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Localization at interfaces of imperfect AlSb/InAs heterostructures

M. J. Shaw
Department of Physics, The University of Newcastle upon Tyne, Newcastle upon Tyne, United Kingdom

~Received 2 March 1998!

The properties of a variety of imperfect AlSb/InAs heterostructures have been studied, usingab initio
pseudopotential calculations to include a microscopic description of the interfaces themselves. Substitutional
group IV defects were investigated at a number of lattice sites, acting as both donor and acceptor impurities.
The interaction between silicon donor defects and the interfaces is shown to result in the formation of localized
resonances that alter the optical and transport characteristics of the structures. The detailed form of the
localized features is found to be sensitive to structural disorder close to the interfaces.
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I. INTRODUCTION

The microscopic features of heterointerfaces, and th
role in determining the optical and transport characteris
of semiconductor microstructures, is emerging as one of
key issues in semiconductor physics.1–7 As advances in
growth techniques enable the realization of abrupt interfa
with nearly perfect atomic arrangement, the discrepancy
tween experimental data and the predictions of conventio
theoretical descriptions of quantum confined electron
hole wave functions is becoming apparent. In particular,
origin of room-temperature luminescence observed in S
quantum well structures cannot be accounted for by conv
tional theory.8–10 Most of the theoretical work on semicon
ductor heterostructures available in the literature is ba
upon the semiclassical picture of the interface, as an ab
step in the potential moving from one material into the ne
described in terms of the valence-band–offset paramet11

While such methods have proven to be successful in pred
ing many of the essential physical properties of electron
hole states confined by quantum wells, they fail to acco
for features in the observed optical spectra. Clearly
physical mechanism driving the luminescence is absent f
the existing theoretical account of heterostructures. E
with the inclusion of interface disorder an
reconstruction,12,13 features to which the anomalous spect
features are commonly attributed, models founded u
semiclassical steplike interfaces remain at odds with exp
ment. Could the microscopic variations of the potential in
region of the interface bonds themselves provide the ke
understanding the optical spectra?

In recent papers this question has been addressed fo
case of SiGe.1,2 Turton and Jaros1 examined a number o
possible mechanisms for the luminescence and outlined
arguments that implicate interface localization as the ori
of the luminescence. In order to investigate the precise
that the interfaces play it is necessary to go beyond the s
classical interface model. In other words, it is necessary
consider a model in which the full microscopic fluctuatio
in the potential throughout the interface region is includ
Such a model may be achieved by applying the local den
approximation of density functional theory withab initio
pseudopotentials. While such methods have been app
PRB 580163-1829/98/58~12!/7834~10!/$15.00
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many times to the study of heterostructures,14–16 and even
directly to studies of interface properties, the physical fe
tures that have been focused upon are those associated
the confinement of charge on the scale of the quantum w
themselves~e.g., offsets, miniband energies, etc.!. In a recent
study, we applied theseab initio techniques to the case o
SiGe superlattice structures with a variety of substitutio
defects situated adjacent to the interfaces.2 Analysis of the
localized defect resonances in these structures indicates
the microscopic interaction between the defects and the
terface itself results, in the case of antimony defects, i
strong coupling, modifying the nature of the charge localiz
tion and providing a possible mechanism for the breakdo
of selection rules derived using conventional theory. Th
results indicate that the the microscopic properties of
interface itself, the ‘‘intra-facial’’ properties, could provid
the mechanism for the luminescence features observe
SiGe quantum wells, and opens up a new framework wit
which to understand the optical spectra and transport p
erties of heterostructures.

A class of materials that is currently generating consid
able interest, particularly in the field of infrared optoelectro
ics, is AlSb/GaSb/InAs.17–22 By careful choice of layer di-
mensions and alloy compositions heterostructure syst
developed from these materials are able to offer a numbe
favorable features. Deep conduction wells may be en
neered in conjunction with extremely high mobilities to e
hance the characteristics for a number of dev
applications.23 The degree of freedom arising from the thr
compatible semiconductors and their alloys enables a w
variety of heterostructures to be conceived, with fundame
gaps spanning a wide range of frequencies. One partic
family of structures that has already been the subject of c
siderable theoretical and experimental effort is AlSb/In
superlattices.24,25 In addition to the technological importanc
associated with these structures, their microscopic interf
structure has already attracted a great deal of attention.
absence of a common anion between the two layers lead
the possibility of two chemically different interface forma
tions. Depending on the precise shutter sequencing du
MBE growth the interfaces can be formed between In and
ions, InSb-like, or Al and As ions, AlAs-like.26 It has been
shown by experiment that the physical properties of AlS
7834 © 1998 The American Physical Society
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PRB 58 7835LOCALIZATION AT INTERFACES OF IMPERFECT . . .
InAs superlattices can be altered by specifying the interf
configurations in this way.25 Recently, we presented a seri
of ab initio pseudopotential calculations demonstrating
differentiation of interface type, and supporting the hypo
esis that localized interface-related states are formed at
fect InSb-like interfaces.3

Most theoretical studies of interfaces in AlSb/InAs stru
tures have, so far, concentrated on the properties of de
free interfaces, or on weak isovalent substitutional defect
the interfaces. Primarily, the questions that have been a
relate to the origin of the background carrier concentrati
present in such structures.27–30While such a debate has illu
minated many interesting features associated with the in
face formation, the interface localizations identified belo
to a different class from those that arise in the SiGe str
tures, and with which we are concerned in the present pa
In the case of localization at the essentially perfect InSb-
interfaces, the formation of the localized states may be qu
tatively understood by invoking a particle-in-a-box picture
the interface, in which the InSb interface bonds are regar
as an ultranarrow InSb quantum well. Full-scale microsco
calculations are required principally to confirm that the
sential features are correctly described by such a picture,
provide justification for the interpretation so given. Th
class of localized states has been discussed in some det
us elsewhere in the literature.2,31,32By contrast, the localized
features that arise as a result of the defect-interface inte
tion, studied here for the case of heterovalent defects
AlSb/InAs superlattices, cannot be predicted using a se
classical interface model. Rather, these features are a r
of the microscopic properties of the interface itself, prov
ing a whole facet of heterostructure behavior unavailable
semiclassical models.

In this paper we useab initio pseudopotential calculation
to examine a series of interfacial imperfections in AlSb/In
superlattices, and in particular to identify the interfac
induced localizations that occur. The imperfections that
consider include a variety of group IV substitutional defe
at a number of different lattice sites, and in addition w
consider the cases of some two-atom lattice imperfectio
However, our study focuses primarily on the case of a s
stitutional Si donor impurity in the InAs layer adjacent to t
interface. The localized resonance that we observe for
defect is in close analogy with the Sb donor resonances
served in SiGe systems, and is indicative of a strong def
interface coupling. This evidence suggests that the mic
scopic ‘‘intraface’’ region plays an important role i
determining the behavior of AlSb/InAs superlattices, a
that a full microscopic description of the interfaces is ess
tial to our understanding of the physical properties of th
heterostructures.

II. THEORETICAL METHOD

The theoretical model that we have used to describe
imperfect superlattice structures is that of the local den
approximation~LDA ! of density functional theory withab
initio pseudopotentials. Density functional theory and
LDA have been discussed in great depth in the literature,
we shall not reproduce the details here.33 For the purposes o
the current study this method presents many advantages
e
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alternative, and simpler, techniques such as empir
pseudopotential or effective-mass theory. Since we are c
centrating primarily on the physical effects associated w
the microscopic features of the interfaces, and the natur
their interaction with isolated defects, our choice of mode
governed by its ability to describe the potential in the int
face region. While empirical techniques are well suited
describing features of quantum well systems that occur
the scale of the quantum well width, and where the deviat
from bulk is relatively small, they are not able to describe
well features such as the microscopic interface potential.
deed, the empirical-pseudopotential technique, often used
studies of superlattice systems usually invokes an abrupt
in the potential at the interface, clearly failing to take in
account the microscopic potential variations in this region
contrast, the self-consistent charge density determined by
LDA approach has no such step enforced upon it. The us
transferable atomic pseudopotentials, derived with refere
to the free atom states, enables these key microscopic
tures at which the bulklike character of the potentials is b
ken, to be fully described. Specifically, theab initio pseudo-
potentials of Bacheletet al.34 are used.

The calculations presented in this paper adopt the form
ism of Jones35 and Briddon,36 initially developed for the
study of large clusters of atoms and here extended to w
within a periodic or supercell geometry. In this, the wa
function is expanded in a set of Gaussian basis functio
These functions are multiplied by spherical harmonics to
part thes- and p-like character of the atomic orbitals. T
provide a sufficiently accurate description of the charge d
sity sixteen of these basis functions were centered on e
atom. We apply this method to systems of periodically
peated unit cells containing up to 128 atoms. During
calculations the positions of all of the atoms were relax
individually in order to minimize the total energy of the se
consistent ground state of each structure studied.

While the study of isolated substitutional defects in sup
lattices demands unit cells large in all three dimensions,
computational demands of theab initio approach restrict the
sizes of the unit cells that can practically be tackled. In or
to enable unit cells with reasonable dimensions in the pl
of the interfaces we restrict our study to short period sup
lattices, namely, 2AlSb/2InAs~where 2AlSb refers to 2 lat-
tice constants AlSb!. This period provides us with what re
main well-confined valence and conduction states wh
allowing eight primitive superlattice unit cells to be include
in the plane of the interfaces. A schematic representation
the unit cell studied is shown in Fig. 1. The dimensions
the supercell in the plane of the interfaces are determined
the lattice constant of the nominal substrate, chosen to
AlSb, as determined byab initio calculations. The overal
length of the supercell in the growth direction is determin
by minimization of the calculated total energy for the perfe
2AlSb/2InAs structure. Of course, such a unit cell is clea
not sufficiently large to provide a description of truly isolate
defects, and in particular does not allow the Coulombic sh
low donor state to be properly accounted for. However,
are not concerned at present with the extended features o
defect states, such as the shallow donor and excitonic lev
Rather, our attention is focused upon the short-range eff
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7836 PRB 58M. J. SHAW
arising through the interaction of the defect with the intra
cial potential profile.

In order to assist in the interpretation of the results t
are obtained from the full-scale calculations, it is useful
develop a simple intuitive model of the defect. The def
molecule model, illustrated schematically in Fig. 2 provid
just such a picture.37 First we consider the band structure
a perfect bulk semiconductor from which a single atom
removed. The vacancy so created leaves four unbondedsp3

orbitals, which symmetrize to form a series of levels in t
gap, one ofA1 symmetry and aT2 triplet. We then consider
bringing in a defect atom with free-atoms andp orbitals to
fill the vacancy. The states of the same symmetry interac
form bonding and antibonding combinations indicated
Fig. 2. The model predictsA1 bonding and antibonding reso
nances,A1B andA1A close to the bottom of the valence an
conduction bands, respectively, andT2 bonding and anti-

FIG. 1. Schematic diagram of the nonprimitive unit cell conta
ing eight atomic spirals of the perfect 2AlSb/2InAs superlatti
Also shown is the relation to the the primitive unit cell of the sam
structure.

FIG. 2. Schematic diagram representing the simple defect m
ecule model for a defect in a bulk crystal.
-

t

t
s

s

to

bonding resonancesT2B and T2A deep inside the valenc
and conduction bands, respectively. These are the de
resonances that one expects to obtain from the full sc
calculation. Of course, it must be remembered that this
only an extremely simple qualitative model, and no acco
is taken of the microscopic interaction with the lattice. T
defect molecule model does not allow us to make any p
dictions concerning the energies of the resonances,
merely provides a useful framework within which to discu
the results of our microscopic calculations. Note also that
model is described above for the case of a bulk materia
while the basic features of this may be directly transferred
the case of a microstructure, the symmetry labels applie
the resonances should be altered to refer to the lower p
group of the system. However, in the interests of clarity it
advantageous to retain the labeling appropriate to the b
case, without loss of meaning in the context of the pres
study. It must be stressed once again that the defect mole
model is invoked only to help us to interpret theab initio
results, and is not used for any calculations.

III. THE PERFECT 2AlSb/2InAs SUPERLATTICE

Before the effect of substitutional defects can be a
dressed it is necessary to obtain a full understanding of
states in the perfect superlattice system. For studies of
perfect superlattice it is, of course, not necessary to use
128-atom unit cell shown in Fig. 1. Where the translation
symmetry in the plane of the interfaces is unbroken by
fects the primitive unit cell contains a single atomic spiral
just 16 atoms. However, since our goal is ultimately to p
vide comparison with the imperfect structures, for which t
larger cell is required, it is useful to perform calculatio
using the nonprimitive unit cell for the perfect structure. Th
provides insight into the effects of zone folding, and allow
us to identify the origin of the states at the zone center.

For the perfect superlattice it is instructive to compare
Brillouin zones corresponding to the primitive and 128-ato
non-primitive unit cells. The relationship between these
illustrated in Fig. 3. The smaller reciprocal lattice vecto
associated with the non-primitive unit cell result in a sm
Brillouin zone ~SBZ! eight times smaller than that of th
primitive cell. As a result, each wave vector in the SBZ
equivalent to seven additional vectors in the full Brillou
zone, which translate to it through reciprocal lattice vect
of the nonprimitive cell. A calculation performed at the wa
vector in the SBZ will generate the states associated with
eight wave vectors in the primitive unit cell. This is the s
called zone-folding mechanism. The eight wave vectors t
‘‘fold’’ onto the zone center~G! of the SBZ are indicated in
Fig. 3 ~where the points lie on the Brillouin zone boundari
only one of the equivalent wave vectors is shown!. It is clear
from Fig. 3, then, that the states atG for the 128-atom unit
cell will include states originating atG in the primitive cell in
addition to states folded from wave vectors~100!,
(6 1

2 , 1
2 ,0), (6 1

2 ,0,0), and (0,6 1
2 ,0) ~all wave vectors in

units of 2p/a, wherea is the substrate lattice constant!.
Figure 4 shows the superlattice band structure calcula

along some of the symmetry lines for the primitive unit ce
The band structure calculated for the nonprimitive unit cel
superimposed. Comparison of the two band structures

-
.
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PRB 58 7837LOCALIZATION AT INTERFACES OF IMPERFECT . . .
what is physically an identical system enables the origin
the energy levels in the nonprimitive cell to be identifie
Some of the key states at the zone center of the nonprim
system have been labeled according to the wave vector in
primitive-cell zone at which they originate. The bulk orig
of these states can then be identified by comparison with
band structures of the bulk constituents, invoking a zo

FIG. 3. The relation between the superlattice small Brillou
zone~SBZ! of the primitive and nonprimitive units cells of Fig. 1
shown schematically in the plane parallel to the interfaces.
solid circles represent the points which ‘‘fold’’ onto the zone cen
of the SBZ of the nonprimitive cell. The open circles lying on t
edge of the primitive SBZ are wave vectors that are translated
reciprocal lattice vector of the primitive cell from, and hen
equivalent to, other ‘‘folding’’ wave vectors.

FIG. 4. The calculated band structure of the 2AlSb/2InAs sup
lattice is plotted for the primitive unit cell along the symmetry lin
G-X andG-K whereG is the zone center whereK is the point lying
at the boundary of the superlattice Brillouin zone on the@110# axis.
The band structure obtained for the calculation of the same struc
using the nonprimitive unit cell is superimposed over the sma
volume of wave vector space corresponding to its unit cell. Som
the key folded states at the zone center have been labeled acco
to the wave vector in the primitive Brillouin zone from which the
originate.
f
.
e

he

e
-

folding argument applied to the reduction in Brillouin zon
on moving from bulk to superlattice unit cell. Of course,
this case, the zone-folding mechanism is slightly differe
since the bulk unit cell does not represent the full system.
a result of the perturbation arising from the different laye
the superlattice energies are not exactly the energies of
folded bulk wave vectors, though it is often possible to d
duce the bulk origin from the energies. The ground state
the nonprimitive superlattice calculation is found to be d
rived from the InAsG conduction minimum. However, the
four states occurring at 0.85–1.05 eV are derived from
foldedL valley of the bulk InAs~the bulk states being folded
onto the (6 1

2 , 1
2 ,0) wave vector of the primitive superlattic

Brillouin zone!. The first excitedG states do not occur unti
energies of'2.2 eV. The bulk origin of these states is im
portant when one comes to predict the optical properties
the structures.

The charge densities of the highest valence state and
est five conduction states atG in the perfect 2AlSb/2InAs
superlattice, integrated over the plane parallel to the in
faces, are plotted along the growth axis in Fig. 5. The
lence band-edge state is clearly localized towards the In
like interface. We previously observed such an effect
longer period AlSb/InAs superlattices,3 and it reflects the mi-
croscopic potential arising from the InSb bonds across
interface. As discussed earlier in this paper, such localiza
is clearly distinct from the interface-related localization
defects, which is the subject of the present paper. The as

e
r

a

r-

re
r
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ing

FIG. 5. The charge density~arbitrary units! of some of the zone-
center states in the nonprimitive 2AlSb/2InAs calculation, in
grated over the plane parallel to the interface, is plotted aga
position along the growth axis. The charge density is shown for
valence-band edge state,V1, the lowestG derived conduction state
C1, and the conduction statesC2-C5 folded from the
(2p/a)(6

1
2 , 1

2 ,0) wave vectors. The positions of the atomic plan
are indicated at the bottom whereL represents Al,1 represents
Sb, h represents In, and3 represents As.
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7838 PRB 58M. J. SHAW
metric interface configuration, one AlAs-like and one InS
like, is reflected also in the form of the conduction-ba
charge densities. In addition, the nature of the charge den
of the conduction states of bulkL-valley origin is clearly
distinct from the zone-center derived conduction grou
state.

The states of the perfect superlattice that have been
scribed in this section provide a background for the def
resonances in which we are primarily interested.

IV. DONOR DEFECT RESONANCES

A. Substitutional Si

The defect that we shall study in considerable detail is
substitutional Si defect, where the Si takes the place of a
atom in the lattice~denoted SiIn). On such a site the Si atom
acts as a donor in the InAs layers, and indeed Si is co
monly introduced intentionally to the growth procedure
order ton-dope InAs layers. The behavior of SiIn defects is
therefore of practical interest to device performance. For
short-period superlattices described in the previous sec
there are four inequivalent sites for such a defect. The t
energy was calculated for the optimized structure for eac
these defect sites in order to determine the most likely p
tion of the defect. In each case the 128-atom unit cell of F
1 was used. These calculations indicate that the most e
getically favorable position for the defect is that of the
atom bonded to the Sb across the InSb-like interface,
proximately 0.2 eV lower than the alternative sites. We sh
therefore restrict our attention to this particular SiIn defect.

Before we analyze in detail the nature of the electro
states in this structure, it is important that we assess
stability of relaxed atomic positions we predict. The to
energy calculations described above used as initial posit
the relaxed positions of the perfect superlattice. Starting fr
this highly symmetrical initial configuration, the relaxatio
predicted by our calculations was essentially constrained
simple relaxation of bond lengths in which the initial sym
metry is retained~unless rounding errors were to permit
symmetry breaking relaxation!. To test whether a lower en
ergy configuration might exist in which the overall symme
is reduced the calculations were repeated with the in
atom positions randomly perturbed, and with the defect a
moved off the lattice site. For each of the calculations,
atoms converged to the symmetrical positions predicted
the initial calculation, indicating that the interface defe
structure first predicted is indeed relatively stable. Howev
it must be recognized that the limited size of the unit c
prevents the formation of any large scale reconstructi
about the defect atom, so the absolute stability of the de
structure predicted cannot be assured.

For the SiIn donor impurity the defect molecule mod
~Fig. 2! predicts an antibonding (A1A) resonance ofs sym-
metry, lying close to the conduction-band edge. It was
A1A resonance that demonstrated such interesting interf
related effects in the case of Sb donors in SiGe superlattic2

We therefore examine in detail the electronic structure cl
to the bottom of the conduction band. LocalizedA1A reso-
nances are identified lying'1.3 eV above the band edg
The wave functions associated with these resonances co
a mixture of unperturbed~perfect! wave functions spanning
-
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wide range of energies. Figure 6 shows the charge densit
the principal resonance level, plotted in the plane paralle
the interfaces passing through the defect atom. TheA1 sym-
metry of the resonance is clearly reflected in the charge d
sity distributions. Note that there is a considerable dispers
of the A1A resonance due to the relatively small unit c
studied, reflected in significant charge localization for a nu
ber of energy levels.

To isolate the effect of the interfaces in determining t
form of the defect resonances, it is necessary to comp
with the resonance of the SiIn defect in bulk InAs. The dif-
ference between the behavior of the donor defect in bulk
superlattice reflects the strength of the defect-interface c
pling. Calculations were repeated for the same SiIn defect in
bulk InAs, strained to an AlSb substrate to directly compa
with the InAs layers in the strained superlattice. The cha
density of the keyA1A resonance level is plotted in Fig. 7
in the plane parallel to the substrate surface and pas
through the defect. It can clearly be seen that the axial fo
that the resonance adopts in the presence of the interf
~Fig. 6! is absent in the bulk situation. Rather, the defect
the bulk induces a near-spherical resonance. The introd
tion of the interface is therefore seen to significantly mod
the form of the defect resonance.

At this point it is useful to make a comparison with th
case of Sb donors in SiGe superlattices~studied in detail by
Shaw et al.2!. The A1A resonance of the SbSi defect oc-
curred at the very edge of the conduction band. It was fou
that the form of the localized charge density was altered w
respect to the same defect in bulk Si, reflecting a stro
coupling with the microscopic interface potential. A cle
axial shape is apparent in the charge density of the SbSi reso-
nance, which is compared to the SiIn case in Fig. 8. While the
extent of the axial form is greater in the case of the SbSi , the
general form of the two resonances is similar. This sugge
that as in the SiGe systems, the microscopic interface po

FIG. 6. The charge density~arbitrary units! associated with the
A1A resonance of the SiIn defect in the 2AlSb/2InAs superlattice
plotted in the plane parallel to the interfaces, passing through
defect atom. The projection of the positions of the In atoms t
were located in this plane prior to relaxation are indicated by so
circles, while the open box indicates the position of the Si atom



a

tio
lS
a

e
b
e
e

e-
t in-

c
r as
,

th a
bi-

en-
able

ow-
C
eper

uc-
is
the
to

ith

es.
ace
elf.
om
to
the
the

ct-
he

je
n
ox

t-
efe
er
lid

m.

,
the

hat
lid
.

PRB 58 7839LOCALIZATION AT INTERFACES OF IMPERFECT . . .
tial in the AlSb/InAs superlattices modifies the localized fe
tures of substitutional donor defects.

B. Substitutional C

So far, we have demonstrated the effect of the interac
between the superlattice interfaces and an Si defect in A
InAs structures. Does this effect occur with all substitution
donors, or is it dependent on the specific properties of th
atom? To test whether the coupling is present simply
virtue of there being a donor, or whether the process is s
sitive to the chemical nature of the particular defect, we p
formed a calculation for substitutional CIn defects. Although

FIG. 7. The charge density~arbitrary units! associated with the
A1A resonance of the SiIn defect in bulk InAs, plotted in the plane
parallel to the surface, passing through the defect atom. The pro
tion of the positions of the In atoms that were located in this pla
prior to relaxation is indicated by solid circles, while the open b
indicates the position of the Si atom.

FIG. 8. The charge density~arbitrary units! associated with the
A1A resonance of the SbSi defect in the 1Si/1Ge superlattice, plo
ted in the plane parallel to the interfaces, passing through the d
atom. The projection of the positions of the Si atoms that w
located in this plane prior to relaxation are indicated by so
circles, while the open box indicates the position of the Sb ato
-

n
b/
l
Si
y
n-
r-

such defects do not in fact represent particularly likely d
fects in real systems, and are consequently not of grea
terestper se, their chemical similarity to the Si as group IV
donors allows for a useful comparison.

The introduction of a CIn defect modifies the electroni
structure of the superlattice in broadly the same manne
the Si defect. A principalA1A resonance can be identified
located some way above the conduction-band edge, wi
wave function whose characteristics correspond to a com
nation of the perfect system wave function over a large
ergy subspace. In addition, there is once again consider
dispersion associated with theA1A resonance, with signifi-
cant localization of charge across a range of energies. H
ever, there are significant differences in the detail of theIn
resonance structure. Firstly, the calculations predict a de
resonance for the C defect theA1A resonance is formed
lower in the band than the corresponding level in Si str
ture. This is in keeping with the fact that the C atom
considerably smaller and induces a far larger distortion to
lattice. However, perhaps most significantly, the coupling
the interfaces, reflected in the axial perturbation to theA1A
resonance of SiIn , is radically different in the case of CIn .
The charge density associated with the CIn resonance is plot-
ted parallel to the interface plane in Fig. 9. Comparison w
Figs. 6 and 7 shows that the resonance of the CIn defect in
the superlatticeclosely resembles that of the SiIn in bulk, as
opposed to that of SiIn in the superlattice. The CIn resonance
is largely unaffected by the presence of the interfac
Clearly, then, the interaction between the defect and interf
is sensitive to the microscopic properties of the defect its
In other words, the chemical properties of the defect at
itself are critical in determining the nature of its coupling
the interfaces. Specifically, the calculations indicate that
interaction with the interfaces is considerably stronger for
silicon donor than for the carbon.

Further, it is interesting to note that the larger defe
interface effects that occur for silicon occur in spite of t

c-
e

ct
e

FIG. 9. The charge density~arbitrary units! associated with the
A1A resonance of the CIn defect in the 2AlSb/2InAs superlattice
plotted in the plane parallel to the interfaces, passing through
defect atom. The projection of the positions of the In atoms t
were located in this plane prior to relaxation are indicated by so
circles, while the open box indicates the position of the C atom
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fact that the lattice relaxation induced is considerably sma
than for the carbon defect. Indeed, the change in the nea
neighbor bond length is more than four times as large for
carbon defect as for the silicon. It is apparent, then, that
only does the chemical nature of the defect affect
interface-related localization, but that in fact it is domina
over the effect of lattice relaxation. A parallel may again
drawn to the situation in SiGe superlattices, where a sim
distinction has been demonstrated between the behavio
substitutional Sb and As defects. Detailed studies of de
resonances in SiGe have shown conclusively that the
crepancy arises principally as a result of the chemical na
of the defect rather than through the difference in the deg
of lattice relaxation.38 To identify the precise chemical prop
erties that govern the interface interaction, that is, to iden
exactly what is special about SiIn ~as opposed, for example
to CIn), would require a detailed study encompassing a nu
ber of other defects, and lies beyond the scope of the pre
study. However, from the calculations presented so far it
be concluded that the interesting interface-related local
tion observed for SiIn defects is a consequence of the partic
lar microscopic properties of Si atoms in conjunction w
the intrafacial potential.

V. ACCEPTOR IMPURITY RESONANCES

Let us now turn our attention to the case of Si defe
acting as acceptor impurities in the AlSb layers, SiSb. Spe-
cifically, we shall consider the substitution of one of the
ions in the plane forming the InSb-like interfaces. We wi
to compare and contrast with the behavior of the donorIn
impurities discussed in the previous section. Once again,
ab initio pseudopotential calculations are used to determ
the relaxation of the lattice, to examine its stability, and
compute a self-consistent charge density for the system
in the case of the donor defects, within the limits of the u
cell available, the lattice distortion introduced by the acc
tor defect was a symmetrical deformation about the de
center, with no reconstruction.

While the dominant effect of the donor impurities was t
perturbation to the electronic structure at the conducti
band edge, principally the formation of theA1 antibonding
resonance, the introduction of Si acceptor defects leaves
conduction band virtually unaltered. TheA1A resonance of
the SiSb defect is located deep into the conduction band, w
away from the band edge, and as such is not expected to
a key role in determining the optical or transport charac
istics. However, for the case of the acceptor impurities i
the properties of the valence-band edge states, and par
larly the formation of resonances close to the valence b
edge, which are of the greatest interest. Analysis of
charge densities of the valence-band states shows stron
calized features at approximately 1 eV below the valen
band edge. The charge density of the principal localiz
resonance at this energy is shown in Fig. 10, plotted in
plane parallel to the interfaces. This is clearly seen to h
T2 symmetry, and can be identified as one of the occup
T2B resonances predicted by the defect molecule mo
The energy of this resonance relative to the valence-b
edge is comparable to the energy of theA1A resonance of
the SiIn defect relative to the conduction-band edge. Ho
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ever, while the form of the SiIn resonance in the conductio
band showed a significant departure from the bulklike re
nance, attributable to the defect-interface interaction, no s
effect is in evidence for the SiSb T2 bonding resonances. Th
form of these is essentially that which one expects in bu
and indeed is what calculations on SiSb defects in bulk AlSb
show.

VI. NEUTRAL Si-Si DEFECTS

It is interesting now to consider the possibility of a neut
defect resulting from the formation of a Si-Si pair across
InSb interface. That is, to look at the situation of a SiIn defect
at the edge of the InAs layer bonded to a SiSb defect at the
edge of the AlSb layer, where the original InSb-like bond h
been replaced by a Si-Si bond. First, we must ask how lik
it is that such a pair would form? To address this question
must compare the total energy associated with the def
while isolated from each other, with that of the neutr
double defect. Now, the total energies that are obtained f
the LDA calculations depend upon the constituent atoms
the unit cell used. A meaningful comparison of the total e
ergy between different calculations can only be made wh
the same atoms are contained. As it is not practical to
tempt a calculation in which the two defects are effective
isolated, since the size of unit cell required would be prohi
tive, we must seek an alternative method. To make the c
parison between the energies associated with the sepa
SiIn and SiSb defects and the paired defects we may add
total energies of the two separate defect calculations,
compare them with the sum of the total energies of
double defect and perfect calculations. Each combined t
energy then represents the energy of a cell containing
times the unit cell of the perfect system with two defects, SIn
and SiSb. The difference in these energies will show wheth
the formation of the Si-Si defect pair is energetically favo
able or not. The energy associated with the paired defec

FIG. 10. The charge density~arbitrary units! associated with the
T2B resonance of the SiSb defect in the 2AlSb/2InAs superlattice
plotted in the plane parallel to the interfaces, passing through
defect atom. The projection of the positions of the Sb atoms
were located in this plane prior to relaxation are indicated by so
circles, while the open box indicates the position of the Si atom
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found to be 1.1 eV lower than that of the separate defe
suggesting that the defect pair is indeed a realistic prop
tion.

Having established that the paired defect structure
viable configuration, let us now consider how the effects
this defect might differ from the individual donor and acce
tor impurities. An examination of the electronic structure
the conduction band shows that theA1A resonance assoc
ated with the SiIn donor is not strongly affected by the pre
ence of the adjacent defect. For example, the principalA1A

FIG. 11. The charge density~arbitrary units! associated with the
A1A resonance of the SiIn-SiSb defect pair in the 2AlSb/2InAs su
perlattice, plotted in the plane parallel to the interfaces, pas
through the SiIn defect atom. The projection of the positions of th
In atoms that were located in this plane prior to relaxation
indicated by solid circles, while the open box indicates the posit
of the Si atom.

FIG. 12. The charge density~arbitrary units! associated with the
T2B resonance of the SiIn-SiSb defect pair in the 2AlSb/2InAs su
perlattice, plotted in the plane parallel to the interfaces, pas
through the SiSb defect atom. The projection of the positions of th
In atoms that were located in this plane prior to relaxation
indicated by solid circles, while the open box indicates the posit
of the Si atom.
s,
i-

a
f
-
f

resonance for the double defect is plotted in Fig. 11, and
be compared to the corresponding isolated donor reson
of Fig. 6, showing a similar general form. The conductio
band edge states are virtually unchanged from the single
nor defect. By contrast, the valence band structure is con
erably modified by the formation of the defect pair, and t
consequent reduction of the crystal symmetry fromC2v to
Cs . While the localized T2B resonance associated with
acceptor impurity is largely unaffected, and is plotted in F
12, the valence-band edge states are strongly perturbe
the symmetry reduction. Figure 13 compares the valen
band edge states between the isolated SiSb defect and the
SiIn-SiSb pair. The band-edge wave functions for the isolat
defect are almost unchanged from those of the perfect
tem. However, it can be seen clearly from Fig. 13 that in
case of the defect pair there is a considerable disturbanc
the electronic states at the valence-band edge. Such a
perturbation to the valence states is likely to be reflected
modifications to the optical properties of the structure, and
the dynamics of carriers in the band.

VII. DISORDER EFFECTS

We have considered above a number of imperfect str
tures in which the deviation from the ideal superlattice ari

g

e
n

g

e
n

FIG. 13. The charge density~arbitrary units! of some of the
zone-center states in the 2AlSb/2InAs superlattice with the SiIn-SiSb

defect pair, integrated over the plane parallel to the interface
plotted against position along the growth axis. The charge densi
shown for the two states closest to the valence-band edge.
positions of the atomic planes are indicated at the bottom whereL
represents Al,1 represents Sb,h represents In, and3 represents
As. The planes in which the defects were located are indicated
the arrows.
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through the inclusion of a foreign impurity atom~or atoms!.
Of course, it is also likely that there will be some disorder
the arrangement of the superlattice constituents, both du
the growth of the interface itself and in the vicinity of a
impurity. While the case of simple disorder at the interfac
of InAs/AlSb, involving no foreign impurity species, wa
found to have only a relatively small effect,31 it is interesting
to ask how disorder might affect the localized features t
result from the presence of impurity defects. That is, to c
sider how the defect-interface interaction is influenced by
presence of disorder. This will provide a link between t
quality of superlattice growth and the localization featu
that have been identified. For the present purposes it is
appropriate to attempt a comprehensive study of the v
many disorder/defect configurations that might occ
Rather, we shall restrict ourselves to consideration of a sin
representative case that should indicate the general ef
that can be expected from such disorder. We shall conc
trate on the substitutional SiIn donor defect studied in deta
in Sec. III, and examine how this system is affected by
inclusion of an adjacent SbAs disorder substitution. The ge
ometry of the disorder-defect configuration that we consi
is illustrated schematically in Fig. 14. This particular co
figuration has been chosen to represent both a relati
likely disordered structure and one that might be expecte
give rise to interesting behavior.

To identify the disorder-related effects from this calcu
tion we must compare directly with the case of the lone SIn
defect. The charge density of theA1A resonance of the dis
ordered structure is plotted in the plane of the Si defect a
in Fig. 15. Comparison with the perfect SiIn defect structure
shows a rather significant modification to the localized f
ture by just this single SbAs atom. While the nature of the
localization, and the general interface-induced perturba
to the bulklike resonance, remain clearly visible in the re
nance, it is apparent that the detailed form and symmetr
the localized feature are affected by the presence of the
order. Thus, importantly, we note that although the inter
cial disorder is not itself capable of inducing a localiz
state, it is sufficient to significantly alter the localized res

FIG. 14. A schematic diagram showing the disordered ato
structure studied. The perfect system is shown on the right, w
the left shows the position of the SiIn donor defect and the SbAs

atom representing disorder in the structure.
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nance associated with the Si defect.
Returning to the issue of the optical characteristics of

structures, it is now possible to envisage a mechanism
which the selection rules associated with the idealized st
tures might break down. The presence of a substitutio
defect atom in the vicinity of the superlattice interface resu
in highly localized interface-related features. The effect
interface disorder, minimized in impurity-free quantum we
through the localization of the conventional ground st
near the center of the quantum wells, is enhanced by
defect-induced interface resonance, which results in a la
‘‘sampling’’ of the disorder. The presence of the donor im
purity in the interface region thus provides the means
which a breakdown in order at the interface, to a degree
would be expected with even the highest quality growth fo
seeable, can play a significant role in the determination of
optical response.

VIII. CONCLUSION

In conclusion, we have appliedab initio pseudopotential
calculations to the study of a series of imperfect AlSb/In
superlattices. An interface-induced localization in the pr
ence of substitutional SiIn donor defects has been identifie
analogous to the localization predicted at donors in S
structures. The form of the localization has been shown to
specific to the chemical nature of the defect atom. Furth
the form of the resonance is sensitive to interfacial disord
and provides a possible link between the quality of the int
faces and the optical spectra of the microstructures. The r
nances associated with SiSb acceptor defects have also be
studied, though these are not found to be sensitive to
presence of the interfaces. Finally, a Si-Si defect pair loca
across the InSb-like interfaces has been shown to be e
getically favorable, and to give rise to interface-induced
calized resonances close to the conduction-band edge, s

ic
le

FIG. 15. The charge density~arbitrary units! associated with the
A1A resonance of the SiIn defect in the 2AlSb/2InAs superlattic
with SbAs disorder, plotted in the plane parallel to the interfac
passing through the SiIn defect atom. The projection of the position
of the In atoms that were located in this plane prior to relaxation
indicated by solid circles, while the open box indicates the posit
of the Si atom.
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lar to the single Si donor defect. Such a defect pair a
introduces a significant perturbation to the electronic str
ture at the valence-band edge.

The localized interface features that have been descr
cannot be obtained using conventional semiclassical mo
of the interface potential, but rather require a full micr
scopic model such as theab initio approach used in this
study. Only by including the microscopic variations in p
tential that occur in the region of the interface bonds the
selves, can such effects be accounted for. The results
sented in this paper demonstrate that these microsc
interfacial properties—the ‘‘intraface’’ parameters—provi
a key to an understanding of heterostructure behavior,
.
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goes beyond that which may be obtained from conventio
heterostructure theory.
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