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In vacuo high-sensitivity low energy ion scattering (HS-LEIS) has been used to investigate the 

initial growth stages of DC sputtered Ru on top of Si, SiN and SiO2. The high surface sensitivity 

of this technique allowed an accurate determination of surface coverages and thicknesses 

required for closing the Ru layer on all three substrates. The Ru layer closes (100% Ru surface 

signal) at about 2.0, 3.2 and 4.7 nm on top of SiO2, SiN and Si, respectively. In-depth Ru 

concentration profiles can be reconstructed from the Ru surface coverages when considering 

an error function like model. The large intermixing (4.7 nm) for the Ru-on-Si system is 

compared to the reverse system (Si-on-Ru), where only 0.9 nm intermixing occurs. The 

difference is predominantly explained by the strong Si surface segregation that is observed for 

Ru-on-Si. This surface segregation effect is also observed for Ru-on-SiN, but is absent for Ru-

on-SiO2. For this last system, in vacuo HS-LEIS analysis revealed surface oxygen directly after 

deposition, which suggests an oxygen surface segregation effect for Ru-on-SiO2. In vacuo XPS 

measurements confirmed this hypothesis based on the reaction of Ru with oxygen from the 

SiO2, followed by oxygen surface segregation.  

Keywords: ruthenium growth, thin films, high sensitivity low energy ion scattering, surface 

segregation, silicon passivation  

I. INTRODUCTION 

In the last decades, ruthenium thin films have been used in several applications.1 Ru has 

turned out to be one of the most active catalysts in the ammonia synthesis.2 Due to its low 

resistivity and low solubility with Cu,3 Ru has been used as a Cu diffusion barrier and/or Cu 

seed layer in integrated circuits with copper interconnect technology.4 Other applications for 

Ru thin films are as bottom electrode in capacitors based on high-K materials,5 or as capping 

layer for optics designed for extreme ultraviolet lithography (EUVL)6,7,8,9 due to its low 

sensitivity for oxidation.10 In the last three applications, diffusion (either copper or oxygen) 

towards deeper layers is one of the main threats for their performance.11,12,13 In the fabrication 

of copper-based chips, silicon forms deep-level traps when it is intermixed with copper.14 High-

K capacitors are fabricated at high temperatures and under an oxidative environment. In such 

conditions, the poly-Si plug attached to the electrode is oxidized, resulting in a decrease of the 

dielectric constant.15 The cracking of water vapour present in a vacuum system by EUV light 

leads to oxidation of the Si/Mo multilayer mirror, causing a reflectance drop.16 In all three 

cases, the underneath Si layer should not be directly in contact with either copper or an 

oxidative atmosphere. Thus, the Ru protective layer should be a continuous and homogenously 

closed layer. Like most metals, Ru forms a polycrystalline structure after a few nanometres 
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which allows Cu or O diffusion through grain boundaries.17,18,19 For this reason an ultrathin 

amorphous Ru layer is necessary as an effective diffusion barrier. For instance, a Ru layer 

requires a minimum optimized thickness <5 nm for a barrier/seed bilayer in copper 

interconnects and <2.5 nm for a capping layer in EUVL optics.20,21,22  

To study the growth of such an ultrathin Ru film, a technique that allows an accurate 

control of the initial growth stages is needed, including an accurate determination of the 

thickness where the layer closes. The limited availability of techniques for in situ monitoring 

thin film growth in the sub- and nanometre scales has turned out to be a problem.23,24 Short 

diffusion lengths involved, necessity of ultra-high vacuum tools, possible matrix effects or 

variations in morphology and interlayer roughness/intermixing during growth, the need for 

high-precision real-time measurements and compatibility with amorphous materials are some 

of the main difficulties to overcome.  

Low energy ion scattering (LEIS) is a surface analysis technique that uses the 

bombardment of noble gas ions (He+, Ne+ or Ar+) towards the sample (target) with ion-energies 

between 0.5 and 10 keV. Since the scattering cross-sections scale with 1/E2, the cross-sections 

are much larger for LEIS compared to other scattering techniques. A second feature is the 

effective neutralization of all projectiles that penetrate the sample beyond the first monolayer. 

As a result, LEIS is highly surface-sensitive and can be used to determine the atomic 

composition of the outermost surface atomic layer. Detection of sub-surface scattered neutrals 

is possible due to the re-ionization processes occurring at the surface, and an in-depth profile 

is accessible within the near-surface region (0 to 10 nm). In addition, LEIS can be used on 

either rough or flat surfaces of either crystalline or amorphous nature. In many cases, LEIS 

surface quantification is not impeded by matrix effects, although it should be noted that matrix 

effects are reported for certain projectile/target combinations.25 LEIS analysers have improved 

in recent years, and a new advanced equipment has been developed, the so-called high-

sensitivity low energy ion scattering (HS-LEIS), which requires very low ion fluency for the 

measurement due to a special detection geometry that enables a “static” analysis with negligible 

damage by the probing ions, and has resulted in better detection limits for the surface 

elements.26 

Very few growth studies are reported for Ru on Si.27,28 To the best of our knowledge, 

there are no growth studies at room temperature reported which investigate the initial stages of 

growth of thin Ru films on amorphous Si. In the present article, we use HS-LEIS for in vacuo 

monitoring Ru growth on a-Si, SiN and SiO2 substrate layers. We also show that from Ru 

surface coverages, in-depth Ru profiles can be reconstructed for these systems. In order to 

distinguish different contributions to the intermixing between Ru and Si during growth, the 

reverse system (Si on Ru) is also investigated.  

II. EXPERIMENTAL 

Samples were prepared with Ru layers from 0 to 5 nm deposited on top of 5 nm Si, 1.5 

nm SiN/4 nm Si and 1.5 nm SiO2/4 nm Si, respectively. Additional samples were prepared with 

Si layers from 0 to 5 nm deposited onto 5 nm Ru. All samples were grown onto 25 x 25 mm 
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natively oxidized super-polished Si substrates and prepared using DC magnetron sputtering at 

room temperature in an Ultra High Vacuum (UHV) setup with base pressure <2 x 10-10 mbar. 

(See layered sample models in Fig. 1, and deposition conditions in Table I).  

 

FIG. 1. (Color online) Layered sample models for Ru on (a) Si, (b) SiN and (c) SiO2, and (d) Si on Ru 

TABLE I. Summary of deposition conditions for the Ru, Si, SiN and SiO2 layers 

 Ru Si SiN SiO
2
 

Magnetron Ru  Si  Si  Si  

Gas Ar Ar 40.6% 

N
2
/(N

2
+Ar) 

6.4% 

O
2
/(O

2
+Ar) 

Total pressure  

(mbar) 
1.5E-3 1.5E-3 1.1E-3 7.8E-4 

Voltage (V) 300±5 400±5 382±5 302±5 

Power (W) 8±0.5 8±0.5 8±0.5 8±0.5 
 

All layer thicknesses were monitored using quartz mass balances (QMS), calibrated by 

ex situ X-ray reflectivity (XRR) using a PANalytical Empyrean X-ray diffractometer (Cu-Kα 

radiation, 0.154 nm). Surface morphologies were analysed using an ex situ BRUKER 

Dimension Edge atomic force microscope (AFM) equipped with a μmasch Hi’Res-C14 tip. 

In vacuo X-ray photoelectron spectroscopy (XPS) measurements were performed for 

studying the initial stages of Ru growth on SiO2, and to determine the stoichiometry of, and the 

optimal gas mixture for the deposited SiOx and SiNx layers (see conditions in Table I). The 

instrument used was a Thermo Theta Probe spectrometer equipped with a monochromatic Al-

Kα radiation (hν = 1486.6 eV). The optimal O/Si ratio obtained for the SiOx layers was about 

2.0, near to stoichiometric SiO2.
29 However, the optimal N/Si ratio obtained for the SiNx layers 

was close to 1.0, which means that the produced SiNx layers were sub-stoichiometric and 

silicon-rich, when compared to bulk Si3N4.
29 Several studies also showed this behaviour for 

room-temperature deposition of SiNx by reactive magnetron sputtering in Ar+N2 mixture.30,31 

For simplicity this sub-stoichiometric SiNx layer is referred in the text as SiN. 

In vacuo and “in-real-time” HS-LEIS measurements during Ru and Si growth were 

carried out using an ION-TOF GmbH Qtac100 HS-LEIS spectrometer with a base pressure of 2 

x 10-10 mbar. This setup has a fixed scattering geometry, where the primary ions are directed 

perpendicular towards the sample surface, and only the scattered ions (no neutrals) are detected 

at a fixed scattering angle of 145° by a double toroidal electrostatic analyser with full azimuthal 

acceptance. This, in combination with a channel plate detector for simultaneous energy 

detection, provides a higher sensitivity than conventional LEIS analysers, and enables a non-

destructive (“static”) analysis. A more detailed description of the setup can be found in ref.26. 
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Deposited samples were transferred under vacuum (2 x 10-10 mbar) to the LEIS analysis 

chamber. The work pressure in the LEIS analysis chamber was ~2 x 10-8 mbar during all 

measurements, due to He used in the ion gun. Sample transfer and measurement were carried 

out within <10 min after deposition in order to avoid surface contamination. All LEIS 

measurements were performed using a He+ ion beam with an energy of 3 keV and with a current 

of 4-6 nA, measured with a Faraday cup. The average ion dose was 1.5 x 1014 He+ ions/cm2, 

below the “static limit” for 3 keV He+ ions which implies that less than 1% of the surface is 

sputtered away during the LEIS analysis.32,33,34  

III. RESULTS 

 The results are presented in three sections. First, we start with the determination of the 

surface coverages and the thickness of the closed layer for Ru grown on Si, SiN and SiO2 

layers. Second, we reconstruct the in-depth Ru profiles from the Ru surface coverages. And 

third, we perform the same study for Si grown on Ru. 

A. Surface coverages and closed layer determination for Ru on Si, SiN and SiO2 

A typical LEIS spectrum for He+ ions gives two main kinds of information: the 

elemental composition of the outermost atomic layer and the in-depth concentration of atoms 

just below the surface (0 to 10 nm). The composition of this outermost layer is defined by the 

surface peaks of the elements present on the surface, and the sub-surface concentration of these 

elements is determined by their “low-energy tails” to the peaks.25 Examples of LEIS spectra 

for 3 keV He+ ions scattered from 0.7 nm and 4.7 nm Ru samples grown on 5.0 nm Si are 

depicted in Fig. 2 (black and red solid lines, respectively).  

 

FIG. 2. (Color online) LEIS spectra of 3 keV He+ scattered from 0.7 nm (black solid line) and 4.7 nm (red solid 

line) Ru samples grown on 5.0 nm Si on Si(100) substrate. Ru and Si surface peaks, lowest Ru depths and in-

depth Ru “tails” are pointed out. 

We define a layer of one or more elements to become closed when its surface only 

contains these elements and other elements from the underneath substrate layer are no longer 

present on this surface. Since our LEIS setup has a high sensitive to the elements on the surface, 

a layer will be considered a “closed layer” when the surface peaks of the elements of the 

substrate layer vanish and when the surface peak of the element of the growing layer saturates 

and does not grow further. In the example spectra presented in Fig. 2., the 0.7 nm Ru layer 

http://dx.doi.org/10.1063/1.4960577
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(black solid line) is an “open layer”, since there is a clear Si surface peak and the Ru peak is 

not yet saturated. In contrast, the 4.7 nm Ru layer (red solid line) is a “closed layer”. No Si 

surface peak is detected and the Ru surface peak is saturated.  

Fig. 3 presents LEIS spectra of the deposited layers on Si (a), SiN (b) and SiO2 (c). For 

Ru grown on Si, the Si surface peak decreases and the Ru surface peak increases during growth 

(Fig. 3(a)). The Ru surface peak is saturated at about 4.7 nm Ru and there is no signal from Si 

at the surface for that thickness. This means that about 4.7 nm Ru are needed to close the Ru 

layer when growing on top of Si. This large amount of material to close the layer might be 

related to a lot of intermixing by RuSix formation. For Ru grown on SiN, the Si peak fully 

disappears at about 3.2 nm when the Ru peak saturates (Fig. 3(b)). Thus, 3.2 nm Ru are enough 

to close the Ru layer grown on SiN. Compared to the previous case where Ru is grown on Si, 

the layer closes earlier by nitrogen passivation of the Si surface, and the RuSix formation is 

reduced. For Ru grown on SiO2, the Si peak disappears at about 2.0 nm Ru, coinciding with 

the saturation of the Ru surface peak (Fig. 3(c)). As a result, only 2.0 nm Ru are needed to 

close the Ru layer on SiO2, which indicates that oxygen passivates Si more strongly than 

nitrogen. A comparable LEIS study performed by Shin et al.35 for Ru grown on SiO2 observed 

the Ru layer to become closed after a thickness near 2.2 nm. This value is similar to the 2.0 nm 

value obtained by our high-sensitivity LEIS study on this system. 

FIG. 3. (Color online) LEIS spectra of (a) 0.0 to 4.7 nm Ru on 5.0 nm Si samples, (b) 0.0 to 3.2 nm Ru on 1.5 nm 

SiN/4.0 nm Si samples, and (c) 0.0 to 2.0 nm Ru on 1.5 nm SiO2/4.0 nm Si samples onto Si(100) substrates. Si 

peak zoom in (a), N and Si peaks zoom in (b), and O and Si peaks zoom in (c). Left-bottom insets in (a), (b) and 

(c) show the layered models of the deposited structures. 

 

It should be noted here that LEIS cannot distinguish between intermixing and 3D island 

growth. The formation of 3D islands would give similar LEIS signals as intermixing by silicide 

formation during Ru growth, which might lead to misinterpretation of our results. Therefore, 

surface morphologies of samples for several Ru thicknesses on all three substrate layers were 

studied by AFM. As an example, samples with an intermediate Ru thickness of 1.3 nm exhibit 

a root mean square (RMS) roughness of 0.22±0.05, 0.23±0.05 and 0.21±0.05 nm for Ru grown 

on Si, SiN and SiO2, respectively. These values and the values obtained for all other thicknesses 

are comparable and very close to the uncoated Si(100) substrate, which presents an average 

RMS roughness of 0.20±0.05 nm. Thus, we can attribute the relatively large amount of Ru 

needed for forming a closed layer to intermixing, and not to 3D growth. 
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Ru, Si, N and O surface peaks in Fig. 3 originate from He+ ions that are backscattered 

in a single elastic binary collision from a Ru, Si, N, or O atom at the surface of the sample. The 

intensity of each surface peak is proportional to the surface concentration (or coverage) of the 

corresponding element.26 Both peak height and area can be used for quantitative surface 

composition analysis. In the following analysis we use peak area, which provides more accurate 

results, as described in ref. 25.  

Fig. 4(a) shows the surface peak area from Ru (squares, left axis) and Si (triangles, right 

axis) for Ru grown on Si. If we plot these surface peak areas for Ru against Si, they follow a 

clear linear trend (Fig. 4(b)). From the extrapolation of this line to the ordinate and the 

coordinate axis, the reference peak areas (in case of full coverage) for Ru and Si can be 

estimated. This line implicitly assumes that for a binary system such as Ru on Si where there 

are no other elements, the sum of their surface coverages is equal to 1 (a full monolayer 

coverage). This assumption is analogous to the Vegard’s law for the volume of an alloy applied 

to the surface and is only valid in the absence of matrix effects, which means that the sensitivity 

for a given element does not depend on its neighbouring atoms.25,36 

The determined reference peak area values for Ru and Si samples are (2.2±0.1) x 104 

and (4.1±0.1) x 103 counts·nC-1, respectively. The surface atomic density Ni
ref of an element i 

in a reference sample (compound or element) with known mass density ρ, can be estimated by  

𝑁𝑖
𝑟𝑒𝑓

≈ (
𝑛𝑖𝜌𝑁𝐴𝑉

𝑀
)

2
3⁄

,  

 (1) 

where ni is the stoichiometric number of the element i in the compound (ni=1 for a single 

element), M is the molar mass of the compound (or element), and NAV is Avogadro’s number.37 

The surface atomic densities Ni
ref for Ru, Si, N and O atoms are calculated by Eq. 1, using mass 

densities of 12.2±0.3, 2.3±0.3, 3.6±0.3 and 2.4±0.3 g·cm-3, obtained from the respective fits to 

the XRR data of 10 nm-thick Ru, Si, SiN and SiO2 deposited samples. 
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FIG. 4. (Color online) (a) Ru (squares) and Si (triangles) surface peak areas for Ru grown on Si. The dashed lines 

are guides for the eye. (b) Ru surface peak area vs. Si surface peak area for the data shown in (a). The solid line 

is a linear fit to the data. This linear relationship shows the absence of matrix effects and that Vegard’s law holds 

for the surface.25,36  

Knowing the surface peak areas Sj, the reference peak areas Sj
ref and the surface atomic densities 

Nj
ref for the different surface elements (from j=1 to jmax), one can determine the surface coverage 

Ci
surf for an element i, expressed as surface atomic fraction by 

𝐶𝑖
𝑠𝑢𝑟𝑓

= [ ∑
𝑆𝑗𝑆𝑖

𝑟𝑒𝑓
𝑁𝑗

𝑟𝑒𝑓

𝑆𝑖𝑆𝑗
𝑟𝑒𝑓

𝑁𝑖
𝑟𝑒𝑓

𝑗𝑚𝑎𝑥

𝑗=1

]

−1

. 

25 (2) 

 Surface coverages for Ru, Si, N and O elements for Ru layers on Si, SiN and SiO2 are 

determined by Eq. 2 using the obtained surface peak areas. N and O reference peak areas are 

numerically estimated as follows, since pure reference surfaces for N and O do not exist. For 

each Ru deposited amount, we know that the surface Vegard’s law must be fullfilled 

∑ 𝐶𝑗
𝑠𝑢𝑟𝑓

= 1

𝑗𝑚𝑎𝑥

𝑗=1

. 

36 (3) 

We assume a certain value for the N or O reference peak area and then we use this initial value 

to calculate all surface coverages for Ru grown either on SiN or on SiO2. Then, this value is 

recursively changed till the Vegard’s condition is valid for all deposited thicknesses. The 

obtained reference peak areas for N and O are 345±24 and 1179±83 counts·nC-1, respectively. 

To ensure the validity of this procedure for the O case, a 10 nm Si layer is deposited onto a 

Si(100) substrate and in vacuo transferred to the LEIS main chamber. Consecutive 3 keV He+ 

LEIS measurements are performed at room temperature after different amounts of O2 (several 
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hundred seconds at ~1.5 x 10-7 mbar O2) till O saturation. Vegard’s law is also fulfilled for this 

system and no matrix effects are detected. By linear extrapolation with the abscissa axis when 

plotting the surface peak areas of Si against O, the reference value for O can be extracted. The 

experimentally determined O reference area is 1180±83 counts·nC-1, which agrees well with 

the previously calculated value. 

 Fig. 5 presents the normalized peak areas and the surface coverages for Ru (squares), 

Si (triangles), N and O (circles) elements for Ru on Si (a, d), SiN (b, e) and SiO2 (c, f) layers.

FIG. 5. (Color online) Normalized peak areas and surface coverages for Ru (squares), Si (triangles), N and O 

(circles) elements for Ru on Si (a, d), SiN (b, e) and SiO2 (c, f) layers. The dashed lines through the data points 

are guides for the eye. Horizontal dashed lines in each graph represent the limits (from 0 to 1) for the normalized 

peak area and the surface coverage. 

There is not much difference between the normalized peak area and the surface 

coverage for Ru grown on Si (Fig. 5(a) and 5(d)), since it is a simple binary system and the 

correction factors introduced by Eq. 1 are not very significant. N and Si peak areas decrease 

similarly while Ru grows for Ru on SiN system, but the N signal vanishes at about 2.4 nm Ru 

instead of 3.2 nm Ru for the Si signal (Fig. 5(b)). This is due to a lower elemental sensitivity 

factor for N compared to Si.25 Likewise, there is a similar decrease of O and Si peak areas while 

the Ru peak area increases for Ru grown on SiO2 (Fig. 5(c)). Although the Si signal vanishes 

at 2.0 nm Ru, the O signal is still present even for the 13.5 nm Ru sample. There is an almost 

constant O coverage of about 12% for the different closed layer thicknesses (≥2.0 nm Ru) as 

depicted by circles in Fig. 5(f). This might be caused by surface contamination during sample 

manipulation or due to the fact that part of the oxygen is diffusing up from the SiO2 film through 

the Ru layer and reacting with the Ru surface (O surface segregation). Contamination during 
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manipulation may be discarded since in both Si and SiN growth studies, there is no apparent 

detected surface O signal (see Figs. 3(a) and 3(b), respectively).  

To investigate oxygen segregation during Ru growth and oxygen reaction with Ru, in 

vacuo XPS measurements are performed on several deposited Ru samples with thicknesses 

ranging from 0.0 to 5.5 nm on top of 1.5 nm SiO2/4.0 nm Si bilayers (see Si-2p and O-1s XPS 

spectra in Fig. 6(a) and (b), respectively).  

 

FIG. 6. (Color online) Si-2p (a) and O-1s (b) XPS spectra for Ru deposited on SiO2. Si-2p1/2 (left) and Si-2p3/2 

(right) peaks which correspond to elemental Si (green solid lines), SiOx (1≤x<2)/RuSixOy (brown dashed lines), 

and SiO2 (red dot lines) are displayed in (a). O-1s peaks for SiOx (red dashed lines) and RuOx (green solid lines) 

are depicted in (b). Note that all spectra are shifted in the intensity axis in order to visualize all peaks. 

 For 0 nm Ru, there are only SiO2 and Si peaks in the case of the Si-2p peak, as well as 

a very small amount of sub-stoichiometric SiOx (1≤x<2) on the interface between Si and SiO2 

(see Fig. 6(a)). For the O-1s peak, only one peak corresponding to SiOx is observed (see Fig. 

6(b)). While Ru grows, there is a clear peak of RuOx, already appearing at 0.9 nm Ru for the 

O-1s peak and the formation of more sub-stoichiometric SiOx or RuSixOy for the Si-2p peak as 

depicted in Fig. 6(b) and (a), respectively. This shows that part of the oxygen from the SiO2 

layer is reacting with the Ru layer, even though formation of SiOx is thermodynamically more 

favorable.29 As we increase the Ru thickness, the Si-2p peaks decrease until they disappear at 

about 5.5 nm Ru (Fig. 6(a)). In the case of the O-1s peak, the SiOx peak has vanished at 5.5 nm 

Ru but still there is a RuOx peak (Fig. 6(b)). This confirms our hypothesis based on reaction of 

Ru with O at the Ru-SiO2 interface, followed by oxygen surface segregation for increasing Ru 

thickness, forming surface RuOx. This oxygen surface segregation effect might be due to the 

fact that the Ru surface strongly reacts with oxygen. Although Ru is a low-oxidation metal,10 

oxygen prefers to be adsorbed on its surface, rather than remain in the bulk of the layer.1 Thus, 

a small amount of oxygen from the Ru-SiO2 interface may diffuse up towards the Ru surface.  

For comparing the Ru growth on Si, SiN and SiO2, the previously determined surface 

coverages for the Ru-on-SiO2 system (shown in Fig. 5(f)) are then modified, compensating for 

the fact that 100% Ru coverage is not reached due to O surface segregation. Si surface coverage 

remains unaltered since this segregation effect only affects Ru and O coverages. To correct 

both Ru and O coverages for this phenomenon, the part of the total O coverage corresponding 

to the oxygen segregated towards the Ru surface (Osegr coverage) is determined for every 

http://dx.doi.org/10.1063/1.4960577
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deposited Ru thickness, under the assumption that the ratio Osegr/Ru surface coverage is the 

same for each thickness, using the value for 2 nm or more deposited Ru as reference. By 

subtracting these Osegr values (see Fig. 7) from the total O coverage, a “corrected O coverage” 

is obtained, which corresponds only to the O bonded to the Si. By correcting the Ru coverage 

for the segregated O, the comparison of the three model systems becomes more 

straightforward, as depicted in Fig. 8. 

 

FIG. 7. (Color online) Osegr surface coverages for Ru grown on SiO2. The dashed line through the data points is a 

guide for the eye. The horizontal dashed lines represent the limit for the coverage equal to 0. The vertical dashed 

line denotes the Ru “closed layer” thickness on SiO2. 

 

FIG. 8. (Color online) Ru surface coverages for Ru grown on SiO2 (circles), SiN (triangles) and Si (squares). The 

dashed lines through the data points are guides for the eye. The two horizontal dashed lines represent the limits 

for the Ru surface coverage (from 0 to 1). The three vertical dashed lines denote the Ru “closed layer” thickness 

on SiO2 (black), SiN (red) and Si (blue) layers. 

 As previously discussed, the Ru layer closes sooner when increasing Si passivation (see 

vertical dashed lines in Fig. 8). One possible explanation to this behaviour could be attributed 

to thermodynamics and specifically when comparing the enthalpies of formation ΔfHo of RuSi, 

Si3N4 and SiO2 (see Table II). SiO2 formation is thermodynamically more favourable than 

Si3N4 formation, and this is followed by RuSi formation. Since all three reactions of formation 

are exothermic, more negative values denote more compound stability. For Ru on SiN, the Si-

N reaction would be more favourable than the Ru-Si reaction, and for Ru on SiO2, the Si-O 

reaction would be even more favourable than the Ru-Si reaction. 
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TABLE II. Standard molar enthalpies of formation ΔfHo at 25oC in kJ·mol-1 for RuSi, Si3N4 and SiO2.  

Compound ΔfH
o
  Ref. 

RuSi (crys.) -32.4 38
 

Si
3
N

4 (crys.) -743.5 29
 

SiO
2 (α-quarz) -910.7 29

 

 

B. In-depth Ru profiles from Ru surface coverages 

In Section III A, we have used the area of the LEIS surface peaks to determine the 

surface coverages (or surface concentration). In this section, we propose a method to use these 

surface coverages to reconstruct the sub-surface concentration. With this approach, we would 

like to check if the surface LEIS signals, as a function of thickness, can be applied for extracting 

both surface and in-depth concentration profiles. The procedure for the reconstruction of the 

in-depth Ru profiles from the Ru surface coverages is described as follows.  

First, an initial depth profile is proposed under the assumption that Ru-Si intermixing 

is only occurring during Ru deposition and no further intermixing will take place after 

deposition at room temperature. Thus, we can assume that the in-depth concentration is equal 

to the surface concentration (or coverage) after deposition (C=Csurf). As a first approximation, 

we propose an error function like model to describe our initial interfacial profile. This 

approximation can be made by a simple mathematical analysis when considering a Gaussian 

distribution of the surface heights at the interface.39 This approach has already been followed 

by Névot and Croce,40 et al., and mathematically analysed by Vidal and Vincent,41 et al., to 

describe the interfacial roughness in the XRR analysis of thin films. Our initial proposed profile 

describes the concentration C of the growing element at a certain depth z from the surface as 

𝐶(𝑧) =
1

2
[1 + 𝑒𝑟𝑓 (

𝑧0 − 𝑧

𝜎√2
)], 

 (4) 

where z0 is the average interface depth and σ is the characteristic profile width. 

From the initially proposed depth profile C(z), one can calculate the deposited thickness 

t at each depth z by integrating C(z) as  

𝑡(𝑧) = ∫ 𝐶(𝑧) 𝑑𝑧
𝑧

𝑧𝑚𝑎𝑥

, 
 (5) 

where zmax is the maximum profile depth which corresponds to a concentration C(zmax)=0. 

Combining Eq. 5 with Eq. 4, we can obtain the surface concentration C for each calculated 

deposited thickness t assuming a certain σ value. From the fit of this obtained surface 

concentration C(t) to the experimental surface coverage Csurf of the growing element for each 

deposited thickness, and changing the unique free parameter σ, the in-depth profiles can be 

reconstructed. The σ parameter is changed iteratively until the simulated and the experimental 

data match by a least-squares minimization procedure.42   
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 Fig. 9(a) shows the in-depth Ru concentration profiles C(z) (Eq. 4) for Ru grown on 

SiO2 (black solid line), SiN (red solid line) and Si (blue solid line) reconstructed from the fits 

of the simulated Ru surface concentration C(t) to the experimental Ru surface coverage Csurf 

represented in Fig. 9(b) by solid lines and closed symbols, respectively.  

 

FIG. 9. (Color online) (a) In-depth Ru concentration profiles C(z) described by Eq. 4, and characteristic profile 

widths σ, for Ru grown on SiO2, SiN and Si. (b) Ru concentration (surface coverage or in-depth concentration, 

since we assume C=Csurf) plotted against experimental (closed symbols) and simulated (solid lines) deposited 

Ru thickness t.  

 There is a good agreement between experimental surface coverage Csurf and simulated 

concentration C(t) for each deposited Ru thickness t. This means that a simple error function 

model seems a valid assumption to describe our interfaces. Additional interface profile 

functions (e.g. linear, double error function) were evaluated but showed less good agreement 

with the experimental data.  

 There is still a remaining question to answer about the shape of the in-depth Ru profiles. 

Is the shape of the “real” interface corresponding to an error function like shape? In order to 

tackle this question, a “real” profile needs to be measured experimentally from the deposited 

samples. An “effective” experimental in-depth Ru concentration profile can be determined 

from the background at energies lower than the Ru surface peak (“tail” to the peak) in the LEIS 

spectrum.  

The “low-energy tail” from the Ru peak originates from backscattering of He0 neutrals 

from Ru atoms below the surface, since practically all He+ ions are neutralized upon penetrating 

below the outermost atomic layer. The intensity of the “tail” signal depends both on the amount 

of Ru atoms below the surface, as well as on the re-ionization probability for He0 neutrals 

scattered below the Ru surface. This re-ionization probability depends on the velocity of the 

scattered particles and the presence of electronegative species on the sample surface.25 The re-

ionized He0 neutrals scattered from Ru atoms below the surface carry less energy than 

projectiles scattered at the surface due to (inelastic) collision processes.26  

The energy loss <ΔE> for the backscattering of He atoms in a certain Ru depth d can 

be calculated as the difference between the surface binary collision peak at ~2500 eV, and the 

energy of the backscattered projectile from this depth d. The energy of the backscattered He 
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atoms from the deepest Ru containing layer can be experimentally determined as the 

intersection between the background intensity at low energy and the low energy start of the Ru 

“tail”. As an example, the backscattered He energies from the deepest Ru containing layer for 

the 0.7 and 4.7 nm Ru samples are 2110±50 and 1240±150 eV, respectively (as pointed out by 

dashed arrows in Fig. 2). Comparing these values to the Ru peak position, an energy loss <ΔE> 

of 395±50 and 1265±150 eV is calculated for the respective 0.7 and 4.7 nm Ru samples. One 

can then extract the Ru depth d at which the projectile is backscattered, assuming an energy 

independent stopping power S for Ru and taking into account the instrument geometry by  

𝑑 =
< ∆𝐸 >

2.2 × 𝑆
 . 

43 (6) 

The stopping power for 3 keV He on Ru can be determined using SRIM software.44 The 

obtained value for this parameter is 68±2 eV/nm. This value has two main contributions: the 

electronic energy loss (to the target electrons) and the nuclear energy loss (to the target nuclei). 

Another electronic energy loss associated with the recoiling of the target atoms is not 

considered in the simulation.  

The depth d where the deepest Ru atoms are located (from now on named lowest Ru 

depth) is then calculated by Eq. 6 for the 0.7 and 4.7 nm Ru example samples, resulting in 2.6 

±0.3 and 8.5±1.0 nm, respectively. These large values for the lowest Ru depth compared to the 

Ru deposited amount denote an important intermixing. Note that this method for obtaining the 

lowest Ru depth d is only valid if the energy of the backscattered He atoms from this depth d 

is higher than the reionisation threshold. The reionisation threshold for Ru is 600 eV,45 which 

corresponds to the low-energy onset of the Ru “tail” in case of a bulk Ru sample.25 For the 

thickest 4.7 nm Ru sample, the energy of the lowest Ru depth d is 1265±150 eV (Fig. 2), much 

higher than the reionisation value. In addition, this method can only be applied if the projected 

range of the He+ ions is long enough that they can scatter from the lowest Ru depth d, travel 

back towards the Ru surface, and finally reach the detector. The calculated projected ranges for 

3 keV He+ ions in Ru and Si are 9.5±0.5 nm and 32 nm, respectively, using SRIM software.44 

This means that our approach for determining the lowest Ru depth d may not be reliable for 

deposited amounts larger than ~4 to 5 nm of Ru. But in practise the measured energy for the 

lowest Ru depth d still shifts towards lower energies, even for the thickest 4.7 nm Ru sample 

(see Fig. 3(a)). Apparently, the projected range of ions in Ru seems underestimated by SRIM 

software. Thus, d values can still be experimentally determined for the thickest 4.7 nm Ru 

sample. Apart from these two considerations, the influence of straggling could be a last concern 

for the implementation of our method. For thicker layers, it could be expected that the lower 

part of the “tail” widens due to straggling of ions in matter. However, in practise we do not 

observe significant widening of the Ru “tail” with increasing Ru thickness (see Fig. 3(a)), such 

that it can be assumed that the width of the “tails” is dominated by the intermixing of both 

materials, and not by ion straggling.    

From the lowest Ru depth d described by Eq. 6, we can determine an “effective” 

experimental concentration profile of the Ru atoms below the surface. This “effective” 
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concentration profile can be directly obtained by plotting the experimental Ru surface coverage 

Csurf against the lowest Ru depth d for each deposited amount of Ru. The experimental surface 

concentration C (or surface coverage Csurf) obtained before in Sec. III A is depicted in Fig. 10 

(squares) against the lowest Ru depth d (top axis), and the previously simulated in-depth Ru 

concentration C in Fig. 9(a) is also plotted in Fig. 10 (line) as a function of Ru depth z (bottom 

axis) for Ru grown on (a) SiO2, (b) SiN and (c) Si. Note that the top axis corresponding to the 

lowest Ru depth d displays the values in reverse order since d represents the distance of the 

surface from the start of the interface (deepest Ru containing layer). Also the top axis is shifted 

in the horizontal direction in order to compare experimental to simulated data. 

 

FIG. 10. (Color online) Experimental surface concentration C (or surface coverage Csurf) (solid squares) as a 

function of lowest Ru depth d (top axis), and simulated in-depth Ru concentration C (solid lines) as a function of 

Ru depth z (bottom axis) for Ru grown on (a) SiO2, (b) SiN and (c) Si.  

 Fig. 10 shows a good overlap between the “effective” experimental concentration 

profile (squares) and the simulated concentration profile (line) for Ru grown on SiO2 (a), SiN 

(b), and Si (c). Although it is difficult to determine the initial position of the “effective” 

experimental profile (at C=0) on the simulated profile, the shape of both profiles is matching 

within the error-bars to an error function like shape. This good agreement shows that the profile 

obtained from the surface LEIS signal indeed matches the “real” interface profile, confirming 

that no significant interdiffusion takes place after deposition for low-temperature magnetron 

sputtered Ru on a-Si, SiN and SiO2 layers. 

C. Surface coverages, closed layer determination and in-depth Si profile for Si on Ru 

The large amount of Ru (about 4.7 nm) needed to close the Ru layer for our Ru-on-Si 

system compared to other metal-silicon systems,46,47 has raised some doubts about the causes 

of this huge intermixing. A number of factors may contribute to the total intermixing process, 

such as sputtering induced intermixing during Ar+ bombardment, diffusion based intermixing 

between layers, availability of both ad-atoms and substrate atoms during deposition, and Si 

surface segregation. Some of these factors should depend on the deposition sequence of layers. 

To investigate this dependence, we compare the Ru-on-Si system to the reverse system where 

Si is grown onto Ru. 
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Si layers with various thicknesses are grown on 5.0 nm Ru layers onto Si(100) 

substrates, and analysed by LEIS. Following the previous data analysis described in Sec. III A 

for Ru on Si, the surface coverages for Si on Ru are determined. In addition, the simulated and 

the “effective” experimental in-depth Si concentration profiles are also obtained from the 

determined Si surface coverage as described in Sec. III B. Note that for this last “effective” 

experimental Si profile, the lowest Si depth d needs to be calculated. 

To calculate this depth d where the deepest Si atoms are located, the procedure 

described in Sec. III B for the lowest Ru depth must be redefined for Si. This lowest Si depth 

d is also equivalent to the Ru depth at which the Si-Ru interface starts. The energy of the 

backscattered He atoms from Si atoms at this Ru depth can be experimentally determined as 

the point where the Ru “tail” reaches a constant level when going to lower energies from the 

high energy start of the Ru “tail”. As an example, for the 0.9 nm Si sample a value of 2184±50 

eV is obtained for this energy (as pointed out in Fig. 11(a)). Then, the energy loss <ΔE> for He 

atoms at this depth d can be similarly calculated as the difference between the surface Ru peak 

at ~2500 eV, and the energy of the backscattered projectile at this depth d. Finally, the lowest 

Si depth d can be calculated for each deposited Si thickness by means of Eq. 6 from Sec. III B, 

when considering a stopping power S of 45±2 eV/nm for 3 keV He on Si (according to SRIM 

calculations44). Note that both considerations for the applicability of our method (as discussed 

in Sec. III B) are also fulfilled for this Si-Ru system. The reionisation threshold for Si is 400 

eV,45 much lower than the 2184±50 eV energy value which corresponds to the lowest Si depth 

d for the thickest 0.9 nm Si sample (Fig. 11(a)). Also, this thickest Si layer is small compared 

to the previously mentioned projected range of the ions. 

Fig. 11(a) shows all LEIS spectra for Si on Ru, and Fig. 11(b) presents their respective 

surface coverages for Ru and Si. Fig. 12(a) displays the simulated in-depth concentration 

profiles C(z) for Si on Ru and for Ru on Si, Fig. 12(b) represents the fits of their respective 

simulated surface concentrations C(t) to their experimental surface coverage Csurf, and Fig. 

12(c) presents the previous simulated Si concentration profile C(z) shown in Fig. 12(a) plotted 

together with the “effective” experimental Si concentration profile. 

 

FIG. 11. (Color online) (a) LEIS spectra of Si on Ru. Right-top inset displays the zoom of the Si peak. Left-bottom 

inset shows the layered model of the deposited structure. The lowest Si depth for 0.9 nm Si is also pointed out. 

(b) Surface coverages for Ru (squares) and Si (triangles) for Si on Ru. The dashed lines through the data points 

are guides for the eye. 
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FIG. 12. (Color online) (a) Simulated in-depth concentration profiles C(z) for Si on Ru and for Ru on Si. The 

characteristic profile widths σ are also shown in (a). (b) Surface concentration Csurf
 plotted against experimental 

(symbols) and simulated (lines) deposited thickness t for Si on Ru (triangles) and Ru on Si (squares). (c) Simulated 

in-depth Si concentration profile depicted in (a, red line) and, “effective” experimental Si concentration profile 

(squares) for Si on Ru. Note that the top in (c) corresponding to the lowest Si depth d displays the values in reverse 

order and is shifted in the horizontal direction in order to compare experimental to simulated data.  

 

The Ru surface peak vanishes totally after about 0.9 nm deposited Si (see blue spectrum 

in Fig. 11(a)) when Si coverage is 100% (Fig. 11(b)), which means that about 0.9 nm Si are 

needed to close the layer for Si on Ru compared to the 4.7 nm Ru needed to close the layer for 

Ru on Si. The in-depth concentration profile for Si on Ru is about 5 times sharper than the Ru 

on Si one (see σ values in Fig. 12(a)). Similarly as for Ru on Si, for Si on Ru there is a good 

agreement between simulated surface concentrations and experimental surface coverages (Fig. 

12(b), red line and triangles, respectively), and a good match between simulated Si 

concentration profile and “effective” experimental Si concentration profile (Fig. 12(c), red line 

and squares, respectively). This means that for this reverse system an error function model is 

also valid to describe the Si-Ru interface, and confirms that our method based on the 

reconstruction of the in-depth profiles from the surface coverages can also be applied in the Si-

on-Ru system. 

The huge difference between Ru-on-Si and Si-on-Ru systems confirms that there are 

several factors contributing to the total intermixing process which are different for a reversed 

layer deposition sequence. We propose Si surface segregation, observed for Ru deposited on 

Si, as one of these factors that should be fundamentally different for the two systems, and we 

investigate it in more detail.  

Surface segregation of Si during growth by room-temperature magnetron sputtering has 

been observed for several systems.48,49 For instance, as deposited magnetron sputtered 

amorphous NbSi thin films exhibited about 11.5% of Si surface segregation when comparing 

surface (or near-surface) Si concentration to bulk Si concentration.48 The surface segregation 

effect for the Ru-on-Si system could be explained by simple thermodynamics when considering 

the difference in standard surface free energy γo between Si and Ru surfaces (γo
Si=1.1 and 

γo
Ru=3.4 J·m-2 at 25oC )50. For the Si-on-Ru system, this segregation effect should not be present 

since the surface free energy is already minimized by having Si on the top. 
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If there is Si surface segregation on the Ru surface the concentration of the surface is 

no longer equal to the concentration of the layer just below the surface. For this purpose, we 

qualitatively investigate the in-depth Ru signal (“tail” to the Ru peak) in the LEIS spectra while 

comparing to the Si surface signal. If Si surface segregation is present, the in-depth Ru signal 

would already appear saturated for a Ru thickness below the closing of the layer, while the Si 

surface peak would still be visible.  

 

FIG. 13. (Color online) LEIS spectra of (a) Ru on Si, (b) Ru on SiN, and (c) Ru on SiO2 for different thicknesses 

near to the closing of the layer. Top-middle insets in (a), (b) and (c) show the layered models of the deposited 

structures. Note that the saturation level of the in-depth Ru (“tails”) signal is achieved by the formation of a plateau 

close to the Ru surface peak.  

 

 Fig. 13 displays the LEIS spectra of Ru grown on Si (a), SiN (b) and SiO2 for different 

Ru thicknesses near to the closing of the layer, in order to compare in-depth Ru and surface Si 

signals. For the Ru on Si system, the in-depth Ru signal just below the surface seems to saturate 

at about 2.7 nm Ru thickness by the appearance of a plateau close to the Ru surface peak in the 

LEIS spectrum while there is still a prominent Si surface peak (Fig. 13(a), brown line). This 

confirms Si surface segregation and suggests that just above 2.7 nm the grown layer is almost 

bulk Ru and it is considered to be practically closed. The Si surface coverage at 2.7 nm Ru is 

11.1±1.6 % (from Fig. 5(d) in Sec. III A, triangles), which mostly corresponds to the amount 

of Si segregated towards the Ru surface. The plateau in the Ru “tail” is maintained for Ru 

thicknesses larger than 2.7 nm but the surface segregation effect slightly reduces with the 

increase of the Ru thickness and vanishes totally when the layer fully closes at about 4.7 nm 

Ru as observed by the decrease and disappearance of the Si surface peak in Fig. 13(a). A study 

by Yan, et al.21 showed that the direct deposition of Ru on amorphous Si leads to the formation 

of about 2 nm thick ruthenium silicide. This value was determined by an ex situ TEM analysis 

of a Ru/Si multilayer structure. It should be noted that TEM analysis may not detect such a 

small amount of segregated Si which we could determine with our high-sensitivity LEIS setup. 

Assuming that about 2.7 nm Ru required to reach “bulk Ru” conditions just below the surface 

corresponds mostly to the silicide formation process, the ~2 nm difference with respect to the 

4.7 nm Ru needed to fully close the layer, is attributed to Si surface segregation. 

For the Ru on SiN system there is also Si surface segregation since the in-depth Ru 

signal seems to saturate at about 2.0 nm Ru thickness (see plateau appearing in Fig. 13(b), 

green spectrum) while the Ru surface signal increases until 3.2 nm (as observed in Fig. 3(b) 
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from Sec. III A). Since the deposited SiNx layer is sub-stoichiometric and silicon-rich, it is 

possible that some free Si from this SiNx layer segregates up towards the Ru surface. Compared 

to Ru-on-Si, for this system there is a difference of only ~1.2 nm between the point when the 

Ru layer closes and the saturation of the in-depth Ru signal. This means that the segregation 

effect of Si is reduced almost by half when Si is passivated by N2.  

 For the Ru on SiO2 system, the Si surface segregation effect seems not to be present 

since the in-depth Ru signal saturates just at the moment when the Si surface peak completely 

vanishes at about 2.0 nm and the Ru layer closes (Fig. 13(c), blue spectrum). The absence of 

Si surface segregation in the SiO2 system might be due to the fact that the Si is strongly bound 

to oxygen.29 Even though some of the oxygen from the SiO2 reacts with Ru and segregates to 

the surface, surface segregation of Si is not observed, probably because RuOx formation at the 

surface is thermodynamically more favourable than RuSix formation.29 

 Under surface segregation conditions, the surface concentration differs from the 

concentration just below the surface. We must take into account the surface segregation effect 

when reconstructing the in-depth profiles from the surface peaks information. This is easily 

performed for the oxygen segregation process present in Ru-on-SiO2, where a small fraction of 

surface segregated oxygen stays on the surface, even for large Ru thicknesses. This oxygen 

surface segregation effect goes independently from the silicide formation process and it only 

depends on the Ru surface coverage. In contrast for the Ru on Si or SiN systems, the Si surface 

segregation depends on the Ru surface coverage and it also depends on the silicide formation 

since both processes are connected and occurring simultaneously. Therefore, it is not 

straightforward to fully separate both contributions.  

Looking in more detail to the overlap between the experimental and the simulated in-

depth Ru concentration profiles for Ru on SiN and Ru on Si (Figs. 10(b) and (c), respectively), 

we can see that there is an appreciable mismatch between profiles. Distinctly for Ru on SiO2 

and Si on Ru, both profiles match very well within the error bars as depicted in Figs. 10(a) and 

12(c), respectively. This is due to the fact that for Ru on Si and Ru on SiN there is Si surface 

segregation taking place and for Ru on SiO2 and Si on Ru there is no apparent Si surface 

segregation (when the O surface segregation effect is extracted from the Ru on SiO2 growth). 

A deeper investigation would be needed to fully separate the surface segregation effect from 

the silicide formation process for Ru-on-Si and Ru-on-SiN systems, but goes beyond the scope 

of this paper. 

Although there is a strong Si surface segregation effect for Ru on Si, which seems not 

to be present for the reverse system, still there is a difference in intermixing when comparing 

the 2.7 nm Ru (on Si) with the 0.9 nm Si (on Ru) needed to form the silicide. For the Ru on Si, 

part of this 2.7 nm Ru may be related to Si surface segregation that occurs simultaneously with 

the silicide formation process. In addition, there are other processes that could affect the overall 

intermixing process, which can differ from one system to the other, such as sputtering induced 

intermixing due to energetic particles from the magnetron plasma, inter-diffusion (possibly 

associated to the crystallinity of the substrate layers), or availability of both Si and Ru atoms 

which leads to a different silicide being formed. 
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Sputtering induced intermixing might occur due to the impact of Ar+ ions or neutrals 

reflected on the target. To evaluate this option, SRIM simulations are performed, bombarding 

Ar+ ions at normal incidence on Ru (300 eV initial energy) and Si targets (400 eV energy) (as 

described in44). The results show about 15.7% backscattered Ar+ ions from Ru target and only 

0.1% from Si target. In the ion energy distribution of the backscattered Ar+ ions from Ru 70% 

of the ions is in the range between 0 to 40 eV while 30% of the ions are between 40 to 100 eV. 

In contrast for Si, the backscattered Ar+ energies are lower and with values between 0 to 5 eV 

for all backscattered ions. There are some differences between Ru and Si but, since both 

backscattered Ar+ energies are low, the sputtering processes due to ballistic effects can be 

considered negligible for explaining the difference in intermixing between Ru-on-Si and Si-

on-Ru systems. 

When considering the crystal structure of the initial deposited ~ 5 nm substrate layers, 

the Si presents an amorphous structure while Ru is already polycrystalline.18,51 An amorphous 

Si layer might intermix easier with Ru ad-atoms, than for Si ad-atoms to interact with a 

crystalline Ru layer since a disordered matrix has more mobility of its atoms than an ordered 

structure where the atoms are strongly bounded within the “rigid” lattice. As a result, Ru could 

intermix more on top of Si than Si on top of Ru. This phenomenon has already been observed 

by Yulin et al.52 in the growth of Mo/Si multilayers where there was a larger intermixing in the 

Mo-Si interface compared to the Si-Mo interface, associated to the crystallinity of the Mo 

layers. This interfacial asymmetry was no longer present when the Mo layers were amorphous. 

For the asymmetric case which is similar to our study system, the Mo-Si interface was about 

1.2 nm and the Si-Mo interface was about 0.6 nm. This factor of half is also observed in our 

systems, when compared Ru-on-Si to Si-on-Ru, and judging completion of the silicide layer 

from the “tail” signal. For Mo-Si system the silicide formed for both interfaces was MoSi2. In 

our case, the stoichiometry of the formed silicide was not studied. According to Zhang et al.,53 

the more thermodynamically stable silicides are (in order of increasing stability) RuSi2, 

followed by Ru2Si3, and RuSi. The difference in formation enthalpy between those silicides is 

in the order of 0.1 eV/atom. Therefore, it is also possible that initially different silicides are 

formed for each interface according to the availability of Ru and Si atoms. The silicide 

formation process as any chemical reaction is controlled by the limiting reagent, which is the 

reactant that limits the amount of products formed.54 For Ru-on-Si, the limiting reagent is Ru 

and for the reverse system is Si, when considering the ~5 nm Si and Ru substrate layers to be 

in excess. If we deposit Ru on Si, it may be that initially RuSi2 is formed. When more Ru is 

deposited, there may be a driving force for the Si atoms in the RuSi2 to diffuse towards the 

surface, such that a more stable RuSi is formed. This can be another origin of a wider Ru-on-

Si interface compared to the reverse system. Further research is needed to establish the 

stoichiometry of the silicides formed, which can help to fully understand the difference 

between Ru-on-Si and Si-on-Ru systems. 

IV. DISCUSSION  

Based on the previous data analysis presented in Secs. III A and III C, we propose the 

following mechanisms involved in the growth of Ru onto amorphous Si, SiN and SiO2 layers.  
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For the Ru-on-Si system, there are two competing diffusion mechanisms 

simultaneously occurring in the first stages of growth until the Ru thickness reaches about 2.7 

nm, coinciding with the moment when the layer is almost closed. During this initial period, Ru 

atoms arriving on the Si surface, interdiffuse with Si and react, forming RuSix. At the same 

time, a small amount of Si atoms segregates towards the surface and reacts with the Ru, forming 

surface silicide. Although there is surface segregation of Si, the main process at this stage is 

the interfacial silicide formation. Approaching 2.7 nm Ru, the intermixing slows down, likely 

due to slow diffusion of Si atoms from the Si underlayer through the formed interlayer. The 

only remaining mechanism above 2.7 nm is the diffusion (segregation) of Si from the 

intermixed layer upwards towards the surface. Upon further deposition, the rate of Ru ad-atom 

arrival overcomes the rate of Si diffusion to the surface until no more Si is observed at 4.7 nm, 

when the layer fully closes. At this point, Ru is covering homogeneously all the surface and 

new incorporated Ru will grow continuously on top of this layer. 

For the Ru on SiN system, the two co-existing mechanisms observed for Ru on Si are 

also present in the initial phases of growth until Ru approaches a thickness of about 2.0 nm 

when the Ru concentration is almost bulk. Coinciding with the previous system, the main 

occurring process during this period is the silicide formation at the interface. The interfacial 

silicide formation seems to ends after 2.0 nm Ru and the only mechanism that prevails is the 

surface segregation of Si. This process decreases when the Ru layer increases its thickness and 

finally disappears at about 3.2 nm when Ru reaches the 100% concentration. Later on, more 

added material will continue growing as bulk Ru.  

For the Ru on SiO2 system, the silicate formation is the only mechanism present in the 

initial stages of growth until a thickness of about 2 nm Ru is reached. At this moment the layer 

is fully closed, and the next deposited Ru will grow homogeneously on the top of this bulk 

layer. It should be noted that apart from these mechanisms there is a small amount of oxygen 

segregating on the Ru surface from the Ru-SiO2 interface. But it is a constant and independent 

mechanism that does not interfere in the overall growth process.  

It should be noted that the growth mechanisms derived from this LEIS study require the 

knowledge that our Ru layers grow smoothly on top of all substrates layers, as studied by AFM 

(see Sec. III A). This excludes that 3D island growth is the (main) cause for the large amount 

of Ru needed for forming a closed layer. 

V. CONCLUSIONS 

 The initial growth of Ru on amorphous Si, SiN and SiO2 has been studied by in vacuo 

HS-LEIS. This technique allowed an accurate determination of surface coverages and 

thicknesses required for closing the layer on all substrate materials and also the detection of 

surface oxygen for Ru grown on SiO2. In vacuo XPS measurements confirmed the presence of 

surface oxygen and revealed a constant oxygen surface segregation effect during the growth of 

this system. Ru forms a closed layer at about 2.0, 3.2 and 4.7 nm on top of SiO2, SiN and Si 

layers, respectively. The decrease of this intermixing with increasing passivation was mainly 

attributed to the thermodynamics involved in the compound formation for all three systems.  
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In-depth Ru concentration profiles were reconstructed from the determined Ru surface 

coverages for Ru grown on Si, SiN and SiO2. The good overlap between experimental and 

simulated Ru concentration profiles confirmed the use of an error function profile to describe 

the Ru interface and showed that no significant interdiffusion takes place after deposition.  

The large intermixing (4.7 nm) for the Ru on Si system when compared to the 0.9 nm 

value for the reverse system (Si-on-Ru), could be predominantly explained by the strong Si 

surface segregation detected for Ru-on-Si, which was absent for Si-on-Ru. This effect should 

be related to the difference in surface free energy between Si and Ru surfaces. Si surface 

segregation was also observed for Ru-on-SiN. Contrarily, for Ru-on-SiO2, Si surface 

segregation was not observed, most probably due to the fact that Si is strongly bound to oxygen 

and because RuOx formation at the surface is thermodynamically more favourable than RuSix 

formation. 
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