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ABSTRACT: Understanding the growth mechanisms during the early stages of atomic layer deposition (ALD) is of interest for 
several applications including thin film deposition, catalysis, and area-selective deposition. We investigated the surface de-
pendence and growth mechanism of (ethylbenzyl)(1-ethyl-1,4-cyclohexadienyl)ruthenium (EBECHRu) and O2 ALD at 325°C 
on HfO2, Al2O3, -OH and Si-O-Si terminated SiO2, and organosilicate glass (OSG). Our experimental results show that precursor 
adsorption is strongly affected by the surface termination of the dielectric, and proceeds most rapidly on -OH terminated 
dielectrics, followed by Si-O-Si and finally Si-CH3 terminated dielectrics. The initial stages of growth are characterized by the 
formation and growth of Ru nanoparticles, which is mediated by the diffusion of Ru species. Mean-field and Kinetic Monte 
Carlo modeling show that ALD on OSG is best described when accounting for (1) cyclic generation of new nanoparticles at the 
surface, (2) surface diffusion of both atomic species and nanoparticles, and (3) size-dependent nanoparticle reactivity. In 
particular, our models indicate that precursor adsorption initially occurs only on the dielectric substrate, and occurs on the 
Ru nanoparticles only when these reach a critical size of about 0.85 nm. This phenomenon is attributed to the catalytic de-
composition of oxygen requiring a minimum Ru nanoparticle size. 

Introduction 

In Atomic Layer Deposition (ALD), materials are depos-
ited from gas phase precursors on a substrate by a cyclic 
process consisting of two or more alternating self-limiting 
surface reactions. These self-limiting surface reactions ena-
ble thin-film deposition with thickness uniformity over 
large-area substrates, (sub-) monolayer thickness control, 
and conformal deposition in 3D structures[1]. During the 
first ALD cycles the precursors mainly react with the sub-
strate rather than with the ALD-grown material. The sur-
face termination of the substrate can therefore strongly af-
fect the growth behavior during this initial period[1-3]. De-
pending on the nature of the ALD-grown material, the sub-
strate, and the process conditions, ALD can lead to different 
growth regimes, resulting for instance in the deposition of 
ultra-thin continuous films, deposition of highly dispersed 
nanoparticles, or area-selective deposition[4]. Continuous 
thin films have a wide variety of applications including 
nano-electronics, coatings, and optical components, and 
their deposition requires either two-dimensional growth or 
high particle density to achieve fast film closure. Nanoparti-
cles dispersed on a surface are desired for heterogeneous 
catalysis, and their production requires island-type deposi-
tion with a well-defined particle size and particle density. 
Area-selective deposition can enable nanoscale bottom-up 
patterning, which allows accurate self-alignment between 
small features which is difficult to achieve in conventional 

top-down patterning[5]. To enable area-selective deposition, 
the growth behavior should be surface-dependent such that 
the deposition is at the same time favored on designated ar-
eas of the substrate and inhibited on others. For each of the 
aforementioned applications, an understanding of the sur-
face dependence of the initial stages of growth can inform 
the tailoring of the ALD process to the desired application[6]. 

ALD of noble metals has received considerable attention 
because of its potential in applications such as catalysis[7] 
and nano-electronic devices[8]. Ruthenium is considered an 
ideal candidate for novel nanoscale catalysts[9,10] as well as 
for replacing copper as a conductor in future low-level 
nano-interconnect structures for integrated circuits[8]. ALD 
of Ru however presents application-specific challenges. On 
one hand, nanoparticles of a specific size are desired for 
high catalytic activity[10]. On the other hand, Ru intercon-
nects require conformal deposition inside ultra-small 3D 
features that often results in void or seam formation, lead-
ing to increased resistance and poor electromigration per-
formance[11]. Void formation may be prevented by a bottom-
up fill of the 3D feature, which requires area-selective dep-
osition of Ru on the bottom of the feature (typically a metal 
from the lower-lying conductor) and not on the sidewalls 
(typically a dielectric). Indeed no barrier layer is needed 
when using Ru as an interconnect[8], allowing the bottom 
and the sidewall of a feature to consist of different surfaces 
which in turn may enable an area-selective approach. 
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The surface dependence of Ru ALD has been reported for 
a variety of processes[12-15], yet the underlying growth 
mechanisms are often not well understood. Long inhibition 
periods are common for Ru ALD, especially in processes 
based on combustion reactions[16]. Inhibition occurs on die-
lectric surfaces for a variety of O2-based processes such as 
bis(ethylcyclopentadienyl)ruthenium/O2 and (ethylcyclo-
pentadienyl)(pyrrolyl)ruthenium/O2 ALD, because the cat-
alytic decomposition of oxygen does not occur on dielectric 
substrates[16,17]. In contrast, almost immediate linear 
growth on SiO2 substrates has been reported for ALD pro-
cesses using zerovalent Ru precursors and O2. This precur-
sor type appears to display increased reactivity towards di-
electric surfaces, yet the precise difference in surface reac-
tions for different precursor types was not reported. ALD 
processes using zerovalent precursors yield smooth Ru 
films with low resistivity values of 14 µΩcm at 15nm thick-
ness[12,18-20]. The short inhibition period observed for these 
precursors is linked to fairly high initial particle densities of 
1012 cm-2 [12,19]. However, the growth mechanism for ALD 
processes based on zerovalent Ru precursors has to the best 
of our knowledge not yet been reported. 

Recent studies have shown that ALD of metals can be af-
fected by non-equilibrium phenomena such as surface dif-
fusion of nanoparticles, adatoms, and (partially decom-
posed) precursors[21-23]. In particular, kinetic processes 
such as dynamic coalescence can have a great impact on the 
evolution of the particle size distribution (PSD) throughout 
the deposition process. Surface diffusion during noble metal 
ALD can be promoted by differences in surface energy be-
tween the dielectric substrate and the deposited metal. Such 
a driving force is also expected to influence Ru ALD on die-
lectrics, favoring Ru aggregation through surface area min-
imization (compare surface energies of 3.05 J/m2 for Ru vs 
0.0518 J/m2 for SiO2[24,25]).  When surface diffusion plays a 
crucial role in the growth mechanism, the particle size and 
particle density evolution cannot be predicted from the par-
ticle density in the first cycle as in the model proposed by 
Puurunen and Vandervorst for dielectric ALD[26]. Instead 
the effect of diffusion on the particle size distribution should 
be taken into account, such as in the recent combined mod-
eling/experimental study of Pt ALD[21,27,28]. Another possi-
bility which should be taken into account is that the gener-
ation of new nanoparticles is spread out in time - or in ALD, 
over many cycles[29]. The possibility of cyclic nanoparticle 
generation should therefore also be considered when deter-
mining the initial growth mechanism.  

As widely reported in the field of catalysis, the catalytic 
activity of supported noble metal nanoparticles is often 
strongly dependent on nanoparticle size as well as the sur-
face structure of the nanoparticle[30-32]. In particular, the cat-
alytic dissociation of oxygen by the Ru surface is known to 
play a role in the combustion reaction of the ligands for Ru 
ALD[16], and the dissociation of O2 on supported Ru nanopar-
ticles has been reported to be size-dependent[33]. This size-
dependent nanoparticle reactivity may play a pivotal role in 
Ru ALD growth mechanisms especially when O2 is used as a 
coreagent, yet to the best of our knowledge this aspect has 
not been taken into account in the description of nanoparti-
cle growth mechanisms during Ru ALD.  

In this work, we report on the surface dependence and 
growth mechanism of Ru ALD from the (ethylbenzyl)(1-
ethyl-1,4-cyclohexadienyl)ruthenium (EBECHRu) precur-
sor and oxygen on several dielectric surfaces. First, we dis-
cuss the surface dependence of the amount of material de-
posited during the initial cycles. Subsequently, we present a 
detailed study of the growth mechanism based on the evo-
lution of the size and density of the Ru nanoparticles with 
the number of cycles. The initial growth behavior on orga-
nosilicate glass is simulated by a modified version of the 
ALD growth model proposed by Grillo et al.[21,27],which ac-
counts for cyclic nanoparticle generation, size-dependent 
nanoparticle diffusion, and size-dependent nanoparticle re-
activity. Finally, the implications for both EBECHRu/O2 ALD 
in particular and noble metal ALD in general are discussed. 
This combined experimental-theoretical approach provides 
new fundamental insight into the growth mechanism dur-
ing the early stages of ALD.  

Experimental methods 

The substrates are prepared on 300mm Si (100) wafers. 
Five different dielectric surfaces are considered as sub-
strates for Ru ALD: A hydrophilic SiO2 surface is obtained by 
Plasma-Enhanced ALD (PEALD) of 10nm SiO2 at 75°C. A hy-
drophobic SiO2 surface is obtained by growing 90nm dry 
thermal SiO2 at 1000°C. An Organosilicate Glass (OSG) sur-
face is obtained by Plasma-Enhanced Chemical Vapor Dep-
osition (PECVD) of 100nm OSG film with a density of 1.35 
g/cm3 and k-value of 2.8. HfO2 and Al2O3 layers are depos-
ited on SiO2. The HfO2 surface is obtained by 2nm HfCl4/H2O 
ALD at 300°C, and 2nm Al2O3 is deposited through 
Al(CH3)3/H2O ALD at 300°C. Each substrate is brought to the 
ALD reactor immediately after preparation to minimize the 
effect of air exposure. 

Ruthenium is deposited on each of the aforementioned 
surfaces by alternating EBECHRu and O2 pulses in an ASM 
Pulsar 3000 cross-flow reactor connected to a Polygon plat-
form. The temperature of the substrate susceptor is kept at 
325°C, as EBECHRu/O2 ALD at 325°C is reported to yield 
films with high crystallinity, low resistivity, and low impu-
rity content[19,20]. The substrates are first stabilized on the 
susceptor for 5 minutes to desorb moisture or other con-
taminants before ALD. An EBECHRu/O2 ALD cycle consists 
of a 5s EBECHRu pulse, 5s N2 purge, 0.4s O2 pulse, and 3s N2 
purge. A varying number of ALD cycles ranging from 0 to 
800 has been applied to study the growth behavior. In some 
cases, substrates were exposed to pulses of O2 and H2O to 
study how these reagents may affect the surface termina-
tions and subsequent Ru ALD. 

Some SiO2 and OSG substrates are subjected to surface 
characterization. The surface hydrophobicity is measured 
by Water Contact Angle (CA) using a Dataphysics OCAH 230 
tool. The surface density of –OH groups is quantified by al-
lowing each surface -OH group to react with a single HfCl4 
molecule, and subsequently measuring the Hf areal density. 
This approach is explained in detail elsewhere, and gives a 
reasonable indication of the surface density of –OH groups 
in a range of 0.04 - 0.29∙1015 -OH/cm2 [34]. In this approach, 
the surface is exposed to one HfCl4/H2O ALD cycle at 300°C 
starting with one second of HfCl4 exposure. We presume 
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that this chemisorption reaction deposits one Hf atom on 
the surface for each -OH group originally present. The areal 
density of Hf is then obtained by Rutherford Backscattering 
Spectrometry (RBS) using a 1.523 MeV He+ incoming ion 
beam. In the OSG film, functional groups are identified by 
Fourier Transformed Infrared spectroscopy in Attenuated 
Total Reflectance mode (ATR-FTIR) in a Nicolet 6700 spec-
trometer from Thermoelectron Corporation. 

Samples cleaved from the center of the wafer are ana-
lyzed after Ru ALD. The increase in Ru coverage on each sur-
face is measured by RBS using a 1.523 MeV He+ incoming 
ion beam. In some cases where a low areal density of Ru is 
expected, Ru coverage is instead determined by Total X-Ray 
Fluorescence Spectroscopy (TXRF) in a Rigaku TXRF300 
tool with a high energy (24 keV) beam for heavy element 
detection. The particle density and growth behavior are in-
vestigated by top-view Scanning Electron Microscopy 
(SEM) using a FEI Helios 460 microscope. To obtain particle 
size distributions, the radius of each particle is calculated 
from its area assuming a circular shape. Because the small-
est particles are difficult to reliably discern from SEM im-
ages, particles with an area smaller than 1 nm2 in area are 
not considered in the distributions.  The height of Ru parti-
cles was obtained by Atomic Force Microscopy (AFM) using 
a Bruker Dimension Icon PT tool and a OMCL-AC160TS 
probe tip in tapping mode. The speed at which Ru covers the 
SiO2 and OSG surfaces is investigated using static Time of 
Flight Secondary Ion Mass Spectrometry (TOFSIMS) in com-
bination with RBS. Positive ion intensities are measured 
with a TOFSIMS IV instrument from ION-TOF GmbH in dual 
beam configuration, using a Bi3+ gun at 25keV as a source. 
TOFSIMS can be used to study film closure because Ru cov-
erage of the substrate increases with ALD cycle number. 
The surface of the dielectric substrate will therefore be in-
creasingly less exposed, and fewer substrate Si ions will be 
collected. The rate of decay for the detected Si intensity with 
increasing Ru detected by RBS will depend on how rapidly 
the Ru film covers the substrate, and is therefore used to 
compare film closure speed on different dielectric sub-
strates. 

An indication of the amount of Ru needed to achieve film 
closure is obtained by combining SEM and TOFSIMS. A film 
which appears closed in SEM may still have small pinholes 
which are not observed due to the brightness of the metallic 
Ru film and the limited SEM resolution. SEM can therefore 
not be used to confirm at which amount of Ru film closure 
has been achieved. SEM can however be used to confirm 
that film closure has not yet been achieved when exposed 
substrate area can still be visually observed. SEM can there-
fore only provide a lower limit to the amount of Ru required 

for film closure. TOFSIMS of the substrate Si ions on the 
other hand saturates at a stable background value for de-
tected Si. When this background level is reached there is no 
more exposed substrate Si to be covered, and film closure is 
confirmed. However, because the escape depth for TOFSIMS 
exceeds the top surface if only slightly, the film closure point 
is likely reached before the substrate Si signal saturates at 
its background value. TOFSIMS therefore provides an upper 
limit for amount of Ru needed for film closure. Combining 
the results of SEM and TOFSIMS therefore provides a range 
in which the film closure point is situated. 

Theoretical modeling 

The formation of Ru nanoparticles during the early stages 
of Ru ALD on OSG is simulated using an adaptation of the 
mean-field (MF) model proposed by Grillo et al.[21,27] and by 
Kinetic Monte Carlo (KMC) simulations. A variety of possi-
ble growth mechanisms was considered and compared to 
the experimental data. An overview of the investigated 
models is presented in Table 1. These models are used to 
describe the evolution of the particle size distribution (PSD) 
of the Ru nanoparticles, the Ru areal density, and of the Ru 
surface coverage. Here, the term nanoparticle is used to de-
note clusters consisting of two or more atoms. These mod-
els in face assume irreversible nucleation/aggregation, that 
is, atoms cannot detach from clusters, irrespective of their 
size. This approximation provides a good description of the 
early stages of film growth at low temperatures (T<400 °C) 
and for metals characterized by a relatively high bond en-
ergy (E2>1 eV), which is the case for the system at hand[35-

37].  

The MF model allows for: surface diffusion and irreversi-
ble aggregation of adatoms into nanoparticles; diffusion and 
coalescence of nanoparticles; and cyclic generation of ada-
toms on the substrate surface and on the surface of the na-
noparticles. In addition, here we also consider that the 
growth of nanoparticles due to ALD surface reactions can 
take place only when a critical diameter (𝑑𝑐) has been 
reached. In other words, we account for size-dependent na-
noparticle growth due to ALD surface reactions. The begin-
ning of each ALD cycle comprises the following steps: 

 Instantaneous increase of the adatom density (at nm-

2) equal to 𝐺𝑠 on the surface of the substrate that is 
not occupied by nanoparticles, that is the total sub-
strate surface minus the nanoparticle coverage. 

 Instantaneous growth of the nanoparticles > 𝑑𝑐 such 
that the radial growth equals the steady-state 
growth-per-cycle of Ru ALD, that is ~0.03 nm/cycle 
(Figure S4). 
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Table 1: Overview of all growth models which were compared to experimental Ru growth data on OSG in this study 

  Gs (1010 
at/cm2cycle) 

D1 (nm2/cy-
cle) 

Dk (nm2/cy-
cle) 

dc 
(nm) 

Figure 

(1) NPs generated in 1st cycle, followed by 
cyclic deposition only on NPs[26] 

0 (1.5 in 
1st cycle) 

0 (9000 in 1st 
cycle) 

0 (D1k-2 in 1st 
cycle) 

0 S3 

(2) (1) + cyclic particle generation 1.5 0 0 0 S5 

(3) (2) + size-independent diffusion 1.5 15 D1 0.4 S6 

(4) (3) + size-dependent growth 1.5 10 D1 0.85 S7 

(5) (2) + size-dependent diffusion 1.5 270 D1k-8/3 0.4 S8 

(6) (5) + size-dependent growth 1.5 270 D1k-8/3 0.85 6 

Model parameters in italics were fitted to best describe the experimental results, while all other values are either postulated (in 
case of D1, Dk, and dc) or measured (in case of Gs). For each growth model a comparison is made with experimental data, and this 
comparison can be found in the Figure denoted in the last column

During the rest of the cycle the surface species (i.e., ada-
toms and nanoparticles) aggregate due to surface diffusion. 
The diffusion rate of the surface species is assumed to fol-
low the power law 𝐷𝑘 = 𝐷1𝑘−𝑠 (nm2cycle-1), where 𝐷1  is the 
diffusion rate of adatoms, 𝑘 is the number of atoms compris-
ing the nanoparticle, and 𝑠 is the mobility exponent[21,27]. 
Surface diffusion can take place during each stage of the 
ALD process and at varying rates depending on the reaction 
atmosphere. In fact, it might even be induced by the com-
bustion reactions taking place during the second half-reac-
tion[21,23,27]. Yet, lacking better insights into the details of the 

diffusion process and given that the experimental observables 

are obtained after the deposition process, here 𝐷𝑘  is defined as 

an effective temporal average of the diffusion coefficient over 

a single cycle. The relation between the number of atoms 𝑘 
and the nanoparticle diameter 𝑑𝑘  is estimated by approxi-
mating the Ru nanoparticles as hemispherical caps. The 
height-to-radius ratio of the nanoparticles was determined 
experimentally via AFM over a wide range of particle sizes, 
and was found to have a roughly constant value of to be 
0.42±0.06 independent of particle size. This value holds for 
all islands measured on OSG, even though the broad PSD 
and varying cycle number allowed us to measure island ra-
dii which vary over more than an order of magnitude. The 
fraction of surface atoms of the Ru nanoparticles as a func-
tion of the size, that is the dispersion, was taken equal to the 
dispersion of a HCP truncated hexagonal bipyramid 
[1011]+[0001][38]. 𝐺𝑠 was assumed to be constant with re-
spect to the number of cycles and equal to the Ru areal den-
sity after 1 ALD cycle, which was estimated via TXRF to be 
1.5·1010 Ru at/cm2. 

The MF model comprises of a set of rate equations that 
describes the evolution of the PSD by estimating the proba-
bility of binary collisions as a function of the mean density 
(nm-2) of all the surface species, hence the nomenclature 
mean-field. On the other hand, the KMC model describes the 
same physical picture by taking into account the collision of 
surface species via the lattice approximation. Each KMC 
simulation is constructed on a lattice consisting of 700x700 
square sites, whose side is 0.3734 nm. The latter value is 
only an internal scaling reference that is used to relate the 
hopping frequency with Dk, and is thus not quantitatively 

related to actual number of surface sites that Ru atoms can 
occupy. During the course of one cycle, adatoms and nano-
particles occupy well-defined sites and can hop to neighbor-
ing sites with a frequency prescribed by the 2D diffusion co-
efficient 𝐷𝑘 = 𝐷1𝑘−𝑠 . Both adatoms and nanoparticles are 
described as circles. One adatom occupies one lattice site. 
The center of the circle corresponding to a nanoparticle also 
occupies one lattice site. The radius of the circle represent-
ing the nanoparticle corresponds to the projected radius of 
the hemispherical cap describing the nanoparticle as in the 
MF model. Thus, each nanoparticle also occupies all the 
sites whose area is either partially or completely covered by 
the circle representing the nanoparticle. When two or more 
surface species occupy the same site(s) these coalesce in a 
single nanoparticle comprising a number of atoms equal to 
the sum of the number of atoms comprising the coalescing 
entities.  

The fitting parameters of both MF and KMC models are 
𝐷1, 𝑠, and 𝑑𝑐. To find the set of parameters that best de-
scribes the data we explored the following parameter space 
by means of the MF model: [0.1-4.5∙104 nm2 
cycle-1]D1

×[0-8]s×[0.4-2.5 nm]dc
. The latter was discretized 

in a 3D matrix 25x12x10 for a total of 3000 simulations. 

It is worth noting that the extremes of the range of D1    
considered here correspond to a range of mean displace-
ment of the adatoms of ~0.6-420 nm cycle-1. The best fitting 
set was then used to run KMC simulations against which the 
MF model was validated.  

The agreement between the simulations and experi-
mental data was quantified in terms of the sum of squared 
errors of prediction (SSE):  

𝑺𝑺𝑬 = ∑(𝒚𝒊 − 𝒇(𝒙𝒊))𝟐

𝒏

𝒊=𝟏

 

Where 𝑦𝑖 is the experimental observable, that is the prob-
ability density function (PDF) for the PSD, the nanoparticle 
number density (𝑁𝐷), the Ru areal density (𝐿), or the cov-
erage (𝐶%), and 𝑓(𝑥𝑖) is the predicted observable as a func-
tion of the variable 𝑥𝑖 , which is either the diameter for the 
PDF at a given cycle or the number of cycles for the other 
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observables. We then defined the error with respect to the 
PSD, the 𝑁𝐷, the 𝐿, and the 𝐶% as follows: 

𝑬𝒓𝒓𝑷𝑺𝑫𝒔 = ∑
𝑺𝑺𝑬𝑷𝑺𝑫𝒔

𝒋

〈𝑷𝑫𝑭〉𝒋
𝟐

𝒋
; 𝑬𝒓𝒓𝑵𝑫 =

𝑺𝑺𝑬𝑵𝑫

〈𝑵𝑫〉𝟐
;  

𝑬𝒓𝒓𝑳 =
𝑺𝑺𝑬𝑳

〈𝑳〉𝟐
;  𝑬𝒓𝒓𝑪% =

𝑺𝑺𝑬𝑪%

〈𝑪%〉𝟐
 

where 𝑗 is the number of cycles. In particular, the error 
with respect to the PSD was defined as the sum of the SSEs 
at different cycles weighted by the respective mean squared 
PDF. By doing so, each experimental PSD has about the 
same weight in the estimation of the agreement. The overall 
agreement was evaluated by considering the normalized 
sum of the errors with respect to the PSDs, 𝑁𝐷, and 𝐿: 

𝑵𝒐𝒓𝒎.  𝑬𝒓𝒓. =
𝑬𝒓𝒓𝑷𝑺𝑫𝒔

𝒎𝒂𝒙 {𝑬𝒓𝒓𝑷𝑺𝑫𝒔}
+

𝑬𝒓𝒓𝑵𝑫

𝒎𝒂𝒙 {𝑬𝒓𝒓𝑵𝑫}
+

𝑬𝒓𝒓𝑳

𝒎𝒂𝒙 {𝑬𝒓𝒓𝑳}
 

 

𝑬𝒓𝒓𝑪% was not taken into account as 𝑺𝑺𝑬𝑪% is correlated 
with 𝑺𝑺𝑬𝑵𝑫 and 𝑺𝑺𝑬𝑷𝑺𝑫𝒔. The normalized error thus de-
fined is a number that ranges between 0 and 3. 

Results and discussion 

Surface properties of the dielectric layers 

The surface properties of each dielectric substrate have 
been characterized prior to Ru ALD using a combination of 
Water CA, ATR-FTIR, and surface -OH group quantification. 
The surface density of -OH groups was determined because 
a variety of ALD precursors have been shown to react read-
ily with surface -OH groups, e.g. trimethylaluminium (TMA), 
HfCl4, and 2,4-(dimethylpentadienyl)-(ethylcyclopentadi-
enyl)Ru [(DMPD)(EtCpRu)][1,39-41]. An overview of the die-
lectric surface properties is presented in Table 2.  

Al2O3, HfO2, and PEALD SiO2 are primarily -OH termi-
nated, while the thermally grown SiO2 surface is Si-O-Si ter-
minated. The high surface -OH density of the ALD-deposited 

Al2O3 and HfO2 films is well established in literature[3,42,43]. 
The PEALD SiO2 also shows a high surface –OH density of 
2.5 ± 0.1 -OH/nm2, and the hydrophilicity of this surface is 
evidenced by a low water CA of 17°. On the other hand, ther-
mally grown SiO2 displays a lower surface density of -OH 
groups (0.42± 0.06) -OH/nm2. This is expected for dry ther-
mal SiO2 grown at 1000°C with O2 as an oxidizer, as surface 
-OH groups are likely to condense to siloxane bridges at 
high temperature (2SiOH  Si-O-Si + H2O)[44]. The observed 
surface -OH density is in agreement with values of 0.3-0.4 -
OH/nm2 reported in literature[34]. The lower surface -OH 
density for the dry thermal SiO2 as compared to the PEALD 
SiO2 results in a lower surface energy, which is confirmed 
by a higher water CA on the dry thermal SiO2 (38°). PEALD 
SiO2 will therefore from now on be referred to as hydro-
philic SiO2, while dry thermal SiO2 will be referred to as hy-
drophobic SiO2. 

The surface of the OSG film is primarily Si-CH3 terminated 
as evidenced by water CA and ATR-FTIR. OSG is the most 
hydrophobic surface investigated in this study, with a water 
CA of 103°. A high water CA value can be expected for the 
surface of OSG films, which typically consists of hydropho-
bic surface groups such as Si-H and/or Si-alkyl groups[45]. 
Furthermore, no surface -OH groups were detected as after 
HfCl4 exposure the Hf- coverage was below the detection 
limit of RBS. The chemical nature of the groups present in 
and on top of the OSG layer is further investigated by ATR-
FTIR, showing the presence of a Si-O-Si network as well as 
Si-CH3 groups in and on top of the layer (Figure 1). The Si-
O-Si network can be identified by characteristic antisym-
metric stretch modes at 1135 cm-1 and 1063 cm-1. CH3-
related peaks can be identified at 2969 cm-1 (CH3 antisym-
metric stretching), 1412 cm-1 (CH3 antisymmetric bending), 
and 1273 cm-1 (CH3 symmetric bending)[46]. Chemical bond-
ing between these CH3 groups and silicon is confirmed by 
Si-C stretches observed at 802 cm-1 and 773 cm-1.

 

Table 2: Surface properties and their impact on Ru particle formation for the dielectric substrates investigated in 
this study. 

Surface Water CA (°) Surface -OH/nm2 Ru nanoparticle den-
sity (1012 cm-2) for 
4·1015 at/cm2 Ru 

Al2O3 15 ± 2 6[42]  

HfO2 12 ± 1 2.8[43]  

PEALD SiO2 17 ± 1 2.5 ± 0.1 2.7 

Dry thermal SiO2 38 ± 2 0.42 ± 0.06 1.0 

Dry thermal SiO2 + 1 H2O pulse (325C) 34 ± 1   

OSG 103 ± 1 < 0.1 0.20 

OSG + 100 O2 pulses (325C) 104 ± 1   

OSG + 100 H2O pulses (325C) 103 ± 0   

Surface -OH group density is determined by HfCl4 exposure and subsequent Hf RBS as described in experimental methods. For 
PEALD SiO2, Dry thermal SiO2, and OSG the Ru nanoparticle density corresponding to 4·1015 at/cm2 Ru is shown as obtained by SEM
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No O-H stretch modes are detected in the 2500-3700 cm-1 
range, no Si-H stretch modes are detected in the 2300-2000 
cm-1 range[47], and no peaks related to organic groups other 
than CH3 could be identified from ATR-FTIR. Recalling the 
high water CA of 103° indicates that the surface is mainly Si-
CH3 terminated rather than Si-O-Si terminated (compare 
water CA of 38° for Si-O-Si terminated hydrophobic SiO2). 
We conclude that the OSG film is primarily composed of a 
Si-O-Si network and Si-CH3 groups, and that the surface is 
mostly Si-CH3 terminated. 

 

 

 

 

Figure 1: OSG contains primarily Si-CH3 and Si-O-Si bonds as 
shown by ATR-FTIR. a) ATR-FTIR spectrum of 100nm OSG on 
Si (100) b) 2300-2000 cm-1 region characteristic of the Si-H 
stretch c) 1500-1200 cm-1 region characteristic for CH3 bend-
ing modes 

Impact of dielectric surface on Ru ALD growth evolution 

This section discusses how different dielectric surface 
terminations affect the amount of deposited Ru during the 

initial growth regime. The Ru ALD shows surface-depend-
ent growth inhibition on dielectric surfaces. This is illus-
trated by the growth curves in Figure 2, where the amount 
of deposited Ru is followed as a function of ALD cycle num-
ber.  

 

  

Figure 2: Dielectric surface termination affects Ru growth inhi-
bition. a) Ru coverage measured by RBS for increasing ALD cy-
cle number on hydrophilic SiO2, HfO2, Al2O3, hydrophobic SiO2, 
and OSG, b) inset for low ALD cycle number, showing Ru RBS 
and TXRF for the initial ALD cycles. Lines are provided as a 
guide to the eye 

Linear growth occurs immediately on the HfO2 and Al2O3 
surfaces (Figure 2). These surfaces exhibit a high surface -
OH density within the 2.5 – 6 -OH/nm2 range (Table 2), sug-
gesting that surface -OH groups facilitate EBECHRu chemi-
sorption. Linear growth on an -OH terminated surface has 
been previously reported for EBECHRu/O2 ALD on plasma-
treated SiCN[48].  

In contrast, on hydrophilic SiO2 we observe a short ~7 cy-
cles inhibition period where no Ru is detected by RBS, while 
the surface -OH density is comparable to that of HfO2 (2.5 
and 2.8 -OH/nm2 respectively). This suggests that the pre-
cursor is less reactive towards Si-OH groups as compared to 
the more polar -OH bonds like Hf-OH. This is confirmed by 
TXRF measurements which show that the growth-per-cycle 
(GPC) during the initial cycles stays below 0.03·1015 Ru 
at/cm2cycle on hydrophilic SiO2 (Figure 2b). Moreover, the 
Ru areal density deposited in the first ALD cycle equals 
1.5·1012 Ru at/cm2 which is two orders of magnitude lower 
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than the -OH areal density (2.5 ·1014 -OH/cm2). This sug-
gests that only a small fraction of all Si-OH groups reacts 
with the EBECHRu precursor during the first cycle. The pre-
cise nature of the interaction between the EBECHRu precur-
sor and surface -OH groups is currently not yet understood. 
After the short inhibition period, the Ru GPC rapidly pro-
gresses into the linear regime. The observed GPC in the lin-
ear regime equals 0.2·1015 Ru at/cm2cycle or 0.03 nm/cycle, 
which is the same as the steady-state GPC previously re-
ported for EBECHRu/O2 ALD on SiO2[20].  

On the hydrophobic SiO2 surface, a longer inhibition pe-
riod is observed. After 25 cycles, only (0.65±0.05)·1015 Ru 
at/cm2 has been deposited corresponding to less than half 
of a monolayer (ML) equivalent of Ru (using bulk Ru atomic 
density of 7.36·1022 at/cm3 [49]). This is much lower com-
pared to the (4.1±0.2)·1015 Ru at/cm2 or 2.3 ML equivalent 
observed on hydrophilic SiO2 for the same amount of cycles. 
The longer inhibition on hydrophobic SiO2 suggests that Ru 
ALD proceeds slower on siloxane bridges than on -OH 
groups. Alternatively, the siloxane bridges could be slowly 
hydrolyzed by H2O at 325°C (Si-O-Si + H2O  2Si-OH[44]), as 
H2O is a reaction product of the combustion reactions that 
occur during the EBECHRu and O2 half-cycles[20]. These 
newly formed Si-OH groups may act as chemisorption sites 
in subsequent ALD cycles. The exposure of hydrophobic 
SiO2 to a single 0.4s H2O pulse at 325°C indeed decreases the 
Water CA from 38±2° to 34±1° (Table 2), which supports 
surface modification by hydrolysis. Between 25 and 300 cy-
cles, the Ru GPC increases up to 0.3·1015 at/cm2cycle, which 
is higher than the steady GPC (0.2·1015 at/cm2cycle). This 
temporary growth rate enhancement after inhibition is fre-
quently observed in ALD, and may be related to particle-
type growth behavior due to increased surface rough-
ness[26]. The steady GPC is reached after 300 cycles, with 
56.5·1015 Ru at/cm2 deposited, the equivalent of 32 Ru ML.  

The longest inhibition period among the investigated di-
electrics is observed on the OSG surface. No Ru is detected 
by RBS during the first 50 cycles and only (0.29±0.1)·1015 
Ru at/cm2 is detected after 100 ALD cycles, corresponding 
to less than 1 ML equivalent of Ru. TXRF predicts a Ru dep-
osition of 1.5·1010 Ru/cm2 during the first cycle, which is 
two orders of magnitude below the initial deposition on hy-
drophilic SiO2. After this long inhibition period, the amount 
of Ru increases rapidly between 300-400 cycles to 0.35·1015 
at/cm2cycle, almost two times higher than the steady-state 
GPC (0.2·1015 at/cm2cycle). The steady-state linear GPC is 
only observed after deposition of (38±1.1)·1015 Ru at/cm2, 

equivalent to 22ML of Ru. The long inhibition period and 
low initial rate of Ru deposition indicate the weak interac-
tion between the ALD precursors and the OSG surface. The 
initial Ru deposition is expected to originate from thermal 
precursor decomposition as previously characterized for 
EBECHRu/O2 ALD[19,20]. Alternatively, the initial chemisorp-
tion could occur on defect sites at the surface given the low 
areal density of 1.5·1010 Ru/cm2 in the first ALD cycle. As 
discussed above, the OSG surface is primarily populated 
with Si-CH3 groups. We conclude that the reactivity of EBE-
CHRu and O2 with surface Si-CH3 groups is low at 325°C, as 
only weak van der Waals interactions are expected between 
Si-CH3 and the Ru precursor ligands as proposed for 2,4-(di-
methylpentadienyl)-(ethylcyclopentadienyl)Ru. These in-
teractions are however not expected to play a significant 
role at the high deposition temperature of 325°C[41]. In ad-
dition, the Si-CH3 groups remain stable during O2 and H2O 
exposure at 325°C: the OSG surface was exposed to a series 
of 100 O2 pulses or 100 H2O pulses (H2O is a product of the 
ALD combustion reaction) in order to determine whether 
these reagents could affect the OSG surface termination. 
Neither O2 nor H2O exposures resulted in significant 
changes in the water contact angle (Table 2). The initial Ru 
adsorption could therefore be attributed to the slow ther-
mal decomposition of the EBECHRu precursor. Indeed, no-
ble metal ALD processes which are inhibited on dielectrics 
can grow slowly through random precursor decomposition 
leading to deposition of metal, which eventually catalyzes 
coreagent decomposition for further growth[16]. These find-
ings corroborate that Ru ALD on the OSG surface is gov-
erned either by a slow precursor decomposition process in 
the gas phase or on the unreactive Si-CH3 sites, or by ad-
sorption on a low areal density of surface defect sites. 

Nanoparticle growth on different dielectric surfaces 

Next, we investigate how different starting surfaces affect 
the Ru morphology and nanoparticle formation behavior. 
We focus on the differences between the hydrophilic SiO2, 
hydrophobic SiO2, and OSG substrates. The morphology of 
the Ru deposition was examined at an equal Ru areal den-
sity of 4·1015 at/cm2 (2.3 ML equivalent) for the hydrophilic 
SiO2, hydrophobic SiO2, and OSG surfaces (SEM, Figure 3). 
The particle density and the initial surface -OH density are 
reported in Table 2 and the corresponding particle size dis-
tributions are shown in Figure 4. On all surfaces, we observe 
the arrangement of Ru in particles (Figure 3 and 4) rather 
than as a continuous film, confirming an island-type growth 
mode. 

 

Figure 3: Surface-dependent Ru particle formation is illustrated by SEM. Images shown for Ru ALD on a) 25 cycles on hydrophilic 
SiO2, b) 50 cycles on hydrophobic SiO2, and c) 300 cycles on OSG. The Ru areal density is equal to 4 ·1015 at/cm2 in all cases.  
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Figure 4: Normalized particle size distributions corresponding 
to 4·1015 at/cm2 for different dielectric surfaces (25 Ru ALD cy-
cles on hydrophilic SiO2, 50 Ru ALD cycles on hydrophobic SiO2, 
300 Ru ALD cycles on OSG). Outliers with radii larger than 
20nm have been omitted. 

On hydrophilic SiO2, SEM shows the existence of Ru parti-
cles even though the amount of Ru increases almost linearly 
with cycle number (Figure 2 and 3). The particles have an 
average radius of 2 nm, while a radius of 0.75 nm would be 
expected according to the growth model by Puurunen and 
Vandervorst, which assumes layer-by-layer growth from 
fixed initial defect sites by chemisorption (according to this 
model 0.03nm/cycle for 25 cycles gives a radius of 0.75 
nm)[26]. In addition, the particle density (2.7·1012 cm-2) is 
one order of magnitude lower than the Ru GPC in all but the 
first ALD cycle (0.01-0.2 ·1015 cm-2cycle-1). These two obser-
vations confirm the importance of surface diffusion in the 
growth process. It has indeed been reported that the for-
mation and growth of metal nanoparticles (Cu, Pt) by ALD 
is dictated not only by chemisorption, but also by surface 
diffusion of adatoms, nanoparticle formation, diffusion and 
coalescence, and atom attachment and detachment from na-
noparticles[21,22]. Similarly to Cu and Pt, Ru has a high sur-
face energy compared to SiO2 (3.05 J/m2 vs 0.0518 J/m2 
[24,25]) and is therefore expected to undergo aggregation, es-
pecially considering the relatively high deposition temper-
ature of 325°C. 

A diffusion-mediated growth mechanism can also be pro-
posed for Ru ALD on the hydrophobic SiO2 and OSG sur-
faces, where the particle densities are even lower and the 
average particle size is larger for the same Ru areal density 
(Figure 3 and 4). On hydrophobic SiO2, the particle density 
is 1.0·1012 cm-2 which is slightly lower as compared to hy-
drophilic SiO2 (2.7·1012 cm-2, Table 2). The lower particle 
density could be attributed to increased surface diffusion on 
the hydrophobic surface, as the higher hydrophobicity indi-
cates a lower surface energy of the hydrophobic SiO2 sub-
strate compared to hydrophilic SiO2. This in turn provides a 
larger driving force for aggregation of the deposited Ru on 
hydrophobic SiO2. Additionally, a lower -OH density of 
4.2·1013 cm-2 may result in a lower EBECHRu adsorption 
rate during the initial cycles compared to hydrophilic SiO2, 
explaining the inhibition period. As a result, more cycles are 
required to reach the Ru coverage of 4·1015 at/cm2, yielding 

a lower density of larger particles (average radius of 2.9nm 
for hydrophobic SiO2 vs 2nm for hydrophilic SiO2, Figure 4).  

On the OSG surface, a much lower particle density of 
2·1011 cm-2 is observed (Figure 3). The Ru particle size dis-
tribution on OSG is more polydisperse compared to the SiO2 
surfaces (Figure 3, 4, and 6): the standard deviation is 79% 
of the average value, compared to 31% for hydrophilic and 
34% for hydrophobic SiO2. The full interquartile range of 
the particle size distribution has a radius below 9nm, which 
is the expected size obtained in 300 ALD cycles based on 
steady-state growth of the Ru particles (0.03nm/cycle). 
This indicates that on OSG, either most particles have been 
generated well after the first ALD cycle which can be at-
tributed to the significantly lower precursor chemisorption, 
or particles grow slower compared to the steady-state out-
ward Ru particle GPC. The growth mechanism on OSG will 
be studied in greater detail in the combined modeling/ex-
perimental section further in this work. 

Ru layer closure on different dielectric surfaces 

Next, we study the Ru film closure on hydrophilic SiO2, hy-
drophobic SiO2, and OSG surfaces. The closure of the Ru film 
marks the end of the surface-dependent growth regime. Af-
ter the film closure, the influence of the substrate may dis-
appear or only be indirectly apparent, e.g. through differ-
ences in crystallinity and/or roughness of the grown film. 
When the precursor reacts readily with the substrate sur-
face either a 2D-like growth regime or an island-growth re-
gime characterized by a high density of nanoparticles are 
typically observed. Both regimes lead to a rapid film closure 
compared to substrate that exhibit poor reactivity towards 
the precursor[26]. As TOFSIMS is a technique sensitive to the 
topmost surface, it can be applied to assess film closure as 
described in the experimental details. Figure 5 shows how 
the TOFSIMS 30Si+ ion intensity decays with increasing 
amounts of deposited Ru on hydrophilic SiO2, hydrophobic 
SiO2, and OSG. The film closure point falls within a range of 
Ru areal density which can be determined by combining 
SEM and TOFSIMS (see experimental methods). 

Ru ALD on hydrophilic SiO2 shows faster film closure 
compared to hydrophobic SiO2 and OSG (Figure 5). The Ru 
deposition proceeds by a particle-type growth mode even 
on hydrophilic SiO2, explaining why film closure only occurs 
after the deposition of the equivalent of 6-9 Ru MLs. On hy-
drophobic SiO2 and OSG the film closes occurs much later: 
after the deposition of the equivalent of 17-32 and 22-33 Ru 
MLs, respectively. The fact that the film closure is reached 
on both hydrophobic SiO2 and OSG after the deposition of 
about the same amount of Ru is unexpected because the 
growth on OSG is characterized by a lower density of large 
nanoparticles. Yet, the differences between closure points 
on both surfaces may be in fact obscured by the experi-
mental range covered here (17-33 ML equivalent). None-
theless, this illustrates how changes in the surface chemis-
try of SiO2 can significantly impact the film closure speed 
and therefore the film morphology. Effectively, the low pre-
cursor reactivity towards Si-O-Si and Si-CH3 terminated sur-
faces results in low particle densities (Figure 3) and thus in 
large interparticle distances compared to Ru ALD on Si-OH 
terminated SiO2. Low particle densities translate into a film 
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closure characterized by the coalescence of large nanopar-
ticles, and thus into rough films.  

 

 

Figure 5: Ru film closure is achieved more rapidly for hy-
drophilic SiO2 compared to less reactive dielectric surfaces. 
TOFSIMS 30Si+ intensity is shown for increasing amount of 
Ru deposited on hydrophilic SiO2, hydrophobic SiO2, and 
OSG to determine the film closure point as described in ex-
perimental methods. The shaded areas indicate the range of 
deposited Ru in which the film closure point is situated on 
each substrate. The difference in saturation values between 
SiO2 and OSG originates from the low initial areal Si density 
on OSG as compared to SiO2. 

Modeling the early stages of growth on OSG 

To gain insight into the processes governing the early 
stages of Ru ALD on OSG, we described the growth of Ru na-
noparticles during the low coverage regime via mean-field 
(MF) and Kinetic Monte Carlo (KMC) models in a variety of 
possible growth scenarios (Table 1). OSG was selected as a 
substrate for this study as the film closure is slowest 
amongst the investigated substrates, providing us with the 
longest process window for studying growth on the starting 
substrate (Figure 2 and 5). The MF model used here is an 
adaptation of the model already described in previous 
works[21,27]. This model takes into account the cyclic deposi-
tion of adatoms arising from ALD surface reactions and 
their aggregation into nanoparticles via surface diffusion 
and coalescence. The KMC model describes the same physi-
cal processes as the MF model and is used as a validation 
tool (see methods section).  

Unlike previous formulations of the model, here we also 
take into account the possibility that the nanoparticles can 

grow via size-dependent ALD surface reactions. As de-
scribed in the introduction, the catalytic activity of Ru nano-
particles towards oxygen dissociation is known to depend 
strongly on their size. Here, we account for size-dependent 
reactivity by assuming that the Ru nanoparticles start to 
grow due to ALD surface reactions only when they have 
reached a critical diameter (𝑑𝑐).  

Both MF and KMC models have three parameters: the av-
erage diffusion rate of adatoms during each ALD cycle 𝐷1, 
the mobility exponent 𝑠, which determines how the mobil-
ity of the nanoparticles scales with their size, and the critical 
diameter 𝑑𝑐. To determine the set of parameters that best 
describes the nanoparticle growth we relied on the MF 
model. We evaluated the agreement between predicted and 
experimental particle size distributions (PSDs) for various 
ALD cycle numbers, the Ru areal density, the nanoparticle 
number density and the surface coverage by varying 𝐷1, 𝑠, 
and 𝑑𝑐 within the parameter space [0.1-4.5∙104 nm 2 
cycle-1]D1

×[0-8]s×[0.4-2.5 nm]dc
 (Figure S1). The best fit-

ting set of parameters was then used to run KMC simula-
tions for validation (Figure 6b-f).  

The experimental PSDs are broad and characterized by a 
tail that shifts towards the large-size side with increasing 
number of cycles (Figure 6c). The coverage, the Ru areal 
density, and the nanoparticle number density all increase 
rapidly with increasing number of cycles (Figure 6d-f). Triv-
ially, growth scenarios where deposition on the substrate 
and surface diffusion are suppressed after the first cycle 
(𝐺𝑠 = 𝐷𝑘 = 0), such as the one proposed by Puurunen and 
Vandervorst, cannot account for the experimental observa-
tions (Figure S3)[26]. In such scenarios the PSD would re-
main narrow with increasing number of cycles while shift-
ing towards the large-size side. Furthermore, the nanopar-
ticle number density would remain constant, which is 
clearly not the case here. Another trivial scenario is the one 
in which surface diffusion is suppressed and deposition 
takes place both on the substrate and on the existing ada-
toms and nanoparticles. This also cannot account for the ex-
perimental observations (Figure S5). In that case, the cover-
age, the Ru areal density, and the NP number density would 
increase rapidly. We estimate that the coverage would be as 
high as ~40% after 167 cycles, as opposed to the 3% ob-
served experimentally. A coverage of 40% translates into an 
average distance between surface species that is on the or-
der of the atomic spacing. At such distances neglecting the 
role of surface diffusion and nanoparticle coalescence is cer-
tainly a poor approximation, especially considering the high 
surface energy of Ru and the relatively high deposition tem-
peratures (325°C). Furthermore, this scenario, while pro-
ducing broad PSDs, still fails to account for the long tail on 
the large-size side.  
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 Figure 6: Early stages of Ru ALD on OSG as investigated experimentally and through mean-field and Kinetic Monte Carlo (KMC) 
simulations. (a) Representative scanning electron microscopy (SEM) micrographs of Ru nanoparticles deposited after 67, 83, 100, 
133, and 167 ALD cycles (During the first 25 cycles no particles are large enough to be detected by SEM). The SEM micrographs were 
modified by inverting the color and optimizing the contrast to improve the visibility of the nanoparticles. The scale bar indicates 50 
nm in each case. (b) KMC simulations of Ru ALD obtained by letting 𝐷𝑘 = 𝐷1𝑘−8/3, where 𝐷1 = 270 nm2s−1, and the radial growth-
per-cycle of the nanoparticles equal to 0.03 nm cycle-1 for nanoparticles that have reached a critical diameter (dc) of 0.85 nm. (c) 
Particle size distributions expressed in terms of probability density function (PDF) of the Ru nanoparticles obtained after 67, 83, 
100, 133, and 167 ALD cycles as obtained via image analysis of SEM micrographs and mean-field and KMC simulations using the 
same parameters as in (b). Evolution of the coverage (d), the Ru areal density (e), and the nanoparticle number density (f) as obtained 
experimentally and via mean-field and KMC simulations. With the exception of the Ru areal density, nanoparticles with a diameter 
< 1.4 where not taken into account in the estimation of both simulated and experimental observables, since such nanoparticles were 
below the detection limit of the SEM analysis. The results regarding the KMC simulations were obtained by running 40 simulations 
constructed on a 700x700 lattice.  

The experimental observations are best described when 
accounting for adsorption on the substrate, surface diffu-
sion and aggregation of single atoms and nanoparticles, and 
size-dependent direct growth of existing nanoparticles due 
to surface reactions on the nanoparticles (Figure 6 and Fig-
ure S1 as well as Figure S6 to S8). In particular, the agree-
ment between simulations and experimental data is best 
when the critical diameter 𝑑𝐶  is ~0.85 nm and the mobility 
exponent 𝑠 is > 1 (Figure S1). In other words, the nanopar-
ticles initially grow only by means of diffusion and aggrega-
tion, and direct deposition on nanoparticles starts to occur 
only when they have reached critical size. This result is con-
sistent with the notion that catalytic decomposition of the 

ligands by oxygen requires a minimum Ru particle size. 
These results also explain the long inhibition period, as Ru 
deposition initially proceeds only through very slow pre-
cursor chemisorption on the substrate followed by diffusion 
of adatoms, while direct deposition on the particles only 
proceeds once the few initial adatoms have coalesced into 
particles of critical size. 

A mobility exponent >1 suggests that the diffusion and co-
alescence of large nanoparticles plays a minor role. This is 
not surprising as the mean center-to-center distance be-
tween surface species goes from ~80 nm to ~20 nm in the 
cycle range 1-167. Such distances make the meeting of two 
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large nanoparticles an unlikely event, while fast-diffusing 
atoms and small nanoparticles can still meet and aggregate. 
Nonetheless, the coalescence of large neighboring nanopar-
ticles that grow while being immobile can still take place 
and accounts for the long tail on the large-size side in the 
PSD (see also the KMC video in the Supporting Information).  

As already argued in our previous work[27], ALD of nano-
particles is often characterized by an exponential increase 
in the amount of material being deposited, provided that: 
the deposition process takes place on both the substrate 
and the nanoparticles, and that the GPC on the ALD-grown 
material is higher than on the substrate. This is the case for 
ALD of noble metals, where the ALD reactions on certain 
substrates can even be completely suppressed, enabling 
area selective deposition[16]. In fact, if we assume that the 
amount of Ru deposited per cycle on OSG stays constant 
throughout the ALD experiment, this would account for 
only ~2.5·1012 Ru at/cm2 of the ~4·1014 Ru at/cm2 found 
after 167 cycles. In other words, almost the totality of the 
Ru deposited after 167 cycles arises from Ru deposited di-
rectly onto Ru nanoparticles. Because the direct deposition 
on nanoparticles only occurs once particles of critical size 
have been formed by diffusion and coalescence, the initial 
growth process is almost completely governed by the sur-
face-dependent initial precursor chemisorption and metal 
diffusion rates. 

Conclusion 

The aim of this work was to determine the surface de-
pendence and growth mechanism of EBECHRu/O2 ALD on 
dielectric substrates. The nature of the dielectric surface 
strongly affects both the precursor chemisorption and the 
film morphology. EBECHRu chemisorption occurs most rap-
idly on surface -OH groups, followed by Si-O-Si bridges, 
while adsorption on Si-CH3 groups is extremely slow. Nano-
particles form on both SiO2 and OSG surfaces, and their 
growth is governed by diffusion and coalescence. This phe-
nomenon is driven by the minimization of surface energy, 
which constitutes a particularly strong driving force for no-
ble metals on dielectric surfaces. While diffusion-mediated 
growth occurs on all the surfaces considered here, at a given 
amount of deposited Ru, less reactive surfaces display lower 
particle densities. Mean-field and Kinetic Monte Carlo mod-
eling of our experiments show that the initial stages of Ru 
ALD on OSG are best described when accounting for (i) cy-
clic generation of nanoparticles, (ii) size-dependent nano-
particle diffusion, and (iii) size-dependent nanoparticle re-
activity. In particular, our models suggest that the nanopar-
ticles start growing due to ALD reactions on their surface 
only after they reach a critical size. This is consistent with 
the well-known size-dependent catalytic activity of Ru na-
noparticles towards O2 decomposition. Although this phe-
nomenon is well-known to the catalysis community, so far 
its impact on the initial stages of ALD processes based on 
combustion reactions has never been described in quantita-
tive terms. We expect that the growth model described here 
for Ru ALD might also be applicable to ALD of other noble 
metals on poorly reacting substrates.  

Furthermore, on one hand, the diffusion-mediated 
growth behavior of Ru ALD on dielectrics explains the diffi-
culties reported in achieving smooth ultra-thin Ru films. On 
the other hand, the understanding of the importance of sur-
face diffusion might also inform the design of deposition 
processes for dispersed nanoparticles of well-defined size, 
such as is required in catalysis. Surface diffusion might also 
affect area-selective processes where growth and non-
growth pattern are in close proximity. This work has inves-
tigated the growth mechanism of EBECHRu/O2 ALD on die-
lectric substrates, yet the precise surface reactions between 
various precursors and substrates remain beyond the scope 
of the current work. Combining this insight into the initial 
growth mechanism with atomistic insight into surface reac-
tions could reveal a more complete physicochemical picture 
of the initial stages of ALD growth. 

SUPPORTING INFORMATION 

Evaluation of the agreement between experimental observa-
bles and the values predicted by the model for Ru ALD on OSG. 
Correlations between SSE predictions of experimental varia-
bles used in the MF model. MF simulations for Ru ALD on OSG 
using different sets of assumptions and their comparison to the 
observed growth behavior. KMC video illustrating the Ru 
growth evolution on OSG. 
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Atomic Layer Deposition of Ruthenium on dielectrics is governed by cyclic nanoparticle generation, surface 

diffusion, and aggregation of nanoparticles. The nanoparticle reactivity is strongly size-dependent. This 

insight in the growth mechanism can help tuning the morphology of the deposited material for several ap-

plications including thin film deposition, catalytic nanoparticles, and area-selective deposition. 


