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Atomic Intermixing and Electronic Interaction
at the Pd-Si(111) Interface
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We present a theoretical study of electronic properties of the Pd-Si(111) interface in the
early stages of interaction. Three models are considered: a chemisorbed Pd layer on Si, an
epitaxial Pd2Si layer on Si, and a near-surface Si layer containing interstitial Pd atoms. By
comparing the results of our calculations with the spectroscopic data, we find that the model
of mixing interstitial Pd atoms in Si is the most appropriate one. This suggests an interpreta-
tion of the interfacial reaction in terms of a precursor state of formation of Pd silicide.

PACS numbers: 73.20.Hb, 71.45.Nt

Because of the multiple applications of thin-film
silicides as contacts, ' gates, and high-resolution
infrared detectors4 6 in microelectronic devices, the
atomic and electronic structures and properties of
metal-silicon and silicide-silicon interfaces are at-
tracting wide attention. Transition metals form sili-
cides with Si upon annealing. 7 s In the cases of
near-noble metals, they can even react with single-
crystal Si near liquid-nitrogen temperature. How
the covalent bonds in Si can be broken at such a
low temperature is an intriguing question; the
atomic processes involved in the chemical reaction
must be considered.

Currently, many experimental studies of interfa-
cial interaction begin by a controlled deposition of a
submonolayer to several monolayers of metallic
atoms on a well characterized Si surface, then fol-
lowed by a combination of surface techniques to
measure atomic position and chemical bonding.
However, no modeling of interfacial structure has
been attempted to see if it correlates well with ex-
perimental results. The aim of this work is to in-
vestigate the electronic structure of three different
models of reacted interfaces between Si(111) and
Pd and to answer the question where are the Pd
atoms after a monolayer or so of them have been
deposited onto the Si(111) surface. The first model
is a monolayer of Pd atoms chemisorbed on top of a
Si(111) surface. The second is a monolayer (or two
layers) of Pd2Si epitaxially grown on a Si(111) sur-
face. The last is a model of Pd atoms below the Si
surface, occupying interstitial sites in Si. We have
selected the Pd-Si system because microscopic
chemical interaction and properties of the interface
have been studied. '

Our calculation of these complex models was car-
ried out using the linear combination of atomic or-
bitals method in the extended Huckel approxima-
tion (EHT). The approach has been successfully

applied to the electronic structure of bulk sili-
cides.

In the EHT scheme the Coulomb integrals n; are
set equal to the negative of the valence orbital po-
tential I„ for the ith orbital of the sth atom. The
resonance integral is approximated by the expres-
sion

&a,p= Ktj't2 (It+ IJ) jSts,p

where S„p is the overlap integral. The orbital-
dependent parameters Ktj and the wave-function
Slater exponents have been adjusted to reproduce
the electronic bands of Si, Pd, and Pd2Si. 23 An
iterative procedure was set up by allowing the I;,'s
to vary as a function of the excess charge found on
the same atom (q, ) and on the different atoms

(q, ):
I„(q,,q, ) = I„(0,0)+p, „qg+ X y„pq„(2)

jr& lg

where p, „and y„„are the intra-atomic and intera-
tomic (Madelung contribution per unit charge,
respectively. Because of the nonorthogonality of
our basis, the charge q, is calculated through a Mul-
liken population analysis.

The first model investigated is a monolayer of Pd
on top of a Si(111)surface. This model has already
been studied by Ihm, Cohen, and Chelikowsky2s by
a self-consistent pseudopotential method. In agree-
ment with these authors, we find a sharp Pd d peak
between —1 and —2 eV below EF, and two hybridi-
zation peaks straddling the Si band edges.

To construct the second model, we note that lat-
tice imaging of the cross section of Pd2SilSi(111)
interfaces show that the interface is crystallographi-
cally sharp and there are atomically flat portions. It
implies that we can begin to construct these inter-
faces by joining a plane of Pd2Si to Si(111). In the
model, we use a slab of twelve Si(111) planes hav-
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ing on each surface one or two planes of Pd2Si.
These two planes are shown in the inset in Fig. l.
In the case of 1 monolayer (mL) of Pd&Si our su-
percell contains 40 Si and 6 Pd atoms. Adding the
second plane of Pd2Si to form the 2-mL model we
have 42 Si and 12 Pd atoms. The distance between
the Si surface layer and the first Pd2Si layer has
been taken to be 1.64 A, intermediate between the
Pd2Si and the average Si(111) interlayer separation.
At present, no experimental measurement of this
distance is available.

The results for the interfaces between Pd2Si and

Si(ill) [Figs. 1(a) and 1(b)] show that the chemi-
cal bond in the interfacial compound is mainly due
to Si p and Pd d interaction. We found a charge
transfer towards every silicide's Si atom of Q. Q9 (1
mL), 0.13 (2 mL, first layer), and Q.35 (2 mL,
second layer) electron. These values are to be com-
pared with the corresponding bulk Pd2Si value:
0.17 electron towards every Si atom.

In the 2-mL case the free surface of our system is
constituted by the metal-rich Pd2Si plane and a
sharp peak of nonbonding d states at —1.5 eV is
seen in the calculation which is not dissimilar to the
peak in the top chemisorption case.

The geometry of a Pd interstitial atom in a slab of
12 Si layers which we have investigated is shown in
Fig. 2(a). The interstitial is positioned on top of an
atom of a 8' plane, delineated by three atoms, one
from each of the planes A, A', and B. The intera-
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FIG. 1. Theoretical partial and total densities of states
for (a) 1 mL of Pd2Si on Si(ill). The inset is the first
plane of Pd2Si and it is used as the 1-mL model in the
calculation. The inset in (b) is the second plane of Pd2Si,
and by adding it to the first plane, we form the 2-mL
model. The crystal structure of bulk Pd2Si can be
represented by stacking these two planes alternately. In
the first plane of Pd2Si, if we replace each of the three
clustered Pd atoms by one Si atom and expand the dis-
tance of 6.53 to 6.56 A, we obtain a bulk Si(111) plane.
The good crystallographic match allows an epitaxial
growth of Pd2Si on Si(111)surface. (b) 2 mL of Pd2Si on
Si (111).
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FIG. 2. (a) Pd interstitial in Si (ill) geometry. Black
circles, Si atoms; open circles, Pd atoms. (b) Theoretical
partial densities of states for a Pd atom interstitia1 in Si
(111).
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tomic distance between the interstitial and the 8'
atom and the three neighboring atoms of A, A', and
B are assumed to be 2.30, 2.74, 2.37, and 2.69 A. ,
respectively. The closest Pd-Pd distance is 6.65 A,
indicating that the Pd-Pd interaction is negligible.

Figure 2(b) shows the density of states for the Pd
atom and for a Si neighbor (atom of plane A'). The
densities of states for other Si atoms surrounding
the Pd are indistinguishable from the curve shown.
On comparing the Si-neighbor density of states
(DOS) with the Si bulk DOS, we see the strong
modification of the former by the disruption of the
tetrahedral symmetry and by the Pd-Si interaction.
The Pd d electrons are also strongly perturbed and
various peaks emerge as a result of this interaction.
We note the existence of a broad peak just around

E„, indicating that the system which consists of the
interstitial Pd and surrounding Si atoms has become
a metallic cluster.

A detailed investigation of the atomic geometries
(including Si atom relaxation) is out of the scope of
the present paper, since it would require a total en-
ergy minimization procedure. Rather we are in-
terested in discriminating among the three models
on the basis of a comparison with the spectroscopi-
cal data. To this end we note that Rubloff et al.
(see Figs. 3 and 4 of Ref. 11) using UPS found the
d band for submonolayer coverage at ——3.5 eV,
to be compared with the —2.75 eV value found in
bulk Pd2Si. In the experiment the photon energy
used was 21.2 eV and the Pd 4d photoionization
cross section was dominant. In Fig. 3 we show a
comparison between our calculated 4d projected
densities of states and the bulk Pd2Si d densities of
states. Clearly, the ultraviolet photoelectron spec-
troscopy (UPS) finding of the low-energy position
of the d band at a low coverage and the direction of
d-band shift from —3.5 to —2.75 eV on going from a
low coverage to bulk cannot be interpreted in terms
of the theoretical DOS for an epitaxial Pd2Si layer;
in particular the sharp peak of nonbonding d states
found in the Pd-rich silicide layer at ——1.5 eV
[see Fig. 1(b)] grossly disagrees with the experi-
mental data.

In the interstitial case the d states are found at
low energies between ——4.5 and ——9.0 eV
with two main peaks at ——5.5 and —7.5 eV,
respectively. The formation of a band —4.5 eV
wide is due to strong interactions between the Pd
atom and Si neighbors in this geometry. The ener-
gy position of the d states is determined by the large
number of Si neighbors, each one receiving a
charge of —0.07 electron. By introducing some
geometrical relaxation and by increasing the con-
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FIG. 3. Theoretical t = 2 projected densities of states

for (a) Pd2Si bulk; (b) Pd atom interstitial in Si (111);(c)
2 mL of P12Si on Si (ill); (1) 1 mL of P12Si on Si (111).

centration of interstitials we would expect a better
agreement with the experimental data. For exam-
ple, if we increase the Pd-Si B' atom distance [in
the (111)direction] and the Pd-Si A' atom distance
[in the (111)plane] by 0.2 A we obtian the relaxed
result shown in Fig. 3. However, the significance
of our result is that the right direction of the d-band
shift comes out only in the interstitial geometry
case.

We believe that in deposition, Pd atoms ap-
proaching the Si surface and having a closed-shell
configuration 4d'0 do not bond with the recon-
structed Si(111) dangling bonds and prefer instead
to occupy the interstitial sites in Si, producing me-
tallic clusters near the surface. When the concen-
tration of the metallic clusters is sufficiently high, a
transition to a full metallic system may take place
leading to the formation of a Pd2Si-like intermetal-
lic compound. The detection of a silicidelike UPS
spectra in the very early stage of interfacial reaction
between Pd and Si should not necessarily be taken
to indicate the formation of Pd2Si compound; rather
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it may indicate just the formation of Pd interstitials
in Si, which is a crucial kinetic precursor state need-
ed for the low-temperature compound formation.
Because of their metallic nature, the clusters may
play a key role in Schottky behavior of Pd and Pd2Si
on Si
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