CHARGING OF A MACROPARTICLE IN CATHODIC ARC SHEATH
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The macroparticle (MP) contamination is the most important technological problem of cathodic vacuum arc
deposition of coatings. The electrostatic reflection of MP from the substrate is considered as a possible reason for
the reduction in number of MPs in the presence of reactive gas. It is shown that the probability of the electrostatic
reflection increases with increasing the nitrogen pressure due to expansion of the region in the sheath where MP
charge is negative. The MP charge in the collisional plasma sheath is calculated taking into account the dependence
of the charge state of ions, ion fluxes and ion energies on the background gas pressure.
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INTRODUCTION

Vacuum arc deposition is a recognized technique for
the formation of thin film and coatings [1]. For wide
range of applications, including decorative coatings and
hard coatings on cutting tools, reactive gas is added [2].
The vacuum arc sources generate highly ionized metal
plasma with multiply charged ions [3]. The mean ion
charge state is 2...3 and typically higher for materials
with high melting point. The ions have supersonic veloc-
ities which correspond to ion energy in the range
20...200 eV, depending on the source material [4]. A
disadvantage of cathodic arc deposition is the emission
of macro-particles (MPs) during arcing. MPs are gener-
ally molten metal droplets (sometimes solid) generated
by the action of the cathode spots [5]. The MPs occur in
the range of size from a fraction to tens of microns.
There is a strong dependence of MP production on the
cathode material. The cathode erosion in the droplet
phase decreases with increasing the cathode material
melting temperature [6].

The incorporation of MPs into the coating degrades
the quality of the films, e.g. produces surface roughening,
protuberances, bumps and pinholes [7]. MPs may make a
considerable portion of the coatings mass. This substan-
tially limits the possibilities of vacuum arc plasma in
coating technologies. Thus, MP contamination is regard-
ed as the most important technological problem.

Several methods have been developed to eliminate
MPs, such as magnetic filters [8], magnetically steered
arc [9], background gas pressure [10 - 12], and substrate
biasing [10]. The last effect has been theoretically in-
vestigated in our previous studies [13, 14]. The effect of
background gas pressure on MPs in cathodic arc plasma
deposition has been investigated by Keidar et al. [15].
They proposed a model for interaction between the neg-
atively charged MP and floating surface. According to
their model, the probability of electrostatic reflection of
MP increases with background gas pressure as a conse-
quence of the increased substrate potential. However,
the MP charge used in this analysis was constant for a
quasi-neutral plasma. In the present work, we propose the
model of MP charging in collisional plasma sheath which
takes into account the dependence of the charge state of
ions, ion fluxes and ion energies on the background gas
pressure. To calculate MP charge, the collisional plasma
sheath model of Sheridan and Goree [16] is modified to
account for multiple ion species and combined with or-
bital motion limited (OML) theory [17].
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1. PLASMA CHEMISTRY MODEL

The main mechanism for the ion-neutral collisions is
considered to be charge exchange, which corresponds to
an electron transfer from a gas molecule to a multiply
charged ion. Schematically the charge exchange reac-
tion between a metal ion of charge state Z and nitrogen

molecule N2 can be written as
M% +N, =M% 1 N,", Z=1,23. (1)
Charge exchange collisions of metal ions with nitro-
gen molecules are relevant for the reduction of the aver-
age charge state of metal ions. The efficiency of differ-
ent type of reactions is determined by cross section oy
that changes the charge of metal ion from Z to Z-1. The
cross section for charge exchange increases with the ion
charge state number Z quadratically [18]

o, =matZ*(1, /1), )
where ag= 0.529x10® cm is the radius of the first Bohr

orbit of the hydrogen atom, Iy is the ionization potential
of the hydrogen atom, and | is the ionization potential of
the target particle.

The rate equation for the particle density of metal
ions n in a state Z can be written in the form

d
% = nnk+l<6k+1uk+1>_ nn, <Gkuk>’ &)

where n is the particle density of neutral background
gas, uy is the velocity of metal ion. Here, we don’t take
into account the losses caused by the diffusion to the
wall. Therefore, equations (3) give upper limits to parti-
cle density of metal ions.

In contrast to metal ions, the gas ions are produced
by charge exchange as well as by electron impact ioni-
zation [19]. The rate equation for the particle density of
gas ions n; is

3 3
% =kin,n+ Z nnk+1<6k+1uk+l> - Z nnk<o'kuk>  (4)
1 1

where n, is the particle density of electrons, k; is the rate
coefficient of electron-impact ionization of gas [20].
Here, we don’t account for secondary electrons from
the substrate which can interact with the background
gas. The ions, striking the substrate, may cause the elec-
tron emission. Because of the relatively low kinetic en-
ergy of the ions (below 1 keV), only the potential elec-
tron emission (PEE) can be of importance in the vacu-
um arcs. PEE requires that the ionization energy of inci-
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dent ion E; twice exceeds the work function of the mate-
rial W [21]
E >2W. (5)

This inequality means that one electron is necessary
to neutralize the arriving ion and the second is the one
that is emitted. For multiply charged metal ions, the
ionization energy is substantially less than E; given by
(5) since the work function of the target material is ap-
proximately 4.5 eV for most metals [21]. Thus, the sin-
gly charged metal ions do not cause PEE.

The inequality (5) is satisfied only for gas ions. For
this case, the secondary electron yield is given by
Baragiola et al. [22]

y =0.032(0.78E, — 2W ). (6)

According to eq. (6), the resulting secondary elec-
tron yields for N," and N* ions are about 0.01. For ex-
ample, at pressures above 0.1 Pa the titanium ions are
almost singly ionized [23].Therefore, the potential elec-
tron emission is rather small, and the additional ioniza-
tion is not important.

2. SHEATH MODEL

Let us consider a negatively biased substrate, im-
mersed into a weakly collisional plasmas, when the
mean free path for ion-neutral collisions A;, is much
larger than Debye length Aip=(coTe /noe? )2 According
to our chemistry model the plasma consists of electrons
and j (j=Kk, i) positive plasma species: k species of metal
ions (M*, M**, M*"), and i reactive gas species (N,",
N*). The ions of j-th species have the temperature T;
and mass m;. In our coordinate system a plasma-sheath
interface (interface between essentially neutral and non-
neutral region) is taken to be the origin, x=0. The pro-
duction and destruction of ions occur in the plasma re-
gion, x<0. Thus, the relative shares of ions do not vary
within the sheath. The position of the substrate is deter-
mined by the sheath thickness D. We neglect MP effect
on the sheath structure.

The collisional plasma sheath model of Sheridan
and Goree [16] can be generalized to multispecies plas-
mas by assuming that the positive plasma components
are described by fluid theory. The continuity equations
for each ion species have no source and sink terms

d
d_x(”j“j)zo* Y

where n; and u; are the ion density and velocity, respec-
tively.
The ion equations of motion in the fluid approxima-
tion are
du; dg

LT [ vk LI

where ¢ is the potential within the sheath, g; =ke is the
ionic charge (k =1 for gas ions, e is the elementary
charge). F; is the ion drag force, o; is the cross section
for collisions between ions of type j and neutrals. The
cross section is assumed to be independent of the ion
velocity. This case corresponds to constant mean free
path (4, =1/ng;), thereby the ion drag forces are propor-
tional to the square of the ion velocity, F/= m; na; u;’.

lons velocities are assumed to be Iarge enough to
satisfy Riemann’s generalized Bohm criterion [24]
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where j runs over the ion species, and subscript s refers
to values at the sheath edge. Gas ions have Bohm veloc-
ity, and velocities of metal ions are supersonic.

The total mean velocity of ions of j-th species (a
combination of directed velocity u; and mean thermal
v = (8ke T /mm; )¥2 velocity) and corresponding ener-

gy in the sheath are [25]
2
UJ'(X)= Uj +— ) (10)
ﬂmj
mol 4k T, mu’
2 oz 2
The Poisson’s equation for the potential ¢ is

d ¢ _ £ {Zq n; —n } (12)

‘90

(11)

where ¢ is the permittivity constant.
Applying the conservation of current density (7) for
each individual ion species gives the ion densities

st/(qjuj), (13)
where J;s=0;n; vjs is the ion current density at the sheath
edge.

The electron density obeys the Boltzmann relation
n, =n, exp(eg/kyT.) . (14)
By coupling Poisson’s equation (12) with densities
(13), (14) to the transport equation (8), the electric field

spatial distribution can be obtained in a self-consistent
manner. The governing equations can be written as

du. d
mlujd—x‘——qjd—f—mjnajuf, (15)
d2¢ ‘]J's e¢
— =N _"P.ien e . 16
‘90 dXZ ; uj + es Xp[kBTe ( )

The above equations can be made dimensionless by
introducing the following variables:

_eg _x @
k T A
where ¢; =(kg T, /m;)"?
species, and lj;=eneC;.

The degree of collisionality g; is the number of colli-
sions in a Debye length Jp It is the important parameter
which quantifies the energy loss of ions in the sheath.
The parameter o is related to the background gas pres-
sure p

Ej_D,JjE

is the sound velocity of j-th ion

&, = Ao, = /lli’ pTUJ , (18)
B'g
where Ty is the gas temperature.
The dimensionless forms of governing equations
(15) - (16) become

du; do -
R R
2

& (D——Zj’s+en expd (20)
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This set of equations completely describes the plas-
ma sheath. Adding the boundary conditions, we can
numerically solve the system of differential equations.
At the substrate (z=d=D/ Ap) the boundary condition is
@(d)=V,, where V, is applied bias voltage. At the
sheath-plasma edge the boundary conditions are
@ (0)=0; d@/dz=0, and u;(0)= ujs.

3. MP CHARGING

We consider the MP with a radius a as a spherical
probe immersed in the cathodic arc plasma sheath. The
charging of a MP in the cathodic arc can be described in
the framework of the OML approach [17]. The OML
theory is applicable for MP radius a much less than the
Debye length Ap, which in turn, is less than the mean
free path of electron-neutral and ion-neutral collisions

a << Ap << Agjyn- (21)

The MP is charged through collection of the elec-
trons and both metal and gas ions from the plasma. The
floating potential of MP is determined by the balance of
electron current I, and sum of ion currents I;:

d ): z I (¢d )
j=K,i

The MP charge Q is defined by the MP potential with
respect to the local sheath potential

QM) =Clg () —¢ (x)=Cy (0. (23)
where C=4xr¢ga is the capacitance of the MP.

In the case of Maxwellian electrons and negatively
charged MP

(22)

e (9+e4 ()
kBTe
The velocity distribution function of ions is approx-

imated by a shifted Maxwellian distribution. The cur-
rents of gas and metal ions can be written as:

2 20,0,
I, =ma’q;n; (Xv; (X)Zj ( n o j (25)
Substituting (24) and (25) mto MP charging equa-
tion (22), the latter can be written in dimensionless form

expll, (2 + (D) =3 /’8’;“( ZVd(Z)J,(ze)

E(2)
where  new varlables are  Vy=egy/(kgTe) and
E=mjv;/(2kgTe). This balance equation (26) allows one
to compute the potential difference V4 and, in turn, the
dust charge Q(z) as a function of normalized distance

from the sheath edge.
4. RESULTS AND DISCUSSION

The experimental observations reveal that the pres-
ence of background gas reduces both the number and
size of the MPs in coatings [10 - 12]. As pointed out, for
example, in [12], MP sizes for Ti range up to 40 um in
the absence of background gas and 30 pm in the pres-
ence of nitrogen. The log-log presentation of the size
distribution of Ti MPs is shown in Fig. 1.

These results can be explained by the higher melting
point of the surface layer of TiN on the cathode (3203 K)
in comparison with that of Ti (1941 K). MPs are formed
as a result of the plasma pressure on the liquid pool at

178

I, = ra’en, (X)vy, exp[

the arc spot [26], and their mass is proportional to the
cathode spot volume. The reduction in the size of MPs
is related to the reduction in the cathode spot size,
which is the result of increasing the melting point of the
compound layer formed at the cathode surface.
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Fig. 1. MP size distribution for Ti, normalized
as MP number per area and time deposition for pressures
107Pa (solid line) and 1Pa (dashed line).
Experimental results were taken from [12]

It has previously been reported that the average
number of MPs reduced linearly with chamber pressure
[10, 11]. These results can be explained by the higher
melting point of the nitrides. Another possible reason
for this decrease can be attributed to the nitridation of
MPs. The metallic MPs react with nitrogen during their
motion to the substrate. As a result, the thin layer of
compound is formed on the MP surface, and the MP is
expected to reflect from the substrate [7]. We study this
effect which is additional factor of the MP reduction.

The model’s predictions are tested for a titanium ca-
thodic vacuum arc operated in a nitrogen atmosphere
allowing us a direct comparison with the experimental
data [10, 11]. The specific plasma parameters are used
as typical values from experiments: the substrate bias
Vp=—20 V, the electron temperature T, =2 eV, the plas-
ma bulk density n=10"° m™, 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). The ion energies used in computation have
been taken from the experiment [19]. The investigated
pressure range is 0.0001...1.33 Pa with three different
pressures selected for analysis. According to eq. (2), the
cross sections of the charge exchange reactions of Ti",
Ti**, Ti** ions in nitrogen are o;=6.5x107 cm?,
0,= 2.6x107"° cm?, 5= 5.9x107*® cm?, respectively. The
cross sections of the charge exchange reactions of N," and
N* ions in nitrogen are 3.5x10™° cm? and 5x107*° cm?,
respectively [27]. According to eq. (18), the resulting de-
grees of collisionality for Ti*, Ti**, Ti**, N," and N* ions
are ou= 1.6x107™* p, ap,= 6.3x107* p, az= 1.4x107 p,
o= 7.3x10° p, and as= 1.2x107 p (p in Pa).

The solutions of the set of rate equations (3) give the
dependence of the ion fluxes on the background pressure.
As one can see from the Fig. 2, the flux of Ti*" ions de-
creases practically to zero. The flux of Ti** ions decreases
more slowly. The flux of Ti" ions increases with increas-
ing pressure due to charge transfer reactions of the Ti*
ions. The corresponding average charge state of Ti ions
decreases from 1.98 to 1.7 with increasing the pressure.

Knowledge of the ion fluxes allows one to compute
the MP charge. We consider, as an example, MP with the
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radius of 0.25 pm. The profile of MP charge is shown in
Fig. 3 for different values of pressure. It is seen that the
sheath width decreases with ion-neutral collisions. MP
charge is positive near the substrate. The point, where MP
charge equals to zero, moves towards the substrate with
increasing the pressure. This means that the probability of
the electrostatic reflection of MP increases with back-
ground pressure. These results can be explained by the
decreasing of the ion current density.

niu;fnge;

p (Pa)
Fig. 2. Dependence of the normalized ion flux on the
pressure at the distance 0.25 m from the cathode:
Ti* (solid line), Ti** (dashed line), Ti** (dotted line)
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Fig. 3. Dependence of the charge of the MP of radius
0.25 um on its position z for different pressures:
p=0.0001 Pa (a); p=0.1 Pa (b); p=1 Pa (c)

CONCLUSIONS

The presence of a reactive gas leads to enhanced
metal plasma-gas interaction which affects the chemis-
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try of the plasma, the ion composition, the ion energies
and ion currents. An increase in gas pressure causes a
decrease of metal ion charge states, and an increase in
gas ion fraction. In turn, the charge of MP is governed
by local plasma parameters in the sheath.

The major factor affecting the reduction in number
of MPs is processes on the cathode surface in the pres-
ence of a reactive gas. The electrostatic reflection of
MPs from the substrate is additional factor which is
responsible for MP reduction. It is shown that the prob-
ability of the electrostatic reflection increases with in-
creasing nitrogen pressure due to expansion of the re-
gion in the sheath where MP charge is negative.
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3APSIIKA MAKPOYACTUIIBI B CJIOE KATOJAHOM AYTH
E.B. Pomawenko, A.A. buswkos, H.A. I'upka

Hauboiee Ba)XHOH TEXHOIOTHYECKOH MP0OIEeMOi BaKyyMHO-IYTOBOTO OCAKICHUS TIOKPBITHH SBIETCS 3arps3-
HeHne MakpodactTuiamMu (MY). OgHoM 13 BO3MOXKHBIX IPHYMH YMEHBIICHUS YMCIIa YACTHI] IPU HATWIUN PEaKTHB-
HOTO Ta3a sIBIeTCs dIeKTpocTaTHdeckoe oTpaxkeHne MY ot nommoxkku. [lokazaHo, 4TO BEPOATHOCTB 3IEKTPOCTA-
THYECKOTO OTPAYKEHUS YBEIMUYMBACTCS C JAaBJICHUEM a30Ta Oyarojapsi paclIMpeHHIo 00JacTH B IUIa3MEHHOM CIIOE,
rae 3apsa MY orpunatenes. 3apsag MY paccunrtan ¢ y4eTOM 3aBUCUMOCTH 3apsiIOBOTO COCTaBa MOHOB, IIOTOKOB U
SHEPruil MOHOB OT JaBJICHUS Iasa.

3APSIJIKEHHSI MAKPOYACTHUHKHU B IIAPI KATOJHOI YT
O.B. Pomawenxo, O.A. bizwokos, 1.0. I'ipka

Haii6ip11 Ba>KIMBOIO TEXHOJIOTIYHOIO MPOOJIEMOI0 BaKyyMHO-/yTOBOTO OCa/UKEHHsI OKPHUTTIB € 3a0pyIHEHHS
MakpodactuakaMu (MY). OxHi€0 3 MOKIUBUX MPUYHH 3MEHIIEHHS KUTBKOCTI YaCTHHOK y MPUCYTHOCTI PEaKTHUB-
HOTO Ta3y € enekTpocratudHe BigoutTs MY Bin migkiagku. [lokazaHo, M0 HMOBIpPHICTE €EKTPOCTATUYHOTO Bif-
OWTTS 3pOCTaE 3 THCKOM a30Ty 3aBISKH PO3MHPEHHIO AUITHKH IIA3MOBOTO mmapy, ae 3apsg MY e Bin’ eMHuM. 3apsin
MUY po3paxoBaHO 3 ypaxyBaHHSAM 3aJIE)KHOCTI 3apsTIOBOTO CKIIAyY i0HIB, IIOTOKIB Ta €HEPTiil 10HIB B/ THCKY Ta3y.
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