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Abstract

Since metals are high-surface energy materials, it is difficult to stabilize metal nanoparticles on conductive
substrates, on the other side, producing nanoparticles on low surface energy oxides is hindered by high
temperature activated phenomena such as diffusion on the surface as well as in the bulk. In this work, we present
a simple and efficient approach to produce controlled cobalt (Co) magnetic nanoparticles by solid state dewetting
of sub 3 nm metal films deposited on conductive and low surface energy titanium silicon nitride (TiSiN) barriers.
For this purpose, ultrathin Co films with thickness of 1, 2 and 3 nm were first deposited on the top of the TiSiN
layer; then Co films were submitted to different variations of dewetting protocols. Solid state dewetting process
will be analyzed from kinetic and thermodynamic points of view. Structural and magnetic characterizations of
the patterned nanoparticles showed that the size, the density and the structure of the generated nanoparticles are
well controlled using TiSiN barrier and plasma treatment. The magnetic measurements showed relatively high
coercivity and confirmed that dewetting parameters can be used to tune the design of nanoparticles and their size

distribution on TiSiN substrates, thereby providing a promising tool to control their coercive field.
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1. Introduction

Metallic nanoparticles (MNPs) are considered to be the building blocks for many nanotechnology based devices
[1]. The study of such materials structure and properties is therefore of great fundamental interest, especially
since physio-chemical properties of MNPs are governed by their structure. Indeed, both equilibrium and non-
equilibrium magnetic properties of cobalt NPs, depend on geometrical parameters such as particle size and
shape. Consequently, the coercive field value Hc of the NPs is size and shape dependent [1-5]. MNPs can be
disposed on a substrate and integrated in electronic and photonic devices fabrications[6, 7], bio-sensing [8],
catalysis [9], and data storage applications [10, 11]. Moreover the surface density of these MNPs on a substrate
is an important factor which must be considered for catalyzing carbon nanotubes growth [12], and to control
their behavior as an assembly for the fabrication of metamaterials [13]. However the control of these parameters
on the nanoscale level is hampered by high cost techniques such as lithography [14], thereby, other innovative
techniques have been developed to engineer these nanostructures such as nanoembeding [9], spatially confined
dewetting [15] or templated dewetting [16]. In this sense, solid state dewetting of thin metal films is a promising
strategy for MNPs controlled fabrication oriented towards different applications as represented in figure 1.
Solid-state dewetting is a common undesirable phenomenon found in thin film devices caused by heating leading
their degradation and failure [17]. However, it could be also intentionally used as an effective cost friendly
process to form ordered arrays of self-organized nanoparticles on a desired substrate [18, 19]. This process is
driven by the difference in surface energy of the thin film and the underlying support and could be industrially
scalable to morphologically transform continuous films (Cu [20], Au [21], Ag [22], Pt [23], Sn [24], Co [25])
into islands or droplets used to produce Nano devices. The nature of the substrate is a crucial factor in
controlling these arrays and can vary depending on the desired application from semiconductors (Si [26, 27],
Ge[28]), insulators (SiO2 [20, 29, 30], AlLbOs [31-33], ZrO, [34], MgO [35], SizsN4 [36]) or conductive alloys
(TiSiN [37], TiN [38], AlSi [39], CoSi: [40]).

Solid state dewetting has the same origin as the dewetting of liquids i.e. a reduction of the energy of the
surface/interface by shape change of the film. Indeed, continuous metallic films are metastable when deposited
on a substrate they do not wet. Their spontaneous evolution when thermally annealed at sufficiently high
temperatures, results in very specific nanostructures. Annealing temperature is sometimes well below the film's
melting temperature but could occur also above the melting temperature of the material, if laser irradiation [41,
42] or ion irradiation [43] are used. The physics of this morphological instability is quite different in the case of
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solids where the transport of atoms is caused by surface diffusion rather than by hydrodynamic flow as in
liquids, the knowledge of diffusion paths is crucial since diffusive mass transport can occur along the surface, the
interface or grain boundaries to form what was called by “grooves”, finally the propagation of these grooves
results the formation of dispersed nanoparticles ideally of a spherical shape. This equilibrium shape of the
nanoparticle (indexed “1”) with a surface energy yi on a substrate (indexed “2” as substrate) with a surface

energy y» is described by the Young-Laplace equation [19]:

Y2 = Y12 + Y1 cosf (1)

Where yi> is the energy of the nanoparticle-substrate interface and @ is the equilibrium contact angle. The
balance of these three interfacial tensions is illustrated in Figure 1. If y» > y;> + y;, the film will be stable and will
not dewett. However if this condition is not satisfied, the film will dewett due to thermal annealing. In this case,
atoms are sufficiently activated to overcome the energy barrier. The wettability of a given metal can be evaluated
by the contact angle € Good wettability is insured when contact angle is smaller than 90° and the wettability
becomes weak for a contact angle larger than 90°. The contact angle depends on the nanoparticle and substrate
surface energies and could be affected by chemical reactions between liquid alloy and solid substrate as well as
surface roughness [44]. Dewetting could be controlled by several parameters including : the initial film thickness

[45], the annealing temperature [46] and treatment time [47] leading to controlled nanoparticle size and spacing.
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FIG. 1. Scheme of the dewetting process of continuous metal films into isolated nanoparticles and possible
applications in nano-electronics.



Depending of its thickness, a flat film may dewett by hole nucleation on defects which is a random process that
occur for relatively thick films, or by spinodal surface instability [48] resulting in specific dewetting patterns.
Solid-state dewetting is indeed governed by the initial film thickness, Nuryadi et al. have demonstrated that the
height h and the diameter d of agglomerated Si islands, as well as their surface density, are a function of the
initial Si thickness [49]. Moreover experimental results indicate that, whatever the experimental conditions are,
dewetting is closely related to the initial thickness of the films, with linear variation in the case of hole
nucleation and growth [50, 51], and a 5/3 power variation in the case of spinodal dewetting [24, 52], the density
of nanoparticles varies as a function of the inverse of the square of the initial thickness of the films, h'2. Three
models are found in literature to calculate the size and density of dewetted nanoparticles:

Mullins’s model

The general theoretical framework describing solid state dewetting was put by Mullins in the 1950s and was
called "thermal grooving" [53], Mullins proposed two distinct theories. The first is based on evaporation-
condensation and the other on surface diffusion. The depth d of grain boundary groove for evaporation-
condensation kinetics and surface diffusion mechanism was calculated by solving total mass conservation. For
the case of evaporation-condensation, the groove depth d (i.e., the distance from the groove root to the plane of
the initial flat surface) vary with the square root of the time,

d = 1.13tan(@) Vat )

While for the case of diffusion, atoms diffuse on the surface away from the triple junction, and d scales with the

fourth root of the time,

d = 1.13tan(6) 3/t (3)

In equations (2) and (3), t is the time, d is the instantaneous depth of grain boundary, h is the film thickness, 0 is
the angle at the triple point and a and B are constants depending on the temperature and given by :
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where po is the metal vapor pressure in equilibrium over the grain boundary, ) is the surface-free energy per unit
area, (2 is the molecular volume, My is the molecular weight, D; is the coefficient of surface diffusion and v is

the number of atoms per unit area.
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FIG. 2: Schematic cross section of equilibrium circular grain boundary groove formed by heating atomically flat
poly-crystalline surface. Time and horizontal coordinate evolution of the free surface area is labelled y(x,t).

Mullins’s solution has been proposed to measure interfacial energies and surface diffusivities. Nevertheless, as
shown in equations (2) and (3), Mullins’s model predicts an unlimited variation of d when the time goes to the
infinity.

Srolovitz and Safran model

To overcome this discrepancy in infinite size evolution, Srolovitz and Safran [54], proposed a new model to
estimate the equilibrium groove depth for interconnecting spherical shape grain boundaries interacting with each
other via surface diffusion. Grains are formed in between internal interfaces called grain boundaries. Due to their
high energy in thin solid films, these grain boundaries junctions are primary sites for hole nucleation.
Thermodynamic equilibrium requires that the groove angle 0 is fixed. Figure 2 shows the equilibrium grain
boundary groove configuration in the case of grains in the shape of a circular base with grain radius R and a
spherical cap which intersects the grain boundary at an angle 0. The film thickness is h and the equilibrium
groove depth, measured with respect to the flat film rushes an equilibrium value given by,

_, 2—cos(d)+cos3(6)
d=R=25 50 (6)

For fully dewetting of the film, the groove must intercept the substrate and the groove depth d becomes larger
than the film thickness h. However, this model does not consider the effect of initial height h, leading to a
nanoparticle size independent of the initial catalyst volume.

Zhong model

In order to consider initial thickness effect, Zhong et al. [55] proposed a model based on the conservation of
volume as well as the energy of the system before and after nanoparticle formation. Their model considers a
truncated sphere formed by dewetting with a surface S; in contact with the atmosphere and a surface S in

contact with the support. Before the dewetting, the interfacial energy is given by

Gi =AY +Yi2) )



Where v is the catalyst surface energy, yi» is the catalyst-support surface energy respectively and A is the
support area per nanoparticle. After dewetting, the interfacial energy of aspherical nanoparticle of top surface
area S; and a contact area S, is given by:

G2=(A-S2)Y> + Sayia + Siyi ()

Where Si» is the contact area and Y2 is the interface surface energy.

By introducing the contact angle 8 given by the Young's equation (1) discussed above, and the radius R of the
sphere formed by dewetting, we can calculate by geometrical considerations the surfaces S; and Sa:

S1 = 2TR*(1-cosB) 9)

S, = TR? sin%0 (10

S
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FIG. 3 : (a) Initial catalyst film. (b) Surfaces, volume and edge generated after heating. (¢c) Schematic cross
section considered in Zhong et al. model. h: initial film of thickness. Si: Top surface area. S,: surface of the
catalyst in contact with the support. 6: contact angle. R: radius of the hypothetical sphere. D: nanoparticle
diameter.

Zhong et al. postulate that the minimum particle size occurs at G; = G2 and estimated from metal volume

conservation the diameter of the nanoparticle D as a function of the initial catalyst thickness h

6h sin 6 °
D=— for <90 (11)

6h o
D—m for 6> 90 (12)

In the other hand, nanoparticle density N could be estimated from contact angle and nanoparticle diameter by the
following equations, [81]

N = 4 (14 cos9)
" mD2(2+cos 0)

for 6<90° (13)

N = : for 6> 90° (14)

nD2(1- cos )(2+cos 9)

Nevertheless, the accuracy of this model depends highly on the mitigation of thermally activated processes

mainly the migration of catalyst atoms into the bulk of the support and Ostwald repining at high temperatures

6



which reduce significantly the efficiency of dewetting process [56]. Indeed, while bulk diffusion is described to
lower the size of nanoparticles which is desirable on one part, this loss of mass and its interaction with the
underlying substrate causes deactivation of the nanoparticles [56] and the forming of unwanted alloys [57]. On
the other hand, larger particles grow in size at the expense of smaller particles and decreases the number density
with time, a phenomenon known as Ostwald ripening, which consists of coarsening in which the particle size
increases and particle density reduces after extended annealing [58, 59].

In the direction of suppressing these undesirable phenomena, different energy sources can be employed in order
to furnish the energy necessary to activate the dewetting process of the film, other than thermal annealing. Many
studies have been performed using electron and ion beam irradiation [51, 60, 61], laser induced dewetting [62,
63]. However, little research has been dedicated to plasma-induced dewetting [64]. During plasma treatment,
energy is mainly transferred uniformly to the overall surface of the film by accelerated ions that carry more or
less equivalent energy [65], which allows the control of nanoparticle size and distribution that depends on the
density of radicals and ions which is tuned by plasma power and pressure [66].

While optimizing process conditions helps to control nanoparticles formation, diffusion in the substrate is still
considered to be the major problem in dewetting of thin films, many techniques were used to limit diffusion of
the dewetted film into the substrate such as the use of metal oxides like SiO, and Al,O3; as nanoparticles
supports; since dewetting is known to proceeds easier in substrates of low surface energy than in those of high
surface energy. On oxides, diffusion can mostly be mitigated by using multiple step deposition of film to
compensate the loss of mass after each heat treatment [67] or by depositing thick films, however, thick films
may yield low density and large nanoparticles. Conductive diffusion barriers are more effective solution to work
with few nanometers film thickness and especially have been attractive to achieve high area density of
nanotubes; Yang et al. have proposed to use titanium silicon nitride (TiSiN) supports as a refractory, amorphous,
conducting material during nanotube growth from iron catalyst. They showed that TiSiN limits the diffusion of
sub-nanometer metallic catalyst (Fe) in the bulk of the underlayer support [37]. Little attention has been paid to
this remarkable performance in dewetting ultrathin films. For refractory conductive substrates such TiSiN, there
is an application-driven need for producing small dense nanoparticles arrays. TiSiN substrates could also allow a
more controllable dewetting, reducing the effect of undesirable processes mentioned earlier. However, little
effort has been devoted so far to study the model of dewetting on TiSiN in particular, and conductive substrates

in general.



In this work, and based on recent findings, we investigate a range of parameters affecting separately and
combined, the dewetting of ultrathin cobalt films and formed nanoparticles properties. The effect of the diffusion
barrier, plasma treatment as well the relationship between initial film thickness and dewetted nanoparticles

diameter and density will be addressed from structural and magnetic point of views.

2. Material and methods
Substrates of silicon wafers with a (100) polished face were used initially to deposit transition metal nitride
layers TiSiN by thermionic vacuum arc (TVA) technology developed at the national institute for laser, plasma
and radiation physics in Bucharest, Romania. This technique was proposed by Lungu et al. for highly uniform
and nanostructured surface coatings deposition and described in detail in [68, 69]. Even several techniques were
proposed in the past to produce TiSiN including, physical vapor deposition, magnetic sputtering, ion beam
assisted deposition, and chemical vapor deposition [70], TVA technology remain well adapted to alloy film
deposition of high purity and good adhesion mainly due to the gas free evaporation in vacuum and the high
density of the power per unit surface of the deposited metal. In summary, an electron beam is generated by a
heated cathode composed by a tungsten filament. The experiments were conducted by focusing an electron beam
by Wehnelt cylinder in the thermoionic setup. Electrons are then accelerated to the anode containing a mixture of
powder to be evaporated. In the case of TiSiN barriers, 3 moles of Ti and 1 mole of SisN4 were used as anode.
An electrical arc is then ignited between the cathode and the anode containing the powder in order to create a
strong local heating. As a consequence, Ti and Si3N4 evaporation builds up to the creation of a plasma in order to
ensure the formation of high density layer of titanium silicon nitride with a stoichiometry of ~ TiSiN and a
thickness of 50 nm, the deposition rate was estimated 1.42 A°/s using a quartz microbalance. For physical vapor
deposition of cobalt on TiSiN substrates, we used the electron beam Plassys MEB 550S type evaporator. This
set-up is designed to deposit thin metallic layers of thickness between 1 and 20 nm by the evaporation of a cobalt
target with a beam of electrons of power 10 kW under vacuum that ensures better purity of the deposited layers
and better control of the thickness of each film. For the cobalt, a pressure of the order of 10* Pa was used, to
reach a temperature of about 1050 °C. Film thickness of 1, 2 or 3 nm was deposited at a rate of 0.05 nm/s and

was monitored with quartz balance equipment.
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FIG. 4. (a) Thermionic vacuum arc TVA set-up for TiSiN deposition. (b) Electron-beam for cobalt deposition.
(c) Microwave plasma enhanced chemical vapor deposition bell jar reactor used for dewetting process.
For dewetting we developed five experimental protocols by using several variants of thermal and/or plasma
annealing. In all protocols, hydrogen was used to reduce the residual oxides and to structure the cobalt
nanoparticles. Due to the complex nature of a real arrangement of grains composing a film, it is difficult to
estimate a priori the time of treatment. Nevertheless, according to Luber et al. [71], no significant changes in
film morphology was observed after ~30 min dewetting of nickel films as measured by in situ time resolved
reflectometry. Hence, we fixed the final time of treatment from 20 min to 30 min. At the end of each experiment,
the plasma, the heater and the gas feeding were switched off to cool down the sample. We performed the 5
protocols discussed above for three catalyst thickness (1, 2 or 3 nm) with (silicon (100) covered by ~2 nm of
native oxide (SiO;) or Titanium silicon nitride TiSiN with a thickness of ~50 nm) acting as nanoparticles
support. The samples were labelled S;; or T;j where S and T refers to SiO; and TiSiN barriers respectively and i
and j refers to the cobalt thickness (1, 2 or 3 nm) and protocol number (1, 2, 3, 4 or 5) respectively. All the other

parameters are maintained at their standard values as represented in Figure 5.

Protocol 5 ..380w g
|:| Thermal heating under H,
750 °C ] H, Plasma treatment
Protocol4 s 30 W
Protocol 3 | 750 °C |
Parameter Standard value
| 750 °C
Protocol 2 330 W Substrate temperature 750°C
........................... bressure 10° Pa
Protocol 1 | 750 °C | Plasma power 340 Watt
. . . H, flow rate 90 sccm
10 20 30 Time(min)

FIG. 5. Experimental protocols and process conditions for cobalt dewetting.



During all the experiments, the substrate temperature was monitored by a dual-wavelength optical pyrometer
(IMPAC, IGAQ-10) at 750+5°C, and we considered this temperature to be the actual substrate temperature for
cobalt dewetting. The surface morphology of cobalt nanoparticles was investigated using scanning electron
microscopy (SEM) LEO 440 at an operating voltage of 3 kV. Static magnetic properties were performed using a
vibrating sample magnetometer (VSM) Lakeshore 7400 that records the magnetization M versus the applied

magnetic field H from -50 mT to 50 mT at a temperature of 300 K.

3. Results and discussion
To investigate the effect of initial layer thickness and the nature of the substrate on the Co dewetting process, Co

films deposited on SiO, and TiSiN supports were subjected to the protocols discussed above.

3.1 Substrate nature effect

Figure 6a and Figure 6b shows SEM pictures after the dewetting of 3 nm cobalt on TiSiN (sample T3;) and SiO,
(sample S3;) barriers using protocol 1. Figure 6¢ and figure 6d shows SEM pictures of the dewetting of 3 nm
cobalt on TiSiN (sample T3;) and SiO; (sample S32) barriers respectively using protocol 2. These pictures clearly

show a spontaneous breakup of the film into visible isolated nanoparticles.
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FIG. 6. Top-view SEM images of cobalt nanoparticles formed by dewetting of 3 nm thickness Co films after :
protocol 1: (a) Co 3 nm on TiSiN (sampleT3;), (b) Co 3 nm on SiO» (sample S3;) , protocol 2: (¢c) Co 3 nm on
TiSiN (sampleT3»), (d) Co 3 nm on SiO; (sampleSs3»).
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Statistical analysis of these images was performed using ImagelJ software and based on at least 300 nanoparticles
taken in different regions. This allows the determination of the surface density N(cm?), and the diameter
distribution (nm), as well as the standard deviation SD (nm) as represented in the insert of figure 6. The analysis
of these data shows that as compared to SiO,, TiSiN barriers improves the surface density by a factor of 25% for
thermal annealing of 3 nm Co films, from 1.6x10'° cm? for SiO; to 2x10'° cm™ for TiSiN, and by a factor of
~85% using combined thermal annealing and plasma treatment from 6.5x10'° cm for SiO; to 1.2x10! ¢m™ for
TiSiN. In the same time, mean diameter is reduced by a factor of ~48% by thermal annealing, from 43 nm SiO,
to 29 nm for TiSiN, and by a factor of ~18% by combined thermal and plasma treatment, from 22 nm for SiO> to
18 nm for TiSiN. Smaller standard deviations are also obtained with TiSiN barriers leading to narrower size
distributions shifted to small nanoparticle sizes. Hence, the benefit of the TiSiN barrier in improving cobalt
dewetting is clearly confirmed by higher surface density of the nanoparticles, lower particle diameter and higher
homogeneity of the distribution. We can notice that the effect of the barrier is confirmed both for thermal
treatment and thermal followed by plasma treatment. By comparing surface energies of TiSiN, SiO» and cobalt
Yrisiv = 0.02J.m™2 [72] | ysi0, = 0.43 J.m™?[73) and y¢, = 2.22 ].m™? [40] respectively, we can see that
surface energy difference (Yo, — Vrisiv = 2.20J.m™%2 > y, — Ysio, = 1.79]. m~2), meaning that the
driving force for dewetting is higher for Co on TiSiN than for Co on SiO» regardless of the energy source.
Another spectacular barrier effect is the reducing of the standard deviation when TiSiN is used as compared to
Si0,. This could be explained by Ostwald ripening effects on SiO,. Indeed, this phenomenon increases the
density of the large particles at the expense of the smaller ones thereby increasing the standard deviation of the
diameter distribution, which widens the size gap between small particles and larger ones as shown in Figure 6.
As proposed by Robertson group, TiSiN has proven to restricts iron atoms mobility which slows down Ostwald
repining effects resulting in a small and narrow catalyst particle size distribution[39]. Finally, relatively spherical
nanoparticles and more homogeneous size distributions are clearly observed when submitting the samples to the
second protocol in comparison to the first protocol, which highlight the role of the plasma treatment regardless

of the substrate nature.
3.2 Plasma effect

In order to further investigate the plasma effect, three additional protocols with the same treatment time (P3, P4

and P5 as represented in figure 5) were applied to dewett Co on TiSiN. Figure 7 shows SEM images and

11



diameter distributions of these samples. From Figure 7a, in protocol 3 it is clear that when the time of thermal
annealing was increased to 30 minutes (sample T33), surface density drastically decreases and the average size of
nanoparticles is increased, another sign of Ostwald ripening phenomenon that is known to escalate with time. To
avoid this effect, simultaneous plasma and thermal treatments in protocol 4 were applied leading to
homogeneous nanoparticle sizes as shown in Figure 7b (T34). Nevertheless, our results demonstrate that both
surface density and particle size distribution are most enhanced when protocol 2 is applied i.e. the plasma is
applied after the formation of separate nanoparticles by thermal annealing (sample T3, in Figure 6¢), indeed,
Bogarets et al. proposed recently an understanding on the effect of H radicals present in H, plasma on metallic
nanoclusters while preforming thermal annealing; these H radicals bind strongly with metallic atoms rendering
them more stable. As a result, the interaction between these nanoparticles becomes very weak and they cannot
coalesce [74]. Finally using only plasma treatment to dewett 3 nm cobalt films (protocol 5) has proven to be
insufficient to obtain separate islands in 30 minutes (Tss), therefore statistical analysis was not possible, this
could be explained by the weak energy furnished to the cobalt film by atomic hydrogen. Indeed, temperature
monitoring on the samples surface displayed a very slow slope of rising temperature that reached 350°C at the

end of the treatment.

e L > SV e
Do i = T WO . BB, v

BT 800W WD 83 0w Signu A ik abiln 8 1 s @ —
A= o o Vs 0009 R 1] P s @

Mean D (nm) 28
SD 9

Density (cm”) 4.1 x10™

Mean D (nm) 39
SD 13

Density (cm’) 9.9 x 10°

15

NN

1/

2\

77
2

N

2

3]
|
2222224

%

Diameter distribution (%)
=
Diameter distribution (%)
=
7,

7,
777
V777777)
V77777
V7777
7777777

10 20 30 40 50 60 10

Diameter (nm) Diameter (nm)

B

N

N

N

AN N

N

AN

N
o
w
o
N
o1
o
o
(=2
o

FIG. 7. SEM images and cobalt nanoparticles diameter distribution formed by dewetting on TiSiN barrier at
750°C after: (a) prolonged thermal annealing under hydrogen of 30 min (sample T33) and (b) after 30 min of
simultaneous thermal annealing and hydrogen plasma treatment (sample T34) and (c) after 30 min of hydrogen
plasma treatment only (sample Tss).
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Nevertheless, our results demonstrate that both surface density and particle size distribution are most enhanced
when protocol 2 is applied i.e. the plasma is applied after the formation of separate nanoparticles by thermal
annealing (sample T3, in Figure 6¢), indeed, Bogarets et al. proposed recently an understanding on the effect of
H radicals present in H, plasma on metallic nanoclusters while preforming thermal annealing; these H radicals
bind strongly with metallic atoms rendering them more stable. As a result, the interaction between these
nanoparticles becomes very weak and they cannot coalesce [74]. Finally using only plasma treatment to dewett 3
nm cobalt films (protocol 5) has proven to be insufficient to obtain separate islands in 30 minutes (T3s), therefore
statistical analysis was not possible, this could be explained by the weak energy furnished to the cobalt film by
atomic hydrogen. Indeed, temperature monitoring on the samples surface displayed a very slow slope of rising

temperature that reached 350°C at the end of the treatment.

3.3 Thickness effect

Since protocol 2 has proven the best to optimize nanoparticles size distribution, the effect of the initial film
thickness on nanoparticles size distributions was investigated, we subjected 2 nm and 1 nm cobalt films
deposited on TiSiN as well as SiO» to protocol 2. SEM images and statistical analysis of dewetted nanoparticles
are shown in Figure 8. For TiSiN substrates, as represented in Figure 8.a and 8.c. Decreasing cobalt film
thickness leads to an increasing in surface density, more precisely 2 nm and 1 nm thickness have improved the
density by 83% and 250% respectively in comparison to 3 nm. In addition nanoparticle average size has been
reduced as well to 12 nm and 8 nm for 2 nm and 1 nm initial thickness respectively, and showed more
homogeneous distributions. Whereas, for SiO», the nanoparticle size decreasing is less obvious, as shown in
Figure 8.b and 8.d. In addition, the density evolution as a function of thickness shows more or less constant
values. These results are summarized in Figure 9, the model of nanoparticle size and density evolution as a

function of thickness on TiSiN and SiO; substrates is discussed in details.

13



Mean D (nm) 12 Mean D (nm) 19
sD 4 2] SD 7
20- Density (cm?) 9.4 x 10"

[\ Density (em?) 2.2 x10"

-
[

-
°©

T22

Diameter distribution (%)
ol

Diameter Distribution (%)

=}

10000KX ~ EHT= 34 Diameter (nm) 10000 KX EHT = 34

0
>

w
1=}

Mean D (nm) 16
SD 8

Density (cm?) 7.5 x 10"

N

o
N
@

N

=)
N
=)

i
o

Diameter distribution (%)
3

&
Diameter distribution (%)
&

T2

60
Diameter (nm)

] WO00KX  EMT= 300KV Diameter (nm)
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(sampleSi2).

As shown in Figure 9, TiSiN substrates display far better performances in dewetting cobalt films to form smaller,
high density and homogeneous nanoparticle arrays, moreover the relationship between these three parameters are
in well agreement with the model of Zhong et al. Although this model is limited by kinetics, the mean diameter
of cobalt nanoparticles D (nm) on TiSiN shows a linear function of the initial film thickness h (nm) reaching
theoretically few nanometer size nanoparticles when using sub nanometer film thickness (D~7h), whereas
cobalt nanoparticles on SiO; display very weak slope of a linear function with higher values that can be
theoretically superior to 15 nm for sub nanometer film thickness (D~16h). This disparity in dewetting
efficiency between the two substrates is more highlighted by the surface density values. According to Zhong et
al. model, surface density varies as function of (N = a .h™?) where a depends on the contact angle, as plotted in
Figure 9.b. To describe the evolution of the model for thicknesses higher than 3 nm, larger particle size will be
more likely to form by Ostwald repining which increases with initial film thickness as clearly described by

Hofman et al. for Co, Ni and Fe [45].
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FIG. 9. Evolution of : (a) Diameter, (b) Surface density, and (c) Standard deviation of Cobalt nanoparticles as a
function of initial film thickness dewetted on TiSiN and SiO, using Protocol 2.

The fitting curve of the density values of cobalt nanoparticles on TiSiN is in well agreement with the model. For
cobalt nanoparticles dewetted on SiO, density values show rather fluctuating values with a maximum surface
density for 2 nm, demonstrating very weak dependence between density and initial thickness. This weak
dependence could be explained by the competition between two main kinetic phenomena, namely bulk diffusion
and Ostwald repining, where for thinner 1 nm film thickness bulk diffusion is most likely the dominant
phenomenon resulting in smaller nanoparticles, whereas for thicker 3 nm thickness, Ostwald repining may be the
dominant phenomenon resulting in bigger nanoparticles. Though when either phenomenon is dominant, it results
in low density values, the high density and low standard deviation values for 2 nm thickness could be considered
as a result of the compensation between the two phenomena, i.e. bulk diffusion and Ostwald repining.
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3.4 Magnetic properties

We focus in this section on the static magnetic properties of the 3 nm-thick Co films on TiSiN that give a better

signal-to-noise ratio than lower Co thicknesses. Figure 10 shows the normalized hysteresis curves for the as-

deposited film and dewetted films, after the thermal reduction (protocol 1) and the thermal reduction associated

to plasma treatment (protocol 2). They were measured in the in-plane configuration where the magnetic field is

applied in the plane of the films. We focus on these two protocols, as they are representative of the effect of the

thermal treatment on one side and the combination of thermal and plasma treatments on the other side.

Therefore, the magnetic behavior is widely discussed based on size and shape distribution of Co nanoparticles.
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FIG. 10. Hysteresis cycles of 3 nm-thick cobalt films deposited on TiSiN: (a) as-deposited (b) after protocol 1

(heat treatment), (c) after protocol 2 (heat and plasma treatment).
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The as-deposited Cobalt film presents a narrow hysteresis curve with a weak coercive field H. about 0.6 mT.
This small coercivity is probably associated with domain wall motion across grains boundaries [75]. After
preforming the thermal reduction (protocol 1), H. increases to about 17 mT. As we perform the second protocol,
its value decreases a little to 14 mT. The increase of the coercive field in the first protocol is due to the
nanostructuring of the continuous film into nanoparticles which completely modify the magnetization reversal
process. As a general trend, the coercivity is found to increase up to a maximum and then to decrease to zero
with decreasing the particle size [4]. It exists a critical size, lying in the range of few tens of nanometers, which
separates different magnetization behaviors. It depends on the material nature and on its micromagnetic
parameters. For spherical particles, the critical diameter below which a single-domain state exists is reached
when the domain-wall energy and the magnetostatic energy are equal [76]. As discussed above, introducing the
plasma treatment in the second protocol produces narrow particle size distribution with higher density. This
diminishes the geometrical dispersion introduced by the first protocol by exhibiting less particles side defects
and more homogeneous size distribution leading to a slightly lower coercive field. The finite size effects in
nanoparticles are usually illustrated through the single-domain limit and the superparamagnetic limit. In a large
nanoparticle, the magnetization exhibits a multi-domains structure where uniform magnetization regions are
separated by domain walls. As mentioned above, this is the results of a competition between the domain-wall
energy and the magnetostatic energy. When the nanoparticle size decreases, it costs more energy to create a
domain wall than to support the external magnetostatic energy. On the other hand, despite their small
dimensions, nanoparticles may have a complex microstructure, as established by means of HRTEM analysis [77-
79], that strongly influences the energy diagram of stationary magnetization states existing in polycrystalline
nanoparticles [80]. In polycrystalline cobalt nanoparticles, in the range of diameters D between 20 and 60 nm,
numerical calculations showed that above 32 nm only vortex states with low average magnetization are present,
whereas below 24 nm mostly quasi-uniform states are realized in nanoparticles [80].

Considering the cobalt nanoparticles studied in this work, the size distribution provides an average size of 29 nm
(with 79% of nanoparticles size above 24 nm) after preforming protocol 1 and an average diameter of 18 nm
(with 80% of nanoparticles size below 24 nm) after preforming protocol 2, we can thus infer that these
nanoparticles are mostly quasi-uniformly magnetized. The normalized remnant magnetization (M,/M;) exhibits
values higher than 0.8. Various mechanisms can be responsible for the magnetization reversal that can
correspond to coherent rotation, curling or domain wall motion. In the case of a spherical nanoparticle of

diameter D, Aharoni has shown that the process of magnetization reversal by coherent rotation is ensured for up
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to a diameter such that D < D. = 7.21 /A, A being the exchange length given by (A/27D4?)"?; with A the
exchange stiffness constant [81]. Namely, using the usual cobalt bulk material parameters (A = 1.8x10'! J.m"!
and 4TM; = 1.76 T), one finds /1 = 4 nm in good agreement with literature [82]. We can conclude that the

homogeneous rotation is then operative up to approximately a particle diameter of about 30 nm. The opening of
the hysteresis cycles after protocol 1 and protocol 2 could be mainly attributed to a slight shift to sphericity
(ellipsoidal nanoparticles). It is to mention that in the case of polycrystalline nanoparticles, an effective magnetic
anisotropy can be introduced due to the fact that each nanoparticle can be represented as an assembly of
monocrystalline grains of different sizes, close to the single-domain diameter, having a random distribution of
their easy anisotropy [83, 84]. However, such effective anisotropy is significantly less than the anisotropy of the
crystallites constituent the nanoparticle. Complex microstructure in polycrystalline nanoparticles has been
presented at the origin of reduced coercive field compared with that expected from randomly oriented assembly
of single-crystal nanoparticles [80]. Note also that the nanoparticles issued from protocol 1 and 2 exhibit sizes
enough large to ensure that the thermal agitation does not overcome magnetic anisotropy energy; otherwise this
would have led to a superparamagnetic state where the magnetization becomes unstable above the blocking

temperature, leading to lack of coercivity.

4. Conclusions

Morphological and magnetic properties of dewetted Cobalt nanoparticles were investigated. The use of a TiSiN
layer as an effective diffusion barrier to well control the dewetting has been proved to limit undesirable
processes such as bulk diffusion and Ostwald repining in comparison to SiO; surfaces. This allowed us to control
the size of cobalt nanoparticles and their distribution using TiSiN combined with plasma treatment, indeed, the
model of size and density evolution of cobalt nanoparticles on TiSiN as a function of initial film thickness fits
perfectly with theoretical demonstrations, specific hydrogen plasma assisted dewetting protocol has been
developed in order to reach optimal size and density values of 4.2x10'! nanoparticle per cm? with an average of
18 nm diameter. Finally, magnetic properties have been discussed within the frame of magnetic anisotropy
introduced by a small deviation to sphericity of the nanoparticles. They also proved that the solid-state dewetting
on TiSiN is a reliable and non-expensive approach to elaborate controlled size and distribution assembly of

metal nanoparticles.
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