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An analytical model of the interaction of macroparticle (MP) with vacuum arc plasma in plasma immersion ion
implantation (PIII) is presented. The proposed model is based on combination of the theory of charge dynamics of
MP and sheath model for PIII. In the framework of this model, the MP charge dynamics during voltage pulse as well
as during interval between pulses is investigated. It is obtained that MP charge and MP behavior depend on pulsed bias
parameters such as pulse duration, duty cycle and bias amplitude. It is shown that pulsed substrate biasing is effective

method to control of the MPs in plasma processing.
PACS: 52.40.Hf

INTRODUCTION

Vacuum arc has been known to provide a means of
producing metal plasma for thin film deposition and ion
implantation [1, 2]. The favorable characteristic features
of the vacuum arc metal plasma are the high ion flux,
high ionization degree, and multiple ion charge [3 - 5].
Ion bombardment of a substrate surface changes the
physical, electrical, and chemical properties of the mate-
rial surface.

Substrate biasing is an established technique to con-
trol the ion bombardment energy. The amplitude of the
bias is a key parameter, which defines the regimes of
vacuum arc discharge. Besides, the bias is often pulsed in
a number of plasma processing, for example, in plasma
immersion ion implantation (PIII). The typical bias in
PIII is in the range 1 to 100 kV, with the lower values
for semiconductor applications and higher values for
metallurgical applications [2]. In PIII process, an ion
beams are accelerated by electric field of the sheath to
high kinetic energies that allow to them to penetrate
deeply under the surface, to change the atomic composi-
tion and structure near-surface region of the target mate-
rial, and, thereby, to change the properties of the materi-
al surface [6].

In spite of the above-mentioned advantages of vacu-
um arc, the emission of macroparticles (MPs) from the
cathode spot substantially limits the wide application of
vacuum arc plasma [7]. The incorporation of MPs into
the coating degrades the quality of the films, e.g. pro-
duces surface roughening, protuberances, bumps and
pinholes.

The observations [8 - 11] reveal that the application
of repetitively pulsed negative bias to the substrate im-
mersed in vacuum arc plasma can result in a substantial
reduction in the number of MP inclusions in coatings.

We have recently considered the application of
negative DC biasing for the decreasing of MP contami-
nation in vacuum arc deposition [12, 13]. The proposed
model was based on combination of MP charging model
and steady-state sheath model.

In the present work, we investigate the effect pulsed
substrate biasing on MP contamination in vacuum arc.
An analytical model of the interaction of MP with vacu-
um arc plasma in PIII is derived with taking into ac-
count time-varying sheath.
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1. SHEATH MODEL

We consider a widely used Lieberman’s model [14]
for the sheath implantation in the planar geometry. At
time ¢ = 0, a negative voltage pulse of amplitude -V} and
pulse duration #, with zero rise and fall times is applied to
the substrate immersed in uniform plasma of density #,.

When a high voltage pulse is applied, the electrons
are driven away from the substrate region on a time
scale of inverse electron plasma frequency wpe'l . This is
time very short of about few nanoseconds. This leads, in
turn, to creation of a region of positive space charge
known as the ion matrix sheath. Then, on the slower
time scale of the order of inverse ion plasma frequency
a)p,-'l , the ions are accelerated toward the substrate by the
electric field inside the sheath and the ion current densi-
ty reaches a maximum. Subsequently, the sheath edge
expands outwards uncovering more ions until the end of
the voltage pulse. The ion matrix sheath evolves into a
quasistatic Child law sheath with time-varying current

density [6]
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where s is the sheath thickness, m; is the ion mass, g is
the permittivity constant, e is the elementary charge.
The sheath expansion velocity s(?) is given by
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is the matrix sheath thickness, and the ion plasma fre-
quency m,= (€’ny /egm;)"* can be written in terms of ma-
trix sheath thickness and characteristic ion velocity as
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where the characteristic ion velocity is
1/2
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For very long pulses (typically tens of cu,,,-"l), the sta-
tionary Child law sheath will form. The steady-state
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Child law thickness, which is the maximum sheath
thickness that can be reached, is [6]

5 V2
Simax = SO(ﬂJ , (6)

ug
where up = (T, /m; )1/2 is the Bohm velocity.
Substituting (2) into (1) yields the implantation cur-
rent density

Je _2 emuy (7)
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The expression for sheath thickness (2) and implan-
tation current density (7) can be made dimensionless
introducing the following variables

s J
§==—, J=—C
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, T=a)pl.t. ®)

The normalized sheath thickness (2) and implanta-
tion current density (7) become
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Fig. 1. Model for the plasma sheath with MP:
matrix sheath (a), quasistatic Child law sheath (b)

2. MP CHARGE DYNAMICS
AND MP MOTION

We will start our consideration of the features of MP
behavior, when an ion matrix sheath is established, and
neglect the time before. This assumption is valid be-
cause of the duration of negative pulses is usually much
longer than cu,,,-"l , and Child law sheath implantation
contributes major part of the implantation process.
Therefore, we can consider the interaction of MP with
Child law sheath. The position of the substrate is taken
to be x=0. The directed ion velocities are much greater
than the MP velocity [4]. Thus, the MP with the radius a
is assumed to be at rest at point x=x,, x, > s, outside of
the ion matrix sheath, as shown in Fig. 1,a. At =0, MP
have a negative charge Q, due to a difference in mobili-
ty between the electrons and ions. The sheath edge
moves away from the substrate and reaches MP at the
time
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When MP appears in the sheath, it will be recharged
due to absence of electrons which are repelled from the
substrate region.

To find the recharging time for a negatively charged
MP we assume that MP is recharged only by the collec-
tion of the ions. The dynamical equation of recharging is

d
7?:11" 0(t=0)=0, (12)
where Q is the MP charge, /; is the ion current flowing
onto MP surface.
We calculate the ion current /; by using the orbital
motion limited (OML) approach [15]:

e
I, = ma*Jenyu, -0 , (13)
e ak;
where the normalized time-varying implantation current
density J is given by (10). The energy of implanted ions
is [2]

5/3
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where s is the position of the sheath when the pulse is
shut off.
The position of the sheath s7 can be obtained from

3
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The OML approach is applicable if the MP radius is
much smaller than the Debye length
Ap=(&,T, /noez )1/ 2, where T, is the electron temperature.

When the pulse is shut off, the sheath is collapsed,
and MP remains behind. As a result, two ways of MP
behavior are possible. If the MP recharging time is
shorter than the pulse duration, MP remains negatively
charged. And, vice versa, the MP sign changes on oppo-
site, when the MP recharging time is longer than the
pulse duration.

The energy conservation law for MP is

MVZ
7 = 9re(x)- (16)

where M and V are the mass and velocity of MP, respec-
tively; Or is the charge at the end of the voltage pulse,
when t=t,.

The sheath potential ¢(xy) at point x=x,, at moment
t=t, is given by [6]

MR
(P(XO)Z_VO( —Toj . (17)

In the case of positively charged MP, MP motion
cannot occur according to (15). However, MP remains
positively charged at very short time and, then, it will be
again charged to negative charge by collection electron
and ions from the plasma. The charging of MP is gov-
erned by equation

(15)

(18)
where I, is the electron current.
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First, the MP will be lose its positive charge, and, in
this case, the electron current is given by [16]

T,
Ig:—;zazeno 87 1+ Y ,0>0.(19)
Tm, 4rsyal,

Then, the MP becomes negatively charged, and

1,= —ﬁazeno 81, exp Y ,0<0. (20
Tm, 4reyal,

The steady-state negative charge is established,
when the currents are balanced

I,+1,=0. (21)
The charging time t is given by [17]
VT
T=K+*%, (22)

an,
where coefficient K is a function of T; /T, and m; /m,. As
T is inversely proportional to MP radius a, the fastest
charging occurs for large particles.
In the case of negatively charged MP, MP can reach
the substrate between pulses, if it will have enough en-

ergy.
3. RESULTS AND DISCUSSION

The numerical calculations are carried out for titani-
um implant ions. The specific parameters are taken as
typical values from experiments: the pulse duration
t,=1...5 ps, the voltage pulses of amplitudes -2 kV,
-5kV, -10 kV; the plasma density is no:1016m’3, the
electron temperature is 7, =1 eV. For these parameters
the sheath thickness s is obtained from expression (9).
The sheath thickness s is independent of the ion mass,
and is proportional to the square root of the substrate
bias. This is illustrated in Fig. 2. The maximum sheath
thickness is of order of few centimeters, which is larger
than the matrix sheath by a factor of order (Vy/T, )" For
substrate bias -10 kV, the Child law sheath thickness is
larger than the matrix sheath thickness in ten times.

50 T T T T T T
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Fig. 2. Sheath thickness as function of normalized
time T for different substrate bias amplitude:
-2 kV (solid line), -5 kV(dashed line);

-10 kV(dotted line)

The results of numerical calculations of the dynam-
ics of recharging of a titanium MP with radius
a = 0.1 pm, which has initially a negative steady-state
charge Q) = -1x10%, are presented in Fig. 3. For titani-
um plasma we obtain w,,,-"l = 50 ns, and T = 20 corre-
sponds to pulse length 1 ps. As one can see from the
Fig. 3, for the pulse duration ¢, = 1 ps, in case of sub-
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strate bias amplitude -10 kV, MP changes sign of charge
on opposite and becomes positively charged, while, for
negative pulse voltage amplitudes -2 kV, -5kV, MP
remains negatively charged. The increasing of substrate
bias voltage leads to faster recharging of MP.
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Fig. 3. Normalized MP charge as function of normal-
ized time T for different substrate bias amplitude:
-2 kV (solid line); -5 kV (dashed line),

-10 kV (dotted line)

CONCLUSIONS

In this paper, the Lieberman’s model for the sheath
implantation is combined with the theory of MP charge
dynamics in order to investigate the interaction of the MP
with arc plasma during applying negative high-voltage
pulse to the substrate and for time between the pulses.

The proposed model qualitatively explains the MP
reduction due to pulsed biasing. By repetitively apply-
ing negative high-voltage bias pulses to the substrate,
MPs in PII experience many duty cycles during its
flight to the substrate. For short pulses and high fre-
quencies MPs don’t reach the substrate. The pulsed sub-
strate biasing compared to d. c. substrate biasing is the
more effective method to reduce MP contaminations of
the coatings. These results agree with experimental ob-
servations.
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BJIMSIHUE UMITYJIbCHOI'O HIOTEHIUAJIA ITOJKJIAIKA
HA MAKPOYACTHUILY B BAKYYMHOMU AYTE

E.B. Pomawenko, A.A. busiokos, H.A. I'upxa

[IpencraBneHa Moaens B3auMOACUCTBUS MakpodacTuipl (MY) ¢ turasMol BakyyMHOH JYTH TIPH TUIa3MEHHON
nMMepcroHHoi noHHO# nmImantanun (I[TMWN). TIpeanoxxeHHas MOJeb OCHOBaHA Ha KOMOWHAIIUU TEOPUU THHA-
Muku 3apsga MY u mozaenu cnost juist [IMUN. B pamkax 3Toit Moaenu uccneayeTcs TuHamuka 3apsiga MY kak Bo
BpEMSI UMITYJIbCa, TaK U B MHTEpBaJIe MEXIy UMMyiabcamu. [lomyueHo, uro 3apsan u noeaeHue MY 3aBucsT OT ma-
paMeTpoB UMIYJIbCHOTO MOTEHIMANA, TAKUX KaK JUINTEIbHOCTh UMITYJIbCa, TIEPUOJ M aMIUIUTYAa notenuuana. [lo-
Ka3aHO, 4TO MPUMEHCHUE MMITYJILCHOTO MOTCHIHANA SIBIIACTCS 3(G(GEKTUBHBIM METOJIOM KOHTposis MU B 1uia3MeH-
HBIX TIpOIECCaXx.

BIIJINB IMITYJIbCHOTI'O ITIOTEHIIAJTY IIIJIKJIA KA
HA MAKPOYACTHUHKY Y BAKYYMHIA Y31

O.B. Pomauienxo, O.A. bizwokos, 1.0. I'ipka

[omano anamiTHaHy Teopii B3aemoxii MmakpodacTuaku (MY) 3 mra3Moro BakyyMHOI IyTH TIpH IUIa3MOBIH iMep-
ciituiif ionni#t iMmranTamii (ITIII). 3anpomoroBana Moaens 0a3yeThCcsl Ha KOMOIHAIIT Teopii AMHAMIKHY 3apsKeHHS
MU Ta teopii mapy mrs [T, Y pamkax 11iei Mogeri ToCHiKyeTbes TUHAMIKA 3apsSIKEeHHS K IPOTATOM IMITYJIbCY,
TaK i B iHTepBaJI MiX iMImyiabcamMu. OTpUMaHO, IO 3apsA[ Ta MoBeAiHka MY 3anexats BiJ mapaMeTpiB iMITyJILCHOTO
MOTEHINay, TAKUX SIK TPUBATICTh IMITYJIbCY, IEPIOJ Ta aMILTITYAa MOoTeHiany. [loka3aHo, 10 3aCTOCYBaHHS iMITy-
JIBCHOTO MOTEHIIaNy € e(h)eKTHBHUM METOJIOM KOHTPOJII0 32 MY y miia3MoBHX Ipoliecax.
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