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1. Introduction

Thin films of transition metal silicides have been used as inter-
connects in microelectronics devices for decades due to their low
resistivity and good thermal stability.[1–3] Among the large num-
ber of silicides used in metal–silicon interconnects, palladium
(Pd)-based silicides have several advantages due to the low for-
mation temperature and ease of formation. Beyond their role
in the semiconductor industry, Pd silicides have become impor-
tant compounds for catalytic applications and there is intense
research to improve the catalytic activity, selectivity, and stability
of Pd to promote specific reactions. For example, Pd-based

catalysts are used in hydrogenation of
C2H2 to C2H4 due to their high activity
for acetylene conversion.[4] Low coverages
of Pd on metal surfaces have shown signif-
icant enhancement of catalytic reactions,
and this effect has been explained by geo-
metric and/or electronic effects, with the
isolated Pd sites acting as active sites.[5]

As an alternative to conventional 3D
powder catalysts, thin Pd films on various
substrates such as silicon have been tested
in the hydrogenation of acetylene.[6]

However, the catalytic activity has been
found to be drastically reduced due to the
formation of palladium silicide. Pd is
known to form different phases of silicide
structures on Si.[7] Pd2Si formed on Si(111)
is epitaxial, whereas it is polycrystalline

when grown on Si(001), with random azimuth orientations.[8,9]

At coverages below 1ML, Pd is known to react with Si(001) at
room temperature (RT) and forms Pd–Si bonds, while at cover-
ages above 1 ML, a Pd2Si-like compound is formed at the
interface.[10–12] Only one primary phase is formed below 700 °C:
hexagonal Pd2Si.

[8] PdSi is usually formed above the eutectoid
temperature (≈800 °C).[11] At longer annealing times, PdSi can
also coexist with Pd2Si over a large temperature range.[13] A
model calculation for different interface geometries of the
Si(111)–Pd2Si interface showed that at low Pd coverages, epitaxial
growth does not occur at the beginning of the deposition.[14] The
only interface geometry which agreed with the experimental data
at low coverages was the one formed by interstitial Pd atoms
below the Si surface. On increasing Pd coverage, the concentra-
tion of these clusters increases. However, the Pd/Si(001)
interface studied here has not been analyzed in so much detail
due to its complex, nonepitaxial growth.

The focus of this paper is to investigate the initial interactions
at the interface between Pd and vicinal Si(001) in ultrahigh
vacuum (UHV) to understand the precursor formation of silicide-
like structures. The interactions are investigated in situ, by moni-
toring the structural modifications of the vicinal Si(001) surface at
very low Pd coverages with reflectance anisotropy spectroscopy
(RAS) and Raman spectroscopy. Additional ex situ investigations
after growth are performed by Raman, RAS, and AFM in air.

Vicinal Si(001) surfaces with a well-defined step structure are
chosen as a substrate as it is well known that the morphology of a
surface, such as structure and orientation, can play major roles in
surface processes such as nucleation in growth or catalysis.[15,16]

These stepped surfaces can be useful model systems to mimic
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certain aspects of catalytic reactions as they have been shown to
influence the adsorption geometry and the decomposition paths
of several hydrocarbon–substrate systems such as C2H2 on Pd
surfaces.[17] RAS measurements of hydrogen on the Si(553)–Au
surface have shown high reactivity of step sites to chemical reac-
tions, where molecular hydrogen dissociates catalytically at the
Si step edges.[18]

RAS is ideally suited to probe these reactive structures, since
the anisotropy of the optical response can be directly related to
the surface electronic structure. Moreover, Raman spectroscopy,
applied to reconstructed or adsorbate modified surfaces, has
been shown to be very sensitive to surface phonons, that is, vibra-
tional modes, confined to a few atomic layers. In particular, in
combination with ab initio calculations of vibrational modes, this
has been proven to be a very versatile tool for surface structure
analysis.[19,20] In this article, we show that this approach can suc-
cessfully be applied to structurally complex interfaces such as
Pd–Si.

2. Experimental and Theoretical Methods

RAS measurements were carried out in situ, to probe the change
in the anisotropic optical properties of the surface during Pd
deposition on Si(001). RAS measured the difference in reflec-
tance R, at near normal incidence, of light linearly polarized
in two orthogonal directions at the surface plane of a cubic mate-
rial.[21] The RAS signal was defined by

ΔR
R

¼
R½110� � R½110�

R
(1)

where the directions ½110� and [110] correspond to directions par-
allel and perpendicular to the step edges, respectively. The RAS
apparatus was similar to previously described setups.[22] RAS
spectra in this work reported the real part of the anisotropy in
the reflection coefficients Δr/r, which was related to the signal
by ΔR/R= 2Re(Δr/r).[22]

Raman spectroscopy measurements were also carried out
in situ in the same UHV environment, but after the Pd deposi-
tion for subsequent annealing steps. The Raman measurements
were obtained using a Dilor triple spectrometer and a Si-based
high-efficiency charge-coupled device (CCD) detector. A solid-
state laser with an excitation wavelength of 660 nm (≈1.9 eV)
was used with a power of ≈250mW. The Raman scattering inten-
sity was measured in the parallel polarization configuration
zðyyÞz, with y parallel to the steps in the ½110� direction, and z
was along [001], perpendicular to the Si(001) surface. RAS and
Raman spectroscopy were attached to an UHV analysis chamber
with a base pressure of 1� 10�10 mbar, which enabled the
preparation of Si by direct current heating, deposition of metal
adsorbates by effusion cells, and surface control via low-energy
electron diffraction (LEED).

Si(001) substrates, with a miscut angle of 4° towards the [110]
direction, were prepared from commercial n-type, P-doped
Si(001) wafers (≈10 ohm-cm) and degassed in UHV for 12 h
at 600 °C by direct current heating.

They were then cleaned by repeated flashing to 1150 °C, to
obtain a predominantly single-domain (SD) (2� 1) surface

reconstruction. The anisotropic surface stress of the (2� 1) dimer
reconstruction results ideally in the formation of regularly
arranged double steps separated by ≈4 nm wide SD (2� 1) terra-
ces. On real surfaces, preparation conditions and surface defects
may lead to a less well-ordered structure comprising single and
double atomic steps. This can be detected by RAS since single
steps lead to dimer domains rotated by 90°. Figure 1 shows typical
RAS spectra of clean Si(001)-(2� 1) surfaces.

The Pd structures were grown in situ by evaporating Pd from a
high-temperature effusion cell onto the clean Si(001) surface
held at RT. For vicinal surfaces, RAS is well suited to follow depo-
sition/annealing cycles in situ. The coverage was given in mono-
layers (ML), with 1 ML corresponding to the surface atom density
at the unreconstructed Si(001) surface (6.8� 1014 atoms cm�2).
The Pd coverage was monitored by a quartz crystal oscillator, and
the deposition rate was ≈0.1 ML min�1. An infrared pyrometer
with an accuracy of �20 °C was used for monitoring the sample
temperature. The pressure did not exceed 3� 10�9 mbar during
Pd evaporation. RAS monitored the deposition of Pd on the sur-
face up to 2 ML and 4 ML coverage for the two cases discussed
below. The “zero” position for RAS was defined by using an
oxidized on-axis Si(001) sample, with an estimated error of
�0.05� 10�3. After RAS of each Pd coverage at RT, Raman spec-
troscopy was performed and was followed by annealing from RT
up to 600 °C. RAS was then measured again for the annealed
samples after Raman. Moreover, the surface structure was ana-
lyzed by LEED after various deposition and annealing steps. After
the in situ RAS and Raman measurements, the samples were
removed from UHV, and ex situ AFM measurements were car-
ried out by a Park Systems XE-100 instrument used in a noncon-
tact mode.

Ab initio density functional theory calculations were per-
formed to gain further insight into the interaction of Pd atoms
with the silicon (001) surface. For this purpose, the Si(001)-
(2� 1) surface was modeled in a slab geometry with a vacuum
region of 21 Å. The supercell consisted of up to 70 atoms, and the
top three silicon layers were allowed to relax. For the calculations,

Figure 1. RAS of clean vicinal Si(001) surfaces with multi-domains (MD)
and single-domains (SD). Black arrows show the energy range of surface
and bulk transitions.
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a Γ-centered k-point mesh of 3� 3� 1 was used. To obtain equi-
librium structures, ionic relaxations were carried out until the
residual forces were equal or less than 10�3 eV Å. For the calcu-
lations, the Vienna Ab initio Simulation Package was used, and
the generalized gradient approximation was employed.[23–25]

3. Results and Discussion-In-Situ Analysis

In this section, the results obtained from in situ RAS and Raman
spectroscopy are presented. In Section 3.1, RAS data obtained
from clean and Pd-covered Si(001) surfaces at RT, and then
annealed up to 600 °C, will be presented. Section 3.2 will present
Raman scattering results from the same samples as measured
with RAS. In Section 3.3, ab initio calculations of the interface
structure and vibrational modes are presented.

3.1. RAS

Before discussing the RASmeasurements for the Pd coverages, a
brief description of the typical spectroscopic fingerprints for the
clean vicinal Si(001)-(2� 1) surface is given. Figure 1 shows RAS
of the clean Si(001) surface for both samples, with a broad nega-
tive feature at about 3 eV and a peak at 4.3 eV, similar to spectra
obtained from other RAS studies of the surface.[26,27] The RAS spec-
tra show the same general features, but with significantly different
amplitudes which is indicative for a different domain ordering.

The optical anisotropy of the Si(001)-(2� 1) surface originates
from the structural anisotropy of the dimers and steps on the
surface. Ab initio calculations of the RAS response for vicinal
Si(001) have identified several key features.[28] The small shoul-
der at 3.4 eV and the peak at about 4.3 eV correspond to surface
modified bulk optical transitions at the E1 and E2 critical points,
respectively.[28] At energies lower than 3.4 eV, calculations have
shown that the optical anisotropy is related to surface states from
the Si dimers. At 3.0 eV, a minimum structure is observed which
is related to dangling bonds at the double steps of the vicinal
Si(001) surface.[28,29]

For energies greater than 3.4 eV, the anisotropic signal has
been attributed to surface-induced bulk anisotropy.[28] The E1
and E2 structures have been shown to be sensitive to the aniso-
tropic surface structure and the surface-induced stress extending
into the bulk.[30,31]

The RAS spectra of the clean Si(001) surfaces are clearly
dependent on surface preparation, displaying different magni-
tudes. A reduced domain imbalance gives rise to a smaller ani-
sotropic signal because of partial cancelation of anisotropy from
(1� 2) and (2� 1) domains. This multidomain (MD) surface
comprises a mixture of single and double height atomic steps.
A larger RAS amplitude originates from a greater single-domain
(SD) ratio evidenced by the magnitude of the RAS signal below
3 eV from the step structure and surface contributions and above
3.4 eV from surface-induced bulk optical transitions.

The evolution and initial stages of reactions at the interface of
Si(001) and Pd are monitored in situ with RAS as a function of
the coverage from 0.5 to 4ML in Figure 2a. The total anisotropy
for both samples has reduced, compared to the spectrum of the
clean Si(001) surfaces. Figure 2b shows RAS transients at three
energies which provide information on the structural changes

induced by Pd deposition. The signals at 2.5, 3, and 4.3 eV
are related to surface-state related transitions, dangling bonds
at the steps, and surface-induced bulk transitions respectively.
The transients for the MD and SD samples show different sur-
face modification processes during Pd growth. The surface states
are initially quenched at a faster rate for the MD surface com-
pared to the SD surface. This indicates that the growth morphol-
ogy of Pd on the MD surface is different to the SD surface. STM
studies have shown that Pd clusters agglomerate near the step
edges with increasing Pd coverage, until the surface is covered
by islands.[12] As the MD surface has a higher density of monoa-
tomic steps which hinder surface diffusion, a greater number of
Pd clusters nucleate and form 2D-like islands, strongly reducing
the optical anisotropy from the Si surface. For the SD surface,
there is still some residual optical anisotropy from Si surface
and step related states even at 2 ML. This indicates that a larger
area of the bare Si surface is exposed for the same Pd coverage.
The RAS transients for the SD surface show that the signals from
the surface and steps partially recover between 0.5 and 1 ML indi-
cating agglomeration of the islands. According to STM and
photoemission studies of Pd growth on Si(100),[10] Pd initially
nucleates randomly on the dimer rows and grows as 3D islands
(Volmer–Weber growth mode). This explains the residual optical
anisotropy from the bare Si SD surface even for 2 ML Pd cover-
age due to the 3D growth on the wider terraces of the SD surface.
The growth processes for both surfaces can be described as
Volmer–Weber type, but larger islands grow on the SD surface,
covering less of the free Si surface, while smaller islands grow on
the MD surface, covering more of the free Si surface.

The E2 bulk critical point for the SD surface is more pro-
nounced than for the MD surface at the same coverage since
the Pd growth on the MD surface is more 2D-like than in the
SD case. Correspondingly, a larger fraction of the surface is cov-
ered by Pd, which reduces the interface signal effectively in par-
ticular for high photon energies where the light penetration
depth is small.

Structures at 3.55 and 3.6 eV appear for Pd coverages greater
than 1 ML, which is close to the E1 gap of Si and most likely may
be related to an interface effect, coming from the reflection at the
Pd2Si/Si interface. Since the total reflection as well as the optical
anisotropy of the reflection depends on the contrast in the optical
functions of the two media, the growth of Pd2Si on Si will change
the line shape of the optical spectra since the Si/vacuum interface
is replaced by a complex Si/Pd2Si interface.

RAS of the annealed MD surface shows that the peak at
3.65 eV broadens and shifts to 3.75 eV. RAS of the annealed
SD surface shows that the amplitude increases towards higher
energies with a broad negative anisotropy at energies below
3.5 eV. This is related to the optical anisotropy of crystalline
Pd2Si islands superimposed by light scattering from the rough
surface morphology.[32] In summary, RAS spectra and transients
clearly demonstrate distinct Volmer–Weber-type growth modes
for the MD and SD samples.

Figure 2c shows LEED micrographs of the SD sample. The
clean Si(001) surface shows spot splitting indicating long-range
order from the double atomic height steps. LEED of the surface
with 4ML Pd is monitored before and after annealing at 600 °C.
Split spots that originate from the double height steps are still
visible at 4 ML Pd (yellow circle), though the background
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intensity is higher, indicating increasing disorder. After anneal-
ing, some diffuse spots are still present with a reduced number
of split spots. LEED of the SD surface supports the RAS data
showing that some spot splitting is still observed at higher cover-
ages, indicating the partial presence of the step structure.

RAS of the MD and SD samples are quite different to RAS
observed on other silicide structures such as rare earth atoms
on vicinal Si(001). There, the metal atoms on the Si surface react
strongly by passivating dangling bonds and breaking Si dimers
after submonolayer deposition, thus quenching the optical
anisotropy.[33] In the case of Pd adsorption, depending on the
substrate structure, it seems that it is energetically favorable to
initially form islands due to a weaker interaction of Pd with Si.

3.2. Raman Spectroscopy

After each consecutive Pd deposition and RASmeasurement, the
structural interactions at the interface of Pd and Si were probed

with Raman spectroscopy. Figure 3 shows Raman measure-
ments of the MD and SD samples at RT (unannealed) as well
as the difference between the unannealed (I-u) and annealed
(I-a) Raman spectra. The spectra at RT are shown in black. Pd
itself has no first-order Raman signal. After deposition of Pd,
a small peak appears at 116 cm�1 for the MD surface. This cor-
relates well with RAS of the same surface which showed a strong
reduction in anisotropy. The overall line shape before annealing
is mainly related to the density of phonon states of bulk Si. A
detailed analysis of the phonon background in this spectral
region has been published in our previous work on surface pho-
nons of Si.[19,34]

Several new peaks appear after annealing to 600 °C for 2 min.
The Raman spectra were obtained at two different positions, A
(light blue) and B (red) on the MD surface, as modes were
observed only at specific areas, which indicate inhomogeneous
growth. There is a difference in relative peak intensities for
the modes seen at 108 cm�1 and 116 cm�1 at position A and posi-
tion B. For the SD sample, annealing at 500 °C (dark blue) shows

Figure 2. a) RAS of MD and SD Si(001) surfaces at different Pd coverages. The spectra are offset for clarity. Colored bars at the ordinate show zero lines for each
coverage. b) RAS transients at different energies representing surface states, steps, and bulk-related transitions versus Pd coverage. c) LEED of the SD clean
Si(001) surface, with 4 ML Pd, before and after annealing (Ekin= 54 eV). Yellow circles indicate the position of a split spot which disappears after annealing.
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structures appearing at 106 cm�1 and at 118 cm�1. The peaks
sharpen and increase in intensity, after annealing to 600 °C
(red) with some additional weak modes. Pd–Si reaction is clearly
visible in the phonon spectra by the appearance of the additional
peaks. Nemanich et al. measured Raman spectra for 80 nm-thick

Pd films on Si(100).[35] After annealing to 300 °C for 15min, sili-
cide formation was observed, with a composition near Pd2Si. The
presence of a Pd-rich layer at the top surface was also indicated.
After further annealing to 700 °C, a compositionally uniform
Pd2Si silicide was found. The Raman spectra showed groups

Figure 3. Raman spectroscopy of the MD sample (2 ML Pd) at two positions, A and B—left, and SD sample (4 ML Pd)—right, before annealing (black)
and after annealing up to 600 °C. Difference spectra are obtained for the spectra before (I-u) and after (I-a) annealing.

Figure 4. Eigenvectors of the vibrational eigenstates of 6 Pd atoms on a 2� 1 Si(001) surface, (a–h) that are in good agreement with the phonon modes
observed by Raman scattering. For each mode, side and top views are shown. The numbers represent the eigenfrequencies in cm�1. The arrows indicate
the direction of the vibrations. For degenerate modes, the second eigenvector is shown by blue arrows.
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of lines near those of the initial silicide phase, but at slightly
higher frequencies, suggesting the existence of a second phase
of Pd2Si or a similar structure with composition near this.
Annealing at 800 °C produced a Raman spectrum of PdSi, which
was distinct from that of the two Pd2Si phases, with the appear-
ance of lines near 150 and 250 cm�1.[35]

Accordingly, the differences in the relative intensities for the
108–116 cm�1 peaks may indicate Pd-rich or Pd-poor Pd2Si
phases as suggested by Nemanich.[35] The fact that a small peak

is observed at 116 cm�1 for the MD sample and a broad shoulder
at 118 cm�1 for the SD sample before annealing implies some
Pd–Si precursor phase for silicide formation, most likely poly-
crystalline clusters as observed for Pd deposition on Si(111).[12,36]

The increased intensity of these structures as well as the appear-
ance of several new peaks between 70 and 200 cm�1 after anneal-
ing indicates that the chemical interface reaction is promoted
upon annealing.

In order to understand the Raman signatures in more detail,
ab initio DFT calculations of Pd on Si(001) and respective pho-
non modes were performed.

3.3. DFT Calculations

To address the interface structure and the vibrational modes,
DFT calculations were performed for the Si(001)-(2� 1) surface
with a Pd coverage of 75% (Figure 4). The Pd ad-atoms destroy
the (2� 1) surface reconstruction and form multiple bonds to
silicon atoms of the first two layers. This corresponds well with
RAS spectra of the MD sample at 0.5 and 1 ML Pd coverage
(Figure 2), where a structure at 3.65 eV, possibly from an inter-
mixed Pd–Si phase, appears. For each Pd atom, the vibrational
eigenmodes were calculated. The frequencies are summarized in
Table 1 together with a short description of the observed displace-
ment of the Pd atoms. A number of vibrational modes were
observed by Raman spectroscopy that appear to be characteristic
for Pd incorporated into a Si(001) surface. Pd atoms incorporate
into some lattice sites between the first and second layer, as
shown in the calculated minimum energy structure. The experi-
mentally observed modes are in very good agreement with the
local vibrational modes obtained from calculations. A compari-
son to the calculated vibrational modes shows agreement with
the eigenmodes between 71 and 211 cm�1 (see Table 1). The cor-
responding modes are depicted in Figure 4, and the direction of
the vibrations is indicated by red and blue vectors. These weak
features, associated with the reacted Pd–Si-phases at the

Table 1. Calculated and experimentally observed, νexp, vibrational
frequencies of the Pd ad-atoms on a Si(001)-(2� 1) surface. The calculated
frequencies, νtheory, were obtained from force constant calculations employing
a harmonic approximation. The measured frequencies, νexp, were obtained
from the in situ Raman scattering experiments shown in Figure 3.

νtheory [cm]�1 Remark νexp[cm]�1

211 In plane stretching of Pd #4 Λ #5 (see Figure 4) 190, 193, 200, 206

175 Stretching of Pd chain #3, #4, #5 Λ #6 –

152 Degenerate out of plane stretching of Pd #1 Λ
#2

154, 156

147 Degenerate symmetric and asymmetric out of
plane stretching of Pd #3 Λ #6

–

143 – –

137 Degenerate symmetric and asymmetric in
plane wagging of Pd #3 Λ #6

134

128 – –

117, 118 Degenerate vibration of Pd #2 Λ #3, #5
(see Figure 4)

116, 118

113 – –

96 In plane wagging of Pd #1 (see Figure 4) 106, 108

93 Symmetric out of plane Pd #4 Λ #5 93

85 Asymmetric out of plane Pd #4 Λ #5 82

71 In plane stretching of Pd #6 70

Figure 5. AFM of the MD sample (2 ML Pd and annealing at 600 °C) at two different positions after removal from UHV. The red lines in the AFM images
indicate where line profiles were taken but are not included in the figures.
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interface, are clearly visible in the experimental Raman spectra,
superimposed on the phonon background of the Si substrate; see
Figure 3. Thus the comparison of experimental and calculated
Raman lines gives clear evidence for the incorporation of Pd
atoms into the first Si layer.

4. Ex Situ Measurements (RAS, Raman, and
Atomic Force Microscopy (AFM))

As the RAS and Raman results indicated structural differences
between the MD and SD sample, the surface morphologies were
investigated with AFM in air after removal from UHV. Two types
of morphologies are seen for the MD sample (Figure 5) at differ-
ent positions. This agrees well with the Raman measurements
performed at different parts of the sample that revealed slightly
different vibrational modes in the upper and lower parts of the
sample. The high inhomogeneity of the MD sample is probably

due to a large temperature gradient during flashing. Exposure to
air can induce modification of the structures by producing a com-
plex surface layer which is microscopically inhomogeneous.[37]

A scan size of 5� 5 μm in one position shows irregular shaped
particles roughly 100 nm wide. The average height of the par-
ticles is 2 nm. The root mean square roughness is 0.8 nm. In
a different position, island formation is seen with much larger
sizes of several hundred nm, showing heights of up to 16 nm.
The root mean square roughness is 3.8 nm.

AFM images of the SD sample (Figure 6a,b,c) are dramatically
different. The average heights of the structures range from
4 to 16 nm. Ring-like structures are seen spreading laterally
across the surface (Figure 6c), revealing complex textures. The
root mean square roughness is ≈2 nm. A close look at Figure 6a
shows several small, rod-like structures oriented along the
<110> direction which could indicate the formation of Pd–Si
islands. Concentric ring formations can be seen in Figure 6c.

Figure 6. a,b,c) AFM of the SD sample (4 ML Pd and annealing at 600 °C) after removal from UHV. d) AFM micrograph showing long straight steps due
to faceting, with a line scan (white line) across the steps (inset) showing height profile of 5 nm.
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Studies on the kinetics and morphology of phase transforma-
tions in Pd silicides have observed that some silicides are formed
by nucleation at defects or impurities, followed by lateral growth
away from these nucleation centers.[38] Nucleation-controlled
kinetics are observed in many metal-silicon complexes.[39–41] It
typically takes place when one silicide phase (previously formed
at lower temperatures in the thermal annealing) reacts with the
silicon substrate to form another silicide phase. Silicides formed
by this process often exhibit wavy surface morphologies.[39] Upon
further heating, nucleation centers appear all over the surface
and grow until they coalesce into colonies.[38]

An AFM micrograph of a larger scan area is shown in
Figure 6d where extremely long steps are seen with a height
of 5 nm. Step bunching of very regular, straight double steps with
a height of 0.27 nm can lead to faceting after metal deposition
(multiples of this height would result in steps of ≈5 nm).

Figure 7 shows ex situ RAS measurements on the MD and SD
samples. RAS of the MD sample shows that some broad features
close to the E1 and E2 critical points are still visible. RAS of the SD
sample shows some small features near E1 and E2, but the spec-
trum is mostly isotropic. Since the MD sample has a smaller cov-
erage of Pd compared to the SD sample, the Si interface signal is
still visible compared to the SD sample. Ex situ AFM of the SD
sample showed mostly circular structures which could explain
the isotropic nature of the RAS signal. We would like to note that
the E1 and E2 structures must originate from the Pd2Si/Si inter-
face since the free Si surface areas are oxidized and show a flat
RAS spectrum.

Figure 8 shows ex situ Raman spectra of the MD and SD sam-
ples, measured at an excitation wavelength of 457 nm. A small
feature near 256 cm�1 is seen for both samples. Nemanich
et al. had shown that a PdSi phase can be produced by annealing
a Pd2Si sample at 800 °C with the appearance of lines near
250 cm�1.[35] The small feature at 256 cm�1 for the ex situ Raman
spectra could indicate the appearance of this PdSi phase. The SD
sample shows a sharper and larger amplitude at 256 cm�1 com-
pared to the MD sample. This could be due to the thicker layer of

Pd in the SD sample. The corresponding 2TA mode for Si at
300 cm�1 is also reduced for the SD sample. The appearance
of the features near 256 cm�1 for the ex situ Raman spectra indi-
cates that a PdSi related phase is still present after several months
in atmosphere.

5. Summary

The early stage reactions of Pd atoms on the Si(001) surface were
investigated using RAS and Raman scattering. The silicidation
process has been shown to be influenced by the initial interac-
tions between palladium and silicon. RAS monitored the precur-
sor state of Pd silicidation and showed that, depending on the Si
surface structure, Pd does not initially passivate the majority of
the dangling bonds on the Si dimers or steps as seen for rare
earth atoms but prefers to diffuse into the Si surface. The forma-
tion of small amounts of Pd on vicinal Si(001) can thus be inves-
tigated with RAS, by monitoring the initial stages of island
growth which form a Pd–Si precursor state.

Raman spectroscopy and DFT calculations provide clear evi-
dence of the formation of a surface alloy during the deposition
process, where Pd adsorbs and inserts into the clean Si(100) sub-
surface with the calculated modes agreeing well with the experi-
mentally observed vibrational modes.

Raman spectra show initial reacted phases of Pd–Si which are
in good agreement with a complex structure caused by incorpo-
ration of Pd in the upper two Si layers. The initial adsorption of
Pd on the silicon substrate and the formation of the interface
mixed layer are shown to be strongly influenced by the surface
step structure.

Depending on the surface structure, AFM measurements
showed either nonuniform films with islands or circular wave-
like features due to nucleation-controlled reactions. Ex situ
Raman measurements showed some weak, broad features which
could be related to the appearance of a PdSi phase after removal
from UHV.

Figure 7. Ex situ RAS of the MD (2 ML Pd, annealed at 600 °C) and SD
(4 ML, annealed at 600 °C) samples after removal from UHV and storage
in air for 90 days.

Figure 8. Ex situ Raman of the MD (2 ML Pd, annealed at 600 °C) and SD
(4 ML, annealed at 600 °C) samples after removal from UHV and storage
in air for 90 days.
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The extremely dilute amounts of Pd on the Si(001) surface in
this work could be tested in future studies for catalytic activity
since Si-modified Pd catalysts have shown improved perfor-
mance due to the geometric modification of the Pd surface
by Si.[42]
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