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Abstract— In this paper, the synthesis of carbon nanowalls
(CNWs) by the chemical vapor deposition method in the plasma
of a radio frequency (RF) capacitive discharge is considered. The
so-called “CNWs” are one of the allotropes of carbon, which
are interesting from both the practical and theoretical points
of view. Because of their large surface, CNWs are a perfect
electrode material for electronic devices. CNWs were synthesized
at relatively low values of RF power, and it was found that
an increase in the discharge power caused a decrease in the
height of CNWs and an increase in their thickness. The study
of graphitization of the CNW structure showed that synthesized
CNWs had a low number of defects in the structure. The obtained
results could be useful for the low-cost production of CNWs
by the plasma-enhanced chemical vapor deposition (PECVD)
method.
Index Terms— Atomic force microscopy (AFM), carbon
nanowalls (CNWs), plasma, radio frequency (RF) discharge.

I. I NTRODUCTION

T

ODAY, the theoretical and experimental studies of plasma
properties and plasma technologies are especially important as their results play a significant role in their practical
applications in the future. The areas of their applications
include power generation in fusion reactors [1]–[3], the use
of plasma in medicine [4], practical application of plasma
technologies in the surface treatment of materials [5]–[7], and
so on. Plasma technologies are also widely used to obtain various carbon nanomaterials, in particular, carbon nanoparticles,
carbon nanotubes, carbon nanowalls (CNWs), and graphene.
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The process of synthesis of these carbon nanomaterials in
the plasma medium depends on the plasma parameters such
as discharge power, temperature, pressure, and gas mixture,
which enable scientists to control formation of nanostructures
and types of obtained products [8]. An intensive study of the
synthesis process of such nanostructures is caused by a wide
use of these structures, for example, carbon nanoparticles are
used for water purification [9], carbon nanotubes are used
as reinforcing elements for the production of high-quality
construction materials [10], as well as for targeted drug delivery [11], graphene is used for production of highly sensitive
sensors and semiconductor elements [12], CNWs can be used
as an absolutely blackbody material for bolometers [13], solar
cells [14], and also as electrodes for supercapacitors [15].
CNWs can be considered as a walllike graphite nanostructure
with a high-aspect ratio, a large surface area, high chemical stability, and mechanical strength. However, in order to
fully use their potential, it is necessary to carry out further
experimental investigations to determine how to control the
nanostructure characteristics and to find optimal synthesis
parameters.
In [16] devoted to the study of CNWs synthesis in the
plasma of radio frequency (RF) discharge, it was found that
an increase in the discharge power caused agglomeration of
nanowalls into nanoclusters with the formation of defects in
the structure. In this paper, we will try to explain in more
detail the influence of RF discharge on the growth mechanism
of CNWs. This paper presents the results of the experimental
study of the CNW synthesis by the chemical vapor deposition
method in the plasma of an RF capacitive discharge.
II. E XPERIMENTS
The experiments were conducted in a horizontally parallelplate RF plasma of methane (CH4 ) and argon (Ar) gases with
RF power of 8–14 W, a total pressure of 1.9 torr, the gas temperature of 700 K, and flow rates of CH4 /Ar: 1/7 sccm. A more
detailed description of the experimental setup is given in [16].
The recent investigations of the CNWs synthesis by
the plasma-enhanced chemical vapor deposition (PECVD)
method [17]–[19] showed that formation of high-quality
CNWs depends on gas flow rate, temperature, discharge power,
growth time, gas pressure, the source of carbon, and other
factors. All these works were carried out at relatively high
values of the discharge power, higher than 100 W. The
main difference of this paper from the previous ones is an
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Fig. 2.
AFM topography (left) and phase map (right) of synthesized
CNWs (sample No. 1) at RF power of 8 W.

Fig. 1.

Raman spectrum of obtained CNWs at RF power of 10 W.

investigation of the PECVD synthesis of CNWs at lower
values of RF power in order to find an opportunity for the
low-cost production of CNWs.
CNWs were synthesized on silicon (Si) substrates with
nickel (Ni) catalytic nanolayer. Before the RF synthesis, the
Si/Ni substrate was annealed in Ar RF plasma at a temperature
of 500 K for 15 min, then the temperature was raised up
to 700 K and CH4 gas was injected into the RF reactor
with Ar. The PECVD process in which CNWs were synthesized lasted 25 min.
The morphology of the synthesized CNWs was studied by
atomic force microscopy (AFM), and graphitization of their
structures was studied by the Raman spectroscopy with a laser
wavelength of 473 nm. The AFM measurement of the obtained
CNWs samples was made in the semicontact mode.
III. R ESULTS AND D ISCUSSION
Fig. 1 shows a typical Raman spectrum of CNWs consisting
of three dominant Raman modes D, G, and D’, and less
intense 2-D and G + D modes. The D-mode is caused by
a disordered structure in graphene, the G-band is related to
the C–C vibrational mode, the D’-peak corresponds to the
appearance of the graphene edge, the 2-D-peak is the secondorder of D-mode, and the G + D-peak is a combination band
of G and D peaks. Usually, to estimate the structure quality
of graphitelike materials, the intensity ratio between D and G
peaks is used. The ID /IG ratio indicates the defectiveness of
the graphite structure, and as the average value for the obtained
samples is 1.8, it means that synthesized CNWs have a small
number of defects in the structure.
The AFM analysis of the obtained samples showed that the
shape of the walls changed as the RF power increased. Indeed,
the corresponding AFM images are shown in Figs. 2–5. It was
found that an increase in the RF power leads to a decrease in
the height of CNWs and an increase in their thickness. The
estimated average thickness values for the samples obtained at
RF power of 8, 10, 12, and 14 W are 44, 85, 185, and 150 nm,
respectively, whereas their heights decrease from 80 to 30 nm
(Table I). It seems that increasing RF power leads to the
formation of wide walls splitting into several small walls,
which look like a “squama” structure.
The mechanism of CNWs growth on the substrate surface
is well known [20]–[22]. At the first step of the CNWs nucleation process, Ni nanoislands are formed on the Si substrate,

Fig. 3.
AFM topography (left) and phase map (right) of synthesized
CNWs (sample No. 2) at RF power of 10 W.

Fig. 4.
AFM topography (left) and phase map (right) of synthesized
CNWs (sample No. 3) at RF power of 12 W.

Fig. 5.
AFM topography (left) and phase map (right) of synthesized
CNWs (sample No. 4) at RF power of 14 W.
TABLE I
C HARACTERISTICS OF CNW S O BTAINED AT D IFFERENT
VALUES OF D ISCHARGE P OWER

and as the synthesis time increases, these nanoislands cover
the whole surface of the substrate, forming a thin interface
layer. Subsequently, small 2-D carbon nanoflakes grow on
the aggregations of nanoislands, and then randomly oriented
carbon flakes start to grow mainly in the vertical direction.
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Thus, few vertical CNWs grow continuously. In this growth
mechanism, Ar ion irradiation (ions flux and energy) plays
an important role [21], [22] in the formation of nanoislands
and dangling bonds on the growing surface, resulting in the
formation of nucleation sites. Moreover, Ar ion irradiation
enhances surface reaction in the growth phase, including the
adsorption of hydrocarbon radicals in the nucleating sites,
whereas the increasing ion irradiation (higher RF power)
inhibits the growth of CNWs due to etching effects. For this
reason, the heights of CNWs decrease with an increase in
RF power. Also, at the first sight, it seems that increasing
RF power enhanced the thickness of CNWs, which increased
from 44 to 185 nm. However, a more detailed analysis of
AFM images (Figs. 3–5) shows that each CNW consists
of 2, 3, or even more walls of approximately the same
thickness. This means that the increasing RF discharge does
not significantly affect the thickness of each wall, but increases
the ion bombardment, and hence, the number of defects in
the growing surface, which leads to the creation of more
nucleation sites and, as a consequence, small walls. The
corresponding changes (increase) in the ID /IG values are
presented in Table I. Thus, the previous result [16] of CNWs
agglomeration into nanoclusters with increasing RF power can
be explained by the above-mentioned process of creation of
more defects on the growing surface, resulting in the formation
of more nucleation sites, which are further agglomerated into
nanoclusters.
Note that this paper is performed at quite high pressure
(1.9 torr). At this pressure, the formation of nanoparticles has
sometimes been reported in Ar/CH4 RF discharges, as in [23].
The difference in this paper is using a high-gas temperature
of 700 K. At such high-gas temperature (relatively from room
temperature), the carbon nanoparticles nucleation process is
much delay in the plasmas [24], [25], even if the nucleation phase of nanoparticles has occurred, the nanoparticles
would not reach the size comparable with CNWs for their
observation.
IV. C ONCLUSION
In this paper, the process of synthesis of CNWs by
the chemical vapor deposition method in the plasma of an
RF capacitive discharge was considered. The CNWs were
obtained at different values of RF power and it was found that
increasing RF power caused a decrease in the height of CNWs
and an increase in their thickness. The study of graphitization
of the CNW structure showed that synthesized CNWs have
a small number of defects in their structure. The obtained
results could be used for low-cost production of CNWs by
the PECVD method.
R EFERENCES
[1] G. Federici et al., “Plasma-material interactions in current tokamaks and
their implications for next step fusion reactors,” Nucl. Fusion, vol. 41,
no. 12, pp. 1967–2137, 2001.
[2] M. K. Issanova, S. K. Kodanova, T. S. Ramazanov, and
D. H. H. Hoffmann, “Transport properties of inertial confinement
fusion plasmas,” Contrib. Plasma Phys., vol. 56, no. 5, pp. 425–431,
Jun. 2016.
[3] M. K. Dosbolayev, A. U. Utegenov, A. B. Tazhen, and T. S. Ramazanov,
“Investigation of dust formation in fusion reactors by pulsed plasma
accelerator,” Laser Particle Beams, vol. 35, no. 4, pp. 741–749,
Dec. 2017.
[4] H. Tanaka and M. Hori, “Medical applications of non-thermal
atmospheric pressure plasma,” J. Clin. Biochem. Nutr., vol. 60, no. 1,
pp. 29–32, 2017.

3

[5] D. Alonceva, “Plasma technology aplication in the process of creating niCr coatings on the steel foundation and changing their parameters with
duplex surface treatment,” Przeglad Elektrotechniczny, vol. 86, no. 7,
pp. 42–44, Jan. 2010.
[6] S.-Y. Chiu, Y. L. Wang, S.-C. Chang, and M.-S. Feng, “Application
of plasma immersion ion implantation on seeding copper electroplating
for multilevel interconnection,” Thin Solid Films, vol. 478, nos. 1–2,
pp. 293–298, May 2005.
[7] S. Orazbayev, M. Gabdullin, T. Ramazanov, M. Dosbolayev,
D. Omirbekov, and Y. Yerlanuly, “Obtaining of superhydrophobic surface in RF capacitively coupled discharge in AR/CH4
medium,” Appl. Surf. Sci., vol. 472, pp. 127–134, Apr. 2019. doi:
10.1016/j.apsusc.2018.03.118.
[8] Y. Yerlanuly et al., “Effect of plasma parameters on the synthesis of
carbon nanomaterials by the PECVD method,” News NAS RK Ser. Phys.math., vol. 3, no. 319, pp. 14–22, 2018.
[9] A. Simpson, R. R. Pandey, C. C. Chusuei, K. Ghosh, R. Patel, and
A. K. Wanekaya, “Fabrication characterization and potential applications
of carbon nanoparticles in the detection of heavy metal ions in aqueous
media,” Carbon, vol. 127, pp. 122–130, Feb. 2018.
[10] L. Raki, J. Beaudoin, R. Alizadeh, J. Makar, and T. Sato, “Cement
and concrete nanoscience and nanotechnology,” Materials, vol. 3, no. 2,
pp. 918–942, Feb. 2010.
[11] H. Dumortier et al., “Functionalized carbon nanotubes are non-cytotoxic
and preserve the functionality of primary immune cells,” Nano Lett.,
vol. 6, no. 7, pp. 1522–1528, Jun. 2006.
[12] D. C. Elias et al., “Control of graphene’s properties by reversible
hydrogenation: Evidence for graphane,” Science, vol. 323, no. 5914,
pp. 610–613, Jan. 2009.
[13] V. A. Krivchenko et al., “Carbon nanowalls: The next step for physical
manifestation of the black body coating,” Sci. Rep., vol. 3, Nov. 2013,
Art. no. 3328.
[14] S. Y. Kim et al., “Synthesis of carbon nanowalls by microwave PECVD
for battery electrode,” Trans. Elect. Electron. Mater., vol. 16, no. 4,
pp. 198–200, Aug. 2015.
[15] S. Hassan, M. Suzuki, S. Mori, and A. A. El-Moneim, “MnO2 /carbon
nanowall electrode for future energy storage application: Effect of carbon
nanowall growth period and MnO2 mass loading,” RSC Adv., vol. 4,
no. 39, pp. 20479–20488, 2014.
[16] D. G. Batryshev, Y. Yerlanuly, T. S. Ramazanov, M. K. Dosbolayev,
and M. T. Gabdullin, “Elaboration of carbon nanowalls using radio
frequency plasma enhanced chemical vapor deposition,” Mater. Today:
Proc., vol. 5, no. 11, pp. 22764–22769, 2018.
[17] H. J. Cho, H. Kondo, K. Ishikawa, M. Sekine, M. Hiramatsu, and
M. Hori, “Density control of carbon nanowalls grown by CH4 /H2
plasma and their electrical properties,” Carbon, vol. 68, pp. 380–388,
Mar. 2014.
[18] T. Terasawa and K. Saiki, “Growth of graphene on Cu by plasma
enhanced chemical vapor deposition,” Carbon, vol. 50, no. 3,
pp. 869–874, Mar. 2012.
[19] S. H. Kwon, H. J. Kim, W. S. Choi, and H. Kang, “Structural and
electrical characteristics of carbon nanowalls synthesized on the polyimide film,” J. Nanosci. Nanotechnol., vol. 18, no. 9, pp. 6309–6311,
Sep. 2018.
[20] S. Kondo et al., “Initial growth process of carbon nanowalls synthesized by radical injection plasma-enhanced chemical vapor deposition,”
J. Appl. Phys., vol. 106, no. 9, Nov. 2009, Art. no. 094302.
[21] Sh. Kondo, H. Kondo, M. Hiramatsu, M. Sekine, and M. Hori, “Critical
factors for nucleation and vertical growth of two dimensional nanographene sheets employing a novel Ar+ beam with hydrogen and
fluorocarbon radical injection,” Appl. Phys. Express, vol. 3, no. 4,
Apr. 2010, Art. no. 045102.
[22] M. Hori, H. Kondo, and M. Hiramatsu, “Radical-controlled plasma
processing for nanofabrication,” J. Phys. D: Appl. Phys., vol. 44, no. 17,
Apr. 2011, Art. no. 174027.
[23] L. Couëdel et al., “Complex plasma afterglow,” Contrib. Plasma Phys.,
vol. 49, nos. 4–5, pp. 235–259, 2009.
[24] L. Boufendi and A. Bouchoule, “Particle nucleation and growth in a
low-pressure argon-silane discharge,” Plasma Sour. Sci. Technol., vol. 3,
no. 3, p. 262, Aug. 1994.
[25] J. Lin, S. Orazbayev, M. Hénault, T. Lecas, K. Takahashi, and
L. Boufendi, “Effects of gas temperature, pressure, and discharge power
on nucleation time of nano-particles in low pressure C2 H2 /Ar RF
plasmas,” J. Appl. Phys., vol. 122, no. 16, Oct. 2017, Art. no. 163302.

Authors’ photographs and biographies not available at the time of publication.

