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Chemical shift and zone-folding effects on the energy gaps of GaAs-A1As (001) snperlattices
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The chemical shift and zone-folding eff'ects obtained from quasiparticle calculations for ultrathin
GaAs-A1As superlattices are incorporated within a Kronig-Penny model for superlattices of the ar-
bitrary lattice period. We determine that super1attices with lattice periods in the range of 3X3 to
9X9 have an X-derived pseudodirect gap. This result explains both the results from first-principles
calculations for ultrathin superlattices and those from experiments for a broader lattice period.

There has been a great deal of interest in short-period
superlattices because these superlattices often possess
tunable electronic properties and hence have potential
applications. GaAs-A1As is a good example' ' and it
serves as a prototype for investigation. GaAs has a direct
gap at I, whereas AlAs has an indirect gap at X, which is
0.7 eV larger. Because of the -0.5-eV valence-band
offset' and because the confinement potential for the
GaAs I state in a GaAs-A1As superlattice ( —1 eV) is
much larger than the confinement potential for the A1As
X state (-0.3 eV), direct to indirect (or pseudodirect)
transitions are expected to occur for certain lattice
periods. This view is supported by previous effective-
mass (EM) model calculations designed to study
confinement effects. ' ' ' Experiments for short-period
superlattices ' ' also show some evidence for direct to
indirect transition. Recently, a first-principles quasiparti-
cle calculation for ultrathin superlattices' has been done.
The results disagree with the EM models and show that
the extremely thin 1 X 1 and 2 X 2 superlattices are direct
rather than indirect. In this paper, the differences be-
tween the two calculations are examined. We find that
they are caused by short-range chemical effects and other
interface-related effects which are ignored in the EM
models.

Our model makes use of results from first-principles
quasiparticle calculations for ultrathin superlattices of
GaAs-AlAs which were designed to examine microscopic
features of the interface (Ref. 18) and results from the
Kronig-Penny model for confinement effects for arbitrary
lattice period for k points near the Brillouin-zone center.

Within the Kronig-Penny model, the Hamiltonian 8
contains the kinetic energy and a periodic step potential
with infinitely sharp boundaries at the interfaces. The
confinement energy s and the wave function P are given
by solving the Schrodinger equation,

Hg=sttj .

Equation (1), together with the boundary conditions pro-

posed by Bastard, ' yields an equation for the lowest
confinement energy, '

1 1/2

tan —'(m. e)'"—
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&y2X tanh —[mb( V —E)]' =0,

where l, and Ib are the lattice thicknesses of the potential
well and barrier, respectively, m, and mb are the effective
masses, and V is the corresponding barrier height in Ryd-
berg atomic units. The optical energy gaps for the super-
lattices are the sum of the confinement energies of both
conduction- and valence-band states given by Eq. (2) and
the corresponding bulk energy gaps. The effective masses
used here are from Ref. 13 and the zero-temperature lat-
tice constant of GaAs is assumed. '

As discussed in Ref. 18, the interfacial bonding effect
(or chemical shifts) of the I „state is the major cause for
the direct gap change from the EM result for at least the
1 X 1 and 2X2 lattices. It arises from the difference be-
tween the Ga and Al ionic potentials. Since the I &, state
is an on-site antibonding state, electrons in this state ex-
perience stronger repulsive Al potentials and hence are
pushed away from AlAs. In Fig. 1 the average charge
along the lattice axis for the I &, state for a 3X3 lattice
calculated using the local-density approximation (LDA)
is shown. Figure 1 also displays the charge calculated
from an envelope-function approach. In the latter, wave
functions are constructed from corresponding bulk states
modulated by the envelope functions from the Kronig-
Penny model. Mixing between the I &, state and the
folded X&, state is ignored here because the overlap is
small (e.g. , less than 1&o for a 3 X 3 lattice). For compar-
ison, the result for the X&, state is also shown. From Fig.
1, the envelope-function approximation works reasonably
well for charge distributions a few atomic layers away
from the interface. Hence, the change in the interfacial
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FIG. 1. The average charge densities along the z direction for
the r „-derived state and for the Xi, -derived state for a 3 X 3
lattice. The solid lines are the LDA results and the dashed lines
are the results from the envelope-function approach.

bonding when going beyond EM theory for the I"&, state
arises, to a large extent, from charge-density changes on
an atomic scale.

In order to include in a simple fashion the chemical
shift for the I &, state in the Kronig-Penny model, we
propose that the net transfer of charge to the GaAs inter-
facial monolayer may be thought of as arising from an ex-
tra effective (attractive) potential of the form

V,~= —A VOP

FIG. 2. Calculated direct gaps as a function of lattice
periods. The solid circles are the photoluminescence excitation
data (Refs. 4—7, 10, and 11).

Kronig-Penny model are also shown in Fig. 2, which are
consistently larger than the experimental results and the
results from our model. The difference increases as the
layer thickness decreases.

A notable feature of the present model is that the
direct gap reaches its maximum value near the 2X2 lat-
tice instead of having a monotonic decrease as the layer
thickness increases as predicted by the Kronig-Penny
model. This trend agrees with the recent first-principles
quasiparticle calculations. ' The maximum position
which occurs near the 2 X 2 lattice is consistent with the
fact that the interfacia1 bonding is short ranged.

In Fig. 3 the calculated direct and pseudodirect gaps
where PI is a projection operator for the GaAs interfacial
monolayer and A is a constant to be determined from our
1 X 1 and 2 X2 quasiparticle calculations. The change in
the confinement energy for arbitrary period is then
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where & po, A, )ML is the charge per monolayer within the
effective-mass Kronig-Penny model.

Our results for the direct energy gaps together with the
data from the photoluminescence excitation and resonant
Raman scattering measurements near zero temperature
are shown in Fig. 2, The agreement between theory and
experiment is good. In most cases, the deviation is only a
few hundredths of an eV and is within the experimental
uncertainties. It appears, however, that the results of
Jiang and co-workers exhibit an extra gap minimum
near 3X3. This could be caused by imperfect growth of
samples. For example, our calculation gives an energy
gap of 2.16 eV when a 3X3 lattice is assumed and 2.07
eV when a 10-A—8-A superlattice dimension is used. The
latter case is also classified in experiment as a 3X3 lat-
tice. The result of Jiang and co-workers of 2.11 eV falls
between the calculated values for the above two
geometries. For comparison, energy gaps from the
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FIG. 3. Calculated direct and pseudodirect gaps as a func-
tion of lattice periods. The crosses are the minimum gaps mea-
sured by photoluminescence experiment (Refs. 2 —5, 8—10, and
17).
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and the photoluminescence data are shown to display the
present experimental situation. We note that the results
of the photoluminescence experiment, in which the
minimum gap is measured, are different from the photo-
luminescence excitation experiment for direct gaps (Fig.
2). To obtain a reasonable estimate for the pseudodirect
gap, we have proceeded in the following way. We first
calculated the gap for the folded X&, state from the
Kronig-Penny model and then included a correction term
which is based on the quasiparticle calculation for ul-
trathin superlattices. The correction term takes care of
the many-body effects related to the Brillouin-zone fold-
ing. It oscillates somewhat between even and odd lat-
tices. From Ref. 18, this term is 0.1 eV for a 1 X 1 lattice.
It gets smaller for larger lattice periods and eventually
becomes negligible when the interfacial region is only a
small portion of the superlattice. Hence, we approximate
the correction by

5e=0. 1p;„, (eV),

where p;„, is the total charge within the interfacial subcell
(two monolayers) and p is normalized to one electron per
super cell.

From Fig. 3 we determine that the pseudodirect gap is
below the direct gap in the approximate lattice range
from 2X2 to 9X9. Available experimental data support
the overall features of our calculation. The lower-energy
peaks in photoluminescence for n =I ~ 10 are in good
agreement with the calculated direct gaps whereas the
data for the superlattices between 3 X 3 and 7 X 7 are
closer to and track the calculated pseudodirect gaps. The
fact that these values are consistently smaller than the
theory (Fig. 3) suggests that it is not the folded X„,
pseudodirect state but is the unfolded X]pzy indirect
states being measured in these experiments. The X„
states are a few hundredths of an eV below the X„,state
in the short lattice range as suggested by the recent quasi-
particle calculations' and determined by experiments. '
In any case, the photoluminescence data for the 1 X 1 and

2X2 lattices do not match the theoretical gaps with the
experimental values showing large scattered values
(within 0.15 eV). We have proposed alternative assign-
ments for these transitions which are discussed in Ref.
18. Briefly, these transitions are related to the indirect
transition to the R state for the 1X1 lattice and to the
direct transitions within local GaAs-rich structures for
the 2 X 2 lattice. Recently, photoacoustic saturation
(PAS) spectroscopy was used to study the band structure
of GaAs-AlAs ultrathin superlattices with somewhat less
accuracy. ' While the PAS results agree with the
Kronig-Penny model, the agreement with the photo-
luminescence excitation spectrum for ultrathin superlat-
tices (see Fig. 2) is poor. Discrepancies among different
experiments may be caused by cation disorder. To ex-
plore such an effect, we have performed a virtual-crystal-
type (VCA) calculation for GaA1As alloys. ' As expect-
ed, the result for alloy (x =50%) appears very close to
that given by the Kronig-Penny model for a 1X1 super-
lattice.

In conclusion, we have examined the range and magni-
tude of the deviations from the actual situation for the
effective-mass model for GaAs-A1As superlattices (with
the Kronig-Penny model as our example). The deviations
are found to arise mainly from an interfacial chemical
bonding effect for the I &, state and a zone-folding effect
for the X„state. Using this model and our quasiparticle
calculations, we predict that the GaAs-A1As superlattices
are pseudodirect (or indirect) in the approximate lattice
range from 3 X 3 to 9 X 9.
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The potential barrier is adjusted so that the integrated charge
in the bulklike regions, defined as the double monolayers
around the centers of each subcell, matches the charge given

by a calculation based on the LDA.


