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The self-consistent pseudopotential method has been applied to describe the electronic structure of the

abrupt [001] InAs-Gasb superlattice. According to the electron affinity rule, the bottom of the conduction

band of InAs lies below the top of the valence band of GaSb. Consequently, physically interesting

phenomena have been expected for this system, Since the possible charge redistribution at the junction
determines the dipole potential and the relative lineup of the band edges, self-consistency in charge
distribution is required of a quantitative theory of a superlattice. The calculated band-edge lineup, band

dispersions, and the electronic configuration at the junction are presented and discussed.

I. INTRODUCTION

A series of recent experiments on the [001[
InAs-GaSb superlattice' ' has revealed many inter-
esting properties of this system, e.g. , the quasi-
two-dimensional subbands „charge-confinement
effects, and the semiconductor-semimetal transi-
tion. Most notably, Sakaki et al. ' claimed that they
observed the transition from rectifying to ohmic
behavior of the InGa„AS, ~ GBAS,Sb, , superlat-
tice, with varying x and y, prepared by the mol-
ecular-beam-epitaxy technique. On the theoretical
side, after the Kronig-Penney model potential had
been considered, a one-dimensional tight-binding
calculation was done by Sai-Halasz et al.' These
authors were mainly interested in investigating
the possible semiconductor -semimetal transition
as a function of the unit-supercell size. A more
realistic three-dimensional tight-binding calcula-
tion has been done by Madhukar et al. ,

' focusing
on a study of the two-dimensional effects and ef-
fective masses.

The aim of the present self-consistent pseudopo-
tential calculation is to derive the band structure
and the microscopic electronic structure of the
superlattice in a more fundamental way, i.e. ,
without fitting to the known band structure of each
bulk material. The only inpu'. data of our calcula-
tion are the ionic pseudopotentials of In, As, Ga,
and Sb derived from the respective all-electron
atomic calcul. ations. These ionic pseudopotentials
for isolated atoms, when screened self-consistent-
ly, reproduce the atomic-term values and the
shape of the atomic wave functions outside the
core region for In, As, Ga, and Sb. These pseudo-
potentials are then used to determine the self-con-
sistent electronic structure in the superlattice
geometry. Because the large unit-supercell size
requires considerable computing time, we have
not considered the effects of the spin-orbit inter-

action in the calculation itself. The projected band
structure of the system, the band-edge lineup, and
the microscopic charge distribution for each eigen-
state are obtained. 'The dispersion of bands along
the direction perpendicular to the interface (IF)
plane enables us to evaluate the effective masses,
thereby deducing transport properties of the sup-
erlattice. Moreover, properties of the superlat-
tice of varying unit-cell thickness (4, 12, and 24
layers) have been studied to extract gross trends
of these properties as a function of thickness.

The calculational procedure will be briefly des-
cribed in the next section, and the last two sec-
tions will be devoted to the presentation of the re-
sults a,nd discussions.

II. CALCULATIONS

The self -consistent psuedopotential method with
superlattice geometry has been discussed exten-
sively elsewhere. ' The ionic pseudopotential rep-
resenting the effective core-valence interaction is
derived by fitting to the all-electron atomic term
values and atomic valence wave functions. We do
not assume any parametrized form for the pseu-
dopotential; rather, we use a "first-principle-like
pseudopotential"' with the restriction that it van-
ish in momentum (q) space if q is larger than 3
(in atomic units). This restriction enables us to
maintain a manageable matrix size in solving the
Schrodinger equation for a large superlattice.
Figure 1 shows the ionic pseudopotentials of the
atoms in real space. Although nonlocal pseudopo-
tentials have been obtained for the elements used
here, we have used averaged local potentials to
simplify the computation. These potentials are
smooth near the origin and approach 2Z„!r (in-
Bydberg atomic units) for large r, where Z„ is
the valence of each species. 'The calculated pseu-
do wave functions and eigenvalues of the atoms
are compared with the corresponding all-electron

20 4120 1979 The American Physical Society



20 EI.FCTRONIC STRUCTURE OF THE [001] InAs-GaSb. . . 4121

TABLE I. Peaks and eigenvalues of the pseudovalence wave functions calculated from the
pseudopotentials in Fig. 1 compared with corresponding all-electron (a.e.) local-density-
functional calculations (0, = 3). The position of the maximum of the rg(r) from the origin
agrees to within 10$, and the normalized value of rg(r) at the maximum agrees to within a
few percent. The tabulated peak position of each a.e. calculation refers to the outermost
peak. The pseudo wave function has only one peak. The last two columns contain a compari-
son of term values.

Peak position (g&)
a.e. pseudo

Peak
value (normalized)
a.e. pseudo

Term value (Ry)
a.e. pseudo

Ga

5s
5P
4s
4p
4s
4p
5s

2.216
2.845
1.654
2.000
1.996
2.563
2.000
2.413

2.216
2.511
1.761
2.124
1.996
2.407
2.000
2.266

0.6774
0.5387
0.7924
0.6597
0.7035
0.5455
0.7512
0.6358

0.6902
0.5488
0.7686
0.6821
0.7116
0.5571
0.7656
0.6797

-0.5078
-0.1423
-0.9627
-0.3178
-0.5819
-0.1413
-0.8094
-0.2968

-0.5062
—0.1486
-0.9774
-0.3223
-0.5914
-0.1409
-0.7840
-0.3190

results in Table I. 'The peak of the valence wave
function occurs in the correct region of space for
each case, and the term values for valence s and

P states are within 0.3 eV of the all-electron val-
ue. Because we are using a local pseudopotential
with a small range in momentum space, the Sb
atomic term values were difficult to bring into
good agreement with the all-electron calculation.
Despite this problem, the results for the self-
consistently calculated band gap of GaSb at I' is
acceptable (0.99 eV compared with the experiment-
al value of 0.76 eV at O'K)." The calculated band

gap for InAs at I' is 0.51 eV compared with the ex-
perimental value of 0.43 eV (O'K)." The agree-
ment would be improved considerably if spin-orbit
splitting'"" were incorporated in our calculation.

The structure of the superlattice in the IF re-

gion is shown schematically in Fig. 2. Here, the
IF between the As plane and the Ga plane is shown.
It is also possible to form an IF between In and
Sb. Three separate calculations are done: (2-2)
layers (namely, the InAsGaSb quaternary com-
pound), (6-6) layers, and (12-12) layers. The
wave functions are expanded in terms of plane
waves with kinetic energies up to 2.8 Ry. This
value corresponds to 120, 350, and 700 plane
waves for the (2-2), (6-6), and (12-12) layers, re-
spectively. Another set of plane waves up to
5.5 Ry in kinetic energy, corresponding to 180,
550, and 1100 plane waves, is included through
second-order perturbation. The statistical ex-
change potential with 0, =-', is used, and self-con-
sistency is achieved to within 0.01 eV for both the
eigenvalues and the components of the screening
potential.
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FIG. 1. Ionic pseudopotentials of the In, As, Ga, and
Sb atom near the core region. These potentials vary as
-2Z„/r (in Bydberg atomic units) for large r, where Z„
is the valence of each species.

FIG. 2. Atomic positions near the f001] InAs-GaSb IF.
Hypothetical bonds are drawn as dashed lines. This
figure represents the IF between As and Ga, which is one
of the hvo possible IF's in the [001j InAs-GaSb super-
lattice.
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(001) InAs-GaSb self-consistent potential (eV) Average potential of (QOl) InAs-GaSb superlattice

a. b.—Ga-As bond (6-6 layers) —Ga-As bond (6-6 layers)
----. Ga-As bond (l2-12 layers) --- In-Sb bond (6-6 layers)
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FIG. 3. Total self-consistent potential of the [001]
InAs-GaSb superlattice (with a 24-layer unit cell) is
shown in the IF region, Energies are in eV. The
potential contours inside the core (which are not accu-
rately given in the pseudopotential formalism) are left
out for clarity.

m. RESULTS

The basic results of the present calculation can
be summarized in terms of Figs. 3-9. The re-
sults presented here are mostly for the (12-12)
geometry. Some discussion will be given on the
comparison with smaller superlattices [(2-2) and
(6-6) layers] whenever the comparison is rele-
vant. Figure 3 shows the total self-consistent po-
tential (including the screening potential) of the
(12-12) geometry near the IF region. The bulk
periodicity of the potential on each side is re-
stored within two layers of atoms away from the
IF; the perturbation due to the IF is rapidly re-
duced by electron screening. The total (pseudo)
valence charge density of the superlattice is
shown in Fig. 4. Two layers away from the IF the
charge density of the (12-12) superlattice is simi-
lar to bulk InAs or bulk GaSb, -respectively. To
illustrate how effectively the electronic redistri-
bution screens the perturbation at the IF, the total
potential averaged parallel to the IF is shown in
Fig. 5(a) (plotted perpendicular to the IF). The
average potential with (12-12) layers is superim-

posed on the (6-6) layers' result. Nonperiodicity
of the potential is limited to a narrow region at
the IF. More importantly, the overall agreement
between the two cases is within 0.05 eV. Agree-
ment is even better (0.02 eV) in the bulk region
(away from the IF). This means that (6-6) layers
reproduce the same screening as thicker (12-12)

[00lj Projected band structure of InAs-GaSb
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FIG. 5. Total self-consistent potentials V(z) averaged
parallel to the IF plane and plotted perpendicular to it:
(a) comparison between the 12-layer unit ceQ and the 24-
layer unit cell. Maximum difference in the two curves
is &0.05 eV. (b) Comparison between the Ga-As bond
and the In- Sb bond. The two curves are within 0.03 eV
of each other at a distance of more than one layer away
from the IF. Dashed curves are left out wherever two
curves are separated by less than 0.02 eV.
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FIG. 4. Total (pseudo) valence charge density of the
[001] InAs-GaSb superlattice. Atomic positions are de-
noted by solid circles and the hypothetical covalent bonds
are represented as solid lines. Normalization is fixed by
the number of electrons per bulk unit cell (378.434 a.u.).

FIG. 6. Band structures of InAs and GaSb projected
along the [001] direction based on the present self-con-
sistent calculation. The dispersion of the IF resonance
is represented by a dashed line. Weak IF resonances
confined to symmetry points (M and X) are not presented
in the figure. The two-dimensional Brillouin xone is
also shown.
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As derived s-like state at I' (E = —11.1 eV)
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FIG. V. Contour plot, perpendicular to the IF, of the
charge density of the IF resonance at I'. This is an As-
derived s-like state localized within two As layers of the
IF. Atomic positions are indicated by solid circles.
Normalization is fixed by the number of electrons per
unit superlattice.

0.6—

Ibm et al.
(without spin orbit)

Sai Hala-sz et al. (LCAQ)—

F/3/

a. As derived s-like state at T' (E, = 0.65 eV: 12-12 layers)
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b. Sb derived p-like state at T' (E„=OeV)
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FIG. 8. Contour plots, perpendicular to the IF, of the
charge densities of the 24-layer superlattice states near
the gap: {a) state at the bottom of the conduction band
{at I') and (b) state at the top of the valence band (at F).
The charge confinement to one side and the exponential
decay of the charge to the other side are well illustrated
in the figure. Normalization is the same as in Fig. V.

layers do, which in turn indicates that the screen-
ing is convergent up to 0.02 eV at least within three
layers (three rather than six because one material
experiences perturbation from contact with the
other material on both sides).

Since the [001] surface is a polar face of the
crystal, there are two possible IF's between InAs
and GaSb: the Ga-As and the In-Sb IF. Experi-
ments show that the Ga-As IF is the one usually
found. This observation will be discussed in the
last section in connection with relaxation effects.
In fact, two separate self-consistent calculations
were done —one with Ga-As bonds only (four As
and two Sb layers in the case of 6-6 layers) and
the other with In-Sb bonds only (four Sb and two
As layers). Since there are different atoms at
the IF for the two cases, differences in the charge

-0.2—

-0.4
—~—(0 01)1 2w
12 a,

FIG. 9. Dispersion of the 24-layer superlattice sub-
bands along the perpendicular direction to the IF. Bands
are shown near the gap region and compared with the
tight-binding calculation in Bef. V.

distribution at the IF between the two cases are
tluite noticeable. In Fig. 5(b) the average poten-
tials in the IF region with Ga-As bonds and In-Sb
bonds are compared. The relative lineup of the
two bulk potentials across the IF (InAs is -0.3 eV
higher than GaSb; this is a measure of the IF di-
pole potential. ) is shown to be the same up to
0.02 eV whether we have Ga-As bonds or In-Sb
bonds at the IF. This indicates that, although the
charge redistribution occurs within a very narrow
region of the IF, the change in the average poten-
tial arising from the electronic redistribution
(namely, the formation of the potential barrier
across the IF) is determined essentially by the
bulk properties of the constituent materials rather
than by the detailed configuration of the IF. Of
course, this observation depends in part on the
similarity of GaAs and InSb.

'The bulk band structures of InAs and GaSb -pro-
jected along the [001]direction are plotted in Fig.
6. The relative lineup between the InAs and the
GaSb band has been determined from the self-con-
sistent potential of the superlattice. The projec-
ted band structure shows that the conduction-band
minimum of InAs is 0.21 eV above the valence-
band maximum of GaSb in the thick-layers limit.
However, we have not included spin-orbit interac-
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tions as yet. 'The spin-orbit splitting at the val-
ence-band maximum of GaSb is -0.8 eV, and
hence the spin-orbit interaction can change our
results. If it were not for interactions with the
conduction band of InAs, the sixfold degenerate
states (including spin degeneracy) of GaSb at the
valence-band maximum would be split off by the
spin-orbit interactions into spin-& states 0.27 eV
above and spin=,' states 0.53 eV below the original
energy level. However, the conduction band of
InAs is very close to the valence band of GaSb in
energy and interaction between them can modify
the energy levels significantly.

In Fig. 6 the IF resonance band is represented
by a dashed line. 'The contour plot of the charge
density corresponding to the IF resonance at I' is
shown in Fig. 7. 'The state is As-derived s-like
and it is well localized at the IF. This figure il.lus-
trates the region near the Ga-As bond. We have
also found resonant states of the same character
(As derived) and of the same degree of charge
localization for the IF with the In-Sb bond. Elec-
trons here are localized one layer below the IF on
the InAs side since it is As derived. In Fig. 6 the
IF resonances split off from the bulk bands and
become weak IF states in some region of the
Brillouin zone. However, the energy level of this
band is sensitive to the self-consistent potential,
and it is hard to determine its character unambig-
uously (between IF resonances and IF states).
While the resonances exist near the lower valence
band, no IF states or resonances are found in the
fundamental gap region. This result is consistent
with the tight-binding calculations by Dandekar
et al."for the [110]InAs-GaSb IF. Since the ion-
icity change in going from GaSb to InAs is small
(0.10 on the Phillips scale" ), the perturbation at
the IF is not strong enough to split off localized
states at the IF from the bulk bands. We have
found some weakly localized states at band edges
of high symmetry points (M and X). Their exis-
tence and energy levels depend critically on the
self-consistency of the potential, but their con-
tribution to the density of states w'ould be small
or perhaps negligible.

In Fig. 8 the (12-12) layers superlattice states
at the top of the valence band and at the bottom of
the conduction band are illustrated. The charge
density contour plot is given in a [100]plane per-
pendicular $o the iF plane. Because the unit su-
perlattice is of finite thickness (24 layers), the
gap at I' is larger (0.65 eV) than the thick-layer-
limit value (0.21 eV) in the previous figure. This
value is the average of the results from the Ga-As
IF and the In-Sb IF. States at the top of the val-
ence band are derived mainly from GaSb since the
energy level lies within the GaSb bulk band but

above the InAs band. These states are identified
with the Sb-derived p-like states. The charge
confinement to the GaSb side is remarkable; this
results in a very low turineling probability and a
large effective mass of the hole. The effective
masses will be discussed later.

States in the conductiori band are derived pri-
marily from InAs because the energy level lies
within the InAs bulk band but below the GaSb band.
These states may be termed as the As-derived
s-like states as shown in the figure. However,
the charge confinement to the InAs side is much
weaker in this case. There is a significant
amount of charge leakage to the GaSb side and a
fairly sizable dispersion of the band (i.e. , a. rel-
atively small electron effective mass) is expected.
This is clearly illustrated in Fig. 9, where the
dispersion of the (12-12) superlattice bands near
the gap region is shown along the direction per-
pendicular to the IF. As noted above, the top
valence band is very flat while the bottom conduc-
tion band is quite dispersive. For the (12-12) lay-
ers superlattice the electron effective mass in the
perpendicular direction (m„) near I' is estimated
to be approximately 0.04 m, . This value is larger
than the InAs electron effective mass of -0.024 m„
but it is still smaller than the GaSb electron mass
of -0.048 nz, .' The top valence band is so flat that
it is hard to estimate the hole mass from our cal-
culation. It should be of the order of m, . Results
from the tight-binding calculation in Ref. 7 are
superimposed on the figure. The agreement is
good in general. The gap size differs simply be-
cause the spin-orbit interaction is not included in
the pseudopotential calculation, whereas the
tight-binding calculation is fitted to the experi-
mental gap which includes spin-orbit effects.
(Madhukar et al.' have obtained similar results. )

It is expected that the effective mass will in-
crease with an increase in the unit supercell size
since a longer unit cell means a smaller overlap.
Comparing our (2-2), (6-6), and (12-12) super-
lattice calculations, no recognizable increase is
noted in the electron effective mass at I', whereas
an appreciable increase in the hole effective mass
is observed. It is to be noted that the gap size at
I' does not change appreciably when the unit cell
size increases from 4 to 24 layers. Because we
remain in a small unit cell limit even with the 24
layers, it is not possible to derive the behavior of
the gap size as a function of the unit cell size.
Typical experiments are done with hundreds or
thousands of layers.

IV. DISCUSSION

Earlier we discussed the importance of the
band-edge lineup of the system where the electron--
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affinity rule predicts an overlap of the conduction
band of one material with the valence band of the
other by 0.14 eV. This behavior, which is some-
times called a type-D superlattice to be disting-
uished from a more conventional superlattice like
A1As-GaAs, has been an important stimulus to
both experimental and theoretical studies. There
has been only one experiment' showing direct ev-
idence of the metallic behavior (more precisely,
ohmic behavior in the I Vcha-racteristic). Al-
though tight-binding calculations" have provided
valuable information on many important proper-
ties of the superlattice, rigorous theoretical jus-
tifications for their approximations (e.g. , fixed
parameters fitted to individual bulk materials) are
lacking when the band crossing is about to occur
and the self-consistency of the whole electronic
structure becomes increasingly important.
Therefore, quantitative predictions on the semi-
conductor-semimetal transition may not be accu-
rate with these methods. 'The present self-con-
sistent calculations without spin-orbit coupling
give a semiconducting superlattice (with a gap
size -0.21 eV), and unfortunately, theoretical
predictions with spin-orbit coupling are difficult
to make at present.

Finally, we consider a possible relaxation or a

reconstruction of the IF. As mentioned earlier,
Ga-As bonds are formed predominantly over the
In-Sb bonds during experimental preparation.
Since a Ga-As bond is -7/p shorter than an In-As
or a Ga-Sb bond, the first-order effect would be
the shrinking of the distance between the Ga and
As layers by -0.34 A from the ideal bulk layer
separation (-1.52 A) of InAs or GaSb to assure a
bulk GaAs bond length. We may regard such a
relaxed geometry as ideal. No significant changes
in our results are expected from a relaxation of
this amount. " The In-Sb bond, being -14% longer
than the Ga-As bond, would probably be less sta-
ble. Saris et al. ' have proposed simultaneous ro-
tation and relaxation of the IF layers to explain
Rutherford backscattering and channeling experi-
ments. Little experimental data are yet available
regarding the relaxation and the reconstruction of
the system.
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