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Energetics of antiphase boundaries in GaAs
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Structural energies of antiphase boundaries in GaAs are studied theoretically using a pseudopoten-
tial density-functional approach. The formation energy is calculated for several antiphase boundaries
having different orientation and stoichiometry. The lowest-energy (110) and (001) boundaries are
predicted to be stoichiometric (having no net excess of As or Ga atoms at the interface), while the
(111) antiphase boundary is predicted to be nonstoichiometric. The (110) boundary has the lowest
formation energy per unit area of those studied. Simple models of the energetics are discussed and
compared with the first-principles results. Simple wrong-bond counting is found to be grossly inad-
equate. An extended model of pair interactions involving a Madelung sum for distant neighbors is
formulated and found to give a reasonable description of stoichiometric antiphase boundaries. Non-
stoichiometric antiphase boundaries require special treatment, as they generally have a partially
filled donor or acceptor band and should be treated as metallic.

I. INTRODUCTION

In recent years there has been growing interest in the
electronic and structural properties of antiphase bound-
aries (APB's) in GaAs and other III-V compounds. An
APB is a planar topological defect across which there is
a reversal of the assignment of cation and anion species
to the two sublattices of the zinc-blende crystal ~

' Such
defects have been imaged by a number of workers using
transmission-electron-microscopy (TEM) techniques. s

APB's commonly occur as a result of heteroepitaxial
growth of GaAs on a (001) face of a Si or Ge substrate,
and are associated with preexisting single-height steps.
The reason for this is illustrated in Fig. 1. On each ter-
race, the assignment of atomic species to the A and B
sublattices is established by the initial attachment of an
As monolayer to the Ge substrate. This assignment will
be consistent on either side of a double-height step, but
will be reversed across a single-height step. Thus, an
APB will necessarily grow upwards from every single-
height step. Such steps are common, as a result of im-
perfect miscut of the (001) surface. The resulting APB's
are believed to interfere with the electrical properties of
the GaAs overlayer. Figure 1 also illustrates some of the
low-order orientations that are possible for APB's.

TEM studies have indicated that APB's tend to self-
annihilate during the first several hundred angstroms of
overlayer growth. " Several authors have suggested that
this could result from an alternation from step to step of
the preferred APB orientation. For example, Fig. 2 il-
lustrates one mechanism for APB self-annihilation, which
relies on the assumption that APB's oriented along (111)
directions are energetically favored. Then for a step along
(110) as shown, the APB can grow up in either the (111)
or (111)orientation. But these two orientations are not

equivalent, as is evident from the figure; one results in an
As-rich APB, and the other in a Ga-rich one. Moreover,
the assignment of type (As-rich or Ga-rich) to orienta-
tion reverses itself for each consecutive single-height step.
Thus, no matter whether it is the Ga-rich or As-rich APB
which is favored, the orientation of the APB's emitted
from the steps will alternate from step to step. Conse-
quently, the APB's will annihilate within a distance to

FIG. 1. APB's of several diferent orientations in a GaAs
film grown on Ge (001). Light, medium, and dark filled circles
represent Ga, Ge, and As, respectively. Heavy solid, dashed,
dashed-dotted, and dotted lines represent (110), (111), (112),
and (001) APB's, respectively. The light solid line indicates
interface position; the APB emerges from a single-height step,
but not from a double-height step.
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FIG. 2. As in Fig. 1, but showing a model for self-

annihilation of APB s via preferential formation of As-rich
APB's in the (111)orientations.

cited metastable configurations, depending upon details
of the defect and charge state. Such structures could very
well occur for some APB's, e.g. , the Ga-rich (111)APB.
This is a natural avenue for future exploration.

The manuscript is organized as follows. In Sec. II
we discuss possible interface geometries for APB's in the
(001), (011), and (111) orientations, and consider the
counting of wrong bonds and excess stoichiometry at the
APB. Section III introduces several possible models for
the energetics of such APB's. In Sec. IV we present our
method of calculation and our numerical results. The
extrapolation of these supercell results to the relevant
case of distant APB's, and the consequences of the results
for models of APB annihilation and of APB energetics,
will be discussed in Sec. V. In Sec. VI we obtain a deeper
understanding of attempts to model the APB energies
in terms of a two-body Ising-type model; to do so, we

carry out a perturbation expansion of the energy as a
function of species on each site, treating the species as a
continuous parameter. Finally, we summarize with some
general conclusions in Sec. VII.

the interface, which is comparable to the step-step sepa-
ration, and the remainder of the heteroepitaxial film will
be APB free.

Unfortunately there is little evidence to support the
assumption that APB's in the (111)orientation are pre-
ferred, as required by the above scenario. In fact, TEM
observations suggest that the (110) orientation is most
common, followed by (100). Thus, the above scenario
will require some revision.

Clearly, an understanding of the electronic and struc-
tural properties of APB's, and especially of their forma-
tion energy as a function of orientation, is highly de-
sirable. Previous estimates of the energetics of APB's,
based on wrong-bond counting models, will be shown
to be seriously inadequate, The primary purpose of the
present work is to carry out realistic calculations of the
energies of APB s of differing orientation, stoichiometry,
and local structure. We will also discuss attempts to de-
velop more realistic models for the energetics which can
do a reasonable job of reproducing the calculated ener-
gies.

In this work, we restrict ourselves to APB structures
in which the diamond lattice remains intact. We have
not attempted to estimate the energies of APB struc-
tures containing vacancies, interstitials, dislocations, or
other crystal defects. Thus, the only degrees of freedom
in our problem are the assignment of species to each atom
in the diamond lattice, and any small (harmonic) lattice
relaxations which may result. For the most part we be-
lieve that such defects would only be likely to raise the
APB energy, 'and would therefore occur only rarely in
an intrinsic APB structure. An important exception is
the possible occurrence of relaxations of the type pre-
dicted by Chadi and Chang and Zhang and Chadi
for As and Ga antisites in GaAs. These are broken-bond
configurations in which one or both atoms attached to
a wrong bond undergo substantial displacements away
from one another; they may be stable or low-energy ex-

II. INTERFACE GEOMETRIES

Figure 1 indicates the structure of ideal APB's of (110),
(111),(112), and (001) orientations. It is evident that for
the (110) and (112) orientations, there are equal numbers
of Ga-Ga and As-As wrong bonds crossing the interface,
so there is no net excess of Ga or As atoms associated
with the APB. For the (111) and (001) APB's, on the
other hand, all of the wrong bonds crossing the boundary
are of the same type, leading to a net excess of As or Ga
atoms. We shall refer to such an APB as a "polar" or
"nonstoichiometric" APB, and will characterize it by a
quantity o.~, which is defined as the excess number of
As atoms per 1 x 1 interface unit cell. Such an excess
will lead to a charged interface which acts like a donor
or acceptor layer. Thus, o~, is proportional to the
areal donor density (or acceptor density if negative). For
example, the ideal (111)APB illustrated in Fig. 1 has a
net excess of z As atom per interface unit cell, and will
act electrically like a "b doping layer" with one donor per
every two interface unit cells.

For the purposes of obtaining o~, and the correspond-
ing dipole density D~, (see below), it is convenient to
use the following counting argument. The APB config-
uration can be considered to arise from a reference Ge
crystal by the addition of an external point charge of
+e to each Ge nucleus to convert it into an As or Ga
atom, respectively. Furthermore, we can imagine divid-
ing up the point charge into four equal charges of +e/4
and moving them to the midbond positions of the four
bonds connected to the atom in question. (This step is
permissible for the purposes of the counting argument be-
cause it does not change the monopole or dipole moment
of the charge configuration. ) For a "right bond" (Ga-As
bond) these charges cancel, but As-As and Ga-Ga wrong
bands have charges +ej2 located at their midband posi-
tions, respectively. Thus
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and

(2)

where the sum is over wrong bonds i in a system with
N interface cells, r; are the midbond positions, and q; =
+e/2 for As-As or Ga-Ga bonds, respectively. The dipole
density D~, is only well defined when cr~, vanishes; in
this case it will be related (in first-order perturbation) to
the discontinuity b, P in the electrostatic potential across
the APB by

4xDA,
eA

(b)

BIi W BIi

where e is the bulk dielectric constant and A is the inter-
face cell area.

In the case of polar interfaces (oA, g 0), substitution
of some fraction of interface cations by anions (or vice
versa) can restore a stoichiometric interface. s ls We will
refer to an APB of this type as "compensated. " It follows
from the discussion above that a compensated APB must
have an equal number of As-As and Ga-Ga wrong bonds
per unit area of boundary.

Tables I and II give the counting of wrong bonds, of
0'~„and of Dg, for some of the possible APB's that are
considered in this work. Table I shows that among ideal
APB's the (111) appears most favorable from the point
of view of simple wrong-bond counting alone, followed
by (110), (112), and (001), in order of increasing wrong-
bond density. (Note that our values of the wrong-bond
densities differ from erroneous values reported previously
by Petroff. ")

However, the fact that the (111) is nonstoichiometric
might increase its energy substantially. (We shall see
later that this is indeed the case. ) Compensated (001)
APB's can be generated by reversing the species of half
of the atoms in one or the other of the two interface
planes (henceforth "type A" and "type B")or one-fourth
of both ("hybrid"); a similar approach works for (111)
APB's (Table II). However, in the case of the (111)APB,
such a substitution increases the number of wrong bonds

FIG. 3. Supercell structures used for the calculation of
APB energies: (a) 1 x 1 ideal (001) with 8 atoms per cell; (b)
2 x 1 type A (001) with 16 atoms per cell; (c) 4 x 1 hybrid
(001) with 32 atoms per cell; (d) 2 x 2 hybrid (001) with 32
atoms per cell; (e) 1 x 1 ideal (110) with 8 atoms per cell; (f)
1 x 1 ideal (111) with 8 atoms per cell. Light and dark filled
circles represent Ga and As, respectively.

attached to the reversed site from one to three. Thus, as
indicated in Table I, compensation increases the density
of wrong bonds for the case of the (111)APB, but not
for the (001). If we compare wrong-bond density among
stoichiometric (compensated) APB's only, we find that
the (110) now appears most favorable, followed by (112),
(111),and then (001).

In the case of the simplest compensated (001) and
(ill) APB's (type A or B), the dipo'le density D~, is
nonzero. However, with the right choice of layer stoi-
chiometry, it can be made to vanish (hybrid). APB's of
type A and B are equivalent (related by mirror symme-
try), so they must have the same formation energy. A
question then arises as to whether it is the hybrid struc-
ture or the type A/B structure which is energetically
preferred. If the latter, this would be a case of spon-
taneous symmetry breaking, in which the APB would

TABLE I. 1 x 1 interface unit cell (IUC) area, excess stoichiometry nA, per IUC, and near-
est-neighbor wrong bonds per IUC and per unit area, for APB s in four different orientations.
ao = 5.66 A is the GaAs lattice constant; "comp. " indicates compensated.

APB
orientation

and type

(001) ideal
(001) comp.
(110) ideal
(ill) ideal

(ill) comp.
(112) ideal

IUC area
(x4/aa)

2
2

~3
2~6

~As

per IUC
Wrong bonds

per IUC

Wrong-bond
density
(xa20/4)

1.00
1.00
0.71
0.58
0.87
0.82
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TABLE II. Ideal and compensated polar APB's. Com-
position is indicated by giving the layer-by-layer As fraction
near the APB; "I" indicates a break between double layers.

oA, and D~, are the excess As density and dipole density,
respectively, per interface unit cell (see the text).

Model

(001) ideal

(001) type A

(001) type B

(001) hybrid

(ill) ideal

(ill) ideal

(111) type A

(111) type B

(111)hybrid

Composition

~ ~ 0 1 0 1 ] 0 1 ~ ~ ~

~ 10 —1011
2

~ ~ ~ 101 —011
2

~ ~ 10 ——01 ~
3 1
4 4

" IolIloI"
" IloIo1. I" ~

" Io-'IloI".4

" Io1I -'o I"4

Io-'I -'oI ~

8 8

~As

+ 1
2

1
2

DA /&o

+ 1
8

1
8

+%3/8

—~3/8

III. MODELS FOR ENERGETICS
OF ANTIPHASE BOUNDARIES

In this section we discuss possible models for the for-
mation energies of APB's. In Sec. III A we discuss lattice-
gas models and their limits of validity. We argue that a
model of this kind may be applicable for stoichiomet-
ric and compensated APB's (those with 0'~, = 0), but
cannot possibly be generally valid. We also discuss, in
Sec. III B, a rough model for the case of nonstoichiomet-
ric APB's, which generally have partially filled donor or
acceptor bands and are therefore metallic.

spontaneously choose one of two directions for the dipole
density of the interface. Quite possibly there would be
domains of opposite dipole density within a single APB,
which would give rise to fringing electric fields. There
might also be a critical temperature above which the
thermal average of D~, vanishes; if so, this would be
a novel realization of a 20 Ising transition. We have ex-
plored this question for the case of compensated (001)
APB's; unfortunately, we find in Sec. IV that the hybrid
structure appears to have the lower energy, so that these
interesting eft'ects will apparently not occur.

For the purposes of carrying out numerical calculations
on the energies of APB's, it is convenient to arrange them
into "supercells" which are periodic in all three spatial di-
mensions. Examples of supercells of this kind are shown
in Fig. 3 for several (001), (110), and (111)APB's. Be-
cause the regions on either side of an APB are crystallo-
graphically distinct, we always have two APB's per su-
percell. Moreover, in the case of polar APB's, we will

choose the excess stoichiometry of the two APB's to can-
cel, so that there will always be equal numbers of Ga and
As atoms in the supercell. In this way, we avoid having
to introduce chemical potentials for As and Ga atoms.

A. Locally stoichiometric APB's

We consider an expansion of the crystal energy of the
form

E((S)) = E, +) H S;+ —,) J,,SS,

+—,) I&,„aS,S, Sa +"',2,k

(4)

b,E({S;))= N„bE~b, (6)

where N b and E b are the number of wrong bonds and
the energy cost for creating them, respectively, and 4
indicates the change relative to an ideal GaAs crystal.
Since N b = Pt; )(S,S& + 1)/2, where the sum is over
nearest-neighbor pairs (ij), Eq. (6) can be considered as
a special case of Eq. (4), restricted to nearest-neighbor
two-body interactions.

In light of the long range of the perturbing potential
V(r), the adequacy of a nearest-neighbor expansion is
highly dubious. Longer-range two-body interactions can
be included approximately by making use of the limiting
form J;~ = S;Sz/coIR, —R~ I appropriate for large IR;—
R~. I. Here co is the static dielectric constant of the virtual
crystal. In this case we can write

where the degrees of freedom in the problem are the
"spin" variables S; which can take values +1 for an As
or Ga atom on site i, respectively. By translational sym-
metry, the linear coefficients H; must all be equal, and
we can take B; = Qp, the chemical potential diR'erence
between As and Ga reservoirs. (6p can be ignored for
stoichiometric APB's. ) Similarly, the J;z ——J(R; —Rz)
can be interpreted as "exchange couplings" for the spins.

When considered for discrete variables S; = +1, the
coefficients appearing in Eq. (4) are not unique. For ex-
ample, since S2 = 1, terms involving diagonal coefficients
J;; could be subsumed into Eo. Indeed, alternative ex-
pansions are possible and have been successfully used for
alloy problems. ' However, Eq. (4) has the advantage
that it can be derived from a perturbation expansion
about a virtual crystal state. In this approach, the bare
pseudopotential on site i is taken to be

V, = V+S,hV,

where U(r) = [V~,(r)+ VG (r)]/2 is the virtual ion poten-
tial, and b, V(r) = [Vp„(r)—VG (r)]/2 is the perturbing
potential. Then the J;& are uniquely defined as the co-
efBcients that arise at, second order in the perturbation
theory, and could in principle be calculated using linear-
response methods. ~s Of course, the perturbation b, V(r)
used here is stronger and longer ranged than those that
have been used for isoelectronic alloys, ~~ ~s so we cannot
be sure a priori whether such a perturbation expansion
will converge rapidly, or at all, for APB structures of in-
terest. This question will be considered further in Sec.
VI, where some numerical tests are carried out.

For many purposes, a simplified empirical version of
Eq. (4) would be preferable. A simple counting of wrong
bonds, for example, would lead to



11 196 DAVID VANDERBILT AND CHANGYOL LEE 45

M

AE({S;))= GEM d+ ) X ~ E ~,

where

(7)

(8)

In the limit that 00 is small and L is large, we expect
the bands to be bent as illustrated in Fig. 4 for the case
of intermediate f .The electric field between APB's is
+2n.op f, and the resulting energy difference Er between
the donor and acceptor levels on alternating APB's is

b, r. = E~ —2rrLo p f/~ p .

is a Madelung sum, and N
& and F & are the number(rn) (m)

and energy contribution of mth-neighbor wrong bonds,
respectively. (By an mth-neighbor wrong bond, we sim-
ply mean a pair of mth-neighbor atoms which are of un-
like type if they would normally be of like type, or vice
versa. By this definition there are no wrong bonds in
ideal GaAs. ) Since the sum in Eq. (8) is over all neigh-

bors, E &
is now really the correction to the simple

Madelung energy for mth-neighbor bonds. The correc-
tion is assumed to be negligible beyond Mth neighbors.
The expansion of the form (7) involving first neighbors
only (M = 1) has actually been suggested long ago by
Holt as a natural starting point for APB energetics. As
we shall show in Sec. V, we find that Eq. (7) does indeed
provide a useful approximation for the formation ener-
gies of stoichiometric APB s if corrections up to third
neighbor (M = 3) are kept.

E(f) = Ep —Egapf +'rrLapf /ep, (10)

which is sketched for f = 0 and f = 1 as the dotted
and dashed curves, respectively, in Fig. 5. When E is
minimized with respect to f subject to the constraint
f ( 1, one obtains

1, LCL,
L, /L, L& L,

and

Ep —E~op(1 —L/2L, ), L ( L,
Ep —EgopL, /2L, L & L„

If we let Eo be the energy per unit area per APB pair for
the case of fully neutral APB's (f = 0), and consider the
work done as electrons are t, ransferred from the As-rich
to the Ga-rich APB, we obtain

B. Nonstoicbiometrie AP B's

The lattice-gas expansions given in the preceding sub-
section cannot possibly be valid generally for nonstoi-
chiometric APB's. For example, consider two ideal (001)
APB's, one As-rich and one Ga-rich (with O'A, = +Ao'p,
respectively) separated by a distance L. For large L, this
system behaves like two uniform charge sheets of areal
charge density cro embedded in a dielectric medium, and
therefore contributes an energy per unit area 2rrLa 2p/Ep

to EM d. Thus, the electrostatic energy diverges linearly
with L as the two APB's are pulled apart. Physically, this
corresponds to the assumption that t, he donors or accep-
tors associated with the nonstoichiometric APB remain
fully ionized. However, this assumption breaks down
when the electrostatic energy difference across this "par-
allel plate capacitor" becomes comparable to the energy
gap F& of the semiconductor. At this point it becomes fa-
vorable for there to be an electronic charge transfer from
one APB to the other; for very large L, a model of neu-
tralized donors and acceptors becomes more appropriate.
One cannot expect the perturbation expansion (4) or (7)
to "know about" this transition, which involves equili-
bration of Fermi levels in remote regions. Rather, one
should interpret Eq. (4) or (7) as giving the energy for
the (possibly nonphysical) case of fully ionized donors
and acceptors in the APB's.

To be more quantitative about the argument, presented
in the preceding paragraph, we consider a periodic array
of alternating As-rich and Ga-rich APB's, of separation
L, and with fractional ionization f of the donor and ac-
ceptor layers associated with the APB's. Thus f = 0 and
f = 1 correspond to fully neutral and fully ionized cases,
respectively, and the net free charge on the APB is opf

where L = E&rp/2wo'p is a critical length. For L ( L„
the APB's remain fully ionized (f = 1), the acceptor lev-
els on the Ga-rich APB nevertheless lie below the donor
levels on the As-rich APB's, the system remains insulat-
ing, and the expansions (4) and (7) are presumably ap-
plicable. For L & L„onthe other hand, the donor and
acceptor bands are only partially filled, the APB's be-
come metallic, the Fermi levels of the alternating APB's
equilibrate, and the expansions (4) and (7) cannot pos-
sibly apply.

Numerous assumptions underlie the above analysis.
For example, because energy and position are not simul-
taneously well defined, Fig. 4 only makes sense for L » a
(lattice constant). Also, we have assumed that the donor

CBM

FIG. 4. Sketch of the energy of the conduction-band min-
imum (CBM) and the valence-band maximum (VBM) as a
function of position in the neighborhood of two nonstoichio-
metric planar APB's of separation I, , according to a simple
model (see the text). Donor states associated with an As-rich
APB on the left are partially ionized, as are acceptor states
on a Ga-rich APB at right. De is the energy gap between
donor and acceptor states.
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FIG. 5. Creation energy (full line) of a periodic array of
alternating As-rich and Ga-rich APB's as a function of separa-
tion L, according to a simple model (see the text). The dashed
line shows the energy for fully ionized (charged) APB's; the
dotted line shows the energy for neutral APB's. The solid
dot indicates the critical point separating insulating (left) and
metallic (right) APB's, respectively.

and acceptor levels associated with the APB's are shal-
low; otherwise Eq. (9) needs to be modified. One might
also be concerned that the hydrogenic donor or acceptor
radius might be large enough to lead to significant over-
lap. However, the "hydrogenic" states here are really
confined in a V-shaped potential (Fig. 4) instead of a
1/r potential, and will therefore be much more localized
than for an isolated donor or acceptor.

Because of these assumptions, we intend Eq. (12) to
be interpreted as merely a rough model which gives a rea-
sonable qualitative description of the crossover between
insulating ionized APB's at small I, and nearly neutral
metallic APB's at large I We will a.lso use it in Sec. V to
fit our results for the energy of nonstoichiometric APB's
as a function of supercell dimension, in order to make an
approximate extrapolation to the case of well-separated
AP8's.

IV. LDA METHODS AND RESULTS

Total-energy calculations were carried out using first, -
principles norm-conserving pseudopotentials within the
framework of the local-density approximation (LDA).
Plane waves up to a cutoff'of 10 Ry were included exactly
using an iterative method for obtaining eigenfunctions of

the Schrodinger equation. ~7 The charge density was con-
verged using a dielectric matrix as a guide, 1s and using
a modified Broyden method' to accelerate the conver-
gence. All calculations were carried out using a k-point
set corresponding to the 10-k-point set in the irreducible
Brillouin zone of the bulk GaAs crystal, thus eliminat-
ing systematic errors in comparing energies of different
structures. When this bulk 10-point set is folded down
to the irreducible Brillouin zone of the APB supercell,
we arrive at sets containing between 8 and 30 k points,
depending on the supercell dimensions and symmetry

The results of these total-energy calculations are given
in Table III. The results are given relative to the total
energy of an equal number of Ga and As atoms in an
ideal GaAs crystal. Thus, the energies in Table III can
be attributed to the two APB's in the supercell.

In several cases we calculated forces and relaxed the
coordinates of the atoms in the supercell, but we found
that these relaxation effects were relatively small. For
example, for the 8-atom ideal (001) and (111)supercells,
the maximum relaxation within the unit cell was found
to be about 0.04 A, and the resulting change of total
energy was less than 0.04 eV per supercell. The relax-
ations for the 8-atom (110) APB were slightly larger,
due to reduced symmetry. However, we did not system-
atically calculate relaxation energies. (Nor have we at-
tempted to calculate the rigid-body translation across the
APB, which has recently been measured by Rasmussen,
McKernan, and Carter. ') Thus, for consistency we have
omitted relaxations in all the results quoted in the tables.

V. DISCUSSION

In order to gain insight into these results, we consider
some of the models of energetics introduced in Sec. III.

Clearly, the simple wrong-bond counting of Eq. (6) is
not an adequate starting point, . A comparison of Tables
I and III indicates that the interface energy per wrong
bond ranges from 0.4 to 0.6 eV, depending on the APB
under consideration. Moreover, Eq. (6) would predict
that the APB energy should be independent of supercell
size, which is clearly not the case for (001) and (111)
ideal APB's.

Let us then consider the model of Eq. (7), in which

TABLE III. Calculated and fitted total energy Eg g per 1 x 1 interface unit cell per APB pair,
relative to ideal GaAs, for supercell structures containing APB s. Asterisks indicate structures that
were not included in the fit.

Type

(001) ideal
(001) ideal
(001) type A
(001) hybrid
(001) hybrid
(110) ideal
(111)ideal
(111) ideal

Lateral
periodicity

lxl
lxl
2xl
2x2
4xl
lxl
lxl
lxl

Atoms per
supercell

8
16
32
32

8
4
8

LDA EL~t

(eV)

1.69
2.01
2.20
2.06
2.14
1.58
0.70
0.96

Fitted Et~)
(eV)

2.42'
2.79'
2.21
1.98
2.19
1.61
0.69
0.95'
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TABLE IV. Estimated APB creation energy per unit area
for distant APB's, as extracted from total-energy calculations.
{For nonstoichiometric APB's, the value given is actually the
average of the energy of As-rich and Ga-rich versions. )

Type

(001) ideal
{001)type A

{001)hybrid
{001)hybrid
(110) ideal
{111)ideal

Lateral
periodicity

1x1
2x1
2x2
4x1
1x 1

1x1

Creation energy
{meV/A )

74
69
64
67
35
44

the energy is expanded in pair interactions which take a
simple Madelung form beyond third neighbor. As indi-
cated in Sec. III A, such a model is expected to apply to
stoichiometric and compensated APB's. We also expect
it to apply to the 4-atom (111) ideal supercell, since in
this case the supercell periodicity I is small compared to
the critical length L„and the APB should remain fully
ionized. (Further justification for this statement is given
below and in Sec. VI. ) For the other polar APB config-
urations in Table III we expect L & L„and we do not
expect the model to apply.

We have carried out a fit of the model of Eq. (7) to
the structures in Table III to which it is expected to
apply. The results of the fit are given in the last column
of Table III. In the fitting procedure, we fixed eo ——10 for
the dielectric constant of the virtual crystal (this value
was chosen to be close to the known value for Ge), and

obtained the values of the three parameters E b, E b,
(i) (2)

and E b which gave the best least-squares fit for the

five structures indicated in Table III. We found E b
——(i)

0.463 eV, E b
——0.026 eV, and E b

———0.052 eV. The
good quality of the fiit is apparent in Table III, While
E b and E b may appear small, there are typically 5

(2) (3)

times as many second- and third-neighbor wrong bonds
as first-neighbor wrong bonds for the APB structures of
interest. We found that truncating the sum in Eq. (7)
after first or second neighbors (M=1 or 2) resulted in
fits of significantly poorer quality.

The fitted values of the APB energies are also reported
for the nonstoichiometric APB s (see quantities with as-
terisks in the last column of Table III). Not surprisingly,
the model severely overestimates the energy, at least for
the two (001) cases.

Physical APB's in a GaAs crystal will typically be sep-
arated by distances much greater than those of any of our
superlattice structures. Thus, it is of interest to extrap-
olate our results to the case of distant APB's. This has
been done in Table IV. For the case of stoichiometric
APB's, no special extrapolation is necessary; the values
in Table IV have been taken directly from the structures
with 8 atomic layers per supercell in Table III. This can
be justified because the convergence of the energy with
respect to supercell dimension is expected to be exponen-
tial, with a decay length on the order of the periodicity

of the APB structure parallel to the interface. We have
tested the dependence of the supercell energy upon re-
peat distance within the context of the model of Eq. (7),
and find that it is already converged to less than 0.02 eV
per 1 x 1 interface cell for the case of an 8-layer supercell.

However, for nonstoichiometric APB's, a more sophis-
ticated extrapolation is necessary. For this purpose, we
have applied the model of Sec. III 8, which accounts for
the crossing of the donor and acceptor levels of distant
APB's, and the consequent partial filling of the donor
and acceptor bands. We begin by estimating the dimen-
sionless parameter I = L/L„where L is the APB spacing
and L, = E~ep/2xap is the critical length defined in Sec.
III B. Using E& ——1.5 eV, ~0 ——10, and the values of 0.A,
given in Table I, we obtain t = 1.06 and 2.13 for ideal
(001) APB's in a 4- and 8-atom supercell, respectively.
In both cases I ) 1, so from Eq. (12) we can estimate
the energy at infinite separation to be

+p = ~LDA + Ey&p(I I/2) . (14)

We obtain Ep ——1.18 and 1.22 for 4- and 8-atom (111)
supercells, respectively.

The close agreement between the estimates based on
4- and 8-atom cells for both (001) and (111) cases gives
us confidence that the rough model of Eq. (12) is ad-
equate for the purpose of extrapolating our results to
infinite separation. We have used the values obtained
above from the 8-atom cells to derive the final APB en-
ergies per unit area, given in the first and last row of Table
IV. Incidentally, the fact that I ( 1 for the 4-atom (ill)
structure justifies the inclusion of this structure in the fit
to the model of Eq. (7), as discussed earlier in this sec-
tion. (Further confirmation of this conclusion is found in
Sec. VI.)

For APB's of (001) orientation, note that the compen-
sated APB's of all kinds are preferred over the ideal one.
Moreover, the hybrid structures (either 2 x 2 or 4 x 1)
have a lower energy than the type-A structure. Recall
that the former hybrid structures have the dipole density
O~, —0, while for the latter it is nonzero. If the type-A
structure had been found to have the lower energy, this
would have suggested a spontaneous symmetry breaking
(with respect to the sign of O~, ) and the occurrence of
an Ising transition in the equilibrium configuration of the
(001) APB as a function of temperature. On the con-
trary, our results appear to rule out such a possibility.
Finally, while the hybrid 2 x 2 seems to have the lowest
energy of (001) APB's, the energy of the 4 x 1 structure
is quite close, and it is quite possible that a disordered
configuration, with D~, ——0 on average, would occur in
practice.

Note that the (111) ideal APB energy looks rather low

Ep ——ELDA + Eza p/2l .

Putting in numbers, we find Eo ——2.40 and 2.36 for 4-
and 8-atom supercells, respectively. For the ideal (111)
case, we find in a similar way that l = 0.71 and 1.42 for
4- and 8-atom supercells, respectively. Since l & 1 for the
4-atom cell, Eq. (12) implies that for this case we should
inst, ead use
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in Table III, but when extrapolated to infinite separa-
tion, and corrected for unit cell area, the (111) energy
becomes substantially higher than for (110). Thus, the
ideal (111)APB, which appeared to be the most favor-
able on the basis of wrong-bond counting alone, is no
longer the lowest-energy configuration. %'hile we have
not carried out an LDA calculation of the energy of a
compensated (111) APB of the kind indicated in Table
II, we expect it to have a relatively high energy. This is
because compensation requires an increase in the num-
ber of wrong bonds in this (111)orientation, as pointed
out in Sec. II. We have estimated the energy of a com-
pensated (111)APB using the model of Eq. (7) with the
fitted parameters given above; we find an energy of 54
meV/A. , compared to 44 meV/A for the metallic ideal
configuration. Thus, it appears likely that (111) APB's
will prefer to remain uncompensated.

If we compare the lowest-energy APB for each orien-
tation, we find that (110) is clearly the preferred orien-
tation, followed by (111),and then (100). Moreover, we
find that the energetic advantage of the (110) APB is
sufficient to cause faceting of an APB which is initially
prepared in a (001) or (111) orientation, provided that
such faceting is kinetically allowed. An (001) APB which
facets into (011) or (101) orientations increases the APB
area by a factor of +2 = 1.41, but this is less than the
ratio 1.83 of the energy per unit area of (001) vs (110)
APB's. Similarly, the energy per unit, area of the (111)
APB exceeds that of the (110) by a factor 1.26, which
is slightly larger than the relevant geometric factor of
y 3/2 = 1.23. It must be kept in mind, however, that
kinetic limitations may prevent such faceting, even when
it is energetically favorable.

In Sec. I, we presented a model to explain the tendency
for APB's formed during the grown of GaAs on (001) Si
or Ge substrates to self-annihilate. That scenario, il-
lustrated in Fig. 2, required APB's of (111)orientation
to be energetically preferred. This is at variance with
our results, which indicate instead that APB's of (110)
orientation will be favored. To explain the experimen-
tal indications of self-annihilation, we propose a revised
mechanism based on (110) APB's, as illustrated in Fig.
6. Here, we assume that, to a first approximation, APB's
grow perpendicular to the substrate with (110) orienta-
tion, but that they occasionally have "kinks" or "steps"
which shift their position laterally by one lattice unit.
Such kinks will either be Ga-rich or As-rich, depending
on the direction of the kink; moreover, this dependence
upon direction is reversed for alternate APB's (see Fig.
6). If Ga-rich kinks are energetically preferred, alternate
APB's will gradually shift in opposite directions until
they annihilate. The same is true if As-rich kinks are
preferred. In this model, the thickness of the GaAs layer
required for self-annihilation is at least several times the
step spacing, but otherwise it is similar in spirit to the
earlier version based on (111)APB's.

Before closing this section, we wish to emphasize again
that our studies have been limited to APB structures in
which the bonding of the diamond structure remains in-
tact. As mentioned earlier, broken-bond configurations
such as those considered by Zhang and Chadi in the con-

FIG. 6. As in Fig. 1, but sho~ving a revised model for
self-annihilation of APB s via preferential formation of As-
rich (11})kinks in APB's of (llO) orientation.

text of point defectsi have not yet been ruled out. It is
possible they could play a role, e.g. , for a Ga-rich (111)
polar APB. Pending a study of this possibility, we should
consider our conclusions that the (110)is energetically fa-
vored over (ill), and especially that (111)would facet
to (110), to be somewhat tentative in nature.

VI. TREATMENT OF SPECIES
AS A CONTINUOUS PARAMETER

In this section, we take a somewhat different approach
to understanding the structural energies of the APB's.
We replace atoms in the unit cell by imaginary atoms
whose properties are a mixture of those of Ga and As.
(An approach of this type has been used by Chelikowsky
et al. to study structural phase transitions as a function
of ionicity. ) We can represent a given atom in the crys-
tal by a bare pseudopotential which is given by a weighted
average of the Ga and As pseudopotentials, as indicated
earlier in Eq. (5). We introduce a continuous parameter
A which determines the composition of the atoms in the
interface, such that Gali+q&~2Asli ql~q replaces Ga, and
Gait ~l~2Asl&+~&~2 replaces As. Thus, the "spin" vari-
ables S, of Eq. (4) now take continuous values S, = +A.
For A = 0, we have an ideal crystal made out of Ge-like
atoms, while for A = 1 we recover the APB configuration
of interest.

We have calculated the energies of several APB con-
figurations as a function of continuous A using this ap-
proach. Results for the energy of ideal (001) and (111)
APB's in a 4-atom supercell are shown in Fig. 7. We
have plotted AE(A), where —AE(A) = E(A) —E(0). We
have also carried out a fit of —AE(A) to a low-order poly-
nomial in A, using the results for A ( 0.6. [For all su-
percells studied, E(A) is even in A.j In the ideal (001)
APB, we found that —EE(A) visibly deviates from the
curve we expect from the expansion in terms of A, while
in the ideal (111) APB, —h.E(A) follows the expansion
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2.0
an interesting extension of the present work, particu-
larly if the structural relaxations at harmonic order were
simultaneously included using the same linear-response
techniques.

LLI
1.0

I VII. SUMMARY AND CONCLUSIONS

Q Q

0.0 0.5 1.0

FIG. 7. Plot of —DE(A) vs A (see the text) for the case
of 4-atom supercells of {001)and (111)orientation (filled and

open circles, respectively). Solid lines are fourth-order poly-
nomial fits to the calculated values for A & 0.6.

in terms of A~ very well up to A = l. In principle, A

can take any real value, so we increased A until —6E(A)
deviates from the perturbation expansion. We est, imate
the critical A, at which the perturbation theory starts to
fail to be around 0.7 and 1.9 for the ideal 4-atom (001)
and (111)APB's, respectively.

For polar APB's such as those under consideration,
we can understand the breakdown of the perturbation
theory following the discussion of the preceding section.
When A = 0, all the atoms are Ge-like, so there is
no spatial dependence of the band struct, ure, and the
band bending shown in Fig. 4 is absent. As A increases,
the electric field builds up and the energy bands get
tilted. Not until the conduction-band minimum crosses
the valence-band maximum (A A, ) does the perturba-
tion expansion break down. In fact, the model predicts
A, = I/t, which would imply A, =0.9 and 1.4 for the (001)
and (111) 4-atom APB's, respectively. This is in rough
agreement with the values obtained empirically above.
Thus, both types of analysis lead to a consistent pic-
ture, in which the (001) and (111)4-atom supercells are
in the metallic and perturbation regimes, respectively.
For the {001)case, partial ionization of interface atoms
occurs, the conduction-band minimum equilibrates with
the valence-band maximum, and the interface becomes
metallic. Meanwhile, for the (111)case, the interface re-
mains fully ionized and insulating. We were therefore
justified in including the LDA energy of the ideal (111)
APB for a 4-atom supercell in the fitting procedure of
Sec. V.

As mentioned earlier, the coefficients at order A in
the perturbation expansion could be calculated efficiently
using a linear-response approach. This has not been
attempted here. However, such a calculation would be

We have studied the energies of APB boundaries as
a function of orientation, stoichiometry, and local struc-
ture. The (110) orientation is found to have the lowest
formation energy per unit area, which is consistent with
experimental observations indicating that, this orienta-
tion is the one most frequently observed.

We have argued that approximate models for the en-
ergetics of APB s must distinguish between nonstoichio-
metric (0.~, g 0) and stoichiometric (Op„——0) configu-
rations. rhe former are harder to describe properly; we
have used a rough band-bending model for this purpose.
The latter are amenable to a perturbation approach. Ex-
cept for APB's of (111) orientation, we find that such
stoichiometric structures are always energetically favored
over nonstoichiometric ones.

For such stoichiometric APB's, we have proposed a
specific model of pair interactions with a long-range
Madelung form and near-neighbor corrections through
third neighbor, Eq. (7). This model does a reasonable
job of reproducing the APB energies calculated within
the LDA. One possible avenue for future study would be
to use this model to investigate the equilibrium statisti-
cal mechanics of the APB configurations at finite tem-
perature, perhaps using Monte Carlo techniques. In this
way, one could get statistical averages like layer-by-layer
composition (i.e. , information about interface width and
interdiffusion) and APB free energy as a function of tem-
perature. One could also investigate energies of kinks in
APB's. While it is questionable whether equilibration
can take place for the temperatures and time scales of
experimental interest, such a study would nevertheless
provide useful guidance.

Finally, we have discussed mechanisms for the self-
annihilation of APB's grown on Si or Ge (001) sub-
strates. Our results suggest that the APB's will primarily
grow normal to the substrate in {110)orientation, but we

point out that a preference for Ga-rich or As-rich kinks
in the APB can indeed provide a tendency toward self-

annihilation.
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