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Abstract: Due to the high temperature limitation associated with silicon, SiC, SisNs, TiC, TiN, TiB2,
cBN, CNXx, 5iO2, Al2Os3 and novel multicomponent nanocomposites polymer derived ceramics (PDC)
based thin films like Si-C-N, Ti-Si-B-C-N and Si-O-CN that are compatible with silicon and have a
wider range of operation in ambient conditions are being investigated. Apart from small scale
electro-mechanical devices like N/MEMS, sensors, areas like metallurgical protection, water
purification, energy storage, bio medical implants and aerospace have been benefited. The cross-
sectional study involving the role of oxygen and nitrogen dissolution at different interfacial
configurations has been presented.
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1. Introduction

Nanoindentation is one of the most coveted mechanical characterization techniques at nanoscale
for various types of materials which includes, alloys, nanomaterials, and thin films [1-4] The loading
parameters which include load, depth, strain-rate, indenter shape, holding time etc leaves an impact
pertaining to which the choice of material for specific low dimensional application can be envisaged [5-
7] They are being merged with microscopic techniques (AFM) and are being applied on unconventional
materials like conducting polymers, bio ceramics and human bones and tissue [8-10].

Multicomponent materials like high-entropy alloys (HEA) and high-entropy ceramics (HEC) on
the other hand have surface out in recent times as significant materials having vast technological
importance. High Entropy Alloy (HEA) is a composition of multiple principal elements in an
equimolar or near equimolar ratio. Where the number of elements is not less than five (=5) and the
atomic % of each element between 5% and 35 %. [11-13]. HEAs show enhanced properties of
hardness, strength, wear resistance, corrosion resistance, fatigue, and fracture resistance [14].. The
mechanical properties of HEAs like yield stress, tensile strength, hardness, fracture toughness and
wear resistance are significant aspects for their application and have been subject to nanoindentation
[15,16]. HEAs like Co15CeFeNiisTi,  Alo2Co1sCrFeNiisTi;  AlCoCrFeNi, NbMoTaV,
CuosNiAlCoCrFeSi, CoCrFeNi, CoCrFeMnNi, FeCoNi, CrFeCoNi along with HEA carbides, HEA
oxides, HEA carbonitrides have shown high wear resistance, tensile strength, yield strength,
ductility, and fracture toughness [17-20].

Interestingly, the Polymer-derived ceramics (PDC) like Si-C-N, Si-B-C-N with enormous high
temperature stability due t0 the formation of nanocomposites is being investigated over the past 30
years and fall in the category of moderate entropy alloy or ceramics (HEA/HEC) [20]. The ternary
nanocomposite material Si-C-N was first introduced to the scientific community as a high-
temperature oxidation-resistant polymer-derived ceramic (PDC) [21]. PDCs combine the functional
properties of polymers with the mechanical and chemical durability of ceramics. Polymer-derived
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ceramics (PDCs) have a polymer-like nanostructure and ceramic-like properties, e.g., creep and
oxidation resistance [22].

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 [23]. Si-C-N is being
currently looked for the absorption of electromagnetic waves (shielding) [24-27], as thin film pressure
and temperature sensors [28-31], as a bonding layer for memory devices [32] MEMS magnetic devices
[33] and even in endodontics [34]. It has also been reported to show both metallic and piezoelectric
properties and is a good alternative to SiC which only has insulating properties [35-39]. 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.

Table 1. PDC based nanocomposites coatings.

IS\I.o Composites/Coatings Properties Reference
1 SiC/(Hf, Ta)C(N)/(B)C; Exceptional high hardness and thermal cycle stability; crack-free; [40,41]
" SiHfTa(B)CN coatings; amorphous, good adhesion !
residual carbon triggered decomposition reaction, resulting in the
2. Si(HATam)(ON formation of Transition Metal Carbides, gaseous nitrogen and SiC, [42,49]

tetragonal hafnium oxide (t-HfO2) within the SiCN matrix-
improved phase stability and oxidation resistance

metal-organic framework (Ni-Fe-MOF) and hafnium dioxide

(HfO2) nanoparticles; improved brittleness and EM wave

absorption; MWCNT-COOH increased the interfacial polarization [43,44]
loss and the conduction loss, improving microwave absorbing

Ni-Fe-C/HfO2 /SiCN;
SiCN/MWCNT

performance.
low diffusion energy barrier and robust wettability useful in
anode material for Li-ion batteries; stable cycling with a charge

Penta-SiCN monolayer; SiCN

4 ;I;Zid;il? (Ig)on (SIEN=C); capacity, Re.\Iersible Na Plating/stripping Reaction for sodium [45,51,54]
metal batteries
5. SiCN-coated implants Hydrophobicity. and Afltibacte‘ri‘al Properties, replacing Ti (46],
implants to avoid Peri-implantitis
6. PDCSiCN Free carbon enriched interface, high conductivity, strain gauge  [64
High-temperature sensing due to good thermomechanical
polymer-derived SiBCN; properties, hexagonal boron nitride (h-BN) with weakened
7. PDCs-SiCN(BN) polarization relaxation behavior, reduced porosity, and resistance [47,48]
to crack expansion causes low dielectric loss and high-temperature
resistance
SiCN-SiCN wafer-to- next generation of 3D Systems-on-Chip with interconnect densities
8. . . (50]
wafer hybrid-bonding above 10 mm?
. . tunable electrical conductivity, EM reflection shielding in the 5G
g, C/SICNand SICN(O) C-band, and [52,53]

nanofiber, nonwoven . .
thermo-oxidation resistance

10. Sputtered SiCN coatings Photoelectric properties, SiCN-based MEMS pressure sensors. [55,56]
Increased intensity of Si-N-Si, decreased crystallite size with
temperature along with increased hardness and modulus

11. CVD-grown SiCN coatings [57]

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
the thermal and electrical conductivity which are essential properties for the use as sensors and other
MEMS devices [51-53,58]. Theoretical calculations have been performed on the high hardness shown
by Si-C-N showing the effect of high-density carbon allotropes [59] and experimental evidence of
stable SiC2N2-5i2CN4 phases has also been reported recently [60] 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
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previously [61-64], the primary focus here is on the effect of deposition pressure. The ITO/PDC thin
film exhibits excellent stability, and has been reported to be using for high temperature sensing
applications [65].

PDC based hard coatings are being deposited along with other multicomponent counterparts
like Ti-B-N, Ti-B-Si-C(N) etc possessing mixture of nanocrystalline carbides (SiC, TiC), boride (TiB2)
and nitrides (SisNs, CNx, TiN, cBN)) phases which gives toughens them apart from providing
hardness, being the necessary and sufficient properties especially for the protection of the underlying
substrate [66] and has also been used in asses any intermetallic formation useful for micro electronic
packaging [67]

2. Materials and Methods

The coatings deposited by magnetron sputtering (HINHIVAC, Bangalore) using sintered targets
of SiC, TiB: along with the passage of Nitrogen gas (N2) as per the requirement of the coating
composition. Transmission electron microscope (EM 200, Philips) was used for morphological
analysis and the mechanical characterizations were done with the help of nanoindentation (MTS
USA) and scratch tester (Ducom, Bangalore)

3. Results and Discussions

The surface of the heterogeneous microstructure in the case of inhomogeneous crystallite growth
is depicted in the TEM image of Si-C-N coatings, which shows the deposition of 5 nm-sized
crystallites in the amorphous Si-C-N matrix deposited at 100 °C. (Figure 1a) [68] The amorphous
character was amply demonstrated by the SAED pattern. When amorphous carbon (a-C) joined forces
with Si and N to form an a-Si-C-N matrix, the nucleation and development of nano crystallites of [3-
Si3N4, 3-SiC, and even nanocrystalline (nc) graphite initially started to happen. The surface profile
of the designated areas showed the distribution of the nanocrystallites.

nc-Graphite
B-SiC

wo' |l 5 225nm?- S 7T
0 0 20 30 40 50
8 0 100 120 0 20 40 60 80 L

0 20 40

n n n an  an

Figure 1. TEM micrograph of Si-C-N coatings deposited at 100 °C showing deposition of crystallites
of size ~ 5 nm in the amorphous Si-C-N matrix and corresponding SAED pattern representing
amorphous phase (inset) (b) Magnified view of the amorphous region showing the formation of
ultrafine crystallites with surface and line profiles of the marked regions (open access) [74].

An expanded view of the amorphous region showing the formation of ultrafine crystallites is
shown in Figure 1b. Using the surface profile, an approximate surface density of 0.045 nm2 was
determined. Two significant peaks, each made up of smaller peaks, were visible in the linear profile.
This illustrates how larger crystallites have been formed through the joining of smaller crystallites.
For fracture analysis, the crystalline morphology is crucial. Greater toughness is typically provided
by smaller crystallites. On the other hand, a material that is overly hard is brittle and prone to
shattering. When connecting mechanical qualities to interfacial crystallinity, hard coatings need to be
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considered. Under ideal circumstances, the films were found to be on average harder than 20 GPa
[61-63,69]. To investigate the stress distribution beneath the depression that causes fracture, finite
element analysis was performed [70-75].

Following a predetermined depth interval, a hardness value is obtained in accordance with the
initial instrumentation parameters, providing a hardness profile with depth as opposed to a single
numerical value. (Figure 2a). The profile can be seen to reach a maximum followed a decrease. The
maximum value is taken as the hardness which in this case is 24 GPa [61-63]. The substrate effect,
which begins at roughly 10% of the coating thickness, is what is causing the drop. The coating appears
to be roughly 400 nm thick based on the commencing at 40 nm. After being used a lot, the indenter
tip needs to be adjusted since it becomes blunt and might cause the substrate effect to occur at greater
stresses, as schematically shown. (Figure 2b),
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Figure 2. (a) Hardness profile during nanoindentation on SiCN coatings indicating obtained hardness
of 24 GPa and a decrease from 40 nm onwards due to substrate effect and (b) the effect of tip bluntness
causing the substrate effect to be obtained at higher depths of penetration(schematic) [62,63].

The area under the H-d plot up to 40 nm is around 90 N/m, which corresponds to the coating
stiffness. The yielding generated by the Berkovich indenter is constrained till 40 nm till the substrate
effect commences, which suggests the strain imposed during indentation has a deeper influence than
the depth and activates the substrate effect on reaching the coating-substrate contact. SiCN's
crystallographic orientation is pseudohexagonal ion (lower symmetry than standard crystallographic
orientation), hence compliance components for the various normal and shear components exist.
However, due to the fine crystallite size, the directional effect averages out, leaving us with a more
isotropic situation. The dislocation glide observed in typical metals and alloys is difficult to achieve
in these high temperature ceramics. Even at high temperatures, an increase in load applied frequently
results in fracture. The interface (adhesion) therefore plays a crucial function. The adhesive
characteristics of Si-C-N coatings were thoroughly explored utilising sliding indentations. The
representative scratch test performed on SiCN/glass is shown in Figure 3 [76], where the coating can
be seen to fail due to the release of strain energy which manifests itself by a change in the reactional
force plot on being subject to a ramping sliding load. Scratch tests have also been performed on
energy based smart materials, AF4 coatings on silicon (Si) and glass (SiOz) for electronic packaging,
and alumina-silica coatings used in bio-medical implants [77,78].
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Figure 3. Scratch adhesion test performed on SiCN/glass substrate showing failure at 8N critical load
(Lc) where (b) a sudden release of strain energy causing brittle failure takes place [76].

High entropy alloys (HEA) and high entropy ceramics (HEC) are examples of multicomponent
materials that are currently being studied, as was indicated in the introductory section. Similar to
this, as time has gone on, more elemental species have been added to tertiary, quaternary, and
quinary nanocomposites. The material Ti-B-Si-C has been deposited as nanocomposite coatings
utilising either a single target of Ti-B-5i-C or two distinct targets of TiB2 and SiC. The presence of TiB2
has primarily contributed to the material's hardness exceeding 40 GPa. Ti-B-Si-C has a better fracture
toughness than other binary or ternary nanocomposite materials. The dislocation distribution in front
of a developing fracture was linked to the fractographic features [79]

Nitrogen incorporation along will lead to formation of tertiary Ti-B-N or quinary Ti-B-Si-C-N
nanocomposite coatings having constituent phases formed asper the deposition conditions
employed. The difficulty however one faces is the loss of control on the tune ability of the different
possibility phases as the component number enhances. A decrease in hardness was found with the
addition nitrogen further to Ti-B-Si-C implying the fact that it was due to TiB2 and/or TiC which was
providing the high values of hardness and nitrogen incorporation probably caused the deposition of
Si-C-N based phases which usually have a higher fraction of amorphization and have greater chances
of graphitization due to the excess carbon present in the structure [20] with a comparatively reduced
hardness (Figure 4a,b).
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Figure 4. (a)Ti-B-Si-C-N coating with 15GPa hardness (b) Ti-B-Si-C coating with above 40 GPa
hardness.

Another observation made from the hardness profile is that it can be deconvoluted into two
separate profiles as shown with 30 GPa profile region A) getting merged at around 50nm with the
finally obtained 40GPa profile (regio B). A shift of the 40GPa profile to lower values takes place
around 320nm (region C) which may not be the usual substrate effect as the curve does not follow a
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continuous decrease as shown by the dotted line. A possible explanation of the above observations is
in the formation of multi-phased composition which shows a cross sectional variation, an effect which
became prolific due to nitrogen. In case of multilayers, an alternate harder and softer coatings pin the
dislocations at the interface restricting their motion making the coatings hard not at the expense of
losing the toughness to a significant amount.

An interface cross sectional study of hard-soft-hard multilayered Si-C-N films on silicon
substrate. shows the interface of Si substrate and the first hard layer to be consisting a thin SiO2 native
oxide line and mainly amorphous Si-C-N. The native oxide usually found on the silicon surface
exposed to atmosphere is about 250 nm. The image however shows it to be about 5nm.This is
indicative of the fact that it haa almost dissolved in to hard phase leaving a feeble trail of its existence
as show by the image analysis line profile (Figure 5a)

5i0;

soft s.tacking faults and twins
N (d)
soft
Hard \ :
Hard Vo Si0CN,
Si0z
amorphous
Si

Figure 5. (Cross-sectional study of hard-soft Si-C-N coatings on Si with (a) Si-Hard Si-C-N
(b)magnified view of (a) and (b) hard-soft Si-C-N (d) schematic of the multilayer with formation of
two different interfaces€ hard-soft film interface-open accees CC BY [80].

Evidence of stacking faults and twins were also observed in the Si substrate (Figure 5b) A higher
nitrogen incorporation leads to slower growth rate and columnar crystalline growth which also
causes a reduction in hardness as also found in Ti-B-N films. The interface between the Si substrate
and the hard Si-C-N phase was found to have a thin native oxide layer while the hard phase was
mainly amorphous in nature consisting of Si, C and N elements (Figure 5c). The amorphous nature
was due to the rapid growth process and higher oxygen concentration. The formation of SiOxCNy is
therefore predominant in the regions close to the substrate, however the relative oxygen
concentration with respect to nitrogen (x/y) decrease as one moves further up (Figure 5d) and hence
once can observe hints of crystallization (however not columnar) growth in the hard phase followed
by the softer SiCN film, as observed in the magnified view with changed contrast (Figure 5e). The
non-columnar growth accounts for the enhanced toughness.

The Ti-B-Si-C-N coating may have formed amorphous regions locally just below the top hard
surface and may account for the 30 GPa plot (region A) in Figure 4b. The harder phase might have
formed there after (region B). The dislocation restriction occurs in this region C which accounts for
reappearance of the softer phase and a change in crystalline nature. The interface region having more
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percentage of N than O could have led to the formation of Ti-O-B-5i-C-N based softer amorphous
phases. A further investigation is required in this matter to confirm the claims made.

4. Conclusions

e The crystalline structure of the SiCN films regulated the formation of electrical conduction
channels with ductile fracture and linear unloading.

e  Tip bluntness causing the substrate effect to be obtained at higher depths of penetration

¢ When nitrogen was added to Ti-B-Si-C, Si-C-N instead of TiC or TiB2formed, which resulted in
a decrease in hardness. due to formation of alternate harder and softer films

e  The oxide at the interfacial region is responsible for the amorphization of the hard films
developed on the silicon whose relative concentration with nitrogen decreases as one moves
further away from the substrate
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