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The valence-band offset AE, at the lattice-matched GaAs/AlAs(001) interface is derived from

highly precise self-consistent all-electron

local-density band-structure calculations of the

(GaAs),(AlAs),(001) superlattices (with n<3). We calculate AE, by using the core levels
— available uniquely from an all-electron approach— as reference energies. Since these are exper-
imentally accessible quantities, a direct comparison with experiment is, in principle, possible. We
find that AE,=0.5%0.05 eV, in very good agreement with recent experimental results
(AE, =0.45-0.55 eV). Calculated core-level shifts are also compared to experiment. These re-
sults, which are closely related to changes in the charge-density distribution at the interface, con-
tribute to understanding the underlying mechanism of the band discontinuity.

In a recent review, Bauer and Margaritondo!® have
emphasized that understanding interface phenomena at
semiconductor heterojunctions is essential for the design
of novel devices. To this end, a precise knowledge of the
band structure and especially of the band alignment at a
semiconductor heterojunction—as probably the single
most important property of the interface—is necessary.
Particular attention has been devoted to the almost per-
fectly lattice-matched GaAs/AlAs heterojunction, both
from the experimental and the theoretical points of view. >
However, there is still no general agreement regarding the
value of, and microscopic mechanism causing, the band
discontinuities at this interface. The experimental
valence-band offsets (AE,), as measured by several tech-
niques, range2-> from 0.19 to 0.65 eV. Until recently, a
partitioning of the valence- and conduction-band gap con-
tributions into a ratio,®> AE.:AE, =85.15, was universally
accepted; the results of several recent experiments,? how-
ever, have indicated a larger AE,~0.45-0.55 eV, and a
ratio AE.:AE,~60:40. Most of these results derive from
extrapolation of the measurements at the Al,Ga;—_,As/
GaAs interface, with 0.2 < x < 0.6.

Following Anderson’s® early effort with an electron
affinity rule, a few theoretical models"’~!! were proposed
to calculate the valence-band offset at the interface of
semiconductors. These models also fail to agree for the
GaAs/AlAs interface: Harrison’s” tight-binding ap-
proach gave too small a valence-band offset (~0.04 eV)
[the difficulties of this approach with Al-containing com-
pounds have been related® to the observed anomaly of the
Al-X (X =P, As, Sb) bond lengths entering this modell;
Frensley and Kroemer® first found AE,=0.26 eV, and
later, in a revised version, AE, =0.69 eV; the model re-
cently proposed by Tersoff'° gives AE, =0.35 eV; Van de
Walle and Martin!! constructed the model solid by super-
posing neutral atomic spheres to estimate AE, =0.60 eV.
A common feature of all these theoretical approaches is
that they evaluate the offset by the alignment of certain
“reference levels” which are characteristic of the bulk
semiconductors. In the same spirit, the absolute energy
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positions of the deep-level impurities have been pro-
posed'? as reference energies; this yields AE, =0.42 eV.
The empirical rule proposed by Bauer and
Margaritondo'® and Katnani and Margaritondo'®
gives 0.43 eV. The question has been raised if, indeed, the
band offset can be determined by knowing only the prop-
erties of the separate bulk materials, i.e., without perform-
ing a calculation on the interface. The first published re-
port of the AlAs/GaAs(110) valence-band offset based on
a self-consistent study of the interface is the pioneering
work of Pickett, Louie, and Cohen.!? Using an empirical
local-pseudopotential approach, they found AE,=0.25
eV, when the band offset is calculated by the relative
alignment of the average potential on the two sides of the
interface. Recently, the self-consistent ab initio non-
local-pseudopotential method was applied by Van de
Walle and Martin!! to various heterojunctions; they ob-
tained AE, =0.37 eV for AlAs/GaAs(110)."!

In this Rapid Communication, we report a theoretical
determination of the valence-band offset for the
GaAs/AlAs interface based on the self-consistent all-
electron energy-band-structure calculations for the
(GaAs),(AlAs),(001) (n=1,2,3) superlattice. We use
the core levels as reference energies to determine the rela-
tive alignment of the valence-band edges. We find a
valence-band offset AE,=0.5+0.05 eV, in very good
agreement with the recent experimental results. Since our
determination of the band offset relies on quantities that
are—in principle—experimentally accessible [e.g., by x-
ray photoemission spectroscopy (XPS)?] a direct compar-
ison with experiment is possible, which is different from
the reference level used in the pseudopotential calculation.

Since GaAs and AlAs have almost the same lattice con-
stant (the experimental mismatch is about 0.1%),'* we
used the same experimental value in all our calculations.
The effect of strain, '’ which may be expected to be small
for this closely matched heterojunction, is neglected in
first approximation in this work. We have performed
self-consistent full-potential linearized augmented-plane-
wave (FLAPW) !¢ calculations on the two bulk semicon-
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ductors and on the (GaAs),(AlAs),(001) superlattices,
with n < 3. The superlattices have a tetragonal structure
(space group D3,4), with lattice parameters a =a¢//2 and
c¢=nao and 4n atoms per unit cell (and a¢ is the zinc-
blende lattice parameter).

Band energies were calculated semirelativistically,
while the core states were treated fully relativistically and
updated at each iteration. The Hedin-Lundqvist!? form
of the exchange-correlation potential was employed. The
calculations on bulk GaAs and AlAs were performed by
using ten special k points'® in the irreducible wedge of the
Brillouin zone, while for the n =2,3 superlattices we used
three special k points'? in the two-dimensional- (2D-) like
wedge of the Brillouin zone. (Calculations with more
than three special k points showed that sufficient precision
was obtained.) Inside the muffin-tin spheres, angular mo-
menta up to /=8 are used in the expansion of the wave
functions, and up to / =4 for the charge density and po-
tential. In the interstitial regions, the wave functions are
expanded in terms of all the plane waves with wave vector
k < kmax=2.48 a.u. The resulting convergence, deter-
mined by the parameter kpmax(Rmt1)~5.7, where (Ry1? is
the average muffin-tin radius, is sufficient to lead to stable
band eigenvalues and charge densities.

We have performed six independent self-consistent cal-
culations in order to test the stability of the results with
respect to the parameters entering the calculations. Par-
ticular attention was devoted to the treatment of the
“semicore” Ga 3d states. About 0.15 electrons spill out of
each (Ryt=2.3 a.u.) muffin-tin sphere. Since the poten-
tial profile across the interface is very sensitive to the
correct distribution of the electronic charge, we describe
the spillout-core charge density by using the overlapping-
charge method. A less precise treatment, such as the uni-
form spreading of this charge in the interstitial regions,
results in an artificial charge transfer between the two
sides of the interface and a remarkable alteration of the
band lineup. This result indicates that the band lineup de-
pends critically on the charge transfer at the interface.
We have used different sets of sphere radii and also treat-
ed the Ga 3d electrons as band states. The corresponding
deviations in the AE, values are ~0.01 and ~0.03 eV, re-
spectively. The remarkable consistency of these results
provides evidence for the precision of our calculations.

Figure 1 shows a diagram of the energy levels near the
interface. The binding energies of the selected core levels
relative to the top of the valence bands (E2, and E&,) are
obtained from the self-consistent band structure of the
bulk semiconductors. The superlattice calculation gives
the binding-energy differences (AEg) of the same core
levels on the two sides of the interface, and finally, AE, is
calculated from

AE,=Eb —Eb% —AEjg . 1)

This approach assumes that in a heterostructure the bind-
ing energies of the core levels, EZ and E?, with respect to
the corresponding valence-band maxima, are equal to
their values in the bulk compounds when atoms are far
enough away from the interface. However, since one
deals with a finite-thickness superlattice in any model cal-
culation, the concept of ‘“local band structure,” which was
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FIG. 1. Schematic diagram of the energy levels in the

(GaAs)3(AlAs)s superlattice showing various quantities de-
scribed in the text.

implicit in the previous assumption, is now lost. We there-
fore need to make the further assumption that in the su-
perlattice the value of AE is the same as in a real hetero-
junction. While the first assumption can be easily accept-
ed, the second will be verified on the basis of our calcula-
tions.

To evaluate the band offset we have chosen the follow-
ing representative core levels as the reference energies: As
1s, As 3ds/; and Ga 1s, Al 1s. As seen from Fig. 1, in the
(GaAs);(AlAs); superlattice two independent Ga (Al)
sites exist, one (corresponding to two atoms) being “inter-
face” [referred to as Ga(i) and Al1(i)] and the other being
“bulk” [Ga(b) and Al(h)]. On the other hand, three
different As sites exist: (i) Two As atoms are on the
GaAs side [As(b;)], (i) two As atoms are on the AlAs
side [As (b,)], and (iii) two As atoms are at the interface
[As(i)] and share two bonds with Ga(i) and two bonds
with A1().

The core-binding-energy differences (Ef, —E%,) in the
bulk compounds are given in Table I. A first remark on
this data is related to the As core-level shifts in going from
GaAs to AlAs: the change in binding energy of the As 3d
states (~0.8 eV larger in GaAs) is consistent with its
slightly lower ionicity compared to AlAs.?%2! A direct

TABLE 1. Core-energy differences and corresponding
valence-band offset values AE, in (i) the bulk compounds and
(ii) the (GaAs),(AlAs), superlattices with n=2,3. Energies
areineV.

n=2 n=3
Eb —ELH AEp AE, AEg AE,
As ls 0.87 0.44 0.43 0.41 0.46
As 3dsp 0.81 0.37 0.44 0.34 0.47
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comparison with x-ray photoemission spectroscopy experi-
ments is also possible; Ludeke, Ley, and Ploog?! found an
upward shift in the As 3d level of 0.6 eV going from GaAs
to AlAs. The agreement of our result with their experi-
ment (within the resolution of the measurement) supports
the use of the local-density-approximation (LDA) core
levels to calculate the valence-band offset.

Table I also lists the energy differences, AEg, of the
chosen core levels on the two sides of the interface for the
n=2,3 superlattices, and the resulting AE, values. If we
use the As ls and 3ds/; levels we get a valence-band offset
~0.47 eV for the n =3 superlattice and AE,~0.44 eV for
the n =2 case. This difference shows that an n =3 super-
lattice is already thick enough to determine the band
offset with good precision, and we can estimate the uncer-
tainty due to the finite superlattice thickness to be of this
magnitude. In this respect, a further test is provided by
comparing the bulk and interface Ga (Al core levels in
(GaAs)3(AlAs);. The Ga 1s and Al ls core-energy
difference is ~0.07 eV smaller for the bulk than for the
interface Ga (Al) atoms. If we use these levels and the
bulk Ga and Al atoms, however, we get a larger (0.07 eV)
value for the band offset than that calculated by using the
As levels. This difference can be attributed to a nonper-
fect cancellation of errors when different core levels are
used. [For instance, a smaller kpa=2.3 cutoff gives
different (~0.04 eV larger) Gals—Alls energy separa-
tions, but very stable values for the As 1s and As 3ds/; en-
ergy differences.]

In order to correctly compare these calculated results
with experiment, we need to first consider the effect of
spin-orbit coupling. Its effect on AE, can be expected to
be small, since the top of the valence band is mainly As p-
like in both GaAs and AlAs. We can now estimate the re-
sulting corrections a posteriori using the known values of
the spin-orbit splittings. The spin-orbit splitting A shifts
the top of valence bands by ¥ Ao, and we can therefore es-
timate the consequent change in AE, to be one-third of
the difference between the spin-orbit splittings in GaAs
and AlAs. Using published values?? gives a positive in-
crease =+ (0.34 —0.29) eV~0.02 eV toward a larger
offset. In the worst (highly conservative) case of adding
this uncertainty to our earlier uncertainty from the
difference between the n =2 and 3 results, our valence-
band offset is 0.5 eV with an uncertainty =< 0.05 eV.
Thus our result appears to be in very good agreement with
the latest experimental results,?  which give AE,
~0.45-0.55¢eV.

The fact that the offest is already established after only
a very few layers is consistent with the results of Pickett et
al.!? for the (110) GaAs/AlAs interface and of Van de
Walle and Martin!> for the Si/Ge interface. To further
verify this conclusion, we have calculated the angular-
momentum-decomposed charges Q; inside the muffin-tin
spheres; their values in the superlattice are compared with
those in the bulk in Table II. The results show that (i) the
Q) values in the n =3 superlattice are very similar to those
of the bulk compounds, and (ii) the two adjacent Ga (Al)
atoms have (within our numerical precision) exactly the
same Q; values. Further, in order to prevent any numeri-
cal difference (such as different structure of k-point

TABLE II. I decomposition of the charge density inside
muffin-tin spheres (radii are 2.3 a.u.).

Qs Qp Qd Qlol
GaAs (bulk)
Ga 0.84 0.74 0.09 1.69
As 1.35 1.88 0.04 3.28
AlAs (bulk)
Al 0.64 0.68 0.10 1.44
As 1.35 2.01 0.03 3.40
(GaAs)3(AlAs);
Ga(b) 0.84 0.73 0.09 1.68
Ga(i) 0.84 0.73 0.09 1.68
Al(i) 0.65 0.66 0.10 1.43
Al(b) 0.65 0.66 0.10 1.43
As(by) 1.36 1.87 0.04 3.27
As(i) 1.35 1.94 0.04 3.33
As(by) 1.35 2.00 0.03 3.39

meshes) from affecting our conclusions, we performed
self-consistent calculations on the n =1 superlattice, and
on the two bulk compounds in the n =1 superlattice struc-
ture, D3J;. The [-decomposed integrated charge
differences inside the Ga and Al muffin-tin spheres are
smaller than 0.8%, while the As Q; value is halfway be-

FIG. 2. Difference between the charge density of
(GaAs) (AlAs), and those of the bulk semiconductors. Con-
tours are given in units of 10 ~%e/ag, i.e., ~0.06 electrons per
unit cell.
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tween the GaAs and AlAs bulk values. In order to
demonstrate the interface effects, we show in Fig. 2 con-
tour plots of the difference between the charge density of
the (GaAs),(AlAs), superlattice and those of the pure
compounds. These charge-density deformations, which
give rise to the induced interface dipole moment at an
abrupt interface, are seen to be quite small (note the scale
in Fig. 2), and to fall off very rapidly away from the As in-
terface atom. Surprisingly, we recover almost bulklike
properties already in the first Ga and Al atoms away from
the interface.

Finally, a question concerning the validity of our results
could arise from the use of the local-density approxima-
tion. However, since we only use the LDA to derive the
valence-band discontinuity, the well-known band-gap
problem should not affect our results. Furthermore, al-
though the energies of localized states such as the core
states are usually poorly described by the LDA, we believe
that relative energy differences are meaningful. In this
context, let us look at the XPS measurements. Waldrop
et al® reported AE,~0.4 eV for GaAs grown on
AlAs(110) and AE,~0.15 eV for the reverse sequence,
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which raised the question of the commutativity of the
offset. More recent XPS measurements,> however, gave a
commutative AE, =0.38-0.39 eV. Unfortunately, the ab-
solute value of the offset in these experiments relies on an
accurate knowledge of the binding energies of the core
levels in the bulk semiconductors; a precise value of the Al
2p binding energy is, however, lacking.? Thus, compar-
ison between our results and experiment (while agreeing
within the uncertainty of the experiment) requires a more
precise measurement of the core binding energy. ">

In conclusion, using the first-principles FLAPW band-
structure method, we have obtained the valence-band
offset for the GaAs/AlAs interface. Using the core levels
as reference energies produces a very good value com-
pared to experiment and may turn out to be an important
tool for predicting the band offset of semiconductor
heterojunctions.
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