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Comparison of Dipole Layers, Band Offsets, and Formation Enthalpies of
GaAs-AIAs (110) and (001) Interfaces
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(Received 2 June 1987)

We report a very careful, self-consistent, relativistic pseudopotential calculation of the interfacial di-
pole double-layer potential, valence-band offset, and formation enthalpy of (GaAs)3(A1As)3(110). A
comparison is made with identical calculations for the (001) superlattice with the following results
[(001) in parentheses]: The interfacial dipole layer is 315 (154) meV. The formation enthalpy per
twelve-atom unit cell is —21.9 (+1.7) meV. The valence-band offset is (446) 447 meV. This lends
credence to the idea that the band OAset is a diAerence of bulk quantities and that vastly difIerent inter-
faces set up whatever double layer is necessary to maintain that diff'erence.

PACS numbers: 71.45.Nt, 61.60.+m, 68.35.Md, 71.25.Tn

The idea of effective midgap points (EMP) in semi-
conductors has recently become popular. To obtain the
band oA'sets in a superlattice, one has merely to calculate
the energy bands of the two constituents separately and
line up their EMP. Although difTerent workers' have
defined the EMP somewhat diAerently, the concept is

appealing and has met with some empirical success. One
might raise the objection that the band offsets depend on
the interfacial dipole double-layer potential hd;~, and
that Ad;~ is strongly face dependent. One of the two ma-
jor conclusions to be drawn from this work is that the
Ad;v of the (110) and (001) GaAs-A1As interfaces differ
by over a factor of 2 but that this difference exactly (to
within our numerical accuracy) cancels a difference in

the face dependence of the average Coulomb potential,
leaving the band offsets face independent.

Recent calculations of the formation enthalpy H of
(GaAs) i (A1As)1(001) have been positive, indicating
that the interface is unstable to disproportionation,
even at 0 K. Our very recent calculation for
(GaAs)3(A1As3)(001) found H =0.6 meV per interface
(compared with 7.45 meV for the monolayer superlat-
tices) indicating that the stability of the isolated (001)
interface is too close to ca11. We here find H= —10.95
meV per interface for (GaAs)3(A1As)3(110), resulting in

our second major conclusion: The isolated (110) inter-
face is stable at 0 K.

Our computational method is identical to that de-
scribed in I and will not be discussed except to question
whether H for a twelve-atom unit cell can be calculated
with millivolt accuracy. Systematic errors such as those
inherent in the local-density approximation for exchange
and correlation, the use of scalar relativistic pseudopo-
tentials, and small (but identical) Gaussian basis sets
cancel when the constituent semiconductor cohesive en-
ergies are subtracted from that of the superlattice. It is
in real- and reciprocal-space integrations that large er-
rors might arise. We here sample the six k points in the

irreducible wedge of the Brillouin zone (BZ): k=(tr/

a)[tt(0, 0, 1)+P(1,1,0)+ 6 (1,1,0)] with a= —,
' and

and P= —,', —,', and —,
' . These represent 48 points in the

full BZ and are equivalent to 144 points in the mono-
layer superlattice. We sampled twelve k points in the

wedge of the monolayer superlattice, representing
128 points in the full BZ. In I we made an eighteen-
point wedge (192 full BZ) sample for the monolayer su-

perlattice because it is equivalent to the six-point wedge
sample of the three-layer (001) superlattice, and ob-
tained a change of only 0. 1 meV in the total energy.
This BZ sampling lies between those two in density and
should yield equally good results. Our real-space in-
tegrations are performed with a fitting technique as de-
scribed in I and Ref. 3. The 668 random points we gen-
erated for the zinc-blende unit cell become 23988 in the
(110) superlattice; the fitting functions expand to 808
Gaussians and 900 symmetrized combinations of plane
waves in this lower symmetry. It is very expensive to
construct and manipulate the 1708x23988 fitting ma-
trices and so we did not compare diferent sets of random
points. In I, where it was cheaper, we found a 16.9-meV
variation in superlattice cohesive energy but only 1.0-
meV variation in H due to random point selection which

g„„e„k—gz V(K)p(K) (Ry)
—,
' x 8trr1+„p (K)/K' (Ry)
j[e., (pr) p&

—g e., (p, )p, l (Ry)
E...id (Ry)
E... (Ry)
Easom (Ry)
E„h (eV)
3 (EGfAs +E A)As ) (eV)
Formation enthalpy (meV)

(110)

23.501 380
9.321 959

—36.436 366
—100.902 834
—104.515 860
—100.933 842

48.7334
48 ~ 7115

—21.9

(ool)

23.495 903
9.332 236

—36.439 433
—100.902 834
—104.514 128
—100.933 842

48.7098
48.7115

1.7

TABLE I. Four contributions to the total energy and forma-
tion enthalpy of (GaAs)q(A1As)3(110) and (001) at a lattice
constant a =5.6622 A.
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FIG. 1. Planar average of Ap in units of 2.52.5 x 10 electron
per cubic bohr and the double-layer potential h. V it engenders.
He« ~p =

psuperlattice pconstituent.

demonstrates the importance of using the same random
points in the superlattice and zinc-blende crystals. The
fitt ng accuracy here is identical to that sn I. One reasonln

for this great accuracy is that Coulomb errors cance. o
first order when the energy is calculated variationa y. '10

We should also mention that our GaAs and A1As lattice
constants are sufficiently close to experiment and to each
other that strain eff'ects in the superlattice are negligible.

Table I compares the four contributions to the co-

hesive energy and H with those for the (001 superlat-
ftice. The Ewald energy, representing the interaction o

point ions with a constant background of charge density,
is identical in the two cases. The first term, representing
kinetic and pseudopotential energy, and the exchange en-
ergy term are both more positive for (110) than (001),
but the Coulomb-energy difference dominates and is less
positive for (110) resulting'' in a negative H Mo. st of
this Coulomb-energy difference between three-layer
(001) and (110) superlattices probably exists for isolated
interfaces whereas the difference between one- and
three-layer superlattices is attributed to Coulomb repul-
sion between interfaces.

One might suspect that this energy difference is due to
(001) being a polar interface while (110) is nonpolar;
however, just completed calculations for the polar 111
interface yield H(i i i) = —20.8 meV.

Figure 1 is a plot of the difference between the planar
average of the superlattice charge density and that of its
constituents and the potential h, V that this double-layer
charge distribution engenders. This net flow of charge
from the Al to the Ga side is consistent with random-
alloy nuclear resonance results' as well as with the
larger binding energy (i.e. , the negative of E„, dis-
played in Table I) of GaAs. The difference between hV
at the central GaAs and AIAs planes (i.e. , at the edges
of the figure) is dd;~ =314.2 meV. Note the large
differences in both magnitude and shape between this
and Fig. 3 of I. Note also that Ad;„has not quite con-
verged in cell thickness. ' Figure 2 displays the planar
average of the full crystal potential (except for the non-
local part of the pseudopotential) with V the central
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FIG. 2. Planar average of the local potential of the superlat-
tice. The horizontal lines represent V which is V averaged over
the central cells. V is V at the central GaAs and A1As planes.

FIG. 3. Planar average of the Coulomb potential arising
from point ions and bulk pseudocharge densities of GaAs and
A1As as escri e ind b d

'
the text. The long horizontal lines

represent the average of these potentials. The shorter lines
represent t e tops o eh f th valence bands with respect to these
average potentials.
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h d f the interface, in units of Fig. 1. Solid lines represent
d b reflection of the plots in their long edges. Filled circles are

f 6 in the two atomic planes on the eit er si e o e in er
positive hp and dashed lines negative hp. A full unit cell is obtained by re ection o e p o s
As atoms, open circles are Al, and filled squares are Ga.

culation of hEy is less accurate than our other two but is
pedagogically useful. ' In Fig. 3 we just ]uxtapose
Coulomb potentials of (110) planar averaged slabs of
bulk GaAs and A1As charge densities. The I 8 levels
are bulk values in which the arbitrary zero of Coulomb
potential is taken to be the average slab potential. Fig-
ure 3 divers from Fig. 6 of I in sign' and in size of aver-
age potential discontinuity. Figure 3 diflers from the su-

'
1 b hV theperlattice planar averaged Coulomb potentia y, e

potential due to hp, the charge which flows from A1As to
GaAs, shown in Fig. 1. Thus

GaAs and A1As plane potentials and V the average po-
tential over the central cells. When the I 8 valence-band
ed es are calculated in the bulk crystals with respect to
AV, the valence-band offset obtained is AEy =0 4444 eV;.
when calculated with respect to AV, AFy=0. 4494 eV.
We take the average, BE~=0.447 eV, as our best esti-
mate and compare it with our (001) result, AFy =0.446
eV. Equality of the (110) and (001) offsets to two de-
cimal places has been found in accurate calculations'
but not in more approximate ones. ' The following cal-

nar average of hp, but hp itself is still quite large. This
figure is remarkably similar to Fig. 2 of I when one con-
siders that there the As atoms are at the interface and
the contours lie in a plane intersecting the interface. In
both figures, most of the action is around the As atoms.
On the GaAs side, charge flows from the bonding direc-
tion to a direction pointing away from Ga atoms in the
plane; the opposite flow occurs on the A1As side.

This work is supported by the Robert A. Welch Foun-
dation and the National Science Foundation under

AEv=I s (GaAs) —I s (AIAs)+Ad~ = —0.3065+04304+0.3142eV=0438 eV.

Here we see how the arbitrary zero of bulk Coulomb po-
tential becomes well defined by slicing of the bulk into
slabs ' and how the facial dependence of its discontinuity
between GaAs and A1As slabs is canceled by the facial
dependence of hd;~. This cancellation is obviously not
universal as work functions are face dependent. '

Figure 4 displays contour plots of the diAerence be-
tween the superlattice and bulk semiconductor charge
densities hp, in the two atomic planes on either side of
(and parallel to) the interface. In Fig. 1 we see that
the AlAs plane sits almost exactly on a node of the pla-
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