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Generation of metal plasma in vacuum arc discharge is always accompanied by a production of macroparticles (MPs). The MP
contamination in coatings is the most important technological problem in plasma immersion ion implantation (PIII). For the case of
PIII with long pulse duration, the results of theoretical study of MP charging and dynamics in the plasma sheath are presented. To
describe the MP charging in the sheath the sheath model is combined with orbital motion limited (OML) theory. The MP charging in the
sheath is studied with taking into account emission processes from MP surface as well as kinetic electron emission (KEE) from the
high voltage substrate. The charge and dynamics of MP are governed by local parameters of counter fluxes of ions and secondary
electrons from the substrate. The MP charge depends on the MP local position within the sheath. The dominant role in MP charging is
shown to be played by KEE from the substrate, which is an important feature of PIII. KEE from the substrate changes the potential
profile within the sheath, the sheath thickness, and current balance on MP surface. MP charge is obtained to be negative because it is
caused by higher current density of secondary electrons from the substrate than that of ions. The latter is possible for KEE yield
larger than a unit. The substrate biasing influences both the release of secondary electrons from the substrate under ion impact and their
acceleration in the sheath. The increasing of negative substrate bias is demonstrated to result in the increasing of absolute value of
negative MP charge, and, thereby, the increasing of electrostatic reflection of MP from the substrate. The negative substrate biasing is
shown to be the effective alternative method to reduce MP contaminations in coatings without applying any magnetic filters.
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Vacuum arc is known to provide a means for 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 its physical, electrical, and chemical
properties. Substrate biasing is an established technique to control the ion bombardment energy. The amplitude of the bias
is a key parameter, which results in a qualitatively different kind of surface modification. Low-energy ion bombardment
with energies from several tens of electronvolts to several hundreds of electronvolts is used for thin film deposition.
Plasma immersion ion implantation (PIII) is an effective surface modification technique. The typical bias in PIII
belongs to the range from 1 to 100 kV, with the lower values for semiconductor applications and higher values for
metallurgical applications [2]. Besides, the bias is usually pulsed to allow the plasma to replace depleted ions between
the pulses.

The macroparticles (MPs) contamination in many PIII applications, particularly semiconductor applications, is the
most important technological problem [6]. The MP size occurs in the range from fraction to tens microns. The
incorporation of MPs into the coating degrades the quality of the films, e.g. produces surface roughening,
protuberances, bumps and pinholes. The experimental observations reveal that the number of MPs can be reduced by
substrate biasing [7]. We have recently considered the effect of negative substrate biasing on MP contamination in
vacuum arc deposition (VAD) [8]. The energy of multiply charged ions at the substrate is increased by applying a
negative bias. The multiply charged ions may cause a release of secondary electrons from the substrate surface.
Secondary electron emission (SEE) occurs through two general processes, known as kinetic electron emission (KEE)
and potential electron emission (PEE). Because of the relatively low kinetic energy of the ions (below 1 keV), only PEE
is of importance in the VAD. In contrary to VAD, KEE is an important feature of PIII [9].

The aim of this work to study the effect of substrate biasing on MP contamination in ion implantation system with
taking KEE into account.

SHEATH MODEL FOR ION IMPLANTATION

In PIII, the substrate is immersed into a vacuum arc produced plasma, and series of negative high-voltage pulses
are applied to the substrate. Applying a high voltage negative bias to the substrate accelerates and implants the ions. A
collisionless dynamic sheath model for implantation of singly charged ions has been introduced by Lieberman [10].
Later, this model has been extended to take the multiple charge state into account [11]. According to Lieberman model
[10], when a high voltage pulse of amplitude -V} is applied, the electrons are driven away from the substrate region on a
time scale of inverse electron plasma frequency w,. ™. This time is very short, of about few nanoseconds. This leads, in
turn, to production 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 w,;/, the ions are accelerated toward the substrate by the electric field
© Elena V. Romashchenko, Aleksander A. Bizyukov, Igor O. Girka, 2020
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inside the sheath and the ion current density 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 quasi-static Child law
sheath with time-varying current density [10]
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where s is the sheath thickness, m; is the ion mass, &y is the permittivity constant, e is the elementary charge, Z is the ion
charge state.

The sheath expansion velocity s(?) is given by
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is the matrix sheath thickness.
In metal plasma produced by a vacuum arc, an equilibrium steady-state ion sheath can be formed [13,14].
The steady-state Child law thickness, which is the maximum sheath thickness that can be reached, is [12]
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kg is the Boltzman constant, 7 is the electron temperature.
The stationary Child law sheath is established for the time [6]
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and approximate expression for this time is
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For example, for the magnitude -2 kV of the substrate bias, the sheath reaches its quasi-stationary position in metal
plasma during about few ps. Therefore, in the case of application of low implantation voltage and long pulse duration (in
limiting case: DC), the steady-state sheath model can be considered.

The ions accelerated by electric field of the sheath deliver significant kinetic and potential energy to the substrate.
The high kinetic energies make it possible for them to penetrate deeply into the surface, to change the atomic
composition and structure in near-surface region of the target material, and, thereby, to change the properties of the
surface material [12]. When ions impact the substrate with high energies, they cause the PEE and KEE from the substrate.
The implantation current density is the sum of the ion current density j; and secondary electron current density ji.

j:j,-+jse=[1+ljji. ©
VA
Recognizing that there are two contributing process we can write the total SEE yield y as

Y=7p + 7k (10)

where y, is the potential SEE yield, and y is the potential SEE yield.
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At high sheath voltages (>1kV), the electron emission mechanism is mainly determined by the kinetic energy of the
arriving ions, and KEE becomes dominant. Therefore, the contribution to the total SEE yield by KEE is much larger than
that by PEE, y = y. The KEE yield v, is proportional to the square root of the kinetic ion energy, which is, in turn,
determined by the applied voltage Vy, y ~ (Vy)'2.

In the coordinate system applied in the present paper, a plasma-sheath interface is taken to be the origin, x=0, and
the position of the substrate is determined by the sheath thickness. The flux of secondary electrons is accelerated away
from the substrate in the sheath electric field that accelerates the ion flux towards the substrate. To obtain the potential
distribution @(x) within the sheath one has to consider both particle fluxes in Poisson’s equation - to and from the
substrate:
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where n; and n, are the ion and electron density, respectively.
The expressions for the densities of ions and secondary electrons can be obtained from the equations of continuity
and energy conservation
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where m, is the electron mass, &, is the initial energy of ions.
The quasi-neutrality condition at the sheath edge is
ny = Zn;(0) + ny,(0) (14)

and

where n is the bulk plasma density.

The Bohm criterion is oversatisfied at the sheath edge because of supersonic velocity of implanted metal ions. The
boundary conditions for integration of Poisson’s equation (11) are: @(0)=0; d®/dx=0. The potential variation in the
sheath can be found numerically by integrating the Eq. (11). The MPs are assumed to have no effect on the sheath
structure.

MP CHARGING
We consider the MP with the radius a as a spherical probe immersed into the counter fluxes of ions and secondary
electrons from the substrate. In addition, secondary electrons from MP surface can be produced by electron and by ion
impacts.
The MP charge Q is one of the most important characteristics for the MP dynamics. The MP charge Q is
determined by the MP potential V; with respect to the local sheath potential:

O(x)=CV4(x), (15)
where C is the capacitance of the MP. If the MP radius is much smaller than the Debye length Ap=( &,T. /nse’ )' then
the capacitance is

C=4nsy(1+afip)~4nsya . (16)

The MP charging time depends on competition of different currents onto and from the MP surface. The steady-
state potential to which a MP is charged is determined from the balance of particle currents to the grain:
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where /; is the ion current, /. is the current of fast secondary electrons emitted from the substrate, /.. is the secondary

electron current from the MP surface caused by the impact of ions, /... is the current of secondary electrons emitted

from the MP surface due to fast electron bombardment.
We calculate the currents /; and /. to the MP surface by using the orbital motion limited (OML) approach [15]. For
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where u; is the ion velocity, u. is the velocity of secondary electrons; I; =0, if 2ZeVy /mu?>1; and I, =0, if
2eVimeus <1.

The secondary electron yield ¢ is described by Sternglass’s universal curve [16]

Exp[—Z be J (22)
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where ¢, is the primary electron energy, and &., is the energy for which the secondary yield J,, is maximum.
In the case of PIII, the value of the SEE yield J is comparable with value of the SEE yield .

RESULTS AND DISCUSSION
The model described above is applied to the case of titanium cathodic arc plasma used for PIII. The specific
plasma parameters are taken as typical values from experiments: the electron temperature is 7. =1 eV, the plasma bulk
density is n=10'm=, mean initial kinetic energy of ions is & =54 eV, mean ion charge is Z=2.
Using substrate bias of about -1kV, the energy of titanium ions with Z=2 at the substrate surface is of at least 2

keV. The resulting ion energy for substrate bias V', =-2 kV is of at least 4 keV. For these values of substrate bias KEE is
dominant.
1.2 T T T
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Fig.1. The secondary electron emission yield ¢
The secondary electron emission yield J for electron impact on a solid as a function of primary electron energy

To begin with, one needs to know the SEE coefficients. The expression (22) makes it possible to find the SEE
yield ¢ as a function of the energy of incident electrons &, (Fig. 1). Titanium has J,, =0.83 and &.,, =300 eV. The SEE
yield ¢ depends strongly on the electron energy, which reaches a maximum value at the sheath edge and a minimum
value at the substrate. The substrate voltage bias provides the upper limit to the coefficient 6. The measured total SEE
yield y is presented in Ref. [9]. For an accelerating substrate bias V) =—6 kV, SEE yield y is about 2.7. Therefore,
knowing that y ~ (V)"2, the corresponding SEE yields y for substrate bias V) =—1 kV, and -2 kV, are equal 1.1, and 1.6,
respectively.

Equation (11) is numerically integrated to give the dependence of the potential distribution @(x) within the sheath
on the normalized coordinate z= x/ Ap. Numerical solutions of (11) with (18)-(21) allow to determine the MP charge as
a function of the MP position z for given sheath potential profile @ (x). The profile of MP charge for different values of
substrate bias is shown in Fig. 2.

The negative MP charge is caused by higher current density of secondary electrons from the substrate than that of
ions. An increase in substrate bias leads to larger absolute values of negative MP charge. The negatively charged MP is
decelerated by electric field of the sheath. That is why for large repulsive field, MP cannot reach the substrate.
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Fig. 2. The profile of MP charge in the sheath
The dependence of the charge of the MP of radius 0.25 um, on the MP position z for different substrate biases: (a)-1kV, (b) —2kV
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CONCLUSION
SEE is relevant for charging of MP in the near-substrate plasma. The substrate biasing directly influences the
release of secondary electrons from the substrate because the KEE is dependent on the kinetic energy of the incident
ions. In implantation sheath, KEE from the substrate contributes to the MP charging more significantly as compared
with emission from MP surface due to high voltage bias of the substrate. The obtained results are in good agreement
with the experimental data. PIII is demonstrated to be controllable technique for modification of surface without MPs.
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BIIBUTTSI MAKPOYACTHUHKH BIJI 3APSJIKEHOT IIJTKJIATKA
¥V IJTASMOBHUX CUCTEMAX IOHHOI IMITJIAHTAIIIT
O.B. Pomamenko, O.A. Bizwokos, 1.0. I'ipka
Xaprxiecokuil nayionanvruil ynieepcumem imeni B. H. Kapasina
m. Ce0600u, 4, 61022, Xapxis, Yxpaina

Ieneparist MeTaneBol IIa3MH y BaKyyMHO-IyTOBOMY PO3PSZi 3aBXIU CYIIPOBOUKYETHCS BUPOOHUITBOM MakpodacTHHOK (MY).
3abpynuenHs nmoBepxoHb MUY € HalWOiLIbII BaXKIIMBOIO TEXHOJOTIYHOIO MPOOJIEMOIO MPH IUIa3MOBIiM iMepciifHill iMIutanTanii ioHIB
(TIIII). Pe3ynpraTé TEOPETHYHOIO JOCIIDKEHHS 3aps/pKaHHs Ta quHaMiku MU y ruiasmoBoMy miapi npencrasieHo aiist Bunaaky [1I11
3 iMIysbcamu JOBroi TpuBaiocti. st onucy 3apsypkaHas MY y mapi TeopeTHuHy MOJIeNb Mapy MOEIHAHO 3 TEOPi€r0 0OMEKEHOTO
op0itanbHoro pyxy (OOP). 3apsimkanss MY y mapi JOCTiDKEHO 3 ypaxyBaHHAM SIK eMiCiiHHX mporeciB 3 moBepxai MY, Ttak i
kinetnuHoi enekrponnoi ewmicii (KEE) 3 migknmanke 3 BHCOKMM MOTEHIaloM 3cyBy. 3apsig i auHamika MY BHU3HA4arOTHCS
JIOKaJbHAMH TapaMeTpaMH HPOTHIIC)KHUX IIOTOKIB 10HIB Ta BTOPUHHHX CJIEKTPOHIB 3 MiAKIAAKH. 3apsa MU 3amexuTs Bix
nonoxenHss MY ycepeanni mapy. [lokaszaHo, mo gominyrody poib y 3apsmkanai MY Bigirpae KEE 3 migknanku, sika € BaXITHBOIO
practusictio IIIII. KEE 3 migxmagky 3MiHIoe nmpodink moTeHmialy ycepeAwHi Iapy, TOBIIMHY HIapy Ta OalaHC CTpyMiB Ha
nosepxuHio MY. Otpumano, mo MY 3apsypkaeTbcss HETaTHBHO BHACTINOK TOTO, IO I'yCTHHA CTPyMy BTOPHHHHX EJIEKTPOHIB 3
MiAKIaAKA € OUIBLIO0 3a TyCcTHHY cTpyMy ioHiB. Ile MoximBo, koian koedinienr KEE Oimbmmii 3a oguHMIIO. 3aCTOCYBaHHS
HEraTHBHOIO MOTEHIialy 3CyBy OO MiAKJIAIKH BIUIMBAa€ HA BUPUBAHHS BTOPMHHUX €JEKTPOHIB 3 IIIKJIAJKH iOHAMH Ta Ha iX
npucKopeHHs y miapi. OTpuMano, 1o 30UIbLICHHS HEraTHBHOTO 3CYBY MOTEHLIANy IMiAKIAJKH IPU3BOIUTH 10 30iMbLICHHS
a0COJIOTHOT BEMMYMHH HEraTHMBHOTrO 3apsay MY, Ta TakuM 4YMHOM, 10 30iIbLICHHS eJIeKTpoCTaTHYHOro Biabuttss MY Big
migknaakd. [1okazaHo, 1o 3aCTOCYBaHHS HETaTHMBHOTO MOTEHLIANy 3CYBY A0 MiIKIAIKH € €(PEKTUBHUM albTEPHATUBHUM 3aCO00M
3MeHIIeHHS 3a0pyaHeHs MY moKpuTTiB 06€3 3aCTOCYBaHHS MAarHiTHUX (iIBTPIB.

KJIOYOBI CJIOBA: nina3moBa iMepciiiHa IMITTaHTaIlis i0HiB, MAKpOYacTHHKA, KIHETHYHA EIEKTPOHHA eMicis

OTPAXKEHUE MAKPOYACTHIIBI OT 3APSIKEHHOM ITOJIOKKA
B INTASMEHHBIX CHCTEMAX HOHHOM UMILTAHTAITAA
E.B. Pomamenko, A.A. busiokos, U.A. I'npka
Xapvroeckuil nayuonanvhwiil ynusepcumem umenu B. H. Kapazuna
nn. Ceo600wi, 4, 61022, Xapvros, Ykpauna
I'eneparus MeTalIMYECKOH IUIA3Mbl B BAaKyyMHO-IYyTOBOM pa3psijie BCETJa COMPOBOXKIAETCS MPONU3BOACTBOM Makpodactur (MY).
3arps3HeHne TOKpHITHH MU sBisieTcs Hamboyiee BaKHOW TEXHOJOTMYECKOM NPOOIEMON MpH IUIa3MEHHOH HMMEpPCHOHHON
nmiutantanui MoHoB (ITMVM). PesynbraThl TEOpPETHYECKOTO HCCIEIOBAaHUS 3apsAkd M aAuHamMukn MU B IIasMeHHOM clioe
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npencrasieHsl A ciydas [IMU ¢ ummynascamu Gombiioit mutensHocty. s uccnenoBanus 3apsaxku MU B ciioe TeopeTuyeckas
MOJIEIIb CJIOSI CKOMOMHHPOBaHA ¢ Teopuei orpanuueHHoro opouransHoro aswxenus (OO/). 3apsaka MY B croe u3yyena ¢ ydyerom
KaK MUCCHOHHBIX MPOLECCOB C MOBepXHOCTH MUY, Tak M ¢ y4eToM KHHETHYecKOW anieKkTpoHHOU smuccun (KOD) ¢ momnoxku c
BBICOKMM MOTEHIIMAIOM cMemIeHus. 3apsay 1 quHaMuka MU onpenensroTcs JoKaabHBIMH ITapaMeTpaMy BCTPEUHBIX TOTOKOB HOHOB U
BTOPHYHBIX DJIEKTPOHOB C MOUIOKKHU. 3apsia MY 3aBucur ot monoxenus MY B cioe. IlokazaHo, 94TO TOMHHHPYIOIIYIO POJb B
3apsnke MY wurpaer KOO, xoropast siBisieTcss BaxHO# ocoberHocThio [TMUN. KOO ¢ monoxkku m3MeHsieT npoduiib MOTECHIAANIA
BHYTPH CJIOSI, TONIIHMHY cJI0sI 1 GajaHc TOKOB Ha nmoBepxHocTs MU. [oyueno, uto MU 3apsbkaeTcst OTpUIIATEIBHO BCIIEICTBHE TOTO,
YTO IUIOTHOCTh TOKAa BTOPUYHBIX ODJIEKTPOHOB C IIOJUIOKKH OOJIBIE, YeM IUIOTHOCTh TOKa HMOHOB. DTO BO3MOXKHO, KOTja
kodpdurnment KEE Gonbmie enununnpl. [IprnokeHne oTpUIATENFHOrO NOTEHINANa CMEIIEHUS K MOJIOKKE BIMSAET Ha BBHIPHIBAHUE
BTOPUYHBIX 3JIEKTPOHOB U3 MOJIOXKKM HOHAMH M Ha HUX yckopeHHe B cioe. IlomydeHo, uTo yBelIMYEHHE OTPUIATEIBHOTO
MOTEHIMANIa CMENEHHUSI TTOUI0KKH MPUBOAUT K YBEITMUECHHIO a0COTIOTHON BEIMUUHBI OTPUIATENBHOTO 3apsaa MY, u Tem caMbIM, K
YBEIHYEHHIO 3JIEKTpOocTaTHdeckoro orpaxeHns MY or nommoxku. Iloka3aHo, 4TO HMpHMEHEHHE OTPHIATENBPHOTO ITOTEHIHANa
CMEIIEHHsI K MOMIOXKKE SBIAeTCS 3(P(HEeKTHBHBIM aTbTEePHATHBHBIM METOAOM YMEHBIICHHS 3arpsi3HEHHs MOKpeTmid MY 6e3
IIPUMEHEHHS MarHUTHBIX (DHIIETPOB.

KJ/IFOYEBBIE CJIOBA: nnasMeHHasi UMMEPCHOHHAs UMILIAHTAlUA HOHOB, MaKpO4acTHIA, KUHETUYECKas 2JICKTPOHHAS DMUCCUS





