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STUDY OF GROWTH EVALUATION OF NANOSTRUCTURED
CARBON NITRIDE THIN LAYERS IN NITROGEN-METHANE
GAS MIXTURE RADIOFREQUENCY PLASMA

Abstract

Amorphous carbon nitride (a—CXNy) thin films were synthesized by plasma-enhanced chemical vapor deposition
(PECVD) in a nitrogen—methane radiofrequency (RF) discharge plasma (13.56 MHz) using pulsed plasma
modulation. The evolution of the DC self-bias voltage (V, ) was monitored as an in situ diagnostic parameter to
track nanoparticle nucleation, growth, and agglomeration during synthesis. It was found that the absolute value of
V. decreases monotonically following plasma ignition, and that the onset of nanoparticle agglomeration can be
reliably identified from a characteristic change in the V (t) curve, consistent with the three-stage model of dust-
particle formation in low-temperature plasma. The agglomeration onset time (t_,) was shown to depend strongly on
methane flow rate, working pressure, and RF power: at baseline conditions (0.§6 mbar, 20 W), increasing the CH,
flow rate from 2 to 7 sccm reduced tl from 4.4 s to 200 ms, while pressure and power exhibited dominant and non-
monotonic effects, respectively. These findings guided the selection of plasma-on pulse durations for controlled film
growth. Samples deposited under pulsed modulation were characterized by SEM, EDS, FTIR, and XRD, confirming
the formation of continuous, nonstoichiometric carbon nitride films dominated by C—N and C=N bonding. The
results demonstrate that self-bias voltage monitoring is an effective, accessible method for in situ control of a-C N
nanoparticle growth kinetics and for tailoring film thickness, morphology, and chemical structure via pulsed
plasma parameters.
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Introduction

Carbon nitride (CN ) has attracted sustained research interest since theoretical calculations
predicted that a hypothetical 8-C,N, phase could be harder than diamond. Although a phase-pure
crystalline B- C,N, has not yet been synthesized in continuous thin-film form, the amorphous and
nanostructured carbon nitride phases obtained experimentally have proven valuable in their own
right, exhibiting characteristic high resistivity, good photosensitivity, and a broad range of tunable
electrical and optical properties depending on the deposition method and process conditions. These
characteristics have made amorphous carbon nitride (a-CNXx) attractive for protective and biomedical
coatings, microelectronic devices, photosensors, solar cells, low-k dielectric materials for ULSI, and,
more recently, metal-free semiconductor photocatalysts for applications such as visible-light-driven
hydrogen evolution and photocatalytic hydrogen peroxide production [1].

A variety of physical and chemical vapor deposition routes have been employed to synthesize
CNx thin films, each offering different control over stoichiometry, bonding structure, and morphology.
Physical vapor deposition (PVD) approaches include reactive rf and dc magnetron sputtering of
graphite targets in nitrogen atmospheres, reactive pulsed laser ablation, electron-beam evaporation
under nitrogen-ion bombardment, and dual ion-beam-assisted sputter deposition. Chemical vapor
deposition (CVD) routes, by contrast, typically rely on plasma excitation of nitrogen-containing
hydrocarbon gas mixtures, including rf plasma of acetylene/nitrogen mixtures, microwave surface-
wave plasma from argon/hydrocarbon/nitrogen feedstocks, and distributed electron cyclotron
resonance (ECR) plasma decomposition of acetylene and nitrogen [1]. Among these, rf plasma-
assisted CVD is particularly attractive owing to its relative simplicity, scalability, and the fine control
it affords over plasma density, ion energy, and radical concentration through adjustable process
parameters such as rf power, gas flow ratio, chamber pressure, and substrate temperature [2].

Numerous studies have shown that these plasma parameters strongly influence the resulting film
microstructure. Increasing rf power raises substrate temperature, electron temperature, and plasma
density within the reactor, which accelerates the deposition rate and film growth while also roughening
the surface morphology, shifting it from smooth, featureless films toward cauliflower-like or broccoli-
like nanostructured surfaces at higher power or longer deposition time [1, 2]. Correspondingly,
optical properties such as the absorption edge, optical band gap, refractive index, and extinction
coefficient vary systematically with plasma power, reflecting underlying changes in film density,
polarizability, and defect concentration within the amorphous network; reported optical gaps for
a-CNx films typically fall in the range of roughly 2.9—4.4 eV depending on deposition technique and
nitrogen content [1]. Post-deposition plasma treatments, such as exposure to oxygen plasma, have
additionally been shown to selectively etch the film surface and alter its chemical bonding state -
increasing C—O bonding at the expense of C—N/C—C bonding, and in some cases inducing nitrogen-
oxide species (e.g., NO2, NOs) at elevated deposition temperatures - with the etching rate and bonding
response found to depend strongly on substrate temperature during growth. Such findings underscore
that the nanostructure and surface chemistry of CNx films are highly sensitive not only to precursor
chemistry but also to the specific plasma and thermal history of the film [2].

More broadly, doping and defect engineering strategies applied to conjugated carbon nitride
frameworks - including nitrogen-vacancy formation, heteroatom doping, and plasma-induced
structural disordering - have been shown to modulate the electronic structure, extend n-conjugation, and
passivate charge-trapping states, thereby significantly influencing photophysical and photocatalytic
behavior [2]. This further demonstrates that plasma-based processing is a powerful and versatile
tool for tailoring the amorphous/nanostructured carbon nitride network beyond what is achievable
through thermal polymerization alone [3].

Despite this substantial body of work, most rf plasma CVD studies of amorphous carbon nitride
have relied on acetylene (C2H-) as the carbon-bearing precursor gas [1], while nitrogen—methane (N.-
CHa4) plasma systems remain comparatively less explored. Methane’s simpler molecular structure,
higher hydrogen-to-carbon ratio, and distinct dissociation pathway relative to acetylene may influence
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radical generation, carbon—nitrogen incorporation kinetics, and the resulting film nanostructure in
ways not yet systematically documented. A detailed evaluation of how growth conditions govern the
structural evolution of CN_ films deposited from N2-CHa rf plasma is therefore needed to establish
process—structure relationships analogous to those already reported for C:Hz-based and sputtered
CNx systems [1-3].

In this work, we investigate the growth evolution of amorphous carbon nitride thin layers
deposited by radiofrequency plasma in a nitrogen-methane gas mixture.

Materials and methods
The growth of amorphous carbon nitride (a-CN ) in a high-frequency (HF) capacitive discharge

plasma was studied using a plasma-enhanced chemical vapor deposition (PECVD) system, the
schematic of which is shown in Figure 1.
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Figure 1 — Schematic of the PECVD system for nanomaterial
synthesis in an RF discharge plasma

As shown in Figure 1, the plasma is formed between two plane-parallel disk electrodes upon
excitation of a 13.56 MHz capacitive RF discharge through a matching network. Before each
experiment, the vacuum chamber was evacuated to a residual pressure of 1.4 x 10~° mbar, after
which the working gases (Ar, N2, CHa4) were injected into the chamber through a system of dedicated
mass-flow controllers.

A distinctive feature of the developed PECVD system is the design of the upper RF electrode.
It is a coaxial system with an integrated showerhead consisting of a series of holes of different
diameters, which ensure uniform gas-flow distribution and laminar gas flow in the interelectrode
space. The counter-electrode is grounded, similarly to the lower electrode, which promotes the
formation of a bulk plasma between the electrodes and creates favorable conditions for the synthesis
and confinement of nanoparticles within the plasma volume.

Because the area of the upper RF electrode is significantly smaller than the effective area of the
grounded electrode (taking into account the metal walls of the vacuum chamber that are in contact
with the plasma), a negative DC self-bias voltage (Vdc) developson the powered electrode due to
the coupling capacitor (blocking capacitor) located in the matching box. Its formation is due to the
higher mobility of electrons compared with ions, so that a negative self-bias potential appears at the
electrode surface to equalize the electron and ion fluxes.

450



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 3, 2026

The self-bias voltage is one of the most sensitive diagnostic parameters of an RF discharge and
is determined by the plasma conditions, such as discharge power, pressure, and the nature of the gas
mixture. In addition, nanoparticle nucleation and growth are accompanied by changes in the free-
electron concentration and charge redistribution in the plasma, which is directly reflected in the value
of V. Therefore, monitoring the evolution of the self-bias voltage during synthesis provides in situ
information on the kinetics of nucleation, growth, and agglomeration of amorphous carbon nitride
nanoparticles.

The self-bias voltage (DC self-bias voltage, V) was recorded using a LeCroy PPO06A high-
frequency voltage probe (500 MHz bandwidth, 10:1 attenuation ratio) and a Siglent SDS5034X
digital oscilloscope. A general view of the developed PECVD system and a photograph of it in
operation are shown in Figure 2.

Figure 2 — General view of the PECVD system (left) and the system in operation (right)

Amorphous carbon nitride was synthesized by plasma-enhanced chemical vapor deposition
(PECVD) in a nitrogen-methane plasma with pulsed RF-plasma modulation on a silicon substrate
(single crystal Si (100), University Wafer, USA). The process was carried out at an RF discharge
power of 20-40 W, a working pressure of 0.86—1.2 mbar, a constant nitrogen flow rate of 40 sccm,
and a methane flow rate of 2—7 sccm. The modulation period was selected based on a study of the
self-bias voltage evolution at different methane flow rates. After each experiment, the synthesized
coatings were subjected to additional treatment in a nitrogen plasma for 10 min at an RF discharge
power of 15 W. This treatment was performed to passivate surface dangling bonds, reduce the
chemical reactivity of the surface, and decrease subsequent oxidation of the deposited layers in
contact with the atmosphere.

The evolution of the self-bias voltage was recorded under continuous RF discharge burning in
order to study the dynamics of V _during synthesis and to determine the optimal duration of plasma
exposure ensuring the formation and growth of carbon nitride nanocrystals in the gas phase that will
be collected on the substrate surface.

The PECVD synthesis products were deposited on silicon substrates (SiO,). The surface
morphology and elemental composition were studied by scanning electron microscopy (SEM,
JSM-IT210, JEOL, Japan) with an energy-dispersive X-ray spectroscopy (EDS) system. The phase
composition of the samples was determined by X-ray diffractometry (XRD, Rigaku MiniFlex 600,
Rigaku, Japan), and the chemical structure and types of chemical bonds were analyzed by Fourier-
transform infrared spectroscopy (FTIR, Bruker Alpha, Bruker, USA).

451



HERALD OF THE KAZAKH-BRITISH

Vol. 23, No. 3, 2026 TECHNICAL UNIVERSITY

Results

Asshown in Figure 3, immediately after plasma ignition a negative self-bias voltage ofabout—32 V
develops at the RF electrode owing to the area asymmetry between the RF and grounded electrodes.
Thereafter, the absolute value of V _gradually decreases, reflecting a change in the electron density of
the plasma during nanoparticle nucleation and growth. The forming nanoparticles effectively attach
electrons and get negatively charged, lowering the free-electron concentration in the plasma, which
leads to a change in the self-bias potential [4, 5]. The decrease of the absolute value of V _indicates
precisely the beginning of the agglomeration phase of the carbon-nitride nanocrystallites formed in
the plasma gas phase [18].

An increase in the methane flow rate is accompanied by a decrease in the absolute value
of Vdc and a marked reduction in the onset time of agglomeration of amorphous carbon nitride
nanocrystallites. In particular, as the CHa flow rate is increased from 2 to 7 sccm, the agglomeration
onset time decreases from 4.4 s to 200 ms, indicating faster formation and growth of carbon—nitrogen
nanoparticles owing to the higher concentration of carbon-containing active radicals in the plasma.
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Figure 3 — Evolution of the self-bias voltage for the following plasma parameters: power 20 W,
pressure 0.86 mbar, N, flow rate 40 sccm, CH, flow rate 2 (black), 5 (blue), and 7 (red) sccm. Remark:
to record V,_ we used an attenuator between the low pass filter and the oscilloscope

Further studies of the samples obtained during the formation of amorphous carbon nitride were
carried out under pulsed RF-plasma modulation, in which the plasma duration was selected according
to the nanoparticle agglomeration onset time (tagl). Table 1 below shows the experimental parameters,
where b sma on is the RF plasma duration, t asma,off is the duration without RF plasma, during which the
synthesized products deposit on the substrate surface.

Table 1 — RF plasma modulation parameters

Sample | Power, W | Pressure, mbar | Flow rate | Flow rate | Plasma modulation, ms Number
N,,scem | CH,, scem | tplasma on | tplasma_off | of modulation cycles

Ne 1 2 4000

Ne 2 20 0.86 40 5 300 2000 2 000

Ne 3 7 200
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Figures 4—6 show the results of surface and structural characterization of the obtained samples
by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier-
transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). According to the SEM
results, a continuous thin film with uniform morphology forms on the surface of all samples after
PECVD synthesis. The elemental composition of sample No. 1, determined by EDS, includes carbon
(52.7 at.%), nitrogen (16.2 at.%), oxygen (3.1 at.%), and silicon (=28 at.%), whereas the elemental
composition of samples No. 2 and No. 3 is dominated by silicon (up to 100 at.%), with carbon
(51.2%), nitrogen (17.2%), oxygen (11.7%), and silicon (19.9%) detected locally. The high silicon
content is due to the limited thickness of the deposited film, which allows the signal from the silicon
substrate to be detected. The presence of oxygen is presumably related to the formation of a thin
native oxide layer on the coating surface after contact with the atmosphere. These results indicate the
deposition of a nitrogen-containing carbon film on the silicon substrate.
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Figure 4 — SEM image of the morphology and chemical composition
of the synthesized nitrogen-containing carbon film
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Figure 5 — FTIR spectrum of the synthesized nitrogen-containing carbon film
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Figure 5 shows the FTIR spectra of the samples. In all studied samples (No. 1-No. 3), absorption
bands characteristic of carbon—nitrogen compounds are observed, consistent with literature data for
amorphous carbon nitride (a-CxNy) and polymeric CsNa.

The most pronounced absorption bands are observed for sample No. 1. A broad band in the
3000-3250 cm™ range corresponds to N—H stretching vibrations, while the broader 3000-3500 cm™
region may be associated with vibrations of N—H groups involved in hydrogen bonding, as well as
with O—H groups arising from water adsorption on the coating surface [6—7].

The absorption bands at 1642 and 1550 cm™ correspond to C=N stretching vibrations, while
the peak at 1336 cm™ can be assigned to C—N stretching vibrations linking triazine fragments with
N-H groups. The bands at 1454 and 1379 cm™ are also characteristic of C—N stretching vibrations
in triazine rings [7-9].

Of particular interest is a weak band near 808 cm™, observed against the background of a broad
band in the 500—-1000 cm™ range. According to the literature, this band corresponds to the breathing
vibration of tri-s-triazine (heptazine) structural units, a characteristic feature of polymeric carbon
nitride [10—11]. The broad band in the 600—-800 cm™ region may be attributed to vibrations of bonds
associated with H.O, O—H, NHs, and NH: groups.

The absorption band at 2354 cm™ may be related to the presence of quaternary nitrogen or
adsorbed CO: [12], while the peak near 1100 cm™ is probably due to C—O stretching vibrations.

Overall, the FTIR results indicate the formation of a nitrogen-containing carbon network
dominated by C—N and C=N bonds. The set of identified absorption bands agrees with literature data
for amorphous carbon nitride (a-CNy) and suggests the possible presence of individual structural
fragments of polymeric CsNa, in good agreement with the X-ray diffraction results (Figure 6).
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Figure 6 — XRD of synthesized a-C,N, film

Figure 6 shows the X-ray diffraction results for the synthesized samples, obtained by powder
X-ray diffraction over the angular range . The most intense diffraction peaks are observed for sample
No. 1 and can be assigned to the CsNa phase at, [13—14] and , as well as to the amorphous/crystalline
SiO: phase at , and around . A broad diffraction maximum, characteristic of the amorphous structure
of the synthesized material, is observed in the small-angle region ().
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Discussion

The overall set of results obtained allows us to propose a coherent picture of the mechanism
of amorphous carbon nitride (a-CNx) formation in the RF discharge plasma and to relate it to the
evolution of the self-bias voltage V.

According to the data on the temporal evolution of V_(Figure 3), a characteristic decrease in the
absolute value of the self-bias voltage is observed after discharge ignition, reflecting a change in the
balance of charged particles in the plasma due to nanoparticle nucleation and growth. This behavior is
consistent with the three-stage model of dust-particle formation in low-temperature plasma proposed
for an argon—silane discharge [4]: (i) rapid formation of nuclei — near-nanometer-sized clusters formed
via chain ion—molecular reactions; (ii) coagulation of nuclei into larger agglomerates, accompanied
by a sharp decrease in the free-electron concentration and, correspondingly, a change in Vdc; (iii)
further particle growth via surface deposition of radicals once the acquired negative charge by the
particles becomes important to stop the particle-particle agglomeration. The applicability of this
model to a plasma containing carbon- and nitrogen-bearing precursors (CH,/N,) is confirmed by the
results of V,  monitoring for carbon nanoparticles under similar RF discharge conditions [5], where
it was shown that the onset of particle agglomeration can be reliably identified from a characteristic
kink in the V  (t) curve, and that its position is sensitive to the plasma composition and parameters.

In the present work, increasing the CH, flow rate from 2 to 7 sccm was accompanied by a
reduction in the agglomeration onset time from 4.4 s to 200 ms. This can be explained by the increased
concentration of carbon-containing active species (radicals and ions) in the plasma, which increases
the collision frequency and the rate of carbon—nitrogen cluster nucleation, and also accelerates the
depletion of the electron component of the plasma responsible for Vdc formation [4-5]. The approach
used — determining the agglomeration onset time from the Vdc evolution and then selecting the
plasma-on pulse duration (t_plasma_on) for each CH, flow rate (Table 1) — allows the nanoparticle
growth to be controllably limited at the stage preceding the agglomeration phase, yielding coatings
with a more uniform morphology, as confirmed by the SEM data (Figure 4).

The EDS results indicate the formation of a carbon-nitrogen film with a C:N ratio more
characteristic of nonstoichiometric amorphous carbon nitride (a-C N ) in which are embedded
stoichiometric C,N,nanocrystallites. The presence of oxygen (3—12 at.%) in all samples is presumably
related to post-growth surface oxidation upon contact with the atmosphere rather than to oxygen
incorporation into the film bulk during synthesis, since after deposition the samples were additionally
treated in a nitrogen plasma to passivate dangling bonds.

The FTIR data (Figure 5) confirm the formation of a carbon—nitrogen network dominated by
C=N and C—N bonds, as well as the presence of the breathing vibration of tri-s-triazine (heptazine)
structural units near ~808 cm™ [10, 11]. Together with the bands at 1642, 1550, 1454, and 1379
cm™!, assigned to triazine/heptazine ring vibrations [7-9], this points to a structural resemblance
of the synthesized material to polymeric (melon- or heptazine-like) forms of carbon nitride rather
than to a fully condensed crystalline C,N, phase. The broad N-H and O-H bands in the 3000-3500
cm' region indicate a high degree of network disorder, the presence of terminal amino groups, and
adsorbed water, typical of materials obtained by PECVD at relatively low temperatures, in contrast
to high-temperature solid-state carbon nitride systems [6].

The XRD data (Figure 6) are generally consistent with this picture: the broad diffuse maximum
in the small-angle region (20 = 6-21°) reflects the predominantly amorphous structure of the film,
whereas the weak peaks near 20 = 23-24° may be related to local ordering of carbon—nitrogen
nanocrystallites. It should be noted that for graphite-like and B-C,N, the characteristic (100) and
(002)/(110) reflections are usually reported near 20 ~ 13° and 27-28° [13, 14], whereas the peaks
observed in this work at 23-24° occupy an intermediate position; this may indicate a transitional
(C,N [15], CN [16], CN, [17]), structurally disordered phase with a shortened ordering period,
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rather than a fully formed C,N, crystal lattice. The presence of SiO, peaks (20 = 21.4°, 21.7°, and
around 26°) is expected, since the film was synthesized on a silicon substrate with a native oxide
layer, and part of the XRD signal, like the EDS signal, originates from the substrate owing to the
small coating thickness.
Taken together, the SEM, EDS, FTIR, and XRD data indicate that varying the CH, flow rate, and
the associated reduction in agglomeration time, governs not only the growth kinetics but also the
final chemical structure of the synthesized material: sample No. 1 (lowest CH, flow rate, longest
time to agglomeration) shows the most pronounced and structurally ordered FTIR bands and the
most intense XRD reflections, whereas samples No. 2 and No. 3 (higher CH, flow rates, faster
agglomeration) are characterized by a substantially smaller film thickness. This is consistent
with the notion that, at high methane flow rates, rapid nucleation and coagulation of particles in
the plasma bulk compete with heterogeneous deposition on the substrate, limiting the formation
of a dense continuous film — an effect analogous to that described for dust particles in argon—
silane and hydrocarbon plasmas [4, 5]. For example, for sample No. 1 the total synthesis time
was ~2.2 h (4s - 2 000 cycles = 8 000 s), whereas for samples No. 2 and No. 3 it was 10 min (
300 ms - 2 000 cycles = 600 s) and ~6.7 min (200 ms - 2 000 cycles = 400 s) respectively,
which fully accounts for the EDS, FTIR and XRD.

Below is a table with the results of the agglomeration onset time measurements at other RF
discharge power and gas pressure values.

Table 2 — Nanoparticle agglomeration onset time (t, ), determined from the evolution of the self-
bias voltage V , as a function of pressure, CH, flow rate, and RF discharge power (N, =40 sccm)

Pressure, mbar N, sccm CH,, sccm t ,ms 20 W) t . MS (30W) t ., MS 40 W)

2 4000 820 930

0.86 5 300 330 500

7 200 430 760

2 340 320 390

1 40 5 360 180 350

7 270 110 270

2 390 250 310

1.2 5 420 170 190

7 250 190 210

Additional measurements of t_  over a wider range of pressures (0.86—1.2 mbar) and RF discharge
powers (20—40 W) at a constant N flow rate (40 sccm) refine the picture obtained at 0.86 mbar
(Table 2). Pressure turns out to be the dominant parameter at the lowest power (20 W): already upon
going from 0.86 to 1 mbar (CH, = 2 sccm) t decreases by almost one order of magnitude (4000
— 340 ms), whereas a further pressure increase to 1.2 mbar changes it much less (340 — 390 ms),
indicating that the nucleation process approaches saturation as the collision frequency in the plasma
increases. The dependence of t_, on RF discharge power, in contrast, is non-monotonic: at 0.86 mbar,
increasing the power from 20 to 40 W lengthens the agglomeration onset time (for example, from
200 to 760 ms at CH, = 7 sccm), whereas at 1 and 1.2 mbar the minimum of t shifts toward 30 W,
followed by an increase at 40 W. This behavior can be explained by the competition between two
effects of increasing power: an increase in the concentration of active carbon- and nitrogen-containing
radicals, which accelerates cluster nucleation, and a simultaneous increase in gas heating and ion
bombardment of the growing particles, which slows their agglomeration — an effect consistent with
the independently established slowdown of nanoparticle nucleation with increasing gas temperature
in RF plasma [5]. The most pronounced and monotonic sensitivity of t  to the CH, flow rate (an
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almost twentyfold range of values) is observed precisely at 0.86 mbar and 20 W, whereas at higher
pressure and power this sensitivity decreases substantially. This explains the choice of the 0.86 mbar
and 20 W regime for the subsequent synthesis of the samples (Table 1): under these conditions the
agglomeration onset time is most predictably governed by the methane flow rate, providing the most
precise control over the pulse duration t during pulsed plasma modulation.

plasma_on

Conclusion

This work investigated the growth of nanostructured carbon nitride (a-C N)) thin layers in an RF
discharge plasma by PECVD, using the evolution of the self-bias voltage V_as an in situ diagnostic
parameter. It is shown that the absolute value of V,decreases monotonically as the nanoparticles
nucleate and grow in the plasma gas phase, and that the onset of their agglomeration can be reliably
identified from a characteristic change in the V  (t) curve, consistent with the three-stage model of
dust-particle formation in low-temperature plasma.

It was found that the agglomeration onset time t_, is sensitive to the plasma composition and
parameters: under baseline conditions (0.86 mbar, 20 W), increasing the CH, flow rate from 2 to 7
scem reduces t , from 4.4 s to 200 ms. Extended measurements over the 0. 86 1.2 mbar pressure
range and 20—40 W RF power range showed that pressure is the dominant parameter at low power,
whereas the dependence of t,, on power is non-monotonic, with a minimum near 30 W at elevated
pressure. The largest and most predictable sensitivity of t , to the CH, flow rate is observed precisely
at 0.86 mbar and 20 W, which justifies the choice of this regime for the subsequent synthesis of
samples with pulsed plasma modulation, in which the plasma duration was set according to the
established agglomeration onset time.

The coatings obtained under pulsed modulation are continuous thin films of nitrogen-containing
carbon. According to the EDS, FTIR, and XRD data, the synthesized material corresponds to
nonstoichiometric amorphous carbon nitride (a-C\N) dominated by C-N and C=N bonds, in which
are embedded features of tri-s-triazine (heptazine) structural fragments characteristic of polymeric
forms of carbon nitride; the prominence of these features decreases systematically going from sample
No. 1 (lowest CH, flow rate, longest time to agglomeration) to samples No. 2 and No. 3.

Thus, monitoring the evolution of the self-bias voltage is an effective and accessible method
for the in situ control of the nucleation, growth, and agglomeration kinetics of a-C N _nanoparticles
directly during PECVD synthesis and can be used for the precise control of the thickness, morphology,
and chemical structure of the resulting nitrogen-containing carbon coatings through the choice of
pulsed plasma modulation parameters.
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A30T-METAH I'A3 KOCITACBIHBIH PATUOKUIJIIKTI
MJIIABMACBIHJIA KOMIPTEK HUTPUJAIHIH HAHOKYPbLJIBIM/IbI
KYKA KABATTAPBIHBIH OCY NPOLUECIH 3EPTTEY

AHaaTna

Amopdtel kemiprex HuTpuaiHiH (a-CNy) jKyka KaObIKIIamapbl IUIa3MaHbl HMITYJIbCTIK MOAYJSIHSIAY
PeXKHMMIH KosJaHa oTeIpbin, 13,56 MI'1 xuidiKTeri a30T-MeTaH ra3 KocrnachiHbIH paanoxuimikTi (PXK) paspsn
IUTa3MacChIHA T1a3MaMeH OeJICeHAIpUIreH XUMUSIIBIK Oy (asaceiHan TyHABIpY (PECVD) omiciMeH cuHTe3Iem i,
TypakTel e3pirinen bIFbICy KepHeyiHin (V) JMHaMHKachl HaHOOONUIEKTEPAIH HYKIEAUHMSICHIH, OCYiH JKOHE
arJIOMEpalusChIH TiKeNeH CHHTE3 yaepici OapbichiHOa OaKpUiay YIIH TUATHOCTHKAIBIK ITapaMeTp pPeTiHze
tipkenmi. [Ima3sma TyranraHHaH KeiiH V @ a0COITFOTTIK MOHIHIH MOHOTOHJBI TYpJe TOMEHICHTIHI aHBIKTAIIHI.
HanoGeuiekrep arsomMepanusaChbiHbH 6acTanybiH V, (t) TOYENIUIITiHIH CHIIATTBI ©3repici OOMbIHIIA aHBIKTAyFa
Oonaznpl. bynm HoTIKE TeOMEH Temmeparypajibl IUia3Maza TO3aH/bl OOJIIEeKTEpiHIH TY3UIyiHIH YII CaTbhLIbl
MOJIeTTIMEH CoMKec Kese/i. ArHOMepauHs{HLIH 6aCTany YaKbITbI (t,,) METaH IBIFBIHBIHA, KYMBIC KbICHIMBIHA JKOHE
PXK-pa3psn KyaTbiHa aI/ITapJ'IBIKTaI/I TOyeInai eKeHi KepceTmzu KaJ‘IBIHTLI ncaf,uannapzla (0,86 mbap, 20 Bt) CHa
IIBIFBIHBIH 2-€H 7 sccm-Te AeHiH apTTBHIPY t MQHIH 4,4 c-tan 200 Mc-Ka AeiiH KBICKapTaJabl, ajl KbICBIM MEH
KyaTTBIH dcepi CoHKeciHIIe 0achIM JKoHE MOHOTOHZ[BI €MeC CHIaTKa ue. AIIbIHFaH HOTHKETIEP KaObIKIIaJIapAbIH
OakplUIaHATBIH OCY1 Ke31H/Ie MIa3MaHbIH KOCBUTY UMITYJIbCIHIH OHTAMIIbl Y3aKThIFBIH TAHJIQY YIIiH TalaaTaHbul/Ibl.
Wmnynberik Mogyisius pexuminie tyHapipsutran yariiep SEM, EDS, FTIR sxone XRD anicrepimMen 3epTTei.
3eprrey HoTkenepi Kypambinaa C—N sxone C=N OaitianbicTapbl 6achiM 00JIaThIH TYTAaC CTEXHOMETPHSIIBIK €MEC
KOMIPTEK HHUTPHU/I KaOBIKIIATAPBIHBIH TY3UITEHIH pacTajbl. AJBIHFAaH HOTHXKENIEP ©3/TiHEH BIFBICY KEepHEYiH
6aKLmay a-CNy HaH06enmeKTepiHiH 0Cy KHHETHKACHIH TiKeJIe CHHTE3 yepici GapbICkIHIA Kalarasay ibiH THIMOI
opi KoypkeTiMi otici exeHiH kepcereni. CoHbIMEH KaTtap, UMITyIbeTik PXK-rutazma HapaMeTpHepm ©3repTy apKbLIbI
KaObIKIIAJIAPbIH 6CYiH, MOP(OIOTHSCHIH KOHE XUMHSUIBIK KYPBUIBIMBIH OacKapyFa MYMKIH/IIK Oepe/i.

Tyiiin ce3mep: amopdtbl kemiprek HuTpuai, PECVD cunTe3i, paJHoKuiIiKTI 11a3mMa, TYPakThl ©3JiTriHeH
piFbicy kKepHeyi (DC self-bias), ecy mexanu3zmi.
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HCCIEJOBAHUE NPOLECCA POCTA HAHOCTPYKTYPUPOBAHHBIX
TOHKHUX CJIOEB HUTPUJIA YIVIEPOJA B PAAMUOYACTOTHOMU NNJIAZME
TA30BOl CMECH A30T-METAH

AHHOTAIUA

AmMopdHbIe TOHKHE TUICHKH HUTpuaa yriepona (a-CNy) ObUTH CHHTE3HPOBAaHBI METOIOM IUTa3MEHHO-aKTH-
BHUPOBAaHHOTO XUMHYECKOTO OcakaeHus u3 razoBoil ¢assl (PECVD) B paanouacrorHoit (PY) paspsiiHoi miasme
A30THO-METAHOBOH Ta30BOi cMecH mpH gacTtore 13,56 MI'11 ¢ ncnonb30BaHHEM UMITYJIECHON MOIYIISIINN TUTa3MBL.
JuHamMuKa IOCTOSIHHOTO HANPSDKEHUs aBTOCMENIenus (V) peTMCTPUPOBAIach B KA4E€CTBE IUATHOCTHIECKOTO TIa-
paMeTpa HEMOCPEICTBEHHO B MIPOIECCe CHHTE3a 11 MOHUTOPHUHTA 3apOABIIIC00pa30BaHUsA, POCTA U arJIOMEPaLluN
HaHOYACTHUII. YCTaHOBJIEHO, YTO TIOCIIE 3aKUTaHHs T1J1a3Mbl a0CONIOTHOE 3HaYeHKHe V , MOHOTOHHO yMEHbIIAETCS, a
HAayaJIo arioMepaliyd HAHOYACTUI] MOXKET OBITh IOCTOBEPHO OIPEACICHO IO XapaKTePHOMY H3MCHCHHIO 3aBUCHMO-
cru V, (t), 9TO comacyeTcs ¢ TPEXCTaIMHHON MOJIENBIO (POPMUPOBAHHMS TBLIEBBIX YaCTHII B HU3KOTEMIIEPATY PHOM
mia3me. [loka3aHo, 9To BpeMs Hadalla arioMeparnn (tagl) CYIIIECTBEHHO 3aBHCHT OT pacxoja MeTaHa, pabodero
napjenus u Mmomuoctn BU-paspsana: mpu 6a30BbIx yciosusx (0,86 mbap, 20 Bt) yeennaenue pacxona CH, ¢ 2 no 7
scem cokparaer t, ¢ 4,4 ¢ 10 200 mc, TOra KaK BIUSHAE JaBICHUS H MOLIHOCTH XapaKTEPU3YeTCs COOTBETCTBCH-
HO JIOMUHHPYIOIIMM U HEMOHOTOHHBIM XapakTepoM. [loiydeHHbIe pe3yinbTaThl HCIOJIB30BaHbI Ul BBIOOpA Ipo-
JIOJDKUTEITFHOCTH MMITYJIBCOB BKITFOUCHUS IIIa3MbI IIPH KOHTPOJIUPYEMOM POCTE TUICHOK. OOpasIfbl, 0CakICHHBIC
B peXHME MMITYJIbCHON Moy, uccienoansl Merogamu SEM, EDS, FTIR u XRD, uto monrBepamio ¢op-
MHpPOBaHHE CIUIOITHBIX HECTEXHOMETPUIECKIX TUIEHOK HUTPHIA yIiiepoaa ¢ npeodnamganueM cazeir C—N u C=N.
[TomyueHHBIE pe3yabTaThl MOKA3BIBAIOT, YTO MOHUTOPHHT HATPSIKEHUS aBTOCMEIIEHUS SBIACTCS d(PEKTUBHBIM 1
JOCTYIHBIM METOIOM KOHTPOJIS KHHETHKHM POCTa HaHO9acTHIl a-CN HENoCpeICTBEHHO B MPOIIECCE CUHTESA,  TaK-
JKE TIO3BOJISICT PETYIMPOBATh POCT, MOP(OJIOTHI0 U XMUMHUECKYIO CTPYKTYpPY IUICHOK TOCPEICTBOM IapaMeTpoB
uMnynscHoU BU-mna3mel.

KaroueBble ciioBa: amopduslid HuTpua yrepona, PECVD cunres, paguodactorHas miasma, DC camocme-
LIEHUsI, MEXaHU3M POCTa.
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