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Abstract

The nucleation and growth of silicide monolayers during deposition of Si on Pd(110) has been studied in situ by scanning
tunnelling microscopy and vibrational spectroscopy of adsorbed CO. The growth scenario is found to depend strongly on the
deposition temperature, which determines the competition between Si subsurface diffusion and silicide formation. With increasing
temperature amorphous silicon (< 140 K ). amorphous silicide (140--320 K ) and crystalline palladium silicide (> 320 K ) grows at the
metal surface. Below 450 K the ordered silicide grows in strained islands while above 450 K strain is partially relieved through misfit

dislocations. © 1997 Elsevier Science B.V.
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Silicide formation at metal-silicon interfaces has
been studied extensively, both because of its practi-
cal importance in semiconductor technology and
because epitaxial silicide films provide well-defined
model systems for basic studies of interface reac-
tions [1-5]. Much has been learned of these fasci-
nating systems, however, a complete microscopic
understanding of the mechanisms for silicide for-
mation at the interface is still lacking. Moreover,
nearly all experimental studies of silicide formation
concerned the reaction of deposited metals on
silicon surfaces; the inverse scenario — Si deposition
on metal surfaces — has rarely been studied [6].

In this Letter we report in situ scanning tunnel-
ling microscopy (STM ) and reflection absorption
infrared spectroscopy (RAIRS) results on silicide
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formation during Si deposition on the Pd(110)
surface. The crucial parameter for the silicide
growth is the deposition temperature, which deter-
mines the competition between Si subsurface
diffusion and silicide formation. Despite the immis-
cibility of Pd and Si in the bulk, silicon is found
to dissolve in the selvage of the Pd crystal. The
present system thus constitutes a further example
of surface mixing of elements immiscible in the
bulk: a phenomenon which was predicted many
years ago [7] but uncovered experimentally only
recently for metal-on-metal [8.9] and metal-on-
semiconductor systems [10,11]. Below 140K Si
does not react with the Pd surface and amorphous
silicon clusters form during deposition. With
increasing temperature Si penetrates into the metal
surface and silicide is formed. Between 140 and
320 K the silicide is amorphous. while above 320 K



it is crystalline growing in well shaped islands. The
silicide islands are found to be unstable at elevated
temperatures.

The experiments were carried out in an UHV
chamber (base pressure 2 x 10~ '° mbar) equipped
with standard surface analysis facilities, a variable
temperature STM (150-600 K ) and a FTIR spec-
trometer (Mattson GALAXY 6020) [12]. The
Pd(110) crystal was prepared by cycles of 800 eV
Ar* ion sputtering at 300 and 700 K, heating at
600 K in a 10”°mbar O, atmosphere and flash
annealing at 900 K. The surface quality was con-
trolled by STM, LEED and AES. STM images
reveal large terraces with an average size of
~ 500—1000 A. Evaporation of Si on the well pre-
pared Pd(110) surface was achieved by electron
bombardment heating of a Si rod. The calibration
of the deposition rate was done by means of STM
and RAIR spectroscopy of adsorbed CO at T=
100 K. At low coverages the Si growth is found to
be two-dimensional and the area covered by Si
and the IR signal of Si bound CO is a direct
measure for the Si dosage assuming a sticking
coeficient of one. Typical deposition rates were of
the order of 5x 10 * ML s~ '. All STM measure-
ments were performed in the constant current
mode at 0.5-2V bias and 0.5-1.5 nA tunnelling
current. The adsorption of CO on the Si/Pd(110)
surfaces was investigated by RAIRS. All spectra
were taken in reflection geometry and with a
resolution of 8 cm ™', The CO was dosed onto the
surface at 100 K; monolayer coverage was achieved
after exposure of 40 L.

The combination of STM and RAIRS offers a
unique possibility of correlating surface chemical
analysis with atomic-level surface structure. This
is particularly important in the case of very reactive
systems like Si/Pd. As chemical sensor we use the
CO molecule which is adsorbed onto the well-
prepared and characterised heterogeneous sur-
faces. The internal stretch vibration which is easily
accessible with RAIRS reacts quite sensitively to
the chemical nature of its surrounding and it is
thus a valuable probe of the surface chemical
composition.

At low temperatures (< 140 K ) Si does not react
with the Pd(110) surface. The Auger spectrum
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shows only one single peak at 92 eV demonstrating
the absence of silicide formation [11]. The unre-
active deposition at low temperatures is confirmed
by vibrational spectroscopy of adsorbed CO.
Fig. la shows as reference the infrared absorption
of CO adsorbed on amorphous Si (a-Si). A single
band is revealed at 2104 cm ! with a linewidth of
19cm !, Upon deposition of Si onto the clean
Pd(110) surface at a temperature below 140 K the
same vibrational band is detected (Fig. 1b). There
is no significant shift visible indicating the absence
of any reaction with the Pd substrate. The second
absorption band around 2000 cm ! is easily deter-
mined as being due to CO adsorbed on the remain-
ing, uncovered Pd substrate sites (compare with
Fig. l¢) characterising CO adsorption on clean
Pd(110) in bridge configuration. Both vibrational
bands of the Si/Pd(110) surface are inhomoge-
neously broadened indicating that the clusters of
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Fig. 1. The infrared spectra of a monolayer of CO adsorbed on
amorphous Si (a). on Si/Pd(110) after deposition of 1.2 ML Si
at 100 K (b) and on clean Pd(110) (¢). A monolayer was
achieved after dosing 40 L CO at 100 K.
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amorphous Si and the remaining patches of Pd
substrate are small and randomly distributed.
Above 140 K the deposition of Si on Pd(110) is
reactive. Auger spectroscopy shows multiple peak
shape features around 92 eV characteristic for pal-
ladium-silicide formation [11]. The silicide forma-
tion is also evident in the vibrational spectra of
chemisorbed CO. Three representative spectra of
CO adsorbed on silicide/Pd(110) are shown in
Fig. 2. One monolayer CO was dosed onto the
surfaces at 100 K after Si deposition at 300 K (a),
400 K (b) and 550 K (c). The three IR spectra
are similar. They show two distinct absorption
bands: a low frequency band at 2000 cm ™! and a
high frequency band at 2074 cm ! (b,c) and
2090 cm ™! (a), respectively. The low frequency
mode corresponds to CO bound in bridge position
to Pd atoms of the uppermost layer, while the high
frequency mode indicates the presence of Si in this
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Fig. 2. The infrared spectra of a monolayer of CO adsorbed on
the palladium-silicide/Pd(110) surface after deposition of
0.9 ML Si at 300 K (a), 1.2 ML Si at 400 K (b) and 1.2 ML Si
at 550 K (c). A monolayer was achieved after dosing 40 L CO
at 100 K.
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layer. The silicide formation is evident by compar-
ing the spectra with the analogous spectrum of
amorphous Si on Pd(110) in Fig. 1b. The fre-
quency has red-shifted by 30 cm ™! upon Si depos-
ition at and above 400 K and by 14cm™' upon
deposition at room temperature. As will become
clear below by comparing the IR data to the STM
measurements, the band at 2074 cm ~! is character-
istic for crystalline silicide while the broad vibra-
tional band at 2090 cm ! corresponds to CO
adsorption on small amorphous silicide clusters.
The growth morphology has been studied in the
same temperature range (100-600 K} by variable
temperature STM. At low temperatures (< 140 K )
a high density of very small Si clusters nucleates
on the Pd(110) surface (not shown here). Upon
increasing the temperature above 140 K amor-
phous silicide clusters are formed. Fig. 3 shows as
an example the nucleation of palladium silicide
clusters at 300 K after deposition of 0.06 ML Si.
The clusters formed at room temperature have a
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Fig. 3. The growth of amorphous palladium silicide clusters on
Pd(110} at 300 K; Si deposition ~0.06 ML, Characters mark
silicide clusters {SC), substrate holes (SH) and Pd adatom clus-
ters (AC).
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typical size of 10-40 A and are uniformly distrib-
uted at the surface. The corresponding LEED
pattern is diffuse indicating that the clusters have
no crystalline structure but are amorphous.
Comparing this surface morphology with the infra-
red spectra of Fig. 2a the anomalously large line-
width becomes quite reasonable. It is likely to be
a consequence of both, the small size of the silicide
clusters and their amorphous structure. The silicide
formation on Pd(110) bears analogies to the initial
growth of palladium-silicide on Si(111) at room
temperature where also the formation of amor-
phous silicide clusters has been observed [13].

The STM image in Fig. 3 reveals a very interes-
ting feature concerning the silicide formation at
room temperature: besides the silicide reaction also
a noticeable subsurface diffusion of deposited Si
takes place. This is evident in the surface morphol-
ogy which shows besides the silicide clusters (SC)
the presence of two additional surface structures:
substrate holes (SH) and Pd adatom islands (AC).
The substrate holes are mostly one monolayer
deep and are elongated along the [110] direction;
they are mono- or diatomic in width. In addition
to these holes we find a small number of adatom
islands (AC), which are arranged as short chains
also running along [110]. From our homoepitaxy
experiments on the Pd(110) surface we know that
Pd atoms deposited at room temperature nucleate
in the form of dimer chains running along the
easy [110] direction [14]. We can thus identify the
chain like clusters (AC) as Pd adatom islands.

A likely scenario to explain this morphology is
the following. Upon deposition some Si adatoms
penetrate into the substrate by exchanging their
place with Pd atoms of the top surface layer. Since
we observe holes in the substrate (SH) it is likely
to assume that some of the incorporated Si atoms
leave the surface sites and diffuse deeper into the
Pd bulk. This process might be explained as fol-
lows. A nearby Pd atom in the surface layer is
ejected to create a vacancy. which then can be
filled by a Pd atom from the second layer exchang-
ing its place with the Si atom in the first layer.
The kicked out Pd atoms can diffuse and form Pd
adatom islands (AC); the Pd adatoms in addition
can react with Si adatoms to form silicide clusters
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(SC). Due to the anisotropic structure of the
substrate, vacancy-islands and Pd-adislands are
elongated along [110] at room temperature [14].
This mechanism ensures an efficient subsurface
diffusion of Si and is compatible with the morphol-
ogy seen in Fig. 3. It is interesting to note that a
very similar scenario as reported above for Si
subsurface diffusion has been observed in the case
of Au mixing into Ni(110) [8} and H penetration
into the (110) surfaces of Pd [15] and Ni [16].
Also, in these cases the substrate penetration seems
to occur via coupled exchange processes generating
substrate holes and adislands.

Above about 320 K the reaction scenario is
different. As an example we show in Fig. 4 two
STM images characterising the silicide formation
at 400 K after deposition of 0.4 and 0.6 ML Si.
Two kinds of well shaped silicide islands are
formed: one embedded in the first Pd layer and
the other on the Pd(110) surface, one step height
above. Both island types are rhomboid. There are
two domains visible which are oriented along the
diagonal [112] and [112] directions of the Pd(110)
surface umt cell. The adislands and the embedded
islands show the same distinct orientations. The
stlicide islands have a crystalline structure and
grow epitaxially on the Pd(110) substrate indicated
by a sharp (| !) LEED superstructure with two

40
domains. A detatled analysis of the LEED and
FTIR measurements reveals a Pd,Si stoichiometry
of the silicide islands [17].

Obviously the embedded silicide islands are
formed by the direct reaction of Pd in the surface
layer with impinging Si atoms, while the adislands
are formed through reaction of ejected Pd adatoms
with Si adatoms. The density of the embedded
silicide 1slands is much higher than that of the
adislands. This can be understood because the flux
of Si atoms arriving at the Pd surface is larger
than the “effective flux”™ of Pd adatoms ejected
onto the surface due to the Si-Pd exchange. The
nucleation probability of embedded silicide islands
is thus higher than the probability that Si and Pd
adatoms meet and nucleate an adisland.

With further increasing temperature migration
becomes increasingly faster with respect to depos-
ition, i.e. the nucleation density decreases and only
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Fig. 4. The growth of crystalline palladium silicide islands on
Pd(110) at 400 K. The Si dosage at the surface is 0.4 ML (a)
and 0.6 ML (b): the STM images have been taken immediately
after deposition.

few very large embedded silicide isltands grow
(Fig. 5). A pattern of parallel dark stripes visible
on the silicide islands attracts particular attention,
The depression stripes running along the [112]
direction are ~9 A in width and have an average
separation of ~45 A. We identify these stripes as
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misfit dislocations partially relieving the strain
[18]. The silicide must thus be under substantial
compressive strain and islands can only grow
coherent up to a critical size. Larger islands have
to relieve their strain by the introduction of misfit
dislocations. The LEED measurements reveal the

same (! !) pattern with additional spot splittings

along the diagonals; indicating that the silicide in
between the misfit dislocations has the same crys-
talline structure as the coherent islands grown
at 400 K.

It is quite interesting to compare Fig. 4a with
Fig. 5a. In both cases the STM images were taken
directly after 0.4 ML Si deposition at 400 and
550 K, respectively. Obviously the amount of sili-
cide, which is formed at the substrate surface, is
different. The surface area, which is covered with
silicide in Fig. 5a, is about twice as large as the
one shown in Fig. 4a. In general we observe a
pronounced formation of surface silicide at 550 K
indicating an increase in silicide reaction at the
surface in disfavour of subsurface diffusion with
increasing temperature. Taking account of the
stoichiometry of Pd,Si we can estimate that at
550 K more than half of the deposited Si is buried
below the surface directly after deposition. At
400 K the fraction of subsurface Si is of the order
of 75%.

[t is important to note that the crystalline silicide
is not stable at elevated temperatures. At ~500 K
the islands dissolve on a minute time scale while
at temperatures ~400 K typical decay times are
of the order of hours. This is demonstrated in
Fig. 5c¢ imaging the Pd(110) surface 60 min after
Si deposition at 550 K (the temperature was kept
at 550 K). The entire silicide islands have decom-
posed (compare with Fig. 5a showing the same
surface immediately after deposition), and the Si
has disappeared leaving a flat Pd surface with
some small holes. As already seen in Fig. 3 these
holes are characteristic for the subsurface diffusion
of Si via an exchange process with the Pd substrate
atoms. It is most likely to assume that the Si
atoms, which are released during the silicide
decomposition. diffuse subsurface and bury below
the surface. Coarsening of the crystalline silicide
into 3D clusters at the surface can be excluded.



400A

400A

00
400A

N. Wiilchli et al. [ Surface Science 382 (1997) L705-L712

d)
€)
5
&
s
E
o
=
=1 1)
2400 220 2000 1800
Wavenumbers



N. Wilchli et al. | Surface Science 382 (1997) L705--1L712

The large scale image in Fig. Sc shows no hints of
3D clusters on the flat terrace as well as at step
edges. We have scanned many different zones
always observing similar flat Pd terraces with
small holes.

The RAIR-spectra on the right-hand side of
Fig. 5 give additional evidence that the dissolution
of the silicide is not a local effect associated with
the limited image field of the STM. The infrared
experiment 1s an integral probe sampling the entire
macroscopic surface. It is clearly seen that the
vibrational band at 2074 cm ™! (characteristic for
the presence of Si at the surface) has disappeared
completely after keeping the surface at 550 K for
60 min, while the Pd-peak at 2000 ¢cm ™! has gained
intensity (Fig. 5f). Thus, the vibrational spectra
demonstrate that the entire surface is completely
Pd terminated and that Si has diffused subsurface.
It is, however, important to note that the Si
dissolving into the substrate does not “disappear”
completely into the bulk. This behaviour is
revealed by Auger spectroscopy showing that the
Si AES peak decreases but does not disappear
completely within several hours indicating the pres-
ence of the silicon in the selvage just beneath
the surface.

The observed growth scenario can be under-
stood qualitatively in the following picture. Si
deposited on the Pd surface has two reaction
channels leading to the global and the local energy
minimum of the system, respectively. The local
minimum is achieved via silicide reaction at the
surface, but this state is found to be unstable at
elevated temperatures. After decomposition of the
entire silicide islands a flat, Pd terminated surface
1s left. Thus, the energetic ground state of the
system is the mixing of Si in the selvage of the Pd
substrate. This state is achieved through subsurface
diffusion of the Si atoms via a Si-Pd exchange
mechanism. As both processes, chemical reaction
and subsurface diffusion are thermally activated

processes, the corresponding reaction rates depend
exponentially on their activation barriers. At very
low temperatures both reaction channels are frozen
and unreacted Si nucleates at the surface. With
increasing temperature the reaction channel with
the lowest energy barrier becomes first populated.
Reaching a certain temperature also the higher
energy barrier can be overcome and the population
into the second channel will be observed. Since the
nucleation of the silicide islands is only possible
by Si atoms penetrating the substrate it is natural
to assume that the barrier for interdiffusion is
lower than the chemical activation energy for
silicide formation. The pronounced formation of
surface silicide at elevated temperatures confirms
this assumption. Thus with increasing temperature
first subsurface diffusion becomes active. Only at
elevated temperatures does silicide formation
becomes significant; first amorphous then crystal-
line silicide is formed.

From the early work of Okada et al. [11] it is
already known that the volume phase diagram of
Si/Pd fails in describing processes which proceed
at the surface. In case of Pd deposited on the Si
substrate the deposit penetrates the surface
although there is no miscibility indicated in the
phase diagram. Later work from Nishigaki et al.
confirmed these results [19]. Silicon on Pd(110)
constitutes a further example for the surface mixing
of elements, which are immiscible in the bulk.
Recent theoretical analysis suggests that surface
mixing is expected generally in systems which are
dominated by atomic size mismatch [20,21]. While
the mismatch renders the elements immiscible in
the bulk, the reduced strain energy at the surface
will cause a finite miscibility there. An interesting
difference between the present system and the
previously studied systems [7--10] is the fact that
for Si/Pd(110) the intermixing is not confined to
the topmost surface layer but rather to the first
few layers just beneath the surface.

Fig. 5. Left-hand side: the growth (a, b) and dissolution (c) of crystalline palladium silicide on Pd(110) at 550 K. The amount of Si
deposited is 0.4 ML (a) and 1.2 ML (b); the STM images have been taken immediately after deposition. The STM image in (c) shows
the surface (a) 60 min after deposition while keeping the temperature at 550 K. Right-hand side: the corresponding infrared spectra
of a monolayer of CO adsorbed on the palladium-silicide/Pd (110) surface; deposition of 0.8 ML (d) and 1.2 ML (e) Si at 550 K.
The spectrum in (f) corresponds to situation (¢) where the surface was kept at 550 K after silicon deposition.
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