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Abstract: Polymer-derived ceramic (PDC) based coatings like Si-C-N and their derivatives are gaining
importance day by day in N/MEMS and aerospace due to their thermos-mechanical stability and conductivity.
The crystallized, amorphous, and near amorphous morphology of SiCN nanocomposite coatings based on
deposition conditions requires thorough investigation for appropriate utilization as they lead to differences in
mechanical properties (quantified using nanoindentation in this case). A 4-stage model was proposed based
on Raman spectroscopy due to the N2-Ar pressure variations during the deposition process of SiCN coatings
by magnetron sputtering. The integral intensity of the G (graphitic), disorder (D), and tetrahedral (T) peaks
namely Ig, Ip, and It were calculated after the deconvolution of the spectra. The sp? domain size and defect
parameters were evaluated and correlated with the hardness and different bond formation involving Si, C, and
N. Image analysis revealed the atomic migration involved during the growth process leading to crystallization
along with the formation of voids and defects. The observations were supported by FTIR and TEM-SAED
analysis. The outcomes provide a foundation causing an urge to develop similar models with further elemental
additions and correlate with various physical properties.

Keywords: Si-C-N; nanocomposite coatings; crystallization; sputtering; nanomechanical

1. Introduction

The ternary nanocomposite material Si-C-N was first introduced to the scientific community as
a high-temperature oxidation-resistant polymer-derived ceramic (PDC) [1]. PDCs combine the
functional properties of polymers with the mechanical and chemical durability of ceramics. Polymer-
derived ceramics (PDCs) have a polymer-like nanostructure and ceramic-like properties, e.g., creep
and oxidation resistance [2]. Apart from high-temperature oxidation resistance, the hardness, as well
as the high-temperature stability of the Si-N—C phase, exceeds those of SiC and SizN4. The electronic
band gap of 2.5-3.8 eV allows us to consider this material as a wide band gap and dielectric material.
More importantly, the stability of ~ 5-CsN« with comparable diamond hardness has been achieved in
ternary silicon carbonitride. The Si-C-N phase diagram is shown in Figure 1a. The incorporation of
Si in the CN deposit promotes the inclusion of nitrogen and leads to CsNu4. There is also an excess of
carbon in Si-C-N which manifests itself in different hybridization and crystallographic patterns based
on the deposition condition adopted (Figure 1b).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. a) Ternary phase diagram of Si-C-N b) structure of Si-C-N with excess carbon c) XRD of SiC
target used for sputtering c) and its EDAX showing the elemental compositions of the SiCN film.
Variation of deposition rate with (d) substrate temperature and (e) pressure with areas marked giving
coatings of higher.

The Si-C-N has shown stability up to 1600°C and it remains in the amorphous state up to 1500°C.
These properties make silicon carbonitride a promising material for prospective applications such as
structural ceramics, MEMS, hard protective coatings, and electronic materials [3]. SiICN is being
currently looked for the absorption of electromagnetic waves (shielding) [4-7], as thin film pressure
and temperature sensors [8-11], as a bonding layer for memory devices [12] MEMS magnetic devices
[13] and even in endodontics [14]. Theoretical studies have shown SiC:N: tetrahedra to be the most
stable structure of SIiCN. The SiCN was found to have very high hardness and abrasion resistance
and was also found to be compatible with stainless steel. It has also been reported to show both
metallic and piezoelectric properties and is a good alternative to SiC which only has insulating
properties [15-19]. There have been several investigations on PDC coatings and derivatives of Si-C-
N over recent years some of which are given in Table 1.
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Table 1. PDC and SiCN composites coatings: some recent reports.
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S.No | Composites/Coatings Properties Reference
1. SiC/(Hf,Ta)C(N)/(B)C; Exceptional high hardness and thermal cycle | [20,21]
SiHfTa(B)CN coatings; stability; crack-free; amorphous, good

adhesion

2. Si(HfxTa1-x)(C)N residual carbon triggered decomposition | [22,29]

reaction, resulting in the formation of
Transition Metal Carbides, gaseous nitrogen
and SiC, tetragonal hafnium oxide (t-HfO2)
within the SiCN matrix-improved phase
stability and oxidation resistance

3. Ni-Fe-C/HfO:2 /SiCN; metal-organic framework (Ni-Fe-MOF) and | [23,24]
SiCN/MWCNT hafnium dioxide (HfO:2) nanoparticles;

improved brittleness and EM wave
absorption;, MWCNT-COOH increased the
interfacial polarization loss and the
conduction loss, improving microwave
absorbing performance.

4. Penta-SiCN  monolayer; | low diffusion energy barrier and robust | [25,31,34]
SiCN embedded carbon | wettability useful in anode material for Li-ion
(SiICN-C); Porous | batteries; stable cycling with a charge
SiCN(O) capacity, Reversible Na Plating/stripping

Reaction for sodium metal batteries

5. SiCN-coated implants Hydrophobicity and Antibacterial Properties, | [26],
replacing Ti implants to avoid Peri-
implantitis

6. PDC SiCN Free carbon enriched interface, high | [49]

conductivity, strain gauge

7. polymer-derived SiBCN; | High-temperature sensing due to good | [27,28]
PDCs-SiCN(BN) thermomechanical properties, hexagonal

boron nitride (h-BN) with weakened
polarization relaxation behavior, reduced
porosity, and resistance to crack expansion
causes low dielectric loss and high-
temperature resistance

8. SiCN-SiCN wafer-to- next generation of 3D Systems-on-Chip with | [30]
wafer hybrid-bonding interconnect densities above 10 mm-

9. C/SiCN  and SiCN(O) | tunable electrical conductivity, EM reflection | [32,33]
nanofiber, nonwoven shielding in the 5G C-band, and

thermo-oxidation resistance
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10. Sputtered SiCN coatings | Photoelectric properties, SiCN-based MEMS | [35,36]
pressure sensors.

11. CVD-grown SiCN | Increased intensity of Si-N-Si, decreased | [37],

coatings crystallite size with temperature along with

increased hardness and modulus

The electrical conductivity, electron flow, and even piezoelectricity found in Si-C-N, have led to
their application in the manufacture of sensors and nano/micro-electro-mechanical systems
N/MEMS. In the case of thin films, electrical conduction has also been reported to be dependent on
the tip-sample contact up to penetration devouring any substrate effect. Microcracks formed on the
surface and beneath the penetration necessitate thorough analysis based on zero-point corrections
caused by tip imperfection. Materials used in microelectronic manufacture, require robust as well as
conduction-sensitive properties, and when analyzed in the ways indicated above, they will find
appropriate means of application.

SiCN coatings have been investigated for enhanced mechanical properties, especially hardness.
A major portion of SiCN being amorphous or near amorphous state is the reason for its improver
toughness as making a material very hard in the crystalline state leaves the possibility of it losing
toughness. Fracture studies on SiCN films using sliding and static nanoindentations have been
reported. However, what is lacking significantly is the correlation of fractographic properties with
the crystalline topography of the coating surface attained as per the sputter deposition conditions.

The free carbon content within the SiCN is the main factor in its performance. It affects the
crystallinity affecting the mechanical properties like hardness, modulus, and fracture toughness, and
also the thermal and electrical conductivity which are essential properties for the use as sensors and
other MEMS devices [31-33,38]. Theoretical calculations have been performed on the high hardness
shown by SiCN showing the effect of high-density carbon allotropes [39] and experimental evidence
of of stable SiC2N2-5i2CN4 phases has also been reported recently [40] An attempt has therefore been
made in this communication to investigate the role of the excess carbon in the creating the surface
morphology at different deposition conditions. Although similar work has been reported by us
previously [41-43], the primary focus here is on the effect of deposition pressure

2. Materials and Methods

The SiCN nanocomposite hard coatings were deposited on Si by magnetron sputtering
(Hindhivac, Bangalore) which is an effective means of film deposition having stoichiometric control
and giving the desired properties. A 2-inch dia and 3 mm thickness sintered SiC pellet (containing
14 g of Si and 6 g of C(graphite) powders having 99,99% purity, supplied by Sigma-Aldrich, taken to
make a 1:1 atomic ratio) was used as the target. The Si and carbon powders were mixed in a crucible
with a PVA binder and palletized using a 50 mm diameter die under a load of 6 tons. The sintering
of the green compacted disc was carried out in the graphite resistance furnace at 1900°C for 60
minutes. The diffraction analyses of the target were carried out using the Seifert X-ray diffractometer
3003 PTS, Germany with Co-Ka characterization X-ray. The films were deposited on Silicon (100),
using a magnetron sputtering unit (Hindhivac Pvt. Ltd., Bangalore) at different plasma conditions.
The sputtering unit consists of a vacuum chamber consisting of a target and a substrate holder. The
sintered SiC pellet was used as the target which was attached to the magnetron. RF and DC sources
were attached to the vacuum chamber. An impedance-matching circuit was connected to the
magnetron to control the RF output. Two pumps namely the Rotary pump (RP) and the diffusion
pump (DP) were operational inside the chamber. There were also two needle valves attached to the
chamber for controlling gas flow into the chamber. The samples were kept on a substrate holder
present just below the target. A thermocouple was attached to the substrate holder to vary the
substrate temperature. Argon (Ar) followed by Nitrogen (N2) gas was introduced in an evacuated
chamber for the reactive sputtering process. The coatings deposited under different conditions were
characterized by Transmission Electron Microscopy (Phillips, EM 200, LaBs electrode), and FTIR.
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(Nicolet 5700), and Raman (Nicolet Almega XR, using He-Ne Laser with wavelength 532 nm). Energy
dispersive X-ray spectroscopy (EDAX) was done to determine the elemental composition of the films.
The mechanical response of the coatings towards indentations was examined using nanoindentations
(MTS, USA) which consisted of depth sensing penetrations by 3-sided pyramidal (Berkovich)
indenter [44,45]

3. Results and Discussions

3.1. X-Ray Analysis

The X-ray diffraction (XRD) analysis of the SiC target (Fig. 1c) used as the sputtering source
showed the presence of §-SiC and C phases on the diffraction pattern. However, the XRD patterns of
all the films deposited at different pressures showed an amorphous nature which is typical for
sputtered films of thickness of the order of um. The nitrogen introduced causes the formation of
gradient layers and the excess carbon undergoes diffusion to form carbides during the film formation.
Even if a small amount of crystallization had taken place during the deposition of these films, the
XRD was not able to show any characteristic peak in the diffraction pattern, and due to the small
volume percentage, the only peak corresponding to the substrate was visible. The CVD-grown Si-C-
N coatings have however been reported to show diffraction peaks in XRD with a reduction in
crystallite size with an increase in deposition temperature [37]. This can be ascribed to the
transformation of graphitic carbon (sp?) into formations of carbide (SiC), and nitride (5i-Nx) due to
the higher incorporation of nitrogen. The energy dispersive x-ray (EDAX) profiles used to identify
the SiCN film's elemental composition (Figure 1d) indicated the compositional ratio resembling CsNa
with 30.98 C atoms per 100 N atoms. There was a trace amount of oxygen discovered, which is an
impurity in the deposition chamber. The presence of oxygen causes SiOCN which is again compatible
with stainless steel [46]. The formation of stable SiC2N2-S5i2CNs phases which was predicted
theoretically using crystal symmetry first principles has been recently reported to have been observed
experimentally [39,40].

3.2. Sputtering and Deposition Rates

An increase in power usually causes an increase in the energy of bombarding Ar ions leading to
a higher sputtering rate and consequently higher thickness [35]. The effect due to the change in
substrate temperature may not however show a meticulous increasing trend due to the interplay
between the growth process and the stress factor due to coefficient of thermal expansion (CTE)
differences [47]. The depositions of the Si-C-N coatings were carried out at different pressures in this
case showing a higher deposition rate in the range 1Pa-5Pa compared to the other higher and lower
pressures, and adjustments in deposition time were done to get coatings of similar thickness. The
thickness measurement was performed from a step obtained using a surface profilometer at the
interface between the coated and uncoated substrate. The step height was the thickness of the coating.

The lower deposition rate at higher and lower pressure was due to more ion-electron collisions
at higher pressure that had neutralized as the mean free path (A=kT) was smaller (T is the temperature
which was room temperature and k is the Boltzmann constant). The Knudsen number (Kw= A /L) is
less than 1 in these cases. The quantity L is the distance traversed by the adatom before getting
deposited on the substrate, during which they interact among themselves by collision leading to a
drop in intensity by a factor of exp (-Kn) as per Beer Lambert Law. The mean free path is related to
the sputtering pressure P and the molecular diameter Da of the sputtering gas (372 pm for Ar) as Ax
T/ (PDa?), where T is the deposition temperature Therefore, at lower pressure, the mean free path
being large leads to less ionization of the plasma and hence less removal of target atoms (reduced
sputtering). A similar effect was found with an increase in temperature [48].

The depositions of the Si-C-N coatings were done at six different substrate temperatures, room
temperature (RT), 100, 200,300,400,500,600°C at 1 Pa pressure, and 400W RF power. The different
deposition rate with deposition conditions is given in Table 2 and plotted in Figure 1(e, f) with the
conditions showing the highest hardness marked. The deposition rate was found to decrease with an
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increase in temperature. The reason is graphitization being dominant over amorphous or near
amorphous growth at the enhanced temperature of 600 °C. The films were deposited at 1 Pa pressure,
A change in pressure might therefore also change the temperature at which this phenomenon is
taking place, The sputtering time was varied to get coatings of comparable thickness (~4um). The
lower deposition rate at higher and lower pressures was due to more ion-electron collisions at higher
pressure that had neutralized as the mean free path was smaller and at lower pressure, the mean free
path was larger which led to less ionization of the plasma and hence less removal of target atoms.
The rise in substrate temperature-induced surface and interface phenomena like carbon diffusion,
nucleation of sp?® carbon (diamond), and coating-substrate interfacial stress while the change in
pressure is related to the gaseous kinetics involving collisions between gas molecules, ions, and
sputtered atoms. A model related to all these aspects of sputtering has been recently reported [48].

Table 2. Deposition rate and corresponding hardness of Si-C-N thin films (Adapted with
permission from J. Vac. Sc. Technol A 28, 505(2010). Copyright 2010 American Vacuum Society.

[44]).
Deposition Time Rate Hardness
s Temp(°C) .| tum) :
conditions (min) (nm/min) (GPa)
1Pa RT 120 3.5 29.2 10
100 120 3.5 29.2 -
400 W 200 150 35 23.4 -
300 180 3.7 20.6 14
400 210 4.2 20.0 -
500 210 4.1 19.5 22
600 240 3.8 15.8 8
Pressure Time Rate Hardness
. t(um) .
400W (Pa) (min) (nm/min) (GPa)
0.4 240 3.9 16.2 13
500 °C | 1 210 41 19.5 22 |
5 210 3.8 18.1 -
10 240 3.5 14.6 -
Power Time Rate Hardness
. t(um) .
500 °C W) (min) (nm/min) (GPa)
1Pa 200 240 3.5 14.6 9
300 210 3.9 18.6 15
10 Pa 400 210 3.5 16.7 7

3.3. Nucleation & Growth

The effect of nitrogen was found to be significant while investigating the effect of pressure
Although an initial increase in nitrogen pressure helped in the formation of SisNs and CsNy, its higher
percentage led to the formation of the graphitic phase due to nitrogen desorption. A certain range of
argon-nitrogen pressure in the range of 1-5 Pa was identified to be giving films with smaller particle
size, lower roughness, and higher hardness as reported.

The heterogeneous crystallization with formation to near amorphous nanocrystallites and of
larger dimensions can be seen in the TEM image along with the ring pattern observed in the SAED
pattern. An initial increase in substrate temperature led to a transition from the nc-graphitic phase to
amorphous carbon which reacted with Si and N and eventually formed the amorphous Si-C-N
matrix. At higher temperatures, nucleation of nanosized crystallites of hard phases of -SisNs and g-
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CsNs occurred in the amorphous Si-C-N matrix (Figure 2a, b & c). The crystallite size varied between
2 to 20 nm on varying the substrate temperature from RT to 500°C. However, on a further rise in
temperature to 600°C, an increase in the growth of the carbon phase due to the desorption of nitrogen
at higher temperatures occurred, which led to a decrease in hardness [41-43]. The contrast of the
images was changed to get a clear image of some of the structural features like twins as marked in
the images inside a large crystallite which aroused due to strain getting developed in the film during
film growth. The growth phenomena can be understood if we look at the corresponding SAED
patterns given as insets for each of the cases. A ring pattern with bright spots along the circumference
implies the initiation of nucleation of growth of crystallites on an amorphous base at RT. The bright
spots are the diffraction spots coming from a set of planes. Stacking faults were observed as marked
in the image with a circle. The nucleation and growth get intensified as the deposition temperature
is increased evident from the higher intensity of the diffraction spots and not being dedicated to a
circular pattern. This shows the co-existence of different phases at a time which is the prerequisite for
a nanocomposite. The deviation from the circular nature gets even higher for a further temperature
rise. The SAED pattern can be found to partially resemble a spot pattern to some extent. This shows
the texture of the coating departing from its nanocrystalline nature and preferably getting inclined
towards graphite which lowers the hardness as expected and observed. The patterns were inverted
and analyzed with different contrast and brightness. The ring patterns depicting nanocrystalline f3-
SiC and SisN4 on an amorphous (a-Si-C-N) along with graphitic phases can be observed in Figure 3a.
The ring patterns were not continuous and looked like made up of broken lines indicating in
homogenous size distribution of the crystallites as also evident from the microscopic image. No spot
pattern was found even changing the pictorial parameters showing the crystallization to be in its
nascent stage. At 500°C where the highest hardness was observed, the ring patterns got fewer in
numbers but more intense. These were due to the formation of nanocrystalline phases of f-CsNs and
to some extent diamond. These phases mainly grew on sp? carbon domains The spot patterns
observed in changing the contrast and brightness were due to larger crystallites of sp® C (diamond)
and sp? C (graphite) (Figure 3b). The ring patterns were formed due to nanocrystalline graphite, got
lowered in number as well as intensity at 600 °C, and spot patterns of graphitic phase due to larger
graphitic crystals got prominent. The amorphous fraction also increased compared to the previous
case (Figure 3c). This indicates preferential crystal growth of mainly graphite due to increased surface
carbon diffusion which needs a thermodynamical perspective and shall be explored in due course.
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Figure 2. TEM image for SiCN films deposited at a) RT b)500 °C and c) 600 °C d) Raman spectra e) 4-
stage model (Reprinted with permission from J. Raman. Spec. 41, 1234 (2010). Copyright 2010 John
Wiley and Sons. [43]) f) FTIR spectra [40] and g) Nanoindentation hardness of Si-C-N films deposited
at different conditions as per Table 1 (Reprinted with permission from J. Vac. Sc. Technol A 28, 505
(2010). Copyright 2010 American Vacuum Society. [44], CC BY open access [39]).
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amorphous carbon, nc-graphite, and single crystalline graphite.

3.4. The 4-Stage Model Based on Deposition Pressure

The Raman spectra of Si-C-N coatings deposited at different substrate temperatures are shown
in Figure 2d. The spectra have been deconvoluted and discussed in detail previously [42]. The
transition from one carbon form to another leading to the variation in hardness and modulus is due
to the variation in sp?/sp? carbon percentage and results in a shift in G (graphitic) and D(disorder)
peak position and intensity. In the spectra for RT deposition, a G band position at 1571 cm and a D
band position at 1350 cm are observed which corresponds to nc-graphite. The origin of these peaks
is related to the total optic modes of graphite which is a sum of different modes as given in eq 1.

I' = Aou + 2B2g + E1u + 2E2g D

The E2¢ modes are Raman active and are observed at 42 and 1581 cm™!. The A2u and Eiu are IR
active and observed at 867 and 1588 cm™. The Bz; modes are optically inactive. The E-symmetry
modes have in-plane atomic displacement while the A and B modes have out-of-plane displacements

On increasing the temperature further, the crystallite size continues to lower further which
results in the disappearance of the nc-graphitic phase and the formation of a-Si-C-N. The prominent
separation between the D and G positions, which is the evidence of graphitization, gradually
decreases with an increase in temperature and almost a single band formation at 1500 cm™ occurs at
400°C. This corresponds to the formation of sp? hybridized ta-C in the form of nucleation and growth
of B-CsNiu crystallites in the 4-5i-C-N matrix. This results in an upper shift of the G band position as
observed in the spectrum for coating deposited at 500°C. The microstructural and structural changes
discussed above on increasing the substrate temperature. At 600°C however, a further increase in the
G band position was observed. This is due to the growth of carbon crystallites and the formation of
the nc-graphitic phase. An abnormal graphitization has also been reported for polymer-derived (PD)
SiCN [49]. All these phenomena led to a 4-stage model based on the well-known 3-stage model by
Tuinstra, J. L. Koenig [50] as shown in Figure 2e. The formation of nanocrystalline phases at different
combinations of process parameters and their effect on the film hardness was also understood by
FTIR spectra and Nanoindentation as shown in Figure 2 (f, g) [43].

The FTIR peaks between 500 -900 cm! were due to Si-C, Si-Nand C-N. The signatures of C=N
were conformed by peaks at 1250 and 1750 cm. The peaks at 2200 and 2800 cm™! were due to C=N
and C=C respectively. The C-N bonds representing [3-CsNscaused the high hardness. A temperature
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rise was found to induce a higher percentage of C-N and C=N bonds which however decreased on
increasing the temperature further to 600°C, as the excess C got involved in C=C and C=C bond
formation resulting in graphitic phase formation causing a decrease in hardness. A higher pressure
caused increased collisions between the adatoms and gas molecules also causing a decreased C-N
percentage in the films[40].

Because carbon diffusion increases with temperature, it is quite likely that the crystallites
generated are those of graphite, as determined by the Raman Spectra for a temperature change from
500 °C to 600 °C. The D peak, as previously stated, is caused not only by defects but also by the
presence of carbon with various hybridizations - sp3(C-C) and sp (C=C). The crystallite size also plays
an important role, as evidenced by highly referenced papers. [50,51] The G peak was discovered to
provide a wide range of location and intensity (relative to the D peak) alterations. The greatest
movement in the G peak location was discovered at 500 °C, where it was observed at 1500 cm,
causing a shift of around 100 cm from the spectra observed at lower temperatures which is
equivalent to 198.6 x 102 ]J. A difference in the intensity of the D peak was prevalent. The initial
diminishing followed by the sudden reappearance indicated amorphization followed by nucleation
of near amorphous ultra-fine crystallites. At this stage, the coating has a unique combination of hard
phases of 3-S5iC, SisNs, CNx (a, 3 CsN4), and even a fraction of sp® carbon which in totality can be
called diamond-like nanocomposite (DLN) coatings. The hardness being inversely proportional to
the In/Ic ratio was very high in this case [52]. The Ip/Icis used for the determination of sp> domains (L
sp% m), average defect distance (Lp. nm), and defect density (np, cm?2) as per the following eq (1, 2,
and 3). [53]. where the terms EL(in eV) and AL (in nm) are the energy and wavelength of the Laser
source associated with the Raman spectrometer which was 2.33 eV and 532 nm as also mentioned in
section 2. The Ip and Ic terms mentioned are the integral intensity ratios that have been used to
determine the parameters as given in Table 3. However, a qualitative analysis has been made using
the height ratios as shown in the diagram. The sp2 domain size was 19 nm till 300 °C, increased to
about 25 nm at 500 °C, and then again decreased to 14 nm at 600 °C. The average defect distance was
again 14 nm initially, increased to 19 nm, and decreased to 10 nm. The defect density was 3 x 10" cm
2 which reduced to 2.25 for 500 °C and again then increased to 4 for 600 °C. The parameters obtained
from the height ratio therefore although having ambiguity in the values obtained for the initial
temperatures, follow the same trend as that of the integral ratio values.

Table 3. Domain size, defect distance, and density obtained from Raman spectra.

Temperature | In/Ic In/Ic Lgp) Lp np x 101
(°C) (integral) | (height) | (nm) | (hm) | (cm?)
30 2.25 1.0 8.5 6 6.7
300 1.75 1.0 11 8 52
500 0.5 3/4 38 28 15
600 1.3 4/3 15 11 3.9
Pressure In/Ic In/Ic Lgp) Lp np x 101
(Pa) (integral) | (height) | (nm) | (hm) | (cm?)
0.4 1.5 - 13 9 4.5
1.0 0.5 - 38 28 15
5.0 1.5 - 13 9 4.5
10 1.85 - 7 7.5 5.6

Lopz =521 M

I3 =2.4x 10—9/12% @)

_24x10%2Ip

np =2 ©)
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Interestingly from the relations above the increase of the sp? carbon domain causing the
occurrence of a concurrence with the diminished D peak at 500 °C can be seen. This is contrary to the
hardness value trend we obtained. The explanation of the above fact can be proposed as follows. We
must understand that there are other phases of Si-C and C-N as well which are also getting affected
as we are changing the temperatures. The sp2 domain may therefore consist of near amorphous
ultrafine nucleation of crystallites of these hard phases and to some extent diamond (sp? C) as well.
The shift of the G-peak towards lower wave numbers is evidence of higher amorphic nature [50]. The
doublet D-G spectra are known as one photon spectra. The D and G arise due to breathing and
stretching modes respectively in a hexagonal unit cell of carbon. The other modes associated with
different bonding configurations can be found in ref [54]. The overtones around 3000 cm-! which are
called the 2D or G + G' peaks in some instances are also known as two phonon spectra that occur due
to electron density delocalization. The 2D peaks did not reveal themselves for the 500 °C indicating
the existence of feeble electrical anharmonicity [55]. The possibility of the diamond phase percolating
considering the high pressure in the vacuum chamber causes an inevitable increase in hardness. A
rise in temperature causes graphitization, as the absorbed thermal energy is transferred to the internal
crystal lattice of the diamond, it rearranges itself into graphite where a change in the potential energy
surface by electrons in the crystal lattice may also be present [56]. It is also evidence of the formation
much softer graphitic phase due to obtaining the D and G peak positions for graphite bearing its
signature.

The deposition condition of 500°C and 1 Pa N2-Ar pressure gives the highest hardness due to the
formation of nanocrystallites like SiC, SisNs, and even $-CsNagiving a high hardness of 22 GPa from
nanoindentation which can be considered sufficiently high taking into consideration the high
sharpness of the Berkovich Indenter (cone angle ~ 70.3°). The Raman spectra of SiCN coatings
deposited at different pressures are shown in Figure 4 (a-d). The deconvolution of the peaks was
done and the ratio of the integral intensities corresponding to tetrahedral (Ir), disorder (Ip), and
graphitic (Ic) was platted concerning change in pressure forming a 3-stage model based on pressure
as done previously based on temperature [42]. The Ir / Ic ratio indicating the ratio of sp3/sp? carbon
ratio was high in 1 Pa, reduced a bit for 5Pa and again increased with 10 Pa. This ratio showed that
the formation of diamond-like carbon (DLC) phases was high in the case of 1 Pa pressure. The reason
for the slight lowering of the ratio can be found in the phase diagram of SiCN (Figure 1a). The In/Ic
ratio showed an increase with an increase in pressure to 1 to 5 Pa due to the formation of higher
nitrogen-based phases like SisN4 and CsNs. The ratio showed a decrease at a higher pressure of 10 Pa
due to a decrease in the mean free path caused by the enhanced collision rate of the sputtered adatoms
with the N2 gas molecules. The Ip/Ic ratio was also the lowest in the case of 1 Pa pressure. All these
observations lead to the fact that 1Pa is the optimized pressure for SiCN coatings as also observed
earlier [42,43].
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Figure 4. Raman spectra of SiCN deposited with 500 °C and 400 W power at a) 0.4 Pa b) 1Pa c) 5 Pa
and d)10Pa pressure with e) 4 stage model based on the integral intensity ratio f) Ferrari-Robertson 3
stage model as reference [51].

3.5. Microstructure

Image analysis of the TEM pictures revealed the nucleation and growth process involved during
the deposition of the thin films. A reduced grain size results in enhanced mechanical properties.
However, an extreme reduction in size, like the ones observed in the TEM image of coatings deposited
at 500 °C showing crystallites of very small size (< 5 nm) may result in a decrease in mechanical
strength due to inverse Hall-Petch relation. The image profile of the microstructure area of 600 nm?
marked (inset) is shown in Figure 5a. It should however be kept in mind that nucleation and growth
are two separate phenomena. After the crystallites have nucleated, atomic migration makes them
coalesce to form larger crystals and eventually grains, and it is the grain size d that matters for the
applicability of the Hall-Petch relation. The crystallites observed to form are surrounded by smaller
crystallites that have reached them by the migrating as indicated in the image. The process of this
migration has also left trails as observed in the form of linear vacancy created. The atomic migration
eventually will form grains, evidence of which can also be seen in the marked by broken lines. The
line profile of one of the nucleated crystallites is shown separately. The figure was inversed to get
upward peaks for the growth regions’ which were further deconvoluted into multiple peaks
indicating small crystallites. These are regions adjacent to the main crystallites, where agglomeration
of crystallites has taken place but has not undergone coalescence due to insufficient energy for atomic
migration. The agglomeration caused by atomic vibration often leaves voids [57] These voids may be
the epicenters of stress intensification and can cause crack generation and brittle failure. Post-
deposition annealing may get rid of the voids to some extent and relieve the built-up interfacial stress.
One may argue that a higher substrate temperature during deposition may be adopted instead.
However, the hardness shall get compromised in that case as the growth of softer graphitic carbon
(sp?) due to the excess carbon as shown in Figure 1b will enhance [42].
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Figure 5. (a) The surface profile of the TEM image for 500°C deposition temperature and 1 Pa pressure
as marked in the inset showing regions of crystallization (dark regions and profile depressions) and
the linear profile of one crystallite (2 nm width) deconvoluted into multiple peaks depicting the
process of coalescence due to atomic migration leaving void regions-marked by dotted lines (b)
Surface profile of TEM image show in the inset for deposition carried out at RT along with the linear
profile of the stacking fault as marked in the inset.

The surface profile of the image for RT deposition showed the peaks to be relatively higher in
intensity indicating the effect of high temperature to be causing major atomic diffusion to create a
homogenous distribution of the crystallites leading to lower and flatter intensity peaks distributed
over different areas as marked (Figure 6a). The line profile of the stacking faults showed an average
spacing of about 20 nm. (Figure 6b). For films deposited at 600 °C, the line profile of the large
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crystallite of 300 nm size is given in Figure 6a. The profile of the twins formed is shown separately

with measured spacings (Figure 6b).
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Figure 6. (a) The profile as per line (1) of the enlarged crystallite formed as observed in the TEM image
for 600 °C deposition temperature (b) as per line (2) indicating the formation of twins with measured

spacings.

4. Conclusions

Nanocomposite Si-CN films are technologically important coatings used in microelectronic
devices and as protective metallurgical coatings.  The properties of these Si-C-N coatings deposited
by magnetron sputtering were found to be strongly dependent upon the deposition parameters viz.,
N2-Ar pressure maintained in the vacuum chamber, substrate temperature The different ratios of



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 April 2024 d0i:10.20944/preprints202404.0098.v1

15

phases of f-CsNs, SisNs, and graphite in the film and the effective particle size at different deposition
conditions affected the film properties. [58,59]

The excess carbon in the structure being manifested itself in different forms viz. graphite, nc-
graphite, and diamond based on the deposited pressure, affecting the film hardness. The
transformation from amorphous to nanocrystalline ultra-fine growth of various phases followed by
preferential crystal growth was reflected in the SAED patterns. A 4-stage model based on Raman
spectra of coatings deposited at different pressure ranges like a previously existing model based on
temperature was proposed. Image analysis of the microstructures showed the variation in nucleation
and growth density of the crystallites. The research adds to the knowledge regarding the growth
dynamics of Si-C-N being used in N/MEMS aerospace etc. It also builds a foundation for the study
involving the inclusion of other elements in the composite improving and enhancing the versatility
in the application of PDC-based Si-CN coatings and their derivatives.
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