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Abstract: Silicon-based thin films and nanostructures are of paramount importance in a wide range
of applications, including microelectronics, photovoltaics, large area sensors, and biomedicine. The
wide accessibility of silicon and its relatively low cost have driven a continuous improvement of
technology based on this element. Plasma technology has been widely used for the synthesis of
coatings and nanostructures based on silicon. Moreover, it has made a fundamental contribution to
continuous improvement of the physicochemical properties of silicon-based materials and allows
the synthesis of nanometric structures with well-defined shapes and morphologies. In this work, we
have reviewed the most interesting developments in plasma-assisted processes for the synthesis of
Si-based materials, both inorganic and organic, in the last five years. Special attention has been paid
to new techniques, or modifications of already-existing ones, that open up new possibilities for the
synthesis of materials with new properties, as well as nanostructures with novel characteristics.
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1. Introduction
The development of microelectronics has given paramount importance to the study of

Eu};)edca!n(t?sr silicon-based semiconductors. In fact, while the early development of transistor devices
Citation: Mandracci, P; Rivolo, P. was based on germanium, silicon has quickly become the semiconductor of choice for the
Recent Advances in the fabrication of most diffused electronic devices [1]. At present, silicon, in its monocrystalline,
Plasma-Assisted Synthesis of polycrystalline, and amorphous forms, is also of great importance for the production of
Silicon-Based Thin Films and low-cost photovoltaic cells, which play a primary role in the production of renewable
Nanostructures. Coatings 2023, 13, energy [2]. Another important application of this material is in biomedicine, which may
1075. https://doi.org/10.3390/ take advantage of the promising bioactive [3], antibacterial [4], and antiviral [5] properties
coatings13061075 of silicon and silicon-based alloys.

A huge amount of research has been devoted, over the years, to the study of the
physicochemical properties of silicon and silicon-based materials, such as silicon oxide,
Received: 27 April 2023 silicon nitride, and silicon carbide, and the techniques for the processing of these materials,
Revised: 6 June 2023 such as etching, thin film deposition, or doping, have been continuously improved [6]. Of
Accepted: 7 June 2023 great importance are ion implantation techniques, which have been intensively studied
Published: 10 June 2023 to modify the physical properties of silicon-based materials. Among these processes, one

of the most efficient is the SmartCut method, which involves ion implantation of helium
and/or hydrogen in silicon [7] to promote fracturing at a specific depth under the silicon
surface in order to allow the transfer of a thin silicon layer onto another substrate [8], thus
allowing the creation of a thin layer of silicon on insulator (SOI). The same implantation
This article is an open access article ~ PTOCess has bean also studied in silicon carbide [9].
distributed under the terms and Among the different types of growth and processing techniques, plasma-assisted ones
conditions of the Creative Commons ~ have played a major role, due to their great flexibility and ability to lower processing
Attribution (CC BY) license (https:// ~ temperatures. As an example, plasma enhanced chemical vapor deposition (PECVD)
creativecommons.org/licenses /by / has been intensively used for the growth of silicon-based thin films in microelectronics,
40/). photovoltaics [10], and biomedical applications [11]. Moreover, reactive ion etching (RIE)
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has played a paramount role for the realization of complex geometries in silicon-based
devices [12]. In fact, plasma-assisted techniques are able to activate chemical reactions
at low temperatures, enabling the production of ions, atoms and radicals, that can be
employed for the modification of surface morphologies and for the synthesis of thin films
and nanostructures [13].

In this work, we report the most interesting developments in the field of plasma-assisted
techniques for the synthesis of silicon-based thin films and nanostructures, as well as for the
modification of surfaces containing silicon, in the last five years. The research has been carried
out using the Scopus and Web of Science databases, limiting the research to publication years
between 2018 and 2023, although in some cases older sources have been included if a more
detailed explanation of a technique that was briefly described in another paper was presented.
A preliminary selection of the papers was carried out by carefully reading the abstracts; then
the selected papers were carefully evaluated, taking particular care when considering the
experimental sections. Only experimental works that involved the synthesis or the surface
modification of silicon-based materials by means of plasma-assisted techniques have been
included in the review. Studies in which silicon-based materials were used only as substrates
for the growth of other materials have not been included, unless a functional role was exerted,
such as in the case of adhesion improvement layers. Materials in which silicon was used only
as a dopant have been excluded as well. The discussion has been divided in two parts: the first
is dedicated to techniques that work at pressure lower than atmospheric, thus requiring the
use of vacuum technology, while the second deals with techniques that work at atmospheric
pressure. A special focus has been given to unusual applications of plasma discharges for the
synthesis of silicon-based materials with special properties. The general organization of the
review work is shown in the schematic representation given in Figure 1, while the detail of
the low-pressure techniques categorization is given in a separated scheme in Figure 2.

Plasma assisted techniques

Low pressure (LP) techniques 2 Atmospheric pressure (AP) techniques

CCP ICP | MW || Other | | LP plasma + Plasma spray (APS) * Corona discharges | AP plasma

polymerization + Plasma jet *DBD polymerization
+DBD * Plasma
+ APP-PECVD

Figure 1. Schematic representation of the review: the plasma-assisted synthesis techniques have been
categorized first by the working pressure and then divided respect to the working principle.
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Figure 2. Schematic representation of the low-pressure technique descriptions, which have been
categorized respect to the type of energy source used, but a separate part has been devoted to
plasma polymerization.
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2. Synthesis by Means of Low Pressure Discharges

Low-pressure discharges have been used for more than three decades for the synthesis
of several types of silicon-based thin films, especially for applications in the fields of
microelectronics, large area electronics, and photovoltaics. Radio frequency, capacitively
coupled plasma-enhanced chemical vapor deposition (RE-PECVD), and sputtering, with
several variations, have been the most commonly used techniques, due to their high
flexibility, but several other types of plasma-assisted techniques have been developed,
including the use of inductively coupled plasmas (ICP), hollow cathode/anode plasmas,
microwave plasmas, and electron cyclotron resonance (ECR) discharges. In this section,
the most recent developments in low-pressure discharges for silicon-based materials are
reviewed, dividing the techniques respect to the type of excitation used to produce the
plasma discharge, as shown in Figure 2: capacitively coupled direct current (DC) and
radio-frequency (RF), inductively coupled (ICP) or microwave (MW) discharges, as well as
other discharges, which do not belong to the previous categories. A separated paragraph is
dedicated specifically to the synthesis of polymer-like coatings.

2.1. CCP-DC Discharges

Low-pressure plasma discharges activated by means of a DC bias rely on the ap-
plication of a static electric bias between two electrodes for the activation of the plasma
discharge. In the simpler configuration, the two electrodes are planar and parallel with
respect to one other, but several other configurations are possible, such as cylindrical
coaxial electrodes. In this kind of discharge, the secondary emission of electrons from
the cathode, as a result of the interaction with positive ions approaching its surface, is
usually important for maintaining the discharge balance [13]. Compared to techniques in
which RF activation is used, a higher voltage is usually necessary, and a considerable ion
bombardment is often exerted on the substrate surface. These processes are usually less
expensive compared with the ones activated by RF bias, since the latter typically require a
more expensive generator, as well as the use of a matching network to prevent or limit the
reflected power [13]. However, despite the lower cost, the use of DC-activated discharges is
less common due to their lower versatility compared to RF and the limitations concerning
the use of insulating electrodes, related to the problem of surface charging. Moreover, these
processes typically involve a strong ion bombardment on the substrate and the growing
film, which may be detrimental to the film’s properties in some cases, e.g., by increasing
the formation of defects in semiconductor materials.

Despite intrinsic limitations, DC discharges are quite often used for the deposition of
carbon-based materials, such as diamond-like carbon (DLC) or carbon nanotubes (CNTs). In
fact, these techniques can create high electron energy, which is necessary for the dissociation
of gases with strong molecular bonds, such as CHy, that are often used for the synthesis of
these materials. In this context, an interesting study was carried out by Delfani et al. [14] to
investigate the effectiveness of silicon-based thin films such as a-Si:H, a-5iC:H, and a-SiN:H,
deposited by means of pulsed DC-PECVD, to enhance the adhesion of DLC thin films on
steel substrates. The Si-based layers and the DLC coatings were grown in succession in
the same deposition chamber by means of a pulsed DC discharge, analyzing the effect of
substrate temperature on the adhesion strength of the DLC films in particular. The authors
found that a-SiN:H films grown at temperatures higher than 150 °C provided the best
results in terms of adhesion with the DLC films.

Silicon-based interlayers of carbon-based materials were also studied by Lakhonchai
and coworkers [15], focusing on the corrosion resistance of hydrogenated amorphous
carbon (a-C:H) thin films grown on chromium-plated substrates, which were coated with
a-Si, a-Si:N, a-Si:H, and a-SixCy:H layers. In this case, the silicon-based layers, as well as the
a-C:H films, were grown by means of a hybrid PECVD/DC-sputtering deposition system,
in which Ar, H, and C;H; were introduced in different amounts depending on the material
to be grown. The structure of the hybrid PECVD/sputtering reactor is depicted in Figure 3,
where the location of the substrate holder and of the sputtering source are visible. In this
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study, the authors found a-Si:H interlayers more effective for improving the adhesion of
the carbon-based films, compared to the other silicon-based materials investigated, while
the worst behavior was observed in the a-SixCy:H material.

Magnetron
sputtering source

Silicon wafer

Chromium-plated

Bottom electrode

Figure 3. Structure of a hybrid PECVD/sputtering apparatus used for the deposition of a-C:H thin
films and Si-based interlayers for improving adhesion to steel. Reprinted from [15].

Silicon-carbon hybrid materials show interesting properties for the production of
anodes for lithium-ion batteries with enhanced stability, as was recently investigated by
Sun and coworkers [16]. In this study, active screen plasma was used for the deposition of
5i0Oy/C nanostructured materials by dispersing ordered mesoporous carbon (CMK3) on
a silicon substrate and then activating discharge at low pressure in a H, atmosphere. In
accordance with the active screen process, the DC bias was applied between the chamber
walls and an active screen mesh (ASM), composed of a metal grid that surrounded the
substrate, as shown in the schematic representation of Figure 4. The plasma discharge
produced radicals that were able to reach the substrate by diffusing through the ASM, while
the ion bombardment impinged on the mesh that protected the substrate from it. Such a
configuration allows the use of a DC discharge while strongly reducing substrate and film
damage by the ion bombardment. The process resulted in the formation of nanostructures
of different shapes, composed of a mixture of SiOy and amorphous carbon, that displayed
interesting properties for the production of battery anodes.

Figure 4. Scheme of the deposition of silicon-based nanostructures by means of an active-screen DC
plasma reactor. The active screen mesh surrounding the sample holder is visible in the middle of the
graph. Reprinted from [16] with permission from Elsevier.

Silicon-carbon based materials are also suitable for biomedical applications, as in the
case of the recent studies by Grenadyorov and coworkers, which were focused on the use
of a pulsed DC-PECVD discharge for the synthesis of hybrid a-C:H:SiOx materials onto
Ti-6Al-4V alloy substrates. The hybrid deposition system employed both a pulsed DC
generator and a hot filament to achieve the dissociation of the polyphenylmethylsiloxane
(PPMS) vapor used as precursor [17]. The a-C:H:SiOy layers showed good mechanical
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properties [17], good biocompatibility and adhesion, and high wear resistance [18], making
these materials good candidates for application to biomedical devices.

Plasma spray is a kind of physical vapor deposition (PVD) technique, often used in
applications where thick and porous coatings are required, such as in thermal insulation
and some kinds of biomedical surfaces. In this process, a powder precursor is injected
into a flow of plasma, melted or evaporated, and then transported to the substrate, where
it typically adheres in the form of microlamellae. The technique can be carried out at
atmospheric or reduced pressure, depending on the application, and the flow of plasma
can be excited by a DC or RF bias. An original type of hybrid DC/RF plasma spray at low
pressure was used by Ohta and coworkers [19] for the production of silicon nanoparticles
(Si NPs) intended for use in the fabrication of cathodes for lithium-ion batteries. The system
employed a plasma torch in which both DC and RF excitations were applied to generate the
plasma, with a specific design that allowed the precursor powders to be injected directly
into the hotter plasma zone, allowing for a more efficient evaporation and better plasma
stability. A considerable production rate of 17 g min~! was obtained under optimized
conditions, with an average nanoparticle diameter of 50 nm. Plasma spray was also used by
Harder [20] for depositing Si-HfO, coatings onto SiC substrates, with the aim of protecting
the materials against oxidation in a steam environment. The same plasma torch, working at
a pressure of approximately 1 Torr, was used to achieve the formation of a double layer in
which the basecoat was composed of Si-HfO, and the topcoat of Yb-silicate EBC, although
the author found that the coating’s resulting effectiveness limited.

2.2. CCP-RF Discharges

Low-pressure capacitively coupled radiofrequency (CCP-RF) discharges are the most
common type of applications of cold plasmas and, being very versatile, are used in a
wide range of applications. Among these techniques, RF-PECVD and RF magnetron
sputtering [13] are in very common use thanks to the ability of these techniques to grow a
large number of materials, including silicon-based ones, on substrates of different types,
including plastic materials, and to achieve high control of material stoichiometry during the
synthesis of alloys. These techniques require the use of RF generators, which are often more
expensive than DC ones, and matching networks, which are used to tune the impedance
of the load coupled with the generator, with the aim of minimizing the amount of power
reflected to it. The use of RF bias provides a greater versatility, allowing for deposition on
insulating substrates and reducing the amount of ion bombardment on the surface of the
substrate and the growing film, which is detrimental in some applications.

The RF-PECVD technique is also called plasma-assisted chemical vapor deposition
(PACVD) and usually, if not specified otherwise, involves the use of capacitively coupled
plasma (CCP) generated by the application of a radiofrequency bias between two planar
electrodes. Nonplanar configurations and inductive coupling are also possible but less
common. The most common choice for the excitation frequency is 13.56 MHz, which is
an industrial standard for RF generators. Since this frequency value lies between typical
electron and ion plasma frequencies, it allows a separation between the behavior of the two
particles [13]. Higher frequencies, such as 40 MHz or 75 MHz, are also used in order to
achieve specific material properties, and in this case the technique is often called very high
frequency PECVD (VHF-PECVD).

One of the most typical applications of RE-PECVD is the growth of amorphous silicon-
based materials [21], such as a-5i, a-SiOy, a-SiNy, a-5iCx, a-SiOxCy, a-SiOxNy, and even
a-5iCxOyN, [22], the compositions of which can be tuned efficiently by controlling precursor
gas concentrations. In recent years, great interest has been dedicated to the application of
PECVD techniques for depositing silicon-based amorphous thin films for the passivation
of silicon heterojunction photovoltaic cells (SHJ), which are considered very promising for
improving the efficiency of solar energy-production devices. These cells usually involve
the deposition of an intrinsic amorphous silicon thin film on a crystalline silicon substrate,
followed by the growth of a doped amorphous silicon layer.
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Ruan and coworkers [23] fabricated SHJ solar cells, employing a standard RF (13.56 MHz)
plasma to excite a mixture of silane (5iH4) and hydrogen (H;) for the deposition of intrinsic
a-Si:H passivating layers onto the crystalline silicon cell layer. A VHF excitation (40.68 MHz)
was used instead for growing the doped a-Si:H layers of the cells. The effect of substrate
temperature on the quality of the passivating layers was investigated especially closely, and a
maximum cell efficiency of 23.3% using layers grown at 210 °C was achieved.

The deposition of a-5i:H on black silicon (b-Si), which is a crystalline silicon material
with a surface nanostructured to achieve a very low reflectivity, was studied by Ozkol
and coworkers [24] for the fabrication of SHJ cells. The deposition conditions at standard
RF excitation (13.56 MHz) and very low power (13 mW cm~2) were investigated, using a
mixture of silane and hydrogen in order to achieve a conformal deposition on the highly
structured black silicon surface.

In addition, Sai and coworkers [25] studied the deposition of a-Si:H layers on crys-
talline silicon to achieve good passivation properties, but in this case, mixtures of silane
and disilane (SipHy) were used, with variable proportions of the two silicon precursors, in
a standard RF (13.56 MHz) PECVD reactor. The effect of the plasma composition, pressure,
and substrate temperature on the microstructure of the a-5i:H layers was investigated. The
obtained a-Si:H layers did not show good passivating properties as standalone coatings,
but the performance of the films increased substantially when using bilayers of different
densities, with a more porous layer with a thickness of 2 nm grown on c-5i and then coated
by a denser layer with a thickness of approximately 8 nm.

Wang and coworkers [26] compared the effectiveness of a-Si:H passivating layers
grown by PECVD from silane using RF (13.56 MHz) and VHF (40 MHz) plasma excitation
frequencies on a large area (about 1 m?). A higher performance of the former compared
to the latter was found, especially due to the formation of a very thin epitaxial layer at
the c-Si/a-Si:H interface, when the amorphous layer was grown using a VHF excitation.
According to the authors’ conclusions, however, it should be possible to improve the
deposition conditions of VHF-grown film to improve the film quality.

The effect of gas flow rate on the passivation quality of a-5i:H layers grown by PECVD
was studied by Pandey and coworkes [27], employing a PECVD reactor with RF (13.56 MHz)
excitation and a mixture of silane and hydrogen in equal proportions (SiHy/H;, = 1) to
grow a-Si:H layers on c-Si using variable flow rates.

Of particular interest is the study by Ouaras and coworkers [28], aimed at the develop-
ment of a novel type of PECVD reactor with interdigitated electrodes, by which a patterned
deposition of a-Si:H was performed on a solar cell of area 156 mm x 156 mm, without
the need for a lithographic step. The reactor, a scheme of which is reprinted in Figure 5,
consisted of a hollow steel electrode, connected to the RF (13.56 MHz) generator, one face
of which was structured with a set of slits. An insulating layer surrounded the electrode,
preventing the formation of parasitic plasma discharges with the grounded metal walls.
The top plate of the patterned electrode had 66 rectangular slits, each one having a width of
1 mm and a length of 130 mm. The set of slits faced the grounded electrode, on top of which
the substrate was positioned. With careful study of the process parameters (pressure, flow
rates, distance between the slits and the grounded electrode), a set of localized discharge
could be achieved, allowing for a selective deposition on the substrate.

The group of Chen and Truong studied a different approach for the passivation of
crystalline silicon [29]. In this case, a wet chemical process was applied to achieve the
formation of a thin (1.4 nm) SiOy layer on the top of the c-Si wafer, then a hybrid dual-mode
PECVD was used for the deposition of a-5Si passivating layers on the oxidized silicon. The
deposited Si layers were then doped by diffusion. The RFE/MW PECVD reactor employed
the synergistic action of microwaves (2.46 GHz) and radiofrequency (13.56 MHz) excitation
to form a plasma discharge in a mixture of silane and argon. The authors also compared
the passivation effectiveness of Si films grown by RE/MW PECVD with the same materials
grown by sputtering and LPCVD [30].
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Figure 5. Schematic of the interdigitated electrode used for the patterned deposition of a-Si:H on
solar cells, allowing for the formation of patterns without the need for lithographic step. Reprinted
from [28] with permission from Elsevier.

Silicon-based nanoparticles, as well as nanocrystalline materials, in which nanocrystals
are usually embedded in an amorphous matrix, are interesting for several applications,
including solar energy production, and PECVD is a very common way to synthesize these
structures. In fact, in recent years, several research groups carried out studies on the use
of RF-PECVD techniques for the synthesis of nanocrystalline silicon-based materials and
nanoparticle-based materials. In most cases, a standard RF-PECVD system with parallel-
plate electrodes was used to synthesize the material, but careful study of the process
parameters, especially precursor dilution and power density, was usually required to
achieve good control of the material properties.

Wang and coworkers [31] studied the effect of pressure in the deposition of nanocrys-
talline silicon (nc-Si) by RF-PECVD, using a mixture of silane and hydrogen. The authors
investigated an unusually wide range of pressure values (150-1050 Pa) in order to under-
stand how the tuning of this parameter could be used to improve hydrogen incorporation
in the material and found an optimal value of 450 Pa. In fact, the incorporation of hydrogen
is usually considered a method to reduce defect density in amorphous and nanocrystalline
silicon to improve its electrical properties.

Sharma and coworkers [32] performed a study on the effect of RF power during
PECVD deposition on nanocrystalline silicon using a mixture of silane and hydrogen. In
this work, it was found that, in a particular power range, it was possible to obtain a material
with specific characteristics, called sub-nanocrystalline silicon, with intermediate properties
between the amorphous and the nanocrystalline structure.

The transition between amorphous and nanocrystalline silicon structure was investi-
gated by Wang and coworkers [33] as well, using a standard RF-PECVD. However, unlike
most other groups, trichlorosilane (SiHCl3) was used instead of silane as a silicon precursor
gas. Optical emission spectroscopy (OES) was also employed to investigate the plasma
composition at different values of the process parameters (pressure, RF power, and gas flow
rate), and a correlation was found between some characteristics of the plasma emission spec-
trum and the transition between the amorphous and nanocrystalline deposition regimes.

Plasma-assisted surface modifications have also been used to achieve the production
of silicon-based nanocrystalline materials. In the work of Ghosh and coworkers [34], an
a-SiN layer was grown on the rear of crystalline silicon PV devices by means of a standard
PECVD process, and SiN nanoparticles were subsequently produced by hydrogen plasma
etching. The nanostructures were then embedded in a-Si:H layers, which were grown using
the same reactor. The plasmonic properties of SiN nanoparticles were exploited to improve
the optical behavior of the cell.



Coatings 2023, 13, 1075

8 of 33

The standard RF-PECVD process was also used for the synthesis of multilayer struc-
tures with alternating layers of silicon nanocrystals and silicon oxide, intended for appli-
cation in photonic devices. Chen and coworkers [35] created multilayers of boron-doped
silicon nanocrystals (SINC) alternating with amorphous silicon oxide using the following
procedure. A layer of B-doped a-Si:H was first deposited by means of a standard PECVD
process, using a mixture of silane and diborane (ByHg), then a plasma oxidation process
was applied to form a a-SiO; layer. The synthesis of this two-layer structure was repeated
15 times. The multilayer was then dehydrogenated at 450 °C and annealed at 1000 °C
in order to promote Si segregation in the a-Si layers to form the Si nanocrystals. In addi-
tion, Shibata and coworkers [36] used the same type of procedure for the fabrication of
SiNC/a-5iO, multilayers, involving the deposition of a-5i:H/a-5iO, structures followed by
high-temperature post-deposition treatment. However, an unusual plasma excitation fre-
quency of 27.12 MHz was used during the PECVD deposition processes, and the work was
focused specifically on the thermoelectric properties of the multilayer structures intended
for thermoelectric applications.

The PECVD growth of microcrystalline and polycrystalline silicon layers was also
investigated by several research groups. Li and coworkers [37] used a VHF (75 MHz)
excitation frequency PECVD system for growing intrinsic mc-5i layers on glass substrates,
investigating the effect of deposition rate on the film microstructure. The deposition system,
a scheme of which is reprinted in Figure 6, was equipped with an in situ optical emission
spectroscopy (OES) apparatus, which allowed an analysis of the plasma composition during
the growth process. The authors studied the effect of the deposition rate on the evolution
of the SiH radical concentration over time. Moreover, Liu and coworkers [38] achieved the
synthesis of polycrystalline silicon thin films on polymeric substrates at a temperature of
100 °C by means of a RF-PECVD system. In order to promote film crystallization, a variable
DC negative bias was applied to the substrate to achieve a tunable ion bombardment. A
transition between amorphous and polycrystalline structure was obtained for biases higher
than 50 V, and the optimal bias value was obtained at 100 V, over which a degradation of
the film structure was observed.

Figure 6. Schematic representation of a RF-PECVD system used for the deposition of intrinsic
mc-Si layers, equipped with an in situ OES analysis system. Reprinted from [37] with permission
from Elsevier.

The synthesis of silicon-based ternary compounds is another interesting application
of RF-PECVD techniques, which allows for fine-tuning of the elements incorporated into
the material, thanks to the possibility of tuning the amount of precursor radicals in the
plasma discharge by regulating gas flow rates and RF power [21]. Song and coworkers [39]
investigated the growth of silicon-carbon-oxygen amorphous ternary alloys (a-5iCxOy),
doped with nitrogen, with a specific focus on the photoluminescence properties of these
materials. A VHF-PECVD reactor was used, although the exact excitation frequency
was not specified in the work. The grown films showed photoluminescent properties
in the red, orange-yellow, white, and blue regions. Hang and coworkers [40] studied
the growth of silicon-nitrogen-oxygen amorphous ternary alloys (SiOxNy) by means of
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standard RF-PECVD and demonstrated the possibility of tuning the refractive index of the
films, obtaining a value between 1.49 and 1.66 at a wavelength of 550 nm, thus allowing
the fabrication of optical filters. Ke and coworkers [41] investigated the deposition of
silicon-boron-nitrogen amorphous alloys (a-5iB,Ny) on steel for mechanical applications,
using a standard PECVD parallel-plate reactor with an unusual plasma excitation frequency
of 2 MHz. According to the authors’ conclusions, the incorporation of boron produced an
increase in the mechanical properties of the film, compared to those of a-SiNj.

Silicon-based nanowires (NWs) are another material which was effectively grown
by means of PECVD techniques. Recently, silicon NWs of lateral dimensions as low as
6 nm were grown by Wang and coworkers [42] using a standard RF-PECVD reactor and a
mixture of silane and hydrogen after having prepared the substrate with mixed catalyst of
Sn and Cu. The authors found that during exposure to the atmosphere of the as-grown Si
NWs, an oxidation process could naturally take place, leading to the formation of silica
nanowires on the top of the fabricated structures.

Silicon-tin NWs were also grown by Azrak and coworkers [43] using a procedure called
in-plane solid-liquid-solid (IPSLS), which included the use of tin (Sn) as catalyst and the
deposition of a-Si:H layers by means of a RF-PECVD reactor. The method presented by the
authors involved the evaporation of a thin Sn layer with a thickness of approximately 30 nm,
which was then patterned by a lithographic process to form strips of 5 um lateral dimension
and etched by H; plasma to remove any oxidation layer and form Sn nanoparticles. An
a-S5i:H thin film of about 30 nm was then grown on the top of the strips by conventional
PECVD at a temperature of 120 °C. The material was then annealed at 200-300 °C to
activate the growth of the nanowires. At the end of the process, SiSn NWs were grown
in-plane (parallel to the substrate surface) and incorporated an amount of Sn between 9%
and 10%, depending on the annealing temperature. The authors demonstrated the use of
the SiSn NWs in the fabrication of bottom-gate field-effect transistors (FET).

Atomic layer deposition (ALD) is a technique which relies on the alternating injection
of different precursors into the reaction chamber, employing specific and highly selective
chemical reactions to form extremely conformal alloy coatings with thickness control at
the atomic level. Its variant called plasmaenhanced ALD (PEALD), which is also called
time-modulated PECVD, employs the use of a plasma discharge to produce radicals that are
then injected into the reaction chamber to be used in the chemical reactions, increasing the
technique versatility. This technique has risen in importance with the continuous increase
of complexity of nanodevices, the fabrication of which often requires covering conformal
surfaces with very small features such as pores or spikes and the deposition of layers with
nanometric thickness.

Recently, Baranov and coworkers studied the growth of GaP/Si superlattices for photo-
voltaic applications, with GaP layers with a thickness of 3 nm and Si layers with a thickness
of 0.5 nm [44] or 1.5 nm [45]. The authors used a hybrid deposition process that employed
a standard RF-PECVD in continuous mode for the deposition of the microcrystalline silicon
(mc-5i) layers and a PEALD using trimethylgallium (TMG) and phosphine (PHj3) for grow-
ing the crystalline gallium phosphide (GaP) layers. The obtained superlattices resulted in a
pure crystal structure without an amorphous phase. The authors proposed the application
of the superlattices to making the upper junction of multijunction solar cells based on
I—-Vv/Si.

Radio frequency-activated sputtering has been used for the deposition of silicon-based
materials in recent years. As an example, an interesting study by Zhang and coworkers [46]
studied the incorporation of deuterium into silicon carbide thin films grown by means of a
conventional RF sputtering system, the scheme of which is reprinted in Figure 7, using an
atmosphere of deuterium gas. The films were designed for use as plasma-facing material
(PFM) in nuclear fusion reactors and were composed of a mixture of Si- and C-deuterated
nanoparticles embedded in a disordered a-SiC matrix.
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Figure 7. Structure of the RF—sputtering system used for the deposition of silicon carbide thin films
with deuterium incorporation. Reprinted from [46] with permission from Elsevier.

A simple O, RF plasma activation of 1.4404 stainless steel parts through a radical
polymerization of N-vinylpyrrolidone, industry-relevant as components of microreactors
for the production of PVP in aqueous solution, was applied [47] for the deposition of an
ultra-thin 1H, 1H, 2H, 2H perfluorooctyltriethoxysilane (FOTS) antifouling coating. Com-
pared to the standard sol-gel method (precursors: FOTS and Zirconium(IV)-acetylacetonate
(Zr(acac)y), the plasma-assisted process showed outstanding anti-adhesive properties with
almost no PVP deposit formation on the steel components, though the surface roughness
remained higher.

Another comparative study involved (3-aminopropyl)trimethoxysilane (APTMS) [48]
(structure formula is reported in Figure 8b) as a grafting molecule for a type of cross-
linked polyethylene which is produced through the silane method, generally known as
organosilane-grafted moisture-crosslinked polyethylene or silane-crosslinked polyethylene
(Si-XLPE) (Figure 8a), compounds that are widely used in the electrical and biomaterials
industries and can be improved by the integration of trifunctional organosilanes, such
as APTMS. Indeed, this molecule is capable of polymerizing in the presence of water,
which gives rise to a different possible configuration structure based on 2-dimensional and
3-dimensional surface-induced polycondensation through covalent attachment.

Chemical vapor deposition (CVD) and plasma-facilitated in situ grafting methods
(grafting-from and grafting-onto) were employed to immobilize APTMS. The reactor for
the plasma-assisted processes was a low-pressure plasma system operating at a maximum
power of 100W and low frequencies (40-100 kHz). The characteristics of obtained samples
with the same main preparation principles were compared to each other in terms of
surface chemistry (XPS, EDX, and ATR-FTIR-related spectra are compared in Figure 8c),
morphology (by AFM and FESEM), and wettability (by contact angle measurement), thus
showing that the plasma grafting-from deposition method favored the highest attachment
of APTMS to the surface by forming multilayer structures instead of monolayers and
leading to the creation of hydrophobic surfaces.
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Figure 8. Chemical structure of (a) Si—XLPE and (b) APTMS; (c¢) ATR—FTIR spectra of untreated
(UT), plasma-treated (PT), APTMS chemical vapor—,deposited (APT—CVD), APTMS plasma grafted
from (APT—GF), and APTMS plasma grafted onto (APT—GO) samples. The dashed area had the
most noticeable variations. Reprinted from [48] with permission from Elsevier.

2.3. ICP-RF Discharges

Inductively coupled plasma (ICP) discharges employ the generation of a time-varying
magnetic field by means of an alternating current flowing in one or more coils, which in
turn provides the generation of a variable electric field able to accelerate electrons and ions
to generate a plasma discharge [13]. Compared with CCP discharges, ICP ones typically
provide a higher plasma density and have the advantage to avoid the ion bombardment,
due to the absence of sheaths. However, when an ion bombardment is required to achieve
specific effects during the process, it can be obtained by adding a DC or RF bias to the
sample surface, the intensity of which can be tuned as required. ICP discharges have been
used in recent years to grow silicon-based materials by means of PECVD, PEALD, and
sputtering processes.

Rumyantsev et al. [49] employed an ICP-PECVD reactor to achieve the synthesis
of amorphous hydrogenated silicon-carbon (a-SiCx:H) and silicon-carbon-nitrogen (a-
SiCxNy:H) alloys from tetramethylsilane (TMS, Si(CHs)y), plus nitrogen for N-containing
films. The plasma was excited inductively using a frequency of 13.56 MHz, and the external
surfaces of the vacuum chamber were plated with permanent magnets to improve reactor
efficiency. The authors found that substrate temperatures ranging from 100-500 °C and
TMS partial pressure exerted a very limited effect on the optical properties of the films
and concluded that the ICP was able to maintain uniform deposition conditions on the
substrate surface, regardless of the change in partial pressure and temperature. Yang and
coworkers [50] investigated the use of an ICP-PECVD technique for the synthesis of silicon
dioxide and silicon thin films at very low temperatures (20 °C), using silane (5iHs) and
oxygen as precursor gases. The fabrication of metal-oxide-semiconductor (MOS) and thin
film-transistor (TFT) devices was demonstrated, achieving a breakdown field of 9 MV cm~!
and a flat-band voltage of —0.6 V.

A variant of the PEALD techniques involves the use of ICP for the formation of
the required radicals and was recently employed for the synthesis of silicon nitride and
oxinitride as well as silicon dioxide. In fact, Song and coworkers [51] used a multi-ICP
system with seven coils connected in parallel, the scheme of which is reprinted in Figure 9,
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to generate N radicals to be incorporated into SiN and SiCN alloys. The high-power plasma
produced by the coils reached an electron density of 10'® m~3 and resulted in a nitrogen
incorporation as high as 28%.

Figure 9. Scheme of the ICP-PEALD reactor with 7 coils, used for the deposition of SiN and SiCN
thin films. Reprinted from [51] with permission from Elsevier.

Jung and coworkers [52] employed a remote ICP for the growth of SiO, layers from
bis(tertiary-butylamino)silane (BTBAS) and oxygen. The films were grown at substrate
temperatures between 300 °C and 400 °C and showed a breakdown field as high as
10.5MV ecm~ 1.

Takenaka and coworkers [53] employed an ICP sputtering system, in which low-
inductance antenna (LIA) modules were arranged near rectangular silicon sputtering
targets, as shown in the scheme reprinted in Figure 10, to produce an intense and homoge-
neous ion bombardment, resulting in the deposition of Si thin films with crystallinity in the
range between 73-78% without intentional substrate heating. The innovative process is
especially interesting for the deposition of silicon on plastic materials, which are not able to
resist high temperatures.
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Figure 10. Schematic representation of the sputtering system used for the deposition of crystalline
silicon. ICP coils are positioned surrounding the targets to create an intense and homogeneous ion
bombardment. (a) target front view; (b) target lateral view; (c) substrate holder view. Reprinted

from [53] with permission from AIP Publishing.
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2.4. MW Discharges

The use of microwaves (MWs) for the excitation of plasma discharges is usually
employed to achieve a more intense plasma and more energetic electrons, but microwave-
assisted techniques are usually more expensive compared to RF-activated ones. Kim and
coworkers [54] studied the growth of low-resistivity polycrystalline silicon thin films by
means of a PECVD technique activated by MWs at 2.45 GHz at a pressure of about 67 Pa
in a showerhead reactor with two different gas injection points, as shown in the scheme
reprinted in Figure 11: one before the showerhead, where a mixture of Ar, H, and PHj3
was injected, and a second one downstream of the showerhead, where SiH, and He were
introduced near the substrate.
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Figure 11. Scheme of a MW-PECVD reactor used for the deposition of low-resistivity polycrystalline
silicon. Reprinted from [54].

A remote-plasma reactor activated by microwaves (2.45 GHz) was used by Wrobek
and coworkers [55] to achieve the deposition of hard a-SiCN coatings at a pressure of
75 Pa from a single silicon precursor mixed with hydrogen. Several precursor types were
experimented with by the authors. Three belonged to the aminosilane family: (Dimethy-
lamino)dimethylsilane (DMADMS), Bis(dimethylamino)methylsilane (BDMAMS), and
Tris(dimethylamino)silane (TDMAS). The other two precursors belonged to the disilazane fam-
ily: 1,1,3,3-Tetramethyldisilazane (TMDSN) and 1,3-Bis(dimethylsilyl)-2,2,4,4-tetramethylcyclo
disilazane (BSCDSN). The scheme of the reactor is reprinted in Figure 12, in which a compari-
son is presented between a standard plasma reactor and a remote plasma device. In the former
(Figure 12a), the plasma is generated in the same location where the substrate is positioned,
providing the direct excitation of the deposition precursors. In the remote plasma reactor
(Figure 12b), a non-precursor plasma, typically of Hy, is produced in a region of the reactor
that is physically separated by the sample holder, allowing the formation of highly reactive
atomic hydrogen. A flow of plasma diffuses into the deposition region, where a filter removes
charged particles, leaving only radicals to mix with the deposition precursors, giving rise to
the dissociation process. The remote configuration is suitable for avoiding some effects such
as ion bombardment on the growing film as well as excessive fragmentation of precursor
molecules but increases the complexity of the reactor.

Microwave discharges were also investigated for the synthesis of nanostructures:
Wollny and coworkers [56] employed a microwave-assisted PECVD reactor for the growth
of silicon nanoparticles using a mixture of Ar, Hy and SiHy, directly injected into the
plasma zone at a reduced pressure of 10 kPa. The silane precursor was dissociated in the
plasma, giving rise to the production, by means of gas-phase nucleation, of nanoparticles
that were transported by the plasma stream. The authors also developed a theoretical
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model to explain the synthesis process, employing a fluid dynamics model and a dispersed
phase model.
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Figure 12. A remote-plasma reactor activated by microwaves used for the deposition of hard a-SiCN
coatings. (a) Standard plasma reactor; (b) remote plasma reactor. Reprinted from [55] with permission
from John Wiley and Sons.

A microwave-assisted technique was also used by Daoudi and coworkers [57] for
the deposition by silane of silicon nanoparticles with diameter in range 7-37 nm. The
microwaves were coupled with the precursors to form a flame-like plasma torch [58]
that provided the silane dissociation followed by gas-phase nucleation. The produced
nanoparticles were then decorated with silver nanoprisms which had been previously
synthesized by chemical reduction from silver nitride.

A particular type of microwave-assisted plasma discharge is electron cyclotron resonance
(ECR), in which the synergistic action of microwaves and a static magnetic field are used
to achieve high electron energies. In this kind of discharge, the magnetic field intensity is
tuned in such a way that the electron cyclotron frequency equals the microwave frequency,
thus allowing resonant absorption of the microwave energy by the plasma electrons [59]
(pp- 492-512.). In recent years, Miller and coworkers [60] reported an interesting study
regarding the synthesis of terbium-doped silicon oxide (a-SiOx:Tb) by means of a novel
hybrid deposition system, in which the silicon oxide was grown employing an ECR plasma
of silane and oxygen while Tb atoms were generated by a magnetron sputtering source
located in the same vacuum chamber. The authors achieved good control over the dopant
incorporation in the films, being able to tune the Tb content in a range between 0.4-7.4 at.%.

2.5. Other Low Pressure Discharges

Apart from DC-, RF-, and MW-activated discharges, other types of discharges were
also successfully used for the deposition of silicon-based materials, including gas jet and
hollow electrode ones. The gas jet electron beam chemical vapor deposition (GJEB-CVD)
technique [61] employs the formation of a supersonic jet of gas, which is then dissociated
by a beam of high-energy electrons that crosses the gas flow, producing a flow of radicals
that impinge directly on the substrate surface. Zamchiy and coworkers [62] employed this
technique to achieve the synthesis of silicon oxide nanowires using a tin film as catalyst. In
this work, a tin catalyst film 30 nm thick was first deposited by thermal evaporation and
then heated to 400 °C and treated with a hydrogen plasma. The catalyst layer thus formed
was then subjected to a high-speed flow of a gas mixture (silane plus argon and hydrogen),
which was crossed by the electron beam to cause the ionization and dissociation of the
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precursor gas. Oxygen was injected into the reactor separately from the plasma stream.
The process resulted in the formation of highly aligned SiOy nanowires.

The hollow electrode (anode or cathode) reactor employs the generation of a CCP
discharge between two electrodes, one of which has at least a portion of itself shaped
in the form of a cylinder, inside of which the gas flows. This particular electrode shape
allows the formation of a more intense plasma with a higher electron density compared
to a conventional parallel-plate CCP discharge. Tabuchi and coworkers [63] investigated
the use of a hollow-anode PECVD reactor, the scheme of which is depicted in Figure 13,
activated with a VHF-RF frequency of 105 MHz in an atmosphere of silane and hydrogen,
to achieve the deposition of microcrystalline silicon at 300 °C. The system consisted of
a VHF-powered cathode with a showerhead structure, by which the reactive gases were
injected. A grounded anode was located parallel to the cathode at a distance of 13 mm (see
Figure 13) in such a way that an empty space, called discharge space, was formed between
the two electrodes. At the center of the anode surface, a small cylinder 10 mm in diameter
was inserted, which completed the hollow electrode structure. The plasma was generated
in the region between the two electrodes and, flowing through the cylinder, reached the
deposition chamber, in which the plasma density was increased thanks to the electric field
intensification. The authors investigated the effects of H, dilution on the orientation of the
crystals in the pc-Si films grown by this technique.
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Figure 13. Hollow anode VHF-PECVD reactor used for the deposition of microcrystalline silicon.
Reprinted from [63] with permission from Elsevier.

2.6. Low Pressure Plasma Polymerization

Over many decades, plasma-polymerized organic thin films have been of great in-
terest and, in particular, thin organosilicon films can be produced with different precur-
sors/methodologies and aimed at a wide range of applications as multifunctional materials.
Low-pressure plasma processes based on hexamethyldisiloxane (HDMSO) as a precursor
were intensively studied since many years and widely reviewed only few years ago [64].
For this reason, hereinafter the solely most recent and peculiar advances will be reported.
Kleines and coauthors obtained plasma-polymerized ultra-smooth SiOCH coatings de-
posited on polydimethylsiloxane (PDMS) substrates by MW (2.45 GHz) excitation in a
PECVD reactor in order to acquire membranes [65] for the control of gas separation. Ac-
cording to process parameters (oxygen carrier-to-HDMSO monomer ratios and microwave
power input), weaker cross-linking of the siloxane bonds as well as a more organic structure
with an increased proportion of bound methyl groups was found advantageous for high
permeability and separation performance in the coatings. Especially for the separation of
He and Ny, but also partly for other gas pairings (He/CO; and CO,/Ny), the selectivity
for all test points decreased with increasing oxygen content in the process gas. Further-
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more, the same authors explored the effect of energy density [66] on coated membrane
permeation properties by varying MW power level as well as MW pulse duration. The
highest permeation and separation performance of the produced layers was found in the
low energy density range of the process, as the low power prevented strong fragmentation
of the monomer, which resulted in less dense and cross-linked growth of the layers. Due to
the low pulse durations, rearranging processes were suppressed and the layer structure did
not become denser due to higher energy input. The conclusions were proven through sev-
eral characterizations: ellipsometry, atomic force microscopy (AFM), X-ray photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), and field emission
scanning electron microscopy (FESEM).

The HDMSO precursor was studied also for an opposite aim [67], i.e., to produce a
SiOx-based barrier coating against atomic oxygen (AO) erosion when deposited on Kapton®
(polyimide) by means of RF-activated plasma discharge by varying the ratio of O, /Ar in
the reactor atmosphere, ranging from 50 to 1000 W in power. Kapton® is employed in
the thermal blankets covering the external surface of spacecraft due to its thermo-optical
properties and durability in harsh environments. When testing it in a coaxial ground-based
AO simulation facility, it was found that in an AO fluence up to 1.09 x 10?2 atoms/cm?,
the uncoated sample was eroded and completely broken down. Conversely, when the
coated polyimide film was under AO attack, the HDMSO-belonging methyl group were
decomposed into volatile products (such as CO,, CO, and H,0O), and the silicon formed a
dense glassy SiOy layer resistant to further AO erosion.

HDMSO and hexamethyldisilazane (HDMSN) [68] were compared as precursors for
5i0Ox-based O, permeation barrier coatings and/or interlayers deposited on polyethylene
terephthalate (PET) and polypropylene (PP) substrates by MW (2.45 GHz)-activated low
pressure plasma polymerization. By means of mass spectrometry, the probability of dis-
sociation of HMDSN at a given energy of incident electrons was higher than for HMDSO.
Due to the higher number of smaller fragments, HDMSN coatings showed lower oxygen
transmission rates (OTRs) for thicknesses greater than 2.5 nm (measured by ellipsometry)
compared to HDMSO coatings. By increasing the content of oxygen in the process mixture,
HDMSN seemed to produce highly cross-linked SiOy barrier coatings directly, adhering
well to PP without the presence of the nanometric organic interlayer needed for PET.

The mechanism of organosilicon-based thin film deposition is still under investigation.
Typically, the chemical interpretation mainly considers the recombination of free radicals,
which is dominated by neutral radicals over ionic radicals. Thus, free radicals formed by
the dissociation of precursor molecules diffuse to the surface of the film, where they are
first physisorbed and migrate along the surface until they are desorbed or chemisorbed
at a binding site on the film surface. A scheme of the possible mechanism is provided in
Figure 14.
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Figure 14. Scheme of possible mechanism involved in HDMSO plasma polymerization. Reprinted
from [69] with permission from John Wiley and Sons.
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Recently, an interesting study of these fundamentals [69] was published, focusing on
tetravinylsilane (TVS) and its plasma polymerization in a low-pressure PECVD reactor
with the capacitively coupled discharge operated at 13.56 MHz in pulsed mode. The power
dependence of the plasma species was examined with mass spectrometry. It was found
that the deposition rate correlated with the flux of these species chemisorbed on the film
surface if distinct sticking coefficients were taken into account. Then the carbon-to-silicon
ratio in the deposited film strongly correlates with the C/Si flux ratio for the various
power-controlled plasmas.

Considering other kinds of organosilicon precursors, tetraethoxysilane (TEOS) [70]
was found to be a good candidate for using low pressure RF plasma polymerization to
obtain an efficient thin film for increased biocompatibility of metal implants. The coating
was deposited on sanded and nanotextured Ti6Al4V alloys, and surface and electrochemical
properties and biological behavior were evaluated through the use of mesenchymal stem
cells. If plasma polymerization techniques are used, this precursor for sol-gel-method SiO,
production can be employed to create thin film with more versatile properties, possibly
including nanometric thickness.

Figure 15 shows that the samples sanded and polymerized by plasma have a higher
number of viable stem cells than the surfaces nanotextured and polymerized by plasma.

TiGAI4V Ti6Al4 Vnano T6AI4V/PP230 [16Al4 VnanoPP230
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Figure 15. Fluorescence microscopy with representative images of cell nuclei marked in blue (stained
with DAPI), viable cells in green (stained with FDA), and non-viable cells in red (stained with PI)
in the different experimental groups after 24 h of culture. Reprinted from [70] with permission
from Elsevier.

For specific chemical functionalities, plasma polymerization, for instance, was applied
to obtain nanometric organosilicon-based NHjy-terminated films on silicon and aluminum
samples by using (3-Aminopropyl)triethoxysilane (APTES) [71].

A pulsed and remote plasma (pulsed RP-PACVD), according to the experimental
set-up in Figure 16, was used in order to produce a very soft plasma polymerization process
and thus promote the growth of highly ordered organic coatings. The plasma was ignited
in the discharge tube and the generated reactive species flowed out into a second reaction
tube where the substrate holder was located, and the influence of the frequency, the duty
cycle, ton and t,F were investigated thoroughly. In addition to weight and spectroscopical
characterizations, atmospheric pressure matrix-assisted light desorption ionization (MALDI) mass
spectrometry was applied: oligomers containing up to eight APTES-derived monomers
(C3H9NO,Si) and eight primary amine groups were undoubtedly detected and a density
increase with the duration of to was observed. Among these structures, silsesquioxanes
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(cages) which are uncommon as species obtainable by plasma processes, and cyclosiloxanes
(rings) were clearly identified.
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Figure 16. Experimental setup. Reprinted from [71] with permission from John Wiley and Sons.

Fluorine-containing organosilicon monomers were widely used to tune the surface
water adsorption/spreading/wetting for applications such as aerospace industry, self-
cleaning, heat exchangers, power generation, low-friction coatings, anti-fogging properties
or oil spill clean-up processes.

Section 2.2 reported a quite interesting example to obtain antifouling surfaces by means
of the O, RF plasma-activated functionalization by FOTS. Giner et al., instead, focused on
the effects of FOTS grafted by means of a two-step chemical vapor deposition process (CVD)
(the organosilane cross-linking, forming Si-O-5i surface bonds, was thermally promoted)
onto a substrate coated with HDMSO plasma-polymerized films [72], that is, composed of
flat SiOy. In fact, there is still the need to improve the analytical understanding of different
states of adsorbed ultra-thin and extended water layers on nanorough substrates, both for
macroscopically hydrophilic and hydrophobic surfaces. Thus, this kind of surface was
compared to one consisting of SiOx microparticles deposited by water suspension and
successively FOTS-functionalized, in order to explore the combined effect of chemistry and
roughness on water adhesion behavior. The FOTS layer on the particles is more defect-
rich than the one on the smooth PECVD SiOy film, and capillary bridges are formed at
the contact points between the particles. Increased water adsorption is thus observed,
notwithstanding the presence of the water-repulsive FOTS functionalization as depicted in
Figure 17.

Finally, researchers reported a double-step process composed of a hexamethyldis-
ilazane (HMDSZ) plasma polymerization (PP) step and an acrylic acid (AA) grafting
polymerization (GP) step to coat titanium (Ti) [73] and its alloys and zirconia (ZrO;) ce-
ramics [74] in order to impart specific properties to materials used in dental implants
applications. In the former case, first, a micro-arc oxidation (MAO) process, also called
plasma electrolytic oxidation (PEO), was applied to Ti specimens in an electrolyte contain-
ing sodium silicate pentahydrate, potassium hydroxide, and ethylenediaminetetraacetic
acid in distilled water, then a RF (13.56 MHz) LP plasma discharge in presence of HDMSZ
vapours was activated to obtain a PP-5iOy coating and, lastly, an O, plasma pre-treatment
was carried out to form peroxide groups on the surface and thus facilitate UV light-induced
AA GP by liquid immersion in the precursor of the pre-treated specimens, as shown in
Figure 18.
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Figure 17. Schematic representation (not to scale) of water adsorption at the spaces left by the FOTS
cluster assembly (a). Capillary bridge formation takes place between asperities at the surface (b) and
at the contact points between SiOx particles (c). Reprinted from [72] with permission from Elsevier.
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Figure 18. The schematic illustration of the preparation of the functionalization of titanium surface
modification. Reprinted from [73] with permission from Elsevier.

In the latter case, the zirconia ceramic surface was coated through RF-LP plasma
discharge with the PP-S5iOy, which was subsequently plasma-activated to promote the
AA surface grafting. In both cases, the carboxylic terminations were used to immobi-
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lize biopolymers (chitosan, chitosan/poly g-glutamic acid, and gelatin) that enhance the
materials” biocompatibility and cell viability assays.

2.7. Resume of the Precursors Used at Low Pressure

In Table 1, a summary is given of the precursors used for low-pressure synthesis
techniques of silicon-based materials that have been discussed in this section. Gases or
vapors have not been included in the table if used only as dilution gases or dopants. As
an example, nitrogen gas N, was included if used to achieve nitrogen incorporation in
the films, but not if it was used to dilute other precursor gases. Silane gas was by far the
most used precursor gas and was employed for the synthesis of a wide range of materials,
including all the phases of silicon, such as amorphous, nanocrystalline, or microcrystalline,
but was also the most used gas for the synthesis of silicon-based nanostructures. Both
ammonia and nitrogen were used for the synthesis of silicon-nitrogen and silicon-carbon-
nitrogen alloys, while nitrous oxide was used in one case only, for the deposition of
silicon-oxygen-nitrogen alloys. A considerable variety of gases and vapors were used to
achieve the incorporation of carbon, ranging from methane to highly complex organic
precursors. The latter, however, were mainly used to achieve the synthesis of silicon-carbon
alloys through a single precursor. Diborane was used as a precursor (not as dopant gas) in
one case only, to achieve the growth of silicon-boron-nitrogen alloys.

Table 1. Precursors used for the plasma-assisted synthesis of Si-based materials at low pressure.
For each precursor, the materials for the synthesis of which its use has been reported and the
corresponding references are provided in the proper columns.

Refs.

Materials Formula Precursor name

[23-32,34-41]
[42-45,50,54,56—

a-Si:H, nc-Si:H, mc-Si, ¢-Si,

a-SiN:H, a-5iO,

SiCxOy:N, a-SiOxNy SiHy Silane

58,61,63] a-SiBxNy, 5i/SiSn nanowires,
Si nanoparticles

[25] a-Si:H SipHg Disilane

[14] a-Si, a-SiC, a-SiN SiCly Silicon tetrachloride

[33] a-Si, nc-Si SiHCly Trichlorosilane (TCS)

[49] a-5iCx:H, a-SiCxNy:H Si(CH3)4 Tetramethylsilane

[55] a-SIC,N, CeHysN,Si (Dimethyl(a[r)nl\i/InAo])DdI\i/[n;()ethylsilane

[55] a-SiC,Ny CH N, Si Bis(dimet}?l;lgnl\}ligc&gethylsﬂane

[55] a-SiCxNy CyH,1N3Si Tris(dimethylamino)silane (TDMAS)

[55] a-SiCxNy C4H;3NSip 1,1,3,3-Tetramethyldisilazane (TMDSN)

1,3-Bis(dimethylsilyl)-2,2,4,4-

[55] a-SiCxNy CgHy4N»Siy tetramethylcyclodisilazane
(BSCDSN)

E&g} a-SiC, DLC, SiCxOy:N CHy Methane

[15] a-C:H, a-SiC:H CyH, Acetylene

[17,18] a-C:H:SiOy CH;[Si(CHj3),0],Si(CH3)3 Polyphenylmethylsiloxane (PPMS)
[52] SiO, CgH» N, Si bis(tertiary-butylamino)silane (BTBAS)
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Table 1. Cont.
Refs. Materials Formula Precursor name
1H,1H,2H,2H-
[47,72] FOTS-grafted-SiOx Cq14H19F130551 Perfluorooctyltriethoxysilane
(FOTS)
] o . (3-Aminopropyl)trimethoxysilane
[48] APTMS-grafted-SiOx CeH17NO3S1 (APTMS)
[71] cyclosif;f:rigslgrﬁrris;groups C9oHp3NO3Si (3-Aminopropyl)triethoxysilane (APTES)
. . Hexamethyldisilazane (HMDSZ) or
[68,73,74] SlOXCyHZ Ce¢H19NSip (HDMSN)
[64-68] SiOxCyH, CeH;1505i, Hexamethyldisiloxane (HDMSO)
[69] SiCxHy CgH1,S1 Tetravinylsilane (TVS)
[70] SiO, SiCgHy(O4 Tetraethoxysilane (TEOS)
A9, a-51Bx Ny, a-51C«Ny: 2 itrogen
[41,49,51] SiBxNy, a-SiCxNy:H N Nitrogen **
[3[5 i]()] a-SiN:H, S5iCxOy:N, a-S5iOxNy NH;3; Ammonia
[40] a-SiOxNy N,O Nitrous oxide
[39,50] a-5i0,, a-SiCxOy:N O, Oxygen
[36] a-SiO, CO, Carbon dioxide
[41] a-SiBxNy ByHg Diborane *

* Diborane was not included in the table when used as a doping gas only. ** Nitrogen was not included in the
table when used as a dilution gas only.

3. Synthesis by Means of Atmospheric Pressure Discharges

Atmospheric pressure plasma (APP) discharges allow the synthesis or the surface
modification of materials while working at atmospheric pressure, thus avoiding the use
of vacuum technology [75]. Interest in this kind of techniques has risen considerably in
recent years, especially due to the lower cost and better applicability to inline industrial
processes. While the first applications of APP techniques were mostly dedicated to the
surface modification of textiles [76] and polymeric materials [77], the use of these processes
for the synthesis of materials and nanostructures, including silicon-based ones, has in-
creased considerably [78]. However, one of the main drawbacks of APP techniques is the
requirement of much more intense power to achieve plasma formation compared with
processes that work at low pressure. This sometimes makes this kind of technology less
convenient from the point of view of reducing power consumption in industrial manu-
facturing due to environmental concerns. Moreover, in some APP techniques, such as
plasma spray, a thermal plasma is produced with a very high-temperature plasma stream
that can be detrimental to deposition on some kind of substrates that do not resist high
temperatures. In the following, the most recent applications of APP techniques for the
synthesis of silicon-based materials are reviewed, dividing the processes depending on the
technique used for generating the atmospheric plasma. The last section has been dedicated
specifically to the APP synthesis of Si-based polymeric materials.

3.1. Plasma Spray

Atmospheric plasma spray (APP) is a technique in which precursor powders are
injected in a flow of plasma at atmospheric pressure, generated by means of a DC or RF
discharge, and then transported to the substrate, where the adhesion process takes place
to form a coating material. A similar technique was used by Wan and coworkers [79]
to achieve the deposition of silicon nanospheres and nanosheets by injecting raw silicon
powders into a flow of Ar plasma generated by a DC discharge at atmospheric pressure.
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A scheme of the deposition system is reprinted in Figure 19: the Ar flow was injected
from the nozzle located on the top of the chamber and was excited in order to form the
plasma stream by means of a DC power of 70 kW. The nanostructures were produced in
the plasma by evaporation of the raw powders and subsequent gas phase nucleation and
were collected on a plate positioned in the lower part of the reactor. More recently, Yang
and coworkers [80] employed the injection of self-produced SiOx nanopowders with high
silicon content into a flow of Ar plasma generated at atmospheric pressure using a RE-ICP
excitation. The carrier gas was injected from the top part of the reactor and excited by a coil
surrounding the cylindrical gas injector, powered by a 37 kW RF signal. The nanopowders
were evaporated in the thermal-plasma stream and then re-nucleated. The process resulted
in the deposition of SiOx nanowires with high silicon content, to be used in the production
of high-performance lithium-ion battery anodes.

Plasma Working Gas

DC Power L
Supply == I

T N Carrier Gas
Ai‘ ‘ Powder

i = Feeder
———1! b I
Plasma —
Torch
Reaction Off-gas
Chamber Ar
Cooling &< Treatment
Water

Hystem. ) Exhauster

Figure 19. Atmospheric pressure plasma spray system, used for the synthesis of silicon nanospheres
and nanosheets. Reprinted from [79] with permission from Elsevier.

Zheng and coworkers [81] employed an APP plasma spray technique, using a power
in a range between 4044 kW, to achieve the deposition of nanostructured and conventional
Yb,SiO5 coatings on SiC substrates, for application as environmental barrier coatings to
prevent the oxidation of SiC-based turbines in aeromotive engines. The different film
morphologies were achieved using different kinds of precursor powders to be injected into
the plasma flow.

An APP technique was also used by Ma and coworkers [82] to achieve the formation
of an Al-Si graded layer on the internal surface of cylindrical mechanical parts, such as
pipe sections, made of aluminum, using a rotating plasma spraying gun, powered at about
45 kW, the scheme of which is reprinted in Figure 20, which could be inserted in the pipe
cavity and was able to rotate while emitting the plasma flame, thus allowing the coating
of the internal surfaces. The composition of the graded layer was changed during the
deposition, starting with a pure SiAl layer and adding Cu and Fe in increasing quantities
as the growth proceeded, with the aim of improving layer adhesion on the Al surface.
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Figure 20. Plasma reactor used for the deposition of Al-Si graded layers at atmospheric pressure on the
internal surface of cylindrical mechanical parts. Reprinted from [82] with permission from Elsevier.

3.2. Plasma Jet

Plasma jet is a type of plasma technique, usually carried out at atmospheric pressure,
in which a plasma discharge is activated in a reaction chamber, and a flow of plasma is
then extracted from it and sent to a substrate, where it exerts its action of material growth
or surface modification. Unlike plasma spray techniques, the precursors for the material
growth are usually in the form of gases that are ionized and dissociated directly in the
plasma stream. Moreover, this kind of technique usually uses a non-thermal plasma stream
with a relatively low temperature.

Wang and coworkers [83] used an array of six plasma jet sources, the scheme of which
is reprinted in Figure 21, to achieve the deposition of SiOy on a cylindrical aluminum
surface. The plasma jet source was activated by a high-voltage AC power supply, using
tetraethylorthosilicate (TEOS) as precursor and Ar as carrier gas [84]. Three non-adjacent
coils were fed though channel 1 (see Figure 21) by means of Ar gas only and were used for
etching, while the other three coils were fed through channel 2 with a mixture of TEOS and
Ar and were used to provide the SiOx deposition. The plasma stream was excited using a
dielectric barrier discharge structure [85].

A plasma jet surface treatment was also used by Xiong and coworkers [86] for the syn-
thesis of nanocomposite coatings containing aluminum nitride (AIN) and methyltrimethoxysi-
lane (MTMS). An Ar plasma jet, generated using a high-voltage power source at 10 kHz,
was directed at the polyimide substrate, on which a mixture of AIN powders and MTMS
had been previously deposited, transforming the two separate AIN and MTMS phases into
nanostructured material formed of AIN nanoparticles embedded in a polymer matrix.

A novel type of plasma jet technique, called HelixJet, was recently employed by
Dworschak and coworkers [87] for the synthesis of silicon nanocrystals (Si NC). The HelixJet
plasma source employs an original electrode configuration, the scheme of which is reprinted
in Figure 22, in which two metal electrodes are wired around a quartz tube, forming two
spiral paths. One of the electrodes is grounded, while the other one is biased with a RF
(13.56 MHZz) at up to 250 W, giving rise to a synergistic action between the spiral-arranged
electric field and the plasma filaments. Inside the plasma stream, the self-assembling of
plasma filaments, which can rotate at considerable speeds, is achieved. The authors showed
that, in such a configuration, the electric field lines produced inside the quartz tube match
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the orientation of the filaments, creating synergy between the spontaneous rotation and the
external excitation. The system allowed the synthesis of SiOy particles of amorphous and
crystalline structure as well as Si nanocrystals embedded in SiOx. Compared with other
APP techniques such as the plasma spray, the HelixJet requires considerably less power,
thus reducing its environmental impact.
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Figure 21. Array of six plasma jet sources, used for the deposition of SiOx. Reprinted from [84] with
permission from Elsevier.

Ta’s

Figure 22. Structure of the HelixJet reacto without plasma (a) and with He plasma at several powers
(b). Front view taken with a telecentric lens (c) and corresponding intensity profile (d) of a plasma
emission with 5 ppm silane concentration. Reprinted from [87] with permission from John Wiley

and Sons.

3.3. Other APP Techniques

Apart from plasma spray and plasma jet, several other techniques can be used that
work at atmospheric pressure, such as the corona discharge and the dielectric barrier dis-
charge (DBD) methods, both of which are characterized by the formation of filamentary
discharges produced by the accumulation of streamers [88]. Among the most interesting
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ones that were used recently for the growth of silicon-based materials, there is the technique
used by Post and coworkers [89] for the synthesis of core-shell nanoparticles, employing a
vapor-phase process at atmospheric pressure, in which the plasma generated in air by a
DBD reactor was used to generate radicals that were then injected into a thermal reactor
together with a previously generated nanoparticles aerosol and a tetraethyl orthosilicate
(TEOS) or hexamethyldisiloxane (HMDSO) vapor flow. A scheme of the deposition process
is reprinted in Figure 23: nanoparticles of Pt and Au were produced inside a spark gen-
erator, as shown in Figure 23a while TiO, nanoparticles were atomized from an aqueous
suspension, as can be seen in Figure 23b. All types of nanoparticles were coated using the
reactive species produced inside a DBD plasma working at a power of 11 W. The nanoparti-
cles were injected in spray form into a furnace, together with the output of the DBD reactor,
inside which the coating process took place, giving rise to the core-shell structures, with
the external layer composed of SiO;. It is noteworthy that the DBD plasma used in this
process requires considerably low power.

Spark discharge
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Figure 23. Process flow used for the production of Au, Pt, or TiO, nanoparticles, coated by SiO, em-
ploying a DBD reactor. (a) Spark generator, used for Pt and Au nanoparticles generation; (b) atomizer,
used for TiO, nanoparticles production. Reprinted from [89].

Silicon-based materials were also synthesized employing APP-PECVD discharges,
in which a uniform plasma, in contrast to filamentary discharges such as corona or DBD,
is obtained at atmospheric pressure. Of particular interest are the results obtained by
Kakiuchi and coworkers [90]. In that work, the deposition of a-Si thin films was achieved
at low temperature and atmospheric pressure, using SiHy as a precursor in a mixture of
He and Hj, employing a parallel-plate reactor with a VHF excitation at 150 MHz and a
distance between the electrodes of 500 pm. The authors also investigated the effect of a
pulsed discharge [91] in the same reactor and found that it provided a beneficial effect,
allowing for the deposition of good quality a-Si films at a temperature as low as 120 °C.
According to the data reported, the maximum power applied to the APP reactor was about
150 W, which is remarkably low compared to other techniques working at atmospheric
pressure, allowing a reduced environmental impact.

3.4. Plasma Polymerization at Atmospheric Pressure

Plasma polymerization processes at atmospheric pressure (APP) have a large presence
in industrial applications. Nowadays, HDMSO is still the most used monomer to produce
a plethora of modifications of material surface properties, such as the reduction of the
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flammability of fir wood as well as control of its wettability [92], the superhydrophobicity
of glass substrates [93], and the corrosion resistance [94] of steel specimens. The final thin
film is, in all three cases, a SiOx coating with different chemical characteristics according to
the desired function to be imparted and the type of atmospheric pressure plasma reactor
and process conditions. A dielectric barrier discharge (DBD) apparatus, conceived for
cotton textile processing, was used on fir wood [92] due to the ease of formation and
production of a large-scale stable discharge. This process was carried out by using a carrier
gas of pure argon containing monomer vapor flowing between two electrodes. Extensive
characterization by means of FESEM, AFM, XPS, FTIR, EDX, and DTA-TG demonstrated
the cross-linked nature of the macromolecular structures based on Si-C and PDMS-like
Si-O-Si bonds, which clearly explains the water-repellent and fire-retardant nature of
plasma-modified wood substrates.

Interestingly, for glass substrates coatings, an argon plasma jet at a relatively low-
power frequency (11.5 kHz) was applied [93] with or without the use of several shielding
gases, as depicted in Figure 24. XPS characterization demonstrated the different effects on
chemical composition: N; shielding preserved a high carbon content (in CH3 groups) from
the precursor while minimizing the incorporation of oxygen into the coating surface.

| @16 |
| AC AC AC
source source source
Ar
A ﬁ -]
— < 016
| HMDSO/A
_— HMDSO/Ar HMDSO/Ar /Ar

—> [f<— 08
Shielding gas
— ]

----- r

—3/ e— D5 ‘I“ moving
N d Substrate
[ | [ | [ 1 <—>
[ ] [ ] K ]
. 7 . I__ : Ground
Dielectric -
electrode

(a) (b) (c)

Figure 24. Schematic diagram of plasma jet (a—c), reprinted from [93], with permission from Elsevier.

Moreover, it was found that O (from O and OH radicals) replaced C to form silica-like
coating in cases where shielding gas was not present or with Ar and He shields. The
plasma jet system used to treat the SAE 1020 steel surface [94] used a commercial AC
power supply operated at 19.0 kHz to excite the discharge in an Ar/HDMSO atmosphere.
Among the tested deposition modes (continuous or alternated), deposition time, and
number of deposition steps, the most stable coatings, aiming for the formation of quartz-
like inorganic material, were obtained with a three-step deposition and in both continuous
and alternated modes.

A peculiar and very interesting organosilicon precursor, 2,4,6,8-tetramethylcyclotetrasiloxane
(TMCTS), was chosen instead by Profili et al. [95] for the morphological and chemical modifi-
cation of bleached, unrefined Kraft paper, that is, one of the by-products of woody biomass.
The TMCTS precursor was selected for its ability to produce organosilicon coatings with
relatively high deposition rates with respect to more conventional HDMSO. Plane-to-plane
dielectric barrier discharges at atmospheric pressure were activated in the presence of the
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precursor (see the scheme depicted in Figure 25). It is worth noting that, during plasma
processing of Kraft paper substrates, the amplitude of the applied voltage and its frequency
were constantly adjusted to maintain a homogeneous discharge regime. In such conditions,
the neutral gas temperature did not exceed 50 °C.
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Figure 25. Scheme of the DBD deposition system for TMCTS atmospheric plasma polymerization,
reprinted from [95], with permission from Elsevier. Substrate layers formed of bleached unrefined
Kraft paper are color-coded for clarity.

Finally, researchers observed a low plasma-assisted fragmentation of the TMCTS
precursor and a partial oxidation of the TMCTS precursor fragments during the plasma
deposition process. This mechanism led to the formation of a Si-O-Si network, thus impart-
ing a high hydrophobicity to the coating and so improving the chemical and mechanical
stability of cellulosic fabric subjected to humid environments.

3.5. Resume of the Precursors Used at Atmospheric Pressure

In Table 2, a summary is given of the precursors used for atmospheric-pressure
synthesis techniques of silicon-based materials that have been discussed in this section.
Gases or vapors have not been included in the table if used as transport gases in which
precursors were injected in the solid form, as in the case of atmospheric-pressure plasma
spray. A considerably lower number of precursors have been found compared with low-
pressure techniques, which can be explained by two main considerations. On one hand,
some of the most used APP techniques, such as plasma spray, do not rely on the dissociation
of gaseous precursors to achieve the synthesis of materials but use a plasma discharge
to achieve the formation of vapors from a solid source. On the other hand, working
at atmospheric pressure imposes more limitations as to which gases and vapors can be
used, both for safety considerations and due to the difficulty of preventing exposure to
atmospheric gases.

Table 2. Precursors used in the plasma-assisted synthesis of Si-based materials at atmospheric
pressure. For each precursor, the materials for the synthesis of which its use has been reported and
the corresponding reference are provided in the proper column.

Refs. Materials Formula Precursor Name
[83-85,89] a-Si0x SiCgHpgO4 Tetraethylorthosilicate (TEOS)
! Si/SiO, coated nanoparticles
Si/Si0, coated nanoparticles; . ..
[89,92-94] Si0y coating SipCgH150 Hexamethyldisiloxane (HMDSO)
. . 2,4,6,8-Tetramethylcyclotetrasiloxane
[95] Slox C4H1204Sl4 (TMCTS)
[87,90,91] Sinanocrystals, a-Si SiHy Silane
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Silane gas was used in the HelixJet and APP-PECVD techniques only. In both cases, the
flow of gas, despite being at atmospheric pressure, was confined in a closed environment,
as is necessary due to the extremely high reactivity of this gas with oxygen. In all the other
works that have been reviewed, organic vapors were used if the synthesis was achieved
through gas dissociation.

4. Conclusions

In this work, we have reviewed the most important improvements in the synthesis of
silicon-based materials by means of plasma-assisted techniques that have been published
in recent years. A wide range of techniques have been included, ranging from classical
RF-PECVD and sputtering to more innovative and exotic techniques, and several types of
silicon-based thin films, both inorganic and organic, as well as nanostructures of different
types and shapes, have been described. The results confirm that plasma-assisted techniques
constitute a very versatile and powerful collection of methods for the synthesis of silicon-
based materials, and new and innovative techniques have been developed in recent years
that promise important developments in silicon-based technology.

Low-pressure CCP techniques, which have a longer history among the plasma-assisted
synthesis processes, are still of great importance. In fact, these processes were originally
designed for the synthesis of amorphous, nanocrystalline, and microcrystalline materials,
but are now widely used for the synthesis of several types of nanostructures, such as
nanospheres and nanowires. A considerable amount of research has also been devoted to
improving the passivation properties of amorphous silicon and silicon oxide films used in
heterojunction solar cells, which are very promising for the aim of increasing the efficiency
of energy production from renewable sources. Interesting improvements have also been
made in CCP reactor design, e.g., allowing for the deposition of patterned thin films, with
a high potential for reducing the need for high-cost lithographic processes. Several im-
provements have been achieved for other types of low-pressure processes also, such as ICP
and MW techniques, which have been especially used for the dissociation of high strongly
bonded precursors, such as Ny, or to achieve the deposition of complex compounds, as
well as to allow the deposition of good quality thin films at low temperatures.

Atmospheric pressure techniques have a shorter history compared to low-pressure
ones, but the use of these processes has considerably increased in recent years due to
their high potential for reducing the cost of silicon-based materials synthesis in several
industrial applications. Techniques such as plasma spray and plasma jet, which have been
in use for a considerable amount of time, are still widely used, but the former is highly
power demanding compared to other techniques. HelixJet and APP-PECVD are the most
innovative among the reviewed APP techniques and show the advantage of high versatility
and low power consumption. In fact, the further development of these techniques could
lead to very interesting innovations in the synthesis of silicon-based materials.

In perspective, increased use of APP techniques can be expected in the next years
as new methods are developed and existing ones improved, reducing typical drawbacks,
such as the nonuniformity of filamentary discharges or the high power consumption of
thermal plasmas. In fact, atmospheric pressure techniques have a high potential to reduce
the production cost of silicon-based material synthesis in several application fields, such as
large-area electronics, sensor development, and the biomedical field.

On the other hand, reduced pressure techniques are continually evolving and the
development of new specialized processes can be expected in the coming years. Of special
interest are hybrid techniques, which mix more than one type of plasma excitation source
in order to achieve more effective dissociation of reactive gases. Localized growth tech-
niques, which allow for the patterned deposition of thin films, thus reducing the need of
lithographic processes, are also expected to be improved in the near future. Another field
in which important developments are expected is the reduction of process temperatures,
increasing the number of silicon-based materials that can be grown on polymeric substrates
and improving the quality of these materials.
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