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Influence of Gas Temperature on Nucleation and
Growth of Dust Nanoparticles in RF Plasma
S. A. Orazbayev , M. Henault, T. S. Ramazanov, L. Boufendi, D. G. Batryshev , and M. T. Gabdullin

Abstract— The aim of this work is to study the influence of
gas temperature on the nucleation and growth mechanism of
nanoparticles in order to deeper understand the growth process
of carbonaceous nanoparticles in the plasma of a capacitively
coupled radio frequency (RF) discharge. For this purpose,
a method based on the time evolution of the self-bias voltage
amplitude V dc was used. The obtained results show that the
synthesis (nucleation and growth) time of nanoparticles depends
on plasma parameters: RF power and gas temperature. It was
found that with an increase in the gas temperature from 25 °C
(room temperature) up to 100 °C, the nucleation time increases
by four times and with a decrease in the temperature from
25 °C to −20 °C, the nucleation requires half the time. The
obtained experimental data and calculations, based on the orbital
motion limited theory, give an opportunity to predict the values of
nanoparticle diameter and concentration in the plasma-enhanced
chemical vapor deposition (PECVD) process in a wide range
of gas temperature. These results are important for practical
applications of nanoparticle growth control in PECVD processes.
Index Terms— Dusty plasma, nanoparticles, nanotechnology.

I. I NTRODUCTION

N

ANOPARTICLES are isolated solid objects having
distinct boundaries with the environment and threedimensional sizes in the range of 1–100 nm [1]. Due to
their physical and chemical properties, caused by their size
effect, nanoparticles have practical applications in highly
efficient hybrid solar panels [2], [3], catalytic generation
of hydrogen [4]–[8], inhibition of human immunodeficiency
viruses and herpes as antimicrobial and antibacterial component [9], [10], diagnostics and treatment of different
oncological diseases [11]–[14], deposition of conductive materials [15], [16], and so on. Today, there are a lot of methods for
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nanoparticles production, such as gas phase-condensation [17],
vacuum deposition and vaporization [18]–[20], mechanical
attrition [21], chemical deposition in liquids [22], sol–gel
method [23], pyrolysis [24], chemical vapor deposition (CVD)
[25], [26], and so on. The main task of the above-listed
methods is to control nucleation and growth of nanoparticles.
In such processes as plasma etching, used in microelectronics,
“killer nanoparticles” can grow in the gas phase [27], which
plays a negative role in the production of semiconductor
nanostructures. The same phenomenon is observed in the
plasma-enhanced CVD (PECVD) process used for the synthesis of nanostructures such as nanotubes [28], [29], graphene
[30], [31], nanowalls [32], [33], and so on. These competing
processes strongly affect the purity of the final product [34]–
[35]. In this work, the influence of gas temperature on nucleation and growth mechanism of nanoparticles is studied in
order to deeper understand the growth process of carbonaceous
nanoparticles in the plasma of radio frequency (RF) discharge.
II. E XPERIMENT
The influence of gas temperature on the nucleation and
growth mechanisms of nanoparticles in the argon–methane
gas mixture RF plasma (13.56 MHz with L-type matching
box) was studied. The experimental setup (Fig. 1) consists of
a working chamber with an electrode system inside it. The
electrode system is a set of plane-parallel disk electrodes,
conditionally divided into upper (RF) and lower (grounded)
electrodes, between which plasma of RF capacitive discharge
is ignited. The distance between the electrodes is 20 mm, and
additionally, a ceramic insulator is used to electrically insulate
the RF electrode from the grounded one. In comparison with
the lower electrode, the upper one consists of three parallel
connected electrodes separated by 1 mm, which have the
same diameter but different number of holes (the diameter of
a hole is 3 mm). They play the role of a diffuser forming
a uniform gas distribution in the working chamber. Thus,
the injection of argon (98%) and methane (2%) gases through
the electrode system from the upper to the lower electrode
provides a smooth transition of the gas flow into a laminar
flow, which is important for the nanoparticle synthesis process.
The temperature of the working medium is controlled by
heating and cooling systems, the scheme of which is shown
in Fig. 1. A furnace was used for gas heating, and liquid
nitrogen was used for gas cooling, thus the temperature of
the plasma medium could be varied in the range from −20 °C
up to 100 °C.
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Fig. 1. Structure of the RF setup with heating and cooling systems for plasma
gas.

As is known in capacitively coupled RF (CCRF) discharge,
a dc self-bias on the active electrode is induced, which is
sensitive to the variations in the electron and ion fluxes
to the powered electrode. Usually, to monitor the growth
of nanoparticles in the PECVD process, the two important
plasma parameters (self-bias voltage and electron density)
are measured. In this work, to study nucleation and growth
of nanoparticles in the PECVD process, a method based on
the self-bias voltage amplitude Vdc and electron concentration
measurements were used. Moreover, by measuring variations
in the self-bias voltage and electron density, it is possible to
predict the size and concentration of synthesized nanoparticles.
A more detailed discussion is given in part III.
The plasma parameter (electron concentration) was estimated by measuring the plasma induced shift of the microwave
resonance mode [36], which depends on the degree of constant
permittivity of the plasma medium. For this purpose, the two
metallic antennas (a transmitter and a receiver) were used
and fixed in the working chamber, as shown in Fig. 1. One
of them is connected to the microwave generator (Rhode &
Schwarz signal generator with a 100–4320-MHz bandwidth),
whereas the second one is linked to the oscilloscope through
the Schottky diode (Agilent technology), which converted the
amplitude of received microwave signal into a measurable
voltage. Thus, the electron concentration can be obtained by
comparing the resonance frequency (TM110 mode, 2723 MHz
in the methane) of a cavity without plasma with that of a cavity
filled with plasma [37].

Fig. 2. (a) SEM images of synthesized carbon nanoparticles at RF power
of 30 W and gas pressure of 0.6 mbar. (b) Chemical composition of
synthesized carbon nanoparticles.

To study the size and chemical composition of synthesized
nanoparticles, their microanalysis was made by Quanta 3-D
scanning electron microscope (SEM, FEI Company).
III. R ESULTS AND D ISCUSSION
Carbon nanoparticle and microparticle were synthesized in
RF plasma of argon (98%) and methane (2%) medium at
different values of gas pressure, RF power, gas temperature,
and synthesis time.
SEM images and chemical composition of synthesized small
dispersed carbon particles, obtained at RF power of 30 W,
gas pressure of 0.6 mbar, room temperature of the gas, and
time of synthesis of 1 min are shown in Fig. 2. As it is seen,
all particles have a spherical shape with an average diameter
of 800 nm, which is typical for such processes.
It is seen that at the moment of RF ignition, the electron
density (n e ) and the amplitude of the self-bias voltage (Vdc )
increase symmetrically due to the electron mobility and asymmetric discharge with coupling capacitance.
After plasma ignition, the electron temperature and self-bias
voltage instantaneously reach their optimum values. During
the first 5 s, nucleation and growth of nanoparticles occurs.
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Fig. 3. Dependence of the self-bias voltage and electron concentration on
the synthesis time.

Their influence on the plasma and discharge properties is
very small. However, when their number density reaches a
critical value of the order of a few 1017 m−3 , they start
agglomerating forming bigger particles. During this phase,
a drastic drop in the electron density is observed, which is
caused by the electron attachment to the growing particles.
This process also explains variations in the self-bias. When
the mean size of nanoparticles reaches a value of about 50 nm,
a strong Coulomb repulsion, due to the acquired electrical
charge, stops the agglomeration process. This can be observed
as the stabilization of both the electron density and the selfbias voltage for about 25 s. Later, the particles continue to
grow due to molecular and radical sticking to their surfaces.
Thus, the dependence of Vdc and n e on the synthesis time
allows us to obtain a qualitative estimation of the duration
(time) of nucleation and the growth time of nanoparticles,
where the nucleation time (Fig. 3) is equal to 7 s from the
moment of plasma ignition.
This experiment showed that the diameter of nanoparticles (φd ) depends on the ratio of the self-bias voltage to the
electron concentration [38]
φd = (1/K φ )

Vdc
n e

(1)

where K φ is a constant.
The orbital motion limited (OML) theory predicts that the
surface of a spherical particle in the plasma environment must
collect 2 or 3 electrons per 1 nm [39]
Zd =

2πε0
(V p − Vd )φd ≈ [2 − 3]e/nm.
q

2πε0
(V p − Vd )φd · n d .
q

(3)

Further, using (1) and (3), the dependence of the concentration of nanoparticles on the discharge parameters is obtained
nd =

(n e )2
q Kφ
(n e )2
×
= Kn ×
2πε0 (V p − Vd )
Vdc
Vdc

where K n is a constant.

It is seen from the above equations that if coefficients
K φ and K n are known, the dependence of diameters and
concentrations of nanoparticles on the synthesis time can be
determined. Thereby, PECVD synthesis in RF argon–methane
gas mixture plasma was carried out for 20 s for determining
the following coefficients:


Vdc
(5)
K φ = (1/φd )
|20 s
n e
q Kφ
|20 s .
Kn =
(6)
2πε0 (V p − Vd )

(2)

Hence, the electron concentration in plasma during particle
nucleation process should be proportional to the diameter and
concentration (n d ) of nanoparticles, that is,
n e =

Fig. 4. (a) SEM image of synthesized nanoparticles at synthesis time of 20 s.
(b) Dispersion of synthesized nanoparticles at synthesis time of 20 s.

(4)

The determined value of K φ coefficient is calibrated with
the known size of synthesized nanoparticles using SEM
microscopy.
The dependence of the measured n e and Vdc values on
the synthesis time is shown in Fig. 3, and the SEM image
and dispersion of synthesized nanoparticles are shown in
Fig. 4(a) and (b).
Figs. 5–6 show the dependencies of the electron density and
self-bias voltage on the synthesis time (TON ) at different values
of gas temperature. It has been found that with an increase in
gas temperature, the nucleation (and growth) of nanoparticles
occurs later, whereas, with a decrease in temperature, it is
accelerated.
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Fig. 5. Dependence of the self-bias voltage on the synthesis time in a wide
range of gas temperatures.
Fig. 8. Dependence of nanoparticle diameter and concentration distribution
on the synthesis time.

Fig. 6. Electron density dependence on the synthesis time in a wide range
of gas temperatures.

Fig. 7.
Dependence of nanoparticle diameters on the synthesis time in
Ar/CH4 plasma in a wide range of gas temperatures.

Fridman et al. [40] supposed that a delay in the clustering process with an increase in gas temperature is caused
by a decrease in the density of vibrationally excited SiH4
molecules, which slows down the clustering mechanism. Such
transitions are well described by the Landau–Teller expression.
Indeed, with an increase in gas temperature, the growth
of nanoparticle sizes slows down, as is seen from Fig. 7,
which shows the graphs drawn using the above equations
for the dependence of the diameter (1) and concentration (4)
of nanoparticles on variations in the self-bias voltage and
electron concentration. It is seen that the growth mechanism of
nanoparticles slows down with an increase in gas temperature;

Fig. 9. Dependence of the nucleation time on RF power at different gas
temperatures.

this result agrees with the results of a similar investigation
of RF-PECVD synthesis of silicon nanoparticles in argon–
silane plasma [41] and carbon particles in acetylene–argon
plasma [42].
Fig. 8 shows the dependence of nanoparticle diameters
and concentrations on the synthesis time for two different
gas temperatures obtained using the experimental data and
calculations. It is interesting to note that the presented results
describe two independent processes. When the coagulation
process in plasma at a gas temperature of 75 °C just starts and
concentration of nanoparticles decreases, the surface growth
process and particle concentration are saturated during the
same period in the plasma of gas temperature of −20 °C.
It was found that with an increase in RF power at constant gas pressure, the contribution of temperature becomes
insignificant in comparison with the applied discharge power.
Fig. 9 shows the dependence of the nucleation time on RF
power at a gas pressure of 0.6 mbar and different values of
gas temperature from −20 °C to 100 °C. It is seen that with an
increase in the RF power, the nucleation time at different gas
temperatures decreases and exponentially tends to the same
value.
IV. C ONCLUSION
The results, obtained in this work, show that the synthesis
(nucleation and growth) time of nanoparticles depends on
plasma parameters: RF power and gas temperature. It has
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been found that with an increase in the gas temperature from
25 °C (room temperature) up to 100 °C, the nucleation time
increases four times and with a decrease in the temperature
from 25 °C to −20 °C, the nucleation process requires half the
time. The obtained results are important for practical applications of nanoparticle growth control in PECVD processes.
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