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Band lineup and electric fields in (a-Sn) /(CdTe)„[001] and [110]superlattices
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Results of a systematic study of the electronic properties of (a-Sn) /(CdTe)„[001] and [110]super-

lattices (m, n =2,3) using the full-potential linearized augmented-plane-wave method are presented. For
several different structures we found that a-Sn is not able to screen the charge piled up at the polar inter-

face and so gives rise to high electric fields. The heat of formation of the unreconstructed [100] interface

drops as the period n is increased, but is still considerably higher than other polar unreconstructed and

reconstructed interfaces. We find that the band offset is affected by orientation effects only by -0.2 eV
and that the lineup for the nonpolar [110]is the average of the two possible unreconstructed [100] inter-

faces.

I. INTRODUCTION

Semiconductor heterostructures have been the subject
of many and extensive theoretical studies, ' but only
very recently has the problem of reconstruction and com-
pensation at polar interfaces been the focus of many
different experimental and theoretical studies. ' In
particular, papers have appeared recently on the
Ge/GaAs [111]and [001] (Refs. 3, 11, and 12) polar in-
terfaces aimed at investigating the properties and the po-
tential technological implications that structures with
possible built-in electric fields may have; the effects due to
strain-induced electric fields on the optical properties of
superlattices also have been extensively studied. ' In ad-
dition, considerable attention has been devoted ' ' ' to
heterostructures of a-Sn/CdTe with the intent of obtain-
ing a narrow-band-gap material and, at the same time,
heterostructures with larger band offsets than
HgTe/CdTe. Several studies in fact have addressed the
issue of the band-gap opening of o.-Sn by quantum size
effect' ' and some experimental' works were able to
confirm that there is, indeed, the possibility to obtain a
material with a band gap that can be even smaller than
that in InSb. Such a property is, in fact, desirable for de-
vice applications —particularly for infrared detectors.

In a previous study, we focused on the structural and
electronic properties of order ultrathin superlattices of
a-Sn/CdTe. We found that the monolayer superlattices
have a direct nonzero band gap and that the heat of for-
mation (even for the "compensated" structure) is still
quite high [-0.97 eV/(4 atoms)]. In the present study
we investigate the electronic properties and the potential
lineup at the interface between a-Sn and CdTe. In partic-
ular, we are interested in exploring how the valence-band
offset is affected by the orientation (and therefore by the
polarity) of the interface and whether a-Sn gives rise to
high internal electric fields (as is the case for Ge in the
analogous Ge/GaAs interface) or rather, being a sern-
imetal, if it is able to screen the excess charges at the in-
terface bonds by mean of a Schottky-barrier-Iike behav-
ior. To answer this question, we present results of a sys-

tematic study of (a-Sn) /(CdTe)„superlattices (for
n, m =1,2, 3) for two different orientations: the polar
[001] and the nonpolar [110] interface. In order to un-
derstand better how the charges redistribute at the inter-
face, we study three difFerent cases for the [001] orienta-
tion: the Cd-terminating interface, the Te-terminating in-
terface (for which we also calculated the 2 X 2 superlat-
tice), and the superstructure in which both interfaces are
allowed [(Sn4)/(CdTe)2). The fundamental difFerence be-
tween them is that, while in the first two cases no electric
field can exist, in the latter case, a built-in electric field is
allowed by symmetry.

This paper is organized as follows: we discuss details
of our calculation in Sec. II, present results for the stabili-
ty of the superlattices considered in Sec. III, discuss the
charge redistribution and the internal electric fields in
Sec. IV, the band lineup in Sec. V, and, finally, present
our conclusions in Sec. VI.

II. METHODOLOGY AND APPROACH

A. Structural details

a-Sn/CdTe is a very-well-matched heterostructure (the
experimental mismatch between the two lattice constants
is only 0.14%). In a previous study, which focused on
the electronic and structural properties of pure a-Sn,
CdTe, and some of their ultrathin superlattices, we found
that our calculation does not reproduce too well the ex-
perimental lattice mismatch (we found —l.0%
mismatch) due to an overestimate of the ground-state
bond length in pure cz-Sn. From a total-energy study, we
also found that substitution of Cd by Sn in the CdTe lat-
tice causes large tetragonal distortions (the equilibrium
Sn-Te bond length is found to be 10% larger than the co-
valent Sn-Sn and Cd-Te bond lengths), while substitution
of Te by Sn gives rise to a more covalent bond that fo1-
lows bond-length conservation within 2 Jo.

The present paper is focused on the study of the (a-
Sn)/CdTe interface and on how the potential lineup and
the band offset are affected by the interface orientation.
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To this end, we considered an ideal and well-matched in-
terface, in which local bond-length distortions due to the
interface are neglected. Of course, we are aware of the
limitations that this assumption may impose on the
band-lineup results, since bond-length relaxation and in-
terface compensation can strongly affect the interface-
dipole potential as well as the enthalpy of formation of
each structure. On the other hand, we should recall that
experiments' ' seem to find an abrupt interface even
for the polar [001] interface and that they were able to
rule out any diffusion of Cd into the Sn layers and the
formation of intermixed compounds (as, for example,
SnTe). Nevertheless, a complete total-energy study of all
the unknown parameters should be undertaken as a
second step, once other more crucial questions (regard-
ing, for example, the interface-orientation effects on the
valence-band offset) have been studied.

We therefore considered well-matched structures built
up by ideal zinc-blende unit cells with lattice constant
equal to the average of the calculated ground-state lattice
constants for a-Sn and CeTe [ao=6.505 A (Ref. 20)].
The [001] superlattices have tetragonal structure with a
unit cell that is a square in the x-y plane and has edges
equal to a =ao/&2. The 3 X 3 [110] superlattice has an
orthorhombic cell that in the plane perpendicular to the
growth direction is a rectangle with edges, a =ao/&2
and b=ao,' the period c along the growth direction is

given by c =3ao/V2.

B. Computational details

We perform all-electron calculations using the full-

potential linearized augmented-plane-wave method ' and
make use of the local-density approximation to the
density-functional theory as parametrized by Hedin and
Lundqvist. The core states are calculated fully rela-
tivistically and updated at each iteration, whereas for the
valence states a scalar-relativistic calculation is per-
formed; the spin-orbit effect on the valence-band offset is
calculated as a correction estimated from results obtained
from the pure constituents.

We considered equal-sphere radius values for Cd, Sn,
and Te (RMr =2.5 a.u.), and used a wave-function cutoff,
k,„=2.8 a.u. for all the superlattices considered (this
wave-function cutoff gives 529 and 1045 basis functions
at the center of the Brillouin zone for the 2 X 2 and 3 X 3

[001], respectively). The wave function and the potential
inside the muffin-tin spheres were expanded in spherical
harmonics up to l,„=6. In the present calculations, the
Sn 4d and Te 4d states are considered as part of the core
whereas the Cd 4d states are considered as valence.
However, since about 0.16 and 0.05 electrons spill out of
each Sn and Te sphere, respectively, and since the shape
of the potential across the interface is very sensitive to
the way this charge is redistributed, we describe the core
charge spilling out of the muffin-tin spheres by mean of
an exact overlapping-charge method. We performed
several tests on the convergence with respect to the
wave-function cutoff and found that the valence-band
offset evaluated by choosing the Cd core levels as refer-
ence energies, was highly sensitive to the k „value used,

if its value was below k,„=2.7 a.u. This is due to the
presence of the shallow Cd 4d states and to the fact that
the wave-function basis set needed to correctly describe
these states has to be quite large. The same sensitivity
was not found in the case of the Te and Sn core levels (the
energy difference between two different core levels was
very stable, within 0.006 eV, even for k,„as low as 2.5
a.u. ). From our tests, we were able to estimate that the
error in the valence-band offset caused by a limited
wave-function set was about 0.05 eV if the Cd core states
were chosen as reference energy levels.

We also performed tests regarding the treatment of the
Cd 4d states. In particular, we found that the treatment
of these states as part of the core would have implied a
far too large amount of charge spilling out of the muffin-
tin spheres (about 0.6 electron per each Cd atom), making
the convergence slower and harder.

The [001] superlattices (for n =2, 3) have simple tetrag-
onal symmetry and D2d space group; the 3X3 [110] su-

perlattice, as well as the[001] superlattice containing both
interfaces, has a simple orthorhombic cell and C2„space
group. Integrations over the irreducible wedge of the
Brillouin zone (BZ) were performed using 3 and 6 special
k points for the simple tetragonal cells and 4, 8, and
16 k points for the orthorhombic cell; the results shown
are those obtained using 3 k points (4 k points for the or-
thorhombic cells), since the effect of a different BZ sam-

pling on the core-level binding-energy differences was
smaller than 0.01 eV.

In order to assure consistency in comparing the
reference-energy levels between the superlattices and the
pure constituents, we calculated the reference equilibrium
structures of Sn and CdTe using the same geometrical
structure, the same numerical parameters, and the same
treatment of the Cd 4d states used for the superlattices.

III. STABILITY

Table I shows the enthalpy of formation for some of
the structures considered, calculated by comparing the
total energy of the supercells with those of the pure con-
stituents, in the same geometries and with the same con-
vergence parameters. We found that the enthalpy of for-
mation per unit cell decreases quite remarkably as the
periodicity n is increased; as expected, the nonpolar inter-
face is more stable and the enthalpy of formation drops
dramatically as the periodicity is increased. Still we
should expect the unreconstructed 3 X 3 [100]superlattice
to be less stable than the 3X3 [110] superlattice, on the
basis of other theoretical calculations performed on
similar polar interfaces. In the [110] interfaces, charges
with opposite sign (due to the nonoctet bonds) are
confined within the same plane and this lowers the elec-
trostatic energy with respect to the [001] configuration in
which the unbalanced holes or electrons lie in different
and separated interface planes.

However, it is also reasonable to expect that bond re-
laxation and reconstruction at the interface (for example,
the exchange per cell of a Sn atom with a Cd or a Te)—
not considered in our calculation —will reduce the heat
of formation even further, affecting more sensibly the po-
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Snz/CdTe [110]
Sn6/(CdTe), [110]
Sn2/CdTe [100]
Sn4/(CdTe)z [100]

0.938
0.295
0.938
0.543

TABLE I. Enthalpy of formation hH [in units of Ev/(4
atoms)] calculated for some of the structures considered. Our
accuracy is +0.015 eV.
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lar interface. The calculated formation enthalpies are
quite high when compared with other heteropolar super-
lattices, for which some calculations are available [see,
for example, some A ' /B' C systems such as unrecon-
structed Si/GaP, Si/GaAs, and Ge/GaAs (Refs. 3
and 27); this can be explained by considering that the
"uncompensated" charge per bond in the A' /B "C '
superlattices is twice as large as that of the A /B"'C"
junction. Still the differences in formation enthalpy are
not that large (the 3 X 3 [110]superlattice has an enthalpy
of formation only -0.2 eV higher than Ge/GaAs ac-
cording to the value reported in Ref. 27 and even compa-
rable to the calculation in Ref. 3), so it is expected that
these structures can be stabilized and processed for de-
vice application —as suggested by Reno and Stephen-
son.

IV. CHARGE DISTRIBUTIONS AND ELECTRIC FIELDS

Before discussing the valence-band offset, let us discuss
some results concerning the charge redistribution at the
interface and the potential profile across the junction for
the structures considered, namely, superlattices with
periodicity n up to n=3, for which we found that the
bulk behavior was recovered in the inner layers. This is
well described by our macroscopic average of the planar
average-charge density, defined according to Ref. 6 using
the equations

p(z)= —J p(x,y, z)dx dy
1

and
z+ cb l2

(p(z)) =J,P(z')«' .
b

(2)

The periodicity cb of the macroscopic averaging pro-
cess is equal to half the value of the zinc-blende lattice
constant for the [001] and to ao/&2 for the [110]super-
lattice, respectively. The macroscopic averages of the
charge density are shown in Figs. 1, 2, and 3 for the [001]
Te-rich, [001] Cd-rich, and the [110] structures, respec-
tively; in all cases, the charge tends to the perfectly flat
bulk value in the layers away from the interface (see Figs.
1—3, solid lines). (Note that the quantities plotted in
these figures are centered around zero since they
represent the valence charge from which the correspond-
ing nuclear contribution was subtracted out, therefore re-
sulting in a net neutral charge. ) From the macroscopic
average of the charge density it is possible to derive a
one-dimensional Poisson equation to obtain the macro-

I

I

t
I

I
I

I

I
I

I
J

-10 i I I I I I I I I I I

—-0.8

-1.2
Cd Te Cd Te Sn Sn Sn Sn Sn Te Cd Te Cd

FIG. 1. Macroscopic averages of the valence charge density
(solid line) and electrostatic potential (dashed line) in the Te-
rich structure.
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FIG. 2. Macroscopic averages of the valence charge density
(solid line) and electrostatic potential {dashed line) in the [001]
Cd-rich structure.

scopic electrostatic potential as a function of the z coordi-
nate (chosen to be parallel to the growth direction). The
macroscopic average of the potential is shown in Figs.
1 —3 (dashed lines) for some of the structures studied. As
expected the average potential is flat and constant in the
"bulk" regions for the [110]and both the Cd- and Te-rich
[001] structures. The disturbances caused by the inter-
face are well confined, in the [110]case, within the inter-
face layer (the charge density and the potential recover
completely their bulk value in the layer underneath the
interface), while they are more widely spread in the [001]
structures. In this latter case, the "bulk" regions are
quite small and the interface dipole extends for a few
monolayers across the interface; moreover, the potential
is flat in the inner bulk regions, giving rise to a zero elec-
tric field —as required by symmetry.
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FIG. 3. Macroscopic averages of the valence charge density
(solid line) and electrostatic potential (dashed line) in the [110]
structure.

FIG. 4. Macroscopic average of the valence charge density
and the corresponding nuclei neutralizing contribution for the
[001] superstructure containing both Cd and Te-terminating in-
terfaces.

However, if we consider the structure in which symme-
try allows a net electric field (i.e., for example, the [001]
Sn~/CdTe)z structure), we find that the uncompensated
charge of the "nonoctet" interface bonds, piles up at the
interfaces and gives rise to quite a large electric field E
which is not completely screened, not even in the sem-
imetal region (Es„-0.19 V/A). This shows that the
[001] interface should not be an abrupt interface, and
that compensation may occur at the interface so as to
lower this charge accumulation and consequently make
the electric field vanish into the bulk regions. By using a
crude estimate (i.e., by integrating the planar-averaged
charge density in either sides of the junction), we find
that 0.90+ 0.02 valence electrons are accumulated in the
Sn-Te interface layer, while the same amount of charge is
lacking in the Cd-Sn layer; this value is remarkably close
to the unbalanced charge in the "nonoctet" interface
bonds (i.e., one electron per cell). This excess charge on
both interfaces (Sn-Cd and Sn-Te) is shown quite clearly
in Fig. 4, where the macroscopic average of the total
charge (including the neutralizing nuclear contributions)
is plotted.

When we include the neutralizing nuclear contribu-
tions, we find that some positive charge is accumulated
into the Sn-Te bond, while some negative charge is piled
up along the Sn-Cd bond. One can easily understand
this, using a virtual crystal-like picture (following Ref.
10) and considering an ideal crystal made up with two al-
ternating ionic types (bearing charge +3e and +5e, re-
spectively). If now a perturbation is applied such that
one electron charge is alternately subtracted and added,
the crystal will become a sequence of 2+ and 6+ ions (in
the CdTe side); at the interface, though, in order to re-
cover the 4+ Sn ions (in the other side of the junction),
the perturbation has to change phase (i.e., it will add 1+
to the ion with 3+ charge and subtract 1 —from the ion
with 5+ charge). This will result in consecutive 1+
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FIG. 5. Macroscopic averages of the electric field (solid line)
and electrostatic potential (dashed line) in the [001] structure
containing both Cd and Te-terminating interfaces.

charges on the Sn-Te and 1 —on the Cd-Sn interfaces, re-
spectively. As is clear from the plot (see Fig. 4), this ionic
charge is not completely screened by the electronic bond-
ing charge and it results in a net positive (negative)
charge on the macroscopic average charge-density plot,
along the Sn-Te (Cd-Sn) interface bond. It is the uncom-
pensated amount of charge that is responsible for the
electric field. By integrating Poisson's equation, we can
calculate the electric field and the potential generated by
this charge. The electric field (see Fig. 5) goes from the
positive (Sn-Te) toward the negative (Sn-Cd) side accord-
ing to the usual convention and reaches a constant value,
E „=s0.19+0.02V/A in the Sn bulk region. An analo-
gous evaluation of the electric field in the CdTe region is
not possible due to the fact that, in the structure con-
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sidered, the CdTe layer is not thick enough to stabilize
the electric field; we can roughly estimate a value Ecz~,0
between -0. 1 —0.2V/A. We will not discuss here how
this huge electric field may affect the optical properties of
the system, since this is not the aim of the present work;
we remark that this subject has been recently studied, in
the case of a strain-induced field, by Smith and Mailhi-
ot."

V. BAND LINEUP

A. Results

For some of the superlattices considered, we calculated
the valence-band offset by using the core levels as refer-
ence energy levels and also the macroscopic-averages
method. The definition of a band offset in the case of the
[001] structures may not seem appropriate since, as dis-
cussed above, the abrupt [001] interface should not be
stable and, in addition, for the superlattice containing
both interfaces it is impossible to define a valence-band
offset due to the electric field present in the bulk regions.
However, in order to study the orientation and interface
dependence, we considered the potential alignment in the
two sides of the interface for the [001]structures in which
no electric field is allowed by symmetry. The study of a
"compensated" structure, with a mixed Sn-Te or Sn-Cd
interface layer would have implied a doubling of the unit
cell and a consequently larger computational effort. It is
our opinion that a comparison of the valence-band offset
in these different structures can give us valuable hints on
the role played by the chemistry and interface compensa-
tion on the potential lineup.

Due to the less accurate convergence of the Cd levels
discussed above, we considered as reference levels the
core levels of Te and Sn (for completeness, however, we
report in Table II also the values relative to the Cd states;
the resulting valence-band offset is indicated as AE„"
and AE„",respectively).

We remark that all the structures considered have me-

tallic character, due to the severe underestimate of the
band gap within local-density approximation (LDA), and
therefore one should probably talk about Schottky bar-
riers, rather than valence-band offsets. However, from
our calculations and considering a rough estimate of the
LDA error (starting from the band-gap correction found
in the pure constituents), we believe that there is a band-
gap opening and that the gap is direct (at least for the
[001] structures). This would agree with some recent ex-
perimental findings' that confirmed the band-gap open-
ing via resistivity measurements and with some earlier ex-
periments' that found evidence of the existence of empty
quantum-well states from the shape of the inelastic-
scattered electron tail (in low-energy electron-loss experi-
ments). Nevertheless, the errors made in these kinds of
evaluations are such that speaking about reliable values
for the band gap is still not appropriate', we will therefore
refer to "band lineup" in a more general and broader
meaning. Moreover, the nonperfect metallic behavior of
a-Sn is well shown by the presence of a constant electric
field in the Sn region in the [001] Sn4/(CdTe)2 struc-
ture.

The calculated band-lineup values, obtained using the
core levels as reference energy levels in analogy with the
procedure used by x-ray photoemission spectroscopy ex-
periments and our earlier studies' and including the
spin-orbit correction (b,E,"), are summarized in Table
III; the spin-orbit correction has been added by consider-
ing the spin-orbit correction in the pure constituents
and taking into account that the relative shift of the two
valence-band maxima is given by 3i X 21(b,cdT' —b,'". ).
The errors associated with the values shown in Table III
take into account the uncertainty related to the Cd 4d
levels and, in the case of the [110]interface, the difference
in the offset related to considering different atomic
"bulk" sites. As is well known, the core levels are very
sensitive to the chemical environment and in fact the core
levels of Sn„(i.e., the "bulk" site belonging to the Te-Sn-
Sn-Sn-Te bonding chain) are constantly 0.008 mRy lower
than those of Sn2 (i.e., the site belonging to the Cd-Sn-

TABLE II. Core energy differences and corresponding valence-band offsets EE„ Iin eV) for the
n =2,3 superlattices considered.

Te-rich

Core state

1s
2$

3$
4s

ggsn-Te
U

1.04
1.04
1.04
1.04

2X2
ESn-Cd

1.11
1.10
1.08
1.08

gEsn Te

1.02
1.03
1.03
1.02

3X3
gE Sn-Cd

1.08
1.07
1.04
1.01

Cd-rich 1s
2$
3s
4s

0.90
0.90
0.90
0.90

0.93
0.92
0.90
0.90

[110] 1s
2s
3$
4s

0.97
0.98
0.97
0.97

1.16
1.14
1.13
1 ~ 12
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TABLE III. Core energy differences and corresponding
valence-band offsets hE, {in eV) for the n =2, 3 superlattices
considered. hE,"denotes the spin-orbit corrected hE, values.

2X2
AE AE"

3X3
hE, hE„"

Te-rich
Cd-rich
[110]

1.04 1.10 1.03
0.90
0.97

1.09
0.96
1.03

+0.02
+0.02
+0.1

Sn-Sn-Cd bonding chain).
Before discussing the comparison with experiment, let

us also discuss the results obtained using the
macroscopic-average technique. The macroscopic aver-
age of the potential is shown in Figs. 1, 2, and 3 (dashed
lines) for the Te-rich [001],Cd-rich [001], and 3X3 [110]
structures, respectively. It is clear from the potential
profile, that the interface region (defined as the region in
which the bulk properties are not recovered) extends over
three layers which is a quite large spatial region ( —5 A),
in the uncompensated [001] interface, much larger than
that observed in the nonpolar [110] interface or in other
heterojunctions (see, for example, the InAs/InP case
where the interface region extended only for one layer,
1.5 —2 A). This is due to the fact that the atomic layer at
the interface (i.e., the Te-Sn or the Cd-Sn layer) contains
nonoctet bonds and it is therefore not bulklike, not even
from the atomic composition point of view, its nonbulk
behavior causes strong disturbances in the calculated
macroscopic quantities and introduces rapidly varying
oscillations that can be easily seen in Figs. 1 and 2.

Of course, this is a consequence of the particular
geometry assumed and may not well represent the actual
situation, in which the abruptness and the discontinuity
introduced by the assumption of such a sharp interface
can be smoothed out by interface reconstruction or com-
pensation. We recall, in fact, that in a similar but com-
pensated interface (GaAs/Ge), the interface region was
still very well confined to one layer. '

However, our crude model for this interface can still
show features that can shed light on the real material.
We note, for example, that the width of the interface re-
gion is independent of the chemistry of the interface, and
the potential profile is almost the same for both Te- and
Cd-terminating interfaces. However, what is changed in

going from one structure to the other is the potential
profile inside the CdTe region: in the case of the Cd-rich

structure (see Fig. 2) the potential is perfectly flat in both
the bulk regions, whereas in the Te-rich structure (see
Fig. 1) it shows a well defined nonconstant shape in the
CdTe region. This implies that there is a finite nonzero
electric field over the entire CdTe region which is not
completely screened, even though the total field has to be
zero by symmetry. It therefore seems that the Cd-Sn
bonding, being more covalent, is able to provide a better
screening (in the CdTe region) to the unbalanced charge
piled up at the interface The more ionic Te-Sn bond, on
the other hand, provides a 1arger charge transfer and a
larger dipole localized in the CdTe layer which is not well
screened in the layers away from the interface. The
valence-band-offset values evaluated by using the macro-
scopic averages are shown in Table IV. Here, AV„and
6V„„represent the macroscopic average of the potential
jurnp across the interface due to the valence and core
electrons, respectively; EEb;„denotes the difference of the
average potential, referred to the valence-band maximum
(VBM) in the binary constituents, and, finally, b,E,"
refers to the spin-orbit-corrected AE„values. The com-
putational error (b, ), given in the table, takes into ac-
count the numerical uncertainty associated with the aver-
aged process and the representation of the nuclear charge
as finite-width Gaussians, in order to simulate the nuclear
"pointlike" charges.

Let us point out a few important aspects. As a first re-
mark, we note that there is a noticeable difference be-
tween the two [001] structures which is related to both
contributions, the potential lineup due to the core part
and to the valence charge. The dependence of the core
distribution from the interface is, of course, a conse-
quence of the large electrostatic term due to the different
charge concentration in the two materials in the two
cases (Te or Cd excess); the variations in the valence con-
tribution are a result of the different chemical and bond-
ing properties of the interfaces. We also notice that the
lineup for the [110]orientation is actually the average of
the [100] Te- and Cd-terminating interfaces. The
valence-band-offset values calculated using the macro-
scopic averages are in good agreement (within 0.1 eV)
with the results obtained using the core levels as refer-
ence energies (see Tables III and IV).

B. Comparison with experiment

Let us now turn to a comparison of the theoretica1 re-
sults (summarized in Table III) with the experimental

TABLE IV. Quantities (in eV) used in the evaluation of the valence-band offsets hE„. Here b, V„and
6V„„are differences of the macroscopic average of the potential on the two sides of the interface due

to the valence and core electrons, respectively; AEb;„denotes the difference of the average potential, re-

ferred to the VBM, in the binary constituents, AE,"are the spin-orbit corrected AE, values and 6
represents the accuracy of our results.

Te-rich
Cd-rich
[110]

AEb;„

1.45
1.45
1.45

~ ~core

—2.10
—2.21
—2.23

1.82
1.75
1.85

1.17
0.99
1.07

AE,'
1.23
1.05
1.13

0.05
0.05
0.05
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data available on the valence-band offset of these hetero-
junctions.

The valence-band offset has been measured for various
different growth directions ([001],' [110]," and [111]
(Ref. 17)}; the experimental results are 0.55+0.10,
1.1+0.1, and 1.1+0.1, respectively. It is clear, from the
large difference between the experimental values for the
[001] and [110](or [111])interfaces, that there is a strong
dependence on the interface orientation; this dependence
is usually attributed to the electric dipole present in the
[001] interface which is lacking in the nonpolar [110] in-
terface. It is rather surprising, nevertheless, that the ex-
perimental results for the still-polar [111]interface give a
band offset which is very close to that of the nonpolar in-
terface [110]. If the interface dipole is responsible for the
orientation dependence of the offset for the polar hetero-
junction, it would be reasonable to expect a comparable
deviation of the valence-band offset for the [110] from
both the [100] and [111]interfaces. Of course, it should
also be taken into account that the interface dipole at the
[111]interface could be lower than that at the [100] inter-
face due to the fact that there is only one nonoctet bond
per cell. We have to notice, however, that a smaller
difference between these same growth directions was ob-
served in the case of Ge/GaAs in this case, the
difference is less than -0.10 eV, considering different
kinds of reconstructed interfaces. Moreover, extensive
experiments performed on similar systems (such as
CdS/Ge, ZnSe/Ge, and GaAs/Ge) seem to suggest that
the valence-band offset in such a wide variety of systems
is independent on growth and orientation conditions
within -0.2 eV. We are therefore very cautious in at-
tempting any comparison with experiments as far as the
[100]orientation is concerned.

Our calculated values for the [001] interface are much
closer to the experimental results for the [111]and non-
polar [110] interface ( —1.0 eV) than for the polar [001];
moreover, they are also in reasonable agreement with our
result and other theoretical calculations for the [110] in-
terface which give hE, =1.0—1.10 eV, thereby suggest-
ing that there should not be such a large dependence on
interface orientation.

C. Discussion

It is hard at this point to draw some definite con-
clusions: from our calculations, and considering also the
previously mentioned theoretical results, it seems that the
effect of orientation on the charge readjustment should
not be greater than -0.1 eV; this would also be in agree-
ment with calculations on the interface dipole performed
by Lambrecht and Segall. Moreover, considering the
offset difference between the Cd interface with respect to
the Te-terminating interface, one could also argue that
the interface chemistry cannot affect the final lineup by
more than -0.2 eV, and that probably the offset of the
real interface should be somewhat close to the average of
the two different cases considered, if compensation does
occur. In this line of reasoning the Te- and Cd-rich
structures considered in this work would represent the

two extreme limits that should include the real [100] in-
terface.

Of course there are many other factors that have to be
taken into account that have not been fully considered in
our present calculation, that can dramatically change the
interface-dipole potential and the resulting band lineup,
such as interface reconstruction, intermixing, and relaxa-
tion. It is reasonable, for example, to expect a quite
different value for the offset, if full relaxation of the
interface-layer bond lengths is allowed. This would con-
siderably affect the interface dipole and, consequently,
the band offset overall if we consider that a full relaxation
of the Sn-Te bond may imply large tetragonal distor-
tions.

Moreover, it is also possible that diffusion at the inter-
face would tend to compensate the interface bonds result-
ing in a mixed (Sn-Te or Sn-Cd) interface layer. Howev-
er, the issue related to interface compensation deserves
some more discussion. A few years ago, Martin used a
thermodynamic argument to show that the abrupt
Ge/GaAs interface is not stable against compensation; he
evaluated the energy that stabilizes the formation of com-
pensated interfaces from a knowledge of the enthalpy to
create a neutral substitution (BHO) and the energy to
place the extra electron (or hole) at an energy F., with
respect to the Fermi level (F~). In the case of Ge/GaAs
he was able to show that the quantity hH is always nega-
tive since the energy required to "compensate" the inter-
face (EHO) is always less than the energy to accommo-
date the extra charge at the Fermi level. The validity of
this argument has been recently questioned by Bylander
and Kleinman, who were able to show that the enthalpy
of formation of the polar [111]is even smaller than that
of the [110] interface, and that the interface-charge im-
balance might not be the only cause that drives the sys-
tem to interface compensation.

In the present case, this argument is even more critical
since a-Sn is a zero band-gap semiconductor (even if its
gap can be opened by quantum-confinement effects using
thin a-Sn layers) and, moreover, the energy necessary to
"compensate" the interface (b,HO) is expected to be very
high, since a-Sn and CdTe do not form stable compounds
(it is very hard, in practice to make Sn substitutions in
CdTe, while Ge in GaAs can play the role of a good
donor and/or acceptor). Therefore one would expect
that in the growth process ( such as in the case of molecu-
lar beam epitaxy or metal-organic chemical-vapor deposi-
tion) compound intermixing (or compensation) and
diffusion can be inhibited, as some experimental findings
seem to suggest.

UI. CONCLUSIONS

We presented results of a detailed study of the
structural and electronic properties of the well-matched
polar a-Sn/CdTe [001] and [110] interfaces. We found
that in the polar interface large macroscopic electric
fields are present that might drive the system toward
compensation or interface reconstruction. However, the
calculated formation enthalpies for the unreconstructed
surfaces are still comparable to those of similar heteropo-
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lar systems that have been successfully stabilized.
We find evidences for a direct-band-gap opening for a-

Sn thin layers grown in the [100] orientation; unfor-
tunately the LDA errors in determining the semiconduc-
tor band gap are such that we cannot predict a reliable
value.

The band lineup calculated for the two possible un-
reconstructed (Cd and Te terminating) [100] interfaces
(excluding many-body effects) are in agreement with ex-
periments performed for the [111]and [110] interfaces,
but they differ significantly from the experimental value
for the [100] interface. The difference between the two
ideal [100] interfaces is =0. 1 eV showing that there is a
dependence on the interface morphology. Nevertheless,
these potential lineups are comparable with that for the
"compensated" [110] interface suggesting that interface
reconstruction is expected not to affect dramatically the
overall lineup. We cannot tell, at this point, whether the
discrepancy between our calculated result and experi-
ment for the [100] interface is entirely due to the ideal
model interface assumed by the calculation or if it is rath-

er a problem with experimental accuracy. We also re-
mark that our results do not include nonlocal effects
and that in this particular case, corrections due to the
different dielectric and screening properties of the two
materials could be significant. However, the good agree-
ment with the experimental results obtained for the [110]
interface seem to indicate that such corrections should
not dramatically affect our theoretical predictions.
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