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The authors report on the interaction of atomic hydrogen with Sn and thin Ru film at room
temperature. The study is done using a combination of photoelectron and low energy ion scattering
spectroscopies as well as scanning electron microscopy. The adsorption of hydrogen on a Sn surface
leads to the formation of stannane �SnH4�, which dissociatively adsorbs on the surface of
polycrystalline Ru film. In the range of effective Sn coverages studied �up to 1 ML�, the resulting
overlayer consists of randomly distributed three-dimensional islands with average size below 40 nm
occupying up to several percent of the surface area. Nucleation of Sn is observed presumably at
defect sites �e.g., grain boundaries�. Ion scattering data are found consistent with Volmer–Weber
growth mode: no initial transition wetting layer formation is detected. Oxidation of Sn islands on a
Ru surface at room temperature results in the formation of SnO. Neither metallic nor oxidation
states of Sn higher than Sn2+ are observed by photoelectron spectroscopy. © 2009 American

Vacuum Society. �DOI: 10.1116/1.3081968�
I. INTRODUCTION

Bimetallic systems are important for industrial applica-
tions oriented on catalysis.1–3 Ru–Sn catalyst has been rec-
ognized as a promising system for selective hydrogenation of
a carbonyl group.4 The selectivity is explained in terms of a
strong interaction between the C=O group with the tin ox-
ide. The proximity of Sn to the noble metal and the tin oxi-
dation state are crucial to produce an active and selective
catalyst. The distribution of the ionic tin in the catalyst is
affected by the preparation procedure, e.g., sol-gel process,5

coimpregnation of two different ruthenium and tin
precursors,6 or production from a single source precursor
containing both metals.7

A large number of fundamental studies of bimetallic sur-
faces are focused on the influence of structural parameters on
the chemical reactivity of the system.2,8 Depending on the
surface temperature, the interaction of a promoter �e.g., Sn�
with a single crystal surface of a noble metal catalyzing a
reaction may lead to formation of an ordered surface alloy or
a thin film with abrupt interface. It has been observed that
atomically rough, high energy surfaces may be morphologi-
cally unstable during reaction conditions.9 In contrast to the
closed packed faces, the high-index surfaces may undergo
massive structural rearrangements �e.g., faceting� when cov-
ered by a metallic film. It is also shown that film growth
mode on nanofaceted surface may be very different from a
growth mode on the flat substrate.10 Surfaces with polycrys-
talline morphology and grain boundaries may also exhibit a
growth mode different from a surface of a single crystal.

Formation of surface alloys is driven by difference in sur-
face free energies. Surface alloying of Sn deposited on
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Pt�111� and Pd�111� occurs at 300–400K.11 The exothermic
heats of formation of specific intermetallic compounds serve
as a sufficient thermodynamic driving force for the formation
of Sn–Pt alloy. A random alloy of increasing thickness was
also detected at 300 K for vapor deposited Sn on Rh�111�.12

The phase diagram of Sn–Ru system is thoroughly
studied.13,14 The solubility ranges of Sn in Ru and Ru in Sn
are very small.15 On the basal plane of ruthenium, Sn prefers
to segregate due to its much lower surface free energy.16 The
intermixing and surface alloy bonding with Sn adatoms re-
quire a large thermal excursion to occur.14 Sn deposition on
Ru�0001� at temperatures �600 K and upon annealing to
1000 K leads to alloy formation with surface Sn:Ru atom
ratio of 2:1.17 However, vapor deposition of Sn on this sur-
face at low temperature �330 K� does not produce surface
alloy, but rather results in a Stranski–Krastanov growth
mode, i.e., formation of the first uniform monolayer followed
by a three-dimensional �3D� growth.17

It is reported that high pressure oxidation of ultrathin Sn
films on Pd�111� at 300 K results exclusively in SnO forma-
tion in the absence of intermediate or higher oxides.18 Sur-
face Pd oxide has not been formed presumably because of
strong preexisting Sn to Pd charge transfer and the low di-
mensionality of the oxidized Sn overlayer. Recent studies
have suggested that Zn�II� can be reduced by chemisorbed
hydrogen to form Ru–Zn2+ /Ru–Zn distribution on the cata-
lyst surface.19 This is confirmed by theoretical study focused
on effect of Zn2+ /Zn layer on dissociation of H2 on
Ru�0001�.20 They found that Zn2+ has a dramatic influence
on the electron delocalization between molecular orbit on H2

and valence orbits of atop Ru atom increasing H2 dissocia-
tion barrier and resulting in zones of sparse chemisorbed H
around Zn2+. It is shown that flowing of atomic H to oxidized
thin Ru film can reduce Run+ to metal.21 In a solid-gas reac-

tion between metal and H, ruthenium forms no stable binary
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hydride,22 but Sn does produce a stable covalent compound
SnH4, which is a very volatile hydride �boiling point 221 K�
decomposing at room temperature �RT�.23,24 Stannanes are
widely used in electronic devices in the initial step of chemi-
cal vapor deposition processes.25,26

In addition to catalytic interest, Sn contamination of Ru-
coated optics for extreme ultraviolet �EUV� lithography may
become a potential problem27,28 since the introduction of
new powerful Sn-based laser-produced plasma sources. Hy-
drogen being considered for EUV optics cleaning21 may re-
act with Sn to yield a volatile hydride, which, in turn, may
subsequently dissociate on chemically active surfaces
spreading contamination all over a lithography tool.

In this article, we focus on hydrogen promoted transport
of Sn to the surface of thin polycrystalline Ru film. We dis-
cuss the structure of Sn layer, the influence of high pressure
oxidation on the morphology, and Sn oxidation states on the
Ru surface.

II. EXPERIMENT

The experiments were performed under ultrahigh vacuum
conditions at RT using three techniques: x-ray photoelectron
spectroscopy �XPS�, low energy ion scattering �LEIS� spec-
troscopy, and scanning electron microscopy �SEM�.

The morphology of Sn layer grown on the surface of Ru
was imaged by a field-emission scanning electron micro-
scope �FEI Strata DB235� operated in secondary electron
mode. The distance between sample and objective lens was
about 5 mm during the imaging. The accelerating voltage
was 5 kV.

The XPS system was a commercial Axis Ultra spectrom-
eter �Kratos Analytical� with a base pressure of 1
�10−9 Torr. The source was monochromatized Al K� ra-
diation �1486.6 eV� operated at 90 W; the take off angle was
45°. Spot of analysis was an ellipse with the area �0.8 mm2.
Analyzer and transfer lenses operated at fixed analyzer trans-
mission mode. Survey spectra were an average of three scans
with 1 eV/step and were acquired at a pass energy of 80 eV.
High-resolution spectra were acquired by averaging five
scans at 0.2 eV/step with a pass energy of 20 eV.

The ion gun of the sputtering system was adapted for
LEIS spectroscopy. In our measurements, a 1 keV He4 ion
beam �10 nA beam current; 1 mm2 beam size� was incident
at the surface at 45° with respect to the surface plane. The
ions scattered at 135° were detected by analyzer operating in
positive charged particle detection mode. Spectra were taken
in the full energy range up to 1 keV with a 0.5 eV/step and a
dwell time of 300 ms. Both XPS and LEIS spectra were
fitted using CASAXPS software.29

The sample was a polycrystalline Ru film �31 nm thick�
grown on the rectangular cut of the silicon wafer �18�12
�0.6 mm3�. The sample was mounted on aluminum puck
attached to the XPS sample holder. The assembly efficiently
dissipates heat load.

Hydrogen exposures were performed in the preparation
chamber with the base pressure �1�10−8 Torr. Molecular

hydrogen �H2; Matheson Tri Gas, 99.9999%� was exposed
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through a leak valve and cracked30 directly on the high tem-
perature iridium filament �� 0.008 in. iridium wire; 99.9%,
e-Filaments, LLC� shaped as Fermat’s �parabolic� spiral. The
filament was placed approximately 4 cm in front of the
sample surface and operated at 2000 °C. The partial pressure
of the H2 gas was maintained at the level 5�10−4 Torr. The
filament operated in a sequence of heating/cooling cycles to
keep surface temperature below 330K and to avoid substan-
tial radiative heat load and the heat associated with hydrogen
recombination. The ·H doses �cm−2� shown in this article are
based on an average flux of 1.8�1016 s−1 cm−2 producing
by the source at the sample surface. This flux is calculated
using Hertz–Knudsen formula for the H2 molecules imping-
ing upon the filament surface, which cracks 50% of the mol-
ecules. The mean free path of hydrogen atoms between col-
lisions �leading to the recombination� is assumed 4 cm. Our
estimation is in general agreement with the experimentally
measured ·H flux produced by thermal source.30–32

The source of Sn was a lead-free soft soldering wire �Stan
Rubinstein Assoc., Inc.� composed of pure Sn. The solder is
melted on a 2.5 mm diameter loop made of thin Cu wire
�� 0.2 mm�. This design produced an effective Sn surface
area 4 mm2 faced toward the sample. The source of Sn was
cleaned in ultrasonic washer with acetone followed by clean-
ing in ethanol and in ultrapure water, then dried with nitro-
gen flow, and, finally, mounted close to the edge of the
sample at tilt angle 45° and 1 mm above its surface. The
analysis spot was at the opposite side of the sample approxi-
mately 12 mm away from the loop with Sn. During experi-
ments, the source was kept at RT.

III. RESULTS

A. Exposure of Ru film to ·H in the presence of Sn

Photoelectron spectra recorded for Ru film exposed to
various doses of atomic H are illustrated by Fig. 1. Tag
“Sn+H” in the graph indicates that exposures are done in the
presence of Sn. The spectra show evolution of Sn 3d /Ru 3p
energy region. The dash lines represent the results of fitting.
Initial spectrum taken before admission of H2 is marked “as
installed.” It reveals two core level emissions lines Ru 3p3/2
�461.3 eV� and Ru 3p1/2 �483.6 eV� associated with Ru film.

Subsequent H exposure results in dramatic change in this
region: H dose 1.6�1019 cm−2 leads to the increase in the
total Ru 3p signal as a result of the removal of an overlayer
of air gases �carbon monoxide, dissociated fragments of hy-
drocarbons, and water� and as a result of reduction in surface
oxides by chemically active hydrogen atoms.21,33 Figure 2�a�
illustrates a rapid drop of O 1s peak integral after the same H
dose. It is accompanied by a sudden increase in Ru 3d signal.
The corresponding spectra are shown in Fig. 3 �O 1s region�
and Fig. 4 �Ru 3d region�. First H exposure also leads to
formation of a new feature in Ru 3p region at around 471 eV
�Fig. 1�. We attribute this weak bump to inelastic scattering
of the photoelectrons.34

The spectrum measured after H dose 1.6�1019 cm−2
�Fig. 1� exhibits a new, weak feature at �493 eV. The sub-
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sequent H exposure reveals a strong pair of Sn lines: Sn 3d5/2
�484.5 eV� and Sn 3d3/2 �492.9 eV�. Photoelectron emission
from Sn goes up with H dose indicating the growth of Sn
overlayer on Ru surface. The dynamics is illustrated by plot
in Fig. 2�a�. Effective thickness of Sn layer deposited after
·H dose 4.2�1020 cm−2 is �2.5 Å as estimated from ratio of
Sn 3d to Ru 3d signals. Corresponding effective coverage is
�0.85 ML �based on an average interatomic distance of 2.99
Å in bulk Sn with a density of 7.365 g /cm3�.

FIG. 1. Photoelectron spectra �mono-Al K�� measured in Sn 3d /Ru 3p en-
ergy region during sample exposure to the atomic hydrogen in the presence
of Sn. The dash lines represent fittings which are shifted vertically for
clarity.

FIG. 2. Variation in the XPS peak areas in O 1s �circles�, Sn 3d �triangles�,
and Ru 3d �squares� energy regions during sample exposure to atomic H in
the presence of Sn �a� and the exposure after surface oxidation and removal

of Sn source �b�.
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B. Distribution of Sn across the surface

We measured the distribution of Sn concentration across
Ru surface after ·H dose 1.3�1020 cm−2. The variation in

FIG. 3. Photoelectron spectra measured in O 1s region at various stages of
sample processing: before �as installed� and after sample exposure to the
atomic H in the presence of solder �Sn+H� followed by air exposure �air�
and subsequent H exposure with Sn source removed �H only�. The plot
illustrates oxidation, reduction, and reoxidation of the surface.

FIG. 4. Photoelectron spectra measured in Ru 3d /C 1s energy region for the
bare Ru film before H exposure �as installed� and then after 1.6
�1019 cm−2 ·H in the presence of solder �Sn+H�. The curve air is for
oxidized Sn/Ru surface �after dose 4.2�1020 cm−2 ·H in the presence of Sn

followed by air exposure�.
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Sn 3d XPS signal was very subtle as we moved away from
the Sn source: the difference of the signals between two
spots located 15 mm apart was �10% only. Assuming radial
distribution of Sn emission from a point source, one can
expect the surface concentration of Sn to be inversely pro-
portional to R2, where R is the distance from the Sn source.
For our experimental geometry, this would mean a 50 times
drop of the Sn signal across the surface. In contrast, we ob-
serve a very weak dependence of Sn concentration on R.
This indicates that a precursor carrying out Sn to Ru surface
originates from a diffuse source. Therefore, thermal evapo-
ration of Sn is not responsible for the Sn transport. Besides,
the vapor pressure of Sn is very low: �10−13 Torr �Ref. 35�
at RT. We rule out excessive heating of Sn �due to the radical
recombination or radiative heating� as our design of the
sample/holder/source assembly dissipates heat efficiently. In
the text below, we will ascribe Sn transport to the formation
of tin hydride followed by its dissociation on the catalytically
active Ru surface.

C. Effect of ·H on the Sn source

The effect of atomic H on Sn source was studied addition-
ally. The XPS spectra measured from Sn source surface were
taken before the first hydrogen exposure and after two cumu-
lative doses of hydrogen: 1.6�1019 and 4.2�1020 cm−2

�not shown�. Initially, the surface of the source contained
mainly SnO2 covered or intermixed with carbonaceous spe-
cies. The ·H dose 1.6�1019 cm−2 led to the reduction in Sn
and a complete removal of carbon. Sn 3d5/2 peak revealed
2.4 eV chemical shift from 487.3 to 484.9 eV indicating the
transition from Sn�IV� to metallic Sn.36 Some residue
�sub-at. %� of Sn�II� was, however, seen through all H ex-
posures as evidenced by a small Sn 3d5/2 peak at 486.8 eV.

D. Surface occupation

The surface occupation of Ru film was characterized with
LEIS.37 Figure 5 shows sequential spectra detected with in-
creasing He+ dose �a� for bare Ru film exposed to 1.6
�1019 cm−2 ·H with no Sn in the chamber and �b� for Ru
film exposed to 4.2�1020 cm−2 ·H in the presence of Sn.

The spectra in Fig. 5�a� reveal an increase in the total
signal with ion irradiation time. This growth slows down at
higher He+ doses and saturates after �40 min of ion gun
operation. Fitting of the spectra �dash lines; asymmetric
Gaussian–Lorentzian line shape� requires inclusion of two
components at �840 and at �875 eV. We attribute both
features to scattering of He by Ru atoms. The lower energy
feature at �840 eV may result from backscattering of He in
deeper layers accompanied by reionization process.37 XPS
did not detect any element on the surface �except Ru� that
may contribute to the signal at these kinetic energies. Very
similar low energy tail in the spectrum of 1 keV He+ scat-
tered from bare Ru is also present in two earlier studies: of
Al growth on Ru�0001� �Ref. 38� and of erosion of Ru-

39
coated glancing incidence mirrors.
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Spectra recorded after ·H dose 4.2�1020 cm−2 in the
presence of Sn �Fig. 5�b�� show the same tendency: the raise
of the Ru signal with He dose followed by saturation. In both
cases �with and without Sn�, we assign the increase in Ru
signal to the He-promoted recombination and desorption of
hydrogen from Ru surface. The area under Ru components of
the saturated spectrum in Fig. 5�b� is �5% less than that in
Fig. 5�a�, indicating that the effective surface area of Ru is
also 5% less as compared to the Sn-free surface.

The spectra in the Fig. 5�b� reveal an additional peak at
�895 eV. The kinetic energy is consistent with scattering of
He by Sn atoms. In contrast to Ru, the area of Sn peak does
not change with the He+ exposure time; it remains virtually
unaltered, indicating no change in the total area occupied by
Sn on the surface.

We also studied the effect of prolonged He+ bombardment
on the surface composition. XPS signal in Sn 3d region mea-
sured after taking LEIS sequence shown in Fig. 5�b� dropped
down to �70% of its initial value �i.e., before LEIS�, indi-
cating the decrease in the total concentration of Sn due to
ion-induced processes �e.g., desorption or bulk diffusion�.

E. Surface morphology

SEM was employed to examine the surface of the sample
after ·H dose 4.2�1020 cm−2 in the presence of Sn. The
sample was taken out of analysis chamber and transported to
the SEM facility. The SEM image of small area 1.5
�1.5 �m2 of air-exposed Ru film with Sn overlayer is
shown in Fig. 6. It reveals a uniform morphology with rarely
distributed particles of unequal sizes up to �40 nm in diam-
eter. The particles appear as bright objects with stronger sec-
ondary electron emission signal as compared to the other
surface areas. These particles �or islands� are homogenous,
mostly rounded and formed presumably by Sn. The SEM
images of unexposed sample �not shown here� do not reveal

FIG. 5. LEIS spectra �He4, 1 keV� measured for bare Ru �a� exposed to
1.6�1019 cm−2 ·H before Sn source was introduced into the chamber and
�b� after 4.2�1020 cm−2 ·H in the presence of Sn �b�. The different curves
correspond to various doses of He ions. The dash lines represent fits. For the
same He+ doses, the signal from Ru is about 5% less from the surface
containing Sn as compared to the clean surface.
these objects. A slightly higher secondary electron yield
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�SEY� from Sn is expected. Indeed, maximum SEY �m from
Ru is �1.1,40 and from Sn it is 1.35.35,40 The yield from
SnO2 is 3.2.35 In Sec. III F, we will show that our air-
exposed sample contains Sn2+; Ru remains in the metallic
form. Hence, a brighter SEM image from Sn is anticipated.

F. Air exposure

We also studied the effect of high pressure oxidation on
the Ru film with Sn overlayer. Figure 3 shows the evolution
of O 1s energy region through various processing steps: be-
fore and after reduction and after reoxidation of the film. The
initial bare Ru surface �marked “as installed”� reveals two
features. We attribute the peak located at �531.6 eV to phy-
sisorbed species �e.g., carbon monoxide41�, and the peak at
�530.2 eV to chemisorbed oxygen and hydroxyl radicals
attached directly to Ru.42 The presence of oxidic form of Ru
is also confirmed by Ru 3d region �Fig. 4�, where appropriate
fitting requires inclusion of two spin-splitted pairs: metallic
pair with Ru 3d5/2 peak located at 280.0 eV and oxidic one
shifted by 0.7 eV toward higher binding energies �Ru 3d5/2 at
280.7 eV�.43 Ru 3d3/2 photoemission overlaps with C 1s lines
from adventitious carbon and CO, which are present on the
surface of as installed sample. However, C 1s contribution
�not shown in Fig. 4� is very weak due to the low concen-
tration of carbon and due to its much lower elemental sensi-
tivity as compared to one of Ru.

Exposure of the surface to atomic H reduces Ru: both
Ru–O component in Ru 3d region �Fig. 4; curve “Sn+H”�
and corresponding O 1s signal �Fig. 3� disappear. Still, some

FIG. 6. SEM image �5 keV� measured for Ru-coated sample exposed to
atomic hydrogen in the presence of tin. The image area is 1.5�1.5 �m2.
Corresponding effective Sn coverage determined by XPS is �1 ML. The
image reveals islands with range of diameters up to �40 nm occupying
several percent of the surface area. The cluster heights deduced from XPS
and SEM data are up to 20 nm. Tin probably nucleates at the crossroads of
grain boundaries.
small amount of physisorbed species is detected in O 1s
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region as a result of readsorption of background gases during
sample transfer between analysis and preparation chambers.

To mimic high pressure oxidation of the Sn-covered Ru
film, we moved sample to preparation chamber and vented it.
Air exposure resulted in reappearance of low energy peak in
O 1s region �Fig. 3; curve “air”�. Note that this oxide peak
was shifted toward lower energy �529.8 eV. The air expo-
sure also led to 1.8 eV shift of Sn 3d pair toward higher
binding energies �Fig. 7; curve air� resulting in the appear-
ance of Sn 3d5/2 peak at 486.3 eV. These transformations in
O 1s and Sn 3d regions are consistent with formation of SnO
�Refs. 18 and 44� rather than SnO2.18,36 For SnO2, it is ex-
pected a higher energy shift �2.2–2.5 eV� as well as appear-
ance of O 1s oxide feature at binding energies higher than
the one we observe in our spectra. The reaction affected
nearly every Sn atom on the surface. Surprisingly, the air
exposure of Ru film with Sn overlayer did not lead to oxida-
tion of Ru. This is indicated by the absence of Ru–O com-
ponents in O 1s �Fig. 3; curve air� and Ru 3d �Fig. 4; curve
air� regions. After surface oxidation, the intensity of Ru 3d
peak dropped down as seen from comparison of the signals
measured from the same sample before �last data point in
Fig. 2�a�� and after air exposure �first data point in Fig. 2�b��.
This is in contrast to the bare Ru film, where both Ru 3d and
O 1s regions �not shown here� indicate that the surface re-
duced with ·H reoxidizes readily when exposed to the air.

G. Stability of Sn on Ru

We made an effort to remove Sn from Ru surface by
flowing atomic H in the absence of Sn source. The dynamics
of the regional signals is shown in Fig. 2�b� as a function of
H dose. The figure demonstrates dramatic initial effect: an
abrupt increase in Sn 3d and drop of O 1s signals due to
reduction in the oxidized layer formed as a result of sample
exposure to the air gases �to demount Sn source�. Sn was

FIG. 7. Photoelectron spectra measured in Sn 3d /Ru 3p region for Ru film
covered by Sn ��1 ML�. The sample was oxidized by exposing it to the air
in preparation chamber to mimic high pressure oxidation �curve air�. The
oxidation was followed by 1�1019 cm−2 ·H with no Sn source �H, 1
�1019 cm−2�.
rapidly reduced to metallic form by a relatively low dose of
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·H as seen from backward chemical shift �1.8 eV of Sn 3d
doublet �Fig. 7; compare curves air and “H only, 50 L”� and
from disappearance of oxidic component in O 1s region �Fig.
3�.

Despite our expectation the prolonged ·H exposure did
not lead to a substantial decrease in the Sn concentration on
the surface �Fig. 7�. After a H exposure of 1.9�1020 cm−2,
the surface still contained more than 90% of the initial Sn
concentration. The stability of low coverages of Sn on Ru
film with respect to ·H was recently noted by Fujima et al.,27

who reported that blowing hydrogen radicals onto the sur-
face removed Sn almost completely leaving some residual
islands of Sn.

IV. DISCUSSION

A. Morphology of Ru film

Ruthenium layer used in our experiments was formed on
Si substrate by magnetron sputtering technique. The proper-
ties of sputter produced films depend strongly on deposition
conditions. Sputtered Ru films deposited by incident flux
normal to the substrate are usually continuous and typically
exhibit a normal texture.45 The cross-sectional high-
resolution transmission electron microscopy images46 for 20
nm Ru film indicate a smooth layer with a columnar micro-
structure oriented vertically with respect to the substrate. At
low deposition temperatures, Ru films are made of randomly
oriented small grains47 with typical size ranging from a few
to tens of nanometers.48 The grain size increases with depo-
sition temperature and the texture with predominant �0001�
orientation can be developed. At temperatures �400 °C, rf
magnetron sputtering of Ru forms on Si substrate highly
c-oriented films with smooth surface. We assume that our 31
nm thick Ru films are composed of �0001	 domains with
grain boundaries and amorphous patches occupying around
1% of the surface area.

B. Adsorption of ·H on Ru

Adsorption of molecular and atomic hydrogen on the

�0001� and �101̄0� planes of Ru has been studied
extensively.49–56 H2 adsorbs on both planes dissociatively at
all temperatures.49,55,56 After dissociation the chemisorbed H
on Ru�0001� is located exclusively at the fcc site50 forming
various structures as the coverage increases.

Low temperature �100 K� adsorption of atomic H on
Ru�0001� surface was reported52 to saturate at coverage 1.42
H adatoms per primitive surface unit cell. It is greater than a
saturation coverage of 1 ML in the case of dissociative
chemisorption of H2. The threshold temperature of recombi-
native thermal desorption of hydrogen from this surface is
�260–265 K with the desorption peak above RT, 320 K,
accompanied by a wide shoulder at 380 K. The results are
consistent with both fcc and hcp threefold hollow sites to be
occupied at surface coverages above 1 ML. On the other

plane of ruthenium, Ru�101̄0�,51 adsorption of atomic H at
90 K also differs slightly from molecular hydrogen experi-

ment producing additional thermal desorption peaks at 115
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and 150 K. The authors reported that the coverage saturated
at 2.5 ML. The highest temperature peak 	3 was at 340 K.
The reported thermal desorption spectra51 indicated that this
state contains �30% of desorbing molecules.

The solubility of H in Ru at RT is very low.57 Yates and
co-workers58,59 reported an evidence for the existence of a
binding site for H below the first atomic layer of Ru atoms
on the Ru�0001�. The existence of subsurface H on Ru�0001�
was reanalyzed and doubted in later studies.50,60

We expect that RT exposure of Ru polycrystalline film to
a high flux of atomic H results in a high coverage of H
adatoms �
1 ML� �reaction ·H+Ru→Ru–H in Fig. 8�.
Neither of the techniques used in the present study can detect
hydrogen on the surface. However, the evolution of LEIS
measured under low current condition �Fig. 5� implicitly sup-
ports the idea that the surface of polycrystalline Ru film at
RT is highly occupied when exposed to atomic H.

C. Reaction of ·H with Sn

In our experiments, both Ru and Sn are exposed to the
mixture of atomic and molecular hydrogen. Sn is very reluc-
tant in reaction with H2; at RT it does not absorb any H2.61

There is an indication of some dissolution of H2 at hydrogen
pressures above 10 Torr.62 In contrast, atomic H reacts
readily with Sn to form tin hydride SnH4,63 which is volatile
at RT �boiling point 221 K�. Two binary hydrides of Sn
known to date are stannane SnH4 and distannane Sn2H6; both
are characterized by covalent chemical bonding. The chemi-
cal ways of production of SnH4 yield a small amount of
Sn2H6 �Refs. 63–65� �can also be formed by vacuum ultra-
violet decomposition of SnH4 �Ref. 64��. At RT, SnH4 slowly
decomposes to Sn and H.65 This process is much faster at
370 K. Sn2H6 is extremely unstable above 160 K;66 its half-
life at RT is 4 s.67 We believe that under our experimental
conditions, atomic H impinging the surface of Sn droplet
reacts with Sn producing SnH4 �reaction Sn+ ·H→SnH4↑ in
Fig. 8� and, possibly, some Sn2H6. The hydride desorbs into
a gaseous form and reaches the surface of Ru.

D. Formation of Sn islands

We assume that SnH4, which has a relatively low stability,

FIG. 8. Scheme of reaction pathways, which agrees with our experimental
data. It indicates that atomic H, generated by cracking of H2 on the hot
filament, reduces RuOx and SnOx oxides, and reacts with Sn yielding SnH4,
which dissociatively adsorbs on Ru surface.
readily dissociates at RT on the catalytically active surface of
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Ru �reaction SnH4+Ru→Sn+Ru+H2↑ in Fig. 8�. It is be-
lieved that d-band of transition metals plays an important
role in dissociative adsorption.68 The dissociation may pro-
ceed sequentially through several steps as it does in the case
of silane �SiH4� on Si�001� surface:69

SnH4 → · SnH3 → · SnH2 → · SnH → Sn.

This Sn transport mechanism illustrated by Fig. 9�a� is in
agreement with our observation that a precursor, delivering
Sn to Ru, originates from a diffuse source �Sec. III B�.
Nucleation of Sn may proceed via dehydrogenative
coupling.70 The role of surface defects in dissociation reac-
tions is not clear but activation barrier for such process is
probably very low.

Our microscopy data reveal nanometer scale islands of Sn
with wide distribution of lateral dimensions �Fig. 6�. The
LEIS spectra show low occupation of the Ru surface �Fig. 5�
indicating that there is no initial “buffer” layer wetting the
surface. In combination these two observations are consistent
with Volmer–Weber mechanism71 of Sn growth on Ru film at
RT. This is in contrast to the result reported for Ru�0001� at
330 K.17 Thermal deposition of Sn led to Stranski–Krastanov
growth mode, i.e., island growth over the initial two-
dimensional �2D� layer. Another recent study72 reports the
results for vapor deposited Sn on thin Ru film protecting an
optical structure. Their LEIS spectra are consistent with frac-
tional surface occupation. We think that the surface of Ru
polycrystalline film has a lower adhesive ability than the
surface of a closed packed single crystal leading to the ob-
served difference in Sn growth mechanisms.

The SEM image in Fig. 6 shows random distribution of
Sn islands on Ru. We speculate that Sn nucleates at defect
sites, presumably at grain boundaries, which usually exhibit
a high interfacial energy and a weak bonding. It is not pos-
sible to deduce from our data whether SnH4 adsorbs and
dissociates on the grains to yield Sn diffusing to boundaries
or it adsorbs at defect sites directly. Under our experimental
conditions, Sn deposition is accompanied by adsorption of
atomic H. We assume that a large surface area of Ru is oc-
cupied by H, which may hinder SnH4 adsorption, and that
the hydride has an easier access to the defect sites. Arena et
al.73 reported that the steps on Ru�0001� surface act as a
repulsive barrier for H diffusion. The activation energy for

FIG. 9. Sketch illustrating the formation of Sn clusters on Ru film via SnH4

dissociation �a� and spreading out of some cluster material after oxidation of
Sn �b�.
diffusion along a terrace was measured 13.4 kJ/mol �0.14
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eV�, and for diffusion over a double atomic step 24.7 kJ/mol
�0.26 eV�. Within experimental error, they found no differ-
ence for diffusion up and down the step edges. In the recent
theoretical study of dissociative adsorptions of SiH4 and
GeH4 on a buckled SiGe�100�-2�1 surface, it was found
that H preadsorption increased energy barrier for hydride
adsorption.74 Therefore, on Ru film with H overlayer, SnH4

may mainly adsorb and dissociate at grain boundaries even if
it is kinetically allowed for its fragments, produced on ter-
races, to diffuse to the selvedge region.

It is implicitly indicated by ion scattering spectra �Fig. 5�
that ·H prefers to bind Ru and does not adsorb on Sn al-
though one could expect an opposite preference just based on
the Sn–H bond dissociation energy �264�17 kJ /mol or
2.74 eV�,35,75 which exceeds the strength of Ru–H bond
�223�15 kJ /mol or 2.31 eV�.35 In the earlier study of
atomic H adsorption on the �
3� 
3�-R30° Sn/Pt�111�,76 the
hydrogen was also asserted to bind only to Pt atoms but not
to Sn. In this case the Pt–H bond dissociation energy �330
kJ/mol or 3.42 eV� �Ref. 35� is higher than that of Sn–H as
expected.

E. Oxidation of Sn/Ru film and reduction of surface
oxides

The oxidations of neat Ru film and the film with Sn over-
layer exhibit dramatic difference. Polycrystalline Ru surface
oxidizes rapidly when exposed to the air. Natural oxidation
affects presumably topmost Ru atoms and atoms at grain
boundaries. Air exposure of Sn clusters on Ru film results in
oxidation of nearly every Sn atom, but not Ru. The oxidation
forms exclusively SnO with no higher oxides detected. There
is a thermodynamic driving force for preferential oxidation
of Sn as the heat of formation per oxygen atom of Sn oxide
�SnO, 280.7 kJ/mol �Ref. 35� or 2.91 eV� is greater than that
of Ru �RuO2, 305 kJ/mol �Ref. 35� or 1.59 eV/O�. LEIS data
indicate that before oxidation starts, the Sn atoms are aggre-
gated in 3D islands, which occupy several percent of the
surface. According to SEM images �Fig. 6�, the air-exposed
surface �i.e., the surface after high pressure oxidation� still
contains Sn clusters although the area occupied on Ru sur-
face is somewhat smaller. Also, XPS shows a drop of Ru
signal �Fig. 2�b�� after oxidation. We speculate that the oxi-
dation changes morphology of the film spreading a fraction
of Sn islands across the Ru surface, as illustrated by Fig.
9�b�. Photoelectrons emitted by Ru atoms are attenuated by
thin Sn overlayer. Similar transformation was reported in
earlier study of Fe adsorption on TiO2�110�.77 Oxidation of
Fe clusters at 300 K flattened the overlayer, causing it to
spread and completely cover the substrate at 1ML.

The effectiveness of atomic H in reducing oxides on thin
Ru film ��2 nm� was studied earlier.21 Atomic H could re-
duce the amount of oxide formed by irradiation of the sur-
face Ru with �100 eV photons in the presence of H2O.
However, the extent of reduction was not clear due to the use
of ex situ surface probe techniques, which led to reoxidation
of the sample transported through the air. Another study33
reports that at 300 K ·H removes chemisorbed O from the
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single crystal Ru�101̄0� nearly completely. However, ther-
mally oxidized Ru with RuO2 stoichiometry was more resis-
tant to hydrogen, resulting in reduction in the top layer of
RuO2 at 300 K, while the bulk remained oxidized. Our pho-
toelectron spectra measured in O 1s �Fig. 3� and Ru 3d �Fig.
4� regions show that ·H effectively removes the natural ox-
ides from polycrystalline Ru film. Reaction proceeds via pro-
duction of water,51 which desorbs from the surface at RT
�Fig. 8�:

RuO2 + 4H → . . . → Ru + 2H2O↑ .

Atomic H was also shown to reduce tin oxide: a thin film
of tetragonal SnO supported on nickel gauze disappeared
completely under the action of ·H.78 In the recent study of
influence of atomic H on transparent conducting oxides,79

the authors observed a decrease in the transmittance of SnO2

and detected the appearance of metallic Sn or SnO on the
surface. In the present work, we observe that ·H is able to
reduce both the tin oxide at Ru surface �Sn�II�→Sn�0�� and
the bulk oxide �Sn�IV�→Sn�0��; some small amount of
Sn�II� inside Sn source was probably unreachable by ·H.

V. CONCLUSION

The summary of our findings is illustrated by reaction
pathway scheme in Fig. 8. Exposure of Sn to atomic H leads
to gas-solid reaction, yielding stannane, SnH4. At room tem-
perature the hydride is a volatile gas with reduced stability. It
is a precursor of Sn growth on Ru. SnH4 adsorbs on the
surface of polycrystalline Ru film �Fig. 9�a�� dissociatively.
The thickest film grown in our study has an effective Sn
coverage �1 ML. It consists of randomly distributed 3D
islands with an average size up to �40 nm. Ion scattering
data do not reveal the presence of initial 2D wetting layer.
Therefore, we infer Volmer–Weber growth mode.71 Nucle-
ation of Sn occurs presumably at grain boundaries. This may
result from combination of several factors as, for instance, a
high interfacial energy at defect sites and a high coverage of
H adatoms on Ru surface, hindering SnH4 adsorption on ter-
races.

The high pressure oxidation of Sn islands on Ru at room
temperature results in morphological transformation of the
film spreading Sn across the Ru surface �Fig. 9�b��. The oxi-
dation forms exclusively SnO with no higher oxides de-
tected, indicating a low dimensionality of oxidized Sn over-
layer. No metallic Sn is found on this surface. The absence of
any ruthenium oxide state indicates a strong charge transfer
from Sn to Ru. This is in agreement with assumed morpho-
logical transformation of the film. Atomic H contends effec-
tively against chemisorbed oxygen and natural oxides, which
are present on Ru and Sn. It reduces RuO2 to metallic Ru on
bare Ru film, and SnO to metallic Sn on Sn/Ru film.
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