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Abstract—A new method of the plasma chemical vapor deposition with the activation of the initial com-
pounds by the plasma of the CO, laser in the high-speed gas flow has been applied for the synthesis of silicon
carbonitride SiCN films on a substrate of stainless steel and instrumental alloys using hexamethyldisilazane
vapors. The preparation of the coatings of the laser-plasma deposition in the variants of the chamber and non-
chamber deposition has been studied. The properties of the prepared coatings have been studied by the meth-
ods of IR and Raman spectroscopy, atomic-force microscopy, and XRD-analysis analysis. The studies of the
structure of the films using diffraction synchrotron radiation showed that the prepared silicon carbonitride
coatings are X-ray amorphous. The ratio of the Si—C/Si—N bonds in coatings increases with the increase in
the substrate temperature. The microhardness of the prepared coatings on stainless steel substrates is 15—

25 GPa.

Keywords: laser plasma, SiCN coatings, chemical structure, structure

DOI: 10.1134/S1087659615020042

INTRODUCTION

Silicon carbonitride is a unique multifunctional
material, which successfully combines the best prop-
erties of silicon carbide and nitride. The composition
and properties of the coatings can vary as a function of
the method and conditions of their preparation. The
resistance to high temperatures, aggressive and oxida-
tion media, high hardness, and high dielectric charac-
teristics make silicon carbonitride a promising mate-
rial for wide application in a series of modern technol-
ogies such as hardening, as well as radiation- and
chemically stable protective and optical coatings.

Silicon carbonitride layers are traditionally pre-
pared either at increased temperatures (7' > 1000°C)
by the chemical vapor deposition (CVD) method or at
relatively low temperature using radio-frequency,
microwave, or glow discharge plasma (PECVD) [1, 2].
The decreased pressure in the reactor and the relevant
low deposition rates hamper the preparation of layers
and coatings these methods with thicknesses above the
one micron necessary for solving application prob-
lems.

The powerful optical pulsating discharge (POPD)

in high-speed gas flows is a new form of an optical dis-
charge [3]. POPD is obtained in gas under the impact

of the pulsating periodic radiation of 10—100 kHz and
the peak energy of laser pulsations of 500—1000 kW. At
the plasma chemical synthesis of coatings the radia-
tion is focused in the high-speed 100—1000 m/s gas
fluxes providing the high cooling rate of the gas phase
after the laser pulse, decrease in the sizes of the formed
solid phase centers of nucleation, and the fast delivery
of reagents to the processed surface. A new type of
POPD in combination with the high-speed 100—
300 m/s flow of the reaction gas was applied for the
first time for the laser plasma chemical deposition’s
highly rigid coatings in the atmospheric pressure reac-
tor [4].

The possibility of creating a high concentration of
particles of the deposited components in the plasma
region by supplying the initial reagents as vapors or a
flow of aerosol particles in the jet of the gas-carrier
makes it possible to prepare coatings with the rates
much higher than the deposition rates in the conven-
tional plasma chemical processes, in which plasma is
created in rarefied gas.

In this paper we present the results of studying the
physical-chemical properties of the silicon carboni-
tride films synthesized from hexamethyldisilazane
(HMDS) using POPD plasma.
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EXPERIMENTAL SECTION

The coatings were synthesized in both the chamber
and non-chamber variants of the process. A detailed
description of the setup for the laser plasma chemical
deposition is given in [5, 6]. The non-chamber variant
of the laser plasma chemical deposition setup is based
on the effective protection of the reaction zone pro-
duced by the cooling gas flowing in the ring gap
between the cut of the nozzle and the surface of
the material, and is promising for industrial applica-
tion [4].

As the initial compound, HMDS
((CH;);SiNHSi(CH3;);) was used in the laser-plasma
process. The advantages of this compound are its
availability and the fact that all chemical bonds neces-
sary for the formation of silicon carbonitride SiCN are
already present in the molecule of this compound. The
films were deposited on a stainless steel substrate. The
substrate temperature was varied in the interval of
350—850°C. Argon supplied with the velocity of 100—
300 m/s was used as the gas-carrier. A part of the argon
flow passed through the source with liquid HMDS
being at 7= 273, 293 and 313 K (Pyyps = 0.10, 0.72,
and 3.9 mm Hg, respectively) and then mixed with the
main argon flow in the plasma chemical reactor. The
gas mixture was of argon and 0.005—0.2 wt % HMDS.
The deposition time was 1—3 min. The deposition rate
varied from 100 to 1000 nm/min as a function of the
parameters of the process.

A complex of modern analytical methods: an IFS-
85 IR-Fourier spectrometer (Bruker), Triplemate
Raman spectrometer (Spex, United States), a JSM
6700F scanning electron microscope with an EDS
EX-23000 BU setup, an atomic-force microscope
Solver-Pro NT MDT, and an X-ray diffractometer
with the synchrotron radiation (Siberian Synchrotron
and Terahertz Radiation Center) were used for study-
ing the properties of the synthesized coatings. The
thickness of the coatings was determined by measuring
the reflection spectra of the coatings and calculating
according to the known formulas, with allowance for
the refractive index determined from the ellipsometric
data.

RESULTS AND DISCUSSION

The composition, structure, and properties of the
silicon carbonitride coatings and their dependence on
the parameters of the synthesis were studied in detail.

The characteristic IR spectra of the coatings char-
acterizing their chemical structure are given in Fig. 1.

It follows from Fig. 1 that the composition of the
coatings depends on the distance between the sub-
strate and the focus of the laser beam: in the sample
located at a distance of 13 mm from the beam focus
(spectrum /), in addition to the absorption bands cor-
responding to the vibrations of the Si—C (750 cm™!)
and Si—N (960 cm~!) bonds, one observes the peaks in
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Fig. 1. Characteristic IR spectra of the SICN coatings pre-
pared in the chamber at the following distances between
the laser beam focus and the substrate: /—13 mm, 2—
9 mm.

the region of 1600—3400 cm~' referring to the vibra-
tion modes of the carbon-containing HMDS frag-
ments: C—H, C—C (1400—1600) cm™'; Csp>—H,
Csp>—H (2890—3000) cm~!. The band at 2100 cm™!
corresponds to the vibrations of Si—H bonds [7]. The
coating on the sample located at the distance of 9 mm
from the beam focus has no carbon-containing frag-
ments (at the level of the IR spectroscopy sensitivity).
The ratio of the Si—C/Si—N bonds in this sample is
0.4, which is smaller by a factor of 4.5 than that in the
sample located at a distance of 13 mm from the beam
focus.

Figure 2 shows the comparison of the IR spectra of
films prepared in the chamber (/) and non-chamber
(2) variants of processes; it follows from the figure that
the non-chamber variant of the process makes it pos-
sible to prepare coatings not containing the Si—O
bonds (the shoulder at ® = 1070 cm™! is absent).

The ratio of the number of fragments Si—C/Si—N
depends on the substrate temperature (at the fixed val-
ues of the flow rates of gases and the distance between
the substrate and the plasma center) and increases
with the increase in the substrate temperature (Fig. 3).

The films prepared at the distance between the sub-
strate and the plasma focus of 9 mm and less may con-
tain carbon, which is found by the Raman spectros-
copy method (Fig. 4).

A feature of Raman spectra shown in Fig. 4 is the
presence of D (~1370—1390) cm™! and G (1580—
1600) cm~!' peaks characteristic for graphite-like
structures. The D mode is associated with the presence
of six-membered rings and becomes active only in the
presence of the disordered structure. The vibrational
G mode of ordered graphite corresponds to the lattice
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Fig. 2. IR spectra of SiCN films on stainless steel prepared
in the chamber (/) and non-chamber (2) variants of the
laser-plasma deposition. Ty, = 700°C.

vibrations in the planes of graphene layers with the sp*-
hybrid valence bonds [8]. Thus, the presence of the D
and G peaks in the Raman spectra of the studied sam-
ples indicates that the clusters with the graphite-like
structure are formed in it [9—11]. To estimate the sizes
of clusters according to [8], it is possible to use the
ratio I(D)/I(G) = C'(L)/L? where the value C' ~
0.0055 A (at A = 514 nm), and L is the size of the clus-
ters. The size of the carbon clusters calculated accord-
ing to this formula is ~13 A. Using a large array of sam-
ples with the known content of hydrogen and carbon
having the sp3-configuration, the authors [8] cali-

1.4

02 | 1 | | | | 1 | |
710 715 720 725 730 735 740 745 750 755
T, °C

Fig. 3. Dependence of the ratio of Si—C/Si—N bonds in
SiCN films on the substrate temperature.
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Fig. 4. Raman spectra of SiCN films on stainless steel pre-
pared from the gas mixture of HMDS with argon (/) and
argon with nitrogen (2). Tpe = 700°C.

brated the Raman spectra and proposed an empirical
equation making it possible to estimate the concentra-
tion of hydrogen and the content of sp*-configurations
in clusters as a function of the ratio /(D)/I(G). Accord-
ing to our estimate, the concentration of the
sp3C—Csp? bonds in carbon clusters is up to ~30%. It
follows from spectrum 2 in Fig. 4 that in the films pre-
pared in plasma with the addition of the nitrogen flow
the carbon clusters are absent (at the level of the
Raman spectroscopy sensitivity).

The structure and morphology of the surface of
coatings were determined using the X-ray diffraction
and atomic-force microscopy methods. The X-ray dif-
fraction data of the prepared films show that they are
X-ray amorphous.

Figure 5 shows the microphoto of the surface of the
films taken using the atomic-force microscope. The
hill-like surface is characteristic for X-ray amorphous
coatings. The average roughness size of coatings is
~30 nm, and the average grain size is ~100 nm.

Figure 6 shows microphotos of the cross sections
of the samples with silicon carbonitride coatings on
steel (a) and cubic BN (b) prepared using the
FIB/SEM technique (FEI, HELIOS NanoLab 650).
The character of the relief of coatings (Fig. 6) indi-
cates that the coatings are uniform throughout thick-
ness, and decorate well the roughness of the coated
surface of materials with different structures.

To determine the hardness of the thin coating, we
used a scanning nanohardness meter (NanoSkan pro-
duced by TISNUM, Troitsk, Russia). To determine
the true hardness of the coatings (without the effect of
the softer substrate), the nanoindentation results were
processed with allowance for the hardness of the sub-
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strate according to the method proposed in [12]. The
results of studying the microhardness of the sample,
for which the ratio Si—C/Si—N = 1, are given in Fig. 7.

It follows from Fig. 8 that microhardness is deter-
mined by the ratio of the Si—C and Si—N fragments in
the coating.

CONCLUSIONS

A new method of the plasma chemical deposition
of the nanocomposite silicon carbonitride layers from
the mixture of hexamethyldisilazane Si,NH(CH;);
and argon vapors under activation by the powerful
Fig. 5. AFM image of surface of SiCN films (d = 0.6 pm) optical pulsating discharge in the high-speed gas flow
on stainless steel. Non-chamber variant of the process. was developed.
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Fig. 6. Microphoto of the cross-section of the sample with the SiCN coating on: (a) steel and (b) pressed cubic BN (measure-
ments taken on HELIOS NanoLab 650).
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Fig. 7. Dependence of the microhardness of SiCN on the indentor penetration depth: /—stainless steel, 2—stainless steel with
the SiCN coating (d = 450 nm), 3—calculation results of hardness with allowance for the thickness of coatings according to the

Jonson and Hogmark model [12].
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Fig. 8. Dependence of the microhardness of SiCN coat-
ings on the ratio of Si—C/Si—N bonds found from the IR
data.

The structure of the prepared silicon carbonitride
films is X-ray amorphous.

The coatings are uniform throughout thickness,
and decorate well the roughness of the coated surface
of materials with different structures.

It was shown that the chemical composition of the
coatings is determined by the substrate temperature,
the distance from the beam focus to the substrate, and
the composition of the gas medium for fixed values of
the other parameters of the process.

The microhardness of the coatings is determined
by the ratio of the Si—C/Si—N fragments and
increases to 24 GPa with the increase in the content of
the Si—C groups.
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