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The transport of a macroparticle (MP) in an expanding cathodic vacuum arc plasma, which interacts with a
background gas, is investigated. The influence of ion-neutral collisions on MP is studied in the framework of self-
consistent model based on the fluid approach and orbital motion limited theory. It is found that the electrostatic re-
flection of MP increases with collisionality as a consequence of the increased negative potential of MP. A compari-
son of the ion drag and neutral drag forces governing the MP dynamics is made. It is shown that the ion drag force
decreases with the ion collisionality, while the neutral drag force increases.
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INTRODUCTION

Cathodic arc plasma is produced at micron-sized,
non-stationary cathode spots. Cathode erosion processes
include emission of ions, macroparticles (MPs) and
small fraction (<1 %) of neutral atoms [1-3]. The mass
of cathode material in the form of MPs is about the
same order or even greater than that of ions. The MPs
occur in the range of size from fraction to tens of mi-
crons and have velocities from tens to hundreds of me-
ters per second. The interaction of the expanding arc
plasma with background gas affects the plasma chemis-
try, the ion composition, the ion energies and ion cur-
rents [4]. The increase in gas pressure causes an in-
crease in gas ion fraction as well as a decrease of metal
ion charge states [5]. Charge exchange collisions of
multiply charged metal ions with neutrals are relevant
for the reduction of the average ion charge states. The
ion-neutral collisions become pronounced, when the ion
mean free path is comparable with the chamber size. It
is expected that the ion-neutral collisions can also affect
the MP behavior.

When the MP is immersed into the plasma, it is
charged via collecting the electron and ion fluxes flow-
ing onto MP surface. The ion flux onto MP surface de-
pends on the ratio between the plasma screening length
and the ion mean free path A/4; , which is called the ion
collisionality. Two basic analytical approaches have
been employed to calculate the ion fluxes onto MP im-
mersed into the weakly collisional (WC) plasma. The
orbital motion limited (OML) theory is applicable when
the plasma screening length 1 is much larger than the
radius of MP and collisions are rare [6]. The OML theo-
ry neglects the ion collisions with neutrals. In the
framework of the collision enhanced collection (CEC)
theory, the charge exchange collisions affect the ion
flux [7]. The CEC theory is suited when the ion colli-
sionality 2/4 > 0.1.

We have recently considered the effect of ion colli-
sionality on the charging of MP in the cathodic arc
sheath [8]. In the present work, we analyse the charging
of MP as well as the contribution of the various forces
acting on MP in the interelectrode region of the cathodic
vacuum arc operated in low-pressure nitrogen atmos-
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phere. The plasma model accounts for the non-resonant
charge exchange between the multiply charged metal
ions and neutrals. The generation of gas ions is assumed
to be due to both the charge exchange and the electron
impact ionization.

1. PLASMA MODEL

The plasma model describes the interelectrode region
of the cathodic vacuum arc, which extends from the
cathode spot plasma to the anode sheath. The plasma
consists of electrons, j species of metal ions (M*, M**,
M®", i reactive gas species (N,*, N*), with a uniform
background neutral gas. The metal ions of j-th species
have temperature T; and mass m;. The electrons and gas
ions have thermal velocities vre = (8ksTe/aMe )2 and vr;
= (8KgT; /nm; )2, respectively. Here, T,; and m,; are the
temperature and mass of electron and gas ion, respec-
tively, and kg is the Boltzmann constant.

Charge exchange processes change the charge of
metal ion from Z to Z-1

M% +N, =MD" 1N, Z=1,23.()

The plasma originates from the cathode, and the x

axis is directed from the cathode to the anode. In the

steady-state, the continuity equations for metal ion spe-
cies are as follows:

d .
&(nj“j)=sj+1—5,~, j=1,23 (2

where n; and u; are the density and velocity of metal
ions, respectively; S;., denoted symbolically the source
term of ions of j-th species, S; denoted the sink term of
ions of j-th species. For inelastic collision mechanism
just described, the collision term §; for the ions can be
expressed as S;=nn;<g; u;>, where n is the particle den-
sity of neutral background gas.

The cross section ¢; for charge exchange between
metal ions of type j and neutrals increases with the ion
charge state number Z quadratically [9]

o, [cm’1=0.88x10"°Z*(1,,/IF, (3

where | and I are the ionization potential of the target
particle and the hydrogen atom, respectively.
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In contrast to metal ions, the gas ions are produced
by charge exchange as well as by electron impact ioni-
zation [10]. Thus, the continuity equation for gas ions is

dn, 3
d_XI( i |on en+zs ;Sj) 4)
where n; is the density of gas |ons, respectively; n. is the
particle density of electrons.

The rate coefficient of electron-impact ionization of
gas Kion in the case of a Maxwellian distribution of elec-
trons is given by [11]

kion = CiUTe (l+ 2kBT )exp (_ I / kBTe ) (5)
For Ny, 1=15.58 eV, C=0.85x10™° cm’eV™.
The momentum equation for metal ions is

d du.
Uj&(njuj)Jrnj“Jd_):Jrniuivi =0, ®

where q, is the ionic charge, v,=no,u, is the collision
frequency. Taking vj=u; /4;, where J; is the mean free
path, and noting that the ion flux Jj=nju;, this equation
can be rewritten

N3, ()
dx  ddx A

The equations (2), (5), and (7) can be made dimen-
sionless by introducing the following variables

U=y,
ZEl,ajElDe’ JE_J J.. E_',
Ao 4 C; N,Cs
~ S.
Kion klonnenﬂ ij = L y (8)
n,C, n,C,

where ¢; =(kg Te /m,)”2 is the sound velocity of j-th ion
species, Ape=(goTe /Noe®)"? is the electron Debye length.
The key parameter is ion collisionality o; which relates
to the background gas pressure p as

Depo-j

a; =ApNo; =
KgT,

; , )
where Ty is the gas temperature.

As a consequence of the proposed scaling, the
governing equations become

d - < v

EJJ.:SH—SJ., =123, (10)
du.

—L =0, d InJ —a,l, (11)
dz dx

d = ~ 3

—J. _Kion+ZsH—Zsj. (12)

dz - =

The set of equations (10)-(12) is a closed system of
equations. All plasma parameters depend only on the
dimensionless distance from the cathode z.

2. MP CHARGING

The MP of radius a immersed in the cathodic arc
plasma is charged due to collecting the electrons as well
as metal and gas ions from the plasma. The floating
potential ¢, of MP is determined by the balance of elec-
tron current I, and sum of ion currents:
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d)zzlj(¢d)+zli(¢d)
j i
The MP charge Q is related to the MP potential as

Q(z2)=C¢y(2), (14)
where C=4r¢qa is the capacitance of the MP.

The OML theory [6] can be used to calculate elec-
tron and ion currents. The OML theory is applicable if

a<<A<<4;. (15)

In the plasma with supersonic ions, the ions cannot
contribute to shielding. Therefore, the plasma screening
length A is very close to the electron Debye length Ape
[12].

In the case of Maxwellian electrons and negatively
charged MP, the electron current is determined as:

ed, (2)
WJ . (16)

B'e

I, =za’en, (2)v,, exp(

_e%(z)j_ -

The currents of gas ions are
k.T.

l; =za’gn (z)oy (Z)[l

The velocity distribution function of metal ions of
each species is approximated by a shifted Maxwellian
distribution. Therefore, the currents of metal ions can be

written as:
29,;¢4,(2)
|, =7a’q;n;(z)v; (Z)[l—mjju—jg(z)], (18)

where the total mean velocity and corresponding energy
of ions are given in [13]

, 8k,T )
v;(x)=| uj + ;

7zmj

(19)

2 2
m;v5 _ 4kBTJ. N m;u’ . (20)
2 T 2

3. MP DYNAMICS

The total force acting on a MP during its motion to
the substrate is

F=F+> Fy+F, (21)
j

where Fg =QE is the electric force, Fg; is the ion drag
force caused by the momentum exchange between the
metal ion of type j and MP, and Fg, is the neutral drag
force caused by the momentum exchange between the
neutrals and MP. The ion and neutral drag forces are
main forces acting on MP in the bulk plasma.

The ion drag force consists of a collection force
and an orbit force. For high velocities such as metal ion
velocities, the collisionless ion drag is purely deter-

mined by the ion collection [14]
244
jrd
—2] . (22)
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Gas ions have no directed velocities, and, therefore,
they don’t contribute to the total ion drag. lon drag force
accelerates the MP towards the plasma boundaries.

In contrast to the ion drag force, the neutral drag
force results in a deceleration of MP. When the relative
velocity between the MP and neutrals is very small
compared to the neutral thermal  velocity
vin = (8Kks Ty/nm, )2, the neutral drag force is given by
the Epstein expression [15]:

F,, = —%«/Zn a’nm oy, V,

where V is the MP velocity. Since the neutral drag is
directly proportional to neutral gas density n, increasing
the gas pressure results in strengthening this force.

(23)

4. RESULTS AND DISCUSSION

In order to consider the influence of the collisions
on the MP dynamics in the cathodic arc, it is necessary
to couple the MP model with the plasma model. There-
fore, the first step in the present work is the modeling of
the interelectrode region. The plasma parameters of tita-
nium arc operated in nitrogen are: the electron tempera-
ture T, =2 eV, the plasma bulk density n=10"°m™3, the
temperature of titanium ions is about 0.3 eV, and both
temperatures of nitrogen ions and neutrals are kept at
room temperature (0.026 eV). These parameters are
typical for cathodic vacuum arc plasma, used in TiN
deposition.

According to the approximation (3), the cross sec-
tions of the charge exchange reactions of Ti*, Ti**, Ti**
ions in nitrogen are 61= 6.5x107" cm?,
0,=2.6x10% cm?,  63=5.9x10"% cm?,  respectively.
According to formula (9), the resulting degrees of colli-
sionality for Ti*, Ti%, Ti** are w= 1.6x10™ p,
0= 6.3x107*p, ag= 1.4x107p (p in Pa). The dependen-
cies of the normalized ion fluxes on the number of colli-
sions are presented in Fig. 1. Examining the Fig. 1, the
flux of Ti** ions decreases practically to zero because
the Ti* ions have larger cross section compared with
those of Ti** and Ti* ions. The flux of Ti* ions initially
increases with increasing the number of collisions due
to charge transfer reactions of the Ti** ions. Then, the
annihilation of Ti*" and Ti** ions populations occurs,
resulting in the decrease in Ti* counts.

Iilnye,

Fig. 1. Dependence of the normalized ion flux on the
number of collisions: Ti* (solid line), Ti** (dashed
line), Ti** (dotted line)
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Fig. 2. Dependence of the MP potential on the number
of collisions

As the ion collisionalities are very small for the
pressure range of interest (= 1.5 Pa or less) the OML
theory is applicable to calculate the MP potential. The
MP potential obtained from the current balance (13) is
shown in Fig. 2. It is seen that the ion-neutral collisions
increase the negative potential of MP. These results can
be explained by the decreasing of the ion current density
with the distance and the pressure. The MP potential
weakly depends on the ion charge state.

150 T T T T T T T

Fig. 3. Dependence of the normalized ion drag force on
the number of collisions
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Fig. 4. Dependence of the ion drag force (dashed
line), neutral drag (dotted line), and total force (solid
line) on the pressure

Fig. 3 shows the dependence of the normalized ion
drag force on the number of collisions. The ion drag
force decreases with the collisions since it depends on
the ion fluxes and ion velocities, which decrease with
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the collisions too. The ion drag force can compete with
the neutral drag force. We consider, as an example, the
forces acting on MP with radius 0.1 um and velocity of
10 m/sec at distance 0.1 m from the cathode. For com-
parison, the ion drag and the neutral drag are plotted on
the same Fig. 4. At pressure 1.5 Pa, the neutral drag
force, which opposes the MP’s motion, is twice less
than the ion drag force.

CONCLUSIONS

The effect of collisionality on MP placed in a flow-
ing collisional cathodic arc plasma is investigated.

It is found that the ion collisionality reduces the ion
drag force, which accelerates the MP toward the bound-
aries of plasma. On the other hand, the neutral drag
force, acting in the opposite direction, increases with the
collisionality. The electric force associated with MP
charge is small in the bulk plasma. However, it becomes
larger near the sheath edge. The electrostatic reflection
of MP increases with collisionality as a consequence of
the increased negative potential of MP. All forces can
balance near the sheath edge, and, hence, a MP can be
confined.
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JUHAMHUKA MAKPOYACTHIIBI B CJABOCTOJIKHOBUTEJBLHOM IJIABME
E.B. Pomawenko, A.A. buzwkos, U.A. I'upka

HUccrnenoBan Tpancmopt MakpodacTuisl (MY) B pacmmpsiromeiicst mia3Me KaTOQHOH BaKyyMHOM JIyTH TIPH B3au-
MOJEHUCTBUU € Ta30M. BinsiHue CTONKHOBEHUH MOHOB ¢ HeWTpanamMu Ha MY u3ydaercs B paMKax camOCOTJIacOBaH-
HOW MOJIeNM, OCHOBAaHHOW Ha THMAPOJMHAMUYECKOM IOJIXOJE U TEOPUU OTPAaHHUYEHHOTO OpOHUTATBHOTO JIBIKEHUS.
ITonyueHo, yTo anekTpocTaTuueckoe oTpaxkeHne MY yBennunBaeTCsl CO CTOJIKHOBUTEILHOCTBIO BCIIEJCTBUE yBe-
JIUYEHHs OTpuIaTenbHoro noreHnuana MY. IIpoBeneHo cpaBHEHHE CHIIBI HOHHOTO YBJICUEHHS U CHJIBI TPEHUS CO
CTOPOHBI HEUTPAJIOB, KOTOpKIE onpeaenstoT fuHaMuky MY. [loka3aHo, 4TO cujla MOHHOTO YBJIEUEHUS] YMEHbBIIAeTCS
CO CTOJIKHOBUTENIFHOCTBIO, B TO BPEMsI KaK CHJIa TPEHHSI CO CTOPOHBI HEUTPAJIOB yBEIIMYHUBACTCS.

JNHAMIKA MAKPOYACTHWUHKMU B IIJIA3MI 31 CIABKUMMU 3ITKHEHHSIMUAU
O.B. Pomawenxko, O.A. bizwokos, 1.0. I'ipka

JocmipkeHo TpaHcmopT MakpodacTHHKA (MY) y miasmi, Mo po3UIMPIOEThCA, KaTOAHOI BaKyyMHOI OYT'H HpHU
B3a€MO/Ii1 3 Ta30M. BIuB 3iTKHEHB 10HIB 3 HeWTpasiaMu Ha MY BUBYA€ETHCS HA MiJCTaBl CaMOy3TrOHKEHOT MOJIEII,
o 6a3zyeThcs Ha Teopii piguHM Ta Teopii oOMekeHoro opOiTansHOro pyxy. OTpUMaHO, M0 eNeKTPOCTaTHIHE Bif-
outtss MY 3pocTae i3 3iTKHEHHICTIO BHACIIIOK 30iibImIeHHs Bif eMHOro moTeHiiary MY. 3pobieHo mopiBHSIHHS
CHJIM 10HHOTO 3aXBaTy Ta CHJIHM TepTs 3 OOKy HeHTpaliB, ki Bu3HadaloTh quHaMiky MY. Byno mokasaHo, mo cuia
10HHOTO 3aXBaTy 3MEHUIYETHCSI 13 3ITKHEHHICTIO B TOW 4ac, sIK crila TepTs 3 00Ky HeHTpatiB 301IbIIYETHCS.
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