PHYSICAL REVIEW B

VOLUME 43, NUMBER 14

15 MAY 1991-1

Atomic and electronic structure of CaSi,/Si interfaces

Chris G. Van de Walle
Philips Laboratories, North American Philips Corporation, Briarcliff Manor, New York 10510
(Received 31 October 1990; revised manuscript received 26 December 1990)

The atomic and electronic structure of CaSi,/Si (111) interfaces is studied with the
pseudopotential-density-functional technique. Various models for the interfacial structure are ex-
amined, in which the Ca atoms at the interface exhibit fivefold, sixfold, sevenfold, or eightfold coor-
dination. Relaxation is included based on calculated Hellman-Feynman forces. Fivefold coordina-
tion is found to be energetically unfavorable. Structures with sevenfold coordination (as in bulk
CaSi,) have the lowest energy. However, other structures with sixfold and higher coordination are
very close in energy. Schottky-barrier heights are discussed.

I. INTRODUCTION

Silicides on silicon have been extensively investigated
in recent years, mainly because of the potential techno-
logical impact of an epitaxial metal-semiconductor inter-
face. Applications include ballistic transport in metal-
base transistors, and the possibility of three-dimensional
circuit integration. Ideal metal-semiconductor interfaces
also provide an opportunity to examine the mechanisms
of Schottky-barrier formation and electron transport, in
an environment which allows a direct link between
theory and experiment.

Most of the attention so far has been focused on NiSi,
and CoSi,."?> Recently, Morar and Wittmer’ showed
that epitaxial CaSi,/Si interfaces can be obtained. CaSi,
as an epitaxial silicide is interesting from various points
of view. First of all, it is close to lattice matched to Si,
minimizing problems with strain and/or misfit disloca-
tions. Second, Ca does not contain d electrons, making
CaSi, qualitatively different from transition-metal sili-
cides such as NiSi, and CoSi,.

Bulk CaSi, occurs in three different forms.* Two are
trigonal rhombohedral (the so-called TR3 and TR6
modifications of CaSi,-I), and one is tetragonal (CaSi,-II).
Among these, the TR6 modification of the trigonal-
rhombohedral phase is the one that naturally occurs and
which was experimentally found to grow epitaxially on
Si(111).> In this paper, I will therefore focus on this
structure. It can be visualized as a stacking in the [111]
direction of double layers of Si atoms, which are shifted
and rotated by 180°, with Ca atoms in between (see Fig.
1). For stacking in the [111] direction, there are three
possible positions for each (Si or Ca) atom, which can be
labeled by A,B,C. If each triple layer, which consists of
one CaSi, formula unit, is labeled with one letter (corre-
sponding to the position of the Ca atom in the triple lay-
er), the overall stacking sequence can be described as
AABBCC. The hexagonal unit cell, space group D3;-
R3m, contains six CaSi, molecules and has a 30.6-A re-
peat distance along the c¢ axis. Each Ca atom is sur-
rounded by seven Si nearest neighbors. The bonding in
this compound is expected to be quite different from that
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occurring in other metal silicides, in which d electrons
play an important role. Investigations of the charge den-
sity will show that in CaSi, the double layers of Si are
bonded covalently, much like in bulk Si, while bonding
between the Ca and the Si layers occurs through interac-
tions between charge in Si dangling bonds and Ca atoms.

When an epitaxial layer of CaSi, on Si is formed, the
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FIG. 1. Schematic representation of the TR6 modification of
the trigonal-rhombohedral phase of CaSi,, in a projected view.
Large spheres represent Ca atoms, small spheres Si. Two planes
of atoms are shown; projected “short” bonds connect atoms in
the plane of the figure to those in a plane below.
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following questions can be asked.

(a) What is the orientation of the overlayer with
respect to the substrate? The overlayer can have the
same orientation (type A), or can be rotated 180° about
the [111] axis (type B).

(b) What is the coordination of the atoms near the in-
terface? Does Ca maintain its sevenfold coordination or
assume a different one?

(c) Are there any relaxations in the neighborhood of
the interface, i.e., do the atoms assume positions which
differ from what could be expected based upon the Si and
CaSi, bulk bond lengths?

In this paper, I will address these questions with the
aid of pseudopotential-density-functional calculations.
These techniques have previously successfully been ap-
plied to studies of semiconductor interfaces,’ and of met-
als.® Apart from issues relating to the atomic structure,
it is important to also investigate the electronic proper-
ties of these junctions. At this point in time, the reliabili-
ty of local-density-functional theory for the prediction of
Schottky-barrier heights has not been established.” A
full calculation of barrier heights is also beyond the scope
of the present work. I will limit myself to discussing a
number of qualitative results.

Section II will briefly outline the methods. Before ad-
dressing the details of the CaSi,/Si interface structure, it
is important to examine some of the bulk properties of
CaSi, (Sec. III). This will aid in understanding some of
the features of interface formation. Sections IV contains
results on atomic structure, and Sec. V discusses electron-
ic structure. Section VI concludes the paper with a dis-
cussion and comparison with experiment. A brief ac-
count of some of the initial results of this study was
presented elsewhere. ®

II. METHODS

The calculations are based on local-density-functional
theory® and ab initio nonlocal normconserving pseudopo-
tentials. '© A supercell geometry is used,’ in which layers
of Si and CaSi, are periodically repeated, forming a su-
perlattice (CaSi,),,(Si,),. This approach is similar to the
one followed in previous studies of semiconductor inter-
faces.® All the supercells are constructed with the third
translation vector perpendicular to the interface. In prin-
ciple, the full CaSi, bulk unit cell can then only be
represented if m = 6. However, it was found that the de-
tails of the stacking sequence in the bulk which involve
changes more than a triple layer (Si-Ca-Si, or ~5 A)
away from the interface have no effect on the interfacial
structure. This is consistent with Hamann’s findings for
NiSi,/Si and CoSi,/Si interfaces.? The lattice mismatch
(0.4%) between CaSi, and Si is neglected; all calculations
are carried out using the experimental Si lattice constant.
Atomic relaxations near the interface were investigated
using calculated Hellmann-Feynman forces. !!

Results for an isolated interface can be obtained pro-
vided the interfaces are sufficiently well separated, which
was checked by testing convergence as a function of su-
perlattice layer thickness. The interface energy can be
determined by taking the supercell energy and subtract-
ing the energies of the corresponding slabs of bulk ma-
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terial. The latter are calculated in the same geometry
and using the same convergence parameters as the super-
cell, to minimize systematic errors. Not all the supercells
used to model the various interface structures contain the
same number of atoms. In order to investigate whether
this might lead to systematic errors, I have carried out
calculations for supercells containing extra layers of Si
and/or CaSi, in all relevant cases. Calculations were per-
formed with m varying from 2 to 4, and » from 2 to 6. It
was found that the interface energies were affected by less
than 0.05 eV, confirming the convergence with respect to
supercell size.

Most calculations are carried out with a 6-Ry energy
cutoff (determining the size of the plane-wave basis set), a
supercell with m =2 and n=3, and 39 k points'? in the ir-
reducible part of the Brillouin zone. [Note that 39 k
points correspond to the Monkhorst-Pack!? (MP) ¢
values (8,8,2).] Tests were performed to ensure that the
results are converged with respect to the number of k
points in the integration over the Brillouin zone.'? In-
creasing the number of k points in the irreducible part of
the Brillouin zone from 39 [MP (8,8,2)] to 78 (8,8,4) or 84
(12,12,2) changed the interface energy by less than 0.025
eV. Finally, I tested the size of the basis set, which is ex-
pressed as a cutoff for the kinetic energy of the plane
waves included in the expansions of wave functions and
potentials. It was found that the interface energy is
essentially converged at 12 Ry, and is within 0.05 eV of
its final value already at 6 Ry. The total error bar on in-
terface energies is estimated to be +0.05 eV.

III. BULK

Morar and Wittmer,? using transmission-electron mi-

croscopy (TEM), showed that CaSi,, when grown epitaxi-
ally on Si(111), assumes the TR6 modification of the
trigonal-rhombohedral phase.* The TR6 structure has
experimental lattice constants of a=3.855 A and ¢=30.6
A Ina { 111} plane in bulk Si, the distance between two
Si atoms is ag; /V2=3. 84 A, which is very close to the
lattice constant a=23.855 A of CaSi,.

The TR6 structure is illustrated in Fig. 1. Each Ca
atom sits between two Si double layers, and has a
different coordination with respect to each of these two.
With respect to one Si double layer, the Ca sits in a so-
called T, site (a threefold 51te on top of a second-layer Si
atom), at a distance of 3.03 A from three Si atoms in the
first layer, and 3.06 A from the Si atom in the second lay-
er. With respect to the other Si double layer, the Ca sits
in a so-called Hj; (threefold hollow) site, at a distance of
3.03 A from its three Si neighbors in the first layer. In to-
tal, the Ca is therefore sevenfold coordinated. The Si
atoms have three Si neighbors at 2.44 A and three Ca
neighbors at 3.03 A. In addition, some Si atoms have
another Ca nelghbor at 3.06 A. Note that the coordina-
tion of the Ca is determined by the arrangement of the
second-layer Si atoms. Indeed, Ca is always surrounded
by six Si atoms in the first layers (three above, three
below). The presence of an additional Si atom in an “on-
top” position [i.e., in the same (A4, B, or C) location as
the Ca] adds one to the coordination. Depending on the
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stacking, the coordination of the Ca could therefore be
sixfold (no additional Si), sevenfold (one additional Si), or
eightfold (two additional Si). In the TR6 structure, the
coordination is sevenfold.

Fahy and Hamann have recently independently carried
out a detailed theoretical investigation of this structure of
CaSi,, as well as others in which the Ca exhibits different
coordinations. !> Their results, obtained with the linear
augmented-plane-wave method (LAPW), are very similar
to the ones presented here.

The primitive unit cell for the TR6 structure is rhom-
bohedral and contains two CaSi, formula units. Calcula-
tions for this structure were carried out for a fixed ¢/a
ratio, equal to the experimental value. The energy was
calculated as a function of a, leading to a lattice constant
which was a=3.82 A at a 6-Ry cutoff; calculations with a
9- and 12-Ry plane-wave cutoff both gave the value 3.79
A. These values are within 2% of the experimental
value.

Insight into the electronic structure can be obtained
from inspection of the charge distribution in the system.
Figure 2 shows a contour plot of the valence charge den-
sity in a (110) plane perpendicular to the CaSi,/Si inter-
face. From comparison with bulk calculations it was es-
tablished that the charge density becomes very similar to
its bulk value at a distance of a few atomic planes, so that
Fig. 2 can be used to study the bonding in CaSi, itself.
The charge density in the Si double layers is very similar
to bulk Si, as evidenced by examination of the Si—Si

FIG. 2. Contour plot of the valence charge density in a plane
perpendicular to the CaSi,/Si interface with the 7B structure.
The contour spacing is 3; units are electrons per unit cell, scaled
to a unit cell containing two Si atoms (eight electrons). Small
spheres represent Si atoms, large spheres Ca. Si—Si bonds are
drawn in solid lines; dangling-bond states are indicated by dot-
ted lines. Note the stacking fault on the Si side.
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bonds in the plane of the contour plot. The charge densi-
ty around the Ca atoms is lower than in the free atom, in-
dicating that part of the Ca charge is transferred to
dangling-bond-like states on each of the Si atoms. The
“dangling bonds” arise as follows: the Si atoms are ar-
ranged in corrugated layers, in which they are threefold
coordinated. Each Si therefore has an orbital sticking
out perpendicular to the layer, in a direction in which no
atoms are present for bonding. The interaction between
the Si dangling bonds and the Ca atoms holds the layers
together.

The energy bands and density of states (DOS) of CaSi,
were investigated based on a self-consistent calculation at
9 Ry with 10 k points in the irreducible part of the Bril-
louin zone. The Fermi level crosses several bands, indi-
cating the metallic character. The band structure (not
shown here) is very similar to that obtained by Fahy and
Hamann using the LAPW method (Fig. 6 in Ref. 13):
most band positions (with only a few exceptions) coincide
to better than £0.1 eV. I refer to Ref. 13 for a discussion
of the nature of various bands. In Fig. 3 the density of
states (DOS) is shown, obtained with the tetrahedron-
integration method, '* using a total of 86 points in the ir-
reducible part of the Brillouin zone. The curves were
smoothed using a Gaussian with a full width at half max-
imum of 0.1 eV. Note the occurrence near the Fermi lev-
el of a quasigap in the DOS. A three-peak structure can
be seen in the DOS curve, similar to bulk Si, although the
CaSi, DOS has more structure within the peaks. This
similarity suggests that the electronic structure is heavily
influenced by covalent bonds between Si atoms. My re-
sults are overall quite similar to those obtained by Bisi
et al.,"® using the linear muffin-tin orbital (LMTO)
method in the atomic-sphere approximation.

1.0

Density of states (states/eV atom)
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FIG. 3. Density of states of CaSi, in the TR6 structure.
Units are states per eV and per atom. The Fermi level is chosen
as the zero of the energy scale, and indicated by the dashed line.
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IV. ATOMIC STRUCTURE OF THE INTERFACE

Many different possible structures for the CaSi,/Si(111)
interface were investigated in this study. They can be
classified according to two criteria: the coordination of
the Ca atoms at the interface, and the relative orientation
of the CaSi, and Si crystals. The coordination can be
fourfold, fivefold, sixfold, sevenfold, or eightfold. In a
type- A structure the relative orientation is the same,
while in a type-B structure the CaSi, is rotated by 180°
with respect to the Si. Some of the structures that were
examined in this study are schematically represented in
Fig. 4. Note that the atomic arrangements shown in Fig.
4 do not necessarily represent a complete period of the
superlattices used in the calculations.

There is a choice between terminating the CaSi, with a
Ca layer which is threefold coordinated to the bulk CaSi,
(i.e., Ca in a Hj site), or fourfold (in a T, site). This cor-
responds to having either a full period at the interface
(i.e., AABBCC...) versus only one-half period (.e.,
ABBCC. . .). The first possibility occurs in the 6 4-6B
and in the 7A4’-7B’ structures, while the second case
occurs in the 5A4-5B, 7A-7B, and 8 A-8B systems. The
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distinction between 7 4-7B and 7 A'-7B’ arises from the
choice between having Ca fourfold coordinated to CaSi,
and threefold to Si, or vice versa. In the 7 A-7B struc-
tures, Ca sits in a H; site with respect to the Si substrate,
while in the 7A4'-7B’ structures it sits in a T, site. In a
fivefold-coordinated structure, the CaSi, has a half period
at the interface, with the Ca atoms sitting on top of first-
layer Si atoms. In principle, one could also explore struc-
tures with fourfold coordination of the Ca at the inter-
face. They would be analogous to the fivefold structures,
but the CaSi, would be terminated with a full period.
Given the high energy of the fivefold structures, however
(see below), such fourfold structures are certain to be en-
ergetically very unfavorable.

Note that all the shown structures have a double layer
of Si at the interface. I have found that having only a sin-
gle Si layer at the interface is energetically extremely un-
favorable. Also note that for the sixfold and higher-fold
structures, the difference between A and B orientations is
related to the presence of a stacking fault in the double
layer of Si at the interface, when viewed with respect to
the Si substrate. > 16

These choices, together with the requirement of perfect
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FIG. 4. Schematic representation of the CaSi,/Si interfaces examined in this study. Small spheres represent Si atoms, large
spheres Ca. The labels 5, 6, 7, or 8 represent the coordination of the Ca atoms at the interface (see text). (a) Type-A4 structures, in
which the relative orientation of the CaSi, and Si crystals is the same. (b) Type-B structures, in which the CaSi, is rotated by 180°
with respect to the Si.
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TABLE 1. Interface energies, including relaxation, for vari-
ous CaSi,/Si (111) interfaces, characterized by the coordination
of interfacial Ca (see text) and the relative orientation of CaSi,
with respect to Si (4 or B). Values are in eV per interface unit
cell, with an estimated uncertainty of +0.05 eV.

5 6 7 7 8
A 0.94 0.05 —0.03 0.09 0.03
B 0.88 0.04 —0.03 0.09 0.03

pseudomorphic matching, determine the coordinates of
all atoms in the plane of the interface. The atomic posi-
tions perpendicular to the interface are not fixed, howev-
er, and may exhibit relaxations. Hellmann-Feynman
forces'! were calculated, and the atoms moved in the
direction of these forces until the forces were smaller
than 0.1 mdyne; I found that atomic positions were then
within 0.02 A of the equilibrium positions. The results
can, a posteriori, be interpreted as follows. The atomic
positions on the CaSi, side correspond to those in the
bulk up to the last atom (but at a lattice constant
a =ag /V'2). For the fivefold structures, the Ca-Si dis-
tance at the interface is 2.94 A, which is 4% smaller than
the larger of the Ca-Si distances in bulk CaSi, (3.06 A).
For the sixfold, sevenfold, and eightfold interfaces, the
distance between Ca and first-layer Si is the same as in
bulk CaSi,. For the 6 4-6B and 7 A-7B interfaces, the
bond lengths in the double layer of Si at the interface are
close to those of bulk Si (2.35 A). (Note that the Si—Si
bond length in bulk CaSi, is 2.44 A, i.e., 4% larger than
in bulk Si.) At the 74’-7B’' and 8 A-8B interfaces, how-
ever, this Si-Si double layer has to expand in order to gen-
erate an acceptable distance between Ca and the second-
layer Si atoms. The Si-Si interlayer distance expands by
13% (from 0.78 A in bulk Si to 0.88 A; the corresponding
value in bulk CaSi, is 1.02 A), making the relevant Si—
Ca bond length equal to 2.92 A.

The interface energy of the various models is given in
Table I. We immediately note that the fivefold structures
are so high in energy that they can be excluded as viable
candidates for the interfacial structure. Among the oth-
ers, the 7 A-7B interfaces are lowest. The other struc-
tures are only slightly higher, however. The energy
difference between A and B orientations is very small or
zero. These results will be discussed in Sec. VI.

V. ELECTRONIC STRUCTURE OF THE INTERFACE

A typical charge density contour plot in a plane cut-
ting through the CaSi,/Si 7B interface was given in Fig.
2. Note that there is little perturbation of the bulk
charge densities in the neighborhood of the interface.

One of the most important quantities characterizing
the electronic properties of a metal-semiconductor inter-
face is the Schottky-barrier height. The (p-type)
Schottky-barrier height is defined as ®=E —E,, where
E; is the metal Fermi level and E, is the valence-band
maximum of the semiconductor. The self-consistent in-
terface calculations in principle allow the derivation of
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this quantity in a manner analogous to the technique used
for semiconductor heterojunctions, as described in Ref. 5:
the superlattice calculations yield the shift in average po-
tentials between the metal and the semiconductor layers.
Separate bulk calculations provide values for the energy
difference between Fermi level and average potential in
the metal, and between valence-band maximum and aver-
age potential in the semiconductor. However, there are
numerical complications which make the calculation of
Schottky-barrier heights much harder than that of
heterojunction band offsets. The accurate determination
of the electronic structure of a metal requires a large
number of sampling points to be used in the Brillouin-
zone integrations. The position of the Fermi level is
much more sensitive to this integration than the total en-
ergy is. In contrast, in the case of a semiconductor both
total energy and band positions can be obtained with
great accuracy using a small number of special points in
the self-consistent calculations.”!? Derivation of the
CaSi,/Si Schottky-barrier height also requires larger su-
percells than needed for heterojunction band lineups, as
will be shown below. Furthermore, the use of density-
functional theory in the local-density approximation’
may lead to deviations in the calculated Schottky-barrier
height from its true value, as observed in the case of
NiSi,/Si interfaces by Das et al.” Those authors also
showed, however, that even though the absolute value of
the barrier height may be unreliable, relative changes as a
function of interfacial structure are produced quite accu-
rately.

Because of these difficulties, the error bars on the
values of & calculated in this work are quite large.
Nonetheless, the information obtained here may be valu-
able as a basis for further investigations. In addition, it is
possible to discuss some trends which are likely to be reli-
able, even though the absolute values of the barrier
heights are not.

In Table II I report values for ® obtained for the 6-, 7-,
7'-, and 8-fold interfaces, in the relaxed structures for
which interface energies were reported in Table I. The
fivefold-coordinated structures were not considered here
since they are high in energy and therefore not of practi-
cal interest. The energy cutoff was 6 Ry, and 39 k
points'? in the irreducible part of the Brillouin zone were
used. The supercells contained m =2 layers of CaSi, and
n=3 or 5 double layers of Si. The bulk calculations for Si
were carried out with an energy cutoff of 24 Ry and ten

TABLE II. p-type Schottky-barrier heights, in eV, for vari-
ous CaSi,/Si (111) interfaces, characterized by the coordination
of interfacial Ca (see text) and the relative orientation of CaSi,
with respect to Si (A4 or B). The error bar on the absolute
values is large (£0.5 eV), due to the LDA uncertainty and
supercell-size convergence (see text). Differences are expected to
be more accurate.

6 7 7' 8
A 0.63 0.90 0.52 0.85
B 0.67 0.91 0.53 0.86
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special points. For bulk CaSi,, the Fermi-level position
was found to be quite sensitive to the plane-wave cutoff.
Calculations were carried out at various energy cutoffs,
and extrapolated to estimate the converged value (the
15-Ry result was within 0.05 eV of the extrapolated
value). 86 points in the irreducible part of the zone were
used in the integration to obtain the Fermi level (26
points gave the same result to within 0.02 eV). Conver-
gence as a function of iteration in the self-consistent cal-
culations was checked, and found to be entirely adequate
at the level required for convergence of the total energy
(to better than 0.01 eV per cell) (usually less than ten
iterations).

The superlattice calculations that yielded values for the
average potential were checked for convergence as a
function of energy cutoff by increasing the cutoff from 6
to 9 Ry; ® changed by less than 0.05 eV. Convergence as
a function of k-point sample was investigated by increas-
ing the number of points in the irreducible wedge for the
superlattice from 13 [MP (4,4,2)] to 39 (8,8,2), 78 (8,8,4),
and 84 (12,12,2). It should be pointed out that even with
the densest mesh the energy sampling in the neighbor-
hood of the gap is still rather sparse. Nonetheless, it was
very encouraging that the variations in & observed be-
tween the various k-point grids are less than 0.01 eV.

Convergence as a function of supercell size turned out
to be the most problematic. Tests were carried out (for
the 7B and the 8 4 interfaces) in which the semiconductor
layer thickness was increased up to n=6 (12 Si atoms),
and the metal layer thickness up to m=4 (four Ca and
eight Si atoms) or m =6 (six Ca and 12 Si atoms). It was
found that increasing the thickness of the Si layer has
minor effects (less than 0.05 eV). This trend is similar to
that observed for semiconductor heterojunctions.’ How-
ever, increasing the thickness of the CaSi, layer can cause
significant changes in the barrier height (on the order of
several 0.1 eV). Even the largest supercells (with m=26)
could not be confidently considered large enough to ob-
tain converged results. Extensive computations on larger
cells were beyond the scope of the present study. I con-
clude that supercells which are entirely adequate for cal-
culations of the total energy can still be too small for
derivations of Schottky-barrier heights. The observation
that the results are more sensitive to the thickness of the
metal layer was unexpected. However, the described
dependence on layer thickness emerged very clearly from
the present calculations, and has also been observed in
the NiSi,/Si system.!” Simple arguments about screen-
ing being more effective in the metal do not seem to be
applicable here. One reason may be that for CaSi, (and
also NiSi,) the density of states in the neighborhood of
the Fermi level is quite low. More work is needed, how-
ever, to obtain a better understanding of these effects.

The difficulties associated with supercell-size conver-
gence, combined with LDA uncertainties, lead to the
large error bar on the values quoted in Table II.
Nonetheless, one might expect differences in Schottky-
barrier heights to be more reliable, since systematic er-
rors are more likely to cancel; this is the reason why the
results in Table II are quoted to two decimal places. A
comparison of calculations for similar-size supercells al-
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lows us to identify the following trends. Probably the
most reliable result is that there is virtually no difference
between A4 and B orientations (unlike the case of
NiSi,/Si, see Ref. 7). I also examined whether the
Schottky barrier would be sensitive to the specific atomic
positions near the interface. At the 8 4 interface, increas-
ing the Si-Si distance in the Si double layer at the inter-
face by 4% (corresponding to changing the interlayer dis-
tance from its value in bulk Si to its value in bulk CaSi,)
leads to an increase in @ of 0.04 eV, i.e., only a minor
change. Finally, the values in Table II seem to indicate
that the 7A4-7B and 8 4-8B structures (all of which are
terminated with a half period of CaSi,) yield quite similar
barriers. The value of ® for the 6 4-6B and 7A4'-7B’
structures (which are terminated with a full period of
CaSi,) is significantly lower (by several tenths of an eV).

VI. DISCUSSION

A. Comparison with experiment

The experiments of Morar and Wittmer® produced an
interfacial structure which corresponds to the 7B inter-
face. Their TEM results showed that the break in the
bulk CaSi, structure falls between Ca layers of the same
type, i.e., the CaSi, terminates with a half-period. The in-
terfaces were atomically abrupt and step-free. They also
found that the relative orientation of the epitaxial CaSi,
and bulk Si in their sample was of type B. The Si double
layer at the interface can be regarded as a continuation of
the bulk CaSi, structure; considered with respect to the
bulk Si lattice, it can be viewed as a stacking fault charac-
terized by rotation of 180° about the c axis.

In the present calculations, the sevenfold structures are
found to be lowest in energy. However, the energy
difference with other structures is very small, and on the
order of the estimated error bar. No energy difference is
found between the 74 and 7B orientations.

It is actually not surprising that the sevenfold structure
would be most stable, since it exhibits the same coordina-
tion for the interfacial Ca as in the bulk. More intriguing
is the question why the sixfold and eightfold structures
are so close in energy. The answer can be found in the
nature of the bonding between Ca and Si atoms.
Cohesion between the Ca and the Si layers results mainly
from interaction between Ca atoms and Si ‘“dangling
bonds.” For all structures with sixfold or higher coordi-
nation, the stacking is such that Ca is surrounded by a
“cage” of six of these dangling bonds. The interaction
with a seventh or eighth Si atom occurs via the charge
density in the backbond region of a Si atom directly
above or below the Ca, at a slightly larger distance than
the other Si atoms (see Fig. 2). The change in energy due
to this additional interaction is quite minor, on the order
of 0.1 eV. This was also found from a comparison of the
energy of different stacking sequences in bulk CaSi,, in
my own calculations as well as in those of Fahy and
Hamann.!3 Various interface structures are therefore ex-
pected to have competing interface energies, as seen in
Table I. It should therefore be anticipated that experi-
mentally more than one of these structures might be ob-
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tained, making this a challenging system for growth stud-
ies.

Schottky-barrier heights have not been measured to
date. If it turns out to be experimentally possible to grow
interfaces with different structures, it would be very in-
teresting to study whether these differences lead to
changes in the Schottky-barrier heights.

B. Comparison with other interfaces

Among other silicides, CoSi, and NiSi, have been most
intensively investigated. Hamann? has investigated the
structure of their interfaces with Si, and compared the re-
sults with experiment. He found that, in analogy with
the present results, the fivefold coordinated interfaces are
prohibitively high in energy. Clear energy differences
were found between sevenfold- and eightfold-coordinated
structures. Hamann explained the differences in bonding
between the CoSi,/Si and NiSi,/Si interfaces in terms of
the different position of the Fermi level with respect to
the ‘“‘quasigap” separating bonding and antibonding
states. In contrast, for the case of CaSi, the energy
difference between sevenfold and eightfold structures is
found to be very small.

For reasons similar to the interest in CaSi,, CaF, has
received a great deal of attention lately: it is an insulator
which is closely lattice matched to Si, and can be used to
create epitaxial insulator-semiconductor interfaces.
Tromp and Reuter, '8 in their ion-scattering experiments
on this interface, have found that the interface between
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CaF, and (111) Si has a structure in which the Ca atom is
bonded to the Si substrate in a T, configuration; they
pointed out the similarity to the bonding in bulk CaSi,.
In their first-principles calculations for this interface, Sat-
pathy and Martin'® found this interface structure to be a
possible candidate, but also included a model in which Ca
is bonded to only one Si atom in the substrate. This
structure is similar to the fivefold-coordinated interface
studied above for CaSi,, which I found to he high in ener-
gy. Furthermore, the insight in Ca—Si bonding obtained
from the present study seems to make it unlikely that Ca
would sit on top of a first-layer Si atom. On the basis of
such arguments I would suggest that a CaF,/Si structure
with fivefold-coordinated Ca is extremely unlikely.

In conclusion, I have carried out first-principles calcu-
lations for a large number of interface structures for the
CaSi,/Si(111) interface. Structures with sevenfold orien-
tation for the interfacial Ca are lowest in energy (see Fig.
4 and Table I). However, other structures with sixfold or
higher coordination have interface energies which are
only slightly higher. It seems therefore likely that these
structures may be obtained by varying the growth condi-
tions.

ACKNOWLEDGMENTS

Thanks are due to J. F. Morar for encouraging me to
investigate this problem, and for many fruitful interac-
tions. I am also grateful to P. E. Blochl (whose
tetrahedron-integration programs I have used), J. Tersoff,
and M. Wittmer for helpful discussions.

ID. Cherns, G. R. Anstis, J. L. Hutchinson, and J. C. H.
Spence, Philos. Mag. A 46, 849 (1982); J. M. Gibson, J. C.
Bean, J. M. Poate, and R. T. Tung, Appl. Phys. Lett. 41, 818
(1982).

2D. R. Hamann, Phys. Rev. Lett. 60, 313 (1988).

3J. R. Morar and M. Wittmer, Phys. Rev. B 37, 2618 (1988).

4J. Evers, J. Solid State Chem. 28, 369 (1979).

5C. G. Van de Walle and R. M. Martin, Phys. Rev. B 35, 8154
(1987).

6R. J. Needs, Phys. Rev. Lett. 58, 53 (1987).

7G. P. Das, P. Blochl, O. K. Andersen, N. E. Christensen, and
O. Gunnarsson, Phys. Rev. Lett. 63, 1168 (1989); 65, 2084
(1990); R. W. Godby, L. J. Sham, and M. Schliiter, ibid. 65,
2083 (1990).

8C. G. Van de Walle, in Atomic Scale Structure of Interfaces,
edited by R. D. Bringans, R. M. Feenstra, and J. M. Gibson,
Materials Research Society Symposia Proceedings Vol. 159
(Materials Research Society, Pittsburgh, PA, 1990), p. 115.

9P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 (1964); W.
Kohn and L. J. Sham, ibid. 140, A1133 (1965); exchange and
correlation potentials are based on the data from D. M.
Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566 (1980), as

parametrized by J. Perdew and A. Zunger, Phys. Rev. B 23,
5048 (1981).

10G, B. Bachelet, D. R. Hamann, and M. Schliiter, Phys. Rev. B
26, 4199 (1982).

IIH. Hellmann, Einfiihrung in der Quanten Theorie (Deuticke,
Leipzig, 1937), p. 285; R. P. Feynman, Phys. Rev. 56, 340
(1939).

12A. Baldereschi, Phys. Rev. B 7, 5212 (1973); D. J. Chadi and
M. L. Cohen, ibid. 8, 5747 (1973); H. J. Monkhorst and J. D.
Pack, ibid. 13, 5188 (1976).

133, Fahy and D. R. Hamann, Phys. Rev. B 41, 7587 (1990).

140, Jepsen and O. K. Andersen, Phys. Rev. B 29, 5965 (1984);
O. K. Andersen, P. Blochl, and O. Jepsen, Bull. Am. Phys.
Soc. 33, 804 (1988).

150. Bisi, L. Braicovich, C. Carbone, I. Lindau, A. Iandelli, G.
L. Olcese, and A. Palenzona, Phys. Rev. B 40, 10 194 (1989).
16In Ref. 8, the figures for the 8 4 and 8B structures were inter-

changed.

17P. Bl5chl (private communication).

18R. M. Tromp and M. C. Reuter, Phys. Rev. Lett. 61, 1756
(1988).

193, Satpathy and R. M. Martin, Phys. Rev. B 39, 8494 (1989).



