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A B S T R A C T   

Microwave Plasma Chemical Vapor Deposition (MPCVD) was used to synthesize novel superhard BC10N on 
silicon substrates. Feedgas mixtures of H2, CH4, N2, and B2H6 were used for a range of systematically varied 
microwave power, chamber pressure, and flow rate conditions. Optical Emission Spectroscopy (OES) was used to 
guide the synthesis of BC10N. Plasma optical emission from the C2 peak increases with pressure up to 80 Torr and 
saturates in the 80–100 Torr range. The C2 emission also follows the same trend, growing non-linearly with 
increasing microwave power (for fixed chamber pressure of 30 Torr). The presence of abundant C2 in the plasma 
is advantageous under specific growth conditions to produce superhard carbon-rich BC10N, a material that has 
been theoretically predicted but not yet synthesized. Findings obtained from X-ray Photoelectron Spectroscopy 
(XPS) and Fourier Transform Infrared Spectroscopy (FTIR) elucidate the existence of B–C, C–N, B–N, and B-N- 
C bonding in the synthesized coating. Nanoindentation hardness measurements are within the superhard regime, 
showing an average hardness of 63 GPa.   

1. Introduction 

The wide range of industrial applications, including cutting, polish
ing, and protective coatings, has led to a significant focus on the design 
and synthesis of new superhard materials. This attention stems from the 
desire to develop materials with exceptional hardness and wear resis
tance, enhancing efficiency and durability in various industrial pro
cesses [1]. Diamond, renowned as the hardest known material with a 
hardness value ranging from 70 to 100 GPa, exhibits noteworthy prop
erties such as thermal insulation and electrical conductivity, but it also 
has some significant limitations. The high cost of the diamond, coupled 
with its susceptibility to oxidation at temperatures exceeding 800 ◦C and 
constraints in efficiently machining ferrous alloys due to chemical in
teractions with iron group elements, limit its practical applicability 
[2–4]. Therefore, diamond's high cost and unsuitability for numerous 
applications prompt exploration of new novel superhard materials. 
Materials within the ‘CNOB’ system, comprised of the light elements 
carbon, nitrogen, oxygen, and boron, emerge as promising alternatives 
and contain some of the hardest known materials. The light elements in 
the ‘CNOB’ system possess the ability to form short bond lengths and 
exhibit a propensity for creating directional covalent bonds. These 
structural characteristics render the formations resistant to compression 
or distortion [5–7]. Over the past few years, considerable interest has 
been in the B-C-N ternary system and its superhard phases. Ternary 

boron carbonitride (BxCyNz) coatings have gathered significant attention 
due to their unique combination of boron, carbon, and nitrogen ele
ments, which offer the potential for exceptional mechanical, thermal, 
and chemical properties. Numerous investigations have been carried out 
to explore the B-C-N phase system [8–11]. Materials within the B-C-N 
system are distinguished by their short bond lengths and are expected to 
exhibit a combination of specific properties found in boron carbide 
(B4C), hexagonal boron nitride (h-BN), cubic boron nitride (c-BN), and 
diamond [5]. These properties include low friction coefficient, excellent 
wear resistance, high hardness, and superior thermal and chemical 
stability. Due to their impressive properties, materials within the B-C-N 
system are regarded as promising candidates for applications requiring 
hard and protective coatings, particularly for cutting tools and other 
wear-resistant purposes. Moreover, the wide composition range 
achievable in BxCyNz coatings makes them well-suited for electronic and 
photonic devices, optical and optoelectronics applications, as well as 
rechargeable lithium batteries [12,13]. Several methods have been 
utilized to synthesize phases within the ternary system of boron, carbon, 
and nitrogen, employing different atomic compositions. These methods 
include high pressure-high temperature (HPHT) synthesis [12], chemi
cal vapor deposition (CVD) [14], plasma-assisted chemical vapor 
deposition (PACVD) [8,9], pulsed laser deposition [10,11], mixing and 
ball milling of graphite/h-BN powders [15], solid phase nitriding [16] 
and solid-state pyrolysis [17], ion beam deposition [18], as well as RF 
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and DC sputtering [19,20]. 
Exploring novel superhard ternary materials poses challenges due to 

the extensive phase space resulting from numerous potential combina
tions of elements. Recently, Chen et al. have successfully predicted novel 
superhard ternary BC10N materials, calculating the bulk and shear 
moduli of approximately 10,000 existing compounds sourced from the 
Materials Project database [21]. This BC10N compound demonstrates 
dynamic stability (i.e., without negative phonon modes) and possesses 
relatively low formation energy. The compound BC10N exhibits a 
computed hardness of approximately 87 GPa, which is comparable to 
that of diamond. Consequently, it is anticipated to exhibit improved 
performance, especially in environments with elevated temperatures 
and humidity levels. Growth of the desired superhard structures via 
chemical vapor deposition (CVD) poses a significant challenge, often 
requiring optimization with only a narrow range of ideal conditions. The 
goal of this current work is the experimental validation of theoretical 
predictions of superhard ternary BC10N material. The chemistry pre
vailing in H2/N2/B2H6/CH4 plasmas for ternary B-C-N synthesis is not 
well established. Key concerns regarding the gas-phase chemistry of 
these plasmas involve identifying crucial carbon/nitrogen/boron- 
containing growth species, understanding their generation, and exam
ining how discharge parameters such as power, pressure, and gas flow 
rate affect their densities and distributions. For synthesizing BC10N, 
growth species would likely contain boron, nitrogen, and carbon, as 
observed by optical emission spectroscopy. The objective of this study is 
to investigate the deposition conditions leading to the formation of 
theoretically predicted superhard BC10N coating via MPCVD, and to 
experimentally evaluate the structure and hardness of this compound. 

2. Experimental details 

2.1. In situ OES 

Prior to the growth of any coatings, the optical emission spectros
copy of H2/N2/B2H6/CH4 plasmas was studied. Hydrogen (H2) was used 
as the carrier gas along with diborane (as a mixture of 95 % H2, 5 % B2H6 
with ppm carbon), N2, and CH4. The gas flow rates were: 500 standard 
cubic centimeters per minute (sccm) of hydrogen, 5 sccm of the diborane 
mixture, 5 sccm of N2 and 25 sccm of CH4. Microwave power and 
chamber pressure were systematically varied to study the plasma's 
excited species. The OES data were collected using an Acton Research 
SpectraPro 500i spectrograph (Princeton Instruments, Trenton, NJ, 
USA) equipped with a 1200g/mm grating blazed at 300nm, and the 
entrance slit was adjusted to 20μm. 

2.2. Sample preparation, synthesis and characterization 

Microwave plasma chemical vapor deposition (MPCVD) system 
(Wavemat Inc. Plymouth, MI, USA) was used to synthesize Boron car
bonitride (BxCyNz) coatings, additional details of MPCVD will be found 
elsewhere [22,23]. A 525 μm thick N-type (100)-oriented silicon sub
strate was positioned on top of a 0.5″ diameter molybdenum screw 
located along the central axis of the quartz bell jar. Before deposition, 
the substrate underwent ultrasonic cleaning with acetone, methanol, 
and distilled water. Before the deposition process, the substrate under
went mechanical seeding with diamond powder (particle size: 0–1 μm) 
on a polishing cloth for 90 s, followed by another round of ultrasonic 
cleaning with acetone, methanol, and distilled water. 

The experiment was conducted at microwave power 1.6 kW and at a 
fixed chamber pressure of 30 Torr. Hydrogen (H2) was used as the car
rier gas while methane, nitrogen and diborane (mixture of 95 % H2, 5 % 
B2H6,) were used as the reactive gas. The gas flow rates were set at 500 
Standard Cubic Centimeters per Minute (SCCM) of hydrogen, 25 SCCM 
of methane, 5 SCCM of nitrogen, and 5 SCCM of the diborane mixture. 
The BxCyNz coatings were synthesize at the average substrate tempera
ture of 825±25 ◦C 

The borocarbonitride samples were characterized employing various 
techniques including X-ray photoelectron Spectroscopy (XPS), Fourier 
Transformed Infrared Spectroscopy (FTIR), Raman Spectroscopy, Pho
toluminescence Spectroscopy, Grazing incidence X-ray diffraction 
(XRD), and Nanoindentation. The X-ray photoelectron spectroscopy 
(XPS) setup utilized in this study was a Phi Electronics VersaProbe 5000, 
featuring a micro-focused Al monochromatic source (λ = 1486.6eV) and 
a dual anode conventional x-ray source equipped with a neutralizer. 
Survey spectra were taken with a step size of 0.8 eV and pass energy of 
187.85 eV and the high resolution scans were a step size of 0.1 eV with 
pass energy of 23.5 eV. The C1s peak at 284.6 eV was considered the 
standard, and all hi-res spectra were calibrated and fitted accordingly. 
The attenuated total reflectance (ATR) mode of a Bruker Alpha FTIR 
spectrometer (Bruker Corporation, Billerica, MA, USA) was used to re
cord FTIR spectra. A total of 1024 scans with a scan resolution of 4 cm−1 

were performed in the FTIR instrumentation to capture the entire 
spectrum. Raman spectra were recorded using a micro-Raman spec
trometer (Dilor XY, Lille, France) equipped with a 532nm laser, a 
1200groove/mm grating, and a 100× microscope objective. The same 
instrument was used for photoluminescence spectroscopy, but using a 
600 g/mm grating. For X-ray diffraction (XRD) analysis, a Panalytical 
Empyrean X-ray diffractometer with Copper Kα radiation (λ =

1.54059Å) was employed. The XRD patterns were acquired through a 
glancing-angle 2-theta scan with a 1◦ angle of incidence. The diffraction 
optics included a hybrid monochromator with a 1/8◦ divergence slit, a 
1/16◦ anti-scattering slit, and a parallel plate collimator on the dif
fracted beam path with a proportional detector. HighScore Plus (version 
4.8) was utilized for phase structure analysis, and Rietveld refinement 
was applied to determine the lattice constants of each sample. Nano- 
indentation hardness measurements were conducted using the Agilent 
Nano Indenter G200 (MTS Nano Instruments, Oak Ridge, TN, USA) 
equipped with a Berkovich diamond tip having a nominal radius of 50 
nm. To calibrate the instrument, a fused silica reference with an 
accepted Young's modulus value of 72 GPa was evaluated both before 
and after indenting our sample. The stability of the diamond tip's shape 
during the sample examination was confirmed by comparing Young's 
modulus range of the silica standard before and after indenting our 
sample. The consistent range of Young's modulus 72 ± 3 GPa for the 
silica standard, observed before and after indentation, indicates that the 
tip shape remained unchanged throughout the examination. All indents, 
including those made on the silica reference, were created to a 
maximum depth of 300 nm. Hardness measurements were determined at 
the maximum load applied during the indentation process. 

3. Results 

3.1. Optical emission spectroscopy (OES) 

As our goal was to synthesize BC10N, which is a carbon-rich B-C-N 
ternary material, our main focus was on the generation and behavior of 
the C2 peak. A systematic variation of microwave power and chamber 
pressure was carried out to investigate the trends of the C2 peak in the 
plasma. Fig. 1(a) shows that the normalized intensity of the C2 peak 
increases non-linearly with increasing chamber pressure (for fixed mi
crowave power of 1.6 kW). The C2 peak intensity increases until 80 Torr 
and saturates in the range 80–100 Torr. Fig. 1(b) shows that the 
normalized intensity of the C2 peak also follows the same trend and 
increases non-linearly with increasing microwave power (for a fixed 
chamber pressure of 30 Torr). These results suggest that higher micro
wave power and higher chamber pressure can be beneficial to provide 
the carbon-rich plasma environment needed for BC10N deposition. 

3.2. X-ray photoelectron spectroscopy of borocarbonitride (BxCyNz) 

XPS of the borocarbonitride (BxCyNz) coating synthesized at micro
wave power 1.6 kW and at fixed chamber pressure of 30 Torr revealed 
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that the surface consists of 82 % carbon, 9.5 % boron, and 8.5 % nitrogen 
(relative atomic percentages), with no other elements detected. The true 
stoichiometric ratio for BC10N would correspond to 83.3 % C, 8.3 % B, 
and 8.3 % N and are very close to the experimental survey spectra found 
here. The high-resolution XPS spectra of C1s, B1s, and N1s show C––C, 
C–N, C–B, and B–N bonding in the coating [24–27]. In Fig. 2(b), the 
high-resolution C1s scan indicates that 13 % of the carbon is bonded to 
boron (C–B), 44 % is involved in carbon‑carbon double bonds (C=C), 
and the remaining 43 % is bonded to nitrogen (C–N). Fig. 2(c) displays 
the high-resolution B1s scan, revealing that 12 % of the boron is bonded 
to carbon (B–C), 60 % is bonded to nitrogen (B–N), and the remaining 
28 % is involved in B-N-C bonding. Lastly, Fig. 2(d) presents the high- 
resolution N1s scan, illustrating that 69 % of the nitrogen is bonded to 
boron (N–B), while the remaining 31 % is bonded to carbon (N–C). 

3.3. Fourier transform infrared spectroscopy (FTIR) of borocarbonitride 
(BxCyNz) 

Fig. 3 displays the FTIR spectrum of the borocarbonitride (BxCyNz) 
coating, showcasing multiple peaks within the fingerprint region 
(1500–500 cm−1). These peaks indicate the presence of C––C, B–N, 
C–N, B–C, and B-N-C bonds within the synthesized coating, thus 
confirming its ternary nature as BxCyNz. Especially, the intensity of the 
C––C peak is notably prominent, implying a carbon-rich composition of 
the ternary boron carbonitride. For a comprehensive understanding, the 
complete peak assignment is provided in Table 1. 

Fig. 1. (a) C2 peak intensity (λ = 517 nm) for pressure range 20–100 Torr and fixed power of 1.60 kW (b) C2 peak intensity for power range 0.6–1.6 kW at a fixed 
pressure of 30 Torr. 

Fig. 2. (a) Survey spectra and high-resolution XPS spectra of (a) C1s, (b) B1s, and (c) N1s. Hi-res spectra show C––C, C–N, C–B, and B–N bonding in the coating.  
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3.4. Micro Raman spectroscopy of borocarbonitride (BxCyNz) 

Fig. 4 shows the Raman spectrum of the borocarbonitride (BxCyNz) 
coating. It reveals two broad peaks at 476 cm−1 and 1213 cm−1 and one 
sharp peak at 1302 cm−1. The two broad peaks correspond to the boron- 
doped diamond signature [32,33]. The peak at 1302 cm−1 is the dia
mond peak. The shift of the diamond peak towards lower wavenumbers 
occurs as a result of ‘phonon softening,’ induced by the inclusion of 
boron within the diamond lattice. [21]. 

3.5. Photoluminescence spectroscopy of borocarbonitride (BxCyNz) 

Fig. 5 shows the photoluminescence spectrum of the borocarboni
tride (BxCyNz) coating excited by a 532 nm laser. The peaks at 575 nm 
and 625 nm are clearly observed in the spectra and correspond to 
neutral and negatively charged nitrogen vacancy emissions (NV0 and 
NV−, respectively) [27,34]. 

3.6. X-ray diffraction of boron carbonitride (BxCyNz) 

X-ray diffraction (XRD) analysis was employed to explore the crystal 
structure and phase composition of the coating, as depicted in Fig. 6(a). 
A close alignment with the theoretical pattern suggests a strong agree
ment between the experimental and theoretical diffraction patterns. 
Rietveld refinement revealed a mixed-phase structure, primarily con
sisting of BC10N (81.9 %) and a secondary phase, BC2N (18.1 %). The 
lattice parameters of the BC10N phase were determined from the XRD 
data. The measured values, a = 2.528 Å, b = 2.532 Å, and c = 12.453 Å, 
closely matched the theoretically calculated values of a = 2.533 Å, b =
2.533 Å, and c = 12.453 Å. 

This agreement between measured and calculated lattice parameters 
further validates the XRD analysis and confirms the crystalline structure 
of the BC10N phase in the synthesized coating. Fig. 6(b) highlights the 
most intense peak (c.a. 43.7 2-theta), which aligns closely with the 
corresponding peak in the theoretical XRD pattern of BC10N. This 
agreement indicates a good match between the experimental and 
theoretical data, suggesting that the coating predominantly consists of 
the BC10N phase. 

3.7. Nanoindentation of borocarbonitride (BxCyNz) 

Fig. 7(a) illustrates the nanoindentation hardness results for the 
borocarbonitride (BxCyNz) coating. The indentation tests were con
ducted to a depth of 300 nm at multiple locations (N = 10 indents) 
across the coating. The average hardness is determined to be 63 GPa, 
with nine measurements surpassing 40 GPa. The highest recorded 
hardness from an individual indent reached 111 GPa. The potential 
formation of nanotwinned BC10N could elucidate the observed hardness 
measurement exceeding 100 Gpa [35–37]. The BxCyNz sample has 
average Young's modulus of 802 GPa. In Fig. 7(b), the load-displacement 
curve of the indentation resulting in a hardness measurement of 90 GPa 
and a Young's modulus of 1190 GPa is depicted. Analyzing the ultimate 
unloading depth of the load-displacement curves enables the determi
nation of the proportionate contributions of elastic and plastic defor
mation. A significant elastic recovery (approximately 75 %) is observed 

Fig. 3. FTIR spectral analysis of borocarbonitride (BxCyNz) coating containing 
B–N, B–C, C––C, and B-N-C stretching vibrations. 

Table 1 
Brocarbonitride complete FTIR peak assignment.  

Transmittance frequency (cm−1) Assignment References 

954 B-N-C [24,25] 
1160 B-C [26,28,29] 
1248 C-N [24,28] 
1377 B-N-C [24,26] 
1455 B-N [30,31] 
1730 C=C [28]  

Fig. 4. Raman spectra of borocarbonitride (BxCyNz) coating in the 300–1500 
cm−1 range. Fig. 5. Photoluminescence spectroscopy of BxCyNz coating.  
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from the BxCyNz coating, as evidenced by the unloading data. Fig. 7(a) 
illustrates a notable variation in hardness data for BxCyNz coating. 
Possible factors contributing to this variability include the surface 
roughness of the sample and non-uniformity in material properties at the 
nanoindentation scale. 

4. Discussions 

The properties and the stoichiometry of coatings are strongly influ
enced by the deposition process and the gas phase chemistry in the 
system. In the case of borocarbonitride (BxCyNz) coatings, these char
acteristics are determined by factors such as the specific deposition 
process and the dissociation behavior of precursor molecules like B2H6 
(diborane) and CH4 (methane) into atomic boron, BH radicals, and C2 
radicals. When it comes to microwave plasma chemical vapor deposition 
(MPCVD), microwave power plays a crucial role in the dissociation of 
precursor molecules. Higher microwave power generally results in 
increased dissociation rates due to the greater energy input into the 
plasma. This dissociation behavior has been confirmed through optical 
emission spectroscopy (OES) measurements [38]. Our previous work 
demonstrated that copious amounts of atomic boron in the plasma at 
higher microwave power and lower pressure proves advantageous under 
certain growth conditions in the production of superhard boron-rich 
boron carbides [22]. OES measurements in this work have demon
strated that, with increasing microwave power, the dissociation of CH4 
into C2 radicals becomes more pronounced. The increase in microwave 
power generally leads to higher plasma densities. The elevated plasma 
density provides a larger number of reactive species, promoting more 
collisions and interactions between species. This can contribute to the 
increased generation and accumulation of C2 emission. The rise in C2 
peak intensity as chamber pressure increases is a result of the increased 
dissociation and decomposition of carbon-containing precursor gases 
such as methane (CH4). As the chamber pressure increases, a higher 
concentration of precursor gas molecules leads to more collisions and 
interactions within the plasma. This increased density of precursor 
species promotes the dissociation of CH4 into reactive carbon species, 
including C2 radicals. Consequently, the abundance of C2 radicals in the 
plasma increases. The C2 peak intensity increases until 80 Torr and then 
saturates in the range 80–100 Torr. The increased gas density in higher- 
pressure environments leads to more frequent collisions between pre
cursor species and other gas-phase species. These collisions can result in 
recombination reactions, where atoms or molecules combine to form 
different species. Therefore, other chemical species can be generated at a 
higher-pressure environment along with excited C2 radical. As a result, 
the generation of C2 radical saturates at an upper limit (80 Torr under 
our conditions) and other chemical species can be created at higher 
chamber pressure. However, these species may not be in an excited 
states and therefore would not be detectable by OES. The enhanced 
dissociation of CH4 under higher microwave power and pressure con
ditions has implications for the deposition process and the resulting 
coating properties. The presence of atomic boron, BH radicals, and C2 

Fig. 6. (a) Experimental XRD pattern showing the mixed phase of BC10N (81.9 
%) and BC2N (18.1 %) by Rietveld refinement. (b) The most intense peak of the 
experimental XRD pattern matches well with the theoretical XRD pattern 
of BC10N. 

Fig. 7. (a) Histogram representing data from 10 indents, displaying the mean hardness value for the borocarbonitride coating, with numerous measurements 
exceeding 60 GPa. (b) Nanoindentation load-displacement curve obtained from a single location, revealing a hardness of 90 GPa at a depth of 300 nm. 
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radicals in the plasma contributes to the chemical reactions involved in 
the formation of BxCyNz coatings. These reactive species can react with 
other gas-phase species, such as carbon-containing and nitrogen- 
containing precursors, leading to the incorporation of carbon, nitro
gen, and boron into the growing coating. The increased dissociation of 
B2H6 and CH4 under higher microwave power conditions can also 
impact the stoichiometry, composition, and properties of the BxCyNz 
coatings. More atomic boron, BH radicals, and C2 radicals allow for 
greater incorporation of boron, carbon, and nitrogen into the coating, 
influencing the boron-to‑carbon, boron-to‑nitrogen, and carbon-to‑ni
trogen ratios. In our experiments, optimum experimental conditions 
were found for BC10N growth by analyzing the OES spectra of feedgas 
mixtures. 

The generalized mechanism for the microwave plasma CVD synthesis 
of novel BC₁₀N involves the use of reactive gases CH4, B2H6, and N2 
within a hydrogen-rich plasma. Microwave power dissociate the gas 
molecules and generates reactive species, including atomic hydrogen, 
atomic boron, BH, N2, C2, CN, and others in the plasma. The operating 
chamber pressures, microwave power, and gas flow rates were opti
mized based on optical emission spectroscopy studies. The synthesis was 
conducted at a microwave power of 1.6 kW and a fixed chamber pres
sure of 30 Torr. The gas flow rates were maintained at 500 Standard 
Cubic Centimeters per Minute (SCCM) of hydrogen, 25 SCCM of 
methane, 5 SCCM of nitrogen, and 5 SCCM of the diborane mixture. This 
specific ratio of gas flows, along with the set power and pressure con
ditions, proved ideal for the deposition of carbon-rich BC10N. The pre
dominant hydrogen flow in the feedgas mixture produces a substantial 
amount of atomic hydrogen, which subsequently abstracts hydrogen 
from methane to form methyl radicals and dissociate other gas species in 
the plasma. Initially, the silicon substrate surface is terminated with 
atomic hydrogen. Vacant surface sites are created when the surface 
hydrogen atoms are abstracted by gas-phase hydrogen atoms to form H2. 
Carbon, boron, and nitrogen-containing radicals are then transported to 
the surface through laminar, convective, and/or diffusive flow and 
adsorb onto the vacant sites. The formation energy of the predicted 
BC10N is significantly lower than that of other predicted phases by Chen 
et al., such as B4C5N3 and B2C3N, leading to the preferential formation of 
BC10N over other ternary BCN phases [21]. 

According to the XPS survey spectra, the synthesized borocarboni
tride coating is composed of 82 % C, 9.5 % B, and 8.5 % N (rel. at.%) 
with no other elements present. The atomic percentage of carbon, boron 
and nitrogen yields a B/N ratio 1.1 and C/N ratio 9.6 and C/B ratio 8.6 
which is closely matched to the stoichiometry of BC10N. Hi-res C1s, B1s 
and N1s also confirms B–C, C–N, B–N and B-N-C bonding in the 
coating. FTIR also demonstrates C––C, B–C, B–N, C–N, and B-N-C 
peaks, which also suggests the synthesized coating is a ternary B-C-N 
structure. 

Raman measurements conducted on the BxCyNz coatings revealed 
interesting findings. The spectra exhibited distinct peaks related to 
boron doping as well as the characteristic diamond peak, which 
appeared at a wavenumber of 1305 cm−1 (significantly lower than the 
unperturbed zone-center optical phonon at 1332 cm−1). This shift in the 
diamond peak position indicates the presence of boron atoms in the 
lattice, which can induce structural modifications and affect the me
chanical and electronic properties of the coatings. Furthermore, the 
Raman results suggested that the phonon bands in the BxCyNz coatings 
become ‘softened’ as the boron-to‑nitrogen (B/N) content increases 
[21]. The softening of phonon bands is an intriguing phenomenon that 
indicates changes in the vibrational characteristics of the material. This 
softening may arise from the incorporation of boron and nitrogen atoms 
in the lattice [21]. In addition to the Raman measurements, photo
luminescence (PL) measurements were conducted to gain further in
sights into the BxCyNz coatings. The PL spectra revealed the presence of 
nitrogen centers within the coatings. The identification of nitrogen 
centers through photoluminescence measurements further confirms the 
presence of substitutional nitrogen in the coating. 

Experimental X-ray diffraction (XRD) data obtained from the syn
thesized coating was evaluated using Rietveld refinement analysis. The 
results of the refinement revealed an excellent agreement between the 
experimental XRD pattern and the theoretical XRD pattern of BC10N. 
The Rietveld refinement analysis also provided insights into the phase 
composition of the synthesized coating. The coating is predominantly 
comprising of the BC10N phase, accounting for approximately 81.9 % of 
the material. Additionally, another phase, BC2N, was detected in the 
coating, comprising approximately 18.1 % of the material. The experi
mental XRD data, in conjunction with the Rietveld refinement analysis, 
provide valuable insights into the coating's crystal structure and phase 
composition. The close alignment between the experimental and theo
retical diffraction patterns and the agreement in lattice parameters 
supports the identification of BC10N as the predominant phase in the 
coating. The presence of both BC10N and BC2N phases suggests a mixed 
composition, highlighting the complexity and diversity of the synthe
sized BxCyNz material. 

The synthesized coating exhibited impressive mechanical properties, 
as demonstrated by nanoindentation hardness measurements. The 
hardness values obtained from the measurements indicate that the 
coating falls within the superhard regime (i.e. > 40 GPa). The average 
Young's modulus of this sample is 802 GPa and average hardness is 63 
GPa with standard deviation of 25 GPa. The spread observed in the 
nanoindentation hardness measurements, can be influenced by several 
factors. Two significant factors that may contribute to this variation 
include the roughness of the sample surface and the non-uniformity in 
material properties at the nanoindentation scale. When the indenter 
contacts a rough surface, the effective contact area may vary, leading to 
variations in the measured hardness values. Surface roughness can cause 
fluctuations in the applied load and affect the deformation behavior 
during indentation, resulting in different hardness measurements across 
the sample [39,40]. Furthermore, non-uniformity in material properties 
at the nanoindentation scale can also contribute to the dispersion 
observed in hardness values. Even in a relatively uniform coating, there 
can be inherent variations in the microstructure or composition that can 
impact the mechanical response. Variations in grain size and chemical 
composition can influence the local mechanical properties and lead to 
differences in hardness measurements. 

5. Conclusions 

This work describes the first successful effort in synthesizing 
theoretically-predicted BC10N by MPCVD. According to XPS survey 
spectra, the boron carbonitride coating is composed of 82 % C, 9.5 % B, 
and 8.5 % N (rel. at.%), which is closely matched to the stoichiometry of 
BC10N. XPS and FTIR also confirm B–C, C–N, B–N, and B-N-C bonding 
in the synthesized coating. Raman measurements showed evidence of 
boron doping, and photoluminescence measurements confirmed the 
presence of nitrogen centers. The XRD patterns were analyzed by Riet
veld refinement to show that the coating is composed of BC10N as the 
major phase, accounting for approximately 81.9 % of the total compo
sition. A secondary phase of BC2N is also present, constituting approx
imately 18.1 % of the coating. The nanoindentation hardness 
measurement of synthesized coating is in a superhard regime with an 
average hardness of 63 GPa. CVD synthesis of this novel superhard 
BC10N material paves the way for a wide range of potential applications 
in refractories, medical systems, fast-breeders, lightweight armors, bal
listic armors, cutting tools, high-temperature thermoelectric conversion 
systems, and many more. 
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