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I

A theoretical investigation of the Ni-Si(001) and Ni-Si(111) reactive interfaces using electronic
band-structure calculation is presented. The following near-surface structures and interface models
have been studied: (a) metastable adamantane structures of Ni interstitials in bulk Si at different
stoichiometries: (b) isolated Ni interstitials near Si(001) and Si(111)surfaces; (c) single layer of NiSi2
rotated by 180 on Si(111);and (d) Ni atom chemisorbed on a single layer of NiSi2 on Si(111). The
electronic properties of these structures and models are described and compared with the available

experimental data. The low-Ni-coverage experimental results obtained for the (001) Si surface are
interpreted in terms of an interfacial phase containing Ni interstitials in an adamantane geometry.
For the (111)Si surface the experimental data provide evidence of both an interfacial phase contain-

ing Ni interstitials in an adamantane geometry and an epitaxial NiSi2-Si(111) interface.

I. INTRODUCTION

Thin-film transition-metal silicides are of great current
interest largely because of their application in electronic
devices. ' The formation of a silicide on Si depends on
the metal/Si interfacial reaction. The Ni/Si interfaces are
among the most reactive ones. According to the pro-
posed interstitial model, " the high reactivity of silicon
surface upon near-noble metal deposition is due to the
mobility of metal atoms. The metal atoms would move
into the interstitial voids of the silicon lattice with very
little activation energy and this would make the Si—Si
bond less covalent and easier to break. Consequently, a
low-temperature silicide formation can occur. Various
surface techniques have been used to study submonolayer
and monolayers of Ni deposited on well-characterized
(111) and (001) Si surfaces and to characterize their elec-
tronic interaction and rearrangement of atomic positions.
Among the findings are the following.

For the Si(111) surface, He light' and synchrotron ra-
diation' photoemission spectroscopy shows a shift of the
Ni d band towards the Fermi energy (EF) upon increasing
metal concentration. Epitaxial NiSi2 film formed in an
ultrahigh vacuum by a few monolayers of Ni deposited on
Si(111)with subsequent annealing to -450 C, is found to
be rotated by 180' with respect to the Si substrate (type-8
orientation). ' ' This observation is confirmed by a re-
cent low-energy electron diffraction (LEED) study. '

Surface-extended x-ray-absorption fine-structure (SEX-
AFS) measurements of Ni on Si(111) (Ref. 18) show a
bond length of 2.37 A and a sevenfold coordination num-
ber for the Ni atom. The SEXAFS results indicate that
the Ni atoms must be located below the Si surface.

The as-deposited Ni on the Si(001) surface has been
studied by x-ray photoelectron spectroscopy (XPS). The
interface is suggested to be a chemically graded region
ranging from Si rich on the Si side to Ni rich on the Ni
side. At the coverage of one monolayer (1 M.L.) the Ni
2p3/2 core level is found independent of the substrate tem-
perature from 100 to 523 K. This supports a picture of

Ni interstitials in the Si lattice. '
. Ion channeling experi-

ment shows that a low-coverage Ni deposited on Si(001) at
room temperature (RT) produces a dispersed Ni/Si inter-
face, which could be explained by Ni occupying the inter-
stitial voids in the Si lattice. Ultraviolet photoemission
spectroscopy (UPS), LEED, and transmission electron dif-
fraction (TED) study of Ni on Si(001) with annealing, also
lead to the suggestion of a diffusion layer of a distinctly
metallic phase having NiSi2 stoichiometry. ' ' The
diffusion-layer phase is formed by filling the octahedral
interstitial voids of the Si lattice by Ni atoms, ' ' leaving
each metallic atom in an adamantane environment. '

We attempt to investigate the electronic structure of
several different models of the Ni/Si interface or the
near-surface structure upon depositing a few monolayers
of Ni on both the (111) and (001) Si surfaces as deduced
from the experimental results. The first is that of the
adamantane structure. On varying the number of Ni in-
terstitials, the stoichiometry of this metastable compound
is varied from NiSi2 to NiSis. The second model is that of
the Ni interstitial in Si(001) and in Si(111). The third
model is that of NiSi2 epitaxial on Si(111),and the last is
that of Ni atoms chemisorbed on one layer of NiSi2 on
Si(111). The calculations are to be compared with avail-
able experimental data.

II. METHOD OF CALCULATION

The theoretical method used for these complex models
is the iterative extended Hiickel theory (IEHT). The ap-
proach is semiempirical and requires only the appropriate
choice of the Slater orbital exponents and the Coulomb in-
tegrals, and a physically reasonable approximation to the
exchange and resonance integrals. Iterations are made to
achieve self-consistency in charge distribution on atoms.
Using more sophisticated methods for these complex
models would be computationally very difficult. The
present semiempirical approach also extends easily from
the bulk-structure calculation to surface- and interface-
structure calculation and gives a consistent description of
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both bulk and surface properties.
The valence electron orbitals in a free atom P (r) are

expressed by

iHp . ;(k) E—„(k)Sp .. ;(k) i
=0,

where the matrix elements of the Hamiltonian H are

(7)

y.(r) =[C,X„,(r)+C,X„,(r)]&, (9,$),
a=(n, l, m), (1)

where X„g(r) are Slater-type orbitals with orbital exponent

;(k, r)= ge 'P~(r R»—),

i=1,2, . . . , M, (3)

where R» is the position of the ith atom in the lth unit
cell, and N is the number of cells in the crystal. The
Bloch functions are used as the basis to form energy
eigenfunctions, i.e.,

q/„(k, r)=[B„(k)] '/ gc;(k, n)4;(k, r),
i,a

where

(4)

B„(k)=g pep j(k,n)c~;(k, n)Sp j. ,(k)
ia jp

is the normalization factor and

(k) pe li mj

I, m

X(yp(r —R~, )
~ y.(r —R»)) (6)

is the overlap matrix in the reciprocal space. The summa-
tion over unit cells l and m are taken over a finite number
of shells. We found that for an interatomic distance
greater than 7 A the overlap contribution to the summa-
tion in (6) can be neglected.

The coefficients c~;(k,n) of the energy eigenfunction

expansion (4) and the energy eigenvalues E„(k) are ob-
tained by solving the secular equation

(&) (2n ~)
—1/2(2g)n +1/2&n —1e gr —

(2)

and F& (8,$) are the spherical harmonics. A double g
expansion is essential in order to obtain a good description
of the metal d orbital necessary for the fitting of the
bulk Ni band structure.

For each valence atomic orbital P of each of the M
atoms in the unit cell, one sets up a Bloch orbital for the
crystal, given by

X (Pp(r —R, )
~

H
~ P (r —R» )) . (8)

In the extended-Huckel-theory (EHT) approximation the
Coulomb integral (P ( r —R» )

~

H
~ P ( r —R» ) ) is set

equal to the negative of the valence-orbital ionization po-
tential (VOIP) (Ref. 27) of the corresponding atomic orbi-
tal I; and the resonance integrals are approximated by
the expression:

(,Pp( r Rj ) —
~

H
~ P ( r —R» ) )

Kp— (Pp(r —R~j)
~ P (r R»)) —.

2

The use of the arithmetic average of the ionization poten-
tial instead of the geometric average used in Ref. 22 for
bulk silicides is necessary in order to adequately describe
the conduction band of silicon, which is important for the
present study. The iterative procedure is set up by allow-

ing the I s to vary as a function of the excess charge on
the atom itself q; and of the excess charge on all the other
atoms qj:

0
a, i('5 ~'Vj ) a,i +Pa, i li + X 1 ij Qj (10)

j
where I~; is the ionization potential of the atomic orbital

of the neutral atom at site i; p and y are intra-atomic
and interatomic contributions per unit charge, respective-
ly. Details of computation of these coefficients are given
in the Appendix. At every iteration, the ionization poten-
tials are varied according to the excess charges obtained
from the previous iteration. The new values of I; are
used to calculate new excess charges, the procedure being
repeated until convergence in the excess charge is
achieved. The calculation was considered converged when
the maximum deviation between input and output excess
charges was less then 0.05 electrons/atom.

Charge transfer is not uniquely defined in a crystal
compound, due to the arbitrariness of the bonding charge
assignment to a specific atomic site. Reasonable and
widely used prescriptions for defining the charge transfer
are the Mulliken population analysis and the Lowdin
projection technique. In the Mulliken approach the
overlap charge between each pair of atom i and j of the
unit cell is equally shared:

g g [B„(k)) ' f dEcp j(k, n)Sp& ~,(k)c;(k, n. )5(E E„(k)), —
J'+'~ & Pn

where q~"; indicates the overlap contribution of the atomic orbital P to the charge of the ith atom. The factor of 2 in
Eq. (11) is due to spin degeneracy.

The Mulliken equal sharing of the overlap charge is believed to be justified when the bonds are far from ionicity, i.e.,
when the electronegativity difference between the different atoms is small.

The charge sitting on the ith atom is obtained by summing over all the P~ s centered on that particular atom:
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where
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(13)

4~;(k, r)=[8„(k)] '~ +4&z(k, r)S&J'~, {k) .
p,j

(16)

We set up the iterative procedure of Eq. (10) using both
prescriptions for the charge-transfer evaluation. In NiSi2
both calculations converge at similar charges and densities
of states (DOS), with a difference in the Ni charge of 0.11
electrons/atom. This shows that it is possible to define a
meaningful charge transfer for the Si-Ni compounds. All
the calculations we present here are based on a Mulliken
populatiorr analysis.

The atomic wave function Slater exponents, as well as
the Si and Ni orbital-dependent parameters IC p of Eq. (9)
have been adjusted to reproduce the electronic band of
pure Si and Ni as suggested by Messmer et al. The pa-
rameters used for calculation are listed in Table I. The
values of E~p for the Si-Ni s-p interaction are taken as
the average between the corresponding Rap parameters
for Si and Ni. For the s-d and p-d interaction the K p

is the net atomic contribution of the orbital P to the
charge of the ith atom.

In the Lowdin approach the nonorthogonal atomic or-
bitalsg are transformed to the orthogonal wave func-
tions P . In the transformed orthogonal basis set the en-

ergy eigenfunctions are

%„(k,r)= gc;(k,n)4;(k, r),
i,a

where 4; is the Block superposition of the orthogonal

orbital P (r —R~;) [see Eq. (3)]. In the Lowdin population
analysis the contribution of the atomic orbital P~ to the
charge of the ith atom is given by

q,.=2 g f d&
~
c,(k, n)

~

~${Q E„(k)) . (1$)
k, n

The approximation arises from the fact that the orthogo-
nal basis-set Bloch function 4~; is a combination of dif-
ferent orbitals and sites contributions:

parameters are assumed to be the same as the pure Ni
Hamiltonian. All the models we study in the present
work are investigated using these input data by varying
the geometric structure, with no free parameters. The in-
terface calculation has been performed by solving the sec-
ular equation of a slab of 16 (001) or 12 (111) Si layers
containing four or three Si atoms per layer, respective-

31,32

Figure 1 shows the Si energy band as computed using
the data of Table I. We found a valence bandwidth of
12.91 eV and an indirect gap along the I X direction of
1.19 eV, in good agreement with the results of more so-
phisticated calculations.

III. RESULTS

The DOS for bulk NiSi2 together with the Ni and Si
contribution is shown in Fig. 2 as a reference for the
analysis of the models to be investigated. The interaction
between Si p and Ni d states leads to a partial dehybridi-
zation of the Si s states near —10 eV, the sp configura-
tion of Si being changed toward s p . This effect, which
is fully accomplished in a metal-richer stoichiometry,
is responsible here for the presence of the p-d bonding-
antibonding structures straddling the main d peak at
—5.6 and —2.0 eV, respectively. The energy position of
the d-band main peak at —3.3 eV is in good agreement
with other theoretical calculations ' and experimental
data '4

12

10—

~ \

0

~ r

Orbital 3s
Si'

3p
Ni
4p

TABLE I. Input parameters for Si and Ni.
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FIG. 1. Si energy bands computed with the parameters of
Table I.
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NiSi2 NiSi

adamantane structure

Ni contribution Ni contribution

—10 —10

E-EF(eV) E-EF(eV)

FIG. 2. Theoretical DOS and partial density of states for
bulk NiSi2.

FIG. 4. Theoretical DOS and partial density of states for
NiSi2 adamantane structure.

A. Adamantane structure

The Ni interstitial adamantane geometry has been pro-
posed in order to interpret ion-channeling, UPS, and
TED experiments. ' '

In this structure a Ni atom lies in a ten-atom cage of
undistorted Si atoms which consists of two subsets of
atoms (Fig. 3): a set of four (A atoms, shaded circles) that
lie at the vertices of a tetrahedron and a set of six (8
atoms, circles of unbroken perimeter) that lie at the ver-
tices of an octahedron. The distance between centers of
the interstitial (solid circle) and the A and 8 atoms is 2.35

AOAMANTANF INTERSTITIAL SITE

0
and 2.71 A, respectively. By varying the number of occu-
pied adamantane sites by Ni in the Si, we vary the
stoichiometry of this compound from NiSiz to NiSis. In
regard to the adamantane structure of NiSiz, we note that
this cubic compound does not correspond to a stable crys-
tal structure, but has been proposed as a diffusion layer
structure at the interface between silicon and nickel.
The undistorted Si (adamantane structure of NiSiz) lattice
volume is greater than that of stable NiSiz, which has the
same crystal structure as CaFz, by 1.3%. While in the
CaF2 structure every Ni atom has eight Sl neighbors at a
distance of 2.34 A, in the adamantane NiSiz the Ni atoms
have only four Si atoms at 2.35 A, the other six being at
2.7j. A. The weaker Si-Ni interaction leads to a reduction
of the number of states involved in the Si—Ni bond. Be-
cause of this reduction the d band is shifted towards
lower binding energies (BE) as we may expect from the
fact that this compound is unstable. The main d peak is

NI contrIbutIon

SILICON Ist fcc LATTICE
(ADAMANTANE 8 ATOM)

SILICON 2nd FCC LATTICE
(ADAMANTANE A ATOM)

NICKEL ATOM —10

FIG. 3. The adamantane structure of the Si cages inside a Si
crystal. The six face-centered Si atoms of the first lattice form
the octahedron cage. The four second-lattice Si atoms form the
tetrahedral cage.

E-EF feV)

FIG. 5. Theoretical DOS and partial density of states for
NiSi4 adamantane structure.
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NiSis

adarnantane structure

Nl Atom Interstitial ln Sl (001)-(2xl)
Adamantane Geometry

Ni contribution

Nl Atom Interstitial in Si (111)-(Ix I)
Adamantane Geometry Sl (III )- (lxl)

A

-15

E-EF (eVj

FIG. 6. Theoretical DOS and partial density of states for
N1Si8 adamantane structure.

SI Atom
4 L

NI Atom

sharp and lies at —2.7 eV (Fig. 4).
In the adamantane structure of NiSi4 and NiSi8 the lo-

cal coordination of every Ni atom does not change from
that of the adamantane structure with NiSi2
stoichiometry. On going towards the more Si-rich phases,
the Si DOS approaches the Si-bulk tetrahedral features,
showing corresponding changes in the interaction of Si
with the Ni atoms.

The nonbonding d states are found in the energy region
corresponding to the Si bulk gap (Figs. 5 and 6). In NiSi4
these states form a peak with a 2-eV width centered at
—2.0 eV; in NiSi8 this peak is found at —1.6 eV; The
trend of peak shift found in these interstitial adamantane
Si-rich phases is the opposite of the trend found in the Si-
Ni stable compounds, where a shift of the d band towards
higher BE has been found on going towards Si-rich
stoichiometry. The DOS features of NiSi4 and NiSis in
an undistorted Si lattice cannot be understood in terms of
a Si-Ni chemical interaction, which leads to a compound
formation that minimizes the total energy. The energy of
the Ni d states in the adamantane structure is constant if
it is referred to the vacuum level and it lies in the same
energy range as the Si bulk gap. On increasing Ni content
the Fermi energy is shifted towards lower BE so that the
relative position of the Ni d band moves in the opposite
direction.

B. Ni interstitial in Si surface layer

In order to explain the high reactivity of Si surfaces
upon near-noble-metal deposition, an interstitial mecha-
nism has been proposed. " From this point of view the.
silicide formation occurs because of the weakening of the
Si—Si bonds by the interstitial metals. For the interstitial
mechanism to be effective in weakening bonds of the Si
surface atoms, we have to study the effect of Ni intersti-
tials immediate below the surface. Both Si(001) and
Si(111)surfaces are considered in the following. Figure 7
shows a cross-sectional view of the interstitial geometry

FIG. 7. Geometries for Ni interstitial in Si(001) and in
Si(111).

studied for the Si(001). The clean surface Si atoms form a
2)&1 reconstructed lattice. Several models have been pro-
posed in order to account for this reconstruction; none has
reached a complete description of the experimental data.
Among them the asymmetric-dimer model ' gives a good
description of the electronic properties of the surface, and
it is simple enough to permit an interstitial interface cal-
culation. The interstitial metal atom in the early stages of
deposition does not bond significantly with the Si surface
atoms, so that we may suppose that the Si clean-surface
reconstruction is unchanged. In the following we will
show that the results for Ni interstitial below a recon-
structed Si(001) and an ideal Si(111) surface are similar.
This provides evidence that the Si-Ni interaction does not
depend significantly upon the status and orientation of the
Si surface. We therefore followed this model and simulat-
ed the Si(001) surface with a slab of 16 Si(001) layers (20.4
A thick).

In order to have information on the very early stages of
the Ni deposition, we have to study the Ni in the limit of
diluted impurity. We chose a two-dimensional (2D)
square unit cell of 7.68 A size (four Si atoms per 2D cell).
Ni atoms lie in a 2D periodic square array of the same
size as shown in Fig. 7 and their mutual interaction is
negligible. The projected densities of states (PDOS) for
the Ni atom and for the two Si atoms, which in an undis-
torted surface lie along the [001] direction directly on the
top and below the interstitial site, are shown in Fig. 8.
The reconstruction increases the Si „Ni distance from 2.71
to 2.79. The interaction between Ni and Si neighbors
leads to several features in the density of states.

While the interaction with the Si„„atom is responsible
for the contribution of d peak around Ez, the bonding
with the interior Si atoms (including the Sid,„„atom)
leads to a sharp peak at —3.8 eV. Figure 8 shows also a
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Ni interstitial in Si(001)-(2 x I)

Ni atom lies in an adarnantane cage. In NiSi8 the bulk Si
atoms interact weakly with the impurity atom, leaving the
Ni d state in a nonbonding configuration. In the case of
an interstitial Ni atom below a Si(111)surface we found a
considerable increase of the number of Si—Ni bonding
states, leading to a shift of the main d peak to —3.9 eV
below EF. This effect, which has already been found in
the Pd/Si(111) system, " is due to the greater reactivity of
the Si surface atoms, being no longer in a bulk sp config-
uration. The earlier results found in the Si(001)-(2&(1)
surface show that there the reconstruction has a weaker
effect.

Si

Si

Sic

—15 —10

E-EF (eV)

FIG. 8. Theoretical partial density of states for Ni interstitial
in Si(001)-(2X 1). Si„~ (Siz,„„)atom lies on the [001] direction on
the top (directly below) the interstitial Ni. Lower panel dash
curve shows the Si bulk DOS.

comparison between the Si central layer PDOS and the Si
bulk density of states indicating that the number of (001)
layers was sufficient to avoid interactions between the two
surfaces of the slab. For the reasons mentioned above we
limit our present study to an undistorted Si(111)-(1X1)
surface. A cross-sectional view of the geometry of the Ni
interstitial in the Si(111)model is shown in Fig. 7.

It is useful to compare the PDOS found in the NiSis
adamantane structure (Fig. 6) with the PDOS of the Ni
interstitial in Si(111) (Fig. 9). In both models an isolated

C. NiSi2 epitaxial layer on Si(111)

The Si(111) surface constitutes a 2D hexagonal lattice
of atoms at a distance of 3.84 A, while the hexagonal ar-
ray of a NiSi2(111) layer are at a distance of 3.82 A. It is
this close lattice match that makes the growth of a uni-
form epitaxial film of NiSi2 on Si(111)possible. ' Howev-
er, when the film is very thin, the lattice of NiSi2 has been
found rotated by 180' about the normal to the Si sur-
face. ' ' Figure 10 shows the two ways a NiSi2 layer
may be matched to a Si(111)substrate. In both models (3
geometry and B geometry) the NiSi2 layer is rotated by
180'. In the A geometry the Ni atom lies in a substitu-
tional site with seven Si neighbors at 2.35 A, to be com-
pared with the eight Si neighbors at 2.34 A in the NiSiz
bulk. The Si atom below the NiSi2 layer lies in the ideal
surface adamantane voids; it is surrounded by three Ni at
2.35 A and six Si atoms at 2.71 A. The silicon atoms in
this NiSiz interface layer are strongly perturbed with
respect to both the NiSi2 and Si bulk densities of states
(Fig. 11). The Si-Ni interaction leads to a structured d
band, with two distinct peaks at —4.1 and —4.9 eV.

Ideal Si (111)Surface

Ni interstitial in Si(1 11)

!
adamantane geometry One NISI2 Layer on Si (111)

A.Geometry

~E L s ~

Si A

One NISI2 Layer on Si (111)
B-Geometry

xc
I
I

xc
I

xc
I
I IJ I J

—15 —10

F-EF (eV) O SI Atom NI Atom

FIG. 9. Theoretical partial density of states for Ni interstitial
in Si{111).Si A' (Si B') atom indicates Ni first neighbor of the
A' (B') Si{111)plane (see Fig. 7).

FIG. 10. Geometry of the Si(111) clean surface and of one
NiSi& layer on Si(111) in the A and B geometry. x, indicates
the Ni chemisorption site.
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one NiSi2 layer on Si(111)

A-geometry

one NiSi2 layer on Si(111)

8 geometry

Ni cont

Si contribution
Up Si co

Up

si
doWA

—10

E-EF (eV)

—15 —10

E-EF(eV)

FIG. I I. Theoretical partial density of states for one NiSi&

layer on Si(111) 3 geoxnetry. Si„~ I,'Sid,„„)refers to the upper
(lower) NiSi2 single-layer Si atom.

FIG. 13. Theoretical partial density of states for one NiSi2

layer on Si(111) 8 geometry. Si„~ (Sid,„„)refers to the upper

(lower) NiSi& single-layer Si atom.

Ni atom ehemisorbed on

one NiSi layer on Si(111)

8 geometry

Ni contribution

Si c
Up

sidow

—15 —jo

E-F+ (eV)

FIG. 12. Theoretical partial density of states for a Ni atom
chemisorbed on one NiSi& layer on Si{111)8 geometry. Si„„
(Sid,„„)refers to the upper (lower) NiSi2 single-layer Si atom.

In the 8 geometry the Ni atoms lie in a six- Si-atom
coordination site, at the same distance of 2.35 A as in the

geometry. With respect to the former interface
geometry, in this case the lowering of the coordination
number leads to a weaker Si-Ni intersection. At the lower
binding energy site of the Si—Ni bonding peak we have an

essentially nonbonding structure. This sharp peak is lo-

cated at 2,2 eV below EF.

D. Ni chemisorbed on one layer of NiSi2 on Si(111)

We study also a model of Ni-enriched surface of the
NiSiq/Si(111) interface. Our model is set up by putting a
Ni atom on top of the Ni atom in NiSiz (x, site of Fig.
10}.

In this way we obtain sevenfold coordination number
for the 8 geometry too, but in a Ni-richer environment
than in the 3 geometry. Figure 12 shows the PDOS for

this last case. The Ni d states are clearly grouped in three
distinct peaks. It is instructive to compare these results
with the NiSi2 layer on the Si(111) case of the same 8
geometry (Fig. 13}. The Ni —Si bonding peak at higher
BE is still present, while the Ni peak at —2.2 eV is
broadened by the Ni-% interactions. A new sharp struc-
ture, characteristic of the chemisorbed Ni atom, is found
at 0.9 eV below E~.

IV. DISCUSSION

The aim of the present work is to investigate the mech-
anism of the Si-Ni interaction following Ni deposition
onto clean Si(001) and Si(111)surfaces. Figure 14 shows a
summary of the results for the different models we have
studied. We plot the Ni 3d contribution because we are
mainly interested in a comparison with photoemission
data [Refs. 3, 19, and 20 for Ni/Si(001) and Refs. 12 and
13 for Ni/Si(111) interfaces] with a dominant Ni 31 pho-
toionization cross section.

It is important to note that these calculations have been
performed without any free parameter except the
geometry of the crystal structures investigated, so the dif-
ferent locations of the Ni d band reflect the different
geometric configurations.

In the top panel the results for bulk NizSi, NiSi, and
NiSi2 show the narrowing of the Ni d band and the shift
of the main Ni d peak towards higher BE on increasing Si
concentration. The good agreement between these calcu-
lations and the experimental data encourages us to ex-
tend the analysis to interfacial problems.

'

A. Ni on Si(001) surface

The evaporation of Ni onto Si(001) followed by anneal-

ing produces TED superlattice spots characteristic of an
ordered structure of Ni and Si. The structure could be
identified as the stable NiSiq (CaF2) or adamantane struc-
ture of NiSi2 on the basis of the geometry of the diffrac-
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NI Sl

NiSi

NiSi

NiSi adamant. str.

NiSi adamant. str.

NiSia adamant. str

y ~

~ ~
~ ~
~ ~

~ ~

i ~
~ ~
~ ~
~ I
~ ~

~ ~

~ I
J

I

I
'~,~

Ni interst. Si(001)

Ni interst. Si(111)

Ni on NiSi2/Si(1 11) (B)

NiSi /Si(111}(8)

NiSi2/Si(1 1 1)

—15 —10

E-EF(eV)

FIG. 14. Summary of the theoretical Ni partial density of
states for bulk silicides and for the interface models considered

in the present study. The normalization is to the number of
electron per Ni atom.

tion pattern.
Photoemission spectroscopy exhibits a peak at 2.78 eV

below EF which could be attributed to Ni atoms diffused
into a Si lattice. This peak at —2.78 ev is to be corn-

pared with the bulk silicides characteristic features at
—3.2, —1.8, and —1.3 eV for NiSi2, NiSi, and Ni2Si,
respectively. ' ' Our results show that on going from
the bulk NiSiz to the adamantane structure of NiSi2, a
shift of the main d peak from —3.3 to —2.7 eV takes
place. The correct prediction of the energy position of the
d band on going from bulk compound to interdiffusion

layer strongly supports the picture of Ni interstitial dif-
fusion at the interface, with the formation of a NiSiq
adamantane structure rather than the stable NiSi2 com-

pound having the CaF2 structure.
A second structure, seen in photoemission at very low

coverage, at 1.9 eV below EF, has been attributed to a sur-

face chemisorbed species of Ni. 2 We do not find a
unique way to interpret this peak. The chemisorbed site
assignment indicates a surface Ni enrichment at the be-

ginning of the deposition. On varying the chemisorption

site and/or the Si—Ni bond length it is possible to find a
d-band peak fitting the experimental value.

A different explanation of the —1.9-eV peak may be
found in the emission from Ni atoms in a NiSis adaman-
tane environment. A deconvolution of the two experi-
mental peaks (see Fig. 7 of Ref. 20) may shift the smaller
one towards Ez, leading to a better agreement with our
NiSis result (1.6 eV below EF). If this is the correct inter-

pretation, it indicates that the interdiffusion of Ni in Si at
very low coverages produces regions of different
stoichiometries. The UPS signal detection from Ni atoms
in the interdiffusion layer at submonolayer coverage may
be due to the migration of isolated Ni atoms towards
compound-formation regions, leading to an initial inho-

mogeneous formation.
A third explanation may be found if the interdiffusion-

layer compound is both homogeneous and without
surface-Ni enrichment. In this case both the structures
found at =2.78 and —1.9 eV can be interpreted as arising
from Ni atoms in NiSi4 adamantane structure.

Our results can also interpret an unexplained, up to
now, XPS experimental result. Grunthaner et al. ' found
a coincidence of the Ni 2p3/2 BE at 0.3—1 M.L. of Ni on
Si(001) with that of the stable NiSi compound. Since each
Ni atom in NiSi is surrounded by six Si and four Ni
atoms, it seems unlikely that the NiSi coordination envi-
ronment could exist at such low coverage.

We can qualitatively explain this result by using the ap-
proach of Franciosi et al. interpreting the BE shift of
silicides by different stoichiometries. On the basis of this
approach the variations in the silicide core-level BE are
mainly due to the effect of changing electronic configura-
tion rather than relaxation and charge transfer. On in-
creasing Si concentration the Ni configuration moves to-
wards an atomic configuration 3d 4s and the core level
shifts towards higher BE.

Our results (Table II) show that the Ni d electron con-
figuration in an adarnantane NiSi2 is intermediate between
NiSi and bulk NiSi2. If the core-level BE is mainly deter-
mined by the electronic configuration we expect the
interdiffusion-layer core level to be intermediate between
NiSi and NiSi2.

The effect of the charge transfer is to shift the core-
level BE of all bulk silicides in the same direction. There-
fore, we may infer a similar core-level BE for Ni in both
NiSi2 adamantane structure and NiSi compound.

The interpretation of the UPS data in terms of bulk in-
terdiffusion compounds instead of subsurface interstitials
(third panel of Fig. 14) means that the interstitial dif-
fusion is not limited to the Si surface layer. The —12-A
electron escape depth of the UPS experiment investigates

TABLE II. Ni d electron configuration and total charge transfer.

Ni d
configuration

Excess charge
(e/at. )

Ni2Si
NiSi
NiSi2 (adamantane structure}
NiSi2 CaF2

8.82
8.70
8.50
8.20

—0.04
—0.10
+ 0.06
—0.12
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a region of -9 Si(001) layers, and the diffusion layer has
to be at least of this order of magnitude.

B. Ni on Si(111)surfaces

This interface has been recently studied with different
techniques, with particular interest in the NiSi2-Si epitaxi-
al growth. '

A room-temperature precursor-surface-layer compound
formed by interdiffusion has been proposed. ' The forma-
tion of epitaxial NiSi2 has been detected after heating this
layer at 450'C. On the other hand, if unreacted Ni is
present on top of this surface-layer compound it, will in-
stead transform to Ni2Si and NiSi upon annealing. '

Room-temperature SEXAFS analysis of Ni on Si(111)
shows that the short-range environment surrounding Ni
atoms is similar (although not identical) to that encoun-
tered in a NiSiq lattice, ' the main difference being a
sevenfold coordination number rather than the eightfold
for Ni in NiSi2.

Ni deposition on Si(111) followed by annealing at high
temperature (900—1200'C) produces two different phases,
depending on the Ni coverage. ' The LEED analysis of
the high-coverage phase confirms a NiSi2 epitaxial layer,
rotated by 180' with respect to the Si substrate. In the
low-coverage case a LEED 1&1 phase, similar to the
quenched "1&&1"clean Si(111)surface is found.

UPS experiments on Ni deposited on Si(111) show that
intermixing between Si and Ni occurs at very low tern-
perature (85 K).' The room-temperature spectra, shifted
by 0.1—0.6 eV towards higher BE, show a greater disper-
sion of Ni into the Si lattice. At a coverage of 1.5 M.L. a
broad d band is bound at —1.85 eV ( —1.95 at RT). On
increasing metal coverage there is a continuous d-band
shift towards Ep.

Room-temperature synchrotron radiation experiments'
show very similar data. A difference spectrum at sub-
monolayer coverage shows a broad d peak at —1.8 eV
[full width at half maximum (FWHM), -2 eV].

Among the various models we studied, only the NiSi4
adamantane structure and the 8-geometry interface be-
tween one layer of NiSi2 and Si(111) produce a d band
centered around 2 eV below E~ (Fig. 14). The shape of
these peaks is different: In the NiSiq case a wide peak
(FWHM of 2 eV), asymmetric in the low BE site, occurs,
while in the second model of NiSi2 a 2.5-eV-wide band,
with a very narrow peak (FWHM of 0.6 eV) at —2.2 eV is
found. On the basis of the available experimental data it
is difficult to discriminate between these two models.
Photoemission line shape' ' is closer to the PDOS of the
NiSi& model, while SEXAFS (Ref. 18) data provided evi-
dence of formation of NiSi2/Si(111) 8-geometry interface
at coverages as low as 0.5 M.L.

The results found in the low-coverage Ni/Si(111) inter-
face cannot be directly compared with the low-coverage
Ni/Si(001) interface. While Si(111)data has been taken at
85 K and room temperature, the Si(001) experiment has
been performed after annealing at 473 K and 703 K.

In the 4—6 M.L. coverage room-temperature photo-
emission shows a d-band peak at —1,40 eV (4 M.L.) and
—0.95 eV (6 M.L.). The result can be interpreted in terms

of the Ni chemisorbed on the NiSiz/Si(111) model. This
agreement is due to the low coordination of the chem-
isorbed Ni atom, directly bonded to a single Ni atom. If
we could increase the chemisorbed Ni interactions by in-
creasing the coordination number we would obtain a shift
to higher BE of the d peak.

From the above discussion, we see that while a great
deal of experimental work on the Ni/Si interfaces has
been performed, it is not possible to piece them together
to achieve a firin understanding of the interface because
of the lack of a systematic approach. The key issue is
how to correlate atomic position and rearrangement with
chemical or electronic interaction on a Si surface upon Ni
deposition. We should be able to gain a better picture by
starting the experiment at a very low temperature so that
the deposited Ni atoms will be chemisorbed on a clean Si
surface without moving into the Si layer, and then by per-
forming combined measurements using diffraction tech-
niques such as LEED and spectroscopic techniques such
as UPS in a multitechnique chamber, or by the use of a
transfer device without breaking the ultra-high vacuum to
monitor the interaction as a function of annealing tem-
perature. The result will no doubt offer a better insight to
the interfacial reaction and in turn to the construction of
theoretical models.

V. CONCLUSIONS
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APPENDIX

The ionization potential of the neutral atom I; and
the intra-atomic charge contribution p; are determined
through the valence-orbital ionization potentials of the
free atom (VOIP's). The VOIP for a transition
M, ~M(+' corresponding to the ionization of an elec-
tron from the configuration M, to form the configuration
Mb is given by

Vip (q) =I,(q)+E {Mg ) E(M, ), —{Al)

We have investigated the electronic properties of dif-
ferent models of Ni/Si(001) and Ni/Si(111) interfaces.
Our results, showing the modification of the chemical
bond and of the electronic properties caused by
stoichiometry or geometrical variations, are a useful tool
to interpret the experimental information of these inter-
faces.

Our analysis of the available experimental data gives
evidence of the existence of both interfacial phases con-
taining Ni interstitials in an adamantane geometry and
silicide-silicon epitaxial interface. At present the relation
between these different Ni configurations and the dynam-
ics of the probable transition between them is not well un-
derstood.
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where q is the excess charge on the atom, I,(q) is the
ground-state ionization potential of M~, and E(Mh) and

E(M, ) are the average energies of the two configurations,
obtained from the weighted mean of the energies of all the
rnultiplet terms. The VOIP values of Table I have been
determined by using spectroscopic data ' and the Slater-
Condon parameters to evaluate the average energies of

multiplets '" for neutral atom M, and positive ion M,+'
initial configuration. The intra-atomic charge contribu-
tion hatt~; determined through a positive-ion configuration
is used for both positive and negative excess charge on the
atom.

The interatomic contribution to the ionization potential
depends on the values of the electron repulsion integrals:

I(Rh' Rhj R t R )=(y (ri Rtt)i'(g(r2, Rhj) ~

C
~
'((p(r1 R i)ys(r2 (A2)

where C =
~

r i
—rz

~

' is the Coulomb potential and P (r —Ri;) is the atomic valence orbital of the ith atom in the lth
unit cell. Rather than calculate the many center repulsion integrals, we approximate them with a spherically averaged
Coulomb repulsion integral:

I(Rli Rhj ) (tI)g(r I Rii )ys( &2 Rhj) ~

C
~
ys(r I Rli )((~s(r2 Rhj ) ) (A3)

Despite the great simplification in the numerical calcula-
tion, this averaging has only a slight effect on the electron
energies.

The spherically averaged repulsion integral behaves
asymptotically as an electrostatic point-charge potential
and is screened at shorter range. In the spirit of our sem-

iempirical approach we computed the values of
I (Rh —Rhj ) through the Ohno-Klopman approxima-
tion:

' 2 —1/2
1 1 1

I(Rh Rhj. )= —(Rii —Rhj) + 4 ~ + ~J

(A4)

The formula is written in atomic units and I; is set equal
to the difference between the ionization potential and elec-
tron affinity of the ith atom. The Ohno-Klopman for-

mula is a good approximation to the electron repulsion in-
tegral in the internuclear distance range that we are in-
terested in (greater than 2 A).

The interatomic contribution to the ionization potential
of the ith atom is

g I(Rh Rhj) q—j——g y;jqj .
j h j

(A5)

The prime on the summation excludes the h =0 term
when i =j. The lattice summation in large parentheses
may be performed in reciprocal space using the Ewald
technique. The spherically averaged repulsion integral
[Eqs. (A3) and (A4)] is screened near the origin so that
there is no problem of convergence at large reciprocal vec-
tors. Formulas for lattice summation for both three-
dimensional (bulk silicides) and 2D lattices (slab
geometry) may be found in Appendix 8 of Ref. 49.
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