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Abstract: This study reports the chemical vapor deposition of amorphous boron carbonitride films on
Si(100) and SiO2 substrates using a trimethylamine borane and nitrogen mixture. BCxNy films with
different compositions were produced via variations in substrate temperature and type of gas-phase
activation. The low-pressure chemical vapor deposition (LPCVD) and plasma-enhanced chemical
vapor deposition (PECVD) methods were used. The “elemental composition—chemical bonding
state—properties” relationship of synthesized BCxNy was systematically studied. The hydrophilicity,
mechanical, and optical properties of the films are discussed in detail. The composition of films
deposited by the LPCVD method at temperatures ranging from 673 to 973 K was close to that of
boron carbide with a low nitrogen content (BCxNy). The refractive index of these films changed in
the range from 2.43 to 2.56 and increased with temperature. The transparency of these films achieved
85%. LPCVD films were hydrophilic and the water contact angles varied between 53 and 63◦; the
surface free energy was 42–48 mN/m. The microhardness, Young’s modulus and elastic recovery of
LPCVD films ranged within 24–28 GPa, 220–247 GPa, and 70–74%, respectively. The structure of the
PECVD films was close to that of hexagonal boron nitride, and their composition can be described by
the BCxNyOz:H formula. In case of the PECVD process, the smooth films were only produced at low
deposition temperatures (373–523 K). The refractive index of these films ranged from 1.51 to 1.67. The
transparency of these films achieved 95%; the optical band gap was evaluated as 4.92–5.28 eV. Unlike
LPCVD films, they were very soft, and their microhardness, Young’s modulus and elastic recovery
were 0.8–1.4 GPa, 25–26 GPa, and 19–28%, respectively. A set of optimized process parameters to
fabricate LPCVD BCxNy films with improved mechanical and PECVD films with high transparency
is suggested.

Keywords: boron carbonitride films; boron carbide films; trimethylamine borane; mechanical proper-
ties; optical properties; wettability

1. Introduction

In recent decades, much attention has been paid to the study of materials with a layered
structure such as carbon, boron nitride (BN), boron carbonitride (BCxNy), transition metal
dichalcogenides, etc. due to their remarkable functional performance [1–4]. Modification of
these materials by functionalizing the surface, changing the architecture (1D, 2D, 3D), and
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integrating with other materials, including nanoparticles, leads to a change in their physical
properties, different from what was originally, and expands the areas of their application.
For example, 2D graphene has limited application potential in optoelectronics because of
its low light absorptivity and gapless property. 3D graphene has shown its application in
Si-based near infra-red tunneling heterojunction photodetectors [5] and the structure of 3D
graphene with germanium-on-insulator can be used as dual-enhanced photodetectors [6].
Using another way to modify graphene, namely the use of PbS quantum dots on N, S
decorated graphene made it possible to create graphene–quantum dot phototransistors [7].
It is also known that BCN-based materials have a wide variety of architectures such as
nanotubes, nanoribbons, nanosheets, nanowalls, foams, and nanoscrolls [3]. It should
be emphasized that in the case of boron carbonitride, the ability to vary the elemental
composition expands the possibilities of the above methods for modifying the functional
properties of this material. However, searching for ways to achieve different compositions
of BCxNy remains an important challenge.

As is well known, binary and ternary compounds of various structures and stoichiom-
etry can be formed in the B–C–N system. Although boron carbide is usually denoted
as B4C, it has a wide area of homogeneity, and the carbon concentration, according to
different authors, can be the following: 9–19 at.% C [8], 9–20 at.% C [9], and 8.6–21.6 at.%
C [10], where boron carbide exists as a stable single phase. Boron carbide has a complex
structure based on B12 or B11C icosahedra and C–B–C, C–B–C, C–B–B, or B⊗B (⊗—vacancy)
chains [11]. Boron nitride of hexagonal modification (h-BN) has a layered structure iso-
electronic to graphite [12,13]. The ternary h-BCxNy is formed on the basis of hexagonal
structures of boron nitride and carbon. The unquenchable interest in BCxNy materials,
including nanostructures, is due to the ability to tune their physical characteristics by
changing the stoichiometry and bonding configurations of these compounds [3]. Since
h-BN is an insulator and the graphite is a semimetal, h-BCxNy compounds are of interest for
optoelectronics as materials with an adjustable band gap and tunable optical and electrical
properties [14,15]. Materials based on BCxNy, having low atomic masses and covalent
bonds, being simultaneously light and high strength, exhibit a hardness in a wide range
of values [3,15,16]. It should be noted that h-BN [17,18], B4C [19], h-BCxNy [20,21] and
BCxNy/graphene [22] coatings with high thermal and chemical stability have proven their
effectiveness in metallic corrosion resistance.

The steady interest in BCxNy films is due not only to their remarkable properties but
also to the fact that it is not a simple object of both physicochemical research and technolog-
ical developments. The ratio of the elements’ content and the local environment of atoms in
the films can be changed by applying various methods of deposition and varying the con-
ditions of formation. One of the widely used methods of BCxNy film synthesis is chemical
vapor deposition (CVD) including low-pressure CVD (LPCVD), plasma-enhanced radio
frequency CVD (RF-PECVD), plasma-enhanced microwave frequency CVD (MW-PECVD),
laser CVD (LCVD), electron cyclotron resonance plasma enhanced CVD, isothermal CVD
and glow discharge plasma-assisted CVD [3,16]. It is important to note that the proper-
ties of the BCxNy films depend on a type of CVD process, the precursors’ nature, their
concentration in the initial gas mixture, the type of additional gases, as well as on the
reactor chamber geometry, the substrate temperature, the total pressure of the gas mixture
in the reactor, the parameters of the plasma generator (in case of PECVD processes), laser
wavelength and power (in case of LCVD processes), and other deposition parameters
appropriate to a particular method.

To obtain BCxNy films in CVD processes, volatile boron fluoride, boron chloride, and
diborane can be used as a source of boron and sources of carbon (hydrocarbons or CCl4)
and nitrogen (N2, NH3), which sometimes require separate supply channels [3,23,24]. It
should be noted that the aforementioned precursors are toxic and pyrophoric substances,
the danger of which increases at high operating temperatures. A limited number of
works [23,25] dealt with the use of diborane B2H6 and dimethylamine (CH3)2NH, which
contains two other components (nitrogen and carbon), or nitrogen with trimethylborane
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B(CH3)3 containing both carbon and boron in the LCVD processes. The alternative way
of synthesis of BCxNy films is through the use of organoboron compounds with various
compositions and structures. They are single source-precursors containing all the necessary
elements in one molecule. These compounds, including alkylamine boranes, are of special
interest because the molecular structure of the initial organoboron precursor affects the
chemical and phase compositions and the microstructure of deposited films [26–30]. They
are stable under normal conditions, less toxic than volatile binary boron compounds, non-
combustible, and relatively cheap [31]. One of them is trimethylamine borane (CH3)3N·BH3
(TMAB) [32,33]. Previously, a number of works has already been carried out using TMAB
as a precursor. Table 1 contains the data on the conditions of the CVD syntheses of the
BCxNy films from TMAB and their chemical composition and functional properties. As one
can see, the main attention was paid to LPCVD and RF-PECVD methods. To date, there
are relatively few studies devoted to the MW-PECVD technique. An important advantage
of using plasma-activated processes is a decrease in the film synthesis temperature. The
literature analysis and results summarized in Table 1 show that special attention was
devoted to the determination of elemental composition, chemical structure and mechanical
characteristics of BCxNy films depending on the film growth conditions.

Table 1. Deposition parameters of BCxNy films via decomposition of trimethylamine borane and
films’ functional characteristics.

Deposition Conditions

Elemental
Composition, at.%

Functional Properties

Ref.
Mechanical Optical Electrical Wettability

Initial Gas
Mixture Tdep, K

Plasma
Frequency,

Power

H, GPa,
E, GPA,

R, %

n,
T, %

Eg, eV

k,
ρ, Ω·cm

CA, ◦
SFE, mN/m

LPCVD

TMAB + He 723
773 – B0.72C0.23N0.04O0.01

B0.68C0.27N0.04O0.01

34
226
–

1.9–2.8 – – [34]

TMAB + NH3 673 – B0.54C0.14N0.29O0.03

10–15
115
–

1.9–2.8 – – [34]

TMAB
TMAB + NH3

973 – B0.33C0.45N0.21O0.01
B0.28C0.17N0.54O0.01

– – – – [35]

TMAB
TMAB + He
TMAB + N2

TMAB + NH3

973 –

B0.33C0.57N0.08
B0.44C0.49N0.07
B0.37C0.56N0.08

B0.35–0.42C0.34–0.40N0.32–0.18

– – – – [36]

TMAB + He 723
773 – B0.72C0.23N0.04O0.01

B0.68C0.27N0.04O0.01
– 2.59, 2.72 –

3.7 × 106; 2.4 × 106 – [37]

TMAB + N2 673–973 – B0.67–0.80C0.14–0.24
N0.04–0.08O0.01-0.02

24–28
220–247
70–74

2.43–2.56
83–85

2.05–2.20
– 53–63

42–48
This

study

RF PECVD

TMAB
TMAB + NH3
TMAB + H2
TMAB + He

573–973 40.68 MHz B0.40C0.39N0.12O0.10
B0.41C0.21N0.32O0.06

–
1.56–2.27

70–90
–

– – [31,38,
39]

TMAB + He 473–723 40.68 MHz
70 W

B0.36–0.33C0.28–0.46
N0.30–0.21O0.09–0.01

–
1.55–2.06

–
–

4.6–5.6
– – [18,37]

TMAB + NH3 473–723 40.68 MHz
70 W

B0.35–0.42C0.12–0.30
N0.30–0.42O0.12–0.02 –

1.68–2.04
–
–

4.2–6.3
1013–1015 – [18,37]

TMAB 573, 873 13.56 MHz
400 W

B0.50C0.23N0.12O0.15
B0.31C0.26N0.28O0.13

6.7, 1.9
–
–

– – – [40]

TMAB + N2 373–873 13.56 MHz
50 W

B0.22–0.39C0.12–0.36
N0.19–0.40O0.07–0.24

0.8–1.4
25–26
19–28

1.51–1.67
92–95

4.92–5.28
– 48–55

49–51
This

study

MW PECVD

TMAB 1113, 1112 2.45 GHz
300, 400 W

B0.16C0.63N0.09O0.12
B0.33C0.22N0.33O0.12

2.3, 5.2 – – – [40]

TMAB + N2
TMAB + CH4 + H2

1083–1213

973

2.45 GHz
200, 300, 400 W

B0.36–0.52C0.06–0.11N0.07-0.32
O0.10-0.46

B0.30C0.15N0.04O0.51

– – – – [41]

LPCVD—low-pressure chemical vapor deposition; RF PECVD—radio frequency plasma enhanced chemical vapor
deposition; MW PECVD—microwave plasma enhanced chemical vapor deposition; TMAB—trimethylamine
borane; Tdep—deposition temperature; H—hardness; E—Young’s modulus; R—elastic recovery; n—refractive
index; T—range of transmittance value; Eg—optical band gap; k—dielectric constant; ρ—resistivity; CA—contact
angle; SFE—surface free energy.



Appl. Sci. 2023, 13, 4959 4 of 27

BCxNy films obtained by chemical vapor deposition are usually amorphous which
was demonstrated by the conventional X-ray diffraction method. Therefore, it is generally
accepted to judge their structure by the nearest atomic environment, which can be studied
using spectroscopic methods such as IR-Fourier, Raman, X-ray photoelectron spectroscopy
(XPS), electron energy loss spectroscopy, X-ray absorption near edge structure spectroscopy,
synchrotron radiation-based total reflection X-ray fluorescence analysis combined with
near-edge X-ray absorption fine structure spectroscopy (TXRF-NEXAFS), and some others.
The first three of these methods are the most common and, when used together, provide
information on interatomic bonds in the film’s material and its local chemical structure.

The elemental composition of films is significantly affected by the method of gas-
phase activation. As a result of the thermal decomposition of TMAB, the boron content
in the films is high, while the nitrogen content is negligible. Using PECVD processes
significantly decreases the boron content and increases the content of carbon and nitrogen.
The films, prepared by LPCVD and PECVD from the TMAB + He mixture at 723 K, had the
compositions of B0.72C0.23N0.04O0.01 and B0.33C0.46N0.21O0.01, respectively [37]. The authors
also reported on the effect of the type of additional gases, such as H2, He, N2, and NH3,
the partial pressure of ammonia, and the substrate temperature on the composition of the
deposited films. In the work [36], the BCxNy films deposited by LPCVD method at 973 K
were characterized by XPS and TXRF-NEXAFS. The composition of the films produced
from TMAB and its mixtures with He and N2 is close to a B–C bond containing compound
with an atomic relation of [B]:[C] = 1:1. The addition of ammonia led to an increase in the
nitrogen content in the films and the formation of a compound with an atomic ratio of
[B]:[C]:[N] = 1:1:1.

For BCxNy films deposited by the PECVD method at 673 K [37], the introduction
of ammonia reduces the carbon content, increases the nitrogen content, and leads to the
formation of B–N bonds.

All authors note the presence of oxygen in the films. Its content is highly dependent
on the method of film formation. In LPCVD films, the oxygen content is equal to 1–4 at.%.
Films deposited in plasma-stimulated processes have an oxygen content up to 15 at.% and
up to 51 at.% in the case of RF PECVD and MW PECVD, respectively (Table 1).

Despite the above-mentioned studies with respect to the use of mixtures of TMAB with
He, H2, and NH3, there is a lack of systematic data concerning the influence of nitrogen
addition on the properties of BCxNy films. There are several works on the use of the
TMAB + N2 mixture in the MW PECVD process [41]. Ammonia is most often used to
introduce nitrogen into films. It is known that nitrogen is less reactive from these two
nitrogen-containing gases, due to the stronger N≡N than N–H binding [42]. However, the
advantage of nitrogen is the absence of hydrogen in its molecule [43].

As can be seen from Table 1, the authors paid attention to the study of the mechanical
properties (hardness and Young’s modulus) and the optical ones (refractive index and
transmittance) of BCxNy films. The maximum hardness value of 34 GPa was obtained for
LPCVD films using TMAB + He mixture. The refractive index can be varied over a wide
range from 1.6 to 2.8 by varying the films’ composition. Highly transparent films can be
obtained in the RF PECVD processes using TMAB + NH3 mixture. It should be emphasized
that information on the values of the optical band gap, wettability, and surface free energy
is absent for films deposited using TMAB.

The present paper focuses on the investigation of a synthesis of BCxNy films by LPCVD
and RF PECVD methods using the TMAB+N2 initial mixture and on the study of the types
of chemical bonds in films and physical properties depending on the chemical structure. In
the present work, the synthesis temperature was chosen as a variable parameter.

2. Materials and Methods

BCxNy films were obtained on polished n-type Si(100) substrates, n-type phosphorus-
doped Si(100) substrates with a resistivity of 4.5 Ω·cm, with a thickness of 470 µm and an
area of 1.0 × 1.0 cm2, by two methods such as LPCVD and RF PECVD (13.56 MHz, 50 W)
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using the equipment presented in [44]. Trimethylamine borane (CH3)3N·BH3 (TMAB) (97%
pure, Sigma-Aldrich, Merck Ltd., Darmstadt, Germany) thermostated at a temperature
of 273 K was a source of B, C, and N. Nitrogen gas of high purity was used as a reagent
gas. The ratio of partial pressures of TMAB to nitrogen was PTMAB:PN2 = 1:1. The value of
the base pressure in the reactor chamber was 4 × 10−3 Torr. The variable parameter was
the temperature in the substrate zone (Tdep), which varied in the ranges of 673–973 K and
373–873 K for films obtained by the LPCVD and PECVD methods, respectively. The repro-
ducibility of the deposition processes was confirmed by a series of parallel experiments.
Immediately before the synthesis of the films, the substrates were degreased successively
in trichloroethylene and acetone, then etched successively in ammonia-peroxide, in hy-
drochloric acid-peroxide solutions, and in concentrated hydrofluoric acid, according to the
standard procedure. Fused silica plates were used as substrates for the UV-Vis transmit-
tance study. For them, only the degreasing procedure was carried out. Degreasing and
each stage of substrate etching ended with washing with deionized. Finally, the substrates
were dried in a nitrogen flow at 353 K.

The elemental composition of the films was determined by X-ray energy dispersive
spectroscopy (EDX) using a JSM-6700F (Jeol, Tokyo, Japan) scanning electron microscope
(SEM), with a Quantax 200 (Bruker, Berlin, Germany) EDX attachment at an accelerating
voltage of 3 keV [45]. The surface morphology of the films was studied using SEM. The
topology of the samples was studied using a Ntegra Prima II atomic force microscope
(AFM) (NT-MDT, Zelenograd, Russia) in the semicontact mode. An HA_NC (A) probe was
used with the following parameters: probe length of 123 µm, width of 34 µm, thickness of
3 µm, curvature radius of 10 nm, force constant of 17 N/m, resonant frequency of 230 kHz.
The calculation of the root mean square surface roughness (RMS) was carried out using the
Nova SPM software according to the standard ISO 4287-1.

X-ray diffraction patterns of the samples were recordered on a Bruker D8 Advance
diffractometer (Bruker, Berlin, Germany) using CuKα radiation with LYNXEYE XE-T linear
detector in the range of 2θ = 5–65◦ with 2θ step of 0.03◦ at an accumulation of 5 s per point.

The thickness d and refractive index n of the films were calculated using data of
monochromatic ellipsometry using an LEF-3M (Instrument-making plant, Feodosiya, USSR)
scanning null laser ellipsometer equipped with a He-Ne laser (λ = 632.8 nm). The measure-
ments were carried out at 5 incidence angles: 50◦, 55◦, 60◦, 65◦, and 70◦. The thickness of
the films obtained by the PECVD method at Tdep = 573–873 K was estimated from the SEM
micrograph of a cross-section of the BCxNy/Si(100) structure. The error in determining n
was 0.02–0.04.

The chemical structure of the films was studied using Fourier transform infrared
(FT-IR) spectrometry in absorption mode with a SCIMITAR FTS 2000 spectrometer (Digilab,
Hopkinton, MA, USA). The spectral range between 375 and 4000 cm−1 was probed with a
resolution of 2 cm−1. A Si(100) substrate after standard chemical treatment was used as a
reference sample. In order to compare the peaks’ intensities, the absorbance values were
normalized by each film’s thickness.

The Raman spectra of the films were obtained on a LabRAM HR Evolution Raman
spectrometer (Horiba, Kyoto, Japan), equipped with a liquid nitrogen-cooled Symphony II
CCD detector, in backscattering geometry (Ar laser, λ = 514.5 nm).

UV—Vis transmission spectra were recorded using a Shimadzu UV-3101PC scanning
spectrophotometer (Shimadzu, Kyoto, Japan) in the wavelength range of 190–2200 nm.
Ellipsometric measurements of LPCVD BCxNy films were performed on an ELLIPS-1991
spectral ellipsometer (ISP SB RAS, Novosibirsk, Russia) at a light incidence angle on the
sample of 60◦. The inverse problem of ellipsometry was solved using the Forouhi-Bloomer
dispersion model [46]. As a result, the spectra of the refractive index and the extinction
coefficient were obtained depending on the wavelength. The values of the optical band gap
were estimated using spectrophotometry and spectral ellipsometry data. The values of the
optical band gap were estimated from Tauc’s plot using the equation αhν = A(hν − Eg)2,
where h is the Planck constant, ν is the vibration frequency [47]. The absorption coefficient
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α was calculated using formulas α = 1/dln(1/T) and α = 4πk/λ for spectrophotometry and
ellipsometry measurements, respectively.

The study of the chemical composition of the surface of LPCVD films was carried out
on a photoelectron spectrometer (SPECS Surface Nano Analysis GmbH, Berlin, Germany).
The spectrometer is equipped with a PHOIBOS-150-MCD-9 hemispherical analyzer, an XR-
50 source of X-ray characteristic radiation with a double Al/Mg anode. The characteristic
radiation Al Kα (hν = 1486.6 eV) was used to record the spectra. To take into account the
charging effect of the samples, the C1s spectra of carbon contamination (Eb = 284.8 eV) were
used; this peak corresponds to carbon forming C=C/C–H covalent bonds. The relative
concentrations of elements were determined based on the integral intensities of XPS lines,
taking into account the photoionization cross-section of the corresponding terms [48]. For a
detailed analysis, the spectra were decomposed into individual components. Accordingly,
after subtracting the background by the Shirley method, the experimental curve was
decomposed into a series of lines corresponding to the photoemission of electrons from
atoms in various chemical environments. Data processing was carried out using the
CasaXPS 2.3.24PR1.0 software package. The shape of the peaks was approximated by a
symmetric function obtained by multiplying the Gauss and Lorentz functions.

For PECVD films, the measurements were carried out on a FLEXPS X-ray photoelec-
tron spectrometer (Specs, Berlin, Germany) with a Phoibos 150 electron energy analyzer
and a DLD electron detector. The spectra were excited by monochromatic Al Kα radiation.
The analyzer transmission energy is 20 eV. The vacuum in the system is ~7.5 × 10−11 Torr
The electron energy was calibrated with respect to the copper line Cu2p3/2 = 932.6 eV. The
spectra were calibrated using the C1s internal standard of carbon (Eb = 284.8 eV). The
element concentration was calculated from the area of the peaks, taking into account the
electron photoionization cross-section and the electron mean free path. The approximation
of a uniform distribution of elements at the depth of analysis was used. The depth of
analysis was estimated based on the exponential decay of the signal with respect to depth
and was 3λ, where λ is the electron-free path without inelastic collisions. The value of λ
was calculated using the TPP2M formula [49] and lies in the region of 3.2–2.6 nm for the
B1s, C1s, N1s, and O1s lines.

The contact angles on the films were measured using an OCA 15 PRO device (Dat-
aphysics, Filderstadt, Germany) equipped with a measuring video system with a USB
camera and a high-aperture measuring lens with an adjustable viewing angle. All measure-
ments were performed under standard conditions in a thermostated box (T = 298 ± 2K and
p = 750 Torr). The needle diameter was 0.51 mm. Distilled water and diethylene glycol
(DEG) were used as test liquids with different polarities. The droplet volume was constant
and equal to ~1.5 µL. The contact angles (CA) were measured in the sessile drop mode.
The drop profile shape of the samples was determined in two ways: the Young-Laplace
method and the ellipse approximation method. The final values of the contact angles
were calculated as the average of three measurements. The calculation of the surface free
energy (SFE) was carried out using two methods: the Newman (equations of state) [50]
and Owens-Wendt [51]. Additional detailing of the SFE characteristics of the samples
with the calculation of the polar and dispersive components was carried out using the
Owens-Wendt method.

The microhardness (H), Young’s modulus (E), coefficient of elastic recovery (R) of the
BCxNy films, as well as the adhesion of the films to the Si(100) substrate were determined
using nanoindentation measurements and sclerometry test according to ISO 14577 with
scanning nano-hardness tester NanoScan-3D (TISNCM, Troitsk, Moscow, Russia). The
procedure for measuring and calculating the values of the mechanical properties of films is
given in [52].

The applied load was gradually increased from 1 to 70 mN. Each sample was probed
at 10 different locations. Average values of both hardness and elastic modulus were
calculated from the curves of the dependence of load from penetration depth with the
method proposed by Oliver & Pharr. The dependence of the effective hardness of the



Appl. Sci. 2023, 13, 4959 7 of 27

“film-substrate” system on the depth of the indenter penetration was analyzed. The
obtained dependence was approximated using Korsunsky’s model [53] for averaging the
experimental data and determining the film’s hardness without the substrate influence.
The typical dependences of hardness and Young’s modulus on the indentation depth for
the BCxNy sample are shown in Figure S1.

The adhesive strength of the film was evaluated by scratching the sample surface
with a pyramidal indenter of the Berkovich type forward with the edge and the face of the
indenter at a continuously increasing load from 0.1 to 100 mN. The AFM method was used
to control the residual trace topology after the scratching test.

3. Results and Discussion

The growth of BCxNy films using both LPCVD and PECVD techniques was inves-
tigated by studying the role of a type of CVD processes and deposition temperature on
the deposition rate, surface morphology, elemental composition, chemical bonding state,
optical, mechanical properties and wettability of the as-grown films. Trimethylamine
borane, which contains all necessary elements for BCxNy film formation was used as a
single-source precursor. The additional gas was nitrogen.

3.1. Film Deposition Rate

Figure 1 shows the dependencies of the film growth rate on the deposition temperature.
In the case of LPCVD films, it increases almost linearly from 1.7 to 6.6 nm/min with an
increase in Tdep from 673 to 973 K. These values are comparable with the data of [54] where
the growth rate was 3.4–7.9 nm/min. The growth rate of LPCVD films obtained from a
mixture of dimethylamine borane and ammonia increased from 0.3 to 4.0 nm/min with an
increase in the synthesis temperature from 633 to 773 K [55].
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Figure 1. Dependence of the film growth rate on the deposition temperature in LPCVD and
PECVD processes.

In the case of PECVD films, the curve consists of two sections as Tdep increases from 373
to 523 K, the deposition rate sharply decreases from ~18 to ~5 nm/min, and at temperatures
of 523–873 K it reaches a constant value. It should be noted that the use of TMAB + NH3
mixture in similar PECVD process led to lower deposition rates (1–6 nm/min) [38]. The use
of dimethylamine borane with ammonia leads to even lower rates (0.5–3.5 nm/min) [56].

3.2. Film Surface Morphology, Topology, and Structure Study

All synthesized films were continuous and uniform. As can be seen from the SEM
images presented in Figure 2, the surface of LPCVD films consists of spherical particles
20–40 nm in size and does not change significantly with Tdep in the studied temperature
range (Figure 2a). In contrast to them, significant changes in the surface morphology of
PECVD films were noticed with the synthesis temperature increasing. The surfaces of
films obtained at Tdep = 373–473 K are smooth, homogeneous, and without any features
(Figure 2b). There are rounded particles on the film surface synthesized at Tdep = 523 K
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(Figure 2c). With a further increase in temperature to 673 K, the formation of nanowalls,
uniformly distributed over the area of the sample, is observed. [57] (Figure 2d–f). The SEM
image of the cross-section of such a structure is shown in Figure 2f. In this work, we limited
ourselves to studying the physicochemical and functional properties of smooth films only;
films consisting of nanowalls will be the object of study in another work.
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images of PECVD films deposited at different temperatures: (c) 523 K, (d) 573 K, (e) 673 K. (f) Cross-
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Figure 2. The typical SEM images for (a) LPCVD film and (b) PECVD films (Tdep = 373–473 K).
SEM images of PECVD films deposited at different temperatures: (c) 523 K, (d) 573 K, (e) 673 K.
(f) Cross-section image of BCxNy/Si(100) structure, Tdep = 673 K.

Figure 3a–c shows the AFM images of the surface of the LPCVD films. The root-
mean-square (RMS) roughness of films deposited at 673, 873, and 973 K is 0.21, 1.33, and
1.54, respectively. The PECVD film obtained at Tdep = 523 K has RMS equal to 1.64 nm
(Figure 3d). The data indicates the formation of smooth films.
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Previously, we studied the temperature dependence of the RMS roughness of PECVD
BCxNy films deposited using a mixture of trimethylborazine and nitrogen. The roughness
varied from 0.5 to 2.6 nm with an increase in Tdep from 373 to 973 K [58]. Other authors [55]
observed the same trend for LPCVD BCxNy films. An increase in the RMS roughness from
0.3 nm to 0.5 nm with an increase in temperature from 633 K to 773 K was found for films
deposited using a mixture of dimethylamine borane and ammonia.

Figure S2 shows the X-ray diffraction patterns of Si(100) substrate, the 190 nm thick
film deposited at Tdep = 973 K and the 270 nm thick film deposited at Tdep = 523 K by
LPCVD and PECVD, respectively. XRD patterns of films are similar to those of the substrate.
They contain no reflexes, which indicates the amorphous nature of these films. The only
peak at 2θ = 33◦ corresponds to the Si(200) forbidden reflection of a substrate [59]. In other
studies [40,41], BCxNy films deposited from TMAB were also found to be amorphous.

3.3. Films’ Composition and Chemical Bonding State

The quantitative compositional information on the surface and volume of a layer is a
basic measurement of importance to the design and performance diagnosis of thin films.
The films’ compositions were evaluated using analysis methods such as energy dispersive,
Raman, FTIR and X-ray photoelectron spectroscopy.

3.3.1. EDX Spectroscopy Data

The EDX spectra confirmed the presence of boron, carbon, nitrogen, and oxygen. Ex-
perimental chemical maps based on EDX data show uniform elemental distribution over the
sample’s site. Figure 4 shows the data for two films obtained by LPCVD (Tdep = 973 K) and
PECVD (Tdep = 373 K) and having B0.67C0.24N0.08O0.01 and B0.22C0.36N0.19O0.24 compositions,
respectively.
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Figure 4. SEM-EDX elemental mapping of BCxNy films synthesized by (a) LPCVD and (b) PECVD
methods from TMAB+N2 mixture at 973 K and 373 K, respectively.

Figure 5 presents the change in the elemental composition of both LPCVD and PECVD
films with increasing Tdep. The composition of LPCVD films smoothly changes from
B0.80C0.14N0.04O0.02 to B0.67C0.24N0.08O0.01 for the temperature interval from 673 K to 973 K,
at this [N]:[B] equal to 0.05–0.01 in these films is two orders of magnitude lower than in
the used precursor. Meanwhile, the using a mixture of TMAB with ammonia (PTMAB:PNH3
= 1:1) at Tdep = 973K led to the formation of a film with [N]:[B] close to 1 [36,54] (Table 1),
which indicates the inertness of nitrogen compared to ammonia in the process.
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(b) PECVD methods using TMAB + N2 mixture.

It should be noted that all LPCVD films exhibited a small concentration of oxygen
which varied within 1–2 at.%. As the temperature rises, the boron content decreases and
the carbon and nitrogen contents increase. A similar trend was found in the synthesis of
LPCVD BCxNy films from a mixture of triethylamine borane and ammonia. The authors
of [60] explained the increase in carbon content at high temperatures by the decomposition
of triethylamine molecules into nitrogen and hydrocarbons with a further decomposition of
the latter. According to [55], as the substrate temperature increased, the boron concentration
also decreased while the nitrogen and carbon concentrations increased for LPCVD BCxNy
films deposited from a mixture of dimethylamine borane and argon.

A high percentage of the boron content suggests that the composition of these films
is close to boron carbide, the stoichiometry of which can vary within the interval of B4C–
B10.1C [8–10]. In our case, the [B]:[C] ratio changes from 5.7 to 2.8. It can be assumed
that high-temperature films also contain carbon as an elementary phase, which will be
confirmed later by Raman spectroscopy.

Plasma-stimulated processes can significantly reduce the film deposition temperature.
The Tdep in this case lies in the interval from 373 K to 873 K. The contents of boron and
nitrogen in the films synthesized up to Tdep = 573 K increase almost linearly from 22 to
39 at.% and from 19 to 40 at.%, respectively (Figure 5b). While the contents of carbon
and oxygen decrease from 36 to 12 at. % and from 24 to 13 at.%, respectively. For the
high-temperature films (Tdep > 573 K), the boron content practically does not change, [C]
increases to 25 at.%, while [N] and [O] slightly decrease. Based on the previously obtained
data on decomposition of organoboron compounds in the PECVD processes, it can be
assumed that the increase in the carbon content can be associated with the deposition of
graphite-like carbon [38,61]. The ratio of boron to nitrogen in PECVD films is approximately
equal to 1, which corresponds to their ratio in the precursor. The high oxygen content in
these films should be noted. In this regard, it is more correct to describe the films obtained
in PECVD process as BCxNyOz. Oxygen contamination may originate from several sources:
(a) not a high vacuum in the reactor chamber of our CVD set-up; (b) the reactions of
dangling bonds in the surface layer with atmospheric oxygen or moisture, which may
occur after the film exposure to the ambient environment; (c) the etching of the quarts
walls of the reactor with the highly reactive species during plasma activated process which
resulting in incorporation of the oxygen-containing products into the growing film. It
should be emphasized that the method of activation of the gas phase, such as thermal and
plasma-stimulated, has a significant effect on the oxygen content in the films. There is the
slight oxygen contamination in the LPCVD BCxNy films, while in the PECVD films the
oxygen content is much higher and its concentration decreases with increasing synthesis
temperature. A similar trend for BCxNy films was obtained in PECVD processes with
trimethylamine borane [26] and triethylamine borane [62]. In the case of PECVD processes
during the decomposition N-trimethylborazine and N-triethylborazine, the oxygen content
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in films increased with a decrease in the temperature of the synthesis and the addition of
ammonia in the initial gas mixture [63,64]. It was observed in [41] that a decrease in plasma
power during MW PECVD with TMAB led to an increase in oxygen content.

3.3.2. FTIR Spectroscopy Data

The FTIR absorption measurements were performed in order to investigate the effect
of synthesis conditions on the chemical structure changes of the prepared films.

The interpretation of the IR spectra of the films was carried out using the literature
data. It is known that single crystal and polycrystalline rhombohedral B4C have bands
at 1090 cm−1 and 1580 cm−1 [65]. The first of them is assigned to B–C vibrations in B11C
icosahedra, while the second one corresponds to vibrations of C–B–C chains connecting
the icosahedra to each other. There is a series of vibration bands of lower intensities in
the region of 700–880 cm−1 in the IR spectrum of a crystalline B4C [66]. The IR spectrum
of amorphous boron carbide has a band at 1100 cm−1 that is shifted to 1200 cm−1 for
carbon-rich a-BCx films [67]. It is known that in the spectrum of the crystalline h-BN there
are bands of in-plane vibrations of boron and nitrogen atoms (B–N) (ν|| = 1367 cm−1), the
frequency and shape of which depend mainly on the deformation of the basal planes, and
out-of-plane vibrations of atoms in the B–N–B lattice (ν⊥ = 783 cm−1), the parameters of
which are determined mainly by the nature of the layer packing [68]. In turbostratic and
amorphous BN, there is a low-frequency shift of the band corresponding to out-of-plane
vibrations [69]. The C–N bands have an absorption in the interval of 1250–1360 cm−1.
There is a band of C=N/C=C bond vibrations near 1600 cm−1. Besides, the band of N-H
deformation vibrations lies at 1630 cm−1. Since there are hydrogen-containing bonds in the
precursor, their presence is also possible in the films. B–H stretching vibrations, due to BH
or BH2 groups, produce a band at about 2530 cm−1. The bands between 3300–3500 cm−1

can be attributed to O–H bond stretching vibrations in water and B–OH. N–H stretching
band in NH and NH2 groups is also observed in this area (3200–3500 cm−1). The bands in
the interval of 2800–3000 cm−1 are caused by stretching vibrations of C–H bonds in CH3
and CH2 groups [70]. The absorbance bands associated with boron oxide appear in the
IR-spectra at 1420 cm−1 (B–O stretching), 1280 cm−1 (B–O deformation), and 724 cm−1

(B–O deformation) [71]. Due to reaction with atmospheric moisture, amorphous boron
oxide contains B–OH groups, which have a peak around 3230 cm−1 in the IR spectrum [72].

The evolution of FTIR spectra of the LPCVD samples is shown in Figure 6a. The spec-
trum of trimethylamine borane is also shown at the bottom of the Figure for comparison.
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Comparison of the precursor spectrum and the spectra of the films shows that the
initial compound almost decomposed forming BCxNy films. The spectra of these films
are represented by a wide band in the region of 660 to 1540 cm−1, the maximum of which
gradually shifts from 1150 to 1250 cm−1 with increasing Tdep from 673 to 973 K, respectively.
The observed wide absorption band is the typical one for BCx films [52]. Considering that
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the composition of the films varies from B0.80C0.14N0.04O0.02 to B0.67C0.24N0.08O0.01 the main
elements in all LPCVD films are boron and carbon. Based on these data, it can be assumed
that the chemical structure of these films is close to that of boron carbide. It should be
mentioned that this band can also include B–N and C–N vibrations, taking into account
the content of nitrogen (4–8 at.%) in the films. The shift of maximum, large width, and the
shape of the main band are typical for amorphous or highly disordered (possibly due to
nitrogen and oxygen) BCx materials. It should be noted that the intensity of the main peak
increases significantly with increasing the synthesis temperature. FTIR spectra of films
deposited in the temperature region of 673–923 K have also a band of about 2530 cm−1

which corresponds to B–H bonds. This band is not in the spectrum of film obtained at
973 K. The presence of the absorption bands ascribed to the hydrogenated groups such as
C–H, N–H or O–H is not clearly confirmed in the spectra.

Figure 6b shows Raman spectra of LPCVD films deposited at different tempera-
tures. The spectra of the samples contain signals from the Si(100) substrate (520 cm−1,
950 cm−1) [73]. The Raman spectrum of the film with a composition of B0.80C0.14N0.04O0.02
deposited at 673 K exhibits a feature at 1140 cm−1 which is characteristic of boron car-
bide [74]. The broadening of this band indicates the high amorphous and disordered
character of the BCx film. Considering the film synthesized at 973 K, its Raman spectrum is
typical of amorphous carbon and exhibits significant red-shift of the G and D peaks. Shift
and broadening of these peaks indicate the amorphization and a decrease in the size of
carbon particles [75].

Figure 7a presents the evolution of the FTIR absorption spectra of PECVD BCxNyOz
films deposited in the temperature range of 373–673 K. The spectra of low-temperature
films (373–523 K) differ from those of film obtained at 673 K, which is consistent with the
difference in their elemental composition.
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Figure 7. Evolution of (a) FTIR spectra and (b) Raman spectra of BCxNyOz:H films obtained by
PECVD methods using TMAB + N2 mixture.

The spectra of low-temperature films have the dominant band in the region of 1250 to
1770 cm−1. The intensity of the band increases and its maximum shifts from 1405 to 1386 cm−1

with increasing Tdep. This band can be associated with in-plane vibrations of the B-N bonds
in hexagonal BN. It should be noted that these peaks are wide, so the films should include
complex chemical components and states. In this region, there are the bands corresponding
to C–N, C=N and/or C=C stretching vibration modes. With an increase in the deposition
temperature, a band also appears at about 800 cm−1 due to out-of-plane vibrations of the
B–N–B bonds in h-BN. Thus, it can be assumed that the chemical structure of the PECVD films
is close to that of h-BN. The spectra also contain a broad low-intensity band with a maximum of
1100 cm−1, which corresponds to vibrations of the B–C bond. Hydrogen-containing bonds are
represented by N–H (3010–3700 cm−1) and C–H (2810–3000 cm−1) groups. The latter disappear
with increasing film growth temperature. All the features besides the bands correspond to
vibrations in h-BN and practically vanish for films obtained at higher deposition temperatures,
as demonstrated by the spectrum of the PECVD film of Tdep = 673K.
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Taking into account the EDX data on the presence of oxygen in the PECVD films, it is
necessary to consider the presence of the B–O bonds (1420–1470 cm−1 and 1263 cm−1) and
B–OH groups (3230 cm−1) [73,76,77].

Raman spectra (Figure 7b) for PECVD films contain no features in the region of the G
and D bands. Increasing the deposition temperature and the nitrogen content in the films
lead to the increase of the luminescence background in Raman spectra.

3.3.3. XPS Analysis

X-ray photoelectron spectroscopy was employed to understand the chemical bonding
and composition of the near-surface layer of BCxNy films. Three samples of LPCVD films
deposited at temperatures of 673, 873, and 973 K were analyzed. In the survey spectra of all
the studied films, peaks of the elements such as B, C, N, and O were observed. The content
of other elements in the films is below the detection limit of the XPS method. Table 2
presents the atomic ratios and the relative concentrations of elements in these films. With
an increase in the synthesis temperature, the content of boron decreases, and the content of
nitrogen and carbon increases. A similar trend in the change in the film composition was
found by the EDX method.

Table 2. Atomic ratios of elements and elemental composition of LPCVD BCxNy films from the
XPS data.

Tdep, K [C]/[B] [N]/[B] [O]/[B]
Elemental Composition, at.%

B C N O

673 0.44 0.07 0.20 59 26 4 12
873 0.61 0.10 0.21 52 32 5 11
973 0.77 0.13 0.25 46 36 6 12

Information on the chemical structure of the BCxNy films was obtained from the
analysis of the B1s, C1s, N1s, and O1s core-level spectra, which were fitted into components
(Figure 8). The significant width and asymmetric shape of the recorded photoelectron
lines indicate the non-uniform chemical environment of the atoms of boron, carbon, and
nitrogen. These lines have a complex structure and are a superposition of four or more
components with different contributions. The assignment of each component to certain
types of bonds is taken from the literature.

Figure 8a depicts the change of the binding energy of the B 1s level depending on the
chemical environment. The B 1s peak is a superposition of at least four components. For all
LPCVD samples, the main components at 188.0 eV and 189.0 eV correspond to “boron-rich”
and “carbon-rich” boron carbides [3,78]. By increasing the deposition temperature to 973 K,
significant changes in their ratio were noticed. Simultaneously, the maximum of B 1 s peak
shifts towards higher binding energies. Another component with an energy of 189.9 eV can
be interpreted as a hybrid bond B–CnN3–n [79,80]. The low-intensity component at 190.9 eV
corresponds to B-N bonds in the h-BN compound [81]. Since the binding energies of B 1s
in the B2O3 compound are 192.0–193.7 eV [82], the component with an energy of 191.9 eV
can be interpreted as hybrid bonds B–C(N)nO3–n. Table 3 lists the film composition and
the binding energies for the B 1s line and the fraction of boron states in different chemical
environments.
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Table 3. Fine structure of B1s spectra of the LPCVD BCxNy films deposited at different temperatures.

Bonding
Structures

Position, eV
Area, %

Tdep = 673 K Tdep = 873 K Tdep = 973 K

B–B/B–C in B4C 188.0 56 28 13
B–C in BCx 189.0 32 53 58
B–CnN3–n 189.9 8 12 21
B–N in h-BN 190.9 3 6 5
B–(C/N)nO3–n 191.9 1 1 3

Figure 8b presents the C1s peaks with a complex fine structure. The main component
peak, located at 284.8 eV, corresponded to the graphitic sp2 C=C bonds. The intensity
of this line increases with increasing deposition temperature. According to the Raman
spectroscopy data for high-temperature films, it can be assumed that amorphous carbon is
included in the structure of these films. It should be noted that surface carbon impurities,
which are characterized by the presence of C–C and C–H bonds, have a close value of the
binding energy. The components at lower binding energies are assigned to the formation of
boron carbide bonds in the forms of B4C (282.5 eV) and BCx (283.3 eV) [79]. The spectra
also exhibit weak peaks with binding energy near 286.3 eV, corresponding to the formation
of C–N bonds in C–NnB3–n hybrid bonding [79]. In addition, the C1s spectra show several
weak peaks with a binding energy in the region of 286.9–289.0 eV, the presence of which
is determined by the formation of oxygen-containing bonds (alcohol, carboxyl, carbonate
groups) [83]. Table 4 shows the binding energies of the C1s peaks, as well as the proportion
of different states of carbon (%).
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Table 4. Fine structure of C1s spectra of the LPCVD BCxNy films deposited at different temperatures.

Carbon State Eb, eV
Area, %

Tdep = 673 K Tdep = 873 K Tdep = 973 K

C–B in B4C 282.5 16 20 24
C–B in BCx 283.3 11 16 16
sp2 C=C/C–H 284.8 57 50 45
C–NnB3–n 286.3 8 5 6
C–(N/B)nO3–n/C–O 286.9 4 4 3
C=O 287.9 1 2 2
HO–C=O 289.0 3 3 4

Figure 8c shows the N1s spectra of the studied films. According to the literature data,
the values of the binding energies for nitrogen included in the h-BN and BCxNy structure
lie at 398 eV [31,80,81,84] and 398.7–399.3 eV [80,85], respectively. In the case of nitrite and
nitrate groups, even higher binding energies of the N1s peak are observed in the region of
401–403 eV [40,86]. These ranges were chosen to create a model describing the structure
of the N1s spectra. Table 5 shows the binding energies of the N1s peaks, as well as the
proportion of one or another state of nitrogen (%).

Table 5. Fine structure of N1s spectra of the LPCVD BCxNy films deposited at different temperatures.

Nitrogen State Eb, eV
Area, %

Tdep = 673 K Tdep = 873 K Tdep = 973 K

N–B in h-BN 397.8 29 62 73
N–BnC3–n 399.4 36 26 18
N–(B/C)nO3–n 400.9 22 9 8
N–On 402.3 13 3 1

XPS study of the PECVD film deposited at 523 K was carried out, and its composition
was determined as B0.30C0.27N0.29O0.14. Figure 9 represents the 1s core level spectra of
boron, carbon, nitrogen, and oxygen. The curves of the B1s, C1s, N1s, and O1s peaks were
fitted. The B1s spectrum exhibits at least four components centered at 189.1, 190.0, 190.9,
and 192.0 eV which corresponds to the contribution from B–C in BCx, B–CnN3–n, B–N in
sp2 BN, and B–(C/N)nO3–n bonds, respectively.

The C 1s spectrum was deconvoluted into six peaks at 283.1 eV (C–B bonds), 284.5
eV (sp2 carbon), 286.0 eV (C–NnB3–n bonds), 286.9 eV (C–O/C–(N/B)nO3–n), 287.8 eV and
288.7 eV (C=O bonds arising from surface functional groups). Deconvolution of the N1s
signal resulted in three component peaks corresponding to sp2 N–B (398.4 eV), N–BnC3–n
(399.5 eV) and N–(B/C)nO3–n (400.5 eV), respectively. O1s spectrum was also deconvoluted
into four peaks which are assigned to O=C (530.9 eV), O–B (531.6 eV), O–C (532.5), and
O–H (533.4 eV) bonds, respectively [52,87,88].

In the results of the XPS measurements, the near-surface layer of the LPCVD films is
composed mainly of boron and carbon, the contents of which change from 59 to 46 at.%
and from 26 to 36 at.% in the temperature range of 673–973 K, respectively. The portion of
nitrogen and oxygen does not exceed 6 at.% and 12 at.%, respectively. The dominant bond
in these films is the B–C bond. It should be noted that the composition of PECVD films
varies greatly. In this case, dominant bonds are B–N, hybrid B–N–C (BN3-like configuration)
and oxygen-containing bonds. While B–C bond content is insignificant. The results of the
XPS study correlate well with EDX, FTIR, and Raman spectroscopy data.
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3.4. Functional Characteristics of BCxNy Films

Functional characteristics were studied for smooth LPCVD and PECVD films de-
posited in the temperature interval of 673–973 K and 373–523 K, respectively.

3.4.1. Optical Properties

Ellipsometry and spectrophotometry were used to study the optical properties of
BCxNy films.

As known, the refractive index of h-BN and h-BCxNy is influenced by several factors,
such as the composition of the films, their stoichiometry, the presence of hydrogen and
oxygen-containing bonds, the chemical bond structure, stresses in the films, etc. The
authors [89] reported that h-BN flakes of about 50 µm thickness had n|| = 2.14, n⊥ = 1.84.
For h-BN films, the value of the refractive index, equal to 1.8, is given in the reference [90].
In [91] the refractive index of CVD BN films was measured as a function of the film
composition. Its value ranged in the interval from 1.7 to 2.8 with an increase in the [B]:[N]
ratio from 0.7 to 4, respectively. Thus, this indicates that the boron content in the film
controls the refractive index, and boron-rich films have higher n values. In another study, a
decrease in the refractive index of h-BN films with ratio [B]:[N] = 1:1, but having hydrogen-
containing bonds and B–OH groups, is shown [92]. The presence of boron oxide in the
films also contributes to a decrease in the value of n, since its refractive index is 1.45 (λ = 589
nm) [93]. Known from our previous investigation [31], the refractive index of BCxNy films
deposited by the PECVD method using TMAB + NH3 mixture at substrate temperatures
from 573 to 973 K changed from 1.56 to 2.27, respectively.
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Figure 10 shows the dependences of the refractive index on the substrate temperature.
The n values for LPCVD films change insignificantly with an increase in the synthesis
temperature and lie in the range of 2.41–2.58. Such values are typical for BCxNy films with
very low nitrogen content (Table 1) and BCx films [52].
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process type.

Films obtained in the plasma-stimulated process have much lower values of refractive
index. The values of n increase with increasing Tdep from 1.51 to 1.67. It can be seen that for
each series, this value varies in a narrow range. A difference in the values of the refractive
index for the studied LPCVD and PECVD films can be explained by a significant difference
in their chemical composition with dominant bonds of B–C and B–N, B–C–N, respectively.
According to data [58], with the deposition temperature increase from 373 to 973 K, n was
between 1.52–1.65 for PECVD films obtained in a similar process using the mixture of
N-trimethylborazine and N2. The refractive indexes equal to 1.58–1.65 were determined for
films with a high content of B–N bonds obtained by LPCVD from a mixture of TMAB+NH3
at the high partial pressures of ammonia [36].

The optical properties of the BCxNy/SiO2 structures were studied with UV-Vis-NIR
spectroscopy using a double-beam spectrophotometer. Figure 11a shows the transmittance
spectra in the wavelength range of 190–2200 nm for the films of LPCVD and PECVD
series and the spectrum of a fused silica substrate. The transparency of LPCVD films
is 83–85% in the red and IR range. The PECVD process allows depositing films with
transparency of 92–95% in the visible and IR regions of the spectrum. The absorption edge
of PECVD films is shifted to the short-wave region compared to LPCVD films. Obviously,
this difference is due to the predominance of B–N and B–C bonds in the films, respectively.
In the work [54], a gradual increase in the transparency of BCxNy films and shifting of
the absorption edge to the short-wave region with an increase in the nitrogen content in
these films was demonstrated. On the other hand, the appearance of an additional phase of
disordered amorphous carbon in the films leads to a decrease in their transparency [52,61].
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Figure 11. (a) Transmission spectra for a quartz substrate (1), for PECVD films of 210–250 nm
thickness obtained at Tdep = 373 (2), 423 (3), 473 (4), and 523 K (5); and for LPCVD films of 230–250 nm
thickness obtained at Tdep = 673 (6), 873 (7), and 973 K (8). (b) Temperature dependencies of optical
band gap for the PECVD and LPCVD films. Black rhombs and red circles—spectrophotometric data.
Red asterisks—spectral ellipsometry data.

The values of the optical band gap were estimated from Tauc’s plot [47]. With an
increase in the film synthesis temperature, the band gap of LPCVD films varies in the ranges
of 1.72–1.79 eV and 2.20–2.05 eV according to spectrophotometry and spectral ellipsometry,
respectively (Figure 11b). The difference between the values obtained by the two optical
methods is probably due to the effect of interference fringes on the results of calculations
based on the transmission spectra. The PECVD films exhibit a slight decrease in the values
of Eg from 5.28 to 4.92 eV with a rise in deposition temperature. This difference deals with
variations in their chemical composition. The calculated values of band gaps are in good
agreement with the reported values for BCx and BCxNy films. It is known from the literature
that Eg values of BCx films deposited by magnetron sputtering of the B4C target lie in the
interval of 1.1–2.8 eV [52]. The optical band gap of BCxNy films obtained by different CVD
methods can vary over a wide range. With increasing deposition temperature from 373 to
973 K, Eg values decreased from 4.6 to 1.8 eV and from 4.9 to 1.2 for PECVD BCxNy films
synthesized using mixtures of N-triethylborazine with NH3 and He, respectively [63]. On
the other hand, the Eg value of the C-doped BN films decreased from 5.16 to 4.04 eV with
increasing carbon content, since this contributed to the increase of π bonding originating
from C=C bonds [94].

3.4.2. Wettability

The wetting behavior of the films’ surface was studied depending on the deposition
parameters. The wettability of films was evaluated by measuring the contact angles (CA)
of polar (water) and nonpolar (diethylene glycol, DEG) test liquids, followed by calculating
the surface free energy. The contact angles of wetting were measured in the sessile drop
mode. The profile of a sessile drop on a solid surface was created by numerically solving the
Young-Laplace equation. The parameters derived from this theoretical droplet modeling
method were compared with their respective counterparts from the ellipse fitting method.
The results demonstrate that the ellipse fitting method is in excellent agreement with
the Young-Laplace equation solution (Table 6). The repeatability of measurements is
represented as errors in Table 6, which are less than 5%. It is known, the wetting behavior
of a film’s surface is dependent on both surface topography and surface chemistry. As
shown above, the low-temperature PECVD and all LPCVD films have very low roughness.
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Table 6. Values of wetting contact angles with water and diethylene glycol and surface free energy
for BCxNy films.

Tdep, K

CA(H2O), ◦ CA(DEG), ◦ State
Equation Owens-Wendt Method

Ellipse-
Fitting

Method

The Young-
Laplace

Algorithm

Ellipse-
Fitting

Method

The Young-
Laplace

Algorithm
Es, mN/m Es, mN/m Es

d, mN/m Es
p, mN/m

LPCVD

773 59 ± 3 59 ± 3 12 ± 2 12 ± 2 46 ± 8 47 ± 8 27 ± 5 19 ± 3
823 59 ± 5 60 ± 4 10 ± 2 10 ± 2 46 ± 10 47 ± 10 28 ± 6 19 ± 4
848 63.0 ± 0.6 63 ± 4 17 ± 3 17 ± 3 45 ± 8 44 ± 8 31 ± 5 13 ± 2
873 63 ± 2 63 ± 1 16 ± 3 16 ± 5 45 ± 8 45 ± 9 29 ± 5 16 ± 3
898 63 ± 2 63 ± 2 23 ± 5 23 ± 4 44 ± 10 42 ± 9 29 ± 6 14 ± 3
923 55 ± 3 55 ± 2 12 ± 3 11 ± 2 48 ± 12 48 ± 12 25 ± 6 23 ± 6
973 54 ± 2 53 ± 2 12 ± 2 11 ± 2 48 ± 8 49 ± 8 25 ± 4 24 ± 4

PECVD

473 48 ± 2 48 ± 2 7 ± 1 7 ± 1 51 ± 8 51 ± 8 23 ± 3 28 ± 4
523 54 ± 3 55 ± 4 7 ± 1 5.5 ± 0.7 49 ± 7 48 ± 7 27 ± 4 21 ± 3

Tdep—deposition temperature; CA—contact angle; DEG—diethylene glycol; Es—surface free energy (SFE);
Es

d—disperse component of SFE; Es
p—polar component of SFE.

The angle values given in Table 6 indicate the moderate hydrophilicity of all deposited
films. The water contact angles lie in the region from 59 ± 3◦ to 63 ± 2◦ for LPCVD
BCx-like films deposited at temperatures from 773 to 898 K, respectively. The contact
angle is reduced to 53◦ for films produced at higher temperatures. It should be noted
that, according to the Raman spectroscopy data, these films contain an impurity phase of
amorphous graphite-like carbon. According to the results of the XPS data, the top layer of
LPCVD films contains about 11–12 at.% oxygen. As is known, oxygen-containing groups
can contribute to a decrease in the contact angles. The obtained values of the water contact
angles are consistent with the literature data for BCxNy films deposited by magnetron
sputtering where CA = 50–77◦ [95] and 20.7–54.0◦ [96].

PECVD BCxNyOz films’ wettability experiments showed that the films obtained at
373–423 K degraded upon interaction with the test liquid. Films synthesized at a higher
temperature exhibited hydrophilic behavior (Table 6). The hydrophilicity of these films may
be associated with the presence of NH and oxygen-containing surface functional groups.

3.4.3. Mechanical Properties

The values of hardness and Young’s modulus for LPCVD films obtained in the tem-
perature range of 773–923 K do not change (Figure 12, Table 7) and slightly decrease when
the temperature reaches 973 K. As seen from XPS data (Figure 8), these films are BCx-like
materials with high content of B–C bonds and very low nitrogen content. A decrease in
hardness may be due to the appearance of an additional carbon phase, as can be seen from
the Raman spectra. According to [97], the H and E of crystalline B4C are 25–40 GPa and
441–472 GPa, respectively. The hardness of LPCVD BCxNy films deposited using mixtures
of TMAB + He and TMAB + NH3 was 34 and 10–15 GPa, respectively [34]. The hardness of
films, obtained in the same processes with the use of (C2H5)3N·BH3 +N2+NH3 [60] and
B3N3H3(CH3)3 + C6H5CH3 + NH3 + N2, was 12 and 20 GPa, respectively [98].
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Table 7. Mechanical properties of LPCVD BCxNy films.

Tdep, K Film Composition H, GPa E, GPa R, %

773 B0.80C0.15N0.05O0.00 27.3 ± 3.5 243 ± 25 71
823 B0.77C0.17N0.05O0.01 27.6 ± 3.1 230 ± 16 70
873 B0.75C0.19N0.06O0.01 27.4 ± 4.4 247 ± 28 71
923 B0.70C0.21N0.07O0.02 28.2 ± 3.8 236 ± 21 70
973 B0.67C0.25N0.08O0.00 24.3 ± 4.1 221 ± 26 74

The elasticity index (H/E) is used to determine the elastic limit for surface contact [99].
The plasticity index (H3/E2) describes the material resistance to plastic deformation [100]
and the fracture toughness of a thin solid film [99]. Therefore, these parameters are
important for preventing wear. The coating with optimized H, H/E, and H3/E2 values
is expected to exhibit exceptional wear resistance. Figure 12b presents the temperature
dependencies of elasticity and plasticity indexes of the LPCVD BCxNy films.

The scratch adhesion test was employed to evaluate the degree of adherence between
the BCxNy film and Si(100) substrate. The topology of scratch tracks was studied via an
AFM mode of NanoScan-3D scanning nanohardness tester immediately after the scratching.
It was observed that scratching the LPCVD samples (Figure 13) led to the formation of
local fractures around the scratch’s periphery at certain critical loads during the pyramidal
tip test: Lc1 for the edge-forward orientation and Lc2 for the face-forward orientation.
According to [101], different attack angles correspond to different deformation modes:
the face-forward orientation is close to microcutting while the edge-forward orientation
is closer to plastic extrusion. No significant exfoliation of the films from the substrates
was observed. For films deposited at temperatures of 773–923 K, the values of Lc1 are
28–32 mN, and Lc2 are 21–26 mN (Figure 13f). For high-temperature film (Tdep = 973 K),
the values of Lc1 and Lc2 increase to 49 and 42 mN, respectively. It should be emphasized
that among the studied films, these films have the highest adhesion to the Si(100) substrate.
For comparison, consider the literature data obtained by scratch-test with the Berkovich
indenter. The magnetron sputtered BCxNy films had values of Lc2 equal to 18–30 mN
depending on the films’ composition [102]. In another study, the values of Lc1 = 32 mN and
Lc2 = 25 mN were obtained for the magnetron sputtered BCx-like film; and critical loads for
BCxNy films led in the intervals of Lc1 = 12–57 mN and Lc2 = 8–41 mN [96].
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Figure 13. AFM images of scratch traces for LPCVD BCxNy films deposited at varied temperatures:
(a) 773, (b) 823, (c) 873, (d) 923, and (e) 973 K. Indenter orientations: 1—edge-forward and 2—face-
forward. (f) Temperature dependence of critical loads of LPCVD BCxNy films.

The values of H and E of PECVD films deposited at Tdep = 373–523 K are significantly
smaller than for LPCVD films and equal to 0.76–1.40 GPa and 25–26 GPa, respectively
(Figure 14 and Table 8). It should be emphasized that these hardness values are higher
than that of polycrystalline h-BN powder (H = 0.05–0.6 GPa) [103]. A significant decrease
in the values of H and E compared to LPCVD films is associated with the dominance of
“softer” sp2 B–N and sp2 B–C–N bonds and a smaller number of B–C bonds [3,104,105].
The presence of hydrogen- and oxygen-containing bonds also contributed to the decrease
in values of mechanical performances [52]. The elasticity and plasticity indexes (Figure 14b)
and recovery (Table 8) are also significantly lower than those of LPCVD films.
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Table 8. Mechanical properties of PECVD BCxNyOz films.

Tdep, K Film
Composition H, GPa E, GPa R, %

373 B0.23C0.37N0.18O0.22 0.8 ± 0.2 26 ± 4 18.6
423 B0.22C0.30N0.22O0.26 0.9 ± 0.2 24 ± 6 20.1
473 B0.32C0.21N0.29O0.18 1.2 ± 0.3 27 ± 5 26.5
523 B0.38C0.12N0.34O0.16 1.4 ± 0.3 26 ± 4 28.2

The adhesion of the PECVD BCxNyOz films to the Si(100) substrate was evaluated
by a scratch test under the same conditions as for LPCVD films (Figure 15). It should be
noted that due to the low mechanical properties of these films, the indenter reaches the
substrate almost at the beginning of the scratch under loads Lc1 and Lc2. Wherein scratching
PECVD films, at both angles of penetration of the indenter (edge- and face-forward), no
delamination of the film material is observed, but only its extrusion occurs. Such a reaction
to the penetration of an indenter is characteristic of soft films, which are the studied PECVD
samples. Based on the scratch behavior of the PECVD coating, it can be assumed that the
interfacial shear stress with the silicon substrate is less than the shear strength of the film
itself as a softer component.
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4. Conclusions

For experimental realization, we synthesized amorphous BCxNy films by decomposi-
tion of the mixture of trimethylamine borane and nitrogen (PTMAB:PN2 = 1:1) using both
LPCVD and PECVD processes at 673–973 K and 373–523 K, respectively. Various processing
temperatures were used to study the effect of temperature on BCxNy films’ properties. It
should be emphasized that the type of activation of the gas phase (thermal or plasma) has
a significant effect on the composition of the synthesized films. The composition of films
deposited by the LPCVD method close to BCx with very low nitrogen concentration. In
contrast to the LPCVD films where B–C bonds were dominant, the PECVD films have
BCxNyOz:H composition and a complex chemical structure. The broad bands of the XPS
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spectra suggest that the films are composed of different B–N and B–C–N bonds in forming
the sp2 B–C–N atomic hybrid configuration. Thus, the deposition technique offers the
ability to control the films’ properties.

The films deposited by LPCVD exhibit the highest hardness, about 28 GPa, and the
highest elastic modulus, about 243 GPa. This fact could be explained by the high amount
of B–C bonds. The increase in the nitrogen content in the films, which was achieved using
the PECVD method, dropped sharply the values of mechanical properties.

The highly transparent films with a transmittance of up to 95% were obtained only
in the PECVD process. The values of the refractive index and optical band gap are also
sensitive to the preparation method of the films. The LPCVD films had higher refractive
indexes and lower optical bandgaps.

According to our experimental results of the decomposition of the TMAB + N2 mix-
ture, we can recommend the use of the LPCVD method to obtain the hard hydrophilic
BCxNy films and the PECVD method for the deposition of the transparent hydrophilic
BCxNyOz:H films.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app13084959/s1, Figure S1: Dependence of (a) hardness and
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