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The electronic structures and stability of thea-Sn/InSb~111!A nonpolar-polar interface are investigated with
use of first-principles norm-conserving pseudopotential calculations. An ideally abrupta-Sn/InSb~111!A inter-
face is formed by only a Sn-In bond. According to the simple bond-charge picture, a charge of this bond is
depleted by 0.25 electron. This leads to the formation of a macroscopic electric field, to make the interface
unstable. In order to neutralize the charge at the interface, we have proposed an interface model. Our calcu-
lations show that as a Sn atom buries the In-vacancy site in the vacancy-buckled surface of InSb~111!A-~232!,
a coherent interface becomes more stable and the electric field is depressed.

I. INTRODUCTION

Heterojunction interfaces between different semiconduc-
tor materials hold significant potential for technological ap-
plications and have been the subject of extensive experimen-
tal and theoretical studies.1–17 Of particular interest is the
heterovalent interface between a group-IV elemental semi-
conductor (AIV) and a III-V compound semiconductor
(BIIICV) with the aim of incorporation of optoelectronics
into microelectronics. This interface containsAIV-BIII and/or
AIV-CV bonds. According to a simple bond-charge picture,
each bond in the tetrahedrally coordinated structure has ex-
actly two electrons, as in theAIV-AIV and BIII -CV bonds.
Therefore the charge of theAIV-BIII (AIV-CV) bond is de-
pleted ~exceeded! by 0.25 electron. A classical electrostatic
treatment by Harrisonet al. showed that for the polar$100%
and$111% orientations of the ideally abruptAIV/BIIICV inter-
faces, which are formed by only theAIV-BIII or AIV-CV bond,
this electrically charged defect creates a macroscopic electric
field along the interface normal, to make the interfaces
unstable.5 They introduced interfacial reconstructions that
can reduce the macroscopic electric field. However, it is un-
clear how the interfacial reconstructions emerge.

Recently, considerable attention has been devoted to het-
erostructure ofa-Sn/InSb.18–23 a-Sn has a band gap nearly
equal to zero~0.08 eV at 300 K!, while InSb has a wider
band gap~0.17 eV at 300 K!. Thus the heterostructure of
a-Sn/InSb is a candidate for light-emitting and far-infrared
laser devices.a-Sn, which is thermodynamically stable be-
low 13.2 °C, can grow heteroepitaxially above room tem-
perature on lattice-matched crystals of InSb.19,20,24Some fac-
tors that dominate the formation of the metastablea-Sn films
on InSb are discussed in a previous paper.19 One is strong
interfacial chemical bonding betweena-Sn and InSb, the
other extremely the small lattice misfit between them
~0.14%!.

In this paper, we focus our attention on electronic struc-
tures and stability of thea-Sn/InSb~111!A nonpolar-polar in-
terface in terms of the above-mentioned electrical neutrality
of the charged defect at the interface. We have already pro-
posed an interfacial reconstruction that is deduced from the

experimental facts.19 Our first-principles calculations show
that as a Sn atom buries the In-vacancy site in the vacancy-
buckled surface of InSb~111!A-~232!, a coherent interface
becomes more stable and the electric field is depressed.

II. MODELS AND METHOD OF CALCULATION

Reflection high-energy electron diffraction~RHEED! and
Auger electron spectroscopy experiments for thea-Sn/
InSb$111% system have established the following
information:18,19a-Sn thin films grow with a biatomic layer-
by-layer mode on InSb~111!A and with a more complicated
layerlike mode accompanied by Sb segregation on
InSb~111!B. The difference in the growth mode is due to that
in the predeposited surface structure between an InSb~111!A-
~232! substrate and an InSb~111!B-~232! substrate. As is
well established, the surface structure of InSb~111!A-~232!
is the vacancy buckling structure where 0.25 monolayer
~ML ! of In is missing at the outermost surface and subsur-
face Sb atoms around the In vacancy are relaxed.25 On the
other hand, the surface structure of InSb~111!B-~232! is the
Sb-trimer adsorption structure where the trimer is located at
a fourfold atop site of the outermost Sb layer.26 The adsorbed
trimer brings about the Sb segregation into the Sn layers. In
this paper we deal with thea-Sn/InSb~111!A system, which
is less complicated than thea-Sn/InSb~111!B system.

As mentioned in the Introduction, if the first atomic plane
adjacent to thea-Sn layers were a perfect In plane, the defect
charge of the nanoctet Sn-In bond,10.25 electron, is accu-
mulated at the interface, causing a macroscopic electric field.
This electric field is roughly estimated atE54ps/«51.6
3107 V/cm, wheres is the areal defect charge density and«
is the dielectric constant of InSb. In order to neutralize the
charge at the interface, therefore, redistribution of the charge
and/or atomic rearrangements from the ideally abrupt planar
interface are inevitable. We have already introduced a recon-
structed interface model, as shown in Fig. 1~a!, on the basis
of the experimental fact:19 At the initial stage of Sn growth
on the InSb~111!A-~232! surface, 0.25 ML of Sn deposition
gives the~131! structure, followed by a biatomic layer-by-
layer growth of Sn. Considering that the atomic scattering
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factor of In (Z549, whereZ is the atomic number! is ex-
tremely close to that of Sn (Z550), if 0.25 ML of Sn com-
pletely buries the In-vacancy site of the InSb~111!A-232 sur-
face, the~131! reflection can be observed in the RHEED
pattern. In this reconstructed interface model the number of
the Sn-In bonds is 3 per the~232! areal unit cell and equals
that of the Sn-Sb bonds at the interface@Figs. 1~b! and 1~c!#,
so that the neutralization of the defect charges is achieved.

In the present calculations we have employed a supercell
geometry that is periodically repeated in the direction per-
pendicular to the interface as well as in the plane parallel to
the interface. Figure 1~a! illustrates this supercell configura-
tion for thea-Sn/InSb~111!A reconstructed interface. The su-
percell has two 232 interfaces and consists of three biatomic
Sn layers and three biatomic InSb layers including a Sn atom
embedded in the In-vacancy site of InSb~111!A-~232!. Each

layer has four atoms. Since the lattice misfit between InSb
anda-Sn is extremely small, we used the experimental lat-
tice constant of zinc-blende InSb, 6.48 Å, for both the InSb
layers and thea-Sb layers and did not optimize the geometry
of the supercell. For comparison we have also studied the
electronic structure of thea-Sn/InSb~111!A ideally abrupt
planar interface~hereafter referred to as the ideal interface!.
The supercell of the ideal interface was obtained by replac-
ing the vacancy-site Sn atom of the reconstructed model with
an In atom. Both the reconstructed interface model and the
ideal interface model have thea-Sn/InSb~111!B interface as
well as thea-Sn/InSb~111!A interface because of the repeat-
ing slab geometry. As stated above, the detailed atomic struc-
ture of thea-Sn/InSb~111!B interface is not clear since Sb
segregates into the Sn layers. Therefore we adopted the ide-
ally abrupt planar arrangement for thea-Sn/InSb~111!B in-
terface part of both the models. We paid attention mainly to
thea-Sn/InSb~111!A interface part.

Our calculation27 is based on the local-density approxima-
tion in density-functional theory28,29 with the Wigner inter-
polation formula30 for the exchange-correlation and a norm-
conserving pseudopotential. As for In, Sn, and Sb
pseudopotentials, the optimized pseudopotentials originated
from Troullier and Martin31 were used in order to reduce a
number of plane waves. Nonlocal parts ofs andp pseudopo-
tentials were transformed to the Kleinman-Bylander sepa-
rable form.32 In addition, we introduced a partial core
correction33 ~PCC! to the In pseudopotential in order to con-
sider a nonlinear effect for the exchange-correlation term in a
shallow 4d core state. No ghost bands by these treatments
were found in this study. A term of spin-orbit interaction was
not considered in this band structure calculation.

We performed preliminary calculations for bulk In, InSb,
anda-Sn to check the pseudopotentials. Without taking ac-
count of the PCC, the lattice constant of fcc In is 6.7%
smaller and the bulk modulus is 71% larger than the other
all-electron calculation lattice constanta0

In54.74 Å ~Ref. 34!
and the all-electron calculation bulk modulus of 0.35 Mbar,34

respectively. Applying the PCC, the deviations of the lattice
constant and the bulk modulus are reduced to 2.5% and 23%,
respectively. Although the PCC can be neglected for Sn and
Sb, it is very important for In. The experimental lattice con-
stants of InSb (a0

InSb56.480 Å! anda-Sn (a0
a-Sn56.489 Å!

are well reproduced with errors of 0.6% and 0.1%, respec-
tively. The calculated bulk moduli of InSb anda-Sn are 0.52
and 0.43 Mbar, which deviate from the experimental bulk
moduli BInSb50.46 Mbar ~Ref. 35! and Ba-Sn50.54 Mbar
~Ref. 36! with errors of 13% and 20%, respectively.

We have adopted a plane-wave basis set for the wave-
function expansion. The cutoff energy of the plane-wave ba-
sis is 16 Ry, which results in a maximum number of 11 964
plane waves for both the models. The Brillouin zone is di-
vided into 23232 meshes and eight inequivalentk points
are used.

III. RESULTS AND DISCUSSION

In order to clarify the properties of heterojunction inter-
faces, information on the variation of the two-dimensional
(xy-planar! average of electronic states along the interface
normal (z axis! is indispensable. We first introduce the

FIG. 1. ~a! Schematic representation of the supercell of the
a-Sn/InSb~111!A-~232! reconstructed interface model employed in
the present calculations. The~111!A interface is formed as a Sn
atom buries the In-vacancy site in the vacancy buckling structure of
the InSb~111!A-~232! surface followed by a biatomic layer-by-
layer growth ofa-Sn. For the case of the ideal interface model a Sn
atom embedded in the vacancy site in InSb~111!A-~232! is replaced
by an In atom.~b! An enlargement of Sb-Sn bonds, at the~111!A
interface, which have a defected charge20.25e. ~c! An enlarge-
ment of In-Sn bonds, at the~111!A interface, which have a defected
charge10.25e. The number of the Sb-Sn bonds is 3 per~232!
areal unit cell and equals that of the In-Sn bonds.
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xy-planar average of the calculated self-consistent charge
densityr(x,y,z) or total potentialV(x,y,z),

f ~z!5
1

AE E
A
f ~x,y,z!dx dy, ~1!

wheref refers to the charge densityr or the total potentialV
andA is the area of the two-dimensional unit cell. The total
potential is the sum of the Coulomb, the exchange-
correlation, and the local pseudopotential. Both the planar-
averaged charge densities and the total potentials for the
a-Sn/InSb~111!A reconstructed interface model and the ideal
interface model display strong oscillations. The behavior of
the oscillations, in which positions of the higher charge den-
sities are at the InSb and Sn bilayers and correspond to those
of the lower total potentials, is bulklike and makes it difficult
to distinguish an interface effect such as the macroscopic

electric field across the interface. The difference in the
planar-averaged total potential and charge density between
the reconstructed interface model and the ideal interface
model is barely visible near the interface. Therefore, we have
adopted the one-dimensional macroscopic average off (z)
over a period centered atz,

FIG. 2. @111# direction macroscopic averages of~a! the charge
densities and~b! the total potentials for thea-Sn/InSb~111!A recon-
structed interface model~solid lines! and the ideal interface model
~broken lines!. The total potential is the sum of the Coulomb, the
exchange-correlation, and the local pseudopotential.

FIG. 3. Contour maps of difference charge densityDr5r ~the
reconstructed interface model! 2r ~the ideal interface model!. The
contours~a! and ~b! are drawn for the~11̄0! plane normal to the
interface, including the dash-dotted lines~a! and~b!, respectively, in
the top view of the~232! areal unit cell~c!. In ~a! and~b! the solid
and the dotted lines indicate the amount of the accumulated and the
depleted charges, respectively. Solid circles, solid triangle, and solid
square denote Sn, In, and Sb atoms, respectively. The atom marked
by an arrow in~a! is the vacancy site atom in the InSb~111!A-~2
32!.
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f ~z!5
1

dEz2d/2

z1d/2

f ~z8!dz8, ~2!

whered is the interplanar spacing in thez direction.14 We
present in Figs. 2~a! and 2~b! the@111# direction macroscopic
averages of the charge densities and the total potentials, re-
spectively, for the reconstructed interface model and the
ideal interface model. As shown in Fig. 2, the variations of
the charge densities and the potentials at the In/Sn@a-Sn/
InSb~111!A# interface and the Sb/Sn@a-Sn/InSb~111!B# in-
terface are remarkable. We can easily distinguish the differ-
ence in the behavior of the charge density and the potential
between the reconstructed interface and the ideal interface.
For the ideal interface model the charge density has the low-
est value at the In/Sn interface and the highest value at the
Sb/Sn interface@see the broken line in Fig. 2~a!#. Owing to
this interface charging, the potential falls right down from
the highest value at the In/Sn interface to the lowest value at
the Sb/Sn interface in both the InSb layers and the Sn layers
@broken line in Fig. 2~b!#. On the other hand, the charge
density around the In/Sn interface of the reconstructed inter-
face model@solid line in Fig. 2~a!# is higher than that of the
ideal interface model because14 ML of In at the interface is
replaced by14 ML of Sn. This is reflected in the profile of the
potential, indicated by the solid line in Fig. 2~b!, whose
maximum near the In/Sn interface is lowered and whose de-
crease from the maximum to the minimum at the Sb/Sn in-
terface is slow compared with that of the ideal interface
model. Although the charge densities around the Sb/Sn inter-
face of both the models are almost the same, the potential
around the Sb/Sn interface of the reconstructed interface
model is lower than that of the ideal interface model. Con-
sidering that the atomic geometries of the Sb/Sn interface of
both the models are the same, the potential is strongly af-
fected by the long-range electrostatic interaction due to the
defect charge at the In/Sn interface far away from the Sb/Sn
interface. The overall features of Fig. 2~b! show that the
gradient of the@111# direction macroscopic average of the
total potential for the reconstructed interface model is slower
than that for the ideal interface model. The gradient of the
potential is equivalent to a macroscopic electric field. We
estimated the macroscopic electric fields of both the models.
The values at the center of the InSb layer are 63106 and
13106 V/cm, respectively. The former value is in agreement
with the above-mentioned roughly estimated value for the
ideally abrupt interface. Therefore, the macroscopic electric

field is depressed when the reconstructed interface, in which
a Sn atom buries the In-vacancy site in the vacancy-buckled
surface of InSb~111!A-~232!, is formed. This result suggests
that the reconstructed interface becomes more stable than the
ideal interface.

In order to discuss quantitatively the stability of the inter-
faces with different stoichiometry, we define the interface
adhesion energy

DEA5ET@a-Sn/InSb~111!#2$ET~a-Sn three bilayers

1vacuum three bilayers!

1ET~InSb three bilayers including vacancy

1vacuum three bilayers!

1ET~vacancy-site atom1vacuum!%, ~3!

where the total energies of the constituent partET(a-Sn
three bilayers1vacuum three bilayers!, ET(InSb) three bilay-
ers including vacancy1vacuum three bilayers!, and ET
~vacancy-site atom1vacuum! are calculated in the same unit
cell size, number ofk points, and cutoff energies as
ET@a-Sn/InSb~111!#. Each constituent part includes surfaces.
The adhesion energy refers to the energy gain owing to bond
formation at the interface, the electric-field depression, and
so on. The calculated adhesion energies of the reconstructed
interface model and the ideal interface model are given in
Table I. The results show that the reconstructed interface
model is energetically more favorable than the ideal interface
model by 1.2 eV/unit cell~0.043 hartree/unit cell!.

We discuss the redistribution of the charge as well as the
atomic rearrangements from the ideally abrupt planar inter-
face in order to attain the neutralization of the defected
charges at the interface. Figure 3 shows contour maps of the
difference charge densityDr5r~reconstructed interface
model!-r~ideal interface model!, which is drawn for the
~11̄0! plane normal to the interface. In this figure, the charge
increment around the vacancy site atom is remarkable be-
cause of replacing the In atom in the ideal interface model by
the Sn atom in the reconstructed interface model. However,
the extra charge is not localized there but transferred to the
remaining atoms and/or bonds around the interface. This is
also seen in the@111# direction macroscopic averages of the
charge densities shown in Fig. 2~a!. As a result of the charge
redistribution as well as the interface reconstruction, the in-

TABLE I. Total energies and interface adhesion energies for the reconstructed interface model and the
ideal interface model. The total energies of the constituent parts of both these models are calculated in the
same unit cell size, number ofk points, and cutoff energies as thea-Sn/InSb~111! models.

Energy
~hartree!

Reconstructed
interface model

Ideal
interface model

ET @a-Sn/InSb~111!# 2179.584 2178.146
ET ~a-Sn layers! 285.212 285.212
ET ~InSb layers including vacancy! 290.309 290.309
ET ~vacancy site atom! 23.402 22.007

~Sn! ~In!

Interface adhesion energyDEA 20.661 20.618
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duced macroscopic electric field along the interface normal is
depressed, leading to making the interface stable.

Recently, Ohtake, Omi, and Osaka studied dynamical
growth processes ofa-Sn films on the InSb~111!A-~232!
substrate by using a RHEED oscillation technique. Their de-
tailed analysis has shown that the present reconstructed in-
terface model is reasonable from the experimental fact that
the RHEED oscillation intensity does not decrease but in-
crease at the initial growth stage ofa-Sn below 0.25 ML.37

IV. CONCLUSION

First-principles norm-conserving pseudopotential calcula-
tions have been performed to investigate the electronic struc-
tures and stability of thea-Sn/InSb~111!A nonpolar-polar in-
terface. In order to achieve the neutralization of the defected
charges emerged at the nonpolar-polar interface, we have
proposed the a-Sn/InSb~111!A reconstructed interface
model. By comparing the potential profile of the recon-

structed interface model with that of the ideally abrupt inter-
face model, it is concluded that the macroscopic electric field
due to the defected charge is lowered for the reconstructed
interface model. Our total-energy calculations show that the
reconstructed interface model is more stable than the ideal
interface model. Our results support the reconstructed inter-
face deduced from the experimental facts.
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