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Abstract
Silicon carbonitride (SiCN) thin film has been deposited over the p-type c-Si (100) substrate by thermal chemical vapor 
deposition (CVD) process in the nitrogen (N2) gas atmosphere under different deposition temperatures. The scanning electron 
microscopy (SEM) images have confirmed the presence of randomly distributed agglomerated particles of different sizes 
over the surface. The atomic force microscopy (AFM) analysis reveals consecutive reduction of particle size with higher 
deposition temperature whereas particle distribution density increases with higher temperature due to the increased random-
ness of gaseous molecules within the chamber. The x-ray diffraction (XRD) analysis reveals the presence of peaks at (110), 
(200), (201), (102) and (400) crystal planes with reduced crystallite size with higher temperatures. The Fourier transform 
infrared radiation (FTIR) analysis indicates the intensity of Si–N-Si functional group is higher compared to others due to 
the presence of higher nitrogen content in the film and these results are in good agreement with the results obtained from 
energy dispersive X-Ray spectroscopy (EDS) analysis. The Photoluminescence (PL) spectra analysis indicates that the blue 
shift of wavelength is a function of laser power. The estimation of mechanical properties reveals the maximum hardness (H) 
and Young’s modulus (E) of SiCN coating are 27.89 and 302.30 GPa respectively obtained for the film deposited at 950 °C. 
The data analysis of SiCN thin film coating has been done by using Origin 9.0 software.
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1  Introduction

The application of SiCN as well as polymer derived (PD) 
SiCN has attracted huge attention among various research-
ers due to their excellent electromagnetic characteristics, 
microwave absorption ability and excellent mechanical 
properties [1, 2]. It is paramount important to investi-
gate the physical, tribological and mechanical properties 
of this alloy to achieve higher efficiency. Even it’s vital 
to measure and analyse different characteristics of thin 
film coating at elevated temperature for the purpose of 
basic scientific investigation and practical field applica-
tions. Generally at the time of manufacturing, materials 

are exposed to higher temperature so it’s difficult to meas-
ure these properties at room temperature level as part of 
the deformation is thermally activated e.g. hardness and 
yield stress of materials usually decreases due to excessive 
wear and thermal softening. The material which is to be 
used for different elevated temperature applications has 
to satisfy various specific chemical and physical proper-
ties e.g. corrosion resistance, high melting point, creep 
resistivity along with compositional and structural abil-
ity, sufficient strength at high temperature and acceptable 
oxidation etc. Even low density is also necessary for aero-
space and transportation industry [3]. It has been observed 
that materials are exposed to elevated temperatures lead to 
thermal softening and higher wear rate due to consecutive 
reduction in hardness and yield stress [3]. The thin-film 
coating used for metal cutting purposes needs to reach up 
to a specific standard such as high melting point, good 
adhesion with the parent material, high hardness, compo-
sitional and structural stability etc. [3]. In this regard, ter-
nary SiCN has been considered as one of the most attrac-
tive materials for the entire research community because 
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of its exceptional optical, tribological and mechanical 
properties along with considerable chemical inertness [3]. 
Based on molar composition, SiCN possesses excellent 
hardness [4], creep resistance and oxidation resistance up 
to a temperature range of 1600 °C [5, 6]. SiCN also exhib-
its a low coefficient of friction [7] with sound tribological 
and optical properties [8, 9]. The high chemical inertness 
and higher electrical conductivity of SiCN alloy make 
it a very popular alternative in microelectromechanical 
systems (MEMS) [10–13] and various other applications 
such as heat flux sensors, sensors used in turbines and 
high temperature/pressure transducers [14–17]. So far, the 
synthesis of SiCN has been carried out by many research-
ers for various applications. Peng et al. [18] investigated 
the effect of target voltage on the chemical composition 
and bonding of SiCN coated Silicon (Si) substrate synthe-
sized by RF sputtering technique. They reported enhance-
ment in bonding configuration and chemical composition 
with an appropriate adjustment of plasma energy used in 
the RF sputtering technique. Wrobel et al. [19] analyzed 
the physical properties of SiCN coating synthesized by 
the RP-CVD technique. Awad et al. [20] investigated the 
mechanical and structural properties of VT-CVD based 
SiCN coating. Badzian et al. [21] investigated the stability 
of microwave plasma CVD etched SiCN thin film in the 
nitrogenous surrounding. Kumar et al. [22] investigated 
the effect of N2 flow rate on the mechanical properties of 
CVD SiCN coating. The authors reported enhancement 
in the mechanical properties of the SiCN coating with a 
higher N2 flow rate. Swain et al. [23] reported an increase 
in carbon percentage with a consecutive decrease in Si of 
SiCN:H coating with an increased H2 flow rate. Zhao et al. 
[24] used a high frequency- CVD (HFCVD) technique to 
deposit SiCN on Si substrate and found SiCN coating with 
sharp-featured particles. Bachar et al. [25] successfully 
synthesized SiCN film using magnetron sputtering at a 
high temperature of 400 ℃ and observed that the growth 
rate of SiCN film increased with CH4 flow and decreased 
with N2 flow. It has been observed that SiCN thin film 
deposited using magnetron sputtering possesses higher 
mechanical properties in the presence of various precursor 
gases such as C2H2, N2/Ar etc. [8, 26–28]. Park et al. [29] 
synthesized SiCN film using a laser deposition technique 
to study the bandgap of the SiCN thin film.

From the literature review, it has been observed that 
in most of the cases, the synthesis of SiCN thin film has 
been carried out either using different precursor (in CVD) 
or various PVD process parameters (target to substrate 
distance- TSD, bias voltage etc.). However, to the best 
of the knowledge, the synthesis of SiCN coating in high 
temperature atmosphere using CVD and its impact on the 
morphological, structural and mechanical properties of the 
deposited coating has not been studied by any research 

group. Therefore, the present experimental work aims the 
following.

1.	 To investigate the morphological and structural prop-
erties of SiCN thin film coating deposited at different 
process temperatures (deposition temperature above 
850 °C).

2.	 To investigate the influence of varying deposition tem-
peratures on the compositional and electrochemical 
properties of SiCN thin film coating.

3.	 To analyze the results obtained from FTIR and PL spec-
tra analysis and to relate this result with other obtained 
results.

4.	 To investigate the different mechanical properties (e.g. 
hardness, Young's modulus, yield strength, Plasticity 
index, etc.) of SiCN thin film coating grown with dif-
ferent CVD process temperatures.

NOTE: Before this experimental investigation the syn-
thesis of SiCN thin film was done at a lower tempera-
ture range (450°C to 750°C). However, experimental 
results obtained from various characterization tech-
niques indicate the absence of coating over the sub-
strate and therefore, surface becomes very porous so 
corrosion resistance was degraded and not found any 
peaks in PL spectra analysis. The mechanical proper-
ties were irregular in nature with regular temperature 
rise. Then the next set of experiments were carried out 
at elevated temperatures.

2 � Experimental Details

2.1 � Preparation of Samples

The deposition of SiCN thin film coating was carried out 
in a thermal CVD over a p-type c-Si (100) substrate at a 
varying temperature range and constant N2 and H2 gas flow 
rates. Initially, RCA (Radio Corporation of America) clean-
ing process was employed to clean the samples.

The coating on the substrate was prepared by using car-
bon (C) and silicon (Si) (in powder form- very fine powder 
with size in the range of 25–40 µ) as a base powder in the 
environment of N2 and H2 gas mixture. The powder was 
mixed in the ratio of 1:1 in a ceramic boat and then the 
boat was placed behind the substrate. The schematic internal 
arrangement of the CVD chamber has been shown in Fig. 1.

To remove the residual gases present inside of the CVD 
chamber, the reactor was pumped out to sub-atmospheric 
pressure. Within the chamber, base and process pressure 
were maintained at 3 × 10–6 Torr and 300 mTorr respectively.
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The flow rate of both carrier gas N2 (99.99% pure) and 
precursor gas H2 (99.99% pure) were maintained at 12 sccm 
while the deposition temperature was varied from 850 °C 
to 950 °C. The cooling and heating rate were kept at 5 °C/
minute and 3 °C/minute respectively for all the samples.

2.2 � Sample Characterization

The morphological analysis of SiCN coating was carried out 
using Scanning Electron Microscope (SEM) (Model: EVO 
MA18) attached to Oxford EDS (X-act) with the magnifi-
cation range of 1 × to 100,000x. In SEM analysis the tem-
perature difference between substrate and source (ΔT) was 
stimulated at ~ 50 °C. The EDS test was conducted consider-
ing 10% instrumental error. In the present work energy of 
the primary electron is 30 keV.

The thickness of the coating was evaluated by the Dektak 
profilometer (model Dektak V300) using a diamond stylus 
having a radius of 2.5 μm. The stylus was kept and moved 
over the sample at five different locations and the average 
value considering the values obtained at these locations was 
taken into consideration.

Particle size and the surface roughness of SiCN coat-
ings were evaluated by Atomic Force Microscopy (AFM) 
(Model: INNOVA SPM, Brukers) with a scanner of 100 μm. 
The particle distribution density was measured by using 
WXFM 5.0 software and it was attached with AFM setup. 
The scan size area of AFM imaging was 5 µm2.

The structural property of SiCN was analyzed by 
X-ray diffraction (XRD) (Model: Bruker D8 Advance 
X-ray diffractometer) with a wavelength of 0.154 nm. The 

corresponding diffraction peaks were detected in the 2θ 
range of 20 ̊ to 90 ̊ diffraction angle.

The electrochemical corrosion behavior of prepared SiCN 
samples was measured using CH instrument with the help 
of CHI software. The experiment was carried out within the 
range from -0.6 V to -0.4 V vs KCl at room temperature.

The study of the electrochemical behavior of SiCN sam-
ples was conducted by using a 1 M H2SO4 solution. The 
solution contained a mixture of distilled water with rea-
gent-grade chemicals. All tests were conducted in a normal 
atmosphere. Ag/AgCl and platinum wire were worked as 
reference and counter electrodes respectively while the SiCN 
samples were used as a working electrode. The scan rate was 
remained fixed in the range of 0.1 to 0.5 V/s to measure the 
polarization.

The Fourier Transform Infrared Radiation (FTIR) spec-
tra of SiCN various functional groups were obtained using 
Perkin Elmer spectrometer instrument (model- Spectrum 2) 
available with the transmission range of 400 to 4000 cm−1 
and resolution of 1 cm−1.

A micro-Raman system 1000 of Renishaw was used to 
measure photoluminescence (PL) spectra at 450 K. As a 
laser excitation source, the system uses Ar+ laser with an 
incident beam of 514.5 nm. It was focused at the time of 
characterization to a specific region of 1–2 µm in diameter 
and the spectral resolution was ~ 1.5 cm−1.

The analysis of the mechanical properties of the SiCN 
coatings was conducted by using the nano-indentation 
technique (Model: NHTX 55–0019 nano-hardness tester), 
installed with Berkovich diamond indenter tip (B–I 93; the 
radius of curvature 20 nm). The maximum load was taken 
as 85 mN while the loading–unloading rate, load cycle, and 

Fig. 1   CVD tube internal view

9645Silicon (2022) 14:9643–9657



1 3

dwell time was fixed as 15 mN/min, 10, and 2 s respectively. 
The average value of Hardness (H) and Young’s modulus 
(E) were considered for the analysis of other mechanical 
properties of SiCN coatings.

The measured value of SiCN coating thickness for pro-
cess temperature has been given below (Table 1):

3 � Results and Discussion

3.1 � Elemental Composition of SiCN Coating 
Evaluated using Energy Dispersive 
Spectroscopy (EDS) technique

The composition of various elements (Si, C, N, and O) of 
SiCN coating (in atomic %) have been evaluated using EDS 
technique and is shown in Fig. 2 and Table 2. Test results 
reveals the atomic % of Si to be maximum followed by N, C 
and O. EDS results also indicate the presence of less amount 
of residual oxygen in the coating. In general the beam energy 
of x-ray (primary electrons) lies within the range of 10 to 
30 keV and the size of x-ray generation volume and electron 
beam interaction volume lies within the range of several 
µm3 for most of the materials [30]. Now when the penetra-
tion depth of primary electrons is more than the particle 
size there is a chance of fraction of electron beam may get 
away from the particle before exciting X-rays. This results 
in the scattering of electron beam out of the particle volume 
and can be resulted in the excitation of x rays from adjacent 
particle and substrate [30]. As in the present work the energy 
of the primary electrons used is 30 keV, hence, the fact of 
getting higher composition of Si as compared to C, N and 
O in SiCN thin film is a result of inclusion of Si from the 
parent substrate which cannot be denied.

3.2 � Surface topography analysis using SEM 
technique:

The topography of SiCN thin film coating grown at different 
deposition temperatures is analyzed by scanning electron 
microscope (SEM) (Fig. 3). The topography of the coat-
ing grown at 850 °C is found with the presence of a large 
number of solid agglomerated particles distributed randomly 
throughout the coating surface. From the EDS result, it has 
been confirmed that this agglomeration is the mixture of C 
and Si particles and the gathering of these agglomerated 
particles may be due to partial melting and evaporation of 
the powder particles which may have accumulated as solid 
agglomeration [31]. The microscopic images of the coating 
prepared at 900 °C also shows randomly distributed small-
sized particles. However, with an increase in process tem-
perature from 900 to 950 °C the gathering of these particles 
is found to be reduces. The reduction of these agglomerated 
particles with increasing process temperature may be due to 
the uniform mixing of C and Si powder at the atomic level. 
In an earlier published report, it has been reported that the 
amplitude of vibration of the carbon molecules was found to 
be increased with rising temperatures which further resulted 
in a reduction in the mean free path between the layers [32]. 
SEM images also reveals a pore-free surface. However, with 
an increase in temperature the size of di-atom (N and C) 
decreased and hence at 950 °C the di-atomic particles are 
fine, so the surface of the film is very smooth compared to 
the films deposited at 850 °C and 900 °C [33]. But still there 
are some amounts of agglomeration present. This is due to 
the weak bond or neck exist between the particles with the 
surface but it has a tendency to become weak with higher 
temperature [34]. The cross-sectional SEM image of SiCN 
has been shown in Fig. 3 (b). It demonstrates an example 
of thin film deposited over the silicon substrate. The sys-
tem under interrogation consists of SiCN thin film adhere 
to the surface of the silicon substrate. The layer of coat-
ing and substrate is clearly distinguishable due to the pres-
ence of significant difference in contrast presented by each 

Table 1   SiCN Coating thickness

Sample Tempera-
ture (°C)

Flow rate (sccm) Thickness (μm)

SiCN @ 850 °C 850 12 5.74 ± 0.36
SiCN @ 900 °C 900 5.63 ± 0.29
SiCN @ 950 °C 950 5.28 ± 0.33

Fig.2   EDS analysis of SiCN coating deposited at 950 °C using CVD

Table 2   At. % of Si, C, N, and O in SiCN coating prepared at differ-
ent temperatures

Sample Si N C O

SiCN @ 850 °C 66.75 26.26 6.51 0.48
SiCN @ 900 °C 66.37 27.08 5.95 0.60
SiCN @ 950 °C 63.72 27.76 5.49 0.13

9646 Silicon (2022) 14:9643–9657
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material. It is clear from cross sectional surfaces of this film 
that the formed surface is irregular in nature. Irregularity in 
the surface pattern has been reduced with higher tempera-
ture but the formation of dense microstructure particularly 
at coating-substrate interface is visible from Fig. 3 (b). It 
has been observed that higher temperature helps to reduce 

the coating thickness (Table 1) and this is also evident from 
cross sectional figures. This is due to under high temperature 
material quality is enhanced in terms of micro and macro 
structural features e.g. porosity, density, intra and inter gran-
ular pore distribution, phases, etc. to produce homogeneous 
and compact materials. Moreover, due to higher temperature 

Fig. 3   (a) SEM images of 
SiCN coating deposited under 
different temperature. (b) Cross-
sectional SEM image of SiCN 
coating

20 µm

(b)

Fig. 3   (continued)
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materials have been transformed into more ordered phase, 
so the defects reduce and dimensional changes take place 
due to shrinkage. Due to the shrinkage thickness ultimately 
decreases.

3.3 � Morphology analysis using AFM technique

The estimation of particle height of SiCN coating with 
varying process temperature was carried out using AFM 
and is shown in Fig. 4. The results indicate that the shape 

of the particles of entire deposited SiCN comprised of 
conical or pyramidal-shaped grains of different sizes. 
With the increase in process temperature, it has been 
observed that the particle height of the SiCN coating 
is decreasing. The maximum and the average particle 
height of the SiCN coating deposited at 850 °C, 900 °C 
and 950  °C are found as 62.6 and 37.8 nm, 51.3 and 
12.1 nm, 39 and 7.5 nm respectively. The particle distri-
bution density is highlighted in Fig. 4(b) where X-axis 
represents the particle height and Y-axis represents 

Fig. 4   (a) AFM images of SiCN 
coating deposited under differ-
ent temperature. (b) Particle 
distribution density obtained 
from AFM
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the corresponding density. It has been observed that 
the particle distribution density increases with the 
process temperature i.e., the particle distribution den-
sity of SiCN coating at 850 °C is less compared to that 
grown at 900 °C which is again less compared to that 
grown at 950 °C. The variation in distribution density 
with increasing process temperature may be due to the 
increase in the randomness of the gaseous molecules (as 
the volume of the CVD chamber remained the same), 
which may have increased the frequency of the collision 
among the gaseous molecules. The higher penetration 
over the parent substrate may have been caused due to 
the frequent collision among the Si, C, and N molecules 
which may be the reason behind the dense gathering of 
particles with the consecutive reduction in size. The sur-
face roughness (Ra) value which is the arithmetic mean 
deviation of surface profile was observed to be reduced 
from 21.6 to14.2 nm with an increase in process tempera-
ture from 850 to 950 °C.

3.4 � Microstructural property analysis of SiCN 
coating by X‑ray diffraction (XRD) technique

The X-ray diffraction (XRD) patterns are recorded to 
analyze the microstructural properties of SiCN coating 

at different temperatures is shown in Fig. 5. The diffrac-
tion peaks of the SiCN coating grown at 850℃, 900℃ and 
950℃ are observed at 22.82 ̊, 26.97 ̊, 31.13 ̊, 36.23 ̊, 55.46 ̊ 
and 69.2 ̊ corresponding to (110), (200), (201), (102), (311) 
and (400) crystal planes respectively [35, 36]. The SiCN 
diffraction pattern at 22.82 ̊, 26.97 ̊ and 36.23 ̊ is attributed 
to the α-Si3N4 phase. The diffraction pattern of SiCN film 
prepared at the process temperature of 850 °C at (110) dif-
fraction plane shows higher peak intensity as compared to 
thin-film grown at 900 °C and 950 °C for the same diffrac-
tion phase, indicating higher crystallinity of the coating 
[37]. It has been noticed that full width at half maxima 
(FWHM) of the diffraction peaks in the range of 21 ̊—
22 ̊, 30 ̊-31 ̊, 35 ̊-37 ̊ and 68 ̊-69 ̊ increases from 0.33–1.26, 
0.47–1.14, 0.56–1.32 and 0.79–1.26 respectively with an 
increase in process temperature from 850 to 950℃. The 
broadening of the diffraction peak with an increase in pro-
cess temperature indicates the reduction of crystallite size 
and it is in good agreement with the calculated results 
shown in Table 3. Peak broadening in XRD is also an indi-
cation of crystal structure refinement and elevated plastic 
deformation of the thin film due to consecutive intensifica-
tion in the dislocation density [38]. The crystallite size of 
the coating has been evaluated using Scherrer’s equation 
and is given by

D: Crystallite size, λ: wavelength of Cu-Kα radiation = 1.54 
Å, βhkl: FWHM of the diffraction peak.

Here βhkl has been evaluated using the relation

βinstrumental is the instrumental broadening factor.
From Scherrer's model, it has been observed that with an 

increase in process temperature the average crystallite size 
of SiCN coated thin films gradually decreases. The crys-
tallite size reduction with higher temperature is associated 
with phenomena of the mean free path of the molecules and 
Knudsen law (Cosine law) as presented by the equation:

(1)D =
0.9 ∗ �

�
�

hkl
× cos�

(2)
(

�
hkl

)2

=

(

�
instrumental

)2

−

(

�
experimental

)2
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Fig. 5   XRD pattern of SiCN coating deposited under different tem-
perature

Table 3   Crystallite size of SiCN thin film grown at varying Tempera-
ture (nm)

Temperature SiCN
(110)

SiCN
(200)

SiCN
(201)

SiCN
(102)

SiCN
(400)

850 °C 24.51 18.52 17.50 14.90 12.18
900 °C 7.42 7.45 6.75 8.73 8.08
950 °C 6.42 5.19 7.22 6.32 7.66

Table 4   Inter planner spacing of SiCN coating grown at varying 
Temperature (nm)

Temperature SiCN
(110)

SiCN
(200)

SiCN
(201)

SiCN
(102)

SiCN
(400)

850 °C 0.4 0.33 0.29 0.25 0.13
900 °C 0.4 0.33 0.29 0.24 0.13
950 °C 0.4 0.34 0.29 0.25 0.13
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λ’: mean free path, D: molecular diameter, T: tempera-
ture., P: pressure, kB: Boltzmann constant.

As the process temperature increases from 850 to 950 °C 
the C and Si molecules attained higher thermal energy 
in their evaporated state which results in higher intensity 
molecular collision and thus increases the mean free path. 
Also, the rise in process temperature results in a consecutive 
increase in molecular mean velocity (Uv) as well as the force 
of impingement over the substrate for a unit area.

(3)�� = k
B
T∕

√

2
�

πPD
2
� The interplanner distance and lattice constant of SiCN 

coating have been represented in Table 4 and Table 5. Here 
it has been found that the higher process temperature has 
lower influence on these parameters.

3.4.1 � Estimation of crystallite size using the Williamson 
hall (W–H) method

W–H model is a theoretical method used to evaluate the 
crystallite size and the associated elastic properties of the 
coating. Here a comparative analysis has been made in 

Table 5   The lattice parameter of SiCN coating grown at varying 
Temperature (nm)

Temperature SiCN
(110)

SiCN
(200)

SiCN
(201)

SiCN
(102)

SiCN
(400)

850 °C 0.56 0.67 0.65 0.56 0.60
900 °C 0.56 0.66 0.65 0.53 0.57
950 °C 0.57 0.68 1.46 0.56 0.57

Fig. 6   UDM plot of SiCN XRD 
peak deposited at different 
temperature
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Table 6   Comparison in the crystallite size of SiCN coating using the 
Scherrer’s and UDM model

Sl. No Coating Deposition 
Temperature 
(°C)

Crystallite size (D) in nm

Scherrer method UDM model

1 SiCN 850 17.52 20.533
2 900 8.32 9.05
3 950 6.56 7.33
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between experimental results with the theoretical results 
based upon the W–H method. This method is comprised of 
three models those are: uniform deformation model (UDM), 
uniform stress deformation model (USDM) and uniform 
deformation energy density model (UDEDM) [39]. Here in 
this work, only the UDM model is used to estimate the crys-
tallite size of the coating. The UDM model was developed 
with an assumption that the strain induced in the crystals 
was equal in all directions and peak broadening in XRD 
was due to the presence of the induced strain along with the 
crystallographic directions and is given by:

where ε: strain induced in the coating.
Based on Eq. 4 a plot between βhkl cos� (y-axis) and 4ε × 

sin � (x-axis) is obtained where the slope of the straight line 
indicates the intrinsic strain induced in the coating. The cor-
relational coefficient R2 and slope of the fitted line are shown 
in Fig. 6. The presence of intrinsic/lattice strain may be due 

(4)�hklcos� =
k�

D
+ 4� × sin�
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Fig. 7   Taffel plot of SiCN coatings deposited under different temper-
ature
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Fig. 8   Deconvoluted FTIR plot of SiCN thin film coating deposited at different temperature

9651Silicon (2022) 14:9643–9657



1 3

to lattice expansion and contraction due to size confinement. 
Past research work reported that the size confinement may be 
take place due to slight modifications in the crystal arrange-
ments [40]. The presence of lattice strain due to size confine-
ment may also be take place due to various crystal defects 
[40]. From Fig. 5 it is observed that the slope of the fitted 
line for all the coatings are positive, therefore it indicates 
lattice expansion [41]. The positive slope obtained for the 
fitted line in each case also indicates the presence of tensile 
stress in the coating [42]. Here the slope of the fitted line 
of SiCN coating grown at 850 °C, 900 °C and 950 °C are 
observed as 0.075, 0.0079 and 0.00138 respectively. With 
an increase in process temperature the crystallite size evalu-
ated using the UDM model and from Scherrer's equation is 
shown in Table 6.

3.5 � Electrochemical corrosion analysis of SiCN 
coating deposited at different process 
temperatures

In Fig. 7, the potentiodynamic polarization curves indicates 
the electrochemical properties of pure Si, SiCN at 850 °C, 
900 °C and 950 °C. Originally the corrosion potential for Si 
at normal temperature is found almost near to -0.83 V. After 
the deposition of SiCN film at the higher temperature, the 
corrosion potential is shifted towards -0.51 V with relatively 
low corrosion activities. It depicted that with an increase in 
temperature it is able to improve the anticorrosion property 
under appropriate growth conditions [42]. The increase in 
temperature ultimately enhanced the reaction rate by a fac-
tor of ten which improved the activation energy between 
the molecules and thus enhanced the anticorrosion prop-
erty [43]. This improved corrosion protection is due to the 

increase in the thickness of the deposited coating which is 
made possible with higher temperature [44].

3.6 � Analysis of Fourier Transform Infrared Radiation 
(FTIR)

The FTIR spectra of CVD deposited SiCN coating depos-
ited at varying process temperatures has been shown in 
Fig. 8. Overall, there are three major vibrational signatures 
observed within the range of 600 cm−1 to 1100 cm−1. The 
vibrational signature observed in the coatings prepared at 
varying process temperatures in the range of 600 cm−1 to 
700 cm−1 is attributed to Si-Hn wagging vibration [45]. The 
peak signature observed within the range of 780 cm−1 to 
1100 cm−1 corresponding to Si–C stretching and SiC-N 
stretching respectively [46]. For the further analysis of bond 
vibration in the coating, the broad vibrational signatures 
have been deconvoluted into four Lorentzian peaks within 
the range of 600 cm−1 to 1100 cm−1. The peak observed 
within 700 cm−1 to 730 cm−1 (green peak in all the coatings) 
is attributed to Si–H rocking and wagging vibration [47].

The absorption spectra centered within 740  cm−1 to 
781 cm−1 can be attributed to Si–C stretching and wagging 
vibrations [47]. Peak signature centered within 866.37 cm−1 
can be attributed to SiC-N stretching vibration [47, 48]. The 
introduction of nitrogen atoms with an increase in deposition 
temperature in the CVD chamber during deposition resulted 
in upshifting and broadening of Si–C bonds due to the for-
mation of Si–N bonds. Figure 3, a graph has been plotted 
in between a relative peak intensity of the deconvoluted 
peak signature of various bonds of SiCN coating to process 
temperature. From Fig. 9 it has been observed that with an 
increase in process temperature the intensity of Si–C band 
found to be increased and reached its maximum value for 

850 900 950

0.5

1.0

1.5

2.0

2.5

3.0   Si-Hn

 n-SiC
 Si-N-Si
 n-SiC-N

dnab 
RI fo ytisnetni evitale

R

CVD Deposition Temperature (oC)

Fig. 9   Peak intensity of deconvoluted FTIR spectrum of SiCN coat-
ing to process temperature

350 400 450 500 550 600 650 700

0.0

0.2

0.4

0.6

0.8

1.0

).u.a(
ytisnetnI

LP

Wavelength (nm)

8500C
9000C
9500C

Fig. 10   PL spectra of SiCN thin film deposited at different tempera-
ture

9652 Silicon (2022) 14:9643–9657



1 3

coating synthesized at 950 °C. However, the peak intensity 
of other deconvoluted bands (Si–H Si–N-Si and SiC-N) with 
increasing process temperature are initially observed to be 
increased till 900 °C and then reduced with further increase 
in process temperature. The deconvoluted band signature 
obtained for different coatings synthesized at different pro-
cess temperatures also indicates that the peak intensity of the 
Si–N-Si functional group is comparatively higher than the 
intensity of the rest of the functional groups (Si–H Si–C and 
SiC-N). The higher intensity of the Si–N-Si group indicates 
a higher amount of nitrogen in the coating and is directly 
related to the properties of the film. This result is also in 
good agreement with the EDS result as shown in Fig. 2 in 
Sect. 3.1. The decrease in the intensity of functional groups 
(Si–H, Si–N-Si and SiC-N) above 850 °C may be due to 
higher temperature-induced crosslinking reactions which 
may have resulted in the growth of Si–C bond with increased 
intensity.

3.7 � Analysis of photoluminescence spectroscopy 
of SiCN thin film coating

The photoluminescence (PL) spectroscopy of SiCN thin film 
coating deposited under different substrate temperatures is 
shown in Fig. 10. The complex structure of the materials 
is responsible for the presence of different single, asym-
metric and broad band and these can be identified by PL 
spectra. These are usually comprising of different over-
lapped component emission signals those are developed 
due to the presence of various delocalized states of SiCN 
coating. The intensity of peak position of PL spectra for 
all the SiCN coatings deposited under different tempera-
tures are found to be almost same and it is ~ 1. The peak 
position of PL spectra for 850 °C and 900 °C are observed 
at 415 and 418 nm respectively whereas the peak position 
for 950 °C is observed at 504 nm. So, it has been observed 

that with higher deposition temperature PL spectra has been 
blue-shifted towards higher wavenumber. A similar type of 
results was observed by Wrobel et al. [49] in their work. 
This blue shift in PL spectra may be defined as a function of 
laser power. The blue shift in PL spectra with higher laser 
power indicates the occurrence of radiative recombination 
due to the presence of defects in donor/acceptor pair level. 
The reason behind of defects at the donor/acceptor level is 
due to the interaction of coulomb in between. Higher laser 
power generally increased the number of excited carriers 
hence the distance in between them is decreases. Now if 
radiative recombination is takes place in between donor/
acceptor pair level defects then time-dependent PL peaks 
will give some additional evidence in a form of a blue shift.

3.8 � Analysis of Mechanical property of SiCN coating 
by Nanoindentation technique

The analysis of different mechanical properties of SiCN 
coating grown at different process temperatures were done 
by the nano-indentation analysis and the graph between 
the indentation load (P) and indentation depth (h) has been 
shown in Fig. 11. The coatings prepared at 850 °C, 900 °C 
and 950 °C are subjected to maximum penetration depth 
(hmax) of 490.6, 468.9 and 379.1  nm respectively. The 
decrease in penetration depth with an increase in process 
temperature indicates an increase in coating hardness with 
increasing process temperature. The indenter was allowed to 
penetrate over the coating thickness up to 9% of the overall 
coating thickness to avoid the effect of substrate properties 
on the results.

The area under the indentation curve ABCD is shown in 
Fig. 11 represented the overall plastic deformation where 
the curve AB indicates elastoplastic loading and the curve 
CD represents elastoplastic unloading. As the indentation 
load reached the maximum value (Pmax) the indenter was 
held for a few seconds to avoid continuous sinking of the 
indenter towards the coating’s surface because of time-
dependent deformation [50]. The flat section from B to C 
usually represents the creep behavior of the material but 
as SiCN is hard coating materials it is eventually the result 
of thermal drift [42]. During loading and unloading of 
the indenter, pop-in and pop-out phenomena are observed 
for all the coatings deposited under different process tem-
peratures. The pop-in behavior in SiCN coating prepared 
at 850 °C, 900 °C and 950 °C are observed at 290.05, 
251.28 and 179.8 nm respectively. In past research work, 
it has been reported that this pop-in behavior indicates the 
start of plastic deformation in the coating. As the indenter 
load reached a critical value, the ultimate shear stress at 
the atomic level surpassed the theoretical shear strength 
which resulted in consecutive homogenous dislocation 
and nucleation throughout the crystals [51]. During the 
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unloading of the indenter, another phenomena known as 
pop out is observed in all the coatings which may be due to 
phase transformation of SiCN i.e. Si-II to Si-III and Si-XII 
[52]. Hu et al. [53] reported that the phase transformation 
of Si in diamond anvil cells from Si-II to less dense phase 
of Si-III and Si-XII.

The H and E of the deposited coating are evaluated by 
using the theory given by Oliver and Pharr method [54]. 
The experimental value of H and E are calculated using the 
following equations:

(5)H =

Pmax

A

(6)S =
dp

dh
= 2�

√

A

�
Er

Here, Pmax ∶ maximum indentation load over the coat-
ing, A: contact area of indenter with the sample surface, 
S: measured contact thickness from load and displace-
ment plot, β: indenter constant and is equal to 1.034 for 
Berkovich indenter, Er : reduced elastic modulus and the 
corresponding f and id represents the film and indenter 
respectively [55]. During the calculation of H and Ef value 
of SiCN thin-film coating, the Poisson's ratio and Young's 
modulus of Berkovich indenter are considered as 0.07 and 
1141 GPa respectively. The measured values of hardness for 
SiCN thin-film coating are 24.36, 25.57 and 27.89 GPa for 
the film deposited at the temperature of 850 °C, 900 °C, and 
950 °C respectively. The Young’s modulus of SiCN coating 
deposited at 850 °C, 900 °C and 950 °C are 288.56, 298.35 
and 302.30 GPa respectively. The variation of H and Ef 
with different deposition temperatures is shown in Fig. 12. 
It has been observed that the value of hardness and Young's 
modulus are increases with higher deposition temperature 
this may be due to the formation of the dense microstructure 
of the film under higher deposition temperature.

The plastic deformation resistance ( H
3

E∗2
) act as an index 

against the plastic deformation of the material. Here (E∗ ) 
indicates the effective modulus of the film and evaluated by 
using the following Eq.:

where υ poison's ratio of the film and is equal to 0.205 [55]. 
The variation of the plastic deformation index with different 
deposition temperatures is shown in Fig. 11.

The Yield strength of the materials is related to the plastic 
deformation index by the following relationship [50]

Here, ‘a’ represents the indenter radius at contact depth 
(hc) and the value of ‘a’ is varying within the range of 20 to 
50 nm. The Yield strength value of SiCN thin film deposited 
at 850℃, 900℃ and 950℃ are 149.058, 157.65 and 204.47 
GPa respectively (Fig. 13).

The ratio of hardness (H) to reduced modulus (Er) is a 
very important parameter to judge the behavior of the mate-
rials against wear. The H/Er ratio is known as the plasticity 
index of the materials. Where Er is measured as [50]

(7)1

Er

=

1 − v2
f

Ef

+

1 − v2
id

Eid
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The variation in plasticity index with deposition tempera-
ture has been shown in Fig. 13.

The plastic deformation is the reason behind of gradual 
material removal or gradual wear but elastic deformation is 
not responsible for this. The film which possesses the high-
est H/Er ratio would be having more elastic deformation 
[50]. Here it is applicable for the SiCN thin film deposited 
at 950 °C. Whereas the small value of H/Er, comes under the 
large fraction of work then the degree of deformation is also 
the same [56]. The ratio in between hf/hmax is a paramount 
parameter to judge the unrecoverable strain which is linked 
with the H/Er ratio by the following Eq. (11) [50]

So, the maximum plastic strain was expectable from a 
smaller H/Er ratio. Therefore, it's very much obvious that 
the materials which possess a higher H/Er ratio must have 
less accumulative strain and strain energy which ultimately 
helped to provide higher wear resistance property [50, 56]. 
So, the SiCN film which was deposited at 950℃ must be 
possessed higher wear resistance as it has maximum plas-
ticity index.

4 � Conclusion

SiCN thin film coating was deposited on Si substrate by 
CVD process under different deposition temperatures. The 
compositional analysis by the EDS technique confirms the 
maximum content present in SiCN is Si followed by N, C 
and this result is very much justified by the FTIR analysis. 
The SEM images confirm reduced number of agglomerated 
particles with higher deposition temperatures. AFM analy-
sis confirms the enhancement of particle distribution den-
sity with higher deposition temperature. Structural analysis 
through XRD reveals the enhancement of FWHM of differ-
ent diffraction planes with higher deposition temperatures. 
The PL spectra analysis confirms the blue shift of PL peaks 
with higher temperatures. The IR spectra reveals the higher 
intensity of the Si–N functional group compared to Si–C and 
Si–H. Mechanical property analysis confirms the superior-
ity of SiCN thin film coating deposited at 950 °C over other 
SiCN thin film coatings.
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