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Abstract

Chemical vapor deposition (CVD) is a crucial technique for fabricating high-performance
amorphous silicon coatings, leveraging its process flexibility and microstructural controlla-
bility. Optimizing processes like hot-wire chemical vapor deposition, plasma-enhanced
chemical vapor deposition, and catalytic chemical vapor deposition enable precise regula-
tion of coating density, surface roughness, and chemical bonding. These amorphous silicon
coatings exhibit outstanding tribological properties and exceptional corrosion resistance,
primarily attributed to their unique amorphous structure eliminating grain boundary de-
fects and forming dense passivation films. Future research should focus on intelligent
process development, multi-field coupling failure analysis, environmental friendliness
enhancement, and lifespan prediction models to advance this technology.

Keywords: chemical vapor deposition; silicon-based amorphous coatings; tribological
wear; corrosion resistance

1. Introduction

The rapid development of modern industrial technology has imposed higher require-
ments on coating materials serving in extreme environments, particularly in critical fields
such as aerospace nuclear energy equipment and deep-sea exploration devices. Coating
materials must not only exhibit excellent mechanical properties and corrosion resistance
but also maintain stable tribological performance and long-term service life under complex
working conditions [1-4]. As an atomic-level precision-controlled thin-film fabrication
technology, CVD enables the construction of uniform and dense amorphous silicon-based
coatings on complex geometric surfaces through directional transport of gaseous precursors
and regulation of surface reaction kinetics. Its process flexibility and microstructural control-
lability provide a vital technical pathway for developing new-generation high-performance
protective coatings [5,6]. In recent years, breakthroughs in novel CVD technologies such
as plasma-assisted and laser-activated systems have facilitated successful applications in
cutting-edge fields including flexible electronic packaging, nuclear reactor cladding pro-
tection, and microelectromechanical systems (MEMSs). These advancements demonstrate
interfacial bonding strength and three-dimensional structural conformality that traditional
coating technologies cannot achieve [7-10].
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Amorphous silicon-based materials demonstrate revolutionary advantages in surface
engineering due to their unique short-range ordered and long-range disordered structure,
effectively eliminating failure-sensitive features of traditional crystalline materials such as
grain boundaries and dislocations [11,12]. Compared to physical vapor deposition tech-
niques like magnetron sputtering and arc ion plating, CVD exhibits three core advantages
in fabricating amorphous silicon coatings:

i.  Atomic-level doping: Precursor molecular design enables atomic-level incorporation
of Si-C-N-O multi-component systems.

ii. Nanoscale structural control: Synergistic regulation of flow-temperature fields within
reaction chambers allows precise construction of gradient composite structures at the
nanoscale.

iii. Low-temperature processing: Plasma excitation technology reduces deposition tem-
peratures below 200 °C, significantly expanding applications for thermally sensitive
substrates like polymers [13,14].

These technological features have enabled breakthrough applications of CVD-
fabricated amorphous silicon coatings in high-end fields, including semiconductor pas-
sivation layers (thickness uniformity £ 2%) and precision mold anti-adhesion coatings
(friction coefficient < 0.1). Notably, the global carbon neutrality initiative has driven green
and low-carbon CVD process innovation to the forefront of current research. Emerging
strategies such as novel precursor design, plasma pulse modulation technology, and Al-
assisted process optimization methods are accelerating the development of environmentally
friendly amorphous silicon coating preparation technologies [15,16]. This technological
evolution not only aligns with sustainable development principles but also pioneers inno-
vative applications in emerging fields like new energy systems and biomedical devices.
This paper systematically reviews the latest research advancements in CVD technology for
the preparation of amorphous silicon-based coatings, with an in-depth focus on two core
dimensions: interfacial tribological behavior mechanisms and corrosion protection char-
acteristics. By comprehensively analyzing the structure-property relationships between
the microstructural features and macroscopic performance of the coatings, we elucidate
the wear-inhibition mechanisms of amorphous silicon coatings and the evolution patterns
of passivation films in complex media environments. These findings provide a theoretical
foundation for expanding their industrial applications in surface engineering.

While recent reviews have comprehensively covered aspects of CVD processing tech-
niques [9,15,17-19] or the general applications of amorphous silicon-based coatings [20-23],
a focused analysis bridging the critical structure—property—performance relationships specif-
ically governing their tribological and corrosion protection mechanisms remains less ex-
plored. This paper systematically reviews the latest advancements in CVD-fabricated
amorphous silicon-based coatings, with a dedicated focus on elucidating the funda-
mental mechanisms underpinning their interfacial tribological behavior and corrosion
resistance—two paramount properties determining longevity in harsh environments. This
study conducts an integrated analysis to elucidate how tailored CVD processes influence
the microstructure of the coatings and further investigates how these microstructural
features determine the macroscopic tribological performance and corrosion protection
efficacy of the coatings. By synthesizing and critically analyzing the structure—property—
performance relationships across diverse amorphous silicon material systems, we aim to
clarify the wear-inhibition mechanisms during sliding contact and the evolution dynamics
of protective passivation films in aggressive media.
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2. Chemical Vapor Deposition for the Preparation of Amorphous
Silicon Coatings

CVD is a process in which volatile precursors are introduced into the reaction zone to
undergo chemical reactions. The byproducts are transported away from the deposition re-
gion, while non-volatile materials form and diffuse to grow on the substrate surface [24,25].
As illustrated in Figure 1, the basic CVD process involves gaseous precursor molecules en-
tering the reaction chamber, where gas-phase chemical reactions generate reactive species.
These reactive species are delivered to the substrate surface, undergo surface chemical
reactions, and deposit as solid coatings. The byproducts desorb from the substrate surface
and are expelled, ultimately achieving efficient coating deposition.
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Figure 1. Basic process of CVD. The different colored rounds represent different types of atoms. Gas
molecules are composed of several atoms of the same color (i.e., the same type of atom) or different
colors (i.e., different types of atoms).

2.1. Material Systems for Chemical Vapor Deposition (CVD) of Amorphous Silicon

Amorphous silicon-based coating systems fabricated via CVD exhibit diversified
development characteristics, primarily including three major categories: hydrogenated
amorphous silicon (a-Si:H), silicon carbide (a-SiC), and silicon carbonitride (a-SiCN). By
regulating precursor compositions and deposition energy fields, hydrogenated systems
achieve effective passivation of dangling bond defects under low-temperature conditions,
carbon-doped systems construct high-strength tetrahedral network structures, and nitrogen-
co-doped systems form three-dimensional covalent topological configurations.

Table 1 reveals distinct CVD method preferences across amorphous silicon material
systems. a-SiCN coatings consistently employ RP-CVD and PE-CVD, while a-SiC exclu-
sively uses PE-CVD. In contrast, a-Si:H demonstrates broad compatibility with multiple
techniques. The specialized a-5iOC:H system solely utilizes RP-CVD. This material-specific
technique distribution highlights fundamental differences in synthesis requirements across
amorphous silicon variants, with a-Si:H exhibiting exceptional methodological versatility.
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Table 1. Typical CVD processing techniques for amorphous silicon films.

Material CVD Preparation Method References
Remote Hydrogen Microwave Plasma Chemical Vapor Deposition (RP-CVD) [26]
a-SiCN Plasma-Enhanced Chemical Vapor Deposition (PE-CVD) [27]
RP-CVD [28]
a-SiC PE-CVD [29-32]
PE-CVD [33,34]
Electron Cyclotron Resongpce (ECR) Plasma Chemical Vapor [35]
Deposition (ECR-CVD)
a-Si:H Inductively Coupled Plasma Chemical Vapor Deposition (ICP-CVD) [36]
Atmospheric Pressure Chemical Vapor Deposition Technology (AP-CVD) [37]
a-SiOC:H RP-CVD [38]

2.2. Energy-Field Modulated CVD: HWCVD, PECVD, and CCVD
2.2.1. Hot-Wire Chemical Vapor Deposition

HWCVD, alternatively termed catalytic CVD or filament-assisted CVD, employs
thermally activated filaments to induce pyrolytic dissociation of precursor gases. This
configuration maintains a thermal gradient where the substrate temperature remains below
the filament operating range, facilitating surface reactions of precursor decomposition
products to deposit coating layers. Meng and Wu et al. [39] employed HWCVD to prepare
intrinsic hydrogenated amorphous silicon (i-a-5i:H) coatings by introducing pure silane to
grow a buffer layer at a filament temperature of 1650 °C, followed by sequential deposition
of bilayer-structured main layers at 1800 °C and 1900 °C. The resulting amorphous silicon
coatings exhibited high density, low defect concentration, optimized hydrogen content,
and refined microstructure. Tarazona and Khokhar et al. [40] utilized an HWCVD system
with 15 parallel tungsten filaments, adjusting substrate temperature by varying filament
diameters to influence deposition. The a-Si:H coatings were deposited at 0.01 mbar using
a silane-hydrogen gas mixture (2.4:1 ratio), with filament temperature maintained at
1850 °C to ensure complete dissociation of SiHy. Wang and Shen et al. [41] developed
a customized HWCVD setup to deposit amorphous silica (a-5iO;) coatings on graphite
substrates, achieving an average thickness of 1.2 um and a growth rate of 0.3 pum/h.

These empirical optimizations collectively validate the fundamental interplay between
filament temperature and substrate thermal gradient in governing coating properties. The
hydrogen content, defect density, and intrinsic stress of a-Si:H films are critically governed
by the synergistic interplay between filament temperature (T¢) and the thermal gradient
relative to the substrate (Ts). Elevated T efficiently cracks SiHy, increasing the flux of
reactive hydrogen and silicon radicals to the growth surface. This promotes Si-H bond
formation and higher total hydrogen incorporation. Conversely, higher Ts or a steeper
T¢-Ts gradient enhances surface mobility of adsorbed species, facilitating the dissociation
of weak poly-hydride bonds, H, desorption, and network reconstruction toward stable
monohydride (Si-H) configurations—thereby reducing total hydrogen content while opti-
mizing bonding quality. Defect density (primarily dangling bonds) is minimized through
complementary mechanisms: high T¢ suppresses defect-prone higher silanes and enables
robust Si-5i/Si-H bonding, while an optimal Ts gradient ensures sufficient adatom mobility
for denser tetrahedral coordination and timely H passivation of nascent defects. Notably,
excessively low T yields porous, poorly passivated networks, whereas excessively high Ts
accelerates H desorption and dangling bond re-exposure. Intrinsic stress (typically compres-
sive) emerges from competing factors: high Ty induces tensile thermal stress via radiative
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heating yet generates compressive “atomic peening” stress through high-energy particle
bombardment; large T¢-Ts gradients favor lower/neutral stress by “freezing” atoms into
porous microstructures on cold substrates; and moderate T elevation mitigates excessive
compression by enhancing atomic relaxation. Consequently, the optimization of a-Si:H
properties require precise balancing of T¢-driven precursor activation and Ts-mediated
surface kinetics within a defined thermal window.

2.2.2. Plasma-Enhanced Chemical Vapor Deposition

PECVD is a technique that utilizes plasma activation of precursor gases for deposition.
Unlike HWCVD, PECVD employs plasma energy to decompose precursors, enabling
deposition at lower temperatures.

Key process parameters for PECVD technology have evolved continuously under the
demands of new materials, device miniaturization, and advanced manufacturing processes.
Xu and Tang et al. [42] achieved room-temperature deposition of low-hydrogen-content
a-5iNy /a-SiNyOy thin films using argon-diluted silane and pure nitrogen as reaction gases.
Jafari and Linke et al. [43] prepared amorphous films on single-crystal silicon substrates
using PECVD technology. They found that in dense amorphous films deposited at high
substrate temperatures (Ts > 200 °C), hydrogen atoms tend to migrate into the interface
bubbles and form hydrogen molecules (Hj;). This process results in a continuous buildup
of pressure inside the bubbles. Upon exceeding a critical internal pressure threshold, micro-
explosions initiate within the bubbles. This phenomenon triggers interfacial delamination,
corresponding to characteristic sharp peaks (SPs) in hydrogen effusion spectra, as illustrated
in Figure 2. Lukianov and Klyui et al. [44] engineered amorphous films by strategically
modulating RF discharge power and silane flow rates. This parametric optimization
yielded coatings with tunable hardness (8.6-14.8 GPa) and exceptional wear resistance.
Lin and Feng et al. [45] fabricated a-Si:H layers on p-type multicrystalline black silicon
substrates at 200 °C. Their analysis demonstrated that active hydrogen species within
the deposited films simultaneously passivate surface defect states and bulk trap states in
the underlying p-mc-b-Si. Li and Jiang et al. [46] synthesized a-SiCy:H films embedded
with carbon nanostructures via PECVD. They studied how substrate temperature affected
the structure and growth of these nanostructures. The film is a multiphase material,
with spherical graphite-like nanostructures embedded in an amorphous matrix. As the
substrate temperature rose, the nanostructures grew by merging with nearby structures.
At 300 °C, ultrafine graphite units appeared, showing that higher temperatures enhanced
graphitization, as illustrated in Figure 3.

Table 2 summarizes the critical process parameters for preparing amorphous coat-
ings via PECVD. PECVD enables precise control over amorphous silicon-based coatings
through synergistic modulation of four core parameters: plasma power (RF), reactive gas
composition, Ts, and deposition pressure. The RF power governs plasma density and ion
bombardment energy: higher power enhances precursor dissociation and promotes cross-
linking of Si-C/Si-N bonds, thereby increasing hardness. However, excessive power risks
hydrogen effusion and interfacial delamination due to subsurface H, bubble formation,
particularly at Ts > 200 °C. Gas composition directly dictates stoichiometry and bonding
states: elevating the N/Si ratio maximizes Si-N bonding for superior wear resistance,
reducing friction coefficients by >90%. Substrate temperature critically balances structural
relaxation against hydrogen stability: higher Tj facilitates Si-OH — Si-O-Si conversion and
densification, lowering friction to 0.15, yet exceeding 400 °C accelerates H desorption, re-
exposing dangling bonds. Low deposition pressure (0.01-0.7 torr) extends molecular mean
free paths, suppressing gas-phase nucleation to achieve uniform coatings, whereas higher
pressure may induce porous polymer-like structures. Critically, parameter interdependence
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defines performance limits: low-temperature processes require Ar dilution and reduced
power to mitigate defects, while carbon nanostructure evolution in a-S5iC:H necessitates
coupled control of Ts and RF power. Thus, optimizing PECVD films demands a holistic
“plasma-surface—substrate” strategy, where power activates reactions, gas chemistry de-
signs bonding networks, T tunes kinetic relaxation, and pressure ensures homogeneous
delivery, all while avoiding deleterious couplings.

@) (b) (©)

cr

¢-Si  a-Si:H ¢-Si  a-Si:H c-Si a-Si:H

Figure 2. Subsurface bubble rupture-mediated film delamination mechanism (Ts > 200 °C).
(a) Desorption of atomic hydrogen from bubble surface and formation of H, molecules; (b) Increase
of pressure inside the bubble to the critical point; (c¢) Film delamination due to abrupt hydrogen
release (explosion) [43].
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Figure 3. Formation mechanism of carbon nanostructures [47].

PECVD enables directional control of film chemical bonding states, hydrogen content,
and mechanical properties by adjusting parameters such as plasma power, reactive gas
composition, deposition temperature, and pressure. This technology effectively passivates
surface defects while optimizing structural densification and interfacial characteristics of
coatings, making it suitable for preparing multi-component material systems. The strong
correlations between process parameters and film performance indicate that plasma re-
action kinetics critically determine the cross-linking degree of the amorphous network
and defect density. These factors govern coating hardness, wear resistance, and envi-
ronmental adaptability, thereby providing technical support for the multi-scale design of
functionalized coatings.
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Table 2. Key process parameters for PECVD.

Material Gas Composition Tenfsfr?:::: JoC P?:;ﬁiiet/i& r;r RF/W References
SiH, 250 0.5 3 [48]
SiHy, Hy 180 0.7 13 [49]
SiH,, B2Hg 270 0.45 [50]
a-Si:H SiH4, CH4 250 1 20 [51]
SiHy, Hy 100-400 1 10 [43]
SiH,, PH3/H, 140-250 0.55 [52]
SiHy 300 0.6 60 [53]
. SiHy 250-350 1 8 [54]
a-si SiH, 400 0.75 100-300 [55]
CHy, SiHy 150 0.7 6-15 [56]
A SiCH CHy, SiHy 200 0.45 100-180 [57]
CH,, SiH, 100-300 0.45 120 [46]
CHy, SipHg 550 2.5 100-1600 [58]
a-SiN SiH4, NHj3 300 1 20 [59]
a-SiC SiH4, CHy 200-400 1.6 600 [60]

2.2.3. Catalytic Chemical Vapor Deposition

CCVD introduces gaseous reactants into a reaction chamber, where catalysts facilitate
reactant decomposition or reactions to deposit solid materials onto substrates. Compared
to conventional CVD, CCVD reduces reaction temperatures or accelerates reaction kinetics
through catalytic activation [61]. Utilizing a deposition temperature of 450 °C, Wang and
Tu et al. [62] fabricated n-a-Si:H films on silicon carbide-coated textured glass substrates,
demonstrating robust film—substrate adhesion. Song and Hong et al. [63] implemented a
tungsten filament array at 1750 °C to deliver precursor gases into the reaction chamber,
integrating active substrate cooling. This configuration achieved low-temperature (200 °C)
synthesis of a-Si:C films.

Compared to conventional CVD processes, CCVD technology significantly reduces
substrate temperature thresholds and enhances deposition efficiency by optimizing catalyst
active site distribution and reaction pathways. The catalyst (typically tungsten filaments
or metal provides localized activation sites—elevated filament temperatures enable com-
plete precursor dissociation while maintaining low substrate temperatures. This sharp
thermal gradient minimizes thermal stress on sensitive substrates, such as polymers or
textured glass, while ensuring sufficient surface mobility for dense film growth. Criti-
cally, CCVD’s unique “catalytically activated gas—substrate” interplay allows decoupling
of precursor dissociation energy from substrate thermal budgets: filament/nanoparticle
catalysts absorb high-temperature energy inputs, liberating reactive species that undergo
low-barrier surface reactions on cooler substrates. This mechanism enables microstructure
tailoring unattainable by thermal CVD, such as nanocrystalline/amorphous dual-phase
formation via selective catalyst-mediated bonding. However, catalyst aging and spatial
non-uniformity in large-scale systems remain key challenges. Future advances demand
co-optimization of catalyst lifetime management, 3D thermal field design, and precursor—
catalyst affinity matching to harness CCVD’s full potential for functional coatings on
thermally fragile substrates.
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2.3. Comparative Analysis of Deposition Techniques
2.3.1. Comparative Analysis of CVD Techniques

The fundamental differences in activation mechanisms among HWCVD, PECVD, and
CCVD lead to distinct pathways for amorphous network formation, as summarized in
Table 3. These differences critically determine coating density, defect concentration, and
interfacial bonding strength.

Table 3. Comparative analysis of CVD techniques for amorphous silicon coatings.

Parameter HWCVD PECVD CCVD Structural Implication
Activation Source  Thermal (1800-2000 °C) Plgsma Catalytic surface ]'Deter.m1.nes bond
(RF/microwave) dissociation energy
- Chemical Controls adatom
Energy Transfer Radiative heat Ion bombardment catalysis mobility (0.1-1.2 eV)
Temp. Range 400-800 °C 50-300 °C 200-500°c ~ Defines thermal budget
for substrates
Affects defect
Growth Rate 0.2-0.5 um/h 1-5 um/h 0.5-2 um/h density (1 017_1020 Cm’3)
Key Advantage  High Si-Si bond density Low—temperajcure Atomic-level Determines functional
nanocomposites dopant control performance
Limitation Thermal stress Plasma-induced Cata.l yst Impacts e
defects contamination long-term stability
Reference [39-41] [48,50,51] [61,62]

As evident from Table 3, the core differences between HWCVD, PECVD, and CCVD
fundamentally stem from the distinct nature of their energy transfer pathways. HWCVD
relies on radiative heating from a high-temperature filament. This induces homogeneous
thermal pyrolysis in the gas phase, completely dissociating precursors into highly reactive
radicals. Subsequent thermal reconstruction reactions occur on the substrate surface. This
process forcibly eliminates weak bonds, promoting short-range ordering into Si-Si tetrahe-
dra. However, the intense radiative heating poses a significant risk of damage to thermally
sensitive substrates. PECVD utilizes the energy of non-equilibrium plasma. High-energy
electron collisions cause electronic excitation and dissociation of precursors, generating
ions and excited neutral species. While the continuous bombardment of the growth surface
by the plasma (ion-assisted deposition) enhances film densification, it can simultaneously
implant hydrogen cluster defects or initiate micro-void formation. In contrast, CCVD
employs heterogeneous catalysis mediated by active sites on a catalyst surface. Precur-
sors undergo adsorption—dissociation—desorption processes on the catalyst. The resulting
reaction intermediates then migrate to the substrate with low activation energy for film
formation. Although this “moderate activation” mechanism avoids high-energy damage, it
is inherently constrained by catalyst deactivation and contamination risks.

These fundamental differences in energy transfer dictate that the amorphous network
formation induced by the three technologies follows markedly distinct kinetic pathways:

In the high-thermal environment of HWCVD, thermodynamics dominates reconstruc-
tion. Silicon atoms achieve maximum coordination through surface diffusion, forming
disordered networks with low hydrogen content and high cross-linking density. However,
the rapid quenching process leads to the accumulation of tensile thermal stress.

The plasma nature of PECVD promotes a kinetically frozen mechanism. The high
deposition rate prevents atoms from reaching their energy-minimum positions, result-
ing in metastable structures with mixed bonding configurations. While ion bombard-
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ment enhances film hardness, it concurrently induces bond angle distortion and residual
compressive stress.

The catalytic pathway of CCVD enables surface-directed growth. Reaction intermedi-
ates assemble layer by layer on the substrate surface, forming amorphous structures with
chemically graded compositions. Its low-temperature characteristic (200-500 °C) virtually
eliminates thermal stress. Nevertheless, catalyst residue can disrupt network continuity.

These structural characteristic differences further manifest as three fundamental trade-
offs in technological application:

Structural Integrity vs. Substrate Compatibility: While HWCVD can produce near-
ideal amorphous networks, it is restricted to high-temperature-resistant substrates. PECVD
sacrifices bonding uniformity to achieve compatibility with thermally sensitive materials
like polymers. Although CCVD enables low-temperature, efficient deposition, catalyst
longevity constricts process stability.

Defect Control vs. Energy Cost: HWCVD eliminates hydrogen defects through high-
temperature annealing at the cost of megawatt-level energy consumption. PECVD sup-
presses gas-phase nucleation under low pressure but concurrently introduces plasma-
induced bulk defects. CCVD avoids high-energy damage yet requires complex post-
processing to remove catalytic impurities.

Interface Engineering Flexibility: The thermal effect in HWCVD promotes covalent
bonding at the substrate—coating interface but may induce elemental interdiffusion. Plasma
pretreatment in PECVD enables atomic-level interface cleaning, yet excessive bombardment
can generate amorphous interlayers. CCVD allows selective deposition through catalyst
patterning, but its extreme sensitivity to substrate surface cleanliness substantially increases
process control complexity.

Tables 2 and 3 systematically outline the key process parameters of different CVD tech-
niques for fabricating amorphous silicon-based coatings, with different process parameters
suitable for different material substrates. HWCVD stands out for its ability to achieve high
Si-Si bond density and low hydrogen content, which is attributed to thermal reconstruction
at high filament temperatures ranging from 1800 to 2000 °C, a characteristic that makes
it ideal for coatings demanding exceptional structural integrity such as semiconductor
passivation layers. However, it has limitations, including high thermal stress that restricts
its use to high-temperature-resistant substrates like ceramics and metals, and high energy
consumption at the megawatt level, with its optimal applications lying in high-precision
tools, optical components, and scenarios requiring ultra-dense coatings with thickness uni-
formity within £2%. PECVD offers the advantage of low-temperature deposition, typically
between 50 and 300 °C, enabling compatibility with thermally sensitive substrates such
as polymers and flexible electronics, and also allows precise control over stoichiometry
through gas composition; however, it has drawbacks, including plasma-induced defects
like hydrogen clusters and micro-voids that may compromise long-term stability, as well as
being limited to moderate hardness in the range of 8.6-14.8 GPa, with its optimal appli-
cations in MEMS devices, biomedical implants, and flexible electronics where substrate
temperature is a critical factor. CCVD boasts atomic-level dopant control and low intrinsic
stress, striking a balance between moderate deposition rates of 0.5-2 um/h and substrate
compatibility within a temperature range of 200-500 °C. Nevertheless, it faces challenges
such as catalyst contamination risks and aging that reduce process stability, and the need
for complex post-processing, with its optimal applications being in functionally graded
coatings like tribological layers with tunable friction coefficients.

Current technological boundaries are being transcended through energy-field synergy
strategies: Plasma-assisted catalytic CVD (PAC-CVD) couples plasma excitation with
catalytic dissociation, enabling high-crosslinking-density a-SiCxNy deposition within the
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100-300 °C range. Pulsed hot-wire HWCVD modulates thermal radiation cycles, preserving
high-temperature bonding advantages while restricting substrate temperature rise below
150 °C. Such hybrid techniques demonstrate potential to reconcile the inherent dilemma
between “low-temperature deposition” and “high network integrity,” thereby advancing
breakthrough applications of amorphous silicon coatings in emerging fields including
flexible electronics and biosensing interfaces.

2.3.2. Comparison with Non-CVD Techniques

Amorphous silicon-based coatings can also be fabricated via non-CVD techniques,
primarily including physical vapor deposition (PVD) methods and alternative processes.
These techniques differ fundamentally from CVD in deposition mechanisms, leading to
distinct coating properties and application scopes.

Physical vapor deposition (PVD) techniques such as magnetron sputtering and
electron-beam evaporation rely on physical processes like ion bombardment and ther-
mal evaporation to transfer material from a solid source to the substrate without chemical
reactions; as a line-of-sight process, PVD limits conformal deposition on complex 3D sur-
faces, unlike CVD, which uses gaseous precursors and chemical reactions to enable uniform
coverage of intricate geometries such as microchannels in MEMS [7,64]. Magnetron sputter-
ing typically operates at 200-500 °C, while electron-beam evaporation may require higher
temperatures to melt the target, restricting applications on thermally sensitive substrates
like polymers compared to low-temperature CVD variants such as PECVD (<200 °C) [65].
In terms of coating properties, sputtered coatings can achieve high density via ion-assisted
densification, but arc sputtering may introduce micro-particle inclusions that increase
surface roughness [66], whereas CVD achieves lower defect concentrations (e.g., hydrogen-
passivated dangling bonds in a-Si:H) through precise gas-phase control [67]; PVD relies
on target composition, limiting atomic-level control over multi-component systems like
5i-C-N-O, while CVD enables tailored doping via precursor design (e.g., NH3 for N-doping
in a-SiCN) [68]; additionally, high-energy ion bombardment in PVD enhances adhesion but
may induce residual stress, whereas CVD, especially low-temperature PECVD, achieves
stable adhesion without excessive stress [69].

Beyond PVD, emerging techniques such as pulsed laser deposition (PLD), sol-gel,
and carbothermal synthesis offer unique pathways for fabricating amorphous silicon-
based coatings but have inherent limitations: PLD ejects material by laser ablation of the
target, enabling stoichiometric transfer of complex compositions like SiCxNy, yet it often
results in rough surfaces due to particulate ejection and requires annealing at temperatures
above 600 °C to reduce defects, which restricts its application on thermally sensitive
substrates [70]; the sol-gel method involves hydrolysis of liquid precursors to form a
gel, which is then dried and annealed to produce coatings, and while it is suitable for
large-area, low-cost coatings, it requires high-temperature annealing to remove organic
substances, leading to porous structures with low hardness, far lower than that of CVD
coatings [69]; and carbothermal synthesis converts silica and carbon precursors into SiC at
high temperatures (>1500 °C), a method that can produce micron-sized spherical particles
suitable for structural applications but fails to obtain ultra-thin and uniform films required
for electronic devices [71].

In summary, PVD excels in high-deposition-rate scenarios, while alternative processes
offer cost advantages for large-area, low-performance applications. However, CVD remains
superior for high-precision requirements—such as atomic-level doping, conformal depo-
sition, and low-temperature processing—making it irreplaceable in advanced fields like
aerospace and microelectronics.
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3. Tribological Properties of Amorphous Silicon Coatings

The optimization of tribological performance in amorphous silicon coatings represents
a critical research direction in materials science and surface engineering. Performance
enhancement fundamentally relies on the synergistic coordination of process parameter
regulation, operational condition compatibility, and material composite strategies. As
illustrated in Figure 4 below, this comprehensive framework encompasses critical factors.

Tribological Performance Adjustm ent of Amorphous Silicon - Based Coatings

—_— =

Process parameters
Gas/Tem perature Plasma,
etc.

Service Condifions
Temperature E rvirotrm ent/
Load efc.

Doping Strategy
Daping Composite/
Crystalline am erphous, ete.

Bonding strengthening

Interface oxidationbonding

Solid- solution strensthening’

reconstruction interlayer slip

—— S ——

Hardness Tfriction |

Wear resistance increase/
crack inhibition

High-Temperature L ow
Friction/ stabalityT

Figure 4. Enhancement mechanism of tribological performance in amorphous silicon coatings. (The
upward-pointing arrows indicate “increase” or “rise”; the downward-pointing arrows indicate
“decrease” or “drop”).

3.1. Process—Structure Synergy in Governing Amorphous Silicon Tribology

Recent studies on performance optimization of amorphous silicon-based coatings
have focused on regulating CVD process parameters—such as reactant gas ratios, tempera-
tures, and plasma conditions—to systematically investigate their synergistic interaction
mechanisms with coating microstructure, chemical bonding states, and mechanical proper-
ties. Research has demonstrated that precise parameter control not only optimizes coating
densification and surface morphology but also significantly enhances hardness, elastic mod-
ulus, and tribological performance by reinforcing chemical bond networks and increasing
cross-linking degrees.

According to Zhou and Persson et al. [72], coating surface roughness decreased with
rising NH3 /DCS flow ratio. Concurrently, mechanical properties improved, reaching a
maximum of 27 GPa hardness and 290 GPa elastic modulus at a ratio of 4. Concurrently,
the wear rate decreased significantly, accompanied by enhanced structural densification
and surface smoothness. Their work revealed the critical influence mechanisms of the
nitrogen-to-silicon ratio and temperature on Si-N bond formation, surface roughness, and
mechanical performance. They demonstrated that optimized LPCVD parameters (flow ratio
of 4; temperature of 790 °C) could significantly enhance the mechanical and wear-resistant
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properties of coatings. Employing RP-CVD, Wrobel and Uznanski et al. [28] synthesized
a-SiCN:H coatings. They discovered that increasing nitrogen concentration and apply-
ing high-power plasma promoted the formation of silicon—nitride bonds and enhanced
cross-linking density, resulting in denser amorphous networks. This structural evolution
endowed the films with superior friction resistance and wear durability, attributed to
their more uniform surfaces and tightly packed molecular chain architectures. Uznanski
and Jankowski et al. [38] fabricated a-SiOC:H films via RPCVD. Their study showed that
elevated substrate temperatures reduced Si-OH groups while increasing Si-O-Si groups,
transitioning film properties from polymer-like to highly cross-linked materials. As the
temperature increased from 100 °C to 350 °C, both the hardness and elastic modulus pro-
gressively rose, peaking at 350 °C. Concurrently, the friction coefficient decreased from 0.4
to 0.15, demonstrating temperature-driven optimization of mechanical and tribological
performance. Wu and Qiu et al. [73] demonstrated that by embedding nanocrystals in
amorphous SiNXx, this structure combines the strengthening effect of nanocrystalline grains
and the toughness of amorphous matrix, making the coating maintain high hardness while
also having good fracture toughness. Cutini and Forghierio et al. [74] generated disordered
structures by thermal annealing of « quartz crystals and passivate surface dangling bonds
to form silanol groups (Si-OH), and simulated real surfaces by regulating silanol density
and distribution (exposed or buried). High silanol density enhances interfacial chemical re-
actions, which intensifies adhesive friction, while low density or hydrogenation/oxidation
passivation can inhibit the formation of chemical bonds and reduce friction. Long and
Wang et al. [75] increased the densification degree of the film by increasing the magnetron
sputtering power, and the density of Si-C bonds increased, which enhanced the structural
rigidity of the amorphous network, while the internal residual compressive stress inhibited
crack propagation; in addition, the decrease in the sp>/sp? ratio indicates that carbon atoms
tend to graphitize, which can form a lubricating layer during the friction process, reducing
the friction coefficient and adhesive wear.

In summary, during the preparation of amorphous silicon-based nitride coatings,
the control of stoichiometry, primarily through regulating the nitrogen-to-silicon (N/5i)
atomic ratio via precise adjustment of the NH3 /DCS flow ratio, is a critical factor governing
coating performance. Optimizing process parameters—such as increasing the NH3/DCS
flow ratio to 4, elevating nitrogen concentration, enhancing plasma power, and raising the
deposition temperature to 790 °C—significantly promotes the formation of Si-N bonds
and strengthens structural cross-linking. This stoichiometric control directly influences
key coating parameters: a well-optimized N/Si ratio increases the density of Si-N covalent
bonds, thereby improving coating densification and surface finish by minimizing voids
and irregularities at the atomic scale. These optimizations not only improve coating
densification and surface finish but also achieve high hardness and elastic modulus, along
with a reduced friction coefficient (0.15), demonstrating exceptional wear resistance. The
study further elucidates the synergistic mechanisms among nitrogen-to-silicon (N/Si) ratio
regulation, temperature field control, and bonding structure evolution.

3.2. Tribochemical Response Modulation Under Operational Stress States

The tribological performance of amorphous silicon-based coatings is governed by
multidimensional operational parameters, with their governing mechanisms involving
complex processes such as interfacial oxidation reactions, chemical bond reconstruction,
and stress field distribution.

Zeng and Qin et al. [76] observed ultralow friction in a-Si:H coatings deposited on
high-speed tool steel under elevated temperatures. They attributed this phenomenon to
oxides generated via high-temperature oxidation. At 600 °C, the amorphous silicon film ex-
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hibited an ultralow friction coefficient (0.07), attributed to the formation of « — Fe;O3/S5i0,
composite oxides through thermal oxidation. Comparative studies of different counter-face
materials revealed that ceramic materials demonstrate superior stability and lower initial
friction coefficients at high temperatures, making them ideal counterparts for amorphous
silicon films. Mangolini and Koshigan et al. [77] investigated ambient atmosphere effects
on a-C:H:S5i:O coating tribology. As shown in Figure 5, in a hydrogen environment, hy-
drogen molecules react with strained sp? carbon—carbon bonds on the a-C:H:Si:O surface,
generating a hydrogenated amorphous carbon layer rich in C-H groups. This surface
layer exhibits reduced shear strength, thereby lowering both friction coefficient and wear
rate. Conversely, in an oxygen environment, strained sp? carbon—carbon bonds react with
oxygen molecules, leading to further oxidation of silicon atoms while simultaneously
forming carbonyl/ether groups. These oxidation products increase the shear strength of
interfacial materials, thereby elevating friction coefficient and wear rate with increasing
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Figure 5. Tribochemical response mechanism of steel/a-C:H:Si:O interfaces under (a) oxygen
(b) atmosphere [78].

While the choice of counter-face material is crucial for optimizing friction under spe-
cific conditions like high temperature, the intrinsic properties and composition of the coat-
ing itself also play a fundamental role in determining its overall tribological performance,
including wear resistance under varying loads. Beake and McMaster et al. [79] developed
Si-DLC coatings. These coatings exhibited lower wear rates under low-load /high-contact-
radius conditions due to their enhanced hardness. Under high-load /low-contact-radius
conditions, Si-DLC coatings effectively resisted microcrack initiation and propagation. Fur-
thermore, they maintained low friction coefficients and stable wear behavior across varying
humidity levels. Jiang and Guo et al. [80] successfully prepared a-C:H:5i:O coatings on
PEEK substrates using RE-PECVD technology. Compared to untreated PEEK, the coatings
significantly increased surface hardness and reduced wear rates by over tenfold. The study
demonstrated that optimized silicon and oxygen doping levels effectively enhance mechan-
ical properties and friction film formation, thereby reducing friction coefficients and wear
rates while improving wear resistance and lubrication performance in PEEK/metal sliding
assemblies. These superior tribological properties are clearly demonstrated in Figure 6
which shows the lower friction coefficient of the a-C:H:Si:O coating.
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Figure 6. Fundamental wear mechanisms across material systems [80].

3.3. Friction-Wear Synergy Mediated by Dopant-Induced Bond Reconstruction

The optimization of the tribological performance of amorphous silicon-based coatings
can be achieved through strategies of material compositing and structural control. The
underlying mechanisms encompass multi-scale processes such as chemical bond recon-
struction, hetero-interface effects, and phase transformation synergy.

Utilizing closed-field unbalanced magnetron sputtering, Wu and Wang et al. [81]
incorporated trimethyl silane (TMS) dopant into CrSiCN coatings. This silicon doping
induced lattice distortion and concurrently facilitated the precipitation of amorphous silicon
nitride (a-Si3Ny4) and silicon carbide (a-SiC) phases. Consequently, coating hardness rose
from 18.1 GPa to 21.3 GPa, attributed to solid solution strengthening, alongside concurrent
enhancements in friction coefficient and wear rate.

Zeng and Ning et al. [82] employed 3-(aminopropyl) triethoxysilane (APTES) as a
coupling agent to self-assemble WS, /GO (tungsten disulfide/graphene oxide) films onto
hydroxylated amorphous silicon (a-5Si) surfaces. This assembly, mediated by Si-O-5Si and
C-N-C bond formation, yielded a composite coating exhibiting a 0.09 reduction in friction
coefficient relative to pure GO films. Wear track analysis revealed that WS, incorporation
expanded the interlayer spacing within GO and enhanced interlayer shear capability in the
resulting WS, /GO tribofilm, leading to superior friction reduction compared to GO alone.
Further exploring WS, enhancement, Zeng and Ning et al. [83] developed low-shear-stress
WS, nanosheet coatings on amorphous silicon substrates via drop-casting, creating WS, /a-
Si composites. Tribological evaluation using an RTEC multifunctional tribometer under
disk-on-disk configuration revealed a dramatic friction coefficient reduction from 0.5 to 0.08.
As illustrated in Figure 7, this ultralow friction originates from (i) the in situ formation of
WS, lubricious transfer films at ball wear scars and (ii) interfacial heterojunction effects at
WS, /a-5i boundaries, collectively establishing asymmetric contact geometries that stabilize
friction dissipation.
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Figure 7. Schematic illustration of the lubrication mechanism for the assembled WS, /GO film on a-Si
coating [82].

Sun et al. [47] prepared thin films with varying silicon content using electron cy-
clotron resonance plasma sputtering and conducted structural, mechanical, and tribological
characterizations. The results indicated that silicon doping preferentially combined with
sp® carbon bonds, enhancing the film hardness and significantly reducing the friction
coefficient to as low as 0.02. The reduction in friction was attributed to the formation of
hydrogen bonds due to the passivation effect of -OH or -H groups by silicon atoms at
the sliding interface, as well as the *-7* interaction between graphene layers. Sha and
Lukianov et al. [30] prepared carbon-rich amorphous silicon carbide (a-S5iC:H) and silicon
carbon nitride (a-SiCN:H) films on amorphous silicon substrates using PECVD. Both films
exhibited high hardness, high elastic modulus, low surface roughness, and high uniformity,
with a hardness-to-elastic modulus ratio (H/E) greater than 0.13, significantly improving
the wear resistance of the films.

Ju and Zhou et al. [84] added amorphous SiNx to Mo,N/Cu films, increasing the
film hardness from approximately 17 GPa to 30 GPa. In RT—500 °C temperature cycling
wear tests, the addition of amorphous SiNy restricted the increase in dislocations within
the grains and the propagation of microcracks at the interfaces, demonstrating excellent
wear resistance. Similarly, Jamet [85] significantly enhanced coating hardness and elastic
modulus by forming a nanocomposite structure of amorphous Si3Ny and polycrystalline
AIN. The chemical inertness and dense structure of amorphous SizNy reduced abrasive
wear, decreasing wear volume by 60% under 2N load through fragmentation and particle
pull-out mechanisms, while its homogeneous phase structure dispersed local stress and
delayed crack propagation, and acted as a dense barrier against corrosive media.

Focusing on interface engineering, Lakhonchai and Chinsungnoen et al. [86] improved
the adhesion of DLC coatings by introducing hydrogen into the a-Si:H interlayer to re-
duce oxygen and Si-O bond formation while increasing hardness and structural density,
effectively reducing delamination risk and plastic deformation during friction.

In summary, the doping modification with rare elements can significantly regulate the
micro-mechanical properties and tribological behavior of amorphous silicon-based coatings.
By optimizing intrinsic mechanical parameters such as the hardness and elastic modulus
of the coating system, and simultaneously reducing the interfacial friction coefficient, the
element doping strategies enhance the mechanical load-bearing capacity of the coating.
Additionally, these strategies induce a surface friction dissipation synergistic effect, thereby
achieving a systematic improvement in wear resistance under complex stress conditions.
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3.4. Synthesis of Process—Structure—Property Relationships

The tribological properties of amorphous silicon-based coatings are fundamentally
determined by the interdependent effects of deposition process parameters, atomic-scale
bonding configurations, and microstructural characteristics. Explicit dependencies connect
governing parameters—including the nitrogen-to-silicon ratio, deposition temperature,
plasma power, and dopant concentration—to critical performance metrics such as surface
morphology, mechanical properties, and tribological responses.

The nitrogen-to-silicon ratio stands out as a particularly potent and multifunctional
governing parameter. Increasing this ratio during deposition processes like CVD signifi-
cantly promotes the formation of silicon-nitrogen bonds within the amorphous network.
This enhanced Si-N bonding directly drives an increase in the cross-linking density of the
coating structure. The consequences of this densification are multifaceted and beneficial for
tribological performance. Firstly, it leads to a noticeable reduction in surface roughness,
minimizing asperity contact and the initiation of abrasive wear. Secondly, the rigid covalent
Si-N network substantially elevates the coating’s hardness and elastic modulus, enhancing
its resistance to plastic deformation under contact stress. Thirdly, the combination of a
smoother surface and a harder, more cohesive structure translates directly into a lower fric-
tion coefficient by impeding adhesive shear forces at the sliding interface. Thus, optimizing
the nitrogen-to-silicon ratio acts through a clear mechanistic chain: it fosters stronger Si-N
bonds, which create a denser and more robust amorphous network, ultimately yielding
superior surface quality, mechanical strength, and friction reduction.

Substrate temperature exerts a profound influence on chemical bonding states and
defect populations. Lower deposition temperatures tend to favor the presence of Si-OH
groups, imparting a more polymer-like character to the film with consequently higher
friction coefficients. Raising the temperature facilitates the conversion of these Si-OH
groups into Si-O-5i linkages, increasing the network’s cross-linking density. This structural
evolution enhances both hardness and elastic modulus while simultaneously lowering
the friction coefficient. However, excessively high temperatures become detrimental,
triggering hydrogen effusion from the structure and leaving behind reactive dangling
bonds. This degradation can lead to subsurface damage mechanisms, such as hydrogen
bubble formation and eventual interfacial delamination, severely compromising coating
integrity and performance.

Plasma power in techniques like PECVD presents a critical balance. Moderate power
levels effectively enhance the dissociation of precursor gases and promote the formation
of strong Si-C and Si-N bonds, thereby increasing coating hardness and wear resistance.
However, excessive power introduces significant risks. The intense ion bombardment
associated with high power can drive hydrogen deep into the coating or substrate interface,
where it accumulates to form pressurized H, bubbles. Upon reaching a critical pressure,
these bubbles can rupture catastrophically, causing micro-explosions that lead to blistering
and delamination of the film.

Strategic elemental doping offers powerful pathways to tailor tribochemical responses
and interfacial behavior. Incorporating elements like silicon into matrices such as CrCN
induces lattice distortion and can facilitate the precipitation of beneficial secondary amor-
phous phases like silicon nitride and silicon carbide. This multiphase structure enhances
hardness through solid solution strengthening and dispersion hardening, improving both
friction and wear characteristics. Similarly, depositing nanocomposite layers such as
WS, /GO onto amorphous silicon surfaces creates interfaces with unique tribochemical
activity. The presence of tungsten disulfide expands the interlayer spacing within graphene
oxide and enhances interlayer shear capability within the resulting transfer film. This, com-
bined with interfacial heterojunction effects, establishes asymmetric contact geometries that
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effectively stabilize friction dissipation, leading to dramatically reduced friction coefficients.
Furthermore, incorporating oxygen into amorphous carbon matrices significantly boosts
corrosion resistance by enhancing electrical insulation, reducing porosity, and increasing
hydrophobicity. This multifunctional barrier effect protects the underlying substrate while
maintaining favorable tribological properties under corrosive conditions.

Performance trade-offs and unresolved mechanistic chains require careful considera-
tion. While high cross-linking density achieved through parameters like increased N/Si
ratio or temperature improves hardness, it can simultaneously increase brittleness unless
mitigated by strategies such as embedding nanocrystalline phases within the amorphous
matrix. Catalytic CVD enables crucial low-temperature deposition but faces challenges
related to potential catalyst contamination and its impact on long-term stability. The friction
behavior of coatings, particularly those containing carbon, is highly sensitive to the operat-
ing atmosphere; environments rich in hydrogen can passivate surfaces and lower friction,
whereas oxygen promotes oxidation and increases shear strength and friction. Finally,
the precise mechanisms governing the evolution of in situ tribofilms and the quantitative
contribution of different bond reconstructions under dynamic sliding conditions remain
areas needing deeper investigation through advanced in situ characterization techniques.

4. Passivation Network Reconstruction: Corrosion Protection
Mechanisms in Amorphous Architectures

Amorphous silicon-based coatings exhibit significant advantages in corrosion resis-
tance due to their unique structure characterized by short-range order and long-range
disorder. This structure effectively eliminates crystal defects such as grain boundaries and
dislocations, thereby significantly reducing the pathways for corrosive media to penetrate
along grain boundaries [87-90].

Furthermore, the dominant strong covalent bond network (Si-5i/Si-M bonds, where
M represents transition metal elements) in amorphous silicon compounds has high bond
energy and directionality, forming a dense passivation film. This film reduces the den-
sity of surface active sites and inhibits the charge transfer process, thereby hindering
the synergistic occurrence of anodic metal dissolution and cathodic hydrogen evolution
reactions [91-95].

Additionally, the uniformly distributed alloy elements in the amorphous phase form
stable metal-silicon covalent bonds, which can regulate the semiconductor properties of the
surface oxide film and enhance its chemical stability in corrosive media such as C1~ [96-99].

Experimental studies by Yin and Liu et al. [100] have shown that SiCOH coatings
with a-C:H:SiOx top layers exhibit significantly better corrosion protection performance
on various substrates compared to pure a-C:H coatings (HDLC). The a-C:H:5iOx top layer
enhances electrical insulation by increasing sp> carbon hybridization, forms insulating
silicon oxide to block corrosive media, reduces coating porosity to minimize diffusion path-
ways, improves heterostructure to compensate for underlying defects, and increases surface
hydrophobicity to reduce media adhesion. These mechanisms significantly improve the
corrosion resistance of the coating, demonstrating excellent protective effects on different
substrates. Topka and Diallo et al. [101] prepared amorphous SiOxNy films via chemical
vapor deposition. When tested in buffered oxide etch containing hydrofluoric acid, the
introduction of nitrogen enhanced the film’s network structure, making it more compact
and stable, effectively blocking the penetration of corrosive media. When the nitrogen
content exceeds 7 at. %, the etch rate drops to an extremely low level (0.1 A /s).

While the unique amorphous structure and chemical bond characteristics fundamen-
tally underpin the corrosion resistance of these coatings, their actual protective performance
in practical service environments requires systematic validation. Performance differences
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and optimization directions require further elucidation through rigorous evaluation under
diverse corrosive conditions. Researchers have conducted studies on corrosion kinetics and
surface behavior across various material systems. Combining electrochemical parameter
analysis with microscopic morphology observations facilitates the revelation of intrinsic
relationships between coating composition, structural design, and environmental adaptabil-
ity. Manj and Zhang et al. [102] prepared a-5Si:H interlayers via DC magnetron sputtering.
The presence of hydrogen reduces oxide formation at the interface, thereby improving the
bonding strength between the interlayer and substrate. Additionally, hydrogen removes the
oxide layer on the chromium coating surface, promoting bonding between Si-C and Cr-5i.
The strong adhesion between the a-Si:H interlayer and metal substrate further enhances cor-
rosion resistance. Delimi and Ferkous et al. [103] conducted argon plasma pretreatment on
the substrate before depositing amorphous a-SiOy films. The optimized coating displayed
a contact angle of 117° & 2°, demonstrating significantly enhanced hydrophobicity. Electro-
chemical tests showed that pretreated samples tested in 3.5 wt.% NaCl solution exhibited a
more positive stable open-circuit potential, lower corrosion current density, and higher low-
frequency impedance magnitude. After 30 days of immersion, the argon-pretreated coating
maintained 81% corrosion protection efficiency, verifying the synergistic improvement in
interfacial adhesion quality and barrier performance. Table 4 lists typical experimental
data, which can more directly illustrate the specific performance and influencing factors of
the aforementioned theoretical mechanisms in actual corrosion protection.

Table 4. Corrosion resistance of different amorphous silicide.

Corrosive

Corrosion

Changes Between Uncoated and Coated Surfaces

Surface Corrosion Current

: Open-Circuit .
Material Environment Time/h Morphology Potential P(()jtzrlftoi?lo(r\l/) Density References
(mV vs. SCE) Variation (V) (uA/cm?)
a-Sio 3 wit% NaCl 40 No Observable —0.8-(—0.4) —0.88~(—0.67) 110-0.27 [103]
x ° Change : : : : ) -
. o No Observable 4 )
a-Si:H 3 wt% NaCl 1000 Change —0.05-(—0.23) 0.039-7.9 x 10 [104]
. Ringer’s No Observable
a-Si0OC Solution 2 Change +100 to (—290) 0.1-(—0.4) 2.18-(0.001) [105]
. o No Observable —767.69 to
a-Si0C 3.5 wt% NaCl - Change (~611.69) 194.59 to 110.53 [106]
Uniform, smooth,
a-Si:H 3.5 wt% NaCl 0.5 and dense, without 0.71 to 0.02 - [86]
particulate defects
- o No Observable No corrosion 0.15196 to
a-SiCN 3.5 wt% NaCl 1 Change —186 to (—37) potential 42004 % 10-4 [89]
. o No Ob bl —0.70
a-AlFeSi 3.5 wt% NaCl 720 ° Chzfl‘;’ea € —390 to (—260) (—0. 47§’ 16.17 to 6.542 [107]
aSi0, 35 wt% NaCl 2815 (907 ‘%g;’ 1.18 x 10* t0 20.7 [108]
a- o No Observable —0.27 to _3
CHSIO, 5wt Nacl 2/3 Change (—033) 441011 x 10 [109]

Based on the analysis of the corrosion protection mechanisms presented in the table,

the key aspects can be summarized as follows:

i.  Elimination of Anisotropic Defects

The unique short-range ordered/long-range disordered atomic structure of amor-
phous silicon fundamentally underpins its exceptional corrosion resistance. This structure
eliminates inherent crystalline defects such as grain boundaries and dislocations, which
in crystalline materials serve as preferential pathways for corrosive media (e.g., C1~ and
H* ions) to penetrate and rapidly diffuse. By obstructing these pathways, the amorphous
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architecture significantly retards the diffusion rate of corrosive agents into the coating and
substrate, substantially enhancing the barrier performance.

ii. Robust Covalent Bond Network and Dense Passivation Film Formation

Amorphous silicon compounds are primarily composed of a three-dimensional net-
work of high-bond-energy, directionally strong covalent bonds. This intrinsically dense
network rapidly reconstructs into a continuous, compact, and chemically stable passivation
film in corrosive environments. This film reduces the density of active sites for corrosion
reactions on the coating surface, suppresses the charge transfer processes critical to anodic
metal dissolution and cathodic hydrogen evolution reactions, and acts as a physical barrier
against the penetration of corrosive media.

iii. Optimization of Passivation Film Properties via Elemental Doping

Uniformly distributed alloying elements form stable covalent bonds with silicon, ef-
fectively modulating the semiconductor properties of the surface oxide passivation film,
such as reducing defect state density, and enhancing its chemical stability in aggressive
media, particularly Cl™-containing environments. Nitrogen doping, especially above a
threshold concentration (>7 at. %), strengthens and stabilizes the amorphous network
structure, rendering the coating exceptionally dense. This effectively blocks the penetration
of corrosive media (e.g., hydrofluoric acid) and reduces corrosion/etching rates to ultralow
levels. Silicon oxides (SiOy) contribute through multiple mechanisms: they enhance elec-
trical insulation (via increased sp® carbon hybridization or intrinsic insulating properties)
to disrupt electrochemical corrosion circuits; improve structural densification and reduce
porosity to inhibit diffusion pathways; and increase hydrophobicity to minimize wetting
and adhesion of corrosive liquids. Collectively, these effects establish a multifunctional
physico-chemical barrier against corrosion.

In summary, the introduction of silicon oxides or nitrogen elements into composite
coating systems can further enhance electrical insulation, densification, and hydrophobic
properties. Through the synergistic action of multiple mechanisms, these coatings can
effectively block corrosion pathways. The dense network structure of nitrogen-doped
amorphous films significantly reduces the penetration rate of corrosive media. Relevant
studies have revealed the intrinsic relationships between coating composition, structural
design, and environmental adaptability through electrochemical analysis and microscopic
characterization, providing theoretical support for optimizing corrosion resistance.

5. Conclusions and Future Research Directions
5.1. Conclusions

CVD technology, due to its process flexibility and controllability of microstructure, has
become an important method for preparing high-performance amorphous silicon coatings.
Through the optimization of different processes such as HWCVD, PECVD, and CCVD,
precise control can be achieved in terms of coating density (with a maximum hardness
of up to 27 GPa), surface roughness (Ra < 0.1 pm), and chemical bonding state (Si-N
bond ratio > 60%). Amorphous silicon-based coatings exhibit significant advantages in
tribological performance. For example, the friction coefficient of a WS, /GO composite
system can be as low as 0.08, and the wear rate of Si-DLC coatings can be reduced by
over 90%. The corrosion resistance mechanism of these coatings stems from the isotropic
characteristics of the amorphous structure and the strong covalent bond network. Typical
coatings can achieve a corrosion current density as low as 4.2 x 1074 pA/cm? in a 3.5%
NaCl solution, with the passivation range extending to 0.6 V.
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5.2. The Current Resources Are Insufficient

Despite the significant potential of amorphous silicon nitride coatings in the field of bearing

steel surface modification, their large-scale application still faces multidimensional challenges:

i.

ii.

iii.

iv.

Inadequate Deepening of Process Optimization Mechanisms: Current research pre-
dominantly employs a “trial-and-error” approach for parameter optimization, lacking
systematic theoretical models based on reaction kinetics and mass transfer processes.
Insufficient Adaptability to Complex Operating Conditions: Existing performance
tests are often limited to standard laboratory conditions, with inadequate assessment
of the effects of extreme temperatures, high pressures, and corrosive media acting in
concert.

Lack of Long-term Stability Studies: There is a deficiency in the quantitative character-
ization of the structural evolution of coatings under cyclic thermal and mechanical
loads.

Prominent Contradictions in Environmental Friendliness: Some precursors (such
as SiHy) pose risks of flammability and explosion, and high-temperature processes
consume significant amounts of energy.

Inadequate Analysis of Failure Mechanisms: The cross-scale correlation research
on interface failure and tribological chemical reactions has yet to form a complete
theoretical system.

5.3. Future Outlook

i

ii.

Intelligent Process Development: The transition from empirical optimization to ma-
chine learning (ML)-driven intelligent process design represents a critical frontier
for advancing CVD-fabricated amorphous silicon coatings. Future research should
establish comprehensive ML frameworks—leveraging Bayesian optimization, convo-
lutional neural networks, and generative adversarial networks—to decode complex
relationships between deposition parameters, microstructural characteristics, and
functional performance. By curating multi-source datasets from in situ diagnostics
and post-deposition characterization, these models can predict outcomes like Si-N
bond formation efficiency or sp® carbon content with high fidelity. Crucially, this
enables inverse design: specifying target properties to autonomously generate opti-
mal process recipes. Implementing such systems requires embedding ML controllers
within CVD reactors for real-time adjustment of RF power modulation or precursor
pulse sequences during deposition. To overcome data scarcity, transfer learning and
synthetic data generation will accelerate training. Validating these AI workflows via
combinatorial experiments will replace costly trial-and-error, establishing predictive
synthesis for HWCVD, PECVD, and CCVD platforms. This enables bespoke coatings
for extreme environments while significantly reducing development cycles.

The thermal-mechanical-chemical multi-field coupling effect on amorphous silicon-
based coatings is not a simple superposition of individual field actions but a complex
dynamic interplay that accelerates failure mechanisms. To address this, in situ test-
ing platforms should be tailored to simulate extreme service scenarios, integrating
dynamic temperature control, precision mechanical loading systems, and corrosive
medium circulation modules. Such platforms will capture real-time changes in critical
parameters, for instance, tracking how thermal stress-induced microcracks facilitate
corrosive ion penetration, while chemical etching weakens the coating’s load-bearing
capacity, ultimately accelerating wear. This research will establish a mapping relation-
ship between multi-field parameters and failure modes, identifying critical thresholds
such as the temperature at which thermal softening exacerbates mechanical fatigue
or the stress intensity factor governing corrosion-induced crack propagation. These
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insights are pivotal for optimizing coating designs. For instance, introducing gradient
compositions can mitigate thermal stress gradients, while doping specific elements en-
hances the passivation film’s resistance to tribochemical damage. Such optimizations
are essential for improving component reliability within complex service environ-
ments.

iii. The construction of novel composite systems, such as MXene/amorphous silicon
heterostructures and gradient doping, represents a pivotal direction to overcome the
inherent limitations of single-phase amorphous silicon coatings and synergistically
enhance their tribological and corrosion-resistant performances. MXenes, as a class of
two-dimensional transition metal carbides/nitrides with excellent electrical conduc-
tivity, mechanical flexibility, and chemical stability, can form unique heterointerfaces
with amorphous silicon coatings. This heterostructure is expected to leverage the high
strength and corrosion barrier properties of amorphous silicon while utilizing MXene’s
surface functional groups to strengthen interfacial bonding, thereby mitigating coating
delamination under mechanical loading. Additionally, MXene’s lamellar structure can
act as a “lubricating interlayer” to reduce friction coefficients, while its electrochemical
activity may promote the formation of a more stable passivation film in corrosive
environments, inhibiting localized corrosion.

Gradient doping, by contrast, enables a controlled variation in chemical composition
and microstructure along the coating thickness, addressing the mismatch in thermal expan-
sion and mechanical properties between the coating and substrate. For instance, introducing
a gradient distribution of nitrogen or carbon in amorphous silicon-based coatings can grad-
ually enhance the hardness and wear resistance of the surface layer while maintaining good
adhesion at the interface through a relatively ductile transition zone. This design not only
suppresses crack initiation at the interface caused by thermal-mechanical coupling but also
optimizes the density of the passivation film, as higher nitrogen content near the surface
can form a more compact Si-N network to resist corrosive ion penetration. Such composite
systems, through the rational integration of multi-component synergies and structural
gradients, hold great promise for expanding the application of amorphous silicon coatings
in extreme environments requiring both high wear resistance and long-term corrosion
protection, such as marine engineering and high-temperature mechanical components.

iv.  Enhancing the environmental adaptability of amorphous silicon-based coatings fab-
ricated via CVD necessitates a dual focus on low-temperature process development
and the adoption of green precursors, addressing both substrate compatibility and
sustainability challenges. Traditional CVD processes often require elevated temper-
atures (>300 °C) to achieve dense, high-quality coatings, limiting their application
to thermally robust substrates and consuming excessive energy. Developing low-
temperature processes (<200 °C), such as plasma-enhanced atomic layer deposition
(PE-ALD), can overcome this constraint: plasma activation lowers the activation en-
ergy of precursor reactions, enabling the formation of dense amorphous networks
at mild temperatures while maintaining precise thickness control and conformal
coverage—critical for heat-sensitive substrates like polymers, flexible electronics, and
biomaterials. This temperature reduction not only expands the coating’s applicability
across diverse environments but also reduces energy consumption, aligning with
global carbon neutrality initiatives.

Complementing low-temperature processes, the shift to green precursors—such as
liquid silicon sources—addresses safety and environmental concerns associated with con-
ventional gaseous precursors like silane (SiHy), which are highly flammable and toxic.
Liquid silicon sources offer improved handling stability, reduced volatility, and lower
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environmental impact during storage and deposition. When coupled with PE-ALD, these
precursors facilitate controlled dissociation and surface reactions, ensuring the formation
of defect-free amorphous structures with tailored chemical bonding that enhance corrosion
resistance and tribological performance in harsh environments. Together, low-temperature
PE-ALD and green liquid silicon sources enable the fabrication of high-performance amor-
phous silicon coatings that are both environmentally benign and adaptable to a broader
range of substrates, bridging the gap between technological performance and sustainable
manufacturing practices.

v.  Establishing a multi-scale lifespan prediction model for amorphous silicon-based
coatings, integrating molecular dynamics (MD) simulations and finite element anal-
ysis (FEA), is critical for bridging the gap between fundamental material prop-
erties and practical service durability. MD simulations, operating at the atomic
scale, can capture intrinsic processes such as the diffusion of corrosive ions through
amorphous networks, the breaking and reconstruction of Si-Si/Si-O bonds under
thermal stress, and the evolution of interfacial defects that initiate failure. These
atomic-level insights—including activation energies for defect formation and diffu-
sion coefficients—provide essential parameters for understanding microscale degra-
dation mechanisms, such as passivation film breakdown or interfacial delamination.

Complementing MD, FEA operates at the macroscale to model the coating—substrate
system under complex service conditions, incorporating mechanical loads, thermal gra-
dients, and chemical environments. By inputting MD-derived material properties into
FEA frameworks, the model can predict macroscopic failure behaviors, such as crack prop-
agation paths, stress concentration-induced wear acceleration, or coating thinning due
to synergistic corrosion and abrasion. This multi-scale integration enables quantitative
prediction of service life under specific operating conditions, identifying critical factors that
dictate coating longevity.
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