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One of the most promising methods for creating nanostructured films is the use of plasma jets of low pressure
with nanoparticles. In this case, it is important to control the size of the nanoparticles, their temperature and energy
to optimize the properties of the films. In this paper, using computer simulations, a study is conducted on
coagulation of nanoparticles in a plasma jet that expands into rarefied gas. In our model, we use a hydrodynamic
model for describing the dynamics of a plasma with a multidisperse phase, as well as a sectional method for
describing the coagulation of nanoparticles. At the entrance to the plasma torch, the plasma parameters were
stationary, and the dust particles were considered the same size. Calculations were made at various concentrations of
dust particles in the plasma jet. The simulation results show that nanoparticles of various sizes appear in the plasma
stream as a result of coagulation. With increasing distance from the inlet, the average modulus charge and the
dispersion of the charge of nanoparticles decreases due to the decrease in the temperature of the ions and,

consequently, the ion current on the dust particles.
PACS: 52.27.Lw

INTRODUCTION

Plasma-assisted technologies represent important
tools for deposition of nanostructured films on substrates.
The growth of thin and ultra-thin films may be achieved
using a large variety of techniques such as chemical
vapour deposition, RF sputtering, pulsed laser deposition
or plasma enhanced chemical vapour deposition [1-3].
Recently, a new process, which uses a plasma torch
operating at low pressure has been developed with the
aim of depositing uniform thin layers on large surfaces
[4, 5]. In this plasma spraying process plasma jets are
used as a heat sources to melt and accelerate the injected
nanoparticles which subsequently impinge and solidify
on a substrate. Modelling the nanoparticles, which create
and assemble the film it is possible to enhance the
physical properties of thin films. As is known,
nanoparticles have the ability to coagulate, resulting in a
change in their size. This process can be significant in
plasma and it must be taken into account when
transporting nanoparticles to a substrate in a plasma jet. It
is important to be able to control the size of the
nanoparticles, their kinetic energy, the temperature and
the magnitude of the flow on the substrate.

The aim of this work is to simulate the dynamics and
coagulation of nanoparticles in a plasma jet expanding
through a round hole into a dilute gas.

1. MODEL AND SIMULATION METHOD

In this paper, the expansion of an axially symmetric
plasma jet with nanoparticles into a rarefied neutral gas is
studied. A hydrodynamic model is used to describe a
problem that takes into account the processes of
coagulation of dust particles. At the initial moment of time,
it is assumed that the plasma flows through a circular hole
into a space filled with neutral gas. The plasma consists of
neutral argon atoms, single charge ions, electrons and dust
particles. It was believed that at the initial moment of time
dust particles were of the same radius r, =4nm. The

plasma flow velocity at the inlet was vo=40 m/s, plasma
pressures were in the range of 4 to 80 mbar.
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To describe the problem, a hydrodynamic model is
used, which is described in [6]. This model includes
continuity equations for ions, atoms and dust particles
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Here n,n,, n, are the sum of ion and neutral atom
concentrations, dust particles and ion concentrations

respectively; w=(u,v) and W, =(u,,V,) are drift
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velocities of plasma and dust component; P, P, are
partial pressures of the heavy plasma component and
electrons. In these equations Q, Q,,, Q,, are the energy
exchanges between a dust particle and neutral atoms,
electrons and ions; Q,; is the energy exchange between

electrons and ions; Q,, is the energy exchange between

electrons and neutrals [6].

In this model, we believe that all dust particles have
a single hydrodynamic velocity, since they effectively
exchange impulse in collisions. This velocity differs
from the hydrodynamic velocity of the plasma
component. We also note that due to the low plasma
pressure we allow for a difference between the
temperature of the electrons and the temperature of the
heavy plasma particles (ions and neutrals), as well as the
surface temperature of dust particles.

The system of hydrodynamic equations is solved
numerically by the method of large particles [7].

To determine the distribution of nanoparticles by
charge, we use the model proposed in [8, 9]. This model
takes into account the stochastic nature of the charging
of dust particles associated with the chaos of the thermal
motion of electrons and ions. As a result, dust particles
with different charges are present in each elemental
volume of plasma. Nanoparticles in the plasma are
charged because of collisions with electrons and ions.
The electron and ion currents collected by a dust
particle in the nanometer regime can be described by the
orbital-motion-limited (OML) probe theory [10]. A
particle with radius r, which carries a charge

Z, =k-e (with e the elementary charge and k an
integer) is charged to a surface potential of
O, =27, /4ngy,ry, with g, the vacuum dielectric
constant. Using OML theory, expressions for the
frequency with which a particle with charge Z, is hit by

electrons and ions, respectively, can be derived
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Here S=4zr? is the particle surface area,

Vei = (KT, /2;zmeyi)“2is the electron (ion) thermal
velocity; n,; stands for the electron and ion densities,

m,; and T, are the mass and temperature of electrons

and ions, respectively, and q,; =Fe is the respective
charge, kg is Boltzmann constant.
The charge distribution of particles of a given radius
r, is described by the fraction of particles F, carrying
a charge k-e. It is normalized by > F =1 The rate
k

equation for a charge state k can then be written as
dF,

dt
It is assumed that the charging of particles is much
faster than coagulation so the charge distribution can be
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considered in steady state [9]. This assumption enables

the use of recursive relations for the charge distribution
k
V.
Fea= k|+1 F .

e
In addition, in the presented model, coagulation of
dust particles is considered, which is described by the
model proposed in [11,12]. The volume distribution

function of dust particles n(v) is described by the
general dynamic equation

anT(v) = %jﬂ(v’,v v n(v)n(v-vdv' -
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where v is the volume of the dust particle, n(v)dv
denotes the particle number density in a volume range
[v,v+dv]. Coefficient A(v,v') is the frequency for
coagulation between two particles with a volume v and
v’. According to [11], B(v,Vv') is given
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where v and v° are the volumes of the particles
interacting, p, is the density of the particles, and T is

the temperature of the particles. a(v,V’) is a coefficient

which describes that the effective cross section for
coagulation depends on the charge of both particles
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2. RESULTS AND DISCUSSION

Fig. 1 shows distributions on the charge of
nanoparticles of a radius r,=4nm at different

distances from the inlet. Here F is the fraction of
particles with charge Ke. As can be seen from the
figure, with increasing z the average charge of the
nanoparticles decreases in absolute value.

The obtained results are explained by the fact that
when the distance from the inlet of the plasma jet
increases, the temperature of the ions decreases rapidly,
and the electrons temperature remains practically
unchanged due to their high thermal conductivity. This
leads to an increase in the flow of ions on the surface of
the dust particles and, consequently, to a decrease in its
negative charge.
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Fig. 1. Distributions by charge of nanoparticles at
different distances from the inlet of plasma jet
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Fig. 2. Distributions by charge of nanoparticles at
z2=0.001 m from the inlet of plasma jet for different
dust densities

Consider now how the concentration of
nanoparticles in the plasma jet affects their charge
distributions. In Fig. 2 depicts the charge distributions
of nanoparticles with a radius ry = 4 nm for two modes:
at g/ =0.05 and g/ 2=0.2. Here py is a dust
density, oy is a plasma density at the inlet of the plasma
torch. The plasma density in these modes was
/=0.122 kg/m®. As can be seen, the decrease in the
density of dust particles leads to a shift of the charge
distribution of dust particles in the region of negative
charges. This result is because when the concentration
of negatively charged dust particles increases, the
concentration of electrons decreases (due to the quasi-
neutrality of the plasma). This leads to a decrease in the
electron current to the dust particles.

Consider now the coagulation of nanoparticles in a
plasma jet. Fig. 3 shows axial profiles along the jet axis
of the dust particles densities on a semi-logarithmic
scale for different their radii. In this mode of calculation,
the concentration of nanoparticles at the inlet was
ng = 5-10°m?, and their radius was ry = 4-10°m. We can
see that nanoparticles with rg>4 nm appear in the
plasma jet, the maxima of densities which are at a
certain distance from the inlet. This can be explained by
the coagulation of dust particles in the plasma jet. As a
result of this process, the concentration of nanoparticles
with a radius r; = 4.7 nm exceeds the concentration of
particles which are injected through the inlet (with a
radius r; = 4 nm ) atz = 0.025 m.
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Fig. 3. Axial profiles on jet axis of the dust densities for
different their radii

Fig. 4 shows the distributions of nanoparticles by
their radius at different distances from the inlet. These
results correspond to the calculation mode presented in
Fig. 3. As can be seen, because of the coagulation, at a
distance from the inlet z = 0.001 m in the plasma appear
particles of different radii. When increasing the distance
to the inlet, the number of particles of larger radii first
increases and then  decreases. Decrease in
concentrations of dust particles is due to the expansion
of the plasma jet.
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Fig. 4. Distributions of dust particles by their radius at
different distances from the inlet of plasma jet

CONCLUSIONS

In this work, a sectional model that is
selfconsistently coupled to a plasma fluid model was
used to conduct numerical simulations of a low-pressure
plasma jet in which nanoparticles grow due to
coagulation. The simulation was carried out at different
plasma pressures, and the concentration of dust particles
at the inlet of the plasma torch. As a result of the
calculations, the spatial distributions of the plasma
parameters, size and charge distributions of
nanoparticles in the different points of space have been
obtained. Influence of nanoparticle coagulation on the
parameters of a plasma jet and the dynamics of
nanoparticles is studied. It is shown that due to
coagulation in the jet appear dust particles of larger
radii. The maximum concentrations of these particles
are at some distance from the inlet. We found that with
the increase of the distance from the inlet due
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to the decrease of the ion temperature, the average
charge of dust particles per module and the width of
their distribution by charge decreases. When the density
of dust particles in the jet increases, their average charge
decreases modulo due to a decrease of the electron
density in the plasma, which leads to an increase of the
coagulation rate of nanoparticles.
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KOATyJsAiHUsI U JUHAMUKA HAHOYACTMUIL B IVIASMEHHBIX CTPYSX
HU3KOI'O JABJIEHUS
AJO. Kpasuenko, H.C. Mapywak

OZLHI/IM u3 Han6onee MNEPCICKTUBHBIX METOAOB CO3JaHHUA HAHOCTPYKTYPUPOBAHHBIX IIJICHOK SBJIACTCA
HUCIIOJIB30BAHUEC ITIJIa3MCHHBIX Cprﬁ HU3KOI'0 AaBJCHHUA C HAHOYACTHUIIAMH. HpI/I 3TOM I OIITHMU3AIIUU CBOWCTB
IJICHOK B&)KHBIM SIBIISIETCS. KOHTPOJIb 32 Pa3MEpPOM HAHOYACTHI[, MX TeMIleparypoid u sHeprueil. B pabote ¢
TIOMOIIBbIO KOMITBIOTEPHOTO MOACJIUPOBAHUA IMMPOBOAUTCA HCCICIOBAHHUC KOATyJIAIIMM HAHOYACTUIl B IUIa3MEHHOH
CTpye, KOTopasi pacUIMpsieTCsl B pa3peKEHHbIN ra3. B Haimel Mojenu UCHoJb3yIOTCs THAPOAUHAMHUUECKass MOJEIb
JUIL ONMCAHWS AWHAMHKH IDIa3MBl C MYJIBTHIUCIIEPCHOIO (a30i, a TakKe CEKIMOHHBIA METOH Ul OMUCAHHUS
KOAryJsiui HaHOYacTHI. Ha BXOJHOM OTBEpCTHH IUIa3MEHHOTO (akela mapaMeTphl IUIa3Mbl 3a1aBajiCh
CTAllHOHAPHBIMH, a TMBUJICBBIC YAaCTHUIBI CYUTAINCH OTHOTO pa3Mepa. PacueTsl NMPOBOAWIHCH TPH PA3TUIHBIX
KOHIICHTPAIUsIX MBUICBBIX YaCTHUI] B INIA3MEHHOU cTpye. Pe3ynbraTel MOJCTHUPOBAHMS MOKA3BIBAIOT, YTO B MOTOKE
IUTa3MBI BCIIEACTBUE KOATYIISIIIMN TOSBIISIOTCS HAHOYACTHUIIBI PA3IUNIHBIX pa3sMepoB. C yBeIHMUeHHEM PACCTOSHUS OT
BXOJTHOTO OTBEPCTHsI YMEHBIIAIOTCS CPEAHHUN 3aps]] 10 MOAYIIO W JAUCIEPCHs 3apsaa HAaHOYACTHII, YTO CBSA3aHO C
YMEHBUICHUEM TEMIICPATYPhl HOHOB M, COOTBETCTBEHHO, MOHHOTO TOKAa Ha MBIJIEBYIO YaCTUILY.

KOATYJiSIIIA I JMHAMIKA HAHOYACTHHOK Y IIJIASMOBHUX CTPYMEHSX HU3BKOI'O
TUCKY
O.10. Kpasuenxo, 1.C. Mapyujax

OnmHMM 3 HaWOUIBII TEPCHEKTHBHUX METOJIB CTBOPEHHS HAHOCTPYKTYPOBaHHMX IUIIBOK € BHKOPHUCTAHHS
IUIA3MOBUX CTPYMEHIB HHM3BKOTO THCKY 3 HaHOYacTHHKamH. IIpu mpoMy it onTmMmisamii BIacTHBOCTEH IUTIBOK
Ba)XJIMBUM € KOHTPOJIb 32 PO3MIPOM HAaHOYACTHHOK, iX TEMIIEpaTyporo Ta eHepriero. Y Iii poOOTi 3a JONOMOroro
KOMIT FOTEPHOTO MOJENIOBAHHS IMPOBOAMTHCS JOCIHIIKEHHS KOATyJIlii HaHOYACTWHOK Yy IJIa3MOBOMY CTPYMEHI,
SKAH pO3IIMPIOEThCA B PO3PLIMKECHUH ra3. Y Hamiidl MoJelli BHKOPUCTOBYIOTBCS TiApOJMHAMIYHA MOAETb IS
OIMCAHHS JTMHAMIKH IUIa3MHU 3 MYJIBTHIMCIEPCHOIO (a30ro, a TAKOXK CEKLiIHHWNA METOJ| JUIsl ONUCAHHS KoaryJssimii
HaHOYAaCTHHOK. Ha BXigHOMY OTBOpI I1a3MOBOTO (hakena mapaMeTpy IUIa3MH 3a4aBajiCs CTallilOHApHUMH, a TTHJIOBI
YACTHHKH BBA)KAJIHMCSA OJHOTO PO3Mipy. Po3paxyHKH MpOBOAMINCS MPH Pi3HUX KOHIEHTPAISX MIUIOBUX YaCTHHOK Y
IJIa3MOBOMY CTpyMeHi. Pe3ynbTraTé MoJenroBaHHS TOKa3ylTh, IIO B TMOTOIN IUIa3MH BHACHIJIOK KOATryJSIlii
3’ABISIFOTECS HAHOYACTHHKHM  DPI3HMX po3MipiB. 3i 30iJbIIEHHSIM BiACTaHI BiJ BXiIHOTO OTBOPY 3MEHIIYIOTHCS
CepenHil 3apsi 0 MOAYIIIO Ta TUCTIEPCis 3apsly HAHOYACTHHOK, IO MOB’S3aHO 13 3MEHIIIEHHM TeMIIepaTypH 10HIB
Ta, BIATIOBITHO, IOHHOTO CTPYMY Ha ITWJIOBY YaCTHHKY.
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