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Rational engineering of thin nanocomposite layers, deposited in reactive
plasmas, requires knowledge on the plasma behavior in order to produce
multifunctional deposits with tailored properties (structural, optical,
electrical, etc.) This work presents an experimental study of nanoparticles
synthesized in the plasma gas-phase and their subsequent use as building-
blocks to form layer-by-layer nanostructures. The experiment is performedin a
plasma process that successfully combines plasma polymerization of an
organosilicon molecular precursor (hexamethyldisiloxane, HMDSO) and
sputtering of a metallic (silver) target. Pulsed injection of the precursor is
found to promote cyclic nanoparticle formation in Ar/HMDSO reactive
plasmas. The plasma electron temperature is found to vary in the range
1.6—2.2 eV as derived from time-resolved optical emission spectroscopy of
the plasma energetic conditions. This diagnostic method is also shown to
provide a reliable tool for online monitoring of the nanoparticle synthesis
process. Two types of layer-by-layer structured nanocomposites can be
obtained depending on the type of nanoparticles synthesized: (i)
organosilicon nanoparticles of size less than 100 nm in all studied plasma
conditions for a large quantity of injected HMDSO and (ii) raspberry-like
nanoparticles of size less than 150 nm when the quantity of injected
HMDSO is reduced. The organosilicon nanoparticle growth follows a
polydimethylsiloxane (PDMS)-like oligomerization scheme in which the R,-
Si(-0), silicon bond tends towards the formation of polymeric structure in a
R3-Si(-O)q silicon chemical environment, containing Si-(CH5)-Si type bridges
that are involved in cross-linking. The elemental composition of the raspberry-
like nanoparticles is similar to that of the organosilicon nanoparticles,
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supplemented by the Ag component. The decorating silver nanoparticles are
~15nm of size, round in shape and polycrystalline. There is no evidence for
silver oxides in the nanostructures. The Si-O-Ag bridges, revealed by infrared
spectroscopy, suggest the presence of junction sites between the metallic and
the organosilicon parts of the raspberry-like nanoparticles. The silver nanoparticles
are found to decorate the organosilicon nanoparticles to form the raspberry-like
nanoparticles in the plasma gas-phase, before being deposited. This reveals a very
interesting phenomenon of simultaneous growth of the silver- and organosilicon-
parts in the plasma without mixing during the nucleation phase.

KEYWORDS

hybrid PVD/PECVD process, plasma-based deposition, organosilicon nanoparticles, silver
nanoparticles, raspberry-like nanoparticles, nanostructured deposits, heterogeneous
growth of nanostructures

1 Introduction

For many years, the presence of nanoparticles (NPs), or so-called
“dust” (Bouchoule and Boufendi, 1993; Selwyn, 1994; Watanabe, 2006),
in reactive plasmas was considered as an undesired phenomenon giving
rise to pollution of the deposited thin films during plasma processing in
microelectronics. The associated technological effort has been mainly
directed towards preventing this harmful effect. Aiming to draw benefits
from this complex phenomenon, the knowledge accumulated on the
formation and behavior of dust in reactive plasmas has promoted
current research on the deposition of nanocomposite thin films by
incorporating plasma dust into the layer as it grows (Iacona et al., 2001;
Kim et al., 2006; Carrada et al., 2008; Conibeer et al., 2008; Johnson et al.,
2008; Kortshagen, 2009; Wang et al., 2009; Perret-Tran-Van et al.,, 2010;
Barbé et al,, 2012; Barbé et al., 2014). For example, dust formation in
silane (SiH,)-based plasmas was functional to obtain silicon
nanoparticles (SINPs) embedded in dielectric matrices, such as
silicon oxide (SiO,) and silicon nitride (SisNy), or in semiconducting
matrices (silicon carbide—SiC). These types of nanocomposites have
already attracted a lot of attention because of their potential use in
silicon-based devices such as light emitters, optical modulators, single
electron devices, non-volatile memory devices (NVM) and, more
‘all-S*  tandem cells for the
photovoltaic cells.

Another branch of the field of dusty plasmas of interest for the
deposition of nanocomposite thin films is the formation of dust in
hydrocarbon plasmas using acetylene (C,H,) and methane (CH,) as
precursors. In addition to the fundamental aspect of studying the

recently, third generation of

properties and behavior of dusty plasmas, this topic has been
developed in the perspective of deposition of biocompatible thin
films, improving the emission characteristics of field emission
cathodes, gaining a better understanding of the problems
associated with dust formation and etching processes in fusion
facilities, etc. (Choi et al., 2003; Ferrari et al., 2003; Das et al,,
2007; Berndt et al., 2009; Kovacevi¢ et al., 2009; Dap et al., 2010;
Calafat et al., 2011; Tetard et al., 2021)

Recently, dust formation has been reported for reactive plasmas
sustained in gas mixtures containing large molecular precursors such as
hexamethyldisiloxane (HMDSO, Si, O(CHj3)g, mass 162.38 g/mol) (Ricci
et al., 2010; Despax et al.,, 2012; Garofano et al., 2015; Despax et al., 2016;
Garofano et al., 2019a; 2019b; Donders et al., 2022; Donders et al., 2023),
tetraethyl orthosilicate (TEOS, Si(OC,Hs)4, mass 208.33 g/mol) (Roth
et al, 2012) and aniline (CsHs(NH,), mass 93.13 g/mol) (Pattyn et al,
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2018). Although these studies are relatively recent and the achievements
are not yet numerous, dust formation in reactive plasmas based on large
chemical precursors has already been identified as promising for the
development of thin nanocomposite films for microelectronic devices,
sensor applications, healthcare applications, among others. In addition, it
has recently been shown that the formation of dust nanoparticles in
HMDSO-based plasmas appears to be of some interest for the study of
stardust formation in laboratory experiments (Bérard et al., 2019; Bérard
et al,, 2021), as HMDSO contains key elements involved in stardust:
carbon, oxygen, and silicon (Henning, 2010).

In general, HMDSO is one of the most commonly used
organosilicon precursors for Plasma Enhanced Chemical Vapor
Deposition (PECVD) processes (Inagaki, 1996; Hegemann et al,
2020). It is
microelectronics due to the ease of preparing good quality coatings

widely applied for thin film deposition in
at low temperature and the much safer handling of the precursor
compared to silane. As a precursor in plasma processing, it enables the
deposition of polymer-like or silicon oxide thin films (in HMDSO/O,
mixture) depending on the ratio of the partial pressures of the injected
gases. Applications requiring low-k materials, coatings for optical
devices, barrier films for food packaging, interlayer dielectrics for
corrosion protection and flame retardant layers greatly benefit from
HMDSO-plasma deposition processes (Inagaki, 1996; Maex et al., 2003;
Levasseur et al., 2012; Blanchard et al., 2015a; Blanchard et al., 2015b;
Hilt et al., 2016; Hegemann et al., 2020).

In addition to HMDSO plasma polymerization, when the plasma
process simultaneously involves controlled sputtering of a metal target,
a wide range of nanocomposite thin films containing metallic NPs
embedded in dielectric matrices can be obtained (Kay and Hecq, 1984;
Perrin et al., 1985; Laurent and Kay, 1989; Canet et al., 1992; Despax and
Raynaud, 2007; Korner et al., 2009; Dilonardo et al., 2010). This hybrid
PECVD/Physical Vapor Deposition (PVD) plasma process brings
additional functionalities to the outcome deposits. For example, the
electrical behavior of metallo-dielectric nanocomposites (conductivity,
charging and secondary electron emission) under applied electrical
stress or irradiation become easier for modulation (Laurent and Kay,
1989; Canet et al.,, 1992; Milliere et al., 2014; 2016; Makasheva et al.,
2016; Rigoudy et al., 2020). Their optical properties (refractive index
and extinction (absorption) coefficient, including localized surface
plasmon resonance - LSPR) can be tailored (Perrin et al, 1985;
Pugliara et al, 2015 Scarangella et al, 2019). For biomedical
applications, the (Ag") and/or silver
nanoparticles (AgNPs) from such nanocomposites can be controlled

release of silver ions
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FIGURE 1

(A) Schematic top view of the plasma reactor, (B) HMDSO monomer and (C) parameters characterizing the pulsed HMDSO injection.

to define their response (toxicity level, biocide versus biocompatibility
effects) in contact with microorganisms (Saulou et al., 2009; Kérner
et al., 2010; Despax et al., 2011; Korner et al,, 2012; Saulou et al., 2012;
Drébik et al,, 2015; Pugliara et al., 2016; Soumbo et al., 2021).

In the same vein, the current work successfully addresses the
synthesis of metallo-dielectric nanocomposites in a hybrid PECVD/
PVD process. The outcome deposit differs from the plasma-based
nanocomposites described above for the formation of the NPs in the
plasma gas-phase (organosilicon and Ag-decorated organosilicon NPs)
and the more complex nanostructuration. The nanostructuration takes
advantage of the cyclic formation of dust in Ar/HMDSO reactive
plasmas (Despax et al, 2012; Despax et al, 2016). Such approach
adds value to the effort of designing properties of the final
Standard and
methods are applied to identify the structural and morphological

nanocomposite layer. advanced characterization
state of the synthesized NPs. Correlation with the plasma electron
average energy (electron temperature) is performed in order to better
understand the physical and chemical processes that occur in the plasma
during nanoparticle synthesis. It benefits from a multi-scale investigation
of Ar/HMDSO dusty plasma with pulsed injection of the precursor,
which has been recently reported in the literature (Garofano

et al., 2019a).

2 Experimental

2.1 Plasma process used for
nanoparticle synthesis

The plasma reactor used in this study was an axially-asymmetric
radiofrequency (RF, 13.56 MHz) one operating at low gas pressure
(<10 Pa) (Figure 1A). The top electrode (smaller, @ 10 cm) was
capacitively-coupled to a Sairem generator through a manual
matching box. It was covered by a silver target (purchased from
Inland Europe, with purity of 99.99%) to bear the sputtering. The
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bottom electrode (larger, @ 12 cm) was separated by a 3.5 cm gap
from the top electrode. The plasma chamber was 30 cm in diameter.
The bottom electrode and the walls of the plasma reactor were
grounded. Such configuration of the plasma reactor actually allows
different modes of operation: PECVD only, PVD only or hybrid
mode, i.e., simultaneously PECVD/PVD. Detailed description of the
plasma reactor is given elsewhere (Despax and Raynaud, 2007;
Pugliara et al., 2015; Milliere et al., 2016).

All gases were injected through a gas injection ring surrounding
the top electrode (Figure 1A). This allows homogeneous distribution
of the gas in the reactor. The vector gas was argon (Air Liquid
ALPHAGAZ™ 2 with a purity of 99.9995%). It was injected
continuously at a flow rate maintained at 2.8 sccm (sccm stands
for standard cubic centimeters per minute at standard temperature
and pressure). The argon partial pressure was measured by a MKS
gauge. The HMDSO (purchased from Sigma Aldrich with purity
greater than 99.5%, Figure 1B) was mixed with the argon before
being introduced to the plasma.

The strong originality of our plasma process lies in the pulsed
injection of the reactive gas (Figure 1C). Instead of a continuous
flow, HMDSO was injected by pulses. The pulses were generated by
a pulse generator (AGILENT) coupled with a mass flow controller
(OMICRON). Different periods (T = t,, + t,;) of the pulse were
applied, with a duty cycle defined as D, (%) = t,,/T x 100. The
opening level of the mass flow controller slot was controlled by the
pulse amplitude A(V). Working under continuous flow with A =
1.0 V ensured injection of 0.4 sccm of HMDSO. The pulsed injection
of the HMDSO precursor induced small periodic variations in the
total gas pressure. The values reported in this paper relate to the
maximum total gas pressure.

Actually, the pulse amplitude correlates with the maximum flow
injected during t,,. It gives an additional degree of freedom for the
quantity of the injected precursor. Although the plasma dynamics
and nanoparticle synthesis are being determined by the pulsed
injection of the precursor, the averaged HMDSO flow is reported
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TABLE 1 Controlled parameters for NP synthesis in Ary/HMDSO plasmas without or in presence of Ag sputtering.
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- the morphology of the outcome deposit is not appropriate for statistical analysis; the synthesized NPs, are of “raspberry-like” type, i.e., organosilicon NPs, decorated with AgNPs.
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here for comparison purposes. It is calculated according to:
Fue(sccm) = a,, A ‘"T”, where the multiplication factor a,,
corresponds to the quantity of HMDSO injected at A = 1.0V,
ie, a, = 0.4 sccmV™"

The plasma operating conditions are reported in Table 1
together with some characteristics of the synthesized NPs. We
have studied the effect of two parameters: (i) the power injected
into the plasma and (ii) the introduced quantity of HMDSO
precursor, by changing either the pulse duty cycle or the pulse
amplitude (Figure 1C). The first parameter affects the energy
absorbed by the plasma while the second is directly linked to the
molecular constituents involved in the formation of the NPs.
However, these two parameters are not independent and the
plasma response is defined by their mutual action. The presented
samples can be paired in order to compare them and to clearly
distinguish the effects induced by the power injected into the plasma
and those related to the HMDSO pulse parameters on the
synthesis of NPs.

2.2 Real-time monitoring of the
plasma process

The axial asymmetry of the plasma reactor is at the origin of a self-
bias voltage (Vg4.) induced on the top electrode. Depending on the
injected power, the induced self-bias voltage can attain values beyond
1000 V for powers above 80 W which is extremely well adapted for
achieving PVD by sputtering of the target. After plasma ignition, a
self-bias voltage is induced on the smaller (top) electrode. The self-bias
voltage indicates the energy absorbed in the plasma. It is related to the
asymmetric nature of our capacitively-coupled discharge (Kohler
et al, 1985). The self-bias voltage is set up at the driven (top)
electrode and results from the dc voltage drop between the bulk
plasma and the electrodes across the plasma sheaths connecting the
driven electrode to the ground. It is negative in the usual case. Since
the voltage drop across the plasma sheaths is inversely proportional to
the sheath capacitance, the sheath with smaller area (smaller
electrode) has smaller capacitance and therefore a larger voltage
drop, inducing thus a higher self-bias on the adjacent electrode.
The self-bias voltage is at the origin of acceleration of the argon
ions to bombard the silver target and achieve sputtering. Due to the
strong asymmetry in the design of our plasma reactor, the self-bias
voltage on the powered electrode (smaller electrode) increases, in
modulus, with increasing the injected power, for a fixed total gas
pressure. Slight variations, induced by the pulsed injection of the
precursor, were also observed on the self-bias voltage. Like for the total
pressure, the maximum, in modulus, values of the self-bias voltage are
reported in this study. The self-bias voltage was measured with a
voltmeter in our experiment.

The plasma state was characterized by optical emission
spectroscopy (OES). The plasma glow emission was collected by
an optical fiber. The measurements were performed with a
PRINCETON Acton advanced 2500 A analyzer for the spectral
range 520—560 nm and with an AvaSpec 3,648 provided by Avantes
Inc. for the range 700—900 nm. The exposure time for each
spectrum was of 0.25s with a delay of 1s between the
acquisitions for the analysis of the time evolution of the plasma
state and the control of synthesis of the NPs.
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The OES is a non-contact and easy for implementation
diagnostic method for determining the plasma parameters,
electron temperature, T, and electron number density, n,,
(Despax and Raynaud, 2007; Garofano et al., 2019a). Since the
temporal variation of the electron number density is small during
the processes of cyclic nanoparticle formation in Ar/HMDSO
reactive plasmas, n, = 1.0 x 10'°—1.2 x 10'° cm™? (Garofano et al.,
2019a), the n, is considered constant here and the analysis is
focused on the temporal evolution of the T,. To determine the
plasma electron temperature (T,), the recorded OES spectra are
coupled to a collisional-radiative model of the plasma emission.
The applied collisional-radiative model accounts for the
elementary processes of collisional excitation/de-excitation of
the first 14 excited states of argon (4 from 3p°4s and 10 from
3p°4p, in Paschen’s notation) and the quenching of the Ar
metastable states by HMDSO fragments. Silver species are not
considered in the model. The T, is deduced according to the
methodology recently developed and described in details by
Garofano et al. (2019a).

2.3 Sample collection, morphological and
structural analyses

Prior to each experiment the plasma reactor was mechanically
cleaned and pumped over night with a turbo molecular pump down
to p ~ 2.6 x 10~ Pa. Highly doped (Resistivity = 0.001-0.002 Qcm,
n-type) and intrinsic silicon wafers, all with orientation of the
crystal <100>, purchased from Sil'tronix Silicon Technologies,
were used as substrates. The substrates were fixed on the bottom
(grounded) electrode. They were protected by an externally
controlled shutter during the plasma stabilization phase (Pugliara
etal., 2015; Milliere et al., 2016). When the nanoparticle synthesis in
the plasma became stable, the shutter was removed for the time of
deposition. The collected samples were afterwards stored under
argon atmosphere for protection from contamination before being
characterized.

The deposit morphology was studied with a Field Emission Gun
(FEG)-Scanning Electron Microscope (SEM) JEOL JSM 7800F
Prime. Samples were metalized with platinum (JEOL JFC-
2300HR) to reduce charging effects. Images, recorded from the
SEM observations were analyzed after their post-treatment for
brightness and contrast.

Transmission Electron Microscopy (TEM) was performed with
a JEOL 2100F equipped with a field emission source. The applied
acceleration voltage was 200 kV for a resolution of 2.3 A. Images
were acquired with a CDD Gatan 794 camera. The observations
were made in a cross section view. To achieve thickness required for
TEM observations the samples were prepared with a precision ion
polishing system (PIPS 691) according to a standard procedure.
Crystallographic patterns of the metallic parts were derived from
electron microdiffraction. Details on the sample composition were
obtained by Energy-Dispersive X-ray Spectroscopy (EDS) using a
silicon drift detector (Bruker).

Fourier transform infrared (FTIR) spectra were acquired with a
Bruker VERTEX 70 V spectrometer equipped with a Globar lamp,
KBr beam splitter and DLaTGS detector with a CsI window. This
spectrometer is a part of the infrared set up for Spectroscopic Study
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of the Optical Properties of analogues of interstellar grains in the
Infrared and Submillimeter (ESPOIRS), (Demyk et al., 2017). The
analyses were performed under controlled atmosphere (p = 50 Pa
and ambient temperature). Transmittance spectra were recorded in
the range 4,000-400 cm™ with a resolution of 2cm™. The
transmission mode was attainable due to the transparency to
infrared light of the used intrinsic Si-substrates.

Material composition was investigated by X-Ray photoelectron
spectroscopy (XPS) performed with a Thermo Scientific K-Alpha*
equipped with an Al KA source. The pass energy for the survey was
130 eV and for narrow scans 30 eV. The binding energy resolution
was of 0.1 eV. Baselines of the spectra were set using the Shirley
method. Curve fitting was performed with mixing Lorentz and
Gaussian shape in a ratio L/G = 30%.

3 Results and discussion

3.1 Layer-by-layer structured
nanocomposite deposits by plasma-
synthesized nanoparticles

This sub-section focuses on the morphological aspects of the
final deposits. It gives an overview of the general conditions and the
main steps of formation of NPs in reactive plasmas. Furthermore, it
presents nanocomposite deposits structured with two different types
of NPs synthetized in the plasma gas-phase. Detailed descriptions of
the NP parameters and composition are presented in Sections 3.4
and 3.5, according to their type.

The formation of nanoparticles in reactive plasmas is generally
reported for a narrow range of plasma operating conditions: low
injected power in the plasma and threshold (minimum) quantity of
the reactive gas (precursor). It is observed to occur by generations.
For each generation, it follows the same, previously identified, steps
in the plasma: (i) formation of primary clusters after electron
attachment to the precursor fragments, (i) nucleation, (iif)
coagulation and (iv) radical sticking on the surface of already
formed NPs in order to achieve critical size that allows them to
escape the plasma due to gravity and ion drag forces (Watanabe,
2006; Berndt et al., 2009; Dap et al., 2010; Despax et al., 2012; Despax
et al., 2016; Garofano et al., 2019a). In addition, for NP synthesis in
hydrocarbon-containing plasmas the presence of acetylene is
required (Bouchoule and Boufendi, 1993; Berndt et al, 2009;
Kovacevi¢ et al, 2009; Dap et al, 2010; Despax et al, 2012;
Despax et al., 2016; Hasani et al, 2023). Unlike the case of
continuous injection of the precursor into the plasma, where the
formation of a maximum of two generations of NPs is observed, a
pulsed injection of the precursor leads to a long-lasting formation of
successive generations of NPs, as demonstrated in Ar/HMDSO
plasmas (Despax et al., 2012; Despax et al., 2016; Garofano et al.,
2019a). The periodic synthesis of NPs in the plasma continues as
long as the pulsed injection of the precursor is maintained.

Figure 2A shows a SEM image of a deposit obtained in Ar/
HMDSO plasma for a large quantity of HMDSO injected in the
plasma (,, = 3.5 s, D, = 70%, see detailed description of the NPs in
Section 3.4). The image shows a layer-by-layer structured
nanocomposite with NPs as building-blocks. As reported in
previous studies discussing the plasma behavior in presence of
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FIGURE 2

SEM images (A) cross-section view of the deposited layer-by-layer structure composed of synthesized organosilicon building-blocks NPs (image
tilted at 15°), (B) the corresponding time evolution of the normalised intensity of Arl-line at A = 549.6 nm showing the same number of NP synthesis
periods (maxima) as the number of NP layers in the nanostructure in (A); the normalization is with respect to the intensity of the Arl-line before HMDSO
injection, (C) cross-section view of the structure showing AgNPs decorating the organosilicon NPs, (D) plane view of the structure emphasizing the

“raspberry-like” morphology of the NPs.

NPs (Despax et al,, 2012; Garofano et al, 2019a), the NPs are
synthesized after decomposition of HMDSO in the plasma and
subsequent polymerization of its fragments. Once escaping from the
plasma and reaching the substrate, the synthesized NPs, all
belonging to the same generation, arrange in the plane to form a
layer. The top layer of the nanostructure in Figure 2A testifies to the
homogeneity of the NP distribution and the absence of free NP
zones. The number of layers in the nanostructure corresponds to the
number of NP generations synthesized in the plasma. As the plasma
behavior is strongly impacted by the presence and escape of the NPs,
the plasma diagnostic gives information on the different phases of
NP synthesis (Despax et al., 2012; Garofano et al., 2019a; Donders
et al., 2022). Accordingly, the deposition process can be controlled
by a real-time OES monitoring of the plasma emission, as
demonstrated in Figure 2B. In general, the presence of NPs in
the plasma leads to an increase of the intensity of the entire plasma
emission spectrum. Conversely, the escape of NPs induces a decrease
in plasma emission (Despax et al., 2012; Garofano et al.,, 2015;
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Despax et al., 2016; Garofano et al., 2019a). This relation is
demonstrated in Figure 2B by the time evolution of the Arl-line
at A = 549.6 nm. The number of NP-layers (Figure 2A) corresponds
to the number of periods (maxima) in the Arl-line intensity
(Figure 2B). One can notice in the structure a deformation of the
preceding layer (Figure 2A). An evolution toward a prolate spheroid
shape of the nanoparticles in these layers can be suggested.

A reduced quantity of HMDSO injected (t,,, = 1.5 s, D, = 30%, see
detailed description of the NPs in Section 3.5) in the Ar/HMDSO
plasma results in simultaneous polymerization of the HMDSO
fragments and silver sputtering in the plasma (Despax and
Raynaud, 2007). The layer-by-layer nanostructuration of the final
deposit cannot be clearly identified on the SEM image in cross-
section view (Figure 2C) although the deposit results from the
cyclic formation of 6 generations of NPs in the plasma. The total
thickness of the final deposit is 650 nm (Figure 2C). This is a significant
difference compared to the total thickness of the deposit made from
6 generations of organosilicon NPs, which is only 200 nm (Figure 2A).
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In this case, the obtained organosilicon NPs are found to be
decorated with AgNPs (Figures 2C, D). The morphology of the
outcome deposit is not appropriate for a thorough statistical analysis
based on the SEM images. Only general trends can be extracted. Still
the SEM images show a segregation of the organosilicon and metallic
parts, both formed in the plasma. The total size of these core-satellite
structures varies in the 50—150 nm range (Figure 2D). The small
whitish dots represent the AgNPs and are of approximately
10—20 nm in diameter. The AgNPs are visible everywhere in the
cross-section view image of the structure (Figure 2C), from the
bottom to the surface of the deposit, confirming that they decorate
each generation of organosilicon NPs. Morphologically, these NPs
(Figure 2D) appear identical to the so-called “raspberry-like”
metallo-dielectric NPs obtained by wet chemistry synthesis where
negatively charged AgNPs adhere on silica NPs to form core-satellite
NP assemblies (Tang et al., 2010; Chen et al., 2012; Li et al., 2013; Le
Beulze et al, 2017). Other examples of such core-satellite NP
assemblies can be found during synthesis of bimetal NPs by
chemical and physical methods (Lee et al, 2013; Singh et al,
2014) and via production of Ag/C:H:N:O NPs in a gas
aggregation source coupled to an additional DC magnetron
sputtering (Kuzminova et al, 2021). Besides the well-known
functionalities of the final deposits (electrical, optical, toxicity,
etc.), achieved when the metallic NPs are dispersed in a dielectric
matrix or organized in layers embedded in dielectrics, the
nanostructures developed here are surmised to have a high
potential for applications in heterogeneous silver-based catalysis
due to their higher surface area compared to single NPs or core-shell
structures (Ozbek et al., 2011; Lee et al., 2013; Singh et al., 2014; Wen
et al., 2014; Fedorenko et al., 2017; Kuzminova et al., 2021).

To summarize, two types of layer-by-layer structured
nanocomposites can be obtained depending of the type of
synthesized NPs: (i) organosilicon NPs for large quantity of
HMDSO injected and (if) organosilicon NPs decorated with
AgNPs (raspberry-like NPs) when the quantity of HMDSO
injected is reduced. The synthesized NPs represent the building-
blocks for the layer-by-layer nanostructuration of the final deposit.

3.2 Correlation of nanoparticle synthesis
with plasma behavior

To account for the dynamics of the plasma process during NP
formation and establish a link with the characteristics of the
synthesized NPs and the final deposit, knowledge of the plasma
behavior and, in particular, of the plasma electron average energy
(electron temperature, T,) and its time variation is of paramount
importance. The fragmentation of the molecular precursor is mainly
by collisions with electrons (Despax et al., 2016; Garofano et al.,
2019a; 2019b), which means that the chemical species available in
the plasma and all the chemical reactions, and reaction pathways are
mainly determined by the plasma electron temperature. Thus, the
plasma behavior conditions the properties of the NPs and the
nanostructuration of the final deposit.

Here, we recall that in presence of NPs the entire optical
emission spectrum of the plasma is modulated (Despax et al,
2012). The time evolution of the emission lines is characterized
by a double cyclic behavior with a low frequency oscillation of the
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line intensities, related to the period of formation of successive
generations of NPs, and a high frequency oscillation, conditioned by
the pulsed injection of the precursor (Figure 3A). This double cyclic
behavior is found to be characteristic of all plasma parameters
(electron temperature, electron number density, etc.), including
those characterizing the reactive species in the plasma, as
demonstrated and discussed in our previous works (Despax et al.,
2012; Despax et al., 2016; Garofano et al., 2019a).

Figure 3A shows, for each set of plasma operating conditions
reported in Table 1, the time evolution of the intensity of the Arl
line at A = 549.6 nm. The time evolution is directly linked to the
different stages of growth, transport (escape from the plasma) and
deposition of the NPs. When the NPs start growing in the plasma the
line emission intensity increases gradually (Figure 3A), as shown for all
operating conditions. The maximum of the line intensity time variation
is reached when the NPs reach their maximum size for a given set of
plasma operating conditions (Despax et al., 2012; Garofano et al,
2019a). Until this moment, the NPs are localized in the plasma,
trapped by the plasma potential. Then, due to modifications in the
balance of the different forces acting on the NPs, and in particular the
increase in ion drag and gravity forces (Watanabe, 2006; Berndt et al.,
2009), the NPs escape the plasma to be deposited on the substrate. The
minimum of the line intensity marks the end of one generation of NPs
and the initial moment to start the synthesis of a new generation of NPs.

As said before, the electron temperature (T,) is one of the main
parameters characterizing the plasma, and is essential for the
analysis and description of the elementary processes occurring in
the plasma and their dynamical behavior. However, the extraction of
T, requires development and application of a complex collisional-
radiative model (Garofano et al, 2019a). The variations of T,
between the two states: with and without NPs in the plasma have
been derived in our study (Figure 3B). These variations are regular,
though small. For all cases where a large quantity of HMDSO is
injected, the T, values vary in the range from 1.6 to 1.8 eV. Higher
values are reached for an increase in the injected power, T, up to
2.2¢V for the same quantity of HMDSO (S5 compared to S1,
Table 1), and T, up to 2.4 eV for a reduced quantity of HMDSO
(S6 compared to S5). These higher values arise from the higher
absorbed energy by the plasma in the first case and from the need to
maintain the plasma in the second. When the quantity of HMDSO is
reduced (sample S6) the quenching rate of argon metastable levels by
HMDSO fragments is decreased. As a consequence, the ionization of
HMDSO fragments in the plasma is reduced, leading to a decrease in
the number density of electrons. The only way to compensate for
this decrease is by increasing the ionization of the argon component
in the gas mixture. This requires an increase of the electron
temperature, as the ionization energy of argon atoms is twice as
high as that of HMDSO fragments (Garofano et al., 2019a). As for
the line intensities (Figure 3A), the low-frequency variation of T, is
related to the NP formation and the high-frequency one to the
pulsed injection of the precursor.

When the objective is a more technological one, after a detailed
description of the plasma behavior, as performed in this work, the
time variation of the intensity of the Ar lines remains a reliable tool
for online monitoring of the plasma process during NP synthesis
and nanostructured deposition, as shown in Figure 3A. Monitoring
the self-bias voltage is necessary too, because it reflects the plasma
response for the absorbed energy at fixed injected power and
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Time evolution of the Arl-line at A = 549.6 nm in (A) and the corresponding electron temperature in (B) for the operating conditions reported in
Table 1: S1(green, P =10 W, HMDSO pulse: to, =3.5s/T=55,A=1.0V, Fae = 0.28 sccm), S2 (red, P =10 W, HMDSO pulse: 7 s/10 s, 1.0 V, 0.28 sccm), S3
(blue, P =10 W, HMDSO pulse: 3.5s/5's,2.0 V, 0.56 sccm), S4 (black, P = 60 W, HMDSO pulse: 3.5 s/5s,2.0 V, 0.56 sccm), S5 (brown, P = 30 W, HMDSO
pulse: 3.55/55s,1.0 V, 0.28 sccm) and S6 (purple, P = 30 W, HMDSO pulse: 1.5 s/5 5, 1.0 V, 0.12 sccm). The spectral line intensities are normalized to

the corresponding values in pure argon plasma.

pressure. Systematic recording of the two parameters, the plasma
emission line intensity and the self-bias voltage, allows a collection of
reliable data to obtain reproducible results in the NP synthesis
process and the nanostructured deposition.

3.3 Transition in the plasma behavior during
simultaneous plasma polymerization and
sputtering

According to the conditions and behavior of the plasma the
synthesized organosilicon NPs may contain or not an Ag
component although the silver target is permanently present in
the plasma reactor (mechanically and electrically fixed on the
powered electrode). This phenomenon is explained by the
immediate formation of an organosilicon layer which covers the
silver target during the injection of HMDSO. It results from the
fragmentation in the plasma of the injected HMDSO precursor and
the subsequent random deposition of the radicals produced on all
surfaces of the plasma reactor. This includes the electrodes, thus
leading to the so-called “poisoning” of the target in plasma
processing. Poisoning of the silver target is very easily observed
by time-resolved OES, as demonstrated in Figure 4 by tracking a
selected pair of Ar and Ag lines. Since both elements (argon and
silver) have a large number of spectral lines (NIST Atomic Spectra
Database Lines Data, 2024), the selection of a suitable pair of spectral
lines obeys the following standard rules: (i) high sensitivity of the
spectral line to variations in the electron number density and
electron temperature in the plasma, (i) high radiative transition

Frontiers in Nanotechnology

08

probability and (iii) close wavelengths. Accordingly, the spectral
lines selected for the analysis are Agl at A = 546.5 nm and Arl at A =
549.6 nm (Pugliara et al., 2015). Both levels, Agl (4d'°5d’Ds,, in
Paschen’s notation, with energy of E.. = 6.04eV) and Arl
(3s*3p°(°P%,,)6d, in Paschen’s notation, with energy of E.. =
15.32 eV), are originating from high energy levels, close to the
ionization energy levels of Ag (E; = 7.58¢V) and Ar (E; =
15.76 V), respectively. This means that the evolution of these
spectral lines can be considered representative of the variation in
the average energy of the species in the plasma, as demonstrated in
Figure 3 for the electron average energy via the Arl line.

When the pure argon plasma is ignited, in addition to the
different Ar lines, we observe the Agl (A = 546.5nm) line
(Figure 4A), which reflects the presence of silver atoms in the
plasma due to their ejection from the target after bombardment
by energetic argon ions (Ar"). When injecting a relatively large
quantity of HMDSO into the plasma, the Agl line disappears almost
instantly. The drop to zero in the intensity of the Agl-line clearly
confirms the poisoning of the silver target and the absence of Ag-
atoms sputtered in the plasma. Still, the successive generation of
organosilicon NPs is maintained in the plasma, as confirmed in
Figure 4A by the cyclic time variation of the ArlI line (A = 549.6 nm).

Sputtering from the silver target and poisoning of the latter are
two competing phenomena in reactive plasmas. In order to
introduce Ag atoms into the plasma and therefore into the NPs,
it is necessary to favor the sputtering rather than poisoning, while
preserving the cyclic synthesis of the organosilicon NPs which
critically depends on the quantity of HMDSO injected. This
means that we must be able to sputter silver atoms despite
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FIGURE 4
OES-spectra showing the time evolution of the Agl line at A =

546.5 nm and the Arl line at A = 549.6 nm in the case of: (A)
organosilicon NPs (sample S1, P = 10 W, HMDSO pulse: to = 3.5 s/T =
5s,A=10V, Fae = 0.28 sccm), (B) NPs with evolving

composition for two successive generations (sample S5, P = 30 W,
HMDSO pulse: 3.55/55s, 1.0V, 0.28 sccm) and (C) Metallo-
organosilicon NPs (sample S6, P = 30 W, HMDSO pulse: 1.5s/5s,
1.0V, 0.12 sccm). The intensities of the spectral lines are normalised to
their corresponding values in a pure argon plasma. The recording is set
to 20 s before the start of HMDSO injection into the plasma.

poisoning of the target. There are different ways to achieve this goal.
One consists in increasing the power injected into the plasma. This
leads to an increase, in modulus, of the self-bias voltage on the

powered electrode (silver target), as reported in Table 1
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(S5 compared to S1). The higher the self-bias voltage (V4.), the
higher the energy of argon ions in the plasma, which increases the
efficiency of the sputtering process. The result of applying of this
approach is illustrated in Figure 4B. While the cyclic generation of
NPs is preserved, as demonstrated by the cyclic variation of the Arl-
line, the intensity of the Agl line remains visible during the synthesis
of the first 3 or 4 generations only. Obviously, this is not sufficient to
maintain the Ag-component in the plasma. Poisoning of the silver
target prevails over silver sputtering.

A better control of silver sputtering during cyclic NP generation
can be achieved when the increase of the injected power is
complemented by a decrease of the quantity of HMDSO, for
example via the HMDSO pulse duty cycle, to a value that allows
partial poisoning of the silver target (Figure 4C, sample S6 in
Table 1). It is worth noting that the balance between the two
processes: (i) constant quantity of Ag atoms released and (ii)
cyclic generation of NPs, is difficult to achieve when aiming to
preserve the generation of NPs, since both ways of acting on these
processes, via reducing the quantity of HMDSO injected and via
increasing the injected power, lead to the loss of NP generation in
the plasma.

Monitoring the Agl line provides additional information on the NP
synthesis, in particular the Ag-component because it is characteristic of
the energy of Ag atoms (Figure 4C). The time evolution of the Agl and
ArT lines is cyclic as in the synthesis of NPs without an Ag-component,
but unlike the argon line, the silver line does not follow a sinusoidal
behavior. After a slight decrease in the intensity of the two lines (Agl
and Arl) following the injection of HMDSO into the plasma, the Agl-
line begins to increase approximately 30 s earlier than the ArI line, in
agreement with the increase of the electron temperature in the plasma
(Figure 3). This is due to the lower energy required for excitation of the
Agl level (5d, E.y. = 6.04 €V) compared to the Arl energy level (6d,
Eexc = 15.32 V). The increase in the Agl line is steep and rather linear
up to a sharp maximum. This is the time of synthesis of AgNPs in the
plasma simultaneously with the organosilicon NPs. For each cycle, the
intensity of the Agl line reaches its maximum 50 s earlier that the ArI
line. After the maximum, the intensity of the Agl line decreases
exponentially until reaching a plateau. The intensity of the Arl line
decreases following a sinusoidal evolution, although looking closely on
its behavior one can see that the ArI line intensity also presents a small
asymmetry after its maximum, at the same moment as the Agl line
reaches the plateau. The plateau in the Agl line intensity suggests an
additional source of release of Ag atoms into the plasma compared to
the silver sputtering from the target since the electron temperature is
decreasing at that time (Figure 3). This additional source could be either
the AgNPs or the dissociation of Ag,, clusters and complexes of Ag with
hydrocarbons whose presence has been demonstrated in our earlier
study (Bérard et al., 2021). The coinciding plateau in the intensity of the
Agl line and the bump in the intensity of the Arl line can be associated
with the moment when the AgNPs attach to the organosilicon NPs to
form the core-satellite assemblies (raspberry-like NPs). This hypothesis
is partially supported by the demonstration of hybrid growth of core-
satellite Si-Ag NPs via molecular dynamics modeling, made by Singh
etal. (2014). This work shows that, starting from a supersaturated vapor
of Si and Ag, both elements cluster independently. The temperature of
the formed clusters is found to govern the coalescence and interaction of
the clusters and their possible mixing. Collisions between unlike species
(Ag and Si) are unstable in the early stages of growth due to a large
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difference in their temperatures. Only when the temperatures of the two
types of clusters are similar they can form stable hybrid structures. Such
scenario most likely applies to our case but in addition to the Si
implication the analysis should involve other elements and radicals
obtained from the precursor fragmentation in the plasma, since they
could play significant parts in the NP synthesis. After the formation of
the raspberry-like NPs, the two lines of Agl and Arl decay
simultaneously, reflecting the escape of the NPs from the plasma.
The minimum of their intensity marks the beginning of the
synthesis of a new generation of NPs.

3.4 Synthesis of the building-block
organosilicon nanoparticles: HMDSO
injection conditions, morphology,
composition and elemental analyses of the
nanoparticles

As demonstrated in Figure 2B, the number of periods in the time
evolution of the Arl line intensity corresponds to the number of NP
generations. Accordingly, the synthesis of NP generations and the
collection of samples can be controlled by OES. The morphology
analysis of collected NPs (Figure 5) is performed on deposits
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consisting of 6 layers (6 cycles/generations of NPs). As for the
plasma behavior discussed in the previous section, the HMDSO
quantity determines the size and morphology of the NPs
independently from the power sustaining the plasma (Table 1).
For all plasma conditions studied, the synthesized organosilicon NPs
have an average size (diameter) less than 100 nm. They are found
either in the form of single NPs or twins (Figures 5A-C). The
synthesized NPs organize themselves in the plane to form a
continuous layer. For each deposited layer, the building-block
NPs belong to the same generation. The next layer is built by the
next generation of NPs.

The NP synthesis period also depends on the pulsed injection of the
precursor (Table 1). The results obtained here on the NP synthesis
period are in reasonable agreement with results reported by other
research groups (Donders et al., 2022). One can notice that doubling
both the HMDSO injection time and the pulse period, i.e., keeping the
same duty cycle and amplitude of the HMDSO pulse (S2 compared to
S1in Table I and in Figure 3), results in the same period of synthesis of
two successive generations of nanoparticles (Typ). Thus, varying the
pulse injection period has no effect on the NP synthesis pathway if the
duty cycle and the quantity of HMDSO remain constant. Besides, it
results in the formation of NPs of the same average size (diameter) of
56 + 12 nm (Figures 5A, B).
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By doubling the quantity of HMDSO injected (S3 compared to
S1in Table 1) the average diameter of the synthesized NPs increases
to 73 + 12 nm, which means that the NP volume is doubled. The
latter increases from approximately 90,000 nm® for S1 and S2
(Figures 5D, E) to approximately 180,000 nm® for S3 (Figure 5F).
The observed volume conservation can be attributed to a
conservation of the mass of the NPs, which is strongly linked to
the mechanism of their escape from the plasma, either by gravity or
by ion drag forces, pushing the NPs to overcome the plasma
potential that retains them in the plasma (Watanabe, 2006;
Berndt et al., 2009; Dap et al., 2010; Despax et al.,, 2012; Despax
et al,, 2016; Garofano et al., 2019a). The statistics shown in Figures
5D-F are performed on more than 200 NPs per sample. The
dispersion in size is relatively small, defined by the forces acting
on the NPs during their escape from the plasma.

On the other hand, doubling the quantity of HMDSO injected
leads to a reduction by a factor of 2 of the NP synthesis period. This
finding confirms the strong correlation between the plasma
energetic conditions and the material morphology, and that the
NPs are synthesized in the plasma gas-phase. Even though the
plasma parameters do not change (the T, is the same for the two
cases (Figure 3) and the self-bias voltages are very close (Table 1)),
the injection of a larger quantity of HMDSO speeds up the synthesis
of NPs. This means that the injected HMDSO undergoes very
efficient fragmentation, despite its increased quantity, leading to
an increase in the number density of available radical species. For
similar energy conditions in the plasma, the fragmentation rate of
the injected HMDSO precursor has been found 95% (Despax et al.,
2016; Garofano et al, 2019b). The high abundance of radicals
increases the rates of chemical reactions in the plasma, in
particular those essential to initiate the formation of NPs, and
hastens the NP growth. Additional studies would be necessary to
determine whether the conversion rate of HMDSO and its fragments
is the same for the different plasma operating conditions.

A moderate (S5 compared to S1) or significant (S4 compared to
S3) increase of the injected power for the same duty cycle and
amplitude of the HMDSO pulse does not modify the period of NP
synthesis. This correlated well with the size of the NPs synthesized.
Increasing the power to sustain the plasma up to 30 W results in the
same average size of the organosilicon NPs synthesized, 55 + 12 nm
(S5 compared to S1 in Table 1). Further increase of the power does
not result in an increase in NP size unless the injected quantity of
HMDSO is increased. These observations confirm the possibility to
control the morphology of the deposits by adjusting the HMDSO
injection in the plasma. For all studied conditions with large
quantity of HMDSO, the size distribution of the NPs follows
Gaussian law. Moreover, the size dispersion remains the same
(S1—S5, Table 1). Finally, it is important to notice that the
analysis of the size and size dispersion of the organosilicon NPs
synthesized, which is based on the SEM images of the deposits
(Figure 5), has the same repeatability as the analysis performed by
OES on the glow emission from the plasma (Figure 3).

After escaping from the plasma and encountering the surface,
the NPs are stable in the structure. No further growth of the NPs by
surface-growth mechanisms, such as, for example Ostwald ripening,
is observed. This is confirmed by the Gaussian size distribution
(Figures 5D-F) where no tendency towards an inverse log-normal
distribution, characteristic for time evolution of the nanoparticle
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FIGURE 6

Fourier transform infrared spectra (ESPOIRS setup, Demyk et al.,
2017) of samples S1 (green, P = 10 W, pulse: 3.5s/5s, 0.28 sccm
HMDSO), S2 (red, P =10 W, pulse: 7 s/10 s, 0.28 sccm HMDSO) and S3
(blue, P =10 W, pulse: 3.5 s/5 s, 0.56 sccm HMDSO). The spectra
have been shifted for clarity.

size, is found (Pugliara et al., 2016). In addition, the doubling of the
volume of the NPs synthesized found by doubling the quantity of
HMDSO injected into the plasma supports the hypothesis of NP
growth in the plasma gas-phase and not on the surface of the
substrate. During deposition on the substrate (for the first
generation of NPs) or on a previous layer (for subsequent
generations of NPs), the NPs are connected to each other by
radicals, issued from the HMDSO fragmentation. Free radicals in
the plasma, not involved in the NP growth by radical sticking, are
deposited on the surface continuously during the plasma process.
When the synthesized NPs escape the plasma and reach the surface
they form the layer in presence of these radicals, which allows them
to stick to each other.

The composition of organosilicon thin films deposited on a
substrate is well documented in the literature (Benitez et al., 2000;
Despax and Raynaud, 2007; Blanchard et al., 2015a; Makasheva
et al.,, 2016; Milliere et al., 2016). As a difference here, the NPs are
synthesized in the plasma gas-phase and alterations in their
composition related to their nucleation and growth could be
expected. The analysis of the composition of resulting deposits is
performed here by FTIR and XPS spectroscopies.

The infrared spectra of the NPs synthesized are presented in
Figure 6 and the band assignments are summarized in Table 2. The
results are consistent with those reported in the literature for plasma
gas-phase HMDSO and its fragments and for organosilicon thin
films obtained after plasma polymerization of HMDSO (Benitez
et al., 2000; Raynaud et al, 2005; Despax and Raynaud, 2007;
Blanchard et al., 2015a; Makasheva et al., 2016). They confirm
that the synthesized building-block NPs are organosilicon in
nature when the injected quantity of HMDSO is large (samples
S1—S5 in Table 1). The peak at 1,024 cm™ is associated with the
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TABLE 2 Infrared band assignment (in cm™) of the organosilicon nanoparticles (samples S1 - S3).

Band assignment S1 S2 S3 Ref.

-CH; asymmetric stretching 2,960 = 2,960 | 2,960 | Benitez et al. (2000), Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva
et al. (2016)

-CH; symmetric stretching 2,904 | 2,904 | 2,907 | Benitez et al. (2000), Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva
et al. (2016)

-CH, symmetric stretching 2,874 | 2,874 | 2,872 | Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva et al. (2016)

-Si-H 2,133 | 2,133 | 2,132 | Benitez et al. (2000), Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva
et al. (2016)

-C=0 stretching 1711 | 1714 | 1713 | Despax and Raynaud (2007), Makasheva et al. (2016)

-Si-CH,-CH,-Si- scissoring 1,459 1,458 | 1,461 | Lazauskas et al. (2014)

-Si-CHj; asymmetric bending 1,407 | 1,408 | 1,405 | Benitez et al. (2000), Despax and Raynaud (2007), Makasheva et al. (2016)

-CH, scissor vibration in -Si-CH,-Si-symmetric bending 1,358 | 1,358 | 1,358 | Benitez et al. (2000), Despax and Raynaud (2007), Makasheva et al. (2016)

-Si-CH; symmetric bending 1,259 | 1,258 | 1,258 | Benitez et al. (2000), Despax and Raynaud (2007), Makasheva et al. (2016)

-Si-O-Si- asymmetric stretching or -Si-(CH,),-Si- wagging 1,022 | 1,024 | 1,031 | Benitez et al. (2000), Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva
et al. (2016)

-Si-O-Si- symmetric stretching, -Si-O-C- scissoring or Si-CH, = 835 838 839 | Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva et al. (2016)

rocking

Si-C, in Si-(CH3)3 797 798 796 Benitez et al. (2000), Raynaud et al. (2005), Despax and Raynaud (2007), Makasheva
et al. (2016)

asymmetric stretching of Si-O-Si vibration. It can also be assigned to
the Si-(CH,),-Si wagging mode (with n = 1 or 2). The peak at
838 cm™' can be assigned to several vibrations, the Si-O-Si
symmetric stretching, the Si-O-C scissoring and the C-H rocking
mode. The large width of this peak confirms its mixed nature.
Carbon groups are present in the NPs mainly as methyl groups
peaking at 2,960 and 2,904 cm ™' and methyl groups in the -Si-CH;
environment at 1,258 cm™' and at 798 cm™'. These bands are
consistent with the use of HMDSO monomer as a precursor in
plasma-enhanced oligomerization processes. Other bands indicate a
strong decomposition of the molecular precursor in the plasma,
obtained mainly through collisions with electrons. This is the case of
the band at 2,133 cm™', characteristic of Si-H groups. In addition,
there is a weak band from -CH,- vibrations at 2,874 cm™,
1,458 cm™ and 1,358 cm™', which can be linked to hydrocarbon
binding inside the deposit. As the FTIR analysis has been performed
in a controlled, low-pressure environment, the recorded spectra do
not contain a signal from atmospheric water. The very weak and
large massif observed around 3,500 cm™ can be assigned to the
hydroxyl in Si-OH groups. The shoulder at 880—925cm™ is
another evidence of these groups. Si-OH groups are usually
found as termination of polymeric organosilicon materials. To
summarize, the observed infrared peaks are not considerably
different than the spectra of organosilicon thin films, found in
the literature (Benitez et al., 2000; Raynaud et al., 2005; Despax
and Raynaud, 2007; Blanchard et al., 2015a; Makasheva et al., 2016)
and we can conclude that the synthesized NPs are of
organosilicon nature.

On the basis of the results obtained for the plasma synthesized NPs
and considering analyses reported in the literature on organosilicon thin
films, we can suggest involvement of two main mechanisms in the
oligomerization of HMDSO-fragments leading to the growth of
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organosilicon NPs in the plasma. The first mechanism consists of
—(Si-O,)- oligomerization leading to polydimethylsiloxane (PDMS)-
like structure (Alexander et al., 1997a; Alexander et al., 1997b). The
second one implies the structuring role of -Si-(CH,),-Si- (n = 1,2) in
the oligomerization cross linking (Wrobel et al, 1990; Benitez
et al,, 2000s).

The elemental analysis of the outcome deposits provides
additional information on the silicon and carbon environment of
the building-block NPs. Results from XPS-measurements are shown
in Figure 7 and summarized in Table 3. According to the survey
spectrum (Figure 7A), the elements present in the NPs are carbon,
silicon and oxygen. The elemental composition is given in Table 3.
Since XPS is not sensitive to hydrogen, this element cannot be
detected, but as shown by the FTIR analysis, hydrogen participates
in the elemental composition of the NPs. After synthesis, the
samples have been stored and transported for elemental analysis
under an argon atmosphere to limit their contamination from
exposure to air. The values obtained for the carbon and oxygen
contents are very close to those reported in the literature for
organosilicon deposits on a surface (Alexander et al, 1997b;
Saulou et al., 2012). The main component is carbon (58%). Such
in the
approximately to the composition of the HMDSO monomer
without two carbon atoms, i.e., HMDSO-C,H,. The loss of a
methyl group is a common fragmentation pathway for the
HMDSO molecule (Alexander et al.,, 1997b; Basner et al., 1998;
Despax and Raynaud, 2007). The loss of more than one methyl

quantity of carbon NP composition corresponds

group promotes the oligomerization process of the HMDSO
fragments in the plasma. The obtained Si (24.8%) and O (17.2%)
contents are close in ratio to a composition based on HMDSO-C,H,.
All these observations suggest a polymeric structure of the
NPs PDMS-like scheme:

following a oligomerization
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XPS survey (A) and high resolution Cl1s (B), O1s (C) and Si2p (D) spectra of sample S2.

—(Si(CH3),-0-(CHj3),Si-0),,—, where each Si-atom is oxygenated
twice. However, according to the obtained atomic percentages, we
find 1.5 oxygenated bonds per Si-atom. This trend can be explained
by a more severe fragmentation of HMDSO and of its fragments in
the plasma, leading to the replacement of part of the Si-O-Si bridges
in the suggested PDMS structure by Si-C-Si or Si-Si bonds. This
implies that the organosilicon NPs are highly cross-linked, as
expected for plasma-mediated PDMS-like polymer structures.
The high-resolution XPS spectra of the Cls, Ols and Si2p
peaks are presented in Figures 7B-D, respectively. The Cls peak is
positioned at 284.4 eV as proposed by Alexander et al., (Alexander
et al., 1996; Alexander et al., 1999). The calibration procedure for
the core-level spectra is based on two assumptions: (i) the sample
contamination is low and (ii) the C-atoms in the PDMS-like
structure are mainly connected to Si-atoms. Such a consideration
does not take into account possible C-C bonds formed in the
plasma or resulting from contamination. Deconvolution of the
Cls peak (Figure 7B) shows that the C-atoms are mainly
connected to Si-atoms (Table 3, content per state column),
having fractions of C-C and C-O bonds and most likely a
contribution from C-H bonds. The obtained proportion in the
different C-bonds suggests a very low carbon contamination. The
O1ls peak (Figure 7C) is found at 532.6 eV, which is quite close to
the Ols peak position reported by Alexander et al., (532.4 V)
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(Alexander et al., 1996). The silicon environment has been studied
after deconvolution of the Si2p peak (Figure 7D) by using the
energy values for the oxidation states of Si as proposed by
Alexander et al. (1999). Typically, the binding energy of the
transition Si’ < Si*', i.e., Si-(Sis,O,), where n = 0, 1, 2, 3, is
between 99.3 ¢V and 104.3 eV with a shift of 1 eV per silicon-
oxygen bond (Bell and Ley, 1988). In our analysis, the energy
shifts for each oxidized state differs by exactly 1 eV due to the
presence of C- and H- bonds in the Si-environment. The
deconvolution of the Si2p core-level spectrum clearly shows
the presence of the three intermediate components, excluding
the two extremes: amorphous silicon (Si-Siy) and silica (Si-Oy).
The R;-Si(-O); and R,-Si(-O), bonding environments are the
main components of the organosilicon NPs. Such a composition
confirms the FTIR observations and is consistent with the
proposed oligomerization mechanisms. The XPS analysis leads
to the conclusion that the R,-Si(-O), silicon bond tends toward
the formation of a PDMS-like structure of the organosilicon NPs
in a R3-Si(-O); silicon chemical environment, mainly containing
bridges of the Si-(CH,)-Si type, with the latter being involved in
the cross-linking. Such structure is characteristic of plasma-
mediated organosilicon thin layers but this is the first
demonstration for organosilicon NPs synthesized in the plasma
gas-phase.
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TABLE 3 Elemental composition of the organosilicon nanoparticles as obtained from XPS analysis (sample S2).

Energy of the peak (V) FWHM (eV) Content per state (at.%) Content per element (at.%)
Carbon Cls C-Si 284.4 1.6 444 58.0
Cls C-C 285.1 13 10.7
Cls C-O 286.0 17 29
Oxygen Ols 5326 1.8 17.2 17.2
Silicon Si2p Si-Si 99.3 1.3 0 24.8
Si2p Si-O1 101.4 17 110
Si2p Si-02 101.9 1.8 11.1
Si2p $i-03 102.7 1.8 2.7
Si2p Si-O4 103.3 18 0

3.5 Decoration of the organosilicon
nanoparticles by silver nanoparticles:
raspberry-like nanoparticles

For a small quantity of HMDSO injected in the plasma the NPs
are formed in the presence of Ag. The significant reduction of the
HMDSO injection time, and therefore of the duty cycle and the
quantity of HMDSO (S6 compared to S5), leads to a strong increase
in the NP synthesis period, Tnp. Remarkably, the period of NP
synthesis is not inversely proportional to the quantity of HMDSO
injected in the plasma, as for the previous cases of a large quantity of
HMDSO. The nonlinear trend here is due to additional mechanisms
that become important in plasma maintenance (increase in T, based
on enhanced ionization of argon compared to the strong ionization
channel through HMDSO fragments for larger quantities of the
precursor) and in NP formation and composition (silver sputtering
becomes available in addition to the polymerization of the HMDSO
fragments). Instead of the expected 300 s, the period recorded for
NP synthesis in the presence of Ag atoms in the plasma is found
250 s (Figure 4C). Incorporation of silver into the NPs leads to a
more rapid increase in their mass and thus accelerating their escape
from the plasma gas-phase under the effect of gravity. However,
validation of this hypothesis some additional
considerations. We will get back to this specific point later in our

requires

discussion. For duty cycles lower than 30%, a periodic synthesis of
NPs is not observed for the plasma operating conditions
explored here.

The organosilicon NPs synthesized with a reduced quantity of
HMDSO are decorated by AgNPs and present a “raspberry-like”
morphology, as clearly emphasized in the SEM plane-view image of
the second nanocomposite deposit, discussed in Section 3.1 (Figures
2C,D). To gain insight into the structural properties of the plasma-
synthesized raspberry-like NPs (S6 in Table 1), a TEM study was
performed (Figure 8). Figure 8A presents a bright field TEM image
of the nanocomposite deposit in cross-section view. The image
confirms the distribution of the AgNPs in the entire sample, as
seen in the SEM cross-section view image of the same sample
(Figure 2C). The AgNPs are round in shape and their average
size is 14.3 + 4.9 nm. Their size distribution is Gaussian (Figure 8B),
which further confirms nucleation and growth in the plasma gas-
phase rather than on the surface; the same as for the organosilicon
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NPs alone. The AgNPs are polycrystalline, as shown in the high-
resolution image (inset of Figure 8A) and some of them exhibit
complex structuring (twined or high-order mixing). The electron
microdiffraction pattern shown in Figure 8C confirms the metallic
nature of the AgNPs. Further probing of the sample by EDS
confirms the Ag nature of these NPs (Figure 8E) and the SiOC:H
composition of the environment (Figure 8F). Given the high number
of hydrogen atoms present in the HMDSO precursor, there is no
doubt that hydrogen is part of the composition, but the insensitivity
of EDS to this element prevents identification. Molecular analysis of
samples synthesized under similar plasma conditions confirmed the
large number of hydrogen-containing chemical complexes (Bérard
et al., 2021).

As suggested by the EDS analysis, the elemental composition of
the raspberry-like NPs is similar to that of the organosilicon NPs,
and complemented by the Ag component. Although their relative
abundances may vary slightly, reflecting the heterogeneity of the
NPs produced, the FTIR spectra of the AgNPs decorating
organosilicon NPs (Figure 9A) are analogous to those of
organosilicon NPs alone (Figure 6; Table 2), except for two
additional spectral bands: (i) a shoulder, peaking at 965cm™
which can be attributed to the Si-O-Ag stretching vibration and
(i) the presence of silver carbonate (Ag,COj3). The assignment of the
Si-O-Ag bridge is still a recurring question in the literature (Gac
etal,, 2007; Racles et al., 2013). It is made following observations on
other Si-O-Me (Me = metal) bridges in silica materials, such as Si-O-
Ti (Corma et al.,, 1994) or Si-O-Mn (Wang et al., 1998). On the other
hand, the infrared spectrum of amorphous AgSiO (Cao et al., 2017)
shows a broad band at 987 cm™, also observed in AgeSi,O; (Qin
et al,, 2019), which is close to the band observed in the FTIR
spectrum of sample S6. The shoulder at 965 cm™ is blended with
the bands of the asymmetric stretching mode of the Si-O-Si band
and the Si-CH,y<2)-Si wagging mode at around 1,020 cm ™. There is
no evidence for the presence of silver oxides in the NP infrared
spectrum. The characteristic bands of Ag,O and AgO at 460 cm™
and 530 cm™', respectively, are not detected. This is not surprising
for the synthesis of NPs by reactive plasmas, given the thermal
instability of these oxides and their complete calcination for gas
temperatures higher than 673 K (Waterhouse et al,, 2001). Gas
temperatures of the type are consistent with the gas temperatures
typical of capacitively-coupled reactive plasmas, such as the plasma
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FIGURE 8
(A) Cross-section TEM image in bright field of sample S6 (P = 30 W, HMDSO pulse: 1.5 s/5 s, 1.0 V, 0.12 sccm), inset: High-resolution TEM image
showing the AgNPs, (B) Experimental histogram with bin size of 5 nm and the resulting Gaussian distribution, and (C) Electron microdiffraction
pattern confirming the metallic nature of the AgNPs. The red circle in (A) shows the area used to extract the microdiffraction pattern; (D) The same
image as in (A) but with higher resolution, (E) EDS probing on the AgNPs and (F) EDS probing on the organosilicon part of the raspberry-like NPs.

process used in this study. The intense band observed at 1,395 cm™

on the spectrum, with a shoulder at 1,340 cm™ is assigned to the
asymmetric stretching of CO; in the Ag,CO; environment. The
band clearly observed at 655 cm™ is in fact its rocking mode. This is
consistent with the spectrum of Ag,CO; thin films (Slager
et al.,, 1972).

The survey and high-resolution XPS spectra of the raspberry-
like NPs are presented in Figures 9B-F and the data are summarized
in Table 4. The same calibration and deconvolution parameters as
for the organosilicon NPs alone are applied (Section 3.5). The
spectral lines in the survey spectrum (Figure 9B) indicate the
presence of Ag, Si, O and C elements, ie., similar to those of
organosilicon NPs only but supplemented by Ag. No significant
features corresponding to other elements are observed.

The high-resolution spectra of Cls (Figure 9C), Ols (not shown
here) and Si2p (Figure 9D) show similar patterns as those for the
organosilicon NPs only, however with higher abundance of oxygen at
the cost of silicon. A small asymmetry, due to C=O binding is
observable in the Cls spectrum. The presence of C=O bonds can be
linked to the high capacity of silver to fix impurities. The oxygen band
(O1s) is found at 532.2 eV (Table 4), which is consistent with Si-O-Si
structure (Alexander et al., 1996). No particular trends are observed on
the high-resolution spectra of silicon (Si2p). The main components are
R5-Si(-0); and R,-Si(-O), bond environments. The same conclusion
can be made on the structure of the organosilicon part of the raspberry-
like NPs, as for the organosilicon NPs alone: namely that in presence of
silver in the plasma the NPs are composed of organosilicon oligomers.

Figure 9E shows the high-resolution scan of the Ag3d doublet. The
doublet splitting is 6.0eV and the relative intensity of the two
components is 0.7, in good agreement with the ratio of their
respective degeneracies. The binding energy for the Ag3ds, signal at
368.2 eV and the narrow FMWH of the peak of only 0.9 (Figure 9E;
Table 4), as obtained here, are comparable to their values for metallic
silver (Kaspar et al., 2010; Benzo et al., 2011; Ferraria et al., 2012). No
positive shift of the Ag3d band related to the oxidized phases of silver,
AgO and Ag,O, or to the size of the AgNPs, which is supposed to
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significantly increase with decreasing the particle size, is detected
(Lopez-Salido et al., 2006; Benzo et al., 2011).

The analysis of the Auger emission band (Figure 9F) is performed
here using the modified Auger parameter, a4, which does not depend
on the calibration, as it simply reflects the difference between the Auger
bands and those from photoelectrons (Wagner and Joshi, 1988). The
modified Auger parameter corresponds to the sum of the binding
energy of the Ag3ds, band and the kinetic energy of the Auger
AgMNN electrons (Figures 9E,F). The modified Auger parameter of
the Ag3ds), band is found of 719.4 eV and 725.3 eV for the two main
Auger bands at 351.3 eV and 358.1 eV, respectively. These values are
smaller than those of pure metallic silver (720.5 eV and 726.6 eV) but
higher than those of its oxidized form AgO (7184 eV and 7244 eV).
Nevertheless, the shape of the AQMNN Auger bands is closer to that
observed for metallic Ag-structure. The presence of Si-O-Ag bridges, as
observed in the FTIR spectrum, can be the cause of the observed shift of
the modified Auger parameter. Considering all these findings from the
XPS study, we can conclude that the silver part, present in the NPs, is
predominantly in pure (non-oxidized) metallic form, but that it
interacts at molecular level to create junction sites at the interface
between the silver and the organosilicon parts of the raspberry-like NPs.
These results are consistent with the results from TEM and FTIR
analyses discussed earlier.

Analysis of the morphology and composition of the organosilicon
NPs decorated with AgNPs brings the necessary information to validate
the hypothesis put forward in relation to the observed shorter than
expected NP generation period (Table 1). We have in fact assumed that
the mass of the raspberry-like NPs is greater due to the incorporation of
silver, which accelerates the escape of NPs from the plasma gas-phase
under the effect of gravity. An approximate calculation can be used to
check the plausibility of this hypothesis. Silver is about 10 times denser
(10.5 gcm™) than PDMS (~1 g.cm™ in liquid form at 20°C) (Bates,
1949). If we consider that organosilicon NPs of a typical size of 56 nm,
as obtained in this work (Table 1), escape from the plasma solely by
gravity, for NPs of pure silver of equivalent mass, the size required
would be of the order of 25 nm. The difference between this required
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(A) FTIR spectrum of sample S6. Only the additional band related to Ag are shown in the figure. The band related to the organosilicon part are the
same as in Figure 6. (B) Survey XPS spectrum of sample S6. High-resolution (C) Cls, (D) Si2p, (E) Ag3d, and (F) Ag Auger MMN spectra of sample S6.

size of AgNPs to escape from the plasma and the measured average size
of the AgNPs of 14.3 nm is sufficiently large and allows to surmise that
the AgNPs are associated with the organosilicon NPs. By considering
the mass balance, we can determine that raspberry-like NPs have a mass
ratio of 0.8/0.2 between the organosilicon and the silver parts in the case
of the inclusion of a single AgNP of 14 nm of size. For the inclusion of
two AgNPs of this size, the mass ratio changes to 0.6/0.4, and so on. The
above estimate rests on the gravity force only. But according to it, very
small NPs, even dense ones, will endlessly remain trapped in the plasma

Frontiers in Nanotechnology

16

potential. Another force that acts on the NPs in the plasma is the ion
drag force, which is quadratic to the size of NPs, and pushes them to
escape from the plasma (Berndt et al,, 2009). This means that decorating
the organosilicon NPs by AgNPs helps them to escape from the plasma
earlier. In view of these estimates based on the forces applied to the NPs
in the plasma, we can conclude that the AgNPs decorate the
organosilicon NPs to form the raspberry-like NPs in the plasma
gas-phase and not on the surface after deposition. This reveals a
very interesting phenomenon of simultaneous growth in the plasma
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TABLE 4 Elemental composition of the organosilicon NPs decorated with AgNPs, as obtained from XPS analysis (sample S6).

Bond  Energy of the peak (€V) FWHM (eV) Content per state (at.%) Content per element (at.%)
Carbon Cls C-Si 284.4 1.7 47.1 549
Cls C-C 285.0 14 46
Cls C-0 286.4 19 24
Cls C=0 288.1 17 08
Oxygen ols 532.2 18 19.8 19.8
Silicon Si2p Si-Si 99.6 19 0 17.9
Si2p Si-O1 101.4 19 9.1
Si2p $i-02 101.9 20 8.7
Si2p $i-03 102.7 20 0.1
Si2p Si-04 1033 20 0
Silver Ag3ds), 368.2 0.9 7.4 74

of the Ag- and the SiOC:H-parts without mixing, pointing out to the
same steps, as described for Ag-Si core-satellite NPs. As demonstrated
before Ag could be involved in the formation of small organometallic
species that act as nucleation seeds for the formation of NPs (Bérard
etal,, 2021). However, the SEM images (Figures 2C, D) suggest different
morphologies for the Ag-containing NPs compared to the
organosilicon-only NPs (Figure 4).

4 Conclusion

We have demonstrated in this work that different layer-by-layer
structured nanocomposites can be obtained in a plasma process that
combines plasma polymerization of an organosilicon precursor and
sputtering of a metallic (silver) target, depending on the type of
synthesized NPs: (i) organosilicon NPs for a large quantity of
HMDSO and (i) organosilicon NPs decorated with AgNPs
(raspberry-like NPs) when the injected quantity of HMDSO is
reduced. The final nanostructured deposits obtained in this work
differ from plasma-based nanocomposites obtained in hybrid
PECVD/PVD processes for the formation of NPs in the plasma
gas-phase and the more complex nanostructuration. We go beyond
the conventional plasma processes and achieve layer-by-layer
structuring of the final deposits by taking the advantage of cyclic
NP formation in Ar/HMDSO reactive plasmas with pulsed injection
of the precursor. The synthesized NPs represent the building-blocks
for the layer-by-layer nanostructuration of the final deposit. For all
plasma conditions studied, the synthesized organosilicon NPs have
an average size (diameter) less than 100 nm. Doubling the quantity
of HMDSO injected in the plasma leads to doubling the volume of
the synthesized NPs which affirms mass conservation. Each layer in
the deposit is formed by NPs belonging to the same generation.

The main diagnostic tool, applied to control the layer-by-layer
structuring of the final nanocomposite deposit, is real-time
monitoring of the plasma emission using time-resolved OES. It is
found that the number of periods (maxima) of the ArI-line intensity
corresponds to the number of synthesized NP generations, and thus
to the number of layers in the nanocomposite structure. In addition,
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monitoring of the self-bias voltage is required, as the latter reflects
the plasma response for the maximum energy, absorbed by the
plasma, at fixed injected power and pressure. The tight correlation
between the plasma electron temperature and its time variation, and
the NP synthesis process is demonstrated by a thorough analysis of
the plasma behavior for the different plasma operating conditions.
The average electron temperature is found to increase from 1.6 to
2.2 eV when the injected quantity of HMDSO in the plasma is
decreased to levels allowing silver sputtering from the target. It is
also shown that the plasma energetic conditions actually determine
the properties and structuration of the final nanocomposite deposit.

The growth of NPs in the plasma is consistent with the mechanisms
of oligomerization of the HMDSO fragments after decomposition of the
precursor in the plasma, mainly through impacts with electrons. The
structural analysis of the synthesized NPs for a large quantity of
HMDSO leads to the conclusion that NP growth follows a
polydimethylsiloxane (PDMS)-like oligomerization scheme in which
the R,-Si(-O), silicon bond tends towards the formation of polymeric
structure in a R;3-Si(-O); silicon chemical environment and containing
bridges of the Si-(CH,)-Si type, involved in the cross-linking. Such
polymeric structure is characteristic of plasma-mediated organosilicon
thin layers but this work is the first demonstration for organosilicon
NPs synthesized in the plasma gas-phase.

A reduced quantity of the HMDSO injected into the plasma
results in simultaneous polymerization of the HMDSO fragments
and silver sputtering. The organosilicon NPs synthesized are
decorated with AgNPs in this case. Morphologically, these NPs
appear identical to raspberry-like NPs. We observe a very clear
separation of the organosilicon and the metallic parts of the NPs,
although both growth processes occur simultaneously in the plasma.
A very important finding of this work is that the AgNPs decorate the
organosilicon NPs to form the raspberry-like NPs in the plasma gas-
phase, before their escape and deposition to create the layer of NPs
in the layer-by-layer nanostructured deposit.

This study represents significant progress towards achieving
complex structuring of nanocomposite deposits with different
building-block nanoparticles. It improves our understanding of
NP growth kinetics in the plasma gas-phase in relation to the
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plasma energetic conditions and provides a powerful platform for
developing simulation tools to reveal the different steps and
mechanisms involved in the heterogeneous growth of metallo-
dielectric raspberry-like NPs. Other direction to follow is to study
the impact of different metals (Au, Fe) in the raspberry-like NPs
synthesis. Further work is also related to the application of these
raspberry-like NPs and the layer-by-layer structured nanocomposite
deposit for fabrication of plasmonic substrates and for catalysis in
energy devices.
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