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Abstract

In chemical vapor deposition, the interaction of the precursor molecule with the substrate can crucially influence the deposition
process and provide pathways to tailor the growth. Here, we report mechanistic differences of Si growth from silane (SiH,) at
pristine and oxidized surfaces of Ru(0001) in a combined in situ X-ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) study. Silane decomposition is essentially barrierless and thus very efficient on Ru(0001), where it saturates at
approximately a monolayer of silicon. Similarly, silane readily decomposes on a thin intermediate phase of Ru oxide, which is
structurally different from thicker RuO; layers, and induces a transformation to a compound with oxidized Si and reduced Ru.
In contrast, the bulk-like RuO, phase is observed to be fully inert towards the decomposition of SiH, at room temperature. This
difference between the two oxides is suggested to originate from disorder and the availability of active sites in the thin Ru oxide
layer. The surface-assisted deposition of silicon on Ru can thus be modified and inhibited using oxidation, depending on the nature

of the oxide layer.

Keywords: growth, silicide, chemical vapor deposition, surface chemistry, ruthenium oxide

1. Introduction

Continued downscaling of complementary
metal-oxide—semiconductor (CMOS) technology drives
interconnect dimensions into the deep-nanometer regime,
where line resistance and reliability of the back end of
line become key performance limiters.[1, 2] In this regime,
conventional Cu plus diffusion-barrier stacks suffer from
strong resistivity scaling due to enhanced surface and grain-
boundary scattering and the geometric penalty of thick
barriers.[3] Ruthenium has therefore emerged as a leading
candidate for barrierless or linerless metallization, combining
relatively low bulk resistivity with good electromigration
reliability and compatibility with area-selective deposition
strategies.[1, 2, 3, 4, 5, 6] Many of these process schemes
inevitably expose Ru and Ru oxides to silicon-containing
precursor molecules, either deliberately—in area-selective Ru
growth, self-aligned barrier concepts, or silicide formation—or
unintentionally, through cross-contamination in hydrogen-rich
plasma environments.[7, 8] Understanding how the oxidation
state of Ru controls the interaction with such precursors is
therefore essential both for enabling controllable precursor-
based deposition and for mitigating Si contamination in
advanced interconnect modules.

The oxidation of Ru(0001) has been studied in substan-
tial detail and provides a well-defined system for correlating
structure and reactivity. The oxidation of the Ru(0001) sur-
face is generally agreed to proceed via three regimes: (i) or-
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dered chemisorbed O adlayers, (ii) thin surface-oxide struc-
tures, and (iii) bulk rutile RuO, film.[9, 10, 11, 12, 13] At
low oxygen exposures, the surface exhibits a sequence of well-
ordered chemisorbed O phases with coverages up to one mono-
layer, including p(2x2)-O, p(2x1)-0, (2x2)-30 and the dense
(1x1)-O overlayer.[14, 15, 16] These adlayers are now quan-
titatively characterized both experimentally and theoretically
and constitute a robust reference for a metallic Ru(0001) sur-
face decorated by on-surface oxygen. At intermediate oxy-
gen coverages and higher oxygen chemical potentials, the pic-
ture is less clear: oxygen incorporation below the top Ru
layer leads to subsurface O islands and the formation of oxide-
like surface structures, but the detailed atomistic structure of
this intermediate oxide remains an open question. Density-
functional theory (DFT) predicts that an O—Ru-O trilayer is
a low-energy metastable precursor and that stacking of such
units provides a pathway towards a rutile-like RuO, film once
a critical thickness is exceeded.[11] Subsequent real-space mi-
croscopy and diffraction have shown that oxygen-rich Ru(0001)
is better described in terms of RuO;-derived domains, in par-
ticular RuO,(100)-(1x1) and RuO,(110) facets, rather than a
single trilayer structure.[10, 12, 13, 16, 17] Within this inter-
mediate regime, disorder appears in two ways: as explicitly
disordered or defect-rich oxide regions, and as structural dis-
order within otherwise RuO,-like domains, both of which have
been implicated as catalytically active phases.[17, 18] At suffi-
ciently high temperatures and oxygen pressures, the oxidation
terminates in continuous RuQO,(110) films with bulk-like rutile
structure of well-defined stoichiometry.[10, 12, 13].

These distinct oxidation regimes of Ru(0001) are known to
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exhibit markedly different chemical reactivity. Chemisorbed O
adlayers modulate the adsorption energies and activation bar-
riers for small molecules, but retain many features of a metal-
lic surface.[11, 14, 15] In contrast, the formation of RuO,-like
surface oxides introduces a transition to oxide-like electronic
structure and coordinatively unsaturated cation sites, which
profoundly change the kinetics and selectivity of oxidation re-
actions such as CO oxidation and NO, activation.[10, 12, 13,
18] Subtle changes in oxide thickness, orientation and defect
density can thus lead to large changes in reaction rates and pre-
ferred pathways on Ru-based catalysts.[10, 12, 13] From the
perspective of interconnect processing, this implies that small
variations in surface preparation—ranging from a clean metal
surface through thin defective oxides to thick RuO,—may qual-
itatively alter the interaction with reactive precursor molecules,
even if the nominal substrate is “Ru(0001)” in all cases.

Silane (SiH4) and related SiH, species are ubiquitous pre-
cursors for silicon-containing films in chemical vapor deposi-
tion (CVD), plasma-enhanced CVD, and plasma-assisted pro-
cesses for amorphous and microcrystalline Si, dielectrics, and
barrier layers.[19, 20, 21, 22, 23, 24], In the gas phase, silane
decomposes only at comparatively high temperatures, with sig-
nificant pyrolysis typically occurring above ~ 420°C.[25, 26]
On high-surface-energy metal substrates, silane and its frag-
ments can decompose at far lower temperatures than in the
gas phase, frequently at or below room temperature, yield-
ing Si adlayers or surface silicides along with chemisorbed
hydrogen.[27, 28, 29, 30, 31] For example, on Cu(111) silane
adsorption at cryogenic temperatures leads to SiH; fragments
that decompose upon modest heating to give elemental Si and
bridging H,[27, 28] while on Ni(111) and Pd(100) silane CVD
produces surface alloys and silicide-like phases.[29, 32] These
studies establish that reactive late transition-metal surfaces can
strongly catalyze Si—H bond activation, enabling Si deposition
at temperatures relevant for interconnect processing.

In contrast, the microscopic interaction of silane with
Ru(0001) and its oxides is still only partially understood, de-
spite its relevance to both contamination control and pur-
poseful Si incorporation. An early UHV study of disi-
lane (SipHg) adsorption on Ru(0001) using LEED, AES and
RAIRS showed that Si;Hg dissociates via SiH fragments to
elemental Si and, upon annealing, to an ordered Ru silicide
overlayer,[33] demonstrating efficient Si—-H bond activation
on the clean Ru(0001) surface. Plasma-based experiments
have shown that volatile Si hydrides generated by hydrogen
radicals can undergo self-limiting chemisorption on Ru thin
films, yielding approximately one monolayer of chemisorbed
Si under near-equilibrium conditions.[7] Together these stud-
ies suggest a strong tendency of Ru surfaces to activate Si-H
bonds and accommodate Si at the surface. However, they do
not resolve how the detailed oxidation state and structure of
the Ru substrate—clean metal, thin defective oxide, or thick
RuO;,——control the elementary adsorption and decomposition
steps of silane itself. Moreover, apart from the disilane study
on Ru(0001),[33] most prior work either relies on polycrys-
talline Ru, complex multi-component plasma environments,[7]
or focuses on the growth of fully oxidized SiO;-like films on

View Article Online
Ru(0001),[34] leaving a gap in mechafisti¢’dRdeRtanding o
the earliest stages of SiH, adsorption and decomposition on
structurally well-defined Ru(0001) and RuO, surfaces.

Here, we follow the deposition of Si from silane in situ, com-
paring the adsorption mechanisms and kinetics at the pristine
Ru(0001) surface and oxidized Ru(0001) with different oxide
thicknesses. We observe a stark contrast between the highly re-
active surfaces at low oxide thicknesses and a fully inert layer
of the bulk-like phase of rutile RuO,. While increasing oxygen
coverages on Ru(0001) are predicted to block silane adsorption,
high sticking and changes in the deposited Si species indicate
that different adsorption mechanisms prevail in the presence of
oxygen. The complex role of oxygen in the site selection and
Si chemistry illustrates the profound implications of seemingly
subtle surface modifications on reactive deposition and contam-
ination control.

2. Methods

The study was performed on a Ru(0001) single crystal in
an ultra-high vacuum (UHV) setup with a base pressure be-
low 1.0 x 10~ mbar for preparation and analysis. The sam-
ple was cleaned by Ar-ion sputtering for 35 minutes (p(Ar) =
5 x 107 mbar, 1.5 kV), followed by annealing for 1h at 700
°C in UHV using radiative heating of the back of a metal sam-
ple plate. Next, the Ru(0001) was exposed to p(Oy)=5 x 1077
mbar for 30 minutes at 700 °C in order to remove carbon con-
tamination. The absence of contaminants and residual oxygen
was confirmed using XPS. Oxidation of the Ru(0001) was per-
formed at 380 °C at an oxygen pressure of 1.2 x 10+ mbar
(Messer CAN-gas 0, 5.0 purity) to obtain ruthenium oxide lay-
ers of different thickness, and hence different structure: 0.4 nm
of RuO; (thin oxide), 1.2 nm of RuO, (mixed oxide, contains
patches of thin oxide structure and rutile RuO;). Oxidation at
the same pressure and 430 °C resulted in a 4.2 nm thick layer
of rutile RuO, (thick oxide / r-RuQ;). The thicknesses were ap-
proximated from XPS peak intensities of metallic and oxidized
components (Ru**) of the Ru 3d level assuming a homogeneous
flat layer [35]. The same approximation is also used in the cal-
culation of the monolayer coverage of Si on Ru. The different
attenuation coefficients are corrected for with attenuation fac-
tors making use of the TPP-2M relation [36]. The sample tem-
peratures were measured using an N-type thermocouple and a
2-color SensorTherm M322 pyrometer (above 300 °C).

The as-prepared Ru surfaces were exposed to a mixed gas
containing 1 vol% SiH4 (= 0.92 mol%) in Ar gas at a starting
total pressure of 4 x 107 mbar and increased until a maxi-
mum total pressure of 4.0 x 10~ mbar. The pressure increases
are indicated by gray dashed lines in all datasets except for the
thick oxide (r-RuQ,), for which the last increase occurred at a
later point in time and would have extended the x-axis exces-
sively. This step is not represented within the plotted range, as
it caused no observable effect on the surface. In the experiment
on the effect of X-rays on the activation of silane, the gas sup-
ply was closed and allowed to reach UHV again before starting
the X-ray source for each data point and re-opened only after
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switching off the X-ray source. The surface composition dur-
ing SiH, exposure was investigated using near-ambient pres-
sure XPS with a Scienta Omicron HiPP-3 spectrometer and a
monochromatic Al Ka X-ray source (1486.6 eV). The HiPP-
3 analyzer was used with a 0.8 mm cone and a slit setting of
1.0 mm. Survey spectra were acquired at a pass energy of
300 eV, Ru 3d, Si 2p and O 1s spectra at 300 eV, and high-
resolution spectra at 100 eV. For each pass energy, the measured
XPS binding energies were shifted using the Ru metal peak as
a reference. XPS peak fitting was performed using KolXPD
applying Shirley backgrounds for all peaks. To ensure repro-
ducible and comparable fitting results, constraints based on fun-
damental physical principles, literature values, and reference
samples were systematically applied. Specifically, Ru refer-
ence spectra for the main and satellite peaks were obtained from
oxygen-free and fully oxidized Ru reference samples to deter-
mine the Lorentzian and Gaussian components and, where ap-
plicable, the asymmetry parameters of the peak shapes (Voigt,
Doniach-Sunjic convoluted with Gaussian). The peak shapes of
all regions as well as the energy difference and area ratio (Ru
3ds/2:Ru 3d3/2=1.5) of the spin-orbit-split components of Ru
3d were kept constant for all fits. The binding energies were
fixed with respect to the Ru 3d metal peak, allowing for no rel-
ative variation of the individual species but small (<100 meV)
changes of the reference energy between different sets of mea-
surements. For both, O 1s and Si 2p spectra, the focus was the
determination of the total area of peaks emerging at a priori un-
known binding energies and peak shapes. No constraints were
applied to those peaks.

All DFT calculations were performed spin-polarized at the
I'-point using CP2K (v2023.1)[37] with DZVP-SR-MOLOPT
basis sets[38] and GTH pseudopotentials[39, 40]. Plane-wave
cutoffs of 850 Ry (CUTOFF) and 60 Ry (REL_CUTOFF) ensured
convergence to ~0.1 meV/atom. Bulk hcp Ru was modeled
using a 6x6x5 hexagonal supercell and an equivalent 6x3x5
orthohexagonal representation of the same optimized hcp lat-
tice. The nine-layer Ru(0001) slabs used in the surface cal-
culations were constructed from the optimized orthohexagonal
representation and separated by a minimum 20 A of vacuum.
The PBE functional[41, 42] and D3(BJ) dispersion[43, 44, 45]
were used, with energy and force thresholds of 1077 eV and
0.005 eV/A. Oxygen coverages 6 were referenced to Ru(0001)
hep sites, where 8 = 1 corresponds to a (1 x 1) O overlayer. Or-
dered phases were denoted using Wood’s notation (A X B)[46].
A symmetry-adapted enumeration generated 174 unique O con-
figurations from (6x6) (6~0.03) to (1x1) (1.0 ML). Adsorption
energetics and coverages were post-processed using ASE[47]
and NumPy[48], with automated Ru-layer detection and normal-
ized O-counts following the methodology in Ref. [8].

EnX@Ru - ERu —nux
n 9

Eqas = X € {0}, (1

where E.4 is the mean adsorption energy per O atom,
E,x@ru 1S the total energy of the Ru slab containing n adsorbed
X atoms, ER, is the total energy of the corresponding clean Ru
slab, n is the number of adsorbed atoms, and uyx is the chemi-

cal potential of the adsorbed species. In this work, X = O and
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Ho = %E (Oy) from gas-phase calculations at’tie Yame Tevel of
theory.

For each O/Ru(0001) surface, SiH4 was positioned above
candidate adsorption O-sites, Ru-sites, and mixed O—Ru—sites
identified within 3.0 A of the surface and filtered by local finger-
print uniqueness (radius 4.0 A, z-window 3.0 A). A minimum-
image clustering scheme (link radius 3.0 A) selected unique
SiH, configuration per connected region. The SiH4 molecules
were placed 2.0 A above the reference atom (Hpase/Haown/S1)
and shifted outward to maintain a 2.0 A H-surface clearance.

SiH, interaction energies were evaluated as

Etnieraction(SiH4) = Efinal — Eglap — ESiH4» 2)

where Efyeraction(SiHy4) is the interaction energy of SiHg with
the corresponding Ru or O/Ru slab, Ejgp, is the total energy
of the fully relaxed final structure after SiH, placement and
relaxation, Eg,p is the total energy of the corresponding slab
before SiH4 placement, and Esiy, is the total energy of iso-
lated gas-phase SiH,4 calculated at the same level of theory. For
intact final-state SiHy, this quantity corresponds to a molecu-
lar adsorption energy. For final states in which one or more
Si-H bonds are cleaved, the same expression describes the
overall dissociative interaction energy after relaxation relative
to gas-phase SiHs and the corresponding slab. All H atoms
originating from SiH4 are retained in the relaxed final-state
structure; no separate gas-phase H, or H,O products are in-
cluded in this reference state. The resulting Eyyeraction Values
were plotted as a function of g and classified by final-state
Si—H coordination (SiH4, SiH;3, SiH,, SiH, Si). In this static
0 K PBE+D3(BJ) framework, dissociation denotes relaxation
of an initially molecular SiH4 configuration to a dissociated
local minimum on the potential-energy surface, without im-
plying a calculated kinetic barrier or rate. Structure handling,
database management, and plotting employed ASE, NumPy, and
Matplotlib[49]; site sampling and fingerprinting followed the
workflow described in our previous work[8, 50, 51].

3. Results & Discussion

3.1. Silicon deposition due to silane exposure

As a starting point for the comparative study of silane adsorp-
tion, four different Ru-based surfaces were prepared: pristine
Ru(0001) and Ru(0001) with the intermediate oxide (0.4 nm
RuO,, referred to as “’thin oxide”), with the bulk-like RuO; in
the rutile structure (4.2 nm, “’thick oxide”), and with a mixture
of the two oxide phases (equivalent thickness of 1.2 nm, “mixed
oxide”). The thickness estimates are derived from the relative
peak intensities of the Ru 3d XPS spectra shown in Figure 1.
The peak fits show the components corresponding to metallic
Ru (280.06 eV, blue line), thin Ru oxide (280.97 eV, pink line),
rutile RuO, (280.69 eV, deep purple line), and the characteris-
tic satellite peak for the rutile RuO, phase (282.46 eV, purple
line) peaks, with numbers provided at this precision to con-
vey the fixed binding energy differences used in peak fitting.
Literature values[52, 53] were used as starting points for the
fits. The individual peak positions and shapes were adapted to
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match clear emerging features from the in situ spectra and were
kept constant for all data sets. A complete overview of the fit-
ting parameters, constraints, and component assignments used
throughout the analysis is provided in the Supporting Informa-
tion. The different colors in the sketches next to the spectra
illustrate the evolution of the oxide phase with thickness, with
pink features representing the intermediate oxide and purple the
rutile RuO, phase. The coexistence of patches with both struc-
tures is inferred from the gradual increase in the relative peak
area of the satellite features, which indicates an increasing con-
tribution of the rutile RuO, phase to the total oxide layer. This
coexistence of two phases also means that the approximation of
a homogeneous layer certainly does not hold for the mixed ox-
ide, which is likely to consist of a surface of intermediate RuO,
with a small density of thicker patches of rutile RuO,. Thus,
the thickness estimate of 1.2 nm should only be interpreted as
an indication of an oxide containing both the thin and thick type
of layer.

Ru metallic
— Ru oxide
RuO, sat.
Thin Ru oxide

© Ru(0001)

thin Ru oxide

_ Ru(00o01)

Intensity (arb. u.)

~ Ru(0001)

286 284 282 280

Binding Energy (eV)

290 288

Figure 1: High-resolution XPS spectra of the Ru 3d region and illustrations of
the phases in the surface region for pristine Ru(0001) (a), thin oxide (b), mixed
oxide (c) and thick oxide (d). The individual components are drawn in blue for
Ru metal, pink and deep purple for oxidized Ru™ from thin and thick RuO,
layers, respectively and in lilac for the satellite of rutile RuO;.

The evolution of the surface composition of the metallic and
oxidized Ru(0001) was followed during exposure to SiHy, start-
ing at equivalent pressures of approximately 4 x 10~ mbar and
increasing to 4 x 107® mbar after changes at low pressure had
saturated. Figure 2 shows the atomic percentage of Si 2p, O 1s
and the Ru** content of the Ru 3d region as a function of expo-
sure time to SiHy, with insets (e-g) in the right column zooming
in on the changes in the initial phase of exposure. The times,
at which the pressures were increased by a factor of 10, are
indicated by grey lines. The respective initial and final compo-
sitions are summarized in Table 1. For pristine Ru (0 nm RuO,,
Figure 2(a) and 2(e)), the Si signal increases rapidly but the
growth saturates quickly after less than ten minutes. The oxy-

View Article Online
gen content increases gradually, but noDézilgrll%fo()stg EXidized Ru
or Si is observed, indicating the slow accumulation of adsorbed
oxygen. When starting from the thin oxide (0.4 nm RuO,, Fig-
ure 2(b) and 2(f)), Si deposition also occurs within the first ten
minutes, similar to the metallic surface. At the same time, the
Ru** content drops to zero, while the oxygen content is main-
tained and even slightly increases. The mixed oxide (1.2 nm
RuO,, Figure 2(c) and 2(g)) exhibits similar behavior, with fast
growth of the Si signal but it saturates at a lower total Si cover-
age and exhibits a finite Ru** content after the deposition. For
both oxides, the change in the Si content is more pronounced
than the decrease of the Ru** content. In contrast to the metallic
and mildly oxidized cases, the thick RuO; layer (4.2 nm RuO,,
Figure 2(d)), does not present any discernible change upon SiHy
exposure in the in situ measurement despite a longer exposure
than for the thin oxide. The second pressure increase performed
after 190 minutes is not plotted but did not lead to any further
change. Detailed Si 2p scans after the in situ experiment reveal
a small fraction of Si (~ 1% relative intensity), which we at-
tribute to a small residual content of the intermediate oxide or
extended defects such as step edges.

20 20
0 nm RuO, (a) 0nmRuO, (e)
10 10
!
A Y A N —a— A
o AN 50 10 20 30 40
20 20
\/N’\/\/\f\MN/\/\/‘v’“ (b) M
101\ 101"
N 0.4 nm RuO; 04nmruo, ()
= Op! - 0 y
© 50 10 20 30 40
40 M/V\’V\/\/\"WJ\"""V\ (C) 20
1.2 nm RuO, 1.2 nm RuO, (g)‘
20 '
\ 10 {
0
60 MAAVANANVNSAMA AN A 0
(d) 50 10 20 30 40
40 ) time (min)
20 4.2 nm RuO, ——Ru0, 3d
0
0 50 100 150 O1s
time (min) Si2p

Figure 2: Evolution of the oxygen, silicon, and Ru** (RuO,) contents during
exposure of (a) pristine Ru(0001) (0 nm RuO3), (b) Ru(0001) with thin Ru
oxide (0.4 nm RuO,), (c) the mixed oxide (1.2 nm RuO;), and (d) the thick
rutile ruthenium oxide, r-RuO; (4.2 nm RuO3)to SiHy pressures from 4 X 108
mbar to 4 x 107% mbar. The grey dashed lines indicate pressure increase steps
by a factor of 10. The right column, (e), (f) and (g) panels, shows insets of the
first minutes of exposure, illustrating the rapid growth of Si concomitant with a
decrease of the Ru** content.

To gain insights into the underlying deposition process and
the nature of the deposited species, the Si 2p and O 1s spectra
taken after the silane exposure are examined in detail. Figure
3(a) shows that on Ru metal, Si deposits as a single species,
illustrated by a single Si 2p peak at 99.6 eV. The precise identi-
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Initial Final Initial | Final | Initial | Final
Ro“"% [Ru¥™"% | O% | O% | Si% | Si%
Pristine Ru - - - 2 - 12
Thin oxide 10 - 11 16 - 13
Mixed oxide 17 13 35 36 - 8
Thick oxide 33 32 58 57 - 1

Table 1: Detailed composition of the different initial Ru surface preparations
before and after silane exposure.

fication of the deposited Si species deposited is not straightfor-
ward, as the characteristic XPS peaks, Ru 3d and Si 2p, show
only subtle changes in peak position between the elemental ma-
terials and their compounds. In the XPS literature, the 2p bind-
ing energy of elemental Si’, ranges from 98.3 eV[54] to a range
of values above 99 eV[55, 56, 57, 58], and even up to 100 eV
for high doping levels[59]. Next to elemental Si, the binding
energies of Ru silicides have been reported to match the ob-
served values, with Si 2p core levels ranging from 99.3 to 99.8
eV [60, 61, 56]. A key limitation in comparing our system with
previous studies is that they investigate Ru on Si, while we in-
vestigate Si on Ru, which presents different intermixing behav-
iors and possibly different Ru/Si ratios, which can be reflected
in different surface chemistry. Work by van Vliet et al.[62]
showed shifts in the 2p binding energy with the Si content of
thin layers, ranging from 99.4 eV for Si on Si to 99.7 eV for
Ru,Si3 and 100.0 eV for RuSi films. These results were re-
lated to the plasmon peak of the silicides for their identification,
but the weak signal and the overlap with stronger features from
metallic Ru (3d and 4p), prevent us from using this method of
assigning the Si species. Reports of intermixing upon deposi-
tion of Si on Ru at room temperature[63, 64] indicate that sili-
cide formation is likely to occur also on the surfaces presented
here.

The cases of the oxides are equally intriguing, but more com-
plex. While there is clear contrast between the absence of Si
deposition for the bulk-like rutile RuO; and its rapid growth on
the thin oxide, resolving the individual species is challenging.
Two components are required to fit the Si 2p peak of the thin
oxide in Figure 3(b), which has distinct features at 100.4 eV
and 103.2 eV. The respective O 1s peak after exposure in Fig-
ure 3(e) is in agreement with a single species centered at 532.2
eV. The mixed oxide with elements of the thin oxide and the in-
ert rutile RuO, seems to behave like a superposition of the two
in the time-dependent results shown previously, with deposition
only occurring on the thin oxide. The detailed analysis of the
spectrum in Figure 3(c), however, presents three Si 2p peaks.
In addition to the two peaks at 100.4 eV and 103.2 eV, an ad-
ditional one is observed at 101.8 eV. Fitting the respective O 1s
peak, shown in Figure 3(f), also requires three components at
531.8 eV, 529.9 eV, and 529.3 eV.

For the identification of the post-exposure species, it is essen-
tial to establish a link between the formation of the oxygen and
silicon species and the modification of the Ru species at the sur-
face, specifically the extinction of Ru** during the deposition of
Si at the surface can clearly be resolved. To better understand
the RuO, compositional transformation upon Si deposition in
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Figure 3: Si 2p and O 1s core level XPS spectra acquired after silane exposure
for pristine Ru, thin oxide, and mixed oxide.

the thin oxide, the in sifu evolution of the oxygen species dur-
ing silane exposure is analyzed in Figure 4. Prior to silane ex-
posure, iteration 1 finds the O 1s peak at 529.8 eV, as expected
for Ru oxide[52]. During iteration 2 silane gas is leaked in,
which is reflected immediately in the O 1s signal by a lower in-
tensity for the peak at 529.8 eV and the growth of a shoulder at
532.2 eV. Already in the next iteration approximately 2 minutes
later, the feature at 532.2 eV becomes the dominant component
of the O 1s peak. This broad peak remains unchanged within
measurement error for the remaining 65 iterations. The differ-
ence in the O 1s peak binding energy showcases a complete
change to a different surface species, while the time resolution
establishes a causal link to the interaction with silane. The bind-
ing energy position after silane exposure is characteristic for Si
oxides rather than Ru oxides, indicating that the main bonding
partner of the oxygen changed to become Si. Exposure of the
thin Ru oxide to silane thus not only leads to Si deposition, but
triggers a full transformation of the thin oxide layer into an ox-
idized Si compound.

From the oxygen spectra and the high-binding energy com-
ponent of Si, it seems straightforward to assign the new surface
species as Si0O,. Typical Si 2p binding energies for SiO, rang-
ing from 103.2 eV [54] and 103.3 eV [65, 66] to 103.9 eV[57]
allow the conclusion that the nominal oxidation state of the
high-binding energy species is closest to Si*". The Si peaks at
lower binding energies, however, correspond neither to Si** nor
to silicides. They are found in the range of silicon’s sub-oxides,
reported at binding energies of 101 eV[54] or 101.3 eV[56] for
Si'* and 101.8 eV for Si**[67]. The coexistence of multiple
Si 2p components may reflect different Si-O—Ru bonding envi-
ronments, similar to the configurations suggested for ultrathin
Si oxide on Ru(0001) by Kremer ef al.[68]. The characteristic
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Figure 4: XPS spectra of the O 1s region of the thin oxide (0.4 nm) during
iteration 1 (before SiHy), and 2, 3 and 68 of exposure to SiHj.

features of the ultrathin oxide layer, SiOy tetrahedra, are also a
common motif in silicates. While no XPS studies of Ru silicates
were found, Si binding energies in other silicates have been re-
ported in a range of 101.3 eV - 102.7 eV [69, 70, 55, 71], which
is consistent with the intermediate binding energies observed
upon silane exposure. This binding energy range agrees with
the additional peak observed for the mixed oxide, possibly in-
dicating the coexistence of silicates with different Ru contents.
This is plausible since we expect the mixed oxide to consist
of patches of intermediate oxide and RuQ; in rutile structure,
providing reactive boundary sites of the two different oxides, in
addition to the active sites on the pure thin oxide. In the absence
of spectroscopic literature on ruthenium silicate, assigning the
sub-oxides of Si to silicate-like-structures, however, remains a
speculation.

3.2. Origin of the different activity upon surface oxidation

The different nature of the Si species formed on each surface
termination, together with the transformation of the Ru oxide
layer upon silicon deposition, raises the question whether the
interaction with silane is comparable for the different surface
configurations. To determine the effect of surface oxygen on
the deposition mechanism, the adsorption of SiH4 on Ru metal
surfaces with different coverages (6 € [0, 1] ML) and configu-
rations of oxygen was modeled using DFT calculations. Fig-
ure 5 provides an overview of the configurations considered,
illustrating that the interaction of SiH4 on Ru(0001) spans a
continuum from weak physisorption to dissociative chemisorp-
tion, governed by the local availability of Ru surface sites. On
the clean surface, SiH, dissociates spontaneously to Ru—-SiH +
3xRu-H; the Si fragment occupies an hcp hollow, and the H
atoms relax to adjacent top, bridge, or hollow sites. Increasing
O coverage progressively passivates Ru and suppresses disso-
ciation. As shown in Fig. 5a, O adsorption stabilizes ordered
hcp overlayers, while mixed or sub-surface configurations are

View Article Online
disfavoured at low 6 but become increalegﬁll}Q AV %%%%ﬂd
~0.5 ML, producing the broad band near —1.5 eV.

For SiH, adsorption (Fig. 5b), close-packed O overlay-
ers—Ilocally nearest-neighbour (NN) complete structures such
as the (1 x 1) phase—block Ru sites and enforce physisorp-
tion. When the O layer is more open or irregular (striped or
patch-like domains), SiH, dehydrogenates to SiH, fragments
(x = 1-3). Intermediate states (SiH4/SiH3/SiH,) appear where
O crowding or surface rumpling limits access to multiple Ru
neighbours—more strongly bound than physisorbed molecules
but short of full Si—H scission. The energetic ordering is dic-
tated by H termination: at low 8, H remains bound as Ru-H
on top/bridge sites; at higher 6, nearby O accepts H to form sur-
face OH, which markedly deepens the adsorption well. Because
6 includes both surface and sub-surface O, dissociation can per-
sist near 8 ~ 1 ML whenever a fraction of O resides below the
surface, leaving Ru surface sites.

Dissociative adsorption progressively consumes the remain-
ing reactive Ru sites. Initial SiH4 molecules dissociate at ex-
posed Ru hollows, depositing Si at hcp positions and passi-
vating adjacent top or bridge sites through Ru-H or, where
O is present, OH formation. Each dissociation therefore re-
duces the local density of available Ru sites, and once the
nearest-neighbour ring around an adsorption site becomes filled
(NN-complete), subsequent SiH4 adsorption is frustrated. Sub-
surface O remains energetically unfavourable and does not in-
fluence this process. The reaction thus becomes self-limiting:
SiH, dissociation ceases as the surface approaches O-, Si- and
H-induced site saturation, providing the atomistic origin of the
rapid saturation of Si observed in the experiment.

The highly efficient dissociation predicted by DFT together
with the quick saturation observed in experiment call for a
quantification of the deposited amount and the experimental
sticking coefficient. To relate the saturation density to a surface
coverage, we approximate the coverage of the Si-containing
layer by monolayers (ML) of constant thickness, calculated
from the relative XPS intensities of the Si 2p and Ru 3d. Since
the estimated coverage will vary with the deposited compound,
we compare two different configurations of Si-containing lay-
ers at the surface as thin and thick approximation of the grown
layer. In the thin limit, all Si is concentrated in a monolayer
of Si atoms adsorbed at the surface with an estimated thickness
of 0.17 nm, derived from the layer spacing reported from DFT
[8]. In the thicker approximation, the Si forms a compound
with Ru and spreads over a larger thickness, selected to be a
layer of the stable silicide Ru,Si;. For this case the thickness
of 1 ML is taken as 0.28 nm, corresponding to one fourth of
the unit cell’s c-axis. This value reflects the thinnest layer that
preserves the stoichiometry of the silicide [72]. The compari-
son of the two cases is displayed in Figure 6 and shows that the
saturation coverage of Si on pristine Ru is between 0.55 ML
(pure Si) and 0.86 ML of Ru,Sis. In the context of the DFT
results, this coverage is high, demonstrating that hydrogen does
not block sites adjacent to SiHy dissociation permanently, but
is mobile at the conditions of the experiment. This mobility
keeps sites for dissociation available until a saturation coverage
of Si is reached. The blocking of Ru sites by oxygen predicted
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Figure 5: Panel (a) shows the adsorption energy per O atom as a function of O coverage up to one monolayer, resolved into surface, subsurface and mixed O
configurations. The atomistic insets illustrate representative local O motifs, and these O/Ru surfaces form the starting configurations for the subsequent silane
adsorption shown in panel (b). Panel (b)(i) shows the full SiH4 interaction-energy landscape without filtering by the energy of the parent O/Ru surface. The points
are resolved by the final-state Si—H coordination after structural relaxation, with the corresponding SiH, motifs shown in panel (b)(iii). Panel (b)(ii) summarizes
the final-state pathway in 0.25 ML coverage bins after correcting for both the thermodynamic weight of the parent O/Ru surface and the local site degeneracy. For
each coverage bin and parent surface, the lowest-energy relaxed final state in each channel is used: SiH, final states with x < 4 and no Si—O bond are assigned to
Ru-assisted dissociation, while intact SiHy final states are assigned to molecular adsorption. The dissociation channel is weighted by the number of clear Ru sites,
while the intact channel is weighted by the number of O-blocked sites; the dashed line indicates the corresponding clear-Ru-site fraction. In all panels with atomic
configurations Ru are represented by silver, O by red, Si by blue and H by white spheres

by DFT suggests a different possible pathway, in which oxygen
also competes for adsorption sites with silane to lower the total
Si coverage.

Since SiH4 decomposes readily in the presence of Ru sites,
the initial sticking coefficient of the molecule is expected to be
reflected in the rate of Si deposition. The sticking coefficient
can thus be directly approximated from the time-dependent
growth curves of the Si-containing layer. For an impingement
rate of silane of ['(SiH4) = 1.1 x 10" molecules/cm?’s and a site
density of 1.75 x 10" atoms/cm?, we expect the molecules to
have interacted with each surface atom after approximately 159
seconds. Only if all these interactions lead to the dissociation
of silane and deposition of silicon, a full monolayer will grow
within this short time. For a layer of Ru,Sis3, the number of Si
atoms per surface area is 1.2 x 10" atoms/cm? (in the coarse

approximation of a 2.8 A thick slice of an orthorhombic Ru,Sis
unit cell cut perpendicular to the c-axis). The experimental
observation of a saturation coverage close to a full layer after
less than five minutes of exposure thus demonstrates that the
probability of dissociative sticking of silane is higher than 36%.
Within the experimental time resolution, it can not be excluded
that the coefficient is even closer to unity. After this initial phase
of fast deposition, no further growth is observed within exper-
imental accuracy, reflecting the self-limiting character of the
deposition and the consumption of the active Ru sites in the
process. This saturation behavior suggests the growth of a com-
plete layer of electronically different material, which would be
consistent with the growth of a silicide approaching a cover-
age close to a monolayer. However, the observations could also
be explained by other models of growth and site blocking, for
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Figure 6: Comparison of the time-dependent coverage of Si-containing layers
calculated from the surface Si content for two different models of the deposited
compound. In the thinnest case, a monolayer of Si atoms on Ru (in light green),
growth saturates at 0.55 ML, whereas Ru,Sij3 silicide grows to about 0.86 ML
(in dark green). The shaded area corresponds to coverages achieved for hypo-
thetical layers with intermediate Si contents and electron attenuation.

example the case of Si atoms covering Ru, which is shown to
inhibit further reactivity towards Si deposition from silane by
our calculations. The presence of adsorbed oxygen or hydro-
gen could present an explanation why the growth terminates at
sub-monolayer coverages.

On the surface covered with a thin or mixed oxide, the de-
position kinetics is similar, whereas no deposition occurs on
the rutile RuO, layer beyond a very small content that is likely
caused by reactive surface defects or gas-phase activation by
electrons. The fast initial growth on the thin oxide is followed
by saturation at comparable coverages and time scales to the
metal surface. The average sticking coefficient on the thin oxide
is thus similar to that of the metal surface, indicating a compa-
rable density of active sites. According to the DFT calculations,
however, dissociative adsorption is not expected to occur on Ru
sites with oxygen adsorbates. This would only leave a small
number of potential active sites on an ordered oxidized surface
and would significantly alter the Si growth kinetics. Moreover,
the total amount of deposited Si would decrease drastically,
which is in contrast to the experimental results. Alternative ex-
planations, such as the coexistence of oxide patches with large
areas of Ru metal are not consistent with the different Si 2p
binding energies for silane decomposition over Ru metal and
thin Ru oxide. The peak positions of Si at the oxidized Ru sur-
faces demonstrate that all the observable Si interacts with oxy-
gen, likely forming Si-O-Ru bonds and potentially also binary
silicon oxides. The strong interaction of the deposited Si across
the entire oxidized surface is further highlighted by the obser-
vation that all Ru in the thin oxide layer is reduced after silane
exposure. However, according to the DFT calculations, oxygen
adsorption on an ordered Ru surface deactivates the metal sites
for silane decomposition, leading to the conclusion that the thin
oxide layer deviates from a Ru surface with adsorbed and in-
corporated oxygen. While the simulation of layers with entirely
different structural and electronic properties is beyond the scope
of this study, the observed behavior could also be explained by
a high level of disorder, in agreement with literature reports of
the intermediate oxide[73]. The high density of defect sites on
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for the adsorption and decomposition of silane, leaving behind
Si and hydrogen, which readily bond to surface oxygen.

The proposed role of disorder and defects also prompts the
question whether the sample preparation, in particular rough-
ening by sputtering, influences the observed result. While the
observation of sharp diffraction spots in LEED patterns after
preparation of the pristine metal surface (see Supporting Infor-
mation) demonstrates that large patches of the surface are or-
dered, a remaining increase in the density of defects and steps
cannot be excluded. A more defective metal surface would
likely also translate to more defects in thin oxide layer prepared
by annealing in oxygen. The observation of rapid deposition
of Si up to a saturation coverage close to a full layer, however,
highlights that also the defect-free Ru(0001) surface efficiently
splits SiHy, in agreement with the DFT results. Similarly, the
deposition on the thin oxide layer is rapid with a high sticking
coefficient, indicating a very high defect density that is more
likely intrinsic to the initial oxide formed before converting to
the stable rutile structure. This interpretation agrees well with
the absence of Si deposition on the thick oxide layer, suggest-
ing that defects do not play a role in silane decomposition after
this structural change.

In addition to the deposition of Si described above, the de-
composition of SiHy also liberates four hydrogen atoms per
molecule. At the pristine Ru(0001) surface, the Ru metal lat-
tice provides adsorption sites for hydrogen atoms, yielding Ru-
SiH4-,) + nRu-H. While hydrogen atoms are predicted to block
sites for further silane adsorption according to the DFT calcu-
lation, reflecting the energy at 0 K, this effect is likely negligi-
ble thanks to the high mobility of adsorbed hydrogen at room
temperature. Moreover, the rate of recombination and desorp-
tion of hydrogen is expected to be significant at the time scale
and temperature of the experiment, based on temperature pro-
grammed desorption studies [74] whereas solubility in bulk Ru
has been reported to be low [75]. Second order desorption
peaks reaching close to 300 K for high coverages indicate a
finite desorption rate should be expected at room temperature.
High-coverage regions of hydrogen would thus result in effi-
cient recombinative desorption from Ru metal, leaving only a
low density of hydrogen atoms with long residence time. Upon
dissociation of silane over thin Ru oxide, on the other hand,
the released hydrogen likely forms hydroxyl groups, which are
stable at room temperature. Accordingly, we considered the
presence of an O 1s component at binding energies previously
attributed to OH species on Ru surfaces [76]. Indeed, the two
spectra acquired during the main increase of Si intensity (iter-
ations 2 and 3 in Figure 4) exhibit additional intensity within
this energy range. However, the transient nature of this fea-
ture, combined with the ambiguous composition and structure
of the Ru-Si-O phase, precludes assigning definitive signifi-
cance to its observation. Our results do not allow for assigning
the detailed reaction steps with certainty, and pathways beyond
adsorption and dissociation remain speculative. Adsorption on
undercoordinated Ru sites, yielding Ru-SiHy_,, + nRu-O-OH is
considered a likely first step. Among multiple potential op-
tions with comparable experimental signature, the formation of
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Figure 7: Evolution of silicon atomic percentage throughout the exposure of
Ru (0 nm RuO») to SiHy in Ar with (green) and without (lilac) simultaneous
irradiation by X-rays at the same silane pressure.

SiRu, 04 + 2Ru(OH); would for example fulfil mass and charge
balance of the entire layer and result in reduced Ru. Neverthe-
less, important uncertainties remain, for example whether the
layer would remain intact at this high hydrogen concentration
and whether hydroxyl groups would be stable at room temper-
ature in the Si-Ru-O compound.

The observation of the high sticking coefficient of silane
prompted an experimental test of the interference of the in
situ measurement with its outcome by activating the silane
molecules. Figure 7 shows a comparison between the silane
exposure to pristine Ru with (green) and without (lilac) simul-
taneous exposure to the Al Ka X-rays used by the spectroscopy
tool. For the two data sets a comparable growth trend and the
same final Si atomic percentage were observed, regardless of
X-ray exposure during the experiment. Most importantly, the
fast deposition within the first minutes of exposure was also
observed without simultaneous exposure to X-rays. These re-
sults demonstrate that additional activation by the X-rays does
not contribute decisively to the high sticking coefficient or the
resulting Si deposition.

4. Conclusions

In summary, the interaction of Ru surfaces with silane
changes drastically between surfaces terminated with Ru metal,
the thin intermediate Ru oxide, and the bulk-like rutile RuO,.
Silane readily decomposes on Ru metal and the intermediate
oxide with a high sticking coefficient. In both cases, the growth
of Si is self-limiting and terminates at coverages close to a full
layer of Ru-Si compounds. The surface species formed upon
deposition, however, is different. On Ru metal, elemental Si or
Ru silicide is observed as a direct result of the spontaneous dis-
sociation of silane. Upon silane exposure of the thin Ru oxide
layer, oxidized Si species form, which are reminiscent of sil-
icates and SiO,, whereas Ru changes to a fully reduced state.
The deposition is attributed to splitting of silane at active sites
arising from disorder in the oxide layer. In contrast to the thin
oxide, a 4 nm thick layer of rutile RuO, proves to be fully inert
towards silane decomposition and preserves its original surface
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results demonstrate that the oxidation state and structure of the
Ru-containing surface layer is decisive for the reactive decom-
position of growth precursor molecules using the example of
silane.
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