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In this paper a computer simulation of depositing nanoparticles from rarefied plasma on a solid substrate, which
is at a floating potential, is carried out. In our model, we used the equation of cold hydrodynamics for ions, the
equilibrium distribution of Boltzmann for electrons, and the particle in cell method for modeling nanoparticles. Dust
particles are charged by electron and ion currents, which are described in accordance with the orbit-limited motion
approach. Calculations were performed for various radii of nanoparticles, their concentrations and directed
velocities in the unperturbed plasma. The results of the simulation show that, at a sufficiently large size of
nanoparticles in the area of the sheath, a dust cloud, whose position changes in time, is formed. This leads to the
formation of a minimum of the potential of the electric field and to the change in the structure of the sheath. The
modification of the sheath by nanoparticles results in reflection and oscillation of the particles, which causes not

stationary flow of nanoparticles onto the substrate.
PACS: 52.27.Lw

INTRODUCTION

Nowadays, plasmas are widely used for production
and coating of nanoparticles in the including large-scale
plasma-based production of single walled carbon
nanotubes and integration of plasma-grown silicon
single-crystalline nanoparticles in nanoelectronic and
solar cell devices [1, 2]. Controlled deposition and
structural incorporation of such nanoparticles will make
deterministic fabrication of nanostructured films with
predictable properties a reality in the near future.
Moreover, to create such a technology it is important to
understand the dynamics of nanoparticles in the sheath
that separates the plasma from the solid wall. Movement
of nanoparticles in the sheath is governed by a number
of forces unique to a low-temperature plasma and is
extremely sensitive to the nanoparticle charge and mass.
The nanoparticle charge is usually negative in the
plasma bulk, but near negative substrates can be
positive, since in this region the electron density is
much smaller than the ion density. In this case, the
electrostatic repulsion changes to attraction and the
nanoparticles can deposit on the substrate. On the other
hand, at a high density of nanoparticles, their charge can
significantly affect the structure of the sheath. In this
case, it is necessary to take into account the mutual
influence of nanoparticles and the electric field in the
sheath.

In this article, using numerical simulation we
compute the nanoparticle fluxes onto solid surface,
which is at a floating potential.

1. MODEL AND SIMULATION METHOD

We consider the solid substrate, which interacts with
plasma and assume that it is under floating potential. On
the boundary of the plasma and the substrate has formed
a sheath. We have a stream of nanoparticles with radius
r,onto this substrate from the side of unperturbed

plasma. The concentration of atoms is negligible, so
collisions of particles with neutrals are neglected. In
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addition, we neglected the collisions of ions with
electrons.

To describe the potential of a self-consistent electric
field, we used the Poisson equation:
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wheren;, n,, n, are the densities of ions, electrons and
dust particles, q, is the charge of dust particle.

lons are described by the equations of cold
hydrodynamics
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wherev,,e,m, are ion hydrodynamic velocity, charge

and mass. We take in account the recombination of ions
on dust particles surfaces in the continuity equation (3).
lon current 1, on dust particles is described approximate

formula in accordance with OML theory [3]
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Density of the electrons satisfies the Boltzmann

distribution
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where n, is electron density in unperturbed plasma far

from the solid wall, T, is the electron temperature,

which is assumed to be constant in the sheath.
The boundary conditions for Poisson equation are
given in the form: at x=0E=0, and at

x=0 E=0.Here E=-0¢/0x is electric field, o, is
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surface charge density on the solid wall, which is
defined by equation

do, { /8|<Te ]
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dt m,

As boundary conditions for equations (2), (3) are
given: n, =n, and v, =0at x=o0 .

For the simulation of the nanoparticles we use PIC
method [4]. According this method the dust component
is modeled by a set of macroparticleseach of whichis a
set of nanoparticles with roughly identical coordinates
and velocities. The motion of macroparticlesis described
by equations

dt
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Here x,, Uy, M, and Q, are the spatial coordinate,

velocity, mass and charge of themacroparticles,
E(x;)is an electric field at the point where the
macroparticle is located. The charge of the
macroparticle is determined from the equation
dQ,
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electron current on the nanoparticle, N.is the number of

nanoparticles grouped in a macroparticle.

The algorithm for solving the problem looks like
this. To solve equations (2), (3), we introduce a
difference grid in the modeling domain anduse the finite
difference method, namely the Lax-Wendroff scheme
[5]. On the same difference grid, we calculate the
charge density of the dust component, which is taken
into account in the Poisson equation when calculating
the electric field potential.

2. RESULTS AND DISCUSSION

The calculations were performed for different radii
of nanoparticlesr, , their concentration n,,and flow

velocity v,, at the boundary of the sheath. Fig. 1 shows

the spatial distributions of nanoparticles charge density
for different times after the nanoparticles injection for
the case r, =10nm , v,, =0.2-c, , ny, =0.05-n,(a)

and for the rp,=2nm , v,,=02.c, ,

Ngo =0.05-n, (b). It is seen thatin the case of large dust

particles in the region of the sheath a peak of charge of
the dust component is formed, whose position varies in
time.This causes the formation of an electric potential
minimum in the region of the peak of the negative
charge (Fig.2). In the case of small dust particles,
compression of the dust component is not observed.
During the motion of the dust stream through the sheath,
oscillations of the charge form on its front.With time,
distribution of the charge density of the dust component
becomes stationary and homogeneous. In this case, the

case
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formation of dense clouds
observed.

of nanoparticles is not
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Fig. 1. Spatial dust charge density distributions at
different times after nanoparticles injection
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Fig. 2. Spatial electric potential distributions at
different times after nanoparticles injection

Fig. 3 shows coordinates of some dust particles as
function of time. The selected dust particles are injected
into the sheath at different moments of time. The first
dust particle is decelerated slight in the sheath and getto
thewall, but the other dust particles are reflected from
negative peaks of dust charge and leave the modeling
area in the direction of the unperturbed plasma.
Modification of the sheath by nanoparticles leads to a
discontinuous flow of nanoparticles over time onto the
substrate: there is no flow to the substrate in some time
intervals (Fig. 4).This phenomenon resembles the
instability of Bursian, which is observed in a flat diode,
when the current exceeds a certain limiting value.
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Fig. 3. Spatial coordinates of nanoparticles as

CONCLUSIONS

We studied the process of nanoparticles deposition
on the substrate. The changed structure of the sheath by
charged nanoparticles leads to reflection and vibrations
of some particles, which causes an inhomogeneous flow
of nanoparticles onto the substrate.

REFERENCES

1. P. Roca Cabarrocas, N. Chaabane, A.V. Kharchenko,
S. Tchakarov. Polymorphous silicon thin films produced
in dusty plasmas: application to solar cells // Plasma

Phys. Controlled Fusion. 2004, v. 46, p. 235.

2. P.P. Rutkevych, K. Ostrikov, S.Xu. Twodimen-
sional simulation of nanoparticle deposition from high-
density plasmas on microstructured surfaces // Phys. of
Plasmas. 2007, v. 14, p. 043502-9.

3. P.K. Shukla, A.A. Mamun. Introduction to Dusty
Plasma Physics. Bristol and Philadelphia: “loP
Publishing Ltd.”, 2002,

4. C.K. Birdsall, A.B. Langdon. Plasma Physics via
Computer Simulation. New York: “Taylor and Francis

Flow
200
100+
0 Group”, 2005.
100

0 200 300 400 500 5. D. Potter.  Computational
te Microfilms, 1991.

Fig. 4. The flow of nanoparticles onto the substrate
as functions of time

functions of time
300+

Physics.  University

Article received 16.10.2018

MOJAEJUPOBAHUE OCAXKIEHUSI HAHOYACTHIL U3 IIJIA3BMbI HA TBEPAYIO IIOBEPXHOCTD
M.A. Bonoap, A.10. Kpaguenxo

[TpoBoaUTCS KOMMBIOTEPHOE MOJEITUPOBAHUE OCAKICHHS HAHOUYACTHI[ C PAa3peKEHHOW TIa3Mbl HA TBEPIYIO
MOJIJIOKKY, KOTOpasi HaXOJUTCS TPW IUIaBalOIIEeM MOTEHIMaje. B Hamieli MolIenu Mbl HCIOJIB30Bald ypaBHEHUS
XOJIOJTHOM TUJPOAMHAMHUKH JJII HOHOB, PAaBHOBECHOE pacmpesenenre bombimMana aJis1 3eKTPOHOB U METOJ, YacTHUII
B sSYEKaX JJI1 MOJIETUPOBAHUSI MBUIEBONM KOMIIOHEHTHI. [IbIJIeBbIe YACTHUIIBI 3aPSKAOTCS SJEKTPOHHBIM U HOHHBIM
TOKaMH, KOTOPBIC ONHCHIBAIOTCS B PHUOIIKEHIH OTPAHUICHHOT'O OPOUTABHOTO IBIKEHUS. PacdeTsl mpoBOIMIINCH
JUTSL Pa3IMIHBIX PaNyCOB HAHOYACTHII, MX KOHIICHTPAIUH U HAIPABICHHBIX CKOPOCTEW B HEBO3MYIIICHHOM IIIa3Me.
PesynbraThl MOIENMpOBaHHS TOKA3BIBAOT, YTO IPH TOCTATOYHO OOJBIINX pa3Mepax HaHOYACTHI[ B 00JacTu
MPUAIIEKTPOIHOTO CIIOSl 00pa3yeTcst CTYCTOK IBLTH, MOJIOKESHUE KOTOPOTO U3MEHSIECTCSI BO BPEMEHHU. JTO MPUBOIUT K
00pa30BaHNI0 MUHUMYMa IOTEHIHANA SJICKTPUICCKOTO TMOJS M K U3MEHEHHIO CTPYKTYPHI MPHAIIEKTPOIHOTO CIIOSI.
Momudukanus NpUIICKTPOTHOTO CI0S HAHOYACTUIIAMHU MPUBOAUT K OTPaKCHUIO U KOJICOAHUSIM YaCTHII, BJICUET 3a
c000i1 HeCTaIIMOHAPHOCTD WX MOTOKA Ha TOJIJIOKKY.

MOJIEJOBAHHS OCAT)KEHHSI HAHOYACTUHOK 3 IIVIASMHU HA TBEPY HIOBEPXHIO
M.A. Bonoap, O.10. Kpasuenko

[IpoBOAMUTHCS KOMIT'TOTEPHE MOJIENIOBAHHS OCAJUKEHHS HAHOYACTHHOK 3 PO3PIIHKEHOI IUIa3Mu Ha TBEpLY
MiIKIaaKy, SKa 3HAXOAWTHCSA TPH IUIABAlOYOMY IMOTEHHiami. Y Hamiil Mogenai MM BHKOPHUCTOBYBAJIM PIBHSHHS
XOJIOAHOT TiAPOMWHAMIKH JUIS 10HIB, PIBHOBaXXHHH pO3MOIiUT BoibiMaHa I €NEKTPOHIB Ta METOJA YacTUHOK Y
KOMIpKax Ul MOJEJIIOBAHHS ITMJIOBOI KOMIHOHEHTH. [TMIIOBI YacTHHKHM 3apsypKaloThCs €JIEKTPOHHHUM Ta i0HHUM
CTpyMaMH, sIKi OIIMCYIOTbCS B HAOJIM)KEHHI 00MEXeHOTro opOiTaIbHOrO pyxXy. Po3paxyHKH NpOBOIUINCS AL Pi3HUX
paniyciB HAaHOYAaCTWHOK, X KOHIEHTpaLili Ta HampaBJICHUX IIBHAKOCTEH B He30ypeHil mia3mi. PesymbraTn
MOJICTIIOBaHHSI TTOKa3yIOTh, 10 TPH JIOCUTH BEIMKUX PO3Mipax HAHOYACTMHOK B 00JIACTI NMPHEIEKTPOIHOTO Iapy
YTBOPIOETHCS 3TYCTOK THWITY, TIOJOXEHHS SKOTO 3MIHIOEThCSA B 4aci. lle NMpH3BOAWTH IO YTBOPEHHS MIiHIMyMY
MOTEHIIIay €JEKTPHYHOTO TOJIS 1 0 3MIHH CTPYKTYPH MPHUEICKTPOIHOTO Iapy. Moaudikallis MprUeIeKTPOIHOTO
mapy HaHOYACTWHKAMH TPU3BOJAUTH 10 BIAOWUTTSA 1 KOJHMBAHb YAaCTUHOK, IO CHPUYUHSIE HECTAIliOHAPHICTH iX
MOTOKY Ha IMiIKIIAIKY.
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