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In the framework of a multi-fluid axisymmetric hydrodynamic model, the interaction of a supersonic plasma jet
containing nanoparticles with a flat substrate is investigated using computer simulation. In particular, the fluxes of
nanoparticles on the substrate are studied at plasma inlet pressure Py=1...100 Torr. The results show that a shock
wave is formed near the substrate, which affects the energy of nanoparticles and their fluxes on the substrate. The
width of the region along the radius, where the flow of nanoparticles onto the substrate is essential, depends on the
plasma pressure in the jet. At large values of plasma pressure (P>75 Torr) a cloud of nanoparticles with a sharp
boundary is formedon the axis of the plasma jet near the substrate. Interacting with this cloud, nanoparticles moving
in the plasma jet, lose directed energy and their flow on the substrate near the axis of the jet is zero.

PACS: 52.27.Lw

INTRODUCTION

Plasma-assisted technologies represent important
toolsfor deposition of nano-structured films on
substrates. The growth ofthin and ultra-thin films may
be achieved using a large variety oftechniques such as
chemical vapour deposition, RF sputtering, pulsedlaser
deposition or plasma enhanced chemical vapour
deposition [1-3]. Recently, a new process, which uses
aplasma torch operating at low pressure has been
developed with theaim of depositing uniform thin layers
on large surfaces [4, 5]. In this plasma spraying process
plasma jets areused 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 thinfilms.
It is important to beable to control the kinetic energy of
nanoparticles, their temperature and the magnitude of
the flow on the substrate. Inorder to control efficiently
the technological parameters of theplasma's action, it is
necessary to calculate the plasma flowcharacteristics by
means of the proper mathematical model.

The problem of the expansion of a plasma jet with
dust particles into a space filled with a rarefied gas was
studied in within the framework of a multi-fluid model
[6, 7]. However, in order to determine the particle fluxes
onto the substrate, it is necessary to take into account
the interaction of the plasma jet with this substrate. The
aim of this work is to numerically model the interaction
of an axisymmetric plasma jet containing nanoparticles
with a substrate, as well as to study the fluxes of
nanoparticles on a substrate at various plasma pressures
at the inlet.

1. MODEL AND SIMULATION METHOD

In this paper, the expansion of an axially symmetric
plasma jet with nanoparticles into a rarefied neutral gas
and its interaction with the substrate are studied. The
plasma consists of neutral argon atoms, single charge
ions, electrons and dust particles. This study is uses the
2D hydrodynamics model described in [7]. In the model
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ions, electrons and neutral atoms have the same drift
velocity w = (u, v) due to effective momentum exchange,
and dustparticles have drift velocity w, = (u,,v,) . Here
u, u, are radial velocity components and v, v, are axial

velocity components. The ions temperature equals to
neutral atoms temperature T , but electrons temperature
T, can differ from them.

This model includes equations of continuity,
equations of moments, as well as energy conservation
equations for various plasma components: ions,
electrons, neutral atoms, nanoparticles.

The equations of continuity are written in the form
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Here n,, n,are ions and nanoparticles densities, n is
sum of ions and neutral atoms densities, |,

I
current on a dust particle [8].
Momentum equations for heavy plasma particles
(ions and atoms) and dust particles are of the form
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Here P, P, are partial pressures of the heavy plasma
component and electrons, f, and f, are radial and
axial components of friction force between plasma and
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nanoparticles [8], q,, m,are a charge and mass of a
nanoparticle, m, is ion mass, E,, E, are radial and axial
components of electric field, ¢, is volume content of

nanoparticles.
Equations for internal energies ions and atomsce¢,

electrons ¢, and dust particles ¢, are written in the
form
o(ps
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These equations take into account the momentum
and energy exchange between nanoparticles and plasma
particles due to collisions, as well as radiation from the
surface of heated dust particles, which freely leaves the
plasma volume. Here 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].

The difference between our model and the model
used in [6] consists in the boundary conditions of the
problem — we use the conditions of non-leakage on the
substrate for the plasma and the conditions of adhesion
for the dust component.

As in [6], the system of hydrodynamic equations is
solved numerically by the method of large particles [9].

2. RESULTS AND DISCUSSION

The numerical simulations of the plasma jet
expansion were carried out with the following
parameters at the inlet: the plasma flow velocity

v, =40m/s, the dust particles radius r, =5-10°m,
the radius of the inlet R, =0.01m, the ratio of the

densities of the dust component and plasma
pslpy=0.1.
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Fig. 1. Spatial distributionof plasma pressure for
Po=100 Torr at time t=121,
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Plasma pressureat the inlet varied within
P,=1...100 Torr The substrate is located at a distance of
L=0.1 m from the inlet. The degree of plasma ionization
was o = 0.0001.

As is known, the plasma pressure in an expanding
jet decreases with increasing axial and radial
coordinates, and the velocities of plasma and
nanoparticles increase. However, during the interaction
of a supersonic jet with a substrate, a region of
increased plasma pressure appears near it. This can be
seen from Fig. 1, which shows the spatial distribution of
the plasma pressure for case B, =100Torr at time

t=12-t, after the start of the jet injection, where
t,=R,/v,. Here the pressure is normalized
to P" = p, -V, coordinates on Ry. The figure also shows

the formation of a pressure jump at some distance from
the substrate, the position of which almostdoes not
change over time.
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Fig. 2. Spatial distributions of the nanoparticles density
for Po=10 Torr (a) and for P;=100 Torr (b)

In this study we focus on the nanoparticles
distributions in plasma jets to obtain information about
the interaction of nanoparticles with the substrate at
different plasma pressures. Fig.2 shows spatial
distributions of nanoparticles density near the substrate.
At P, =10Torr, the concentration of nanoparticles

decreases monotonically with increasing axial
coordinate z . However, at plasma pressure at the inlet
of 100 Torr formation of dust clouds is observed. In
particular, near the substrate nanoparticles are collected
on the axis of the jet.
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For a more detailed analysis of the effect of the
pressure jump on the flow parameters, consider the
spatial distributions of the velocities of plasma and
nanoparticles along the axis of the jet, obtained at two
different values of plasma pressure P at the inlet
(Fig. 3).

These figures show also the distributions of plasma
pressure and nanoparticles density along the axis of the
jet at the same time. As can be seen from the figure, the
velocities of plasma and dust component increase with
increasing coordinate before the plasma pressure jump.
The increase of the plasma velocity during the
expansion of the plasma into a rarefied gas is due to the
conversion of its thermal energy into the energy of
directional motion. Moreover, with increasing plasma
pressure at the inlet, the plasma velocity increases,
which is due to the higher plasma temperature in this
case [6]. The velocities of nanoparticles in the jets also
increase with increasing coordinates, which is a result of
the friction force between the plasma and the dust
component. It should be noted thatthe acceleration of
nanoparticles significantly depends on P, .
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Fig. 3. Spatial distributions of plasma pressure (dash
curves 1), dust density (short dash dot curves 2), plasma
velocity (dot curves 3) and nanoparticles velocity (solid

curves 4) on jet axis for P,=30 Torr (a)
and for P,=100 Torr (b)

At the pressure jump, the axial component of the
plasma velocity decreases sharply, so that behind the
jump, a plasma flux reflected from the substrate is
observed. The velocity of nanoparticles decreases
behind a jump in plasma pressure. In the case of
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P, =30Torr it decreases slightly according to a linear
law. As a result, in contact with the wall, the velocity of
nanoparticles isv, ~5-v,. In this mode, the density of
nanoparticles decreases monotonically along the axis of
the jet. In the case of P, =100Torra cloud of

nanoparticles with a sharp boundary is formed near the
substrate, which is closer to the substrate than the
plasma pressure jump. The axial component of the
velocity of nanoparticles in the region between the jump
in plasma pressure and the jump in the concentration of
dust particles decreases slowly according to the linear
law, and abruptly at the boundary of the dust cloud and
becomes negative. Thus, it can be seen that the
nanoparticles in the formed cloud move away from the
substrate. This is due to the interaction of nanoparticles
with a plasma flow reflected from the substrate.
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Fig. 4. Radial profiles of the flow of nanoparticles onto
the substrate at different values of the plasma pressure
at theinlet

Fig. 4 shows the radial distributions of the fluxes of
nanoparticles on the substrate at different values of
plasma pressure at the inlet. The flows here are
normalized to T, = p,-v,, where p, is nanoparticles
density at the inlet. The maximum values of
dimensionless flows in all modes are achieved at
r=R,. Note that atP =1Torr, the flux of
nanoparticles onto the substrate at r>6-R, is
practically absent. The reason for this is a significant
decrease in the concentration of nanoparticles along the
radius in the plasma jet in this case. AtP, =100 Torr,
there is no flux to the substrate near the jet axis at
r <0.5-R,. This is due to the formation of a cloud of
nanoparticles, as indicated above.

CONCLUSIONS

The interaction of a plasma jet containing
nanoparticles with a substrate has been studied using
computer simulation. The spatial distributions of the
parameters characterizing the arising plasma flow at
various values of the plasma pressure at the inlet are
obtained. It is shown that when the jet interacts with the
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substrate, a plasma pressure jump appears in front of it,
which affects the nanoparticle fluxes onto the substrate.
The width of the region along the radius, where the flow
of nanoparticles onto the substrate is essential, depends
on the plasma pressure in the jet. With increasing
pressure, it increases, which is explained by the radial
acceleration of nanoparticles under the action of the
friction force. At sufficiently high plasma pressures,
clouds of nanoparticles with a sharp boundary are
formed near the substrate on the jet axis. Nanoparticles
accelerated by a plasma jet, when interacting with this
cloud, abruptly lose their directed velocity. As a result,
there is no flow of nanoparticles onto the substrate at the
place of cloud formation.
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B3AUMO/JENCTBHUE C NOJJ0XKKON gBEPX?,BYKOBoﬁ IJIASMEHHOM CTPYH,
COJIEPKAIIE HAHOYACTHIIbI

A.JO. Kpasuenko, H.C. Mapywak

B paMmkax MHOTOKHUAKOCTHON OCECUMMETPUYHON TMAPOJAMHAMUYECKOW MOJENIM UCCIENYETCs B3aUMOJAEUCTBUE
CBEPX3BYKOBOU CTPYHM IIa3Mbl, COJiepKallleil HaHOYaCTHUIIbl, C MJIOCKON MOAJIONKKOW C MOMOILBbIO KOMIIBIOTEPHOTO
MOJIENIMPOBaHMs. B 4aCTHOCTH, MOTOKM HAHOYACTHUI] HA TIOUIOKKY M3y4aroTCs MpH IUIA3MEHHOM JIaBICHUH Ha BXOJE
Po=1...100 Topp. Pe3ynpTaTsl MOKa3bIBAIOT, YTO BOJIM3HU IMOUIOKKH 00pa3yeTcs ylapHas BOJIHA, KOTOpas BIHASCT Ha
SHEPTHI0 HAHOYACTHI] M MX TIOTOKH Ha NMouioxkKy. [llupuna obmact mo panuycy, B KOTOPOH IIOTOK HAHOYACTHIL Ha
TIOJJIOXKKY CYIIECTBEHEH, 3aBUCHUT OT JABJIEHU IIa3MbI B CTpye. [Ipy OONbIINX 3HAUEHUSX IIIa3MEHHOTO JaBIICHUS
(P¢=>75 Topp) Ha ocH IUTa3MEHHOU CTPYH BOJNH3H MOIJIOKKHA 00pa3yeTcsi CTyCTOK HAHOYACTHI[ C PE3KOH TpaHHICH.
B3auMonelcTByss ¢ 93TUM CTryCTKOM, HAHOYACTHIBI, KOTOpPblE MBMXKYTCS B IJIa3sMEHHOM CTpye, TepsIoT
HAalpaBJICHHYIO HEPTHIO, U MX ITOTOK Ha IMOJUIOKKY BOJIHM3H OCH CTPYH paBeH HYIIIO.

B3AEMOAIA 3 NIIKJIAIKOIO HAIBBYKOBOTI'O IIVIA3MOBOI'O CTPYMEHIO,
IO MICTUThb HAHOYACTUHKHA

O.10. Kpasuenxo, 1.C. Mapyuiax

VY pamMkax OaraTopiJMHHOI OCECUMETPHUYHOI TiAPOANHAMIYHOT MOJIETI AOCIHIIKYETHCS B3a€MOJIS HAaI3BYKOBOTO
CTpYMEHS IUIa3MH, IO MICTUTh HAHOYACTHHKH, 3 IUIOCKOIO II/IKJIAJKOI0 3a JIOIIOMOTOI0 KOMII'TOTEPHOTO
MO/JIETIIOBaHHS. 30KpeMa, MOTOKM HAaHOYAaCTWHOK Ha MiAKJIAJIKy BHBYAIOTHCS NPH IUIA3MOBOMY THUCKY Ha BXOI
Po=1...100 Topp. Pe3ympTaTti mokasyroTs, 1m0 MOOIM3Y MiJKJIAJAKA YTBOPIOETHCS yAapHa XBWJIA, sKa BIUIMBAE Ha
SHeprilo HaHOYAaCTMHOK Ta IX MOTOKM Ha mingkiazaky. lllupuna obnacti mo paziycy, Je NMOTIK HAHOYACTHMHOK Ha
MIKTIaIKy € CYTTEBHMM, 3aJIeKHTh Bil THCKY IUIa3MH B cTpyMeHi. [IpM BeJMKMX 3HAYCHHSX IUIA3MOBOTO THCKY
(Po=75 Topp) Ha oci MIa3MOBOTO CTPYMEHS MOOIM3y MiAKIAIKH YTBOPIOETHCA 3TYCTOK HAHOYACTHHOK 3 Pi3KOIO
Mexero. [Ipu B3aeMofil 3 MM 3ryCTKOM HAaHOYACTHHKH, SIKI PYXalOThCs B ILIA3MOBOMY CTPYMEHIi, BTPa4aloTh
CIIPSIMOBAHY €HEPTiro, 1 X MOTIK Ha MiAKIaAKY MOOJIM3y OCi CTPYMEHS TOPiBHIOE HYITIO.
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