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MSi2/Si(111) (M-Co, Ni) Interface Chemical Bond
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With the aid of electronic structure calculations an explanation has been found for the experimentally
observed difference in geometric structure between CoSi2fSi(111) and NiSiq/Si(111) interfaces.

PACS numbers: 68.35.8s, 61.50.Lt, 73.20.Hb, 73.40.Ns

SI1ICOn C met;&1

MSi~

Si

('I) (b) (C)

FIG. I. Possible structures for the epitaxial MSi21'Si(111)
(M Co,Ni) interfaces: (a) fivefold, (b) eightfold, and (c)
sevenfold coordination of the interface metal atoms. All struc-
tures shown are of the 8 type.

The metallic disilicides CoSiq and NiSi2 (both CaF2
structure) grow epitaxially on Si(111)surfaces. ' There-
fore, Cosi2fSi(111) and NiSi2fSi(111) interfaces are in-

teresting from both technological and fundamental

points of view. A detailed insight into the chemical
bonding at these interfaces is of vital importance for the
understanding of Schottky barriers. Directly related to
the interface chemical bond is the atomic arrangement at
the interface. Recent experiments show that the atomic
arrangements at the Cosi2fSi(111) and NiSi21'Si(111)
interfaces are quite different: In the case of CoSi2, the
metal atoms of the disilicide bind to the silicon sub-

strate [Figs. 1(a) and 1(b)], whereas in the case of
NiSi2 the silicon atoms of the disilicide do [Fig. 1(c)].

In this Letter, we present an explanation for the ob-
served difference between Cosi2ttsi(111) and NiSi2f
Si(111). The argument is based on a detailed under-

standing of the interface chemical bond. Such an under-

standing has been obtained by analysis of electronic
structure calculations. To this end we used the concept
of "frontier orbitals" (a frontier orbital is a candidate or-

bital for a chemical bond). This concept has been prov-

en to be a powerful tool in the explanation both of molec-
ular and of crystal structures.

In the case of disilicide-silicon to substrate-silicon
bonding, the metal atoms closest to the interface are
sevenfold coordinated [Fig. 1(c)]. In the case of disili-

cide-metal to substrate-silicon bonding, the interface
metal atoms are fivefold coordinated [Fig. 1(a)] if one
assumes that all Si atoms are tetrahedrally coordinated.
If, however, this constraint is lifted, the possibility exists
to saturate the three interface metal dangling bonds by
Si atoms [Fig. 1(b)], which are then threefold coordinat-
ed (for a "8-type" interface). In this case the coordina-
tion number of the interface metal atoms is eight. There
is no experimental evidence which favors either the five-

fold or eightfold structure. Our calculations indicate
that the addition of a silicon layer to the fivefold struc-
ture (thus making the eightfold structure) lowers the to-
tal energy of the system. Therefore, in our comparison
of silicon-silicon bonding with metal-silicon bonding, we
will use the sevenfold [Fig. 1(c)] and eightfold [Fig.
1(b)] structures, respectively.

In order to get a full insight into the nature of the
frontier orbitals at the interface, we also performed cal-
culations on the bulk disilicides. Below, we present our
results as follows. First, we discuss bonding in the bulk
disilicides. Next, we consider the cutoff" of the bulk
disilicides along the (111) plane and argue which disili-
cide orbitals are candidates for the interface chemical
bond. Finally, the interface chemical bond itself is dis-
cussed.

We have performed self-consistent-field local-density-
approximation (LDA) linear-combination-of-atomic-
orbitals' calculations on clusters modeling the bulk
disilicides and the disilicide-silicon interfaces. The
Vosko-Wilk-Nusair parametrization" of the LDA func-
tional was used. From a Mulliken orbital-population
analysis, a picture of the interface chemical bond in

terms of frontier orbitals could be derived. Although
quantitative results from cluster calculations should be
taken with care, the analysis of such calculations gives a
simp. e intuitive picture of the electronic structure in

terms of (local) chemical bonds. Such a picture helps
one to understand results from experiments and from
band-structure calculations on periodic systems. Trends
in calculated bond energies will serve as a check on the
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FIQ. 2. (a) Chemical bonding within the bulk disilicides. (b) Energy-level diagrams for steps I and II (see text). In the energy-

level diagram for step II the extra Ni electron is indicated between brackets.

correctness of the interface chemical bond picture.
Bonding in the bulk disilicides is modeled with the

smallest representative unit, i.e., a cluster consisting of
one metal atom surrounded by eight silicon atoms. For
the clusters modeling the interfaces, we varied the clus-

ter size by building model clusters containing one and

three metal atoms. The number of Si atoms in the inter-

face clusters varied, depending on the cluster geometry,
but was on the average equal to 15. The silicon parts of
the interface clusters were, as usual, saturated by hydro-

gen atoms. ' The Si-H distance was set equal to 1.52 A.
This value was obtained from an optimization procedure
in a cluster representing bulk silicon; in fact, it is very

close to the silane value of 1.48 A. An appropriate satu-
ration of the disilicide parts of the interface clusters is

more complicated, since in this case the bonding is not

strictly covalent. Here, we followed a special "saturation
scheme, "

in which the disilicide parts were saturated
both by hydrogen and by "pseudohydrogen" atoms. The
latter have a number of electrons (and, in order to
guarantee charge neutrality, consequently a nuclear

charge) not equal to one.
We start by considering the chemical bonding in the

bulk disilicides. Here, the metal atoms are eightfold
coordinated. Therefore, we may view the local environ-

ment of a metal atom as a cube with Si atoms at the
corners and the metal atom at the center. We now

"build up" the chemical bonds within this cube, starting
with the sp hybridized Si orbitals, which point to the
cube center. Two steps are considered [Fig. 2(a)]: the
mutual interaction between the sp orbitals within the
cube (step I), and next the interaction of the resulting
orbitals with the metal atom (step II). Figure 2(b) gives

a schematic energy-level interaction diagram based on

the calculations. Because of a large mutual overlap, the

sp orbitals interact strongly with each other, resulting
in bonding (A~s, Tz„) and antibonding (T2s,A~„) levels

(step I). The labels A~s, Tq„, . . . indicate the irreducible
representations of the cubic point group. The E and T

TABLE I. Interaction energies per interface bond (in elec-
tronvolts) calculated with clusters containing one and three

metal atoms. For the bulk disilicides, the interaction energies

are given per metal-silicon bond.

1 metal atom
Co Ni

3 metal atoms
Co Ni

Sevenfold
Eightfold

Bulk MSi2

2.3
3.2
2.3

2.2
2. 1

2.3

1.9
2.9

1.9
1.4

levels are twofold and threefold degenerate, respectively.
Next, we consider step II. As a result of the symmetry,
the metal s orbital can only interact with the A &z orbital,
as indicated in Fig. 2(b). Three of the five metal d orbit-
als (xy, xz,yz) can interact with the T2s orbital, whereas
the other two remain nonbonding. Now, if we fill up the
levels within the cube with the electrons available (one
electron per sp orbital, and the metal electrons), we see
that the Fermi level will be in a region of mainly metal-
silicon (step II) nonbonding levels [Fig. 2(b)]. For
NiSiz, all (step II) nonbonding levels (Es, T2„) are filled,
whereas for CoSi2 there is still a place for one electron
per unit cell. This explains why the difference in

cohesive energy between both disilicides is only small
(about 0.06 eV/atom expt. ' ) (Table I): The extra Ni
electron per unit cell goes into a metal-silicon nonbond-

ing orbital. Finally, we note that the main features of
density-of-states pictures based on band-structure calcu-
lations' for bulk CoSi2 and NiSi2 are consistent with

our cluster results presented in Fig. 2(b): The d-level

contribution to the density of states splits into a metal-
silicon bonding and nonbonding part, a "quasigap"
separates metal-silicon nonbonding and antibonding
states, and the extra NiSi2 electron per unit cell goes into
(mainly) nonbonding states.

Next, we discuss what happens when the bulk disili-
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FIG. 3. Energy-level diagrams for the interface chemical

bonds for (a) sevenfold- (left) and eightfold- (right) coordinat-

ed interface metal atoms. (b) CoSiz/Si(111) and (c) NiSiz/

Si(111)are compared.

cide is cut along the (111)plane in such a way that it is

silicon terminated; no surface reconstruction is assumed.
For the "unit cubes" [Fig. 2(a)] closest to the surface,
the cutoff means that one of the Si atoms at the cube
corners is removed. The three Si atoms sitting next to
this atom become surface Si atoms, each with a dangling

sp orbital pointing in the [111]direction. Now, if we

assume that the energy-level diagram within the cube is

not considerably affected by the removal of one Si corner
atom, the only effect is that one electron is "taken away"
from the cube. The level energies of the surface Si dan-

gling bonds, however, are higher than those of the
metal-silicon nonbonding orbitals (Es, T2„). Therefore,
the electrons in the surface Si dangling bonds will prefer
these lower-lying orbitals. Consequently, the Si atoms of
the MSi2(111) surface will have empty dangling bonds,
and the orbitals within the cube will be filled the same

way as in the bulk disilicide. The latter means that for
CoSi2(111) surfaces, apart from the empty Si dangling
bond, there is also a not completely filled orbital centered
around the metal atom; in the case of NiSi2(111) sur-

faces, this orbital is completely filled. Figure 3(a) shows

the above-mentioned orbitals: the MSi2 Si (empty) dan-

gling bond (No. 1), the orbital centered around the met-
al atom (No. 2), and the Si substrate dangling bond
(No. 3). Note that the orbital energy of No. 2 is much
lower than those of Nos. 1 and 3.

Finally, we discuss the formation of the disilicide-
silicon interface chemical bond. Figure 3(a) shows the
difference between sevenfold and eightfold-coordinated
disilicide-silicon (111) interfaces: In the case of the
sevenfold structure, the substrate Si dangling bond (No.

TABLE II. Orbital overlap populations (in electrons) be-

tween the p, orbitals of the substrate Si and disilicide Si atoms,
and between the substrate Si p, orbitals and disilicide metal d
orbitals. The z axis is defined perpendicular to the (111) inter-

face plane. The orbital overlap populations are given per inter-

face bond. They have been calculated with interface clusters
containing one and three metal atoms.

1 metal atom
Co Ni

3 metal atoms
Co Ni

Sevenfold Si p, -Si p,
Si p, -M d

Eightfold Si p, -Si p,
Si p, -M d

0.15
0.0
0.0
0.06

0.15
0.0
0.0
0.06

0.11
0.0
0.01
0.08

0.12
0.0
0.0
0.07

3) interacts with the MSi2 Si dangling bond (No. 1),
whereas in the case of the eightfold structure the sub-
strate Si dangling bond interacts with the metal-centered
orbital (No. 2). The interaction between orbitals 1 and
3 is stronger than between 2 and 3 because of larger
overlap and less orbital energy difference. This is also
clear from an inspection of Table II. This table shows
the orbital overlap populations between the p, orbitals of
the substrate and disilicide silicon atoms, and between
the substrate Si p, orbitals and metal d orbitals. For
comparison, we calculate between p orbitals of neighbor-
ing Si atoms in (a cluster representing) bulk Si an over-

lap population of 0.15. Clearly, we see from this table
that in the sevenfold case, there is a strong interaction
between the Si-centered dangling bonds (which have
mainly p, character); the p, -d interaction [mainly corre-
sponding to the 2-3 interaction [Fig. 3(a)]J in the eight-
fold structure is weaker by about 50%. Figures 3(b) and

3(c) show schematic energy-level interaction diagrams
for CoSi2/Si(111) and NiSi2/Si(111), respectively.
These diagrams are based on our calculations. We find

that the orbital energy of the bonding combination be-
tween 1 and 3 (left) is higher than that of the bonding
combination between 2 and 3 (right). In the sevenfold
CoSi2/Si(111) case [Fig. 3(b), left] the two electrons
available for one interface chemical bond go into a non-

bonding orbital, whereas in the eightfold case [Fig. 3(b),
right) they go into a bonding orbital. Therefore, eight-
fold coordination of the interface metal atom will be en-
ergetically more favorable at the CoSi2/Si(111) interface
than sevenfold coordination. Although the interaction
diagrams for NiSi2/Si(ill) are roughly the same as
those for CoSi2/Si(1 1 1), the one extra Ni electron has
different effects on the interaction energy. In the eight-
fold NiSi2/Si(111) structure, two electrons go into a
bonding orbital and the third goes into a nonbonding one
[Fig. 3(c), right]. In the sevenfold structure, however,
although two electrons go into a nonbonding instead of
bonding orbital, the third one goes into the strongly
bonding combination between frontier orbitals 1 (disili-
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cide) and 3 (silicon). The latter configuration (one elec-
tron in a strongly bonding orbital) turns out to be ener-
getically more favorable than the first one (two electrons
in a more weakly bonding orbital), although the energy
diA'erence between the two configurations (corresponding
to the sevenfold and eightfold structures) will be smaller
here than for CoSiz/Si(111). Thus, we see that for
NiSi2/Si(111) the extra Ni electron changes the picture:
The strongly bonding orbital between Nos. 1 and 3 in the
sevenfold structure is empty for CoSiz/Si(111), whereas
it gets partially filled for NiSi2/Si(111), making the
sevenfold-coordinated interface energetically more favor-
able in the latter case. Table I shows the interaction en-
ergies per interface bond calculated with the model clus-
ters containing one and three metal atoms. These ener-
gies were calculated with Ziegler's transition-state
method. ' Although there are differences between the
clusters, we see that both clusters reproduce the trends in

binding energies very well; for CoSi2/Si(111) the eight-
fold structure is energetically more favorable, whereas
for NiSi2/Si(111) the sevenfold structure is. Moreover,
the diA'erence in bond energy between the two structures
is smaller for NiSi2/Si(111) than for CoSi2/Si(111), as
expected.

In summary, we have shown why CoSi2 binds with its
Co atoms to the Si substrate at the (111) interface,
whereas NiSi2 prefers binding with its Si atoms.
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