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Localization at interfaces of imperfect AlISb/InAs heterostructures
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The properties of a variety of imperfect AISb/InAs heterostructures have been studied,absingio
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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. INTRODUCTION many times to the study of heterostructut&s® and even
directly to studies of interface properties, the physical fea-
The microscopic features of heterointerfaces, and theitures that have been focused upon are those associated with
role in determining the optical and transport characteristicshe confinement of charge on the scale of the quantum wells
of semiconductor microstructures, is emerging as one of ththemselvege.g., offsets, miniband energies, ¢ttn a recent
key issues in semiconductor phystc$. As advances in study, we applied thesab initio techniques to the case of
growth techniques enable the realization of abrupt interfaceSiGe superlattice structures with a variety of substitutional
with nearly perfect atomic arrangement, the discrepancy bedefects situated adjacent to the interfateémalysis of the
tween experimental data and the predictions of conventiondbcalized defect resonances in these structures indicates that
theoretical descriptions of quantum confined electron andhe microscopic interaction between the defects and the in-
hole wave functions is becoming apparent. In particular, theerface itself results, in the case of antimony defects, in a
origin of room-temperature luminescence observed in SiGstrong coupling, modifying the nature of the charge localiza-
guantum well structures cannot be accounted for by convertion and providing a possible mechanism for the breakdown
tional theory®1° Most of the theoretical work on semicon- of selection rules derived using conventional theory. These
ductor heterostructures available in the literature is basetkesults indicate that the the microscopic properties of the
upon the semiclassical picture of the interface, as an abrupterface itself, the “intra-facial” properties, could provide
step in the potential moving from one material into the nextthe mechanism for the luminescence features observed in
described in terms of the valence-band—offset paraméter.SiGe quantum wells, and opens up a new framework within
While such methods have proven to be successful in predicwhich to understand the optical spectra and transport prop-
ing many of the essential physical properties of electron an@rties of heterostructures.
hole states confined by quantum wells, they fail to account A class of materials that is currently generating consider-
for features in the observed optical spectra. Clearly theble interest, particularly in the field of infrared optoelectron-
physical mechanism driving the luminescence is absent frorics, is AlSb/GaSb/InAs/~22 By careful choice of layer di-
the existing theoretical account of heterostructures. Evemensions and alloy compositions heterostructure systems
with  the inclusion of interface disorder and developed from these materials are able to offer a number of
reconstructiort?!3 features to which the anomalous spectralfavorable features. Deep conduction wells may be engi-
features are commonly attributed, models founded upomeered in conjunction with extremely high mobilities to en-
semiclassical steplike interfaces remain at odds with experihance the characteristics for a number of device
ment. Could the microscopic variations of the potential in theapplications’® The degree of freedom arising from the three
region of the interface bonds themselves provide the key teompatible semiconductors and their alloys enables a wide
understanding the optical spectra? variety of heterostructures to be conceived, with fundamental
In recent papers this question has been addressed for tigaps spanning a wide range of frequencies. One particular
case of SiGé&:? Turton and Jardsexamined a number of family of structures that has already been the subject of con-
possible mechanisms for the luminescence and outlined th&iderable theoretical and experimental effort is AISb/InAs
arguments that implicate interface localization as the origirsuperlattice$*2° In addition to the technological importance
of the luminescence. In order to investigate the precise rolassociated with these structures, their microscopic interface
that the interfaces play it is necessary to go beyond the semstructure has already attracted a great deal of attention. The
classical interface model. In other words, it is necessary t@bsence of a common anion between the two layers leads to
consider a model in which the full microscopic fluctuationsthe possibility of two chemically different interface forma-
in the potential throughout the interface region is includedtions. Depending on the precise shutter sequencing during
Such a model may be achieved by applying the local densitiBE growth the interfaces can be formed between In and Sb
approximation of density functional theory withb initio ions, InSb-like, or Al and As ions, AlAs-liké It has been
pseudopotentials. While such methods have been applieshown by experiment that the physical properties of AlSb/
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InAs superlattices can be altered by specifying the interfacalternative, and simpler, techniques such as empirical
configurations in this way> Recently, we presented a series pseudopotential or effective-mass theory. Since we are con-
of ab initio pseudopotential calculations demonstrating thecentrating primarily on the physical effects associated with
differentiation of interface type, and supporting the hypoth-the microscopic features of the interfaces, and the nature of
esis that localized interface-related states are formed at pefheir interaction with isolated defects, our choice of model is
fect InSh-like interfaces. governed by its ability to describe the potential in the inter-
Most theoretical studies of interfaces in AISb{InAs Struc-face region. While empirical techniques are well suited to
tures have, so far, concentrated on the properties of defeClescribing features of quantum well systems that occur on
free interfaces, or on weak isovalent substitutional defects g,q scale of the quantum well width, and where the deviation
the interfaces. Primarily, the questions that have been askefh .\ ik is relatively small, they are not able to describe so
relate to the origin of the background carrier concentration%\le” features such as the rr;icroscopic interface potential. In-

; ~30\A/hi e
present in SUCh. structu_réé. While such a deba“? has '”.u deed, the empirical-pseudopotential technique, often used for
minated many interesting features associated with the Inters_tudies of superlattice systems usually invokes an abrupt ste
face formation, the interface localizations identified belong P Y y P P

to a different class from those that arise in the SiGe struci-n the potential at the interface, clearly failing to take into

tures, and with which we are concerned in the present papeffl_ccount the microscopic potential variations in this region. In

In the case of localization at the essentially perfect InSb-likéontrast, the self-consistent charge density determined by the
interfaces, the formation of the localized states may be quali'—-DA approach ha_s no such step E_rlforced upon it. The use of
tatively understood by invoking a particle-in-a-box picture of transferable atomic pseudopotentials, derived with reference
the interface, in which the InSb interface bonds are regardetf the free atom states, enables these key microscopic fea-
as an ultranarrow InSb quantum well. Full-scale microscopidures at which the bulklike character of the potentials is bro-
calculations are required principally to confirm that the esken, to be fully described. Specifically, ta® initio pseudo-
sential features are correctly described by such a picture, ambtentials of Bachelegt al3* are used.

provide justification for the interpretation so given. This The calculations presented in this paper adopt the formal-
class of localized states has been discussed in some detail lym of Jone® and Briddorn™® initially developed for the

us elsewhere in the literatufé’*?By contrast, the localized study of large clusters of atoms and here extended to work
features that arise as a result of the defect-interface interagvithin a periodic or supercell geometry. In this, the wave
tion, studied here for the case of heterovalent defects ifunction is expanded in a set of Gaussian basis functions.
AISb/InAs superlattices, cannot be predicted using a semiThese functions are multiplied by spherical harmonics to im-
classical interface model. Rather, these features are a resyirt thes- and p-like character of the atomic orbitals. To

of the microscopic properties of the interface itself, provid-povide a sufficiently accurate description of the charge den-
ing a whole facet of heterostructure behavior unavailable t%ity sixteen of these basis functions were centered on each

serlmclr;a.ssmal models. b initi d ial calculati atom. We apply this method to systems of periodically re-
n this paper we us?_ |n|tf|o psle_u op(f)tequa ca (X:Satt;/clmi peated unit cells containing up to 128 atoms. During the
to examine a series of interfacial imperfections in NAS calculations the positions of all of the atoms were relaxed

.superlattlces,. an.d in_particular to |qent|fy thg Interface'individuaIIy in order to minimize the total energy of the self-
induced localizations that occur. The imperfections that we, ) cictant ground state of each structure studied

consider include a variety of group IV substitutional defects While the study of isolated substitutional defects in super-

at algumt;er of dn‘fe:cent latttice sites, Ianq m_addlt]lon W€ attices demands unit cells large in all three dimensions, the
cHonS| er the cats%s (f) some tvyo-at_cl)m atttk:ce 'mperfeCt'onstomputational demands of tladb initio approach restrict the
owever, our study focuses primarily on the case of a SUbg;, aq of the unit cells that can practically be tackled. In order
_stltutlonal Si donor impurity in the InAs layer adjacent to the_to enable unit cells with reasonable dimensions in the plane
interface. The localized resonance that we observe for thi§¢ ina interfaces we restrict our study to short period super-

defect is in close analogy with the Sb donor resonances Otféttices namely, 2AISb/2InAénhere 2AISb refers to 2 lat-
served in SiGe systems, and is indicative of a strong defeCtﬁce coﬁstants AiIS)) This period provides us with what re-
interface coupling. This evidence suggests that the micror'nain well-confined valence and conduction states while
scopic ‘“intraface” region plays an important role in

determining the behavior of AISb/InAs superlattices, and
that a full microscopic description of the interfaces is essen
tial to our understanding of the physical properties of thes

heterostructures.

allowing eight primitive superlattice unit cells to be included
in the plane of the interfaces. A schematic representation of
the unit cell studied is shown in Fig. 1. The dimensions of
&he supercell in the plane of the interfaces are determined by
the lattice constant of the nominal substrate, chosen to be
AlSbh, as determined bwb initio calculations. The overall
length of the supercell in the growth direction is determined
by minimization of the calculated total energy for the perfect
The theoretical model that we have used to describe th&AISb/2InAs structure. Of course, such a unit cell is clearly
imperfect superlattice structures is that of the local densitynot sufficiently large to provide a description of truly isolated
approximation(LDA) of density functional theory wittab  defects, and in particular does not allow the Coulombic shal-
initio pseudopotentials. Density functional theory and thdow donor state to be properly accounted for. However, we
LDA have been discussed in great depth in the literature, andre not concerned at present with the extended features of the
we shall not reproduce the details h&t&or the purposes of defect states, such as the shallow donor and excitonic levels.
the current study this method presents many advantages oveather, our attention is focused upon the short-range effects

Il. THEORETICAL METHOD
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y bonding resonanceE2B and T2A deep inside the valence
and conduction bands, respectively. These are the defect
resonances that one expects to obtain from the full scale
calculation. Of course, it must be remembered that this is
only an extremely simple qualitative model, and no account
is taken of the microscopic interaction with the lattice. The
defect molecule model does not allow us to make any pre-
dictions concerning the energies of the resonances, but
merely provides a useful framework within which to discuss
the results of our microscopic calculations. Note also that the
model is described above for the case of a bulk material—
while the basic features of this may be directly transferred to
the case of a microstructure, the symmetry labels applied to
the resonances should be altered to refer to the lower point
group of the system. However, in the interests of clarity it is
advantageous to retain the labeling appropriate to the bulk
case, without loss of meaning in the context of the present
study. It must be stressed once again that the defect molecule
model is invoked only to help us to interpret thé initio
results, and is not used for any calculations.

z Non-primitive unit cell

Primitive

Unit cell AN
AN InAs
/nterface
AlSb

FIG. 1. Schematic diagram of the nonprimitive unit cell contain-
ing eight atomic spirals of the perfect 2AISb/2InAs superlattice.
Also shown is the relation to the the primitive unit cell of the same
structure.

Ill. THE PERFECT 2AISb/2InAs SUPERLATTICE

arising through the interaction of the defect with the intrafa- Before the effect of substitutional defects can be ad-
cial potential profile. dressed it is necessary to obtain a full understanding of the

In order to assist in the interpretation of the results thaStates in the perfect superlattice system. For studies of the
are obtained from the full-scale calculations, it is useful toP€rfect superlattice it is, of course, not necessary to use the
develop a simple intuitive model of the defect. The defectl28-atom unit cell shown in Fig. 1. Where the translational
molecule model, illustrated schematically in Fig. 2 providesSymmetry in the plane of the interfaces is unbroken by de-
just such a picturd’ First we consider the band structure of fects the primitive unit cell contains a smgle atomic spiral of
a perfect bulk semiconductor from which a single atom islUSt 16 atoms. However, since our goal is ultimately to pro-
removed. The vacancy so created leaves four unboagéd vide comparison with the imperfect structures, for which the

orbitals, which symmetrize to form a series of levels in thel@rger cell is required, it is useful to perform calculations
gap, one ofA, symmetry and &, triplet. We then consider USiNg the nonprimitive unit cell for the perfect structure. This

bringing in a defect atom with free-atomandp orbitals to ~ Provides insight into the effects of zone folding, and allows
fill the vacancy. The states of the same symmetry interact t§S {0 identify the origin of the states at the zone center.

form bonding and antibonding combinations indicated in_ FOr the perfect superlattice it is instructive to compare the
Fig. 2. The model predicta, bonding and antibonding reso- Brillouin zones corresponding to the primitive and 128-atom

nancesA1B andA1A close to the bottom of the valence and non-primitive unit cells. The relationship between these is

conduction bands, respectively, aiig bonding and anti- illustrated in Fig. 3. The smaller reciprocal lattice vectors
' ' associated with the non-primitive unit cell result in a small

Brillouin zone (SB2) eight times smaller than that of the

Perfect Crystal Crystal with Defect primitive cell. As a result, each wave vector in the SBZ is
equivalent to seven additional vectors in the full Brillouin
T2A : . ' )
' =N zone, which translate to it through reciprocal lattice vectors
Conduction band ’ ' of the nonprimitive cell. A calculation performed at the wave
' vector in the SBZ will generate the states associated with all

| _A1A

Valence band

N__T2B

Vacancy States

AIB

s(Ap)

Free Defect
Atom

eight wave vectors in the primitive unit cell. This is the so-
called zone-folding mechanism. The eight wave vectors that
“fold” onto the zone centelI") of the SBZ are indicated in
Fig. 3 (where the points lie on the Brillouin zone boundaries
only one of the equivalent wave vectors is showhis clear
from Fig. 3, then, that the states Btfor the 128-atom unit
cell will include states originating dt in the primitive cell in
addition to states folded from wave vector&00),
(£3,3,0), (+3,0,0), and (0-3%,0) (all wave vectors in
units of 27/a, wherea is the substrate lattice constant
Figure 4 shows the superlattice band structure calculated
along some of the symmetry lines for the primitive unit cell.

FIG. 2. Schematic diagram representing the simple defect molThe band structure calculated for the nonprimitive unit cell is
ecule model for a defect in a bulk crystal.

superimposed. Comparison of the two band structures for
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FIG. 3. The relation between the superlattice small Brillouin et LT X o x X o X
zone(SBZ) of the primitive and nonprimitive units cells of Fig. 1,

shown schematically in the plane parallel to the interfaces. The Growth Direction
solid circles represent the points which “fold” onto the zone center
of the SBZ of the nonprimitive cell. The open circles lying on the
edge of the primitive SBZ are wave vectors that are translated by
reciprocal lattice vector of the primitive cell from, and hence
equivalent to, other “folding” wave vectors.

FIG. 5. The charge densitarbitrary unitg of some of the zone-
center states in the nonprimitive 2AISb/2InAs calculation, inte-
arated over the plane parallel to the interface, is plotted against
position along the growth axis. The charge density is shown for the
valence-band edge sta¥l, the lowest" derived conduction state,
Cl, and the conduction state€2-C5 folded from the
what is physically an identical system enables the origin of2x/a)(+31,%,0) wave vectors. The positions of the atomic planes
the energy levels in the nonprimitive cell to be identified. are indicated at the bottom wherg represents Al+ represents
Some of the key states at the zone center of the nonprimitiveb, O represents In, ant represents As.
system have been labeled according to the wave vector in the
primitive-cell zone at which they originate. The bulk origin folding argument applied to the reduction in Brillouin zone
of these states can then be identified by comparison with then moving from bulk to superlattice unit cell. Of course, in
band structures of the bulk constituents, invoking a zonethis case, the zone-folding mechanism is slightly different
since the bulk unit cell does not represent the full system. As
a result of the perturbation arising from the different layers

2t . the superlattice energies are not exactly the energies of the
sl \_A folded bulk wave vectors, though it is often possible to de-
\/ duce the bulk origin from the energies. The ground state of
~Lor ] the nonprimitive superlattice calculation is found to be de-
5 . . o
w14k . 4 rived from the InAsI” conduction minimum. However, the
551 oL oo Nowprmiveunceen i four states occurring at 0.85-1.05 eV are derived from the
Th K foldedL valley of the bulk InAs(the bulk states being folded
Mot S onto the (-3,%,0) wave vector of the primitive superlattice
08 L _ Brillouin zone. The first excited” states do not occur until
energies of~=2.2 eV. The bulk origin of these states is im-
061 e Dot portant when one comes to predict the optical properties of
0.4 . the structures.
X K The charge densities of the highest valence state and low-

FIG. 4. The calculated band structure of the 2AISb/2InAs super-eSt five conduction states &tin the perfect 2AISb/2InAs

lattice is plotted for the primitive unit cell along the symmetry lines superlattice, integrated over the p'a”e.p‘?“a”?' to the inter-
I'-X andT-K wherel is the zone center whete is the point lying  12c€S, are plotted along the growth axis in Fig. 5. The va-
at the boundary of the superlattice Brillouin zone on[theq] axis. ~ |€Nce band-edge state is clearly localized towards the InSb-
The band structure obtained for the calculation of the same structutk® interface. We previously observed such an effect in
using the nonprimitive unit cell is superimposed over the smallefonger period AISb/InAs superlatticésnd it reflects the mi-
volume of wave vector space corresponding to its unit cell. Some ofroscopic potential arising from the InSb bonds across the
the key folded states at the zone center have been labeled accordilijerface. As discussed earlier in this paper, such localization
to the wave vector in the primitive Brillouin zone from which they is clearly distinct from the interface-related localization at
originate. defects, which is the subject of the present paper. The asym-
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metric interface configuration, one AlAs-like and one InSb-
like, is reflected also in the form of the conduction-band ©
charge densities. In addition, the nature of the charge density
of the conduction states of bulk-valley origin is clearly * °
distinct from the zone-center derived conduction ground High
state.

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

«

IV. DONOR DEFECT RESONANCES
A. Substitutional Si

O

The defect that we shall study in considerable detail is the
substitutional Si defect, where the Si takes the place of an In f
atom in the latticddenoted Sj). On such a site the Si atom Low . @

acts as a donor in the InAs layers, and indeed Si is com-

monly introduced intentionally to the g_rowth procedur'e in FIG. 6. The charge densifarbitrary unit$ associated with the
order ton-dope InAs layers. The behavior ofjSdefects is A1 resonance of the Sidefect in the 2AISb/2InAs superlattice,
therefore of practical interest to device performance. For thgjotted in the plane parallel to the interfaces, passing through the
short-period superlattices described in the previous sectiogefect atom. The projection of the positions of the In atoms that
there are four inequivalent sites for such a defect. The totalere located in this plane prior to relaxation are indicated by solid
energy was calculated for the optimized structure for each oircles, while the open box indicates the position of the Si atom.
these defect sites in order to determine the most likely posi-

tion of the defect. In each case the 128-atom unit cell of Fig. . . . .
1 was used. These calculations indicate that the most ene‘fxIde range of energies. Figure 6 shows the charge density of

getically favorable position for the defect is that of the In the principal resonance level, plotted in the plane parallel to
atom bonded to the Sb across the InSb-like interface, agh® interfaces passing through the defect atom. Ahsym-
proximately 0.2 eV lower than the alternative sites. We shalMetry of the resonance is clearly reflected in the charge den-
therefore restrict our attention to this particulay, Siefect. sity distributions. Note that there is a considerable dispersion

Before we analyze in detail the nature of the electronicof the A1A resonance due to the relatively small unit cell
states in this structure, it is important that we assess thétUdied, reflected in significant charge localization for a num-
stability of relaxed atomic positions we predict. The total ber of energy levels.
energy calculations described above used as initial positions To isolate the effect of the interfaces in determining the
the relaxed positions of the perfect superlattice. Starting fronform of the defect resonances, it is necessary to compare
this highly symmetrical initial configuration, the relaxation with the resonance of the \$idefect in bulk InAs. The dif-
predicted by our calculations was essentially constrained to erence between the behavior of the donor defect in bulk and
simple relaxation of bond lengths in which the initial sym- superlattice reflects the strength of the defect-interface cou-
metry is retainedunless rounding errors were to permit a pling. Calculations were repeated for the samg @&#fect in
symmetry breaking relaxatipnTo test whether a lower en- bulk InAs, strained to an AlSb substrate to directly compare
ergy configuration might exist in which the overall symmetry with the InAs layers in the strained superlattice. The charge
is reduced the calculations were repeated with the initiabensity of the keyA1A resonance level is plotted in Fig. 7,
atom positions randomly perturbed, and with the defect atonm the plane parallel to the substrate surface and passing
moved off the lattice site. For each of the calculations, thehrough the defect. It can clearly be seen that the axial form
atoms converged to the symmetrical positions predicted byhat the resonance adopts in the presence of the interfaces
the initial calculation, indicating that the interface defect(Fig. 6) is absent in the bulk situation. Rather, the defect in
structure first predicted is indeed relatively stable. Howeverthe bulk induces a near-spherical resonance. The introduc-
it must be recognized that the limited size of the unit celltion of the interface is therefore seen to significantly modify
prevents the formation of any large scale reconstructionshe form of the defect resonance.
about the defect atom, so the absolute stability of the defect At this point it is useful to make a comparison with the
structure predicted cannot be assured. case of Sb donors in SiGe superlatti¢stdied in detail by

For the Sj, donor impurity the defect molecule model Shaw et al?). The A1A resonance of the §pdefect oc-
(Fig. 2) predicts an antibondingALA) resonance 0§ sym-  curred at the very edge of the conduction band. It was found
metry, lying close to the conduction-band edge. It was thehat the form of the localized charge density was altered with
A1A resonance that demonstrated such interesting interfaceespect to the same defect in bulk Si, reflecting a strong
related effects in the case of Sb donors in SiGe superlatticescoupling with the microscopic interface potential. A clear
We therefore examine in detail the electronic structure closaxial shape is apparent in the charge density of thgr8bo-
to the bottom of the conduction band. Localiz&dlA reso- nance, which is compared to thg,3iase in Fig. 8. While the
nances are identified lying=1.3 eV above the band edge. extent of the axial form is greater in the case of thg; Sthe
The wave functions associated with these resonances contageneral form of the two resonances is similar. This suggests
a mixture of unperturbetperfec} wave functions spanning a that as in the SiGe systems, the microscopic interface poten-

RERNEL




PRB 58 LOCALIZATION AT INTERFACES OF IMPERFEQ . .. 7839

T
(]
=
o
g
=

Arbitrary Units

I
RERRETL

-
Q
£

=

2
)
"

FIG. 7. The charge densitjrbitrary unit$ associated with the FIG. 9. The charge densifarbitrary unit$ associated with the
A1A resonance of the Jidefect in bulk InAs, plotted in the plane A1A resonance of the Cdefect in the 2AISb/2InAs superlattice,
parallel to the surface, passing through the defect atom. The proje@lotted in the plane parallel to the interfaces, passing through the
tion of the positions of the In atoms that were located in this planedefect atom. The projection of the positions of the In atoms that
prior to relaxation is indicated by solid circles, while the open boxwere located in this plane prior to relaxation are indicated by solid
indicates the position of the Si atom. circles, while the open box indicates the position of the C atom.

tial in the AISb/InAs superlattices modifies the localized fea-such defects do not in fact represent particularly likely de-

tures of substitutional donor defects. fects in real systems, and are consequently not of great in-
terestper se their chemical similarity to the Si as group IV
B. Substitutional C donors allows for a useful comparison.

. . The introduction of a ¢ defect modifies the electronic
So far, we have de_mor_wstrated the effect Of the Interactiony,cyre of the superlattice in broadly the same manner as
between the superlattice interfaces and an Si defect in AIS ﬁe Si defect. A principaR1A resonance can be identified
InAs structures. Does this effect occur with all substitutionalmcated somé way above the conduction-band edge witr’1 a
dono;s, oris it deﬁenhdenthon the SIPeC'T'C properties of Theb%ave function whose characteristics correspond to a combi-
atom ;roh teSth. et e(rj the coup;‘nghls pr:esent SIMPYY D¥ation of the perfect system wave function over a large en-
v!r_tue of there €ing a donor, or w et _ert € process IS Ser]sirgy subspace. In addition, there is once again considerable
sitive to the chemical nature of the particular defect, we PeTyispersion associated with teLA resonance, with signifi-
formed a calculation for substitutional,Qiefects. Although ., |ocalization of charge across a range of energies. How-

ever, there are significant differences in the detail of the C

% I . resonance structure. Firstly, the calculations predict a deeper
( resonance for the C defect thelA resonance is formed
lower in the band than the corresponding level in Si struc-
. @ < ture. This is in keeping with the fact that the C atom is
High S considerably smaller and induces a far larger distortion to the

lattice. However, perhaps most significantly, the coupling to
the interfaces, reflected in the axial perturbation to A&\
resonance of §j, is radically different in the case of ,C

The charge density associated with thg i@sonance is plot-
ted parallel to the interface plane in Fig. 9. Comparison with
Figs. 6 and 7 shows that the resonance of thedéfect in

the superlatticeclosely resembles that of the,Sin bulk, as
opposed to that of Giin the superlattice. The Cresonance

is largely unaffected by the presence of the interfaces.
Clearly, then, the interaction between the defect and interface
is sensitive to the microscopic properties of the defect itself.
In other words, the chemical properties of the defect atom

FIG. 8. The charge densitarbitrary unit associated with the itself are critical in determining the nature of its coupling to
A1A resonance of the §pdefect in the 1Si/1Ge superlattice, plot- the interfaces. Specifically, the calculations indicate that the
ted in the plane parallel to the interfaces, passing through the defetiteraction with the interfaces is considerably stronger for the
atom. The projection of the positions of the Si atoms that weresilicon donor than for the carbon.
located in this plane prior to relaxation are indicated by solid Further, it is interesting to note that the larger defect-
circles, while the open box indicates the position of the Sb atom. interface effects that occur for silicon occur in spite of the
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fact that the lattice relaxation induced is considerably smaller =
than for the carbon defect. Indeed, the change in the nearest- _
neighbor bond length is more than four times as large for the @
carbon defect as for the silicon. It is apparent, then, that not .
only does the chemical nature of the defect affect the High
interface-related localization, but that in fact it is dominant
over the effect of lattice relaxation. A parallel may again be
drawn to the situation in SiGe superlattices, where a similar
distinction has been demonstrated between the behavior of,
substitutional Sb and As defects. Detailed studies of defect
resonances in SiGe have shown conclusively that the dis-
crepancy arises principally as a result of the chemical nature-
of the defect rather than through the difference in the degree
of lattice relaxatiort® To identify the precise chemical prop-
erties that govern the interface interaction, that is, to identify
exactly what is special about,Sias opposed, for example,
to G,), would require a detailed study encompassing a num-
ber of other defects, and lies beyond the scope of the present o ] ) )
study. However, from the calculations presented so far it can_F!G: 10- The charge densitarbitrary unit3 associated with the
be concluded that the interesting interface-related localizal2B "ésonance of the §jdefect in the 2AISb/2InAs superlattice,
tion observed for $j defects is a consequence of the particu_plot’[ed in the plane parallel to the interfaces, passing through the

. . . . . . . ... defect atom. The projection of the positions of the Sb atoms that
lar microscopic properties of Si atoms in conjunction with L . : L .
. ) . were located in this plane prior to relaxation are indicated by solid
the intrafacial potential.

circles, while the open box indicates the position of the Si atom.
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V. ACCEPTOR IMPURITY RESONANCES ever, while the form of the §jresonance in the conduction
) . band showed a significant departure from the bulklike reso-
Let us now turn our attention to the case of Si defectsyance, attributable to the defect-interface interaction, no such
acting as acceptor impurities in the AISb layers;,SiSpe-  effect is in evidence for the §j T, bonding resonances. The
cifically, we shall consider the substitution of one of the Sbfgym of these is essentially that which one expects in bulk,

ions in the plane forming the InSb-like interfaces. We wishanq indeed is what calculations onsSilefects in bulk AlSb
to compare and contrast with the behavior of the dongr Si ghow.

impurities discussed in the previous section. Once again, the
ab initio pseudopotential calculations are used to determine
the relaxation of the lattice, to examine its stability, and to
compute a self-consistent charge density for the system. As It is interesting now to consider the possibility of a neutral
in the case of the donor defects, within the limits of the unitdefect resulting from the formation of a Si-Si pair across the
cell available, the lattice distortion introduced by the accepinSb interface. That is, to look at the situation of g 8efect
tor defect was a symmetrical deformation about the defecat the edge of the InAs layer bonded to a3iefect at the
center, with no reconstruction. edge of the AISb layer, where the original InSb-like bond has
While the dominant effect of the donor impurities was thebeen replaced by a Si-Si bond. First, we must ask how likely
perturbation to the electronic structure at the conductionit is that such a pair would form? To address this question we
band edge, principally the formation of tifg antibonding must compare the total energy associated with the defects
resonance, the introduction of Si acceptor defects leaves thehile isolated from each other, with that of the neutral
conduction band virtually unaltered. THeLA resonance of double defect. Now, the total energies that are obtained from
the Sk, defect is located deep into the conduction band, welthe LDA calculations depend upon the constituent atoms of
away from the band edge, and as such is not expected to pldlge unit cell used. A meaningful comparison of the total en-
a key role in determining the optical or transport characterergy between different calculations can only be made where
istics. However, for the case of the acceptor impurities it isthe same atoms are contained. As it is not practical to at-
the properties of the valence-band edge states, and partictempt a calculation in which the two defects are effectively
larly the formation of resonances close to the valence banibolated, since the size of unit cell required would be prohibi-
edge, which are of the greatest interest. Analysis of thdive, we must seek an alternative method. To make the com-
charge densities of the valence-band states shows strong Iparison between the energies associated with the separated
calized features at approximately 1 eV below the valenceSi,, and S, defects and the paired defects we may add the
band edge. The charge density of the principal localizedotal energies of the two separate defect calculations, and
resonance at this energy is shown in Fig. 10, plotted in theompare them with the sum of the total energies of the
plane parallel to the interfaces. This is clearly seen to haveouble defect and perfect calculations. Each combined total
T, symmetry, and can be identified as one of the occupie@&nergy then represents the energy of a cell containing two
T2B resonances predicted by the defect molecule modetimes the unit cell of the perfect system with two defectg, Si
The energy of this resonance relative to the valence-bandnd Sg,. The difference in these energies will show whether
edge is comparable to the energy of #h&A resonance of the formation of the Si-Si defect pair is energetically favor-
the Sj, defect relative to the conduction-band edge. How-able or not. The energy associated with the paired defect is

VI. NEUTRAL Si-Si DEFECTS
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FIG. 11. The charge densitarbitrary unitg associated with the
A1A resonance of the §iSig, defect pair in the 2AISb/2InAs su-
perlattice, plotted in the plane parallel to the interfaces, passing
through the Sj, defect atom. The projection of the positions of the
In atoms that were located in this plane prior to relaxation are
indicated by solid circles, while the open box indicates the position
of the Si atom.

found to be 1.1 eV lower than that of the separate defects,
suggesting that the defect pair is indeed a realistic proposi-
tion. FIG. 13. The charge densitjarbitrary unit$ of some of the
Having established that the paired defect structure is @one-center states in the 2AISh/2InAs superlattice with theSi,
viable configuration, let us now consider how the effects ofdefect pair, integrated over the plane parallel to the interface, is
this defect might differ from the individual donor and accep- plotted against position along the growth axis. The charge density is
tor impurities. An examination of the electronic structure ofshown for the two states closest to the valence-band edge. The
the conduction band shows that tAd A resonance associ- Positions of the atomic planes are indicated at the bottom wkere
ated with the Sj donor is not strongly affected by the pres- represents Al;+ represents SH,] represents In, antk represents

ence of the adjacent defect. For example, the princidsh tAr\]s. The planes in which the defects were located are indicated by
e arrows.

Growth Direction

resonance for the double defect is plotted in Fig. 11, and can
* ° be compared to the corresponding isolated donor resonance
@ of Fig. 6, showing a similar general form. The conduction-
band edge states are virtually unchanged from the single do-
nor defect. By contrast, the valence band structure is consid-
. . erably modified by the formation of the defect pair, and the
consequent reduction of the crystal symmetry fr@3), to
Cs. While the localized T2B resonance associated with the
acceptor impurity is largely unaffected, and is plotted in Fig.
12, the valence-band edge states are strongly perturbed by
the symmetry reduction. Figure 13 compares the valence-
band edge states between the isolateg, 8éfect and the
Sij,-Sigp, pair. The band-edge wave functions for the isolated
. . defect are almost unchanged from those of the perfect sys-
tem. However, it can be seen clearly from Fig. 13 that in the
case of the defect pair there is a considerable disturbance in
the electronic states at the valence-band edge. Such a large
perturbation to the valence states is likely to be reflected in

FIG. 12. The charge densitprbitrary unit3 associated with the g jfications to the optical properties of the structure, and to
T2B resonance of the iSis, defect pair in the 2AISb/2InAs su- 4 dynamics of carriers in the band.

perlattice, plotted in the plane parallel to the interfaces, passing

through the Sj, defect atom. The projection of the positions of the VIl. DISORDER EFFECTS

In atoms that were located in this plane prior to relaxation are

indicated by solid circles, while the open box indicates the position We have considered above a number of imperfect struc-
of the Si atom. tures in which the deviation from the ideal superlattice arises
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FIG. 14. A schematic diagram showing the disordered atomic Low @/

structure studied. The perfect system is shown on the right, while

the left shows the position of the ,Sidonor defect and the b FIG. 15. The charge densitgrbitrary unit3 associated with the

atom representing disorder in the structure. AlA resonance of the Jidefect in the 2AISh/2InAs superlattice
with Shyg disorder, plotted in the plane parallel to the interfaces,

. . . . passing through the gidefect atom. The projection of the positions
through the inclusion of a foreign impurity atofor atoms. ¢ the In atoms that were located in this plane prior to relaxation are
Of course, it is also likely that there will be some disorder iningicated by solid circles, while the open box indicates the position
the arrangement of the superlattice constituents, both due & the Si atom.
the growth of the interface itself and in the vicinity of an
impurity. While the case of simple disorder at the interfaceshance associated with the Si defect.
of InAs/AISb, involving no foreign impurity species, was  Returning to the issue of the optical characteristics of the
found to have only a relatively small effettit is interesting  structures, it is now possible to envisage a mechanism by
to ask how disorder might affect the localized features thaivhich the selection rules associated with the idealized struc-
result from the presence of impurity defects. That is, to contures might break down. The presence of a substitutional
sider how the defect-interface interaction is influenced by thejefect atom in the vicinity of the superlattice interface results
presence of disorder. This will provide a link between thein highly localized interface-related features. The effect of
quality of superlattice growth and the localization featuresinterface disorder, minimized in impurity-free quantum wells
that have been identified. For the present purposes it is n@hrough the localization of the conventional ground state
appropriate to attempt a comprehensive study of the veryiear the center of the quantum wells, is enhanced by the
many disorder/defect configurations that might occur.defect-induced interface resonance, which results in a large
Rather, we shall restrict ourselves to consideration of a singlesampling” of the disorder. The presence of the donor im-
representative case that should indicate the general effeqtﬁjrity in the interface region thus provides the means by
that can be expected from such disorder. We shall concewhich a breakdown in order at the interface, to a degree that
trate on the substitutional Sidonor defect studied in detail would be expected with even the highest quality growth fore-
in Sec. lll, and examine how this system is affected by theseeable, can play a significant role in the determination of the
inclusion of an adjacent Qb disorder substitution. The ge- optical response.
ometry of the disorder-defect configuration that we consider
is illustrated schematically in Fig. 14. This particular con-
figuration has been chosen to represent both a relatively
likely disordered structure and one that might be expected to In conclusion, we have appliegb initio pseudopotential
give rise to interesting behavior. calculations to the study of a series of imperfect AlSb/InAs

To identify the disorder-related effects from this calcula-superlattices. An interface-induced localization in the pres-
tion we must compare directly with the case of the long Si ence of substitutional Sidonor defects has been identified,
defect. The charge density of thel A resonance of the dis- analogous to the localization predicted at donors in SiGe
ordered structure is plotted in the plane of the Si defect atonstructures. The form of the localization has been shown to be
in Fig. 15. Comparison with the perfect,Stlefect structure specific to the chemical nature of the defect atom. Further,
shows a rather significant modification to the localized feathe form of the resonance is sensitive to interfacial disorder,
ture by just this single Si3 atom. While the nature of the and provides a possible link between the quality of the inter-
localization, and the general interface-induced perturbatiofaces and the optical spectra of the microstructures. The reso-
to the bulklike resonance, remain clearly visible in the resohances associated withggiacceptor defects have also been
nance, it is apparent that the detailed form and symmetry oftudied, though these are not found to be sensitive to the
the localized feature are affected by the presence of the digpresence of the interfaces. Finally, a Si-Si defect pair located
order. Thus, importantly, we note that although the interfa-across the InSb-like interfaces has been shown to be ener-
cial disorder is not itself capable of inducing a localizedgetically favorable, and to give rise to interface-induced lo-
state, it is sufficient to significantly alter the localized reso-calized resonances close to the conduction-band edge, simi-

VIIl. CONCLUSION
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lar to the single Si donor defect. Such a defect pair alsgoes beyond that which may be obtained from conventional
introduces a significant perturbation to the electronic strucheterostructure theory.
ture at the valence-band edge.

The localized interface features that have been described
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