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Abstract

Since decades, the PECVD (‘plasma enhanced chemical vapor deposition’) processes have
emerged as one of the most convenient and versatile approaches to synthesize either organic or
inorganic thin films on many types of substrates, including complex shapes. As a consequence,
PECVD is today utilized in many fields of application ranging from microelectronic circuit
fabrication to optics/photonics, biotechnology, energy, smart textiles, and many others.
Nevertheless, owing to the complexity of the process including numerous gas phase and surface
reactions, the fabrication of tailor-made materials for a given application is still a major
challenge in the field making it obvious that mastery of the technique can only be achieved
through the fundamental understanding of the chemical and physical phenomena involved in the
film formation. In this context, the aim of this foundation paper is to share with the readers our
perception and understanding of the basic principles behind the formation of PECVD layers
considering the co-existence of different reaction pathways that can be tailored by controlling
the energy dissipated in the gas phase and/or at the growing surface. We demonstrate that the
key parameters controlling the functional properties of the PECVD films are similar whether
they are inorganic- or organic-like (plasma polymers) in nature, thus supporting a unified
description of the PECVD process. Several concrete examples of the gas phase processes and
the film behavior illustrate our vision. To complete the document, we also discuss the present
and future trends in the development of the PECVD processes and provide examples of
important industrial applications using this powerful and versatile technology.

Keywords: plasma enhanced chemical vapor deposition, plasma polymerization,
plasma diagnostics, thin films, energy per molecule, energy per deposited particle,
mechanical and other functional properties
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1. Introduction and scope of the paper

In the modern world, the utilization of thin films and coatings
has become essential for a multitude of applications in various
technological domains ranging from microelectronics, solar
cells, and wearable electronics to optics/photonics, biotechno-
logies, manufacturing, aerospace, energy, textiles, and many
others. Among the plethora of techniques developed for assur-
ing the increasingly demanding characteristics and functions
of high-quality thin films, plasma- and vapor-based technolo-
gies appear to be amongst the most convenient and suitable
approaches. Film fabrication methods encompass numerous
processes that are often classified as physical vapor deposition
(PVD) or chemical vapor deposition (CVD), depending on
the physical/solid or chemical/gas-vapor nature of the initial
source material. For both families of processes, a plasma can
be added to the process, allowing one to initiate and propag-
ate the reactions and control the microstructure and composi-
tion of the deposited films. By adding plasma to the conven-
tional deposition processes allows for several key advantages.
The most important ones are as follows: (i) the process tem-
perature can be significantly lowered enabling a reduction of
the energy cost and the treatment of a wide range of materi-
als including polymers, (ii) solvents are avoided making these
processes more environmentally friendly, and (iii) specific fea-
tures of the plasma allows for the deposition of materials that
could not be synthesized by conventional methods. All these
attractive properties justify the popularity gained by plasma
technologies and their important development in numerous
industrials fields such as automotive, aeronautics and micro-
electronics. Even if these industrial applications are already
very well advanced, there are still numerous industrial sectors
that could benefit from plasma technologies (energy, biomed-
ical, chemistry, textile...). Until now, a frequent limitation for
the acceptance has been a certain reluctance of industries to
invest into technologies that would strongly impact their actual
processes. Nevertheless, because of the global energy crisis
and of the climate-related issues that strongly push toward the
electrification of the industrial process, it is almost sure that
these barriers would disappear.

In this paper, we specifically focus on plasma enhanced
chemical vapor deposition (PECVD) technologies. The
PECVD processes can further be categorized depending on
the nature of the resulting coating. When depositing inorganic
materials, one mostly refers to the ‘PECVD process’, while
when considering the deposition of organic material, the com-
munity frequently refers to the so-called ‘plasma polymeriza-
tion (PP)’ process. As long as only vapor deposition processes
are considered, the two terms are often used as synonyms. The
PVD film fabrication techniques are very complementary and
they also use plasmas and plasma-surface interactions, while
the source material originates from a solid state and enters
the gas phase by approaches such as magnetron sputtering
and arc, thermal, and e-beam evaporation in the presence of
inert or reactive gases. The PVD processes are, however, out
of the scope of this paper and the reader is referred to refer-
ences such as [1] as well as other complementary ‘foundations
papers’ [2, 3].

The present foundation paper aims at presenting and
describing the basic knowledge associated with fundamental
mechanisms responsible for the film growth and evolution of
the microstructure when using the PECVD processes includ-
ing PP. Specifically, we focus on the description of the main
gas-phase processes and related plasma-surface interactions,
their advantages and limitations. We share our view on a vari-
ety of promising scientific and technological approaches that
have been developed to overcome these limitations and that
can provide enhanced film and coating performances. Our goal
is to reveal a practical foundation for the scientifically substan-
tiated understanding of the PECVD processes that would help
to make judicious choices for specific applications; as such,
this review addresses both experienced colleagues as well as
‘newcomers’.

In section 2, after a short history of the field, we first
describe the fundamental physics and chemistry behind the
PECVD processes and the most common plasma sources that
have been developed. This part specifically focuses on the vari-
ous PECVD-related effects in the gas phase concerning the
interactions of electrons with the atoms and molecules, and
the transport of molecular fragments toward the surface, res-
ulting in film deposition. From the fundamental perspective,
we show that the concepts and physical mechanisms behind
the growth of thin films in PECVD are very similar whenever
the plasma-assisted synthesis of plasma polymerized organic
or inorganic materials is considered.

Although presenting many common features in terms of
basic mechanisms, the two families of PECVD processes also
reveal important specificities. Therefore, sections 3 and 4 are
dedicated to the processes applied to the synthesis of organic
or polymer-like (section 3) and inorganic (section 4) materi-
als, while keeping in mind very close relationships; in fact, we
point to new developments such as the hybrid (organic/inor-
ganic) films and coatings (section 5).

Section 3 addresses the PP process which is defined as
a PECVD process generating organic/polymer-like coatings
obtained at a relatively low-energy impact on the growing film.
Although plasma polymer films (PPFs) have been known and
applied for decades, better control of their properties (chem-
ical composition, stability, surface energy, retention of the
initial molecular nature, etc...) is still necessary to facilitate
their further implementation in practical day-to-day applica-
tions. Two complementary approaches addressing the associ-
ated challenges are described. The first one can be seen as the
natural evolution of the early works on the topic (Yasuda’s
work) that can be considered as a macroscopic analysis of
the process. This is based on the correlation between the pro-
cess conditions and the output such as the film growth rate, as
well as chemical and physical features of the deposited PPFs
through the utilization of a single process parameter, namely
the plasma-induced ‘energy input per monomer molecule—
Ep’ in the gas phase. In fact, E; resumes the effect of several
major process variables such as the flow, pressure, power dens-
ity, ...; as such, this approach thus considers plasma chemical
processes initiated in the gas volume.

The second approach provides a journey within the intim-
acy of the plasma by implementing a thorough diagnostics of
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the plasma phase to identify the film-forming species (neut-
ral and ionic) and to measure their flux and energy delivered
to the surface. This information can ultimately allow one to
unravel the different contributions to the ‘deposited energy per
arriving film-forming particle—E,’ that is the key parameter
in the considered process. Both Ej and E;, thus represent the
energy input by the plasma to the gas phase and surface pro-
cesses, respectively, enabling the control of the highly non-
equilibrium plasma conditions, and control of the film growth
and evolution of its microstructure. These sets of data are used
to better understand the fundamental mechanisms occurring at
the plasma-growing film interface.

The aspect of energy dissipation during film deposition
becomes particularly important when PECVD is applied to
the growth of inorganic materials (section 4). We specific-
ally focus on the variable allowing one to control the plasma-
surface interactions in terms of the energy and flux of differ-
ent species to the surface, including free radicals and mainly
ions. We underline that the film microstructure and hence the
film properties significantly depend on the key parameter, E),,
and we describe the methods of how to quantitatively assess
it. Different plasma systems and plasma source configurations
are discussed that allow one to tune E;, to obtain desirable coat-
ing performance; this includes different reactor geometries,
plasma excitation frequency, plasma pulsing, substrate bias-
ing strategies, etc. These approaches are illustrated by spe-
cific examples of the synthesis of inorganic functional films
and systems including optical coatings, hard protective coat-
ings, tribological coatings, barrier coatings, and coatings on
flat and curved substrates, the latter one considering highly
curved convex and concave surfaces and particulates.

Finally, the last part of the paper (section 5) addresses
present and future perspectives related to the PECVD techno-
logies. Specifically, we briefly describe the new trends includ-
ing more recent techniques such as ion beam enhanced chem-
ical vapor deposition (applied, for example, for the synthesis of
hybrid organic-inorganic films), plasma enhanced atomic layer
deposition (PE-ALD) and PECVD at atmospheric pressure
(AP), and the current state, challenges, and opportunities asso-
ciated with industrial applications of the PECVD processes.

2. PECVD

2.1 History of PECVD at a glance

Even if the first observations have been reported during the
18th century, it can be considered that CVD began to be
developed in the late 1800s in the context of improving light
bulb filaments by coating them with carbon or nickel [4,
5]. Following these pioneering works, CVD has penetrated
the industry with applications in the tool and later (thanks
to the development of low pressure processes), in the semi-
conductor industry. In parallel, CVD processes assisted by
plasma, called in the early times ‘glow discharge deposition’
or ‘plasma deposition’, have been developed to reduce the pro-
cess temperature thanks to the activation of the precursor by
the plasma phase. Today, these deposition processes are known
as PECVD or plasma-assisted chemical vapor deposition.

Already in 1911, the PECVD of diamond crystal from acet-
ylene in the presence of Hg vapors has been reported [6—
8], followed by the observation of amorphous carbon-based
films on the walls of discharge reactors containing hydrocar-
bon molecules [9-11] or by the first depositions of diamond-
like carbon (DLC) in 1953 [12, 13]. In the subsequent dec-
ades, the PECVD processes have started to be studied in detail
allowing one to better understand the growth mechanisms of
technologically important compounds such as silicon and sil-
icon oxide from silane discharges [14]. Between the second
half of the 60s and the early 70s, major technological improve-
ments to the process have been implemented. On the one hand,
the development of an RF (radio-frequency)-driven parallel-
plate PECVD reactor enabled further reduction of the process
temperature [ 15—18] and made it possible to synthesize optical
coatings [19]. On the other hand, by strongly decreasing the
process pressure (i.e. 1-5 Pa) and by simultaneously applying
a negative bias to the substrate, Mattox invented the ‘ion plat-
ing’ process [20] used to grow metallic and carbide films. In
the nineties, pulsed plasma sources (DC and bipolar) began to
be used in PECVD processes allowing for even higher flexib-
ility and control of the process [21].

When specifically considering the PECVD of organic-like
coatings or PPFs, the first observations of solid deposits from
organic compounds were reported at the end of the 18th
century [22]. At that time, they were considered a nuisance
until it has been shown that a 1 pm thick plasma-polymerized
styrene film made a satisfactory dielectric for a nuclear battery
[23]. Initially and for decades afterward, PPFs have been stud-
ied as pinhole-free physical barriers with applications in the
field of corrosion protection [24, 25] and food packaging [26,
27], since the dry, vacuum-based deposition avoids entrap-
ment of moisture, air, solvents or other fluids as often observed
in paints and wet-chemical coatings [28]. Nevertheless, since
the 1980s, PP has been further developed in the search for
PPFs with controlled and tailored chemistry for hi-tech applic-
ations, particularly in the biomedical field such as for the
development of platforms for biomolecules immobilization
[29-36] or cell growth [37-39], or antibacterial [40, 41], or
controlled drug release coatings [42-45].

2.2. Basic principles

Considering the PECVD process, the first step of the synthesis
for either organic or inorganic thin film material requires the
vaporization of a molecule named precursor (or monomer) in
a deposition reactor where a plasma is ignited. Based on the
variability and the role of the initial gas-phase processes and
plasma-surface interactions (involving atoms and molecular
fragments—radicals, ions, and energetic photons), materials
processing using ‘cold’ (thermodynamically non-equilibrium)
plasma can be divided into three categories, according to
the choice of the working gases or vapors and the discharge
conditions [46]:

(i) The PECVD of inorganic (such as oxides, nitrides, and
carbides of metals or semiconductors, DLC films) or
organic thin films (such as soft materials, PPFs, and
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others). Here, it is useful to specify our understanding
of what are ‘organic’ and ‘inorganic’ thin film material.
As generally accepted, the PECVD community considers
that organic compounds comprise a main chain formed by
carbon atoms containing other atoms such as hydrogen,
oxygen or nitrogen. Due to densification and sp* hybrid-
ization during film growth, DLC thin films lost their
organic character and are most of the time considered as
inorganic materials. For both inorganic or organic mater-
ial PECVD synthesis, during deposition, the bulk plasma
parameters generally control the rate at which chemic-
ally active precursor species (molecular fragments—free
radicals) and energetic species (electrons, ions, photons)
are created. In combination with the selected gases, gas-
phase chemical processes are largely responsible for the
chemical composition of the deposited films, along with
plasma-surface interactions and substrate surface condi-
tions, which control film microstructure and surface mor-
phology.

(i1) Plasma etching or chemical etching (dry removal of
materials), forming volatile products resulting from the
chemical reactions of the plasma-generated free rad-
icals and surface atoms, which are frequently ablated
with additional ion bombardment assistance—e.g.
see [47, 48].

(iii) Surface modification, during which material is neither
added nor removed in significant amounts, but the com-
position and structure of the surface and/or of the near-
surface region are modified by plasma exposure allowing
one to ‘engineer’ the surface and interface proper-
ties (improve adhesion, control roughness, wettability,
biocompatibility, sterility, dye uptake, and other forms of
activation)—e.g. see [3, 47, 49-51].

Frequently, the above mentioned processes are in compet-
ition, and the prevalence of one of them can be controllably
adjusted by the choice of the external plasma parameters such
as in a system schematically illustrated in figure 1.

Despite the proliferation of low-pressure plasma processes
already in use, and having potential for numerous industrial
applications, there is still much ongoing research regarding
the most efficient use of plasma and this is especially true
for the PECVD processes for which the plasma chemistry is
often more complex than for PVD processes [2]. The reas-
ons are the relative novelty of plasma processing in certain
sectors of application and its inherent complexity. To ensure
high quality, reproducibility, and reliability of a given plasma
process, numerous parameters must be controlled (figure 1):
this includes ‘external’ parameters set by the operator such as
pressure, p, gas flow, F, discharge excitation frequency, f, and
power, W, and the resulting ‘internal’ (bulk) plasma charac-
teristics, particularly the electron (plasma) density, ., and the
electron energy distribution function, f.(E) or EEDF, as well
as the fluxes of depositing species.

In a confined plasma, the electrons tend to leave the plasma
readily due to their low mass and high mobility. This effect
results in the formation of sheaths separating the quasi-neutral
plasma from surfaces accompanied by a potential difference

to reach an equilibrium where the ion and electron losses
to the confining surfaces balance each other. Hence, energy
need to be delivered for ionization processes to sustain the
plasma. Since the threshold energy for ionization is in the
order of 10 eV, i.e. higher than the threshold for excitation
and dissociation, the plasma is a highly energetic medium
able to break any chemical bond. External electric (or electro-
magnetic) energy is provided via collisions to ‘hot’ electrons
gaining mean energies according to an equivalent temperat-
ure, T., in the order of eV, whereas the heavy gas particles,
including ions, can remain ‘cold’ as long as thermalization
is avoided as affected by pressure and residence time in
the plasma zone. The resulting non-equilibrium conditions
enable plasma-chemical activation in the gas phase as well
as energetic plasma-surface interactions, still able to treat
temperature-sensitive materials.

Furthermore, a wide range of monomers (or precursors)
can be ‘polymerized’ via formation of radicals in the plasma
including saturated and unsaturated hydrocarbons, fluorocar-
bons, silanes, siloxanes, hydrocarbons containing further ele-
ments such as O, N, S, B, P, Cl, and metals (organometallics
that can even be converted to inorganic coatings) as well as
mixtures with various non-polymerizing gases—many com-
pounds that would conventionally not polymerize. As a fur-
ther consequence, specific to the PP process, the PPF does
not polymerize in a regular way but forms highly branched
and crosslinked deposits with a wide range of chemical com-
positions. As a consequence, appropriate control at the nano-
scale enables unprecedented thin film properties ranging from
polymer-like to multifunctional to hard coatings. The related
high complexity of the involved process steps, however, com-
plicates a detailed understanding of PP. Some of the underlying
principles are thus rather discussed by introducing a ‘global
model’. These principles are also valid when considering the
synthesis of inorganic materials by PECVD.

Considering plasma activation of the precursor in the gas
phase producing film-forming species of density, ngep, via
electron impact with a lumped rate coefficient, k,, depending
on T, a simple reaction rate can be written as

dnge
di P — nnmkq (Te) (1)

with electron density, n., and monomer density, ny, [52].
Here, the rate coefficient covers the full plasma-chemical reac-
tion pathway [53]. This reaction pathway is most of the time
unknown but can be, at least partly, evaluated by implement-
ing detailed plasma diagnostics [54]. Activation occurs dur-
ing the residence time of the precursor in the active gas phase
(including the plasma and post-discharge regions), 7, yield-
ing the plasma-induced conversion of monomer into film-
forming species:

_ Tact dngep

ne dr = Tactlleka (Te) 2)

cll

with ¢, the conversion rate of the monomer into film-forming
species. Microscopically, the gas phase processes are thus gov-
erned by the EEDF and the residence time in the plasma.



Plasma Sources Sci. Technol. 32 (2023) 074001

R Snyders et al

Reactor, internal parameters

PECVD materials Film functional

and diagnostics properties
Reactor )
geometry Plasma density, n, Mechapical
Electron temperature, T,
- Concentration of radicals, ng Electrical
Pumping Plasma potential, V,
speed and Film
gas flow composition .
Photons, I(A) Reaction products and Optical
Excitation Radicals, fg l I Secondary electrons microstructure
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Figure 1. Schematic illustration of a deposition system and the relation between the internal and external process parameters, and the film
characteristics. Reprinted from [46], Copyright (2010), with permission from Elsevier.

Furthermore, the flux of film-forming species, I'qep, as pro-
duced in the active plasma zone of volume Vp;, and contrib-
uting to deposition in the area Agep, surrounding the plasma
(figure 2), is given by

Vpl dndep N Vpl N
Adep dr Adep Tact

Ca- 3)

Fdep =

Considering that 7, is related to the monomer gas flow
rate, Fp,, by

Vo kT,
Tact = nm7p1707 (€]
Fm po

it follows that

_ Fm o po,
de Adep kTO ¢

&)

with Boltzmann constant, k, pressure, pg, and temperature, T,
both at standard conditions (101 325 Pa, 0 °C).

Aside from the highly reactive film-forming species, unre-
acted or low reactive (excited) species, stable side products,
photons, and electrons as well as positively charged ions are
leaving the active plasma zone. The latter ones are acceler-
ated by the sheath voltage, Vy,, gaining the kinetic energy,
E;, and arriving with the flux, I'j, at the surface (depending
on the Bohm criterion [58]). As can be seen in figure 2(d),
Ar allows higher E; and I'; mainly due to a larger mean
free path length, whereas C,H, ™ ions have the largest cross-
section and undergo charge-exchange collisions. Furthermore,
the pressure-dependent expansion of the plasma zones (sheath
and presheath) contributes to collisions. Dilution in a non-
polymerizing (non-deposition) gas such as Ar (but also H, or
O, and N, for inorganic coatings) can thus help to increase
the energy flux. Despite low ionization degrees in the con-
sidered low-temperature plasmas, the accelerated ions also
drag the neutral species toward the surface by elastic and
charge-exchange collisions, even at AP (ionic wind) [59]. The

provided energy supports film formation by inducing surface
diffusion, radical sites, crosslinking, and densification, but it
can also result in ablation and re-sputtering depending on the
deposited (kinetic) energy per deposited atom/molecule (in
(eV)), here defined as:

EI;
E, = .
srdep

(6)

Eq is equivalent to E, but is defined by the flux of deposited
species (according to the global model) that arrive at the sur-
face rather than those that stay at it. Therefore, the parameter
‘s’ is introduced in equation (6). For predominant deposition
processes, s represents the sticking probability and the denom-
inator is proportional to the deposition rate (deposited spe-
cies per area and time) [58]. Note that this formula should
be considered with care since ion implantation and forward
sputtering might also occur at high E; [60]. Moreover, when
ablation processes noticeably reduce the deposition rate, the
affected near-surface volume during the film growth needs to
be considered for the total surface loss probability. At low
energies, s may depend on E4, when the formation of rad-
ical sites determines the thin film deposition [61]. For PP,
this situation is described by the ion activated growth model
(AGM, see section 3.1 for more details), known as plasma-
induced polymerization—in contrast to plasma-state polymer-
ization dominated by activation of the monomer in the gas
phase yielding highly reactive species that polymerize at a
surface [62]. Note that s also depends on substrate temper-
ature, T's, as well as on the nature and state of the substrate
regarding initial growth conditions. Either way, surface pro-
cesses can be controlled by knowing E4 and T's, which in turn
requires the use of plasma diagnostics. In general, to use PP
as a high precision surface modification tool, both gas phase
and surface processes need to be controlled. In this way, hard
coatings, e.g. DLC, have been optimized (selection of hydro-
carbon gas, the addition of hydrogen, and adjustment of E )
but also functional plasma polymers regarding the degree of
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Figure 2. Schematic representation of conditions in a plasma reactor used for the global model: (a) symmetric plasma yielding a uniform
flux of film-forming species to the walls, (b) asymmetric plasma with concentrated flux to one wall, (c) substrate positions exposed to
different energy fluxes, and (d) collisions in the sheath (curves f) and in the plasma (curves f,) that reduce the energy flux to the electrode,
exemplarily shown for C;H, ™, CH, ", and Ar™ ions in their parent gas. Data extracted from [55-57)].

functionality and crosslinking [56, 63, 64]. The importance of
the deposited energy for film microstructure and film proper-
ties is further discussed in section 4.1.

2.3. Which plasma for which process?

Among other parameters (pressure, power input, precursor
flow, ...), an important factor influencing the processing
plasma is the discharge electric field frequency, f = w/2m.
Most often, high frequency plasmas (f > 1 MHz) are used
for PECVD processes (including PP), to avoid surface char-
ging and plasma instabilities. These are, generally, the ITU
(International Telecommunications Union) approved indus-
trial, scientific, and medical frequencies (most frequently,
13.56 MHz—REF, or 2.45 GHz—microwave, MW). The choice
of f also defines the type and construction of the PECVD
reactor—see figure 3.

Plasma deposition equipment usually consists of several
modules or functions: its main part is the reactor chamber,
completed by the gas feeding and pumping system, power sup-
ply and power monitor, electrical matching network, process
control and instrumentation, and process diagnostics. While
most of the modules are similar for all PECVD processes, they
principally differ by the reactor configuration and the power
supply modules, depending on the range of plasma excita-
tion frequency, the nature of the substrates, and film quality
requirements.

Low-, medium-frequency and RF PECVD systems can all
possess internal electrodes (capacitive coupling, figure 3(a)),

while the RF reactors can also use external plasma excitation
using a coil or rings (inductive coupling, figure 3(b)). This
allows one to distinguish them based on the level of control of
the bulk plasma characteristics and ion bombardment effects
on the substrate surface. The deposition rates on the groun-
ded electrode are substantially lower than on the RF-powered
electrode (usually 5-10 times), depending on the gas nature
and composition. Typically, Eimax = 25 €V on the grounded
electrode (see equation (8)), while on the RF-powered elec-
trode, E; values may reach several hundred electron volts due
to high substrate bias voltage, V. In relation to the discus-
sion in section 2.2, this asymmetry should be considered if
the films are supposed to grow under high energy ion bom-
bardment on the power-driven substrate holder leading to high
packing density, or if such bombardment is to be avoided if
higher film stress or possible defects cannot be tolerated.

Many successful deposition systems for functional (mostly
dielectric) coatings are based on the use of MW discharges
that generally provide high n. and hence high I'; values
(figures 3(c) and (d)). The substrate is placed on a grounded
or electrically floating substrate holder, facing the MW (low
water-content fused silica or alumina) window through which
the MW power is supplied using different MW waveguides or
applicators (see [49, 65]).

RF and MW discharges differ principally in their EEDFs
(see figure 4), which can be determined by solving the
Boltzmann equation; it has been shown that the population
of electrons in the high-energy tail of the EEDF is higher
in MW plasma than in its RF counterpart [66]. The number
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Elsevier.

1.E+00 E
1.E-01
1.E-02

1.E-03

Fo (eV372)

1.E-04

1.E-05

1.E-06

1.E-07
0 5 10 15 20 25 30
u(eV)

Figure 4. Electron energy distribution functions in high frequency
plasmas—comparison of microwave (MW) and lower frequency
(RF or DC) plasmas with the Maxwellian distribution [67].

of electron—ion pairs formed per unit of delivered energy is
highest when the EEDF is Maxwellian such as in the MW
plasma [67]. In addition, the MW plasma is controlled by
ambipolar diffusion, i.e. electron—electron collisions prevail,
while in the RF mobility-controlled discharge, the energy loss
is due to a direct charged-particle impact on the walls. As
a consequence, the ionization (n,) and dissociation rates are
higher in the MW plasma, generally leading to higher pro-
cess rates, and higher ion flux, I'j, toward the exposed surface
[66]. On the other hand, RF plasma is more versatile, and
it allows one to control the surface potential and hence the
energy of bombarding ions, E; [46]. These two approaches
can be combined in the so-called ‘dual-mode MW-RF’ (or

‘dual-frequency’) process that helps to selectively tune the ion
energy and ion flux [46, 68, 69].

Optimization of the PECVD processes generally involves
the identification of discharge characteristics leading to the
formation of large densities of free radicals (ng) that diffuse
toward the surface (contributing to the flux of the film-forming
species, I'qep), as well as to high concentrations of ions (due to
high n.) favoring high I'j, as will be discussed below.

As mentioned above, the choice of f defines the depos-
ition reactor, and it influences the fundamental plasma prop-
erties such as the EEDF; however, it also has an important
effect on how the plasma interacts with the exposed surface.
At a surface in contact with plasma is an interface medium,
the plasma sheath, which is electrically non-neutral, in con-
trast to the plasma itself. An electrically isolated surface is
at a floating potential, Vy, with respect to the plasma poten-
tial, V,. Since Vj < V), positive ions are accelerated from the
plasma to the surface, while some of the electrons are repelled.
Under steady-state conditions, no net current flows, since ion
and electron fluxes are then equal. In this case, the thickness
of the sheath, ds, is a few times the Debye length, A\p, and it
grows with increasing average electron energy and decreasing
ne [46].

Assuming, for simplicity, that the EEDF is Maxwellian, and
that the surface immersed in the plasma is a plane, the potential
difference across the sheath can be approximated by [70]:

Vo — Vi = (kT¢/2e) In(m; /27 m,), @)
where k is the Boltzmann constant, T, is the electron temper-
ature, e is the electron charge, and m; and m, are the masses
of ions and electrons. We note that on floating potential sur-
faces, the ion energy E; = e(V, — Vjy) is typically a few times
T, expressed in electron volts (e.g. around five times 7' for
Ar-based plasma). The ions always acquire some additional
energy as they pass through the sheath on their way to the
surface.

The energy of the charged particles impinging on a sub-
strate can be adjusted by biasing it at a potential Vg with
respect to V. In the case of an insulating material, it can
only be biased by applying a periodic voltage. The substrate
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Figure 5. Schematic description of the rapid step-growth polymerization mechanism. Reprinted from [54], Copyright (2016), with

permission from Elsevier.

surface exposed to the plasma is then capacitively charged,
that is, electrically polarized, providing a mean DC voltage
component, Vp. If the frequency of the applied periodic
voltage, f, is greater than f 4, the critical ion plasma frequency
[(such as at f = 13.56 MHz)], the sheath is not influenced by
the periodic variation of the biasing voltage [46, 67]. When
a positive ion diffuses from the plasma bulk into the sheath
region, it will then be accelerated toward the substrate, which
it strikes with a maximum kinetic energy Ejmax [71, 72]:

Ei,max = €|Vp - VB‘ = eVih. (®)

In the pressure range generally used for plasma processing,
however, the ions lose part of their energy due to elastic,
inelastic, and charge transfer collisions in the sheath (see
figure 2(d)) and exhibit a broad ion energy distribution func-
tion (IEDF) by transferring energy to the flux of neutral
particles.

Finally, the processes leading to the deposition of thin films
in the plasma environment include reactions in the gas phase,
transport toward the surface involving specific energetic con-
siderations, and reactions at the surface, giving rise to film
formation and microstructural evolution, providing specific
film functional properties. Energetic aspects of plasma-surface
interactions and the importance and ranges of ion and photon
energies (particularly of the ultraviolet, UV, and vacuum ultra-
violet, VUV, radiation) are discussed in the next sections.

3. Plasma Polymerization (PP)

3.1. State of the art and current limitations

The PPFs are generated from the activation of an organic pre-
cursor in a plasma. This process gives rise to thin film materi-
als that, despite their name, strongly differ from conventional

polymers except for their organic nature. Indeed, because of
the PP process, the PPF is not characterized by repeating units
but mostly by a random network often presenting a high level
of crosslinking which confers to this family of organic mater-
ials’ unusual mechanical or chemical properties. Their unique
characteristics make PPFs very attractive, while strongly stim-
ulating the curiosity of surface scientists who have devoted
strong efforts to understand their growth mechanism. As
already mentioned, the overall PP process involves both gas
phase and surface reactions [73-75]. The first step consists
of introducing (e.g. by vaporization) an organic (organo-
metallic) precursor to the deposition chamber. The activation
takes place in the plasma phase through collisional processes
between energetic electrons/metastables (depending on the
pressure) and precursor molecules. Because of the energetic
conditions, the most probable reaction consists of precursor
dissociation reactions resulting in the formation of radicals.
Historically, it was assumed that the growth of the layer mainly
occurs through either radical-radical or radical-molecule
reactions. Indeed, the radicals possess an unpaired electron
and therefore are highly reactive toward the termination reac-
tions with other radicals, or toward addition reactions with
unsaturated molecules (i.e. with double or triple bonds) [76].
Some of the processes involved in the synthesis of a PPF
are summarized in the ‘Rapid Step Growth Polymerization’
(RSGP) model proposed by Yasuda in 1985. The model,
schematically shown in figure 5, is built on the concept of
recombination of reactive species and the subsequent react-
ivation of the resulting products [77, 78]. In this figure, cycle
1 involves the reaction of monoradicals (species with one rad-
ical site), whereas cycle 2 concerns biradical species (with two
radical sites), both originating from the interaction of the pre-
cursor with the plasma. It is worth noting that owing to the
similarity between the energy of the organic chemical bonds,
numerous fragmentation pathways are possible [79]. As a
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consequence, a great variety of radicals is generally produced
in the plasma whatever the chemical nature of the organic pre-
cursor, hence contributing to the irregular structure of PPFs.

Steps (1), (3), (4), and (5) correspond to addition reactions
between the reactive species and (i) a stable molecule (which
can be the precursor molecule) containing a reactive site such
as a double or triple bond (steps (1) and (4)) or (ii) other react-
ive species including radicals and biradicals (steps (3) and
(5)). In both cases, the generated products can undergo other
propagation reactions.

During the PP process, the molecules formed through the
recombination between two radicals (step (2), termination
reaction) can be reactivated via electron impact or interaction
with excited species, in contrast with the situation encountered
in conventional polymerization. Consequently, the RSGP
mechanism can be viewed as a succession of termination reac-
tions followed by the reactivation of the products. When a sur-
face is exposed to such a plasma, a solid organic thin film
is deposited on the substrate, arising from the condensation
of reactive species produced in the plasma. However, fur-
ther ‘polymerization’ reactions (initiation, addition, termina-
tion, reactivation) can still occur at the plasma growing-film
interface. The reaction of the reactive species at the growing
film surface resulting in the ablation of the deposited layer is
included through the ‘Competitive ablation and polymeriza-
tion’ principle, namely the simultaneous occurrence of film
etching and deposition processes [77, 80, 81]. Note that the
reactivity of the radicals, that is, their probability to contribute
to film growth, is a key parameter. While some radicals might
be abundant in the plasma state but reflected at surfaces, oth-
ers with high sticking probability determine the film growth,
which are thus difficult to assess using plasma diagnostics. The
evaluation of deposition rates as used by Yasuda is thus a suit-
able way.

Initially, the RSGP model has been developed for explain-
ing the mechanism of PP operated at low pressure, however,
this model can also be applied when considering the synthesis
of PPFs at higher pressure despite some specificities [§2]. One
difference lies in the activation step. Indeed, when increasing
the pressure, the formation of radicals/ions as a result of colli-
sions involving metastable atoms or molecules have also to be
considered in addition of the already discussed mechanisms.
On the other hand, the extent of addition reactions in the gas
phase also depends on the pressure. For instance, at high pres-
sure conditions, characterized by a very small mean free path
of the particles, numerous propagation (steps (1), (3), (4), and
(5) in the RSGP, see figure 5) and recombination (step (2) in
the RSGP, see figure 5) reactions could take place giving rise
to polymerization and/or nucleation events in the gas phase
which ultimately may lead to the formation of solid particles
(so-called dust). For the fabrication of stable and dense coat-
ings, this phenomenon has to be avoided. The most common
strategy to overcome such an issue for thin film deposition
consists in diluting the precursor in a carrier gas. However,
nucleation in the gas phase can also be exploited for the syn-
thesis of plasma polymer nanoparticles as recently reviewed
by Choukourov et al [83].

In the Yasuda model, the ions have been excluded from
the reaction paths owing to their relatively low abundance in
the discharge compared to radicals and neutrals. However, in
plasma processing, a surface facing the discharge is continu-
ously bombarded by positive ions with kinetic energy ranging
from 5 to 30 eV even in the absence of external bias, specific-
ally driven by the difference between the plasma potential and
the surface potential (see equation (8)). This supply of energy
is sufficient to ‘activate’ the surface through surface chemical
bond breaking resulting in the formation of surface dangling
bonds acting as preferential adsorption sites for the reactive
species of the plasma [84-86]. The occurrence of these reac-
tions is included in the ion-AGM proposed by d’Agostino in
which the formation of surface defects through ion interac-
tion is considered [85, 87]. Based on the AGM, the incorpor-
ation of the precursor into the growing film is possible via
a surface reaction with a radical site through, for example,
the opening of a double bond. Such reaction is referred to
as induced PP in contrast to plasma-state polymerization for
which the activation of the molecule in the plasma is an essen-
tial step. Unlike radical polymerization, that is, grafting non-
activated molecules to an activated polymer surface, how-
ever, the plasma allows to activate both the molecules and the
surface, thus enabling also the use of generally non-reactive
(e.g. saturated) molecules. Regarding the activation step in the
AGM, increasing the working pressure significantly decreases
the kinetic energy of the bombarding ions, and hence the effi-
ciency of the formation of surface defects for further grafting.
In this context, with respect to a debate on the subject [88,
89], d’ Agostino and Palumbo have concluded that for a work-
ing pressure higher than 47 Pa, the activation of the surface
by ionic impact is prevented but might still contribute to sur-
face mobility, mixing and branching [89]. Therefore, plasma-
chemical processes have to be considered.

Initially, the AGM was developed for the growth of
fluorine-based coatings, but it can also be applied to other
PPF families [84]. In addition, the impinging ions can also be
responsible for other phenomena such as ion-assisted etching
or coating densification as will be described below. For the
sake of completeness, it has to be mentioned that, though not
considered in the AGM, surface reactive sites can also be cre-
ated through UV photons irradiation of the growing film inter-
face or through hydrogen surface abstraction reactions [62,
80].

While considering ions as active species in the growth of
PPF, the AGM still implies that the density of ions is so
low that any mass deposited by ions would be insignificant
[62]. Nevertheless, recent studies pointed out that under cer-
tain experimental conditions, e.g. favoring the formation of
heavy ionic molecules undergoing soft landing, the contribu-
tion of condensing ions cannot be neglected [76, 90-95]. In
some cases, some authors even claim that the ions are the main
species responsible for PPF growth [93]. The origin of this
potentially important contribution of ions in the PPF form-
ation is justified by several factors. One of them is that the
‘Bohm Sheath Criterion’ results in an increase in the ion flux
toward the surface, significantly higher than the thermal flux
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(by a factor of ~15) [96]. In addition, it has been suggested
that the sticking coefficient associated with some ionic species
can be very high, significantly increasing their probability of
incorporation in the growing film [91, 97, 98]. Considering
these elements, it clearly appears that establishing the cor-
relation between a particular species density in the plasma
(i.e. the one of ionic species but it is also true for radicals)
and their relative importance for film growth is a very tricky
problem.

The exact role played by the ions in the mechanistic form-
ation of PPFs has already been debated in the 1960-1970s
[80], and this debate was further revisited in 2010 [99].
Nevertheless, up to now, there is no consensus about the con-
tribution of ions to the overall deposited mass, which might
strongly depend on the selected plasma conditions.

The different models described in this section are summar-
ized in figure 6 providing a global overview of the PP mechan-
ism and allowing one to understand the irregular structure of
the plasma polymer including the absence of repeating units,
the great diversity of chemical functions, branched/cross-
linked network, presence of trapped radicals responsible for
post-deposition reactions, etc [80, 102]. Nevertheless, due to
the complexity of the overall mechanism, it does not allow the
assessment of each reaction as well as the prediction of the
film properties.

Another factor to consider is the high dependence of the
PP process on the synthesis conditions (pressure, energy dens-
ity, distance from the plasma source, precursor flow rate, ...)
as illustrated in figure 7, and also the plasma reactor geo-
metry itself. Depending on the operating parameters, some
specific reactions can predominate while directly influencing

the chemical composition, cross-linking degree, mechanical
properties, stability of the coatings, etc [80, 103]. In this con-
text, numerous efforts have been made to deeply understand
the mechanistic formation of PPF. From these works, two main
approaches have emerged, namely the microscopic and the
macroscopic approach. The former relates to a deep insight
into the molecular intimacy of the plasma, while the latter
is based on a global chemical pathway governed by apparent
activation energy.

3.2. Into the intimacy of PP

As already mentioned, the plasma chemistry associated with
the PECVD processes and singularly with PP is most of the
time very complex because of the numerous chemical reac-
tions that occur in the plasma phase. Therefore, to better con-
trol the film forming process, one of the strategies is to imple-
ment experiments allowing one to obtain a precise picture of
the plasma chemistry including the identification/quantifica-
tion of the involved species (i.e. ionic and neutral), as well
as the determination of the flux and the energy of ions reach-
ing the surface. The idea is to correlate the plasma and film
chemistries to unravel the mechanisms governing film growth
at the molecular level. It should be noted that theoretical tools
are also frequently employed to support the interpretation of
the experimental data.

In the context of PP, several diagnostic methods have
been developed and employed during the past 30 years; this
includes mass spectrometry (MS), optical emission spectro-
scopy, in-situ Fourier transform infrared spectroscopy (FTIR),
and ion probes. A detailed description of each technique and
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Figure 7. (a) Atmospheric plasma polymerization of polyethylene glycol: influence of the plasma power on the high resolution C1s spectra
revealing the increase in the C—C component shoulder with power. [100] John Wiley & Sons. [Copyright © 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim]. (b) FTIR spectra of atmospheric plasma polymerized propylisobutarate coatings showing the change in
the relative intensities of the C=0 to CH,/CH3 bonds when increasing power. [101] John Wiley & Sons. [© 2013 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim]. In both cases, a loss of the precursor functionality (C—O—-C for PEG, and COO for PiB) occurs.

its advantages and disadvantages can be found in the review
of Thiry et al [54]. Specifically, in this context, MS has partic-
ularly been favored since it enables the identification of both
neutral and ionic species as well as their relative quantifica-
tion. Besides, for ions, their energy distribution can also be
measured.

As an example, the mass spectra of acrylic acid plasma are
depicted in figure 8. The peaks can be assigned as follows
[104, 105]: m/z = 72 for the acrylic acid precursor; m/z = 55
for CH,CHCO™; m/z = 44 for C,H,O", C3Hgt and CO;;
mfz =28to CoHyt and COT; m/z =27 to CoHs; miz =26 to
CHy";mlz=18t0 H,O;m/z=2toH5 ;andm/z=1to HT.
It is worth noting the presence of numerous peaks in the mass
spectrum indicating the expected complex plasma chemistry
even at low power as also reported for other plasma polymer
families [79, 95, 106—109]. Although traces of molecules with
m/z higher than the precursor have sometimes been observed,
no ‘dimer’ or ‘trimer’ have been identified in contrast to pos-
itive ions (see hereafter) [79, 95, 110]. One exception is the
PP of methylisobutyrate for which a neutral dimer has been
observed [111].

A closer look at the mass spectrum in figure 8 also reveals
the production of stable hydrocarbon-based molecules (e.g.
CyH,, CyHy), as frequently encountered by whatever pre-
cursor is employed [95, 104, 106, 107, 112, 113]. As pro-
posed by Thiry et al and supported by theoretical calcula-
tions, these hydrocarbon molecules result from rearrangement
reactions of the radicals generated by dissociation reactions
in the gas phase [79]. In addition to stable hydrocarbon-based
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Figure 8. Neutral mass spectra of acrylic acid plasma (mean RF
power of 50 W, pulsed mode) for a working pressure of 1.3 Pa. Note
that the fragmentation of the acrylic acid precursor in the ionization
source has been subtracted. Reprinted with permission from [122].
Copyright (2007) American Chemical Society.

molecules, stable molecules containing a hetero-element (CO,
CO;, and H,O in the present example) are also formed [104,
110, 112]. Similarly, NH; and N, species are identified in
nitrogen-based discharges [95, 106, 108, 114, 115] as well
as H,S and CS; in sulfur-containing organic plasmas [79,



Plasma Sources Sci. Technol. 32 (2023) 074001

R Snyders et al

116-120]. The concentration of such molecules in the gas
phase is generally inversely correlated to the hetero-element
concentration in the films [121]. Indeed, considering the low
reactivity of the stable molecules, they do not take part in the
film growth. This reduces the amount of hetero-elements avail-
able for the deposit.

The last example illustrates the high complexity of MS
data. Therefore, to better understand plasma chemistry,
MS data can be combined with density functional theory
(DFT) calculations allowing one to theoretically determine
the different chemical fragmentations pathways of the con-
sidered precursors [79, 86, 113, 123]. Other theoretical tools
(i.e. molecular dynamics, particle-in-cell Monte Carlo) have
also been employed for simulating the film growth [124-129].
These methods were mainly applied to a-C:H layers likely
because of ‘simpler’ plasma chemistry rather than for func-
tionalized PPF (containing a hetero-element). To the best of
our knowledge, only two studies have addressed the simulation
of the growth of functionalized PPF, both from the cyclopro-
pylamine precursor [124, 130]. Compared with experimental
data, these studies shed light on the role of ions and radicals in
the global surface reaction scheme, the ultimate goal being to
predict the film properties. Nevertheless, although promising,
the plasma modeling for simulating PPF growth still needs to
be developed to better support the experimental data.

As already mentioned, it has been concluded that ions
play a major role in the PPF growth process. The ionic gas
phase chemistry has therefore also been extensively investig-
ated by MS, especially at low pressure. Figure 9 shows a typ-
ical example of the chemical composition of positive ions in
an acrylic acid discharge. It is important to underline that ions
do not suffer additional fragmentation before their detection
during their transport in the mass spectrometer (no additional
ionization step). Therefore, all peaks appearing in the spec-
trum correspond to ions originating from the plasma. The peak
at m/z = 73 is ascribed to the protonated monomer ([M + H]T)
while the most prominent fragments are observed at m/z = 39
(C3H3™), 55 (CH,CHCO™) and 57 (CH;CH,CO™).

A relevant observation is the detection of oligomeric ions
of the form 2M + H)t at m/z = 145 and 3M + H)™T at
mf/z = 217, where M corresponds to the molecular weight
of the starting material as also observed in other works [90,
111, 112, 131]. Oligomer ions corresponding to [4M + H]™"
have been identified in [104]. The dimer and trimer ions can
lose H,O giving rise to additional signals separated by a value
of 18. Such oligomer ions formed through gas-phase neut-
ral/ion reactions have also been identified in propanoic acid
[111, 131], allyl alcohol [109], propanol [109], allylamine
[95, 108], hexamethyldisiloxane (HMDSO) [91, 132, 133],
methyl isobutyrate, methyl methacrylate, n-butyl methacrylate
[134], ethanol [135, 136], ~y-terpinene [137] and thiophene
[138] plasmas. Most of the time, the formation of these oli-
gomeric ions involves the addition of a hydrogen ion to the
neutral precursor followed by the successive additions of
uncharged monomers. However, the exact mechanism remains
unclear in some aspects. For example, gas-phase oligomer-
ization reactions do not require the presence of a double
bond in the organic precursor marking a clear difference
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Figure 9. Positive-ion mass spectrum of acrylic acid plasma
sustained at a RF power of 1 W and a working pressure of 2.5 Pa.
Reprinted with permission from [104]. Copyright (2000) American
Chemical Society.

from classical ionic polymerization [111, 134]. The reason
why neutral/radical addition reactions in the gas phase are
ruled out lies in the kinetics of the reactions as proposed by
Benedikt [139]. Indeed, ion-neutral reactions are typically ten
times faster than reactions between neutral particles due to the
attractive potential created by the induced dipole moment in
the neutral particle. More details about the role of ions at low
pressure in the PP process can be found elsewhere [54, 76,
96, 98]. Oligomeric ions (cations and anions) have also been
observed considering PP of acrylic acid at AP using a pulsed
plasma jet as an excitation source [140].

Using the MS technique, although all ions constituting the
plasma can be identified, the absolute ion flow toward the
growing film cannot be deduced since MS measurements do
not give access to the absolute density of ions. This aspect
is, however, of crucial importance to measure the contribu-
tion of ions in the total energy flux reaching the growing
film. This can be achieved by using an ionic probe especially
dedicated to operating in organic discharges and developed
by Braithwaite er al in 1996 [141]. Readers interested in
the working principle of the probe are invited to consult the
following [76, 91, 141].

An example of the evolution of the ion flux toward the
substrate as a function of power is shown in figure 10 for
the PP of allylamine in an inductive RF plasma. The ion flux
was found to increase from 6.6 x 10'®m~2 s~! ions at I W
to 1.4 x 10" ions m=2 s~! at 14 W. The observed trend is
attributed to the increase in the electron density and, in turn,
in the ion density in the plasma volume upon increasing the
power [142]. The calculation of the average ion mass based on
the ionic mass spectra combined with ion flux measurements
allows us to deduce the ion mass flux toward the growing film.
To evaluate the contribution of ions in the deposited mass,
the latter is compared with the mass deposition rate. At low
power (i.e. 1 W), approximately 63% of ions could, in prin-
ciple, contribute to film formation. Interestingly, at a power
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Figure 10. Evolution of the ion flux in allylamine plasmas as a
function of RF power for a working pressure of 2.5 Pa in an
inductive RF plasma. Reprinted with permission from [95].
Copyright (2001) American Chemical Society.

of 5 W, the ion flux is sufficient to account for all depos-
ited mass. This provides a strong argument that ions signi-
ficantly contribute to film formation. However, it is import-
ant here to stress that it does not mean that the film grows
through a pure ionic mechanism and that neutral/radical sur-
face reactions are ruled out. Estimation of the mass delivery
to the film by ions by a comparison between the mass depos-
ition rate and ion flux inherently implies that all ionic species
which collide with the surface are incorporated in the growing
film which is unrealistic. At the same time, an increase in the
ion flux at the interface causes the formation of surface defects
favoring the adsorption of radicals at the interface [86, 143].
Similar trends and ion flux values were reported for the PP
of acrylic acid [94, 131], propionic acid [94, 131], hydrocar-
bons (n-hexane and 1,7-octadiene), diethylene glycol, diethyl-
ene glycol divinyl ether [94], y-terpinene [137] and ethanol
[136] plasmas.

Therefore, in summary, even if nowadays a considerable
knowledge of plasma chemistry can be achieved with the com-
bination of several plasma diagnostic techniques (sometimes
supported by theoretical tools), there are still important ques-
tions related to the surface reactivity of the film-forming spe-
cies, particularly those related to the sticking coefficient. The
latter is defined as the ratio of particles absorbed or ‘stuck’
at the surface to the number of particles that impinge the sur-
face during the same time. Although crucial for a complete
understanding of the growth mechanism at the molecular level,
the determination of the sticking coefficient has received little
attention regarding the PP of functional precursors. This is
likely due to the fact that to access such kind of information, it
is necessary to determine absolute density values which is not
possible with the MS approach.

The limitation of MS can be overcome by using in situ
absorption FTIR spectroscopy to characterize the plasma
phase as shown in the investigation of the growth mechanism
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Figure 11. Evolution of aegier as a function of the RF power at a
working pressure of 1.3 Pa for ethyl-lactate plasma polymerization
in an inductive RF plasma. [86] John Wiley & Sons. [© 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

of ethyl-lactate-based PPF in a inductive RF plasma [86].
In this case, the absolute density of reactive ester-based
molecules in the plasma is measured allowing one to evaluate
the ester flow reaching the growing film. Then, a comparison
between these data with the ester content in the films, meas-
ured by x-ray photoelectron spectroscopy (XPS), enables one
to estimate the surface reactivity of the considered condensing
moieties (aeser) as illustrated in figure 11. When the power
dissipated in the plasma increases from 60 to 280 W, cegier
evolves from 2.6 x 107 to 1.3 x 10~*. This trend is explained
by a higher ion bombardment at higher power resulting in the
formation of more dangling bonds at the interface and hence
a higher efficiency of grafting the ester functions according to
the ion-AGM. This example again illustrates that both neutrals
and ions are intertwined in the overall mechanism.

For the sake of completeness, it should be emphasized that,
although directly related to the sticking coefficient of reactive
ester-based species, gy represents the probability of incor-
porating an ester group in the coating. Indeed, once grafted
into the growing film, the ester functions can undergo fur-
ther reactions activated by ions and photons, and be conver-
ted into other chemical groups. Therefore, considering the
complex mechanistic formation of plasma polymers, qeger can
be viewed as the grafting efficiency of the film-forming spe-
cies bearing an ester function minus the extent of the degrad-
ation of the ester groups once incorporated in the growing
film [86].

In this context, one should also consider the work related to
the growth of a-C:H-based layers for which the surface react-
ivity of film-forming species has been studied by the so-called
‘cavity technique’ [144—147]. This strategy is based on the
transport of reactive species, evaluated through plasma dia-
gnostic methods, inside a cavity consisting of a closed volume
with a small entrance through which film-forming species can
enter (see figure 12(a)). Actually, what is determined by this
method is the ‘surface reaction probability’ (5) involving both
sticking coefficient (s) and the probability for the radical to
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Figure 12. (a) Schematic diagram of the cavity made of silicon wafers. Particles from the discharge enter the cavity through a slit in the top
wafer. Theoretical variation in film thickness inside the cavity for a surface loss probability (b) 5 = 0.9 and (c) 8 = 0.1. Measured variation
in film thickness at the top and bottom of the cavity after exposure to (d) a C,Hp, (e) CHy, and (f) a C;H4 plasma discharge. Each deposition
profile is normalized to the maximum of the bottom profile. Reproduced from [146]. © IOP Publishing Ltd. All rights reserved.

react and form, ultimately, a nonreactive volatile product from
the surface reactions. In some specific cases, the latter can be
estimated, and then the sticking coefficient is deduced [146].
If 8 is high, most of the entering species react after the first
collision giving rise to a large film thickness at the bottom
of the cavity opposite to the entrance slit (figure 12(b)). In
contrast, a small 3 means that the reactive species will ‘sur-
vive’ many wall collisions resulting in a more uniform coat-
ing in terms of thickness (figure 12(c)). Practically, applying
this methodology for C,H,, CH4 and C,H, discharges helped
to evaluate the main contributions of the film-forming spe-
cies to the growth of the layer (see figure 12(d)). The analysis
of the data in combination with MS experiments reveals that
the sticking coefficients of hydrocarbon-based radicals scale
with their hybridization state: ~0.8 for C,H, and ~0.3 for
C,H3/C,Hs, explaining the higher deposition rate observed for
unsaturated precursors [148]. It is important to mention that
the cavity located in a remote plasma zone does not allow one
to determine the influence of the ionic bombardment on the
surface reactivity of radicals. Nevertheless, as already poin-
ted out, this aspect has been considered. For instance, it has
been shown for ‘CHj radicals that the sticking coefficient can
vary in a wide range (i.e. from 10~* to 10~2) depending on the
density of dangling bonds at the interface [143, 149].

The concept of the ‘cavity technique’ has recently been
applied to the growth of cyclopropylamine PPF [150]. In this
case, the substrate consisted of Si micro trenches with an
aspect ratio ranging from 2 to 40. The authors estimated an

effective sticking coefficient based on the experimental depos-
ition profile compared with the expected step coverage (i.e. the
ratio of the film thicknesses on the trench bottom and out-
side) in CVD driven by Knudsen diffusion (see [150] for more
details). However, considering previous works on the cavity
technique, this is most likely comparable to a surface reac-
tion probability (i.e. ). If 8 is high, the film-forming spe-
cies are accumulating on the walls before reaching the bot-
tom. In contrast, a more uniform layer is deposited for a lower
B value. The analysis of the data reveals that 3 of the film-
forming species are represented by a two-population model.
The majority of the condensing moieties (i.e. ~76%) have a
large (3 value (i.e. 0.2 4+ 0.01) while ~24% possess a lower 3
(i.e. 0.0015 4 0.0002), thus explaining the difference in terms
of surface chemical composition between the coating covering
the bottom and the walls of the trench. Therefore, besides the
significant improvement in the fundamental understanding of
the plasma/surface interaction, this study also highlights the
importance of the surface reactivity of reactive species on the
chemical uniformity of covered 3D complex shape substrates
as increasingly required for biological and other applications
[151, 152].

It is expected that the combination of the microscopic
approach with the empiric ‘cavity method’ for probing the sur-
face reactivity of film-forming species could lead in the future
to significant progress regarding the molecular growth mech-
anism of PPF. The collection of all these data could also serve
as input for the simulation of the growth of the layers (i) to
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improve the ‘match’ between the experiments and the theory,
and (ii) potentially to reduce the time scale of the plasma mod-
elling process, also representing a critical factor.

From the described works, it appears that to assure a reli-
able control of the PPF synthesis, it is necessary and efficient
to shed light on the plasma chemistry to better understand
the plasma-surface interactions during the film growth. Plasma
diagnostics of such discharges is therefore very important but
also often difficult to implement and, for certain techniques,
quite expensive. Therefore, this strategy has to be complemen-
ted by other approaches allowing for easier access to some of
the important features of the PP process. Such kind of com-
plementary approaches is described in the next section.

3.3. A macroscopic view of PP

As for now, we understood that the plasma delivers the energy
required to open chemical bonds in the precursor’s molecule
to create reactive species as building blocks for film growth
allowing high control on the nanoscale. We also pointed out
that the plasma, however, may easily yield a surplus of energy
during the film growth at highly non-equilibrium conditions
resulting in damage, mixing, ablation, and radical trapping
[153, 154]. The resulting layers may therefore remain in an
unstable state and reorganize with time, showing so-called
aging effects [155]. A high level of understanding of the
energy transfer occurring in the complex gas phase and surface
processes yielding plasma deposition is thus required. This
can be obtained from a detailed characterization of the plasma
phase as described in the previous section. Nevertheless, such
a kind of approach is not always possible especially when con-
sidering industrial processes. In such a case, a more practical
way has to be established.

Within the presented global model, the dependence of the
conversion of the selected monomer into film-forming species
on the internal plasma parameters, as given by equation (2),
can be related to macroscopic parameters. The total absorbed
power by the electrons in the plasma (per unit volume; in
(W cm™3)) equals the absorbed power density, Wus/Vopi, in
the plasma:

Wabs
|

(€))

Nelabs =

where 0,5 is the average power absorbed per electron in the
plasma (in (W)). With equations (2) and (4) it follows that

Wabs kﬁ Nm
Fm Po Habs

_ ﬁ@ N Waps
Fi Po eabs Vpl

k,(T.) = k,(Te) (10)

Ca

evincing that the plasma-chemical conversion depends on the
macroscopic reaction parameter, W/Fp,, which is related to
the specific energy input (SEI) per monomer particle. The rate
coefficient, k,, and the normalized power per electron, 0 /iy,
(in (W cm?)) are often considered to solely depend on T for
a Maxwellian electron energy distribution [156]. PP can mac-
roscopically be described by externally accessible quantities
(absorbed power, gas flow rate, and plasma expansion) and

operating parameters (gas composition, plasma source, fre-
quency, and pressure) that define T.. Note, however, that k,
has been introduced as a lumped rate coefficient, where dif-
ferent specific reaction pathways can contribute to varying
degrees with respect to their threshold energies, Ey,. Hence,
k, also depends on SEI, that is, the average energy avail-
able per monomer molecule in the plasma, Ep, (in (eV)) as
given by

T
Ep = Q%7 an
epo Fi
finally yielding for the plasma-chemical conversion
Ny Epl)
co=¢eEy—k, | To,— |. 12
! eabs < ¢ Elh ( )

Here and in the following, SEI and E, are used syn-
onymously. This macroscopic view of PP typically uses the
measurement of mass deposition rates, Ry, (in (g cm 2 s71Y),
obtained by weighing samples before and after deposition. The
conversion in the gas phase can thus be assessed as:

Mdep Fm Po
= s —Ca
Na  Agep kT

13)

considering the molecular mass of the deposited species, M gep,
their sticking probability, s, and the Avogadro number, N.
Note that My, and s can be affected by surface processes with
respect to the delivered energy, E4, during the film growth
(equation (6)), as also discussed in section 3.2.

For plasma-chemical reaction pathways with one apparent
E\, and dominant gas-phase reactions (as in plasma-state poly-
merization), normalized deposition rates (by Agep/Fm) Were
found to increase linearly with E, up to Ey before slowly
reaching saturation following an Arrhenius-type curve (with
Eyp replacing kT, due to the non-equilibrium conditions) as a
consequence of the energy distribution in a plasma with the
average value Ep [157]. This situation can be described as

a(Te) - Eo’
a(Te) -exp(

b Ep < En

) yEpt > Ey

~

Ca =

(14)

Ep—Em
EP]

where « is the fraction of the transferred energy in the plasma
yielding activation reactions that contribute to PP which only
depends on T.. Since « defines the conversion at E,; = E,
its maximum value is limited to 37% (i.e. exp(—1)) reached
for a sufficiently high T, which also corresponds to the max-
imum energy conversion efficiency [158]. Note that a higher
efficiency as pursued in plasma gas conversion governed by
SEI might be obtained by additional ways of activation such
as thermal effects or vibrational ladder-climbing [159, 160].
To illustrate this theoretical foundation, in the following,
the deposition of hydrophobic PPFs from the organometallic
compound HMDSO ((CH3)3—-Si—O-Si—(CHj3)3) is discussed
regarding gas phase and surface processes. In particular, the
transfer from a symmetric, capacitively coupled plasma (CCP)
to an asymmetric CCP at different positions (at the elec-
trode, floating, wall, and remote) is described. Note that PP
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Figure 13. Plasma polymerization of HMDSO as monomer using RF excitation (13.56 MHz) at low pressure. (a) Electron densities for
symmetric and asymmetric CCPs of different reactor size with pure HMDSO and mixtures with Ar, (b) deposition rates and conversion as
observed in the symmetric reactor with pure HMDSO (at 10 Pa pressure) indicating Ey, of 14 eV, (c) conversion in an asymmetric reactor
(measured only at the RF electrode) with varying pressure while keeping Ar/HMDSO ratio 1:1 using an Arrhenius-type plot, and (d)
hydrophobic film properties according to the plasma conditions given in (c). [53] John Wiley & Sons. [© 2020 Wiley-VCH GmbH].

of HMDSO can yield both (inorganic) silicon- and SiO,-like
films depending on the oxidation degree of Si, e.g. by adding
O, in the plasma, which is not considered here (see chapter 4).

A symmetric CCP with a uniform gas inlet into the plasma
zone (as depicted in figure 2(a)) enables well-defined condi-
tions to derive £}, from the external power input, W, by

_ @ Wabs
epo Fm

~ kTO w dact

~ abs

epo Fn d

bl 5)

where d, is the length of the active plasma zone, d is the path
of the gas traveling through the plasma (i.e. the gap between
plane parallel electrodes with the uniform gas flow), and f s
is the fraction of the absorbed power. While d, generally var-
ies with pressure and power, which need to be considered for
asymmetric plasmas, it can be taken as constant in a confined
symmetric discharge. Furthermore, the EEDF is different in a
symmetric discharge due to two equal plasma-electrode inter-
actions requiring a relatively higher n. to sustain the plasma
(figure 13(a)) with a high plasma potential and lower 6
(and thus T.) compared to an asymmetric plasma with one
dominant electrode developing a negative bias potential also
reducing the plasma potential [57, 161]. By measuring n., for
example using microwave interferometry for depositing plas-
mas, Wy (e.g. using a V/I probe), as well as d,c and V
(e.g. by optically detecting the plasma luminosity), s and
Ep can be derived. Measuring c,, that is, the overall depos-
ited mass to the mass of the monomer gas inlet, the lump rate
coefficient, k,, can be determined according to equation (12)
for varying Ep. Plotting the normalized mass deposition rate,
Ruw/Fr, vs. Ep, the linear and Arrhenius-type regimes can be

identified indicating an apparent Ey, of around 14 eV for the
HMDSO monomer (figure 13(b)). This agrees well with ener-
gies required for different reaction pathways yielding highly
reactive (CH3),—Si—O biradicals in the plasma (see cycle 2 in
figure 5), the building blocks for hydrophobic polydimethyl-
siloxane (PDMS)-like (SiOC,) plasma polymers [53]. Note
that this reaction pathway involves vibrational excitation and
dissociation via different gas phase reactions requiring a suf-
ficient residence time in the plasma as given for plasma-
state polymerization. For special plasma conditions with very
short residence times (~1 ms), on the contrary, larger ionized
molecules have been identified as film-forming species based
on single-step activation (CH3 abstraction by dissociative ion-
ization) [162]. Higher energy input (above Ey,) promotes fur-
ther H and CHj3 abstraction in the plasma, yielding film com-
positions with lower CH and higher O contents due to post-
plasma oxidation at trapped radical sites [163]. Hence, the
most hydrophobic and stable PPFs have been observed for spe-
cific energies just around Ey, [164]. Uniform and equal depos-
ition rates on both electrodes in a symmetric plasma allow the
calculation of the overall conversion (here ~15% at E, = Ey,,
limited by T%).

Similarly, the PP of HMDSO in asymmetric reactors can be
assessed, taking the varying plasma expansion into account.
With increasing pressure, the plasma is more concentrated
near the RF-driven electrode. For Ar/HMDSO mixtures of 1:1,
a nearly 100% conversion of HMDSO molecules into film
growth at the electrode was found at high £}, and a pressure
of 30 Pa (figure 13(c)). The s value of the film-forming spe-
cies is thus assumed to be close to 1, independent of E4 at least
for the range of 0.4—45 eV per deposited SIOCH species [53].
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Figure 14. Plasma polymerization of HMDSO highly diluted in Ar in a large asymmetric CCP reactor (at 4 Pa pressure). (a) Normalized
mass deposition rates plotted over W/F using external parameters. Samples were placed at different positions in the plasma reactor as
indicated in the inset. (b) Same plot as in (a) after calculation of the energy invested per HMDSO molecule in the plasma, £}, with linear
and Arrhenius-like fittings around Ey,. Chemical compositions are indicated for different parameters. (c) Equal slopes of the Arrhenius-like
fits (same Ey,) are observed at substrate positions close to the plasma albeit with different deposition rates yielding different fractions of the
overall conversion. (d) Film density and hydrophobicity follow Ej; for deposited energies, Eq4, up to around 20 eV (indicated by the added
numbers). For higher E4 at the electrode, the ion bombardment causes additional densification and ablation of hydrocarbons.

In addition, film properties such as hydrophobicity, chemical
composition, and film density were found to mainly depend
on Ep (figure 13(d)) despite the use of different pressures
yielding largely varying E4 (see figure 2(d) for illustration).
While this is clearly indicative of plasma-state polymerization,
where hydrophobic film properties can be optimized by con-
trolling E},i/Ey,, the role of surface processes in HMDSO plas-
mas needs to be further investigated.

To this end, the PP of HMDSO highly diluted in Ar
plasmas was examined using an asymmetric, large reactor
(21 x 70 cm? electrode size) at a low pressure of 4 Pa (W:
35-100 W, Fy,: 2—6 sccm, Fa;: 45 sccm) [53]. Substrates were
placed at different positions to enable large variation in Eq: dir-
ectly at the electrode (with negative bias potential), immersed
in the plasma (at floating potential), at the wall (grounded),
and remote (20 cm downstream) as schematically displayed in
figure 14(a). The macroscopic approach to describe PP will be
illustrated in the following based on these conditions.

At first, mass deposition rates are measured by weighing
and then plotted (normalized to Fy,) over W/Fy, using the
power input from the generator (figure 14(a)). Note that a
(minor) energy uptake by the carrier gas should be taken into
account [165]. Next, W/Fy, can be converted to Ej accord-
ing to equation (15). Here, a power absorption, fabs, of 60%
(using V/I probe) and a plasma expansion, d,./d, of about
40% (based on luminosity distribution above the electrode)
were determined for the fixed pressure of 4 Pa (figure 14(b)).
The latter might also depend on W and F, however, it was

found to be rather constant due to the high Ar dilution. Fitting
the data indicates the linear as well as the Arrhenius-like
regime.

To calculate the conversion from HMDSO monomer
into film-forming species deposited in different areas (elec-
trode, wall, and remote) according to equation (13), Mgep
can be estimated from the observed chemical composition,
e.g. using XPS. At low Ej, Mg is 74 amu based on
SiO(CHj3), radicals yielding PDMS-like films, reducing to
about 61 amu (SiO(CHy;3)12) at the electrode, and about
69 amu (SiO(CHy/3);.7_1 8) at the floating or the wall positions
at high Ej. Note that the enhanced O incorporation results
from post-plasma oxidation of trapped radicals, which is why
R, should be corrected as well. Since both corrections tend
to balance each other, these effects might be neglected but
were considered in figure 13(c). From the modified Arrhenius
plot, again, threshold energy, Ey, of 14 + 1 eV was derived
as required to activate PP of HMDSO, valid for all positions
within the asymmetric plasma chamber. Vice versa, the accep-
ted value for Ey, of 14 eV for the considered reaction path-
way could be used to determine the often unknown geomet-
rical factor of a specific plasma reactor set-up. It is noteworthy
that an almost complete conversion was observed for the dis-
cussed parameters adding to about 36% at Ej,) = Eyp,, whereby
half of the produced film-forming species are directed towards
the RF electrode. The smaller electrode area thus results in the
highest deposition rate followed by floating and wall positions
(figure 14(a)). Note that by reaching maximum conversion, the
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PP mechanism is no longer limited by 7. [53]. Interestingly,
the deposition rates follow the same quasi-Arrhenius behavior
even 20 cm remote from the active plasma zone. It can thus
be inferred that PP of HMDSO at low pressure is mainly gov-
erned by gas phase activation, while possible recombination
and oligomerization reactions in the downstream region do not
affect the deposition mechanism [166]. This might be differ-
ent at AP owing to an increased number of collisions, where
a 20 cm path at 4 Pa corresponds to just about 8 pym at AP
conditions [167].

Reactions at the surface that influence film growth can
be discussed by assessing film density and related wettabil-
ity as presented in figure 14(d). To this end, excitation and
bias voltage, ne, T, and plasma expansion were determined.
The effect of collisions reducing the energy flux at the elec-
trode was estimated as in Ar (see figure 2(d)) while float-
ing conditions were assumed to be collision-free. For values
of E4 up to around 20 eV per deposited SIOCH species, ion
bombardment shows a minor influence on the film proper-
ties, whereas it causes increasing densification and ablation
of hydrocarbons at the surface for higher values. Hence, a
more inorganic film composition of SiO;3C;, was detected
for the highest E}; at the electrode, while PDMS-like PPFs
can be obtained when Ej is kept close to Ey, independent of
sample position. The resulting hydrophobic films were found
to be highly stable containing a low number of defects, and
well-suited to delay water intrusion taking place by a reaction-
diffusion mechanism [168]. Such optimized plasma conditions
can thus be used as diffusion-controlled barrier SIOCH layers
in aqueous environments [169].

Owing to the well-understood plasma chemistry of
HMDSO related to plasma-state polymerization, HMDSO
might be used as a model monomer to investigate the char-
acteristics of plasma reactors as illustrated above. Besides
HMDSO, a variety of further monomers for PP can be evalu-
ated based on the discussed macroscopic approach [150, 170—
176]. A detailed analysis gives hints on the reaction mechan-
ism and allows for the differentiation between the gas phase
and surface processes. It thus contributes to the understand-
ing of complex PP processes to design coatings with tailored
properties, while upscaling and transfer to the industry are
supported. Using model monomers such as HMDSO with
determined Ey, for the reaction pathway, the macroscopic
approach can be used to link microscopic and macroscopic
parameters and to assess parameters that might be difficult to
measure otherwise.

4. PECVD for the synthesis of inorganic coatings

4.1. State of the art and current limitations

Key parameters that influence the film microstructure in low-
pressure low-temperature deposition processes are the ion
energy (E;) and ion flux (I'}). In the PECVD process these
are most frequently controlled by the choice of excitation
frequency (e.g. RF or MW), or by applying pulsed DC or
RF-induced negative substrate bias, Vg (see section 2.3).
The IEDF can be evaluated in the process chamber using
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Figure 15. Examples of the IEDFs of N3 ions in RF plasma in
nitrogen at three different pressures measured on the powered
electrode in a reactor such as the one in figures 3(a) and (b). Vg
denotes the self-bias voltage (=Vg).

a multigrid electrostatic ion energy analyzer (IEA) [177]
or a quadrupole mass spectrometer integrated with an
IEA [178, 179].

An example of the IEDFs on the powered electrode (fre-
quently used as a substrate holder) in an RF CCP is shown
in figure 15. As shown, E; can reach several tens or several
hundreds of eV. We note, that the IEDF is characterized by a
peak E; and a relatively long energy tail that increases with a
decreasing pressure due to less inelastic collisions where the
ions lose part of their energy. One can also see that the IEDFs
are structured due to sheath modulation when the ions are
accelerated and decelerated during their passage through the
sheath [71, 177]—specifically, the sheath thickness increases
with decreasing the pressure. It is also worth mentioning that
the IEDFs, ne, Vg, and V, values in PECVD are very sim-
ilar to those encountered on the powered electrode in mag-
netron sputtering and reactive ion etching systems. Finally,
the possibility of controlling E; and I'; values is important
for adjusting film microstructure and hence, specific proper-
ties and functional and device characteristics, as discussed
below.

Appropriate control of ion bombardment energy
(Ei < 1 keV) is particularly important in the context of the
deposition of thin films at low substrate temperature, T's. Film
growth while under ion bombardment leads to growth-related
effects such as interfacial atom mixing, high surface mobil-
ity (diffusion) of deposited species, re-sputtering of loosely
bound species, and deeper penetration of ions below the sur-
face (‘sub-plantation’), leading to the displacement of atoms
(forward sputtering or knock-in effects) [180, 181]. Such
phenomena give rise to the disruption of growth nuclei, to
the suppression of columnar structure, and hence to material
densification. This is in agreement with the structure zone
model (SZM) first proposed by Movchan and Demchichin
[182], improved by Thornton [183] and Messier et al [184],
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and finally refined by Anders [185] for PVD processes, but
also valid for PECVD [46].

Various approaches to quantitatively describe the effect
of ion bombardment have been developed. It appears that a
key parameter for representing these effects is the energy E,
delivered to the growing film per deposited particle [186]:

Ep(Ts:const) = (EiFi + Emrm)/(rn + Ft) ~ Ei(]-—‘i/]-—‘n)v (16)

where E denotes energy, [ the particle flux; and the indices i,
m, n, and t refer to ions, condensing precursor (monomer) spe-
cies (radicals), neutrals, and trapped inert gas, respectively. E,
is an equivalent of E4 (equation (6)) but is defined by the flux of
neutrals that stay on the surface rather than those that arrive at
it (by considering s, in addition). As a first approximation, one
can neglect I'y compared to I', and E,,[';, compared to E;l';
and obtain the simplified relation in equation (16). Such an
approximation is possible in a case when ions bring most of the
energy to the surface, e.g. in ion beam experiments; however,
the energy flux of neutral particles may become significant in
PECVD because a certain fraction of the initially accelerated
ions become neutral due to charge transfer collisions in the
sheath region. Detection of neutral species and determination
of their energy is difficult, requiring careful measurements,
using MS combined with ion energy analysis [178, 179].

It has been proposed that there exist critical ion energies,
and critical ion flux ratios [Ej. and (I'i/T';).], which can be
associated with transitions in the evolution of film microstruc-
ture and properties [66, 187]. Clearly, E, in equation (16) can
be adjusted to the same level by combining low and high Ej and
I'y/T", values. However, experience suggests that good-quality
(dense, hard, chemically stable, low stress) films are obtained
under conditions of low (10-50 eV) or intermediate (about
100 eV) ion energies, sufficient for densification (Ej ~ Ej.),
but using high T'j. This reduces microstructural damage and
gas entrapment, generally yielding low values of stress. High
fluxes are highly advantageous, especially when one aims at
achieving high deposition rates, rp (>10 nm s~ ).

In figure 16 the E; ., and (I'y/T'y). values for PECVD SiO,,
SizNy, TiO,, and a-C:H films have been compared with the
compilation of literature data by Auciello and Kelly [187] who
summarized examples of E;j. and (I'i/I",). values reported to
be necessary for property modification in numerous mater-
ials deposited by different (non-PECVD) ion-assisted tech-
niques. It was concluded that the Ej. values are lower, and
(I'i/Ty)c values are higher for most of the PECVD processes
than most of the other techniques. The energetic conditions
leading to good-quality films obtained by the MW PECVD
process (while the MW discharge can be continuous wave or
pulsed) also fall within the same energy limits, that is low E;
(E; < 10 eV) but high I';/T";, (~1-10) values, due to a high
plasma density and ionization rate [188]. In this context, to
derive appropriate relations between E; and I';/T",,, and to bene-
fit from the availability of experimental data, one can apply
the conversions for the experimentally measured ion current,

where 1 mA cm™? corresponds to 6.25 x 10" ions cm™? s,
and a useful relation [189]:
Iy = rapNa/m, (17)
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Figure 16. Plot of critical ion/condensing particle arrival rate ratios
(I'i/T'y)c vs critical ion energy (Ej)c, required for film structural
modification, particularly densification: (A) SiN; 3:H; (B) SiO2:H;
(C) a-C:H; (D) TiOz; (E) TiO; obtained in a MW/RF discharge
(based on [188]). For comparison, other data points are from [187]
for different materials obtained by PVD techniques: (O) SiO3, (A)
other dielectrics, ((J) metals, and (¢) semiconductors. Reproduced
with permission from [19]. [© 2000 American Vacuum

Society].

where N4 is Avogadro’s constant while p and m are the density
and the molecular mass, respectively, of the film material.

We conclude from figure 16, that for most materials, energy
may range from several to several hundreds of electron volts
per film-forming particle [181]. These relatively high Ep val-
ues were obtained as a result of process and materials optim-
ization, and point to the trend in recent deposition techniques,
favoring lower E; and high I'; [19, 189]. In addition, Ep appears
to be higher for materials with a higher melting point, a
result is in agreement with the SZM. This rather simplified
approach does not take into account the fact that at a relat-
ively high pressure considerable energy is also delivered to the
growing surface by energetic neutrals as indicated in the full
equation (16) [55].

As a complement to ion bombardment during the film
growth, one should also consider another source of ener-
getic plasma-surface interactions, namely photons in the entire
range from infrared (IR) and visible to UV, VUV, and soft
x-ray regions (for a review, see [190]). In particular, VUV
photons play an important role in the interaction with organic
(polymer) surfaces, since their energy of more than 10 eV can
break any chemical bond. Of considerable importance in act-
ive plasmas is the radiation in discharges containing hydro-
gen with its strong Lyman line at 121 nm and intense molecu-
lar bands, oxygen with its strong resonant line at 130 nm,
and helium (intense lines at 57 nm and above), which are
particularly effective [49, 50]. In this context, intense VUV
features due to the excitation of different discharge compon-
ents including impurities (fragments of H,, SiHy, CHy, H,O,
hydrocarbons, and others) desorbed from chamber walls and
polymer substrates may be very important and can participate
in controlling the characteristics of polymer surfaces, of



Plasma Sources Sci. Technol. 32 (2023) 074001

R Snyders et al

coating-polymer interfaces, and contribute to photo-induced
reactions, the latter one possibly giving rise to deposition.
It should be mentioned, however, that the impact of VUV
photons on metals is much less pronounced compared to cova-
lent materials because the electronic excitation by photons
quickly dissipates among the free electrons of the metal.

These principles and associated strategies have been suc-
cessfully applied to grow many types of coatings for decades.
Among these materials, optical and tribological coatings are
very good examples of the flexibility and efficiency of the
PECVD processes. These are described in more detail in the
next sections.

4.2. Synthesis and performance of PECVD optical coatings

Optical coatings represent a particularly important category of
PECVD technology since it allows one to control the optical
characteristics over a large range and tune their additional
functional (multifunctional—e.g. gas/vapor permeation bar-
rier, wear resistance, corrosion protection, etc) properties suit-
able for optical interference filters (OIF) and other optical
applications. Optical properties are determined either from
spectrophotometric (reflectance, R, and/or transmittance, T)
and/or ellipsometric measurements.

The basic optical properties, namely the refractive index n
of the most frequently studied optically transparent PECVD
films are summarized in figure 17, where they are compared
with those of the most often used substrates. The optical
applications require the availability of materials with low,
high, and intermediate indices (ny, ny, ny) that are related to
the composition as well as the microstructure (particularly the
packing density) controlled by the fabrication conditions.

Regarding the optical characteristics, we can divide the
materials into several categories: (i) silicon-based (inorganic)
coatings, (ii) metal oxide PECVD coatings, and (iii) carbon-
based coatings and related covalently bonded materials includ-
ing PPFs.

4.2.1. Silicon-based (inorganic) coatings. Silicon com-
pound films have been studied for many decades because of
their use in microelectronics, microsystems (MEMS), optics
and photonics, photovoltaics, and other areas. PECVD Si-
based films are generally amorphous, and contain considerable
amounts of hydrogen, due to the use of precursor gases such as
silane (SiH4) and organosilicones (OS). The most frequently
applied systems include silicon oxide (SiO,), silicon nitride
(SiNjy 3), silicon oxynitride (SiO:N,), hydrogenated amorph-
ous silicon (a-Si:H), and silicon carbide (a-SiC:H).

Among all dielectric and silicon-compound coatings, sil-
icon dioxide (Si0,) is probably the most studied PECVD
material, typically deposited from a mixture of SiHy and O,
or N,O. Both theoretical and experimental studies of the vari-
ous phases of SiO, underline the link of the film characterist-
ics, such as n, optical gap, E,, and others, to the microstruc-
ture, in particular, the Si—-O-Si mean bonding angle, 6 [191,
192], density [193], and H incorporation. In amorphous SiO,
changes in 6 values can be estimated experimentally from IR
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spectra of the Si—O-Si stretching mode at 2260 cm ™. A small
0 value is related to a stressed network in a dense structure.

Small-angle Si—O-Si bonds are unstable. They can be
broken by an accumulation of stress and force the network to
relax, leading to a more flexible structure, accompanied by the
formation of defect centers, or by a reaction with water [194].
In the latter process, water absorption in pores may not neces-
sarily be associated with aging, since not all types of pores give
rise to water sorption, but the concept of ‘open’ and ‘closed’
pores and their size should be considered [195].

Si0; usually contains 5-15 at.% of hydrogen, mostly in the
form of —OH, which affects the optical properties and stabil-
ity. It has been shown that during deposition from a SiH4/O,
mixture, the surface of the growing oxide is initially covered
with silanol (SiOH) [196], due to the instant oxidation of SiH,
by atomic oxygen. The SiH, groups react further with SIOH
and Si—O-Si to yield H,O and Si—-O-SiH,, which are oxidized
by neutral O, leading to superficial —-SiOH terminations.

O, bombardment seems to be particularly efficient for
reducing [H] in the film [196]. When the dissociation of SiHy4
is high, Si exists on the surface, and it is easily oxidized, com-
pared with SiH, and SiHj3 groups, for which several reactions
with oxygen are needed to release all the H atoms. This means
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that high n. (high discharge power) can reduce H concentra-
tion, such as in the MW plasmas [66, 197].

An important issue with silane as a precursor is the forma-
tion of particles due to the radicals from silane that can react
rapidly in the gas phase. This results in nodules and large voids
in the films. Several steps can help to solve such problems,
namely: (i) reduced operating pressure; (ii) dilution of SiH, in
Ar or He; (iii) heating the electrode; and (iv) use of a pulsed
discharge [198]. Frequently, organosilicon precursors are used
to replace SiHy to avoid hazards (it is strongly pyrophoric) and
to increase surface coverage. Therefore, the deposition of SiO,
from HMDSO and tetra ethoxysilane (TEOS) is widely used.

It should be mentioned at this point that there exist numer-
ous activities trying to deposit high-quality SiO, coatings at
AP—this, however, leads to limited success because the dens-
ification by ion impact is almost absent (see further comments
in section 5.1).

Work on fluorinated SiO, (SiO;:F or SiOF) has been stim-
ulated by the search for low index and low permittivity (low-
k) materials for optics and photonics, to reduce the para-
sitic capacitance in multilevel interconnects in microelectronic
devices [199]. In such a case, n could be reduced to 1.41-1.43
(@550 nm), compared to 1.45-1.48 for non-fluorinated SiO,
(figure 17).

Fluorine was chosen due to the low-k properties of fluoro-
polymers, and the properties of fluorine-doped amorphous sil-
icon (a-Si:F), in which fluorine plays a stabilizing role, while
passivating dangling bonds and reducing [H]. Many methods
involving plasma have been applied to fabricate SiOF, using
different organic and inorganic precursors, most frequently
TEOS/Oz/CF4, TEOS/Oz/CZFﬁ, and SiH4/02/CF4 mixtures
(for a review see [19]).

Among possible ny materials, silicon nitride (SiN| 3) has
been widely used because of its transparency, hardness, imper-
meability, and other advantageous functional properties. It can
be deposited using SiH4 mixed with nitrogen (N) or ammo-
nia (NH3). The use of OS precursors is limited by the presence
of carbon in the final product. When deposited at low tem-
peratures and low energy conditions, SiN; 3 exhibits a colum-
nar structure; therefore, more energy must be brought to the
surface by ion bombardment or substrate heating to achieve
high packing density. The residual gas concentration in the
PECVD reactor must also be kept very low, as SiN; 3 can react
rapidly with traces of O, or H,O [200].

The main ‘impurity’ in SiNj 3 is hydrogen, which signific-
antly affects the electronic and optical properties. Replacing
Si-N with Si-H has little effect on the gap (E; = 5.3 eV for
H-free SiN; 3) [201], but N-H bonds considerably reduce the
value of n. One way to avoid H incorporation is to use sil-
icon halide precursors, such as SiCly or SiF4 [202]. Attempts
have been reported to deposit ‘nitride-like’ SiNj 3 films using
OS precursors, using, for example, hexamethyl disilazane, and
hexamethyl cyclosilazane, [203] mixed with N, or NHj.

Coatings with an intermediate refractive index, ny;, can
be obtained by adjusting the gas composition [204, 205] or
by controlling the film density [205, 206]. The most extens-
ively used ny material is silicon oxy-nitride, SION, obtained
from gas mixtures with SiHy using varying nitriding versus
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oxidizing gas ratios (e.g. NH3/N,O or N,/O,). Since O has
more affinity to Si than N, one can choose to control only the
O, flow [207]. SiON films exhibit homogeneous and amorph-
ous microstructures, close to those of a solid solution [208],
and no crystal formation has been observed up to a temperature
0f 900 °C. The use of SiON films allows one to benefit from the
advantages of the specific characteristics of individual SiO,
and SiNj 3 layers and, besides controlling n, it is also possible
to adjust the film stress and charge trapping suitable for electret
microphones, electret-enhanced solar cells, etc [209].

4.2.2. Metal oxide optical coatings.  Fabrication of metal
oxide films has been stimulated by the prospect of obtaining
high n, high hardness, advantageous tribological properties,
and numerous other functional characteristics. The films are
generally prepared from halocarbons or from metal-organic
compounds which exhibit specific requirements for handling
low vapor pressure sources and/or corrosive products [210].
Among ny materials, titanium dioxide (TiO,) attracts much
attention due to its large bandgap, high n (exceeding 2.4 @
550 nm), and its photocatalytic properties. Its high » is due to
the high ionic character of the TiOg octahedral structure, the
building block of rutile, and anatase.

The deposition of transition metal oxides such as TiO; is
complicated by the fact that they can take different forms
and stoichiometries (e.g. TiO or Ti;O3) [211]. In addition, in
the case of TiO,, three stable crystalline phases are possible:
rutile, anatase, and brookite. Rutile, with the highest density,
is the most desired phase in terms of transparency and index,
but also has the highest birefringence, with noy = 2.9 and
next = 2.6, and is often unwelcome because of light scattering.
Anatase, which differs from rutile in the coordination number
of its TiOg octahedra (10 in the case of rutile, 8 for anatase), is
less birefringent and has n = 2.5. Brookite, an unstable rhom-
bohedral structure, is rarely observed in thin films.

The most frequently used precursors for plasma deposition
of Ti-compounds are TiCly (mixed with O,), TIPT, TEOT,
Ti(O—-i—C3H7)4, and Ti[OCH(CHj3);]4 [19]. The use of metal-
organic precursors has been stimulated by two considerations:
(1) TiCly is hazardous, highly corrosive, and requires special
installations; and (ii) CI can be a major contaminant in TiO,,
increasing its absorption coefficient and decreasing long term
stability.

Both rutile and anatase are tetragonal and often coexist in
films. High temperatures and E; may be needed during growth
to control the rutile/anatase concentration ratio. At temperat-
ures below 200 °C, anatase is frequently observed, lowering n.
Using a TiCly/He/O, mixture [212], it was observed that rutile
is usually formed above 600 °C and that it is the only phase
observed above 900 °C. Room temperature-deposited films
generally possess a low concentration of CI (~5%), which fur-
ther decreases with increasing 7 and Vg, accompanied by an
increase of n from 2.25 to 2.50. The films often exhibit excess
oxygen (O/Ti > 2), related to hydroxyl groups and to film
density, which affects the n value.

Tantalum oxide and niobium oxide have been depos-
ited by PECVD using a mixture of metal isopropoxide
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Figure 18. Single-material optical coatings based on the control of porosity in SiNj 3 films: (a) variation of the refractive index and the void
volume fraction as a function of E; in the discharge; (b) transmission electron microscopy (TEM) micrograph of the filter cross-section with
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(Ta(OC,Hs)s or Nb(OC,Hs)s) and O, with Ar and an RF
plasma under intense ion bombardment. Their n values were
found between 2.12 and 2.16, and 2.26, respectively [213].
In comparison, medium index aluminum oxide (Al,0O3)
(n = 1.62) has been prepared from AlBr3;, AlCls, trimethylalu-
minium (TMA), or trimethylamine alane (TMAA) precursors
[19, 210, 214].

Studies of numerous other PECVD optical coatings have
been stimulated by an attempt to combine optical properties,
conductivity, color, and other effects. These include transpar-
ent conductors such as tin-oxide (SnQ,) [215] and indium—
tin—oxide [216], high-permittivity barium titanate (BaTiO5),
strontium titanate (SrTiOs), and electrochromic fungsten
oxide (WO3) [217-219].

PECVD can provide ny, ny, and ny materials for any
simple or complex OIF. The design strategies can be based
on three types of approaches [19]: (i) multilayer (step index)
design, using two or more materials with different indices,
(i1) inhomogeneous [graded index depth profile, n(z)] design,
and (iii) quasi-inhomogeneous design when very thin layers
with varied composition are consecutively applied, provid-
ing properties close to that of an inhomogeneous design.
Specifically, inhomogeneous filters (approach (ii)) offer an
optical advantage of suppressing harmonics and sidelobes in
the filter performance, while the absence of sharp interfaces
helps to decrease residual stress and increase coating mechan-
ical durability [19, 220]. In such approaches, at each instant of
the deposition process, the n(\) dispersion and rp value must
be known and controlled.

Typically, the n value is continuously varied between ny
and ny, during the deposition process, mostly by changing the
gas composition [19]: materials such as SiON and TiO,/SiO,
have been tested with success [220]. An interesting approach
well illustrating the importance of plasma-surface interactions,
is the fabrication of a single-material porous/dense system in
which the variation of n as a function of depth is achieved
by changing Ej;, specifically the substrate bias potential for
the control of film microstructure (packing density—porosity)
[206] illustrated in figure 18. Controlling the ion bombardment
characteristics in the growth of SiNj 3 films allows one to vary
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n from 1.50 to 1.90 by tailoring the film porosity (pore volume
fraction, figure 18(a)) in agreement with the SZM, making it
possible to fabricate (discrete) multilayer as well as inhomo-
geneous filters with one single material. Such filters have been
designed and fabricated, and examples of the corresponding
n(z) profile, optical transmission spectrum, and TEM micro-
graph are shown in figures 18(b) and (c) [221, 222]. In this
case, a shift of the peak in reflection due to the sorption of
gases or vapors in the pores has been proposed for all-optical
gas or vapor sensors [223].

4.2.3. Carbon-based coatings. Optical applications of
carbon-based materials have been stimulated by a combina-
tion of their advantageous functional properties ranging from
optical transparency in the IR to high hardness and low fric-
tion, high corrosion resistance, high heat conductivity, and
biocompatibility. They can be categorized, depending on the
sp', sp?, and sp® hybridizations, level of structural order,
as well as by hydrogen concentration [149, 224-226] (see
figure 19). We distinguish among the most frequent forms of
carbon-based films, namely (i) PECVD DLC or hydrogenated
amorphous carbon (a-C:H); (ii) polycrystalline diamond, pc-
D; and (iii) soft organic carbonaceous coatings (plasma poly-
mers) obtained under ‘mild’ plasma conditions. The latter one
defines its own family of coatings (PPFs) and has been extens-
ively discussed in section 3 above.

In this context, several categories of organic amorphous
PECVD films prepared from hydrocarbon precursors under
controlled ion bombardment can be distinguished based on Ej;:
(a) plasma polymers, E; < 30 eV ([H] = 35 at.%, and n = 1.6);
(b) soft (‘polymer-like’) DLC, E; = 30-60 eV ([H] = 30 at.%,
and n = 1.6-1.8); and (c¢) hard DLC, 60 eV < E; < 1 keV
([H] = 20 at.%, n = 1.8-2.2, and E; = 1.3-2.0 eV). The
presence of hydrogen contributes to the formation of C-H
o bonds at the expense of 7 bonds (sp? hybridization). A
detailed study of the effect of E; and I'; values on the film
growth has revealed that a significant amount of hydrogen is
not chemically bonded, but it is trapped as molecular hydrogen
inside the material [227].



Plasma Sources Sci. Technol. 32 (2023) 074001

R Snyders et al

Polymers

\!HH\M__

Fullerene

L @;& _____

3
W

H content

Diamond

—/D:gree of long

range order

-3
Coordination

lO‘?w
TN

Q@"’m
s ‘ <2
B

Figure 19. Schematic representation of different phases of carbon
distinguished by the carbon coordination, degree of range order, and
hydrogen content. In the literature, the different carbon
hybridizations in the DLC have also been indicated using a
triangular diagram with sp?, sp> and H in its corners at first
introduced by Robertson [149]. See also for instance [46].
Reproduced with permission from [228].

Polycrystalline diamond (pc-D) films typically deposited
from CH4/H, mixtures in high frequency (MW) plasma at tem-
peratures above 700 °C have a high refractive index (n = 2.35)
and transparency over a large wavelength range (0.2-20 pum)
and have attracted much attention due to their extreme hard-
ness (H = 90-100 GPa, see figure 20), heat conductivity
and chemical inertness. Their unique properties have stim-
ulated considerable interest in numerous applications, ran-
ging from infrared optics to electronics, biomedical engineer-
ing, manufacturing, and numerous other sectors (for reviews,
see [229-231]).

Research on plasma polymers has frequently focused on
plasma polymerized fluorocarbons (PPFC), stimulated by the
prospect of obtaining low n and low ¢ values, similar to
those of bulk polytetrafluoroethylene (for example, Dupont
Teflon, with n = 1.35) or for amorphous fluorocarbons, such
as Dupont Teflon AF2400 (n 1.29) or Teflon AF1600
(n = 1.31) [47, 232, 233]. There is now abundant literature
on the use of fluorocarbon plasmas for film deposition and
anisotropic etching of silicon and silicon dioxide [48, 234]. By
suitably adjusting the experimental parameters, one can shift
the plasma conditions from etching to deposition [74]. Various
precursors have been explored for deposition, including C,Fy,
C2F6, C4Fg, C3F6, C2H2F4, and CH2F4 [47, 235, 236] The
low dispersion and low n which are frequently observed, are
generally attributed to a high concentration of CF, groups in
the films.

Amorphous hydrogenated silicon carbide (a-SiC:H or
SiC) coatings are attractive due to their optical, electronic, and
mechanical properties [191, 237, 238]. Using PECVD, SiC is
usually obtained from varying mixtures of SiHy and CHy4 at
relatively low substrates temperatures (7's = 200 °C—400 °C)
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[237, 239]. Ternary Si compound coatings, such as SiCN,
have become increasingly attractive since they can combine
the advantages of the individual binary materials and their
intrinsic properties, specifically of SiN; 3, SiC, and CN when
considering the infrared and tribological properties [240].

Graphene and other 2D materials: Graphene is a two-
dimensional material composed of carbon atoms forming a
hexagonal crystal lattice. Since graphene was properly isol-
ated and characterized in 2004, it attracted great attention due
to its unique electrical, optical and mechanical properties. The
synthesis of high-quality large-surface graphene is still a chal-
lenge despite the great effort to fabricate this material through
different techniques including exfoliation, epitaxial growth,
and thermal CVD [241]. As in many other cases, PECVD
allows one to lower the deposition temperature of graphene
films. In addition, one can produce such films without the use
of a catalyst, making this technique attractive for many applic-
ations including optoelectronics, flexible displays, sensors,
drug delivery, etc. Both, the low-pressure [242] and the AP
[243] PECVD were successfully used for the deposition of
high-quality graphene films. In addition, other 2D materials
such as BC,N and hexagonal boron nitride (h-BN) were also
produced by PECVD. It is worth noting that plasma activa-
tion has been explored to modify the graphene properties by
doping it with nitrogen, oxygen, fluorine, and other molecules
[244].

4.3. Synthesis and performance of protective and
tribological coatings

Metal nitride and carbide (MeN, MeC), carbonaceous and
nanostructured PECVD protective and functional coatings
have been successfully used due to their excellent mechanical
[245-247] properties such as high hardness (H), adhesion, and
wear- and corrosion resistance, which makes them attractive
for tribological and biomedical applications. In addition, such
materials frequently provide attractive colors [248] as a con-
sequence of mixed covalent and metallic bonding [249].

In general, for tribological coatings, H and coefficient of
friction, Ct, have usually been considered primary properties
affecting wear resistance. However, it has been recognized that
energy dissipation when two bodies are in relative motion is
of primary importance [250, 251]. This allows one to link the
tribological properties with two important elasto-plastic char-
acteristics: (i) the H/E ratio representing the elastic strain to
failure, and (ii) the H3/E? ratio known as resistance to plastic
deformation that is key for predicting the tribological behavior
[252] as well as the toughness [251, 253].

Measurements of H and E are performed by depth-sensing
indentation and analyzed using the Oliver and Pharr method
[254] and allowing one to also determine the elastic rebound.
The H values of the most frequently studied PECVD films are
summarized in figure 20, where they are compared with those
of the most often used substrates. Each of the characteristics
exhibits a certain range of values, related to the fabrication
conditions, and hence to the microstructure and composition.
One can observe that the typical hardness of transition MeN
and MeC is between 20 and 40 GPa, while ‘super-hardness’
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Figure 20. Typical microhardness values of PECVD films; often
used substrates are shown for comparison. Reprinted from [46],
Copyright (2010), with permission from Elsevier.

of H > 40 GPa is generally reported for nanocomposite (nc)
and covalently bonded coatings obtained at high temperatures
above 600 °C (the latter ones including pc-D and cubic BN).

MeN and MeC are obtained by PECVD when organometal-
lic or chelate precursors are decomposed in mixtures contain-
ing N, or CHy, Ar, and H,. The film microstructure can be
selectively controlled by adjusting chemical reactions in the
gas phase and at the growing surface, and by an appropriate
choice of Ej, I'y, and I';, values, which affect the development
of crystals, their size, shape, and orientation [240, 245-247,
255-257]. One of the important difficulties is handling fre-
quently hazardous and/or corrosive precursors including metal
chlorides and others. Typical materials in this respect are TiN
or TiC obtained from TiCl4/N,/H, or TiCl4/CH4/H, mixtures
in an RF or pulsed DC discharges at temperatures between
300 °C and 500 °C, and a substrate bias voltage of 50-200 V
[240, 257].

Nanocomposite, nc, and superhard coatings (H > 40 GPa)
formed by nanometer-size particles in an amorphous or crys-
talline matrix are of considerable interest. Formation of
such nanostructure is based on the thermodynamically driven
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segregation in binary, ternary, or quaternary systems, which
leads to spontaneous self-organization of a stable nanoscale
structure [245-247, 249, 258-260]. The properties are related
to the difficulty of forming dislocations in the grains of about
10 nm in size and by the reduction of intergranular sliding
due to the thinness of the grain boundary region. The most
frequently investigated superhard nc PECVD coatings are the
ones formed by TiN, TiC, or TiCN nanoparticles imbedded in
a SiNj 3, a-C, or SiCN matrix, while the boundary between
grains is about one or two monolayers thick [245, 255, 256,
259, 261].

The need to assure high durability including good adhesion
to numerous technological substrates has stimulated much
research exploring different interface engineering approaches
to further improve the tribological characteristics. This fre-
quently involves so-called duplex or triplex treatments to
stabilize the interface by affecting its composition, and fre-
quently introducing property gradients such as hardness. The
commonly used methods consist of two or three of the fol-
lowing independent steps: (i) surface treatment in an active
(non-deposition) plasma containing nitrogen, carbon, boron,
or other gases leading to surface nitriding, boriding, or carbur-
izing generally giving rise to surface hardening; (ii) deposition
of an intermediate layer, usually metal or metal compounds;
and (iii) deposition of the final hard protective tribological
coating.

Examples of the wear properties of TiN-based coatings
deposited onto martensitic 410 stainless steel are shown in
figure 21. To enhance adhesion, the hardness of the steel
(H = 5.5 GPa) has been gradually increased by nitriding to
a depth of several um (H = 12 GPa), followed by the depos-
ition of 1 um thick TiN (H = 25 GPa), on which 4 pm thick nc-
TiN/SiN and nc-TiCN/SiCN coatings have been subsequently
prepared (H = 35-42 GPa; triplex process) [262]. The nc-
TiCN/SiCN system exhibits superior tribological performance
compared to TiN and even nc-TiN/SiN, such as low friction
(Cy = 0.17) and low wear rate (K = 1.6 x 107 mm? Nm~1),
allowing one to reduce wear by a factor of ~600 compared to
bare SS410. One can conclude that this performance is due to
higher hardness, higher elastic rebound, and low Ct due to the
presence of carbon-containing, flexible, Si—~C and C-N bonds
in the tribo-layer [262]. In addition, the presence of carbon also
leads to interesting color shifts complementary to nc-TiN/SiN
and the traditional gold color of TiN [248].

A significant effect of applying nc coatings onto aerospace
components has also been found by evaluating the solid
particle erosion resistance, ER, following the ASTM G76
standard. As illustrated in figure 22, gradually applying a
sequence of PECVD TiN, nc-TiN/SiN and nc-TiCN/SiCN
coatings resulted in an increase of ER by a factor of about 50
compared to uncoated Ti-6Al-4V substrates. It is interesting to
note that such substantial improvement of the film tribological
behavior (erosion and wear resistance, for example) occurs for
H3/E? > 0.5 GPa (or H/E > 0.15-.20) [46] in agreement with
finite element calculations using a model considering tensile
and shear stress, and yielding criteria for failure upon particle
impact [263].
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Copyright (2009), with permission from Elsevier.
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5. Perspectives and applications of PECVD

5.1. Complementary processes and new developments

Understanding of the physical and chemical reactions behind
various processes involved in PECVD is now very well
advanced. In the above sections, we have underlined the key
factors affecting the control of the film compositional and
microstructural evolutions, namely the choice of the precursor,
and adjustment of the plasma density (#n.) related to the EEDF,
and plasma-surface interactions strongly affected by the ion
energy and ion flux. With this knowledge, the final choice

of the appropriate process will be determined by the need
to develop specific functional coating characteristics or by
additional factors such as those related to different scale-up
issues and economic aspects. In some cases, new and novel
PECVD-based techniques benefit from a combination of dif-
ferent and complementary plasma-related effects and techno-
logies as described by several representative examples below
(see figure 23).

The ion beam assisted chemical vapor deposition (IBA-
CVD) method has been proposed for the synthesis of hybrid
(organic-inorganic) optical coatings that allow one to con-
trol and increase the hardness and the elasticity (high elastic
rebound of 80% and more), while well controlling the refract-
ive index [264, 265]. This technique is based on using an
ion beam source in combination with an organic precursor
injection (see figure 23(a)) that can be applied to retain
the advantages of both the organic as well as inorganic
characteristics, expressed by the ‘hybridicity parameter’ (the
carbon-to-silicon ratio, C/Si). The latter parameter allows one
to obtain a high H/E ratio, and compatibility of the coatings
with plastic substrates, while enhancing the limits of thermal
excursion and environmental stability suitable for ophthalmic
lenses, flexible electronics, and other applications. In addition,
since this process runs at a much lower pressure (<0.13 Pa)
than conventional PECVD, it is fully compatible with existing
industrial evaporation systems such as box coaters.

Analysis of the discharge characteristics pointed out that
the initiation of radicals from the monomer molecules could be
induced by ions and electrons, while the former species may
play an important role due to much higher energy. This fea-
ture represents a peculiar difference between the IBA-CVD
process in comparison with a ‘standard’ PECVD, where the
electrons are considered the most critical species. In addition,
detailed process diagnostics demonstrated that both gas phase
and surface processes can be controlled by the W/F parameter,
however, the W/F ratio is not a universal variable, but many
other factors such as reactor geometry, type of the ion source,
gas flow dynamic inside the chamber, IEDF, discharge geo-
metry, and surface reactions play an important role in the pro-
cess mechanism [266].

Hollow cathode discharges appear very suitable for the
PECVD inside hollow objects such as tubes, making this non-
line-of-sight approach suitable for providing protective coat-
ings on surfaces that are difficult to reach. This method is based
on the specific feature of the hollow cathode that is usually
electrically powered, thus representing a cathode, in which the
electrons follow a ‘pendulum’ movement giving rise to mul-
tiple inelastic collisions leading to a high plasma density [267]
(see figure 23(b)). This technique has been initially applied
for the growth of DLC films for protection against corrosion
[268]. Recent work on immersion hollow cathode PECVD
has shown that the fabrication of hard coatings such as TiN
from halogenated precursors (e.g. TiCly) requires appropriate
plasma pulsing in terms of frequency (typically kHz range)
and duty cycle. Specifically, high hardness (25 GPa) and good
uniformity of thickness and microstructure inside narrow tubes
(<10 mm) have been demonstrated for TiN coatings, together
with high solid particle ER (improvement factor of 15) [269].
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Figure 23. Schematic illustration of complementary PECVD-based reactors: (a) ion beam assisted chemical vapor deposition (IBA-CVD),
(b) imbedded hollow cathode PECVD, (c) plasma assisted ALD, (d) simultaneous PECVD/PVD (co-sputtering), (¢) atmospheric pressure
AP PECVD in a dielectric barrier discharge (DBD), and (f) AP PECVD using a plasma jet.

This technique is well suited for the protection of aerospace,
manufacturing, and other critical components with complex
shapes of inner surfaces.

ALD has become increasingly important and well explored
during the last two decades because of its ability to fab-
ricate highly conformal surface layers due to a control of
the sequential surface reactions. The use of plasma has been
widely applied as a possibility to enable certain reactions
and obtain some materials that cannot be easily prepared
by simple thermal activation. In such a case, plasma ALD
has been introduced to supply active species to facilitate and
enhance surface reactions while most frequently using induct-
ive plasma or, more recently, also hollow cathode plasma
excitation (figure 23(c)). There presently exists a wide range
of plasma ALD reactor designs, demonstrating many methods
by which plasma species can be applied in ALD processes (for
more detail, see comprehensive reviews—[270, 271]).

The work on nanocomposite materials, formed by nano-
meter size (typically about 1-50 nm, mostly metal) conduct-
ive particles embedded in dielectric matrices, has mainly been
stimulated by the plasmonic effects leading to optical selectiv-
ity suitable for absorption filters, colored/decorative coatings,
photothermal energy conversion, photon energy harvesting in
solar cells, optical nonlinearity, and others [272]. Such struc-
tures can be effectively fabricated by a combination of sim-
ultaneous PECVD and PVD processes, the former one to
form a dielectric matrix (plasma polymerized fluorocarbons
(PPFC), plasma polymerized organosilicons (PPOS), SiO,,
Al O3, SiNj 3), the latter one (sputtering or evaporation) to
incorporate metallic or other conductive nanoparticles (Au,
Ag, Cu, and others) [19, 272] (see figure 23(d)). Precipitation
of plasmonic nanoparticles by PECVD directly from the gas
phase (such as TiN) has also been demonstrated [273].
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During the past one or two decades, we have witnessed an
increasing interest in performing PECVD at AP [274, 275].
Principally motivated by the prospects of decreasing the com-
plexity of the vacuum systems, the AP plasma reactors usually
use the concept of a dielectric barrier discharge with parallel
electrodes with the powered one covered by a dielectric (fused
silica or other ceramic (figure 23(e))), or a tubular plasma jet,
while the precursor is injected in the stream of the emanating
plasma stream (figure 23(f)). Such concepts have most fre-
quently explored the fabrication of functional coatings from
organosilicon precursors aimed at films providing corrosion
resistance, gas permeation barrier, hydro- or ice-phobicity, and
other characteristics [275].

5.2. Application of PECVD technologies

Given the advantages of the PECVD methods compared to
other deposition techniques, including PVD methods, such
as a high deposition rate and the possibility to coat com-
plex substrate geometry, this technology has been increas-
ingly considered for industrial applications in numerous
sectors for which advanced and high-performance materi-
als are needed. As a consequence, nowadays, the applic-
ation areas of the PECVD coatings encompass numerous
industrial sectors ranging from the initial microelectron-
ics to textile, food, optics, automotive, aircraft, biomaterial,
and energy fields to name a few. Here are some examples
of today’s industrial applications of PECVD-deposited thin
films.

The historical application field of PECVD coatings is the
microelectronics/semiconductors industry in which PECVD
coatings have been utilized for decades for the fabrication of
integrated circuits [276], solar cells [277], transistors [278] etc.



Plasma Sources Sci. Technol. 32 (2023) 074001

R Snyders et al

For example, silicon-based PECVD coatings including hydro-
genated amorphous silicon or silicon-based compound mater-
ials such as SiON or SiC are nowadays spread in this industrial
sector. Some applications in this field include SiON and SiN as
insulating layers for metal-insulator—metal capacitors [279] or
the utilization of SiC coatings in MEMS devices [280]. These
coatings are also commonly used as barrier coatings to encap-
sulate devices to protect them from outside contaminants and
humidity.

Another important field of applications of the PECVD coat-
ings is related to the tribo-mechanical properties that can be
obtained. As a good example, DLC coatings are especially
useful where a combination of wear and friction reduction as
well as corrosion resistance are required [281]. This is why,
today, they are implemented, at the industrial level, in auto-
motive (piston rings and pins, rocker’s arms), medical (sur-
gical tools, prosthetic applications), or jewelry (wrist watch
parts) applications. Another field of application benefiting
from the excellent wear-resistance properties of coatings is the
design of forming tools (aluminum die casting, plastic injec-
tion molding, or sheet metal forming), for which transition
metal-nitride PECVD coatings, such as Ti(C,N), are typic-
ally used to strongly increase the life-time of the expensive
components [282].

For more than two decades, both atmospheric and low-
pressure PECVD technologies have also been considered an
alternative to wet chemical processes for the surface modific-
ation of fabrics or fibers [283]. In this context, and depend-
ing on the applications (hydro-, ice- or oleo-phobicity, adhe-
sion improvement, biocompatibility, etc), different families
of PECVD coatings can be applied ranging from organic-
like films, including PPF, to ceramic-type of coatings. Even
if industrial-scale processes are already used for coating webs
and fibers, the process rates still constitute a challenge to fully
integrate this technology into existing conventional treatment
lines. This seems to have recently been overcome particularly
in other web-based production in which PECVD coatings are
utilized, such as in food packaging [284]. Technically, low-
pressure PECVD allows homogeneous deposition conditions
over large areas and good process control by adjusting the
supplied energy during film growth, e.g. converting hydrocar-
bon molecules into DLC coatings. AP PECVD, on the con-
trary, might be more limited regarding plasma-surface interac-
tion, but is more flexible with respect to local deposition and
use of a wider range of molecules, e.g. introduced as aero-
sol. Economically, low pressure enables resource-saving pro-
cesses at low running costs, while AP PECVD requires high
gas flow rates to limit temperature rise but avoids vacuum tech-
nology. The foundations given here might guide the selection
of the best available technology regarding PECVD of func-
tional coatings that depends on the particular requirements for
a specific application.

Finally, by producing very dense, inert coatings with an
extremely high degree of purity, PECVD also offers numer-
ous biomedical applications. This is especially true for the
PPF for which good control and tuning of the surface chem-
istry can nowadays be reached allowing for their utiliza-
tion in applications such as antimicrobial/antifouling coatings
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[285], tissue engineering [286], implants design [287], bio-
electronics [288], and others.

Not surprisingly, the fields of application of the PECVD
coatings are significantly increasing, especially due to tech-
nology transfer from the lab/pilot scale to large-scale indus-
trial tools. As an example of recent developments, the novel
large scale (3.2 m x 6 m) glass PECVD deposition sys-
tem (PlasmaMAX™) has recently been commercialized by
AGC/Interpane® which utilizes linear hollow cathode plasmas
for various field of applications such as the display industry.
Such a kind of tool will for sure allow for an even stronger
spreading of the PECVD technologies in the industrial
world.

5.3. Challenges

Even if the field has largely developed since decades, import-
ant challenges and key questions are still open and would jus-
tify the development of new research directions. As a good
example, in the field of PP, a better understanding of the cor-
relation between chemistry and the mechanical properties of
the material is still necessary to fully access future applica-
tions of the coatings in the biomedical field [289]. From the
fundamental point of view, the concept of glass transition of
PPFs needs to be better understood to access the fabrication of
mechanically responsive PPF, finding application in flexible
electronics, stretchable solar cells, bio-inspired devices, and
others [74, 103]. Furthermore, there is still an important quest
for ways to minimize trapped radicals and defects during film
growth to avoid or minimize aging effects and to enhance the
quality of PPFs.

The PECVD technologies clearly require an appropriate
choice of suitable precursors that would provide films and
coatings with the desired functional and multifunctional prop-
erties. Indeed, these choices are made based on the precursor
molecules composition, but one should carefully take into con-
sideration other factors such as the precursor partial pressure
(most of them are in a gaseous form, but some may be liquid
or solid) and gas or vapor handling. Besides the frequently
used benign precursors such as hydrocarbons or organosil-
icons, some may have different levels of hazards (toxicity,
flammability, etc). In some cases, this may require specific
hardware including anticorrosive protection of the vacuum
equipment, heating of the gas distribution lines, scrubbers for
scavenging any inappropriate products, or installation of suit-
able sensors. However, much experience has been accumu-
lated over the past decades, especially in the microelectronics
and other industries using CVD, and relevant information can
easily be reached.

As mentioned throughout this article, PECVD of organic
and inorganic coatings is relatively complex given the inter-
play between physical and chemical phenomena in the gas
phase and at the exposed surfaces. To assure further progress
it is very important to advance the modelling approaches both
at the molecular scale of the gas phase reactions and film
growth with respect to the chemical pathways and energetic
interactions, as well as of the complete reactors in terms of
the gas and power/energy distributions. Further development
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of the diagnostic tools with appropriate species-, time- and
space-resolved characteristics as well as machine learning
approaches are expected to particularly benefit this fast advan-
cing field.

6. Concluding remarks

The present paper summarizes our perception and under-
standing of the PECVD processes; it was motivated by our
goal to help newcomers and/or experienced students, aca-
demics, or industrial researchers and engineers to appreciate
the main principles defining this technology which encom-
passes numerous families of processes including reactions at
low and APs leading to the deposition of inorganic or organic
thin films. One of our aims was to convince the readers that
different reaction pathways in the PECVD technology can
exist or co-exist, but their prevalence is strongly dependent
on the energy dissipated in the gas phase for the reaction ini-
tiation, but the final coating performance and characteristics
would strongly depend on the energy dissipated during the film
growth. Therefore, tailoring the film functional properties is
achieved by appropriate control of the energy provided to the
system per depositing material quantity. Good control of such
a parameter can be obtained through a thorough plasma dia-
gnostics of the system, namely the determination of the fluxes
and energy distribution of the depositing species (neutrals, rad-
icals, ions).

Although powerful, the PECVD approach is often rather
technically complex, relatively expensive, and not readily
adapted to different process geometries, especially in an
industrial context (particularly outside of microelectronics).
Therefore, a complementary macroscopic description of the
PECVD processes has been implemented to overcome these
limitations allowing one to access important features of the
process, including basic parameters such as injected power,
power density, monomer flow and partial pressure, and energy
and flux of the bombarding ions. We have shown through
a discussion of the major PECVD process families, namely
PECVD for inorganic coatings and PP, that such knowledge
allows one, depending on the situation, to tune the proper-
ties such as chemical composition and crosslinking of PPFs
or crystalline structure of inorganic thin films.

This discussion and associated references illustrate our vis-
ion, and it is ultimately intended to help the reader to better
tune their existing PECVD process or to guide them towards
new ones. Finally, we discuss state-of-the-art and innovative
concepts for PECVD technology and we illustrate the increas-
ingly important integration of the PECVD processes in vari-
ous industrial sectors such as microelectronics, textile, food,
optics, automotive, aerospace, biomedical, and energy thanks
to a generally intrinsically high deposition rate (in comparison
to the PVD methods), a possibility to form new nanostruc-
tures, implement new functionalities, coat complex substrate
geometries, and further develop and improve industrial-scale
deposition systems. Further advances in PECVD as a clean,
non-polluting technology, will also strongly contribute to sus-
tainable development.
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