. The positions of the SL critic
points E1 , E11D1 , E2(X), andE2(S) are near the corre
sponding average energies for the InAs and AlSb criti
points. The experimental energies forE1 and E11D1 are
equal to10 2.65 and 3.0 eV, respectively, in very good agre
ment to our calculated values of 2.64 and 2.88 eV. Ad
tional critical pointsES and ES8 , appear in the SL’s, con
nected to transitions from the valence to conduction ba
along theGX and/orGY lines, as shown in Fig. 5. The ca
culated energy forES for (InAs)6 /(AlSb)6–c SL is 2.3 eV,
with the experimental value equal to10 2.45 eV. Transitions
responsible for theES8 critical point are those from the loca
ized valence band to the lowest conduction band. The ca
lated energy forES8 for the (InAs)6 /(AlSb)6–c SL is 1.65

FIG. 10. Reflectivity and absorption coefficient for polarizati

along three principal axes@110#, @ 1̄10# and @001#, for the
(InAs)6 /(AlSb)6–c SL. The inset shows the absorption coefficie
near the gap.
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eV. As can be seen from Fig. 9, theES8 critical point is absent
in type-b SL’s and has its largest strength in type-a SL’s.
This is because in type-b SL’s there is no localized band, in
type-c SL’s there is a localized band in one direction, and
type-a SL’s there are bands in both@110# and @ 1̄10# direc-
tions. The calculated strength for theES8 structure is small,
while the experimental results10 for the (InAs)6 /(AlSb)6–c
SL do not show such a structure. The absence of anES8
structure in the experimental data is probably caused by
intermixing of atoms at the interfaces that destroys the In
interface quantum wells and the interface states produce
them to a significant extent, or to relaxation effects not
cluded in the present calculations. The calculated ze
frequency dielectric constant, corresponding to«` , in-
creases, as expected, with decreasing values of the en
gap, taking values of 11.8, 11.95, and 12.1 f
As(InAs)5 /(AlSb)6Al–b, (InAs)6 /(AlSb)6–c, and
(InAs)5In/Sb(AlSb)6–a SL’s, respectively.

Type-c SL’s possess orthorhombic symmetry,9 with an
optical anisotropy in the layer plane. For an investigation
that effect, the reflectivity and absorption coefficients for
(InAs)6 /(AlSb)6–c SL were calculated for polarization
along the three principal axes@110#, @ 1̄10#, and @001#. The
results are presented in Fig. 10, showing that the materia

FIG. 11. Anisotropy in«2 and reflectivity between direction

@110# and @ 1̄10# for the (InAs)6 /(AlSb)6–c SL.
TABLE VI. Values for the tight-binding model interaction parameters~in eV! of AlAs and InSb, includ-
ing the spin-orbit coupling constantslso . The notation of Slater and Koster is used.

AlAs InSb AlAs InSb

Ess
c 0.0028 20.1624 Ess

c (0.5,0.5,0.0) 0.160425 20.070466
Epp

c 2.8563 2.0573 Esx
c (0.0,0.5,0.5) 20.200144 0.000358

Ess
a 28.6787 28.0613 Esx

c (0.5,0.5,0.0) 20.047737 0.084076
Epp

a 1.7005 20.2951 Exx
c (0.5,0.5,0.0) 0.220273 0.236072

Exx
c (0.0,0.5,0.5) 20.119751 20.125811

Ess(0.25,0.25,0.25) 20.971254 20.877773 Exy
c (0.5,0.5,0.0) 0.176178 0.279387

Esx(0.25,0.25,0.25) 1.029127 1.005549 Exy
c (0.0,0.5,0.5) 20.044713 0.233243

Exs(0.25,0.25,0.25) 21.230399 20.804585 Ess
a (0.5,0.5,0.0) 20.180554 20.183796

Exx(0.25,0.25,0.25) 0.232352 0.032558 Esx
a (0.0,0.5,0.5) 20.422628 20.373243

Exy(0.25,0.25,0.25) 1.465618 1.162185 Esx
a (0.5,0.5,0.0) 20.392094 20.389780

Exx
a (0.5,0.5,0.0) 0.065390 0.289469

lso
c 0.0080 0.1290 Exx

a (0.0,0.5,0.5) 20.538831 20.580562
lso

a 0.1390 0.3200 Exy
a (0.5,0.5,0.0) 20.033664 0.084029

Exy
a (0.0,0.5,0.5) 20.346760 20.227121
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10 790 PRB 61G. THEODOROU AND G. TSEGAS
anisotropic. In addition, the anisotropy between the princi
axes@110# and @ 1̄10# is shown in Fig. 11. It has a simila
structure in both«2 and the reflectivity, with its stronges
values mainly located in the energy region between crit
points E0 and E2. Experiments performed on InAs/AlS
SL’s with the use of spectroscopic ellipsometry and w
reflection difference spectroscopy have revealed the e
tence of an optical anisotropy in the layer plane not only
type-c structures but also in type-a and -b SL’s. The exis-
tence of such an anisotropy in type-a and -b SL’s has been
attributed to deviations from the ideal superlattice struct
produced by interface intermixing of the atoms. Howev
the picture is not clear as yet, and further investigations, b
theoretical and experimental, are needed.

V. CONCLUSIONS

We have presented an ETB model that describes the e
tronic and optical properties of InAs and AlSb. The tigh
binding parameters required were obtained by fitting exist
band structure results with the ETB model~see Table VI!.
We found that the present model accurately describes
only the band structure of bulk materials but also their op
cal properties. In particular, the dielectric functions as w
as the reflectivity of bulk InAs and AlSb were calculate
and found to be in very good agreement with existing exp
mental data.

The present ETB model was then used in order to inv
tigate the electronic and optical properties for InAs/AlS
SL’s. Their band structure was calculated and the band g
were obtained. It has been found that for type-a and -b SL’s
t
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the upper valence band is a narrow one, connected to
localized interface states located in the InSb interface qu
tum wells, while for type-b SL’s no such band exists. The
the values of the effective masses were calculated, and it
found that the presence of a narrow valence band influen
the hole effective masses. It also has been found that
interface structure influences the energy gap. In addition
gap varies with periodicity, and its values have been cal
lated.

In addition to the band structure, the optical functions
InAs/AlSb SL’s were calculated. In particular the real a
imaginary parts of the dielectric function were calculate
and the critical points were obtained from the second der
tive of «2. Finally, for an investigation of the anisotropy o
the material, the reflectivity and the absorption coefficie
were calculated for polarization along the principal axes
the material:@110#, @ 1̄10#, and @001#. In particular, the an-
isotropy in the superlattice plane was investigated, and
values for«2 and the reflectivity are given in Fig. 11.

APPENDIX

The ETB interaction parameters for AlAs and InSb we
obtained by fitting the band-structure results of Huang a
Ching26 for AlAs, and those of Chelikowsky and Cohen27 for
InSb. The obtained values for the ETB interaction para
eters are listed in Table VI. The variation of the ETB para
eters with strain is described by scaling formula~2!, with the
optimal values of the exponents found equal tonss54, nsp
52, andnpp52 for both materials, and the internal stra
parameter taken equal to 1.
.
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