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The combined inductive-capacitive RF discharge at low gas pressure is considered for a case of collisionless ion motion.
The power distribution model in the combined RF discharge in case of two asymmetric RF electrodes is developed in term of
a ratio of the electrode areas and in term of a magnitude of applied RF voltage. We believe that power distributes on three
parts: ionization and acceleration of ions in two electrode-sheath transitions. Two types of design is considered: with one and
two RF generators. The dependencies of the dissipated RF power parts are obtained in terms of external discharge parameters.
It is revealed an existence of a power maximum on acceleration of ions at electrode, which has a lower area. Been accorded
expression for dependence of optimum discharge parameters. At using the power distribution model results the system
parameter correlation’s have been obtained for a maximum process effectiveness of physical sputtering for systems on the

basis of combined inductive-capacitive discharge.
PACS: 52.80.-s

INTRODUCTION

At present inductively coupled discharges are widely used
as plasma sources in various technologies for plasma
processing. A high plasma density (10°+10" cm™), low ion
energy losses per ion creation [1] and the feasibility of stable
operation at low pressures without any heated elements or
magnetic fields are just some of the advantages of inductively
coupled RF discharge as the plasma forming stage in ion-
plasma processing systems [2,3]. Since inductively coupled
RF discharges have not displacement current in comparison
with capacitive RF discharge, they are so called
“electrodeless™ discharges. Due to this feature in inductively
coupled plasmas ion energies are relatively low and it results
in a decrease in ion-wall interaction. At using an additional
DC or RF biasing this makes processes of ion production and
ion acceleration to be independent. In many applications the
ions formed in the inductive discharge volume are normally
additionally accelerated by a self-bias voltage formed between
two powered electrodes of different areas to which an RF
voltage has been applied [4]. For example, a single-grid RF
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Fig.1 One-grid ion sources based on a combined inductive-ca-
pacitive RF discharge, (1) — grounded grid-electrode of ac-
celerating system, (2) — grounded vacuum chamber; (3) — two
turn screened inductive coil;

(4) — powered electrode
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ion source for etching the surface of solids [5] (see Fig.1), or
systems for deposition of thin films by multiple sputtering of a
solid target [6]. In industrial sputtering systems it is convenient
to use a common RF generator and matching system to supply
power to the inductor and to the electrodes. Such design
allows eliminate the mutual influence of the two generators. In
such systems the power is automatically redistributed between
the inductive coil and powered electrodes. When designing
these sputtering systems, the parameters must be specifically
selected to maximize the energy input to the sputtered target
electrode or to the ion source beam.

The system described with a common RF generator is
essentially a single, combined, inductive-capacitive RF
discharge. Although numerous studies dealing with the
physics of inductively coupled discharges [7,8] and electrode
layers [9,10], and also patents [11,12] have been published
recently, the combined inductive-capacitive discharge has
been virtually ignored and the available data are insufficient to
optimize the design of sputtering systems in term of energy.

The aim of the present study is to make a theoretical
analysis of the power distribution in a sputtering system based
on a combined inductive-capacitive RF discharge and to
optimize the ratio of the system parameters in terms of energy
input to the target or ion beam.

DISCHARGE MODEL

As a result of the analysis we develop a
phenomenological model of the energy balance in the
inductive-capacitive RF discharge. The limits of validity of
the model are governed by the following conditions:

(1) The analysis is made for low-pressure range
(p <107 Torr) of working gas, which is preferred to the
sputtering systems. In this range it can approximately be
assumed that (i) the motion of the ions and sputtered
particles is collisionless and (ii) the ionization is constant
over the volume, which gives uniform ion current density j
on the surface of the gas-discharge chamber.

(2) The inner surface of the gas-discharge chamber is
formed only by the surface of the two electrodes with areas
A, and 4, (4:<4, and A+A,=Ao). The areas of the other
surface bounding the plasma are negligible.

(3) We assume that the plasma is enough dense and the
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Fig. 2 Dimensionless powers p,, pz and p; versus ratio of electrode areas & = Ay/A, for = 300 V (a) and versus & and § (b).
The bold line on the surface p:(9,0) shows the maximal magnitude of p; at the fixed § . The maximal magnitude p e and value
of b, versus the electrode areas ratio d is shown at Fig.2(c). The results present the case of low pressure when a = 4 and
N =80 Vion (for working gas — Argon)

thickness d of electrode layers is small, so that d <<L, where
L is the characteristic size of the gas-discharge chamber (for
example, for L=10cm and U=1000V we impose the
limitation j >0.2 mA/cm?).

(4) The ions are accelerated by a quasi-steady state, time
averaged potential drops U, and U, in the sheathes near the
electrodes with areas 4, and A, respectively, i. e. the ion
transit time in the electrode sheathes is much greater then the
period of the RF field. This imposes a constraint on the
operating frequency f (for d=1cm and U=1000 V we
require that >3 MHz).

The distributions of the supplied power P, may be
represented as Po=P,+P,+P;, where P,=jA,U, and P,=j4,U,
are the power dissipated in accelerating the ion fluxes to the
electrodes and Pi=j4,n) is the power dissipated in the
formation of ions. The parameter 7] is the energy losses per ion
creation, which consists of electron energy losses in inelastic
processes and kinetic losses due to thermal motion of ions and
electrons. We express the biases U; and U, in terms of the
amplitudes @, and @, of the RF voltage applied to the layers:
U=¢, and U=¢,. According to Refs. [9,10] ¢ and ¢, are
related as @ =@ +@, and ¢1/d.= (4./41)°, where ¢ is the
amplitude of the RF voltage applied between the electrodes.
For collisionless ion motion, when Child-Langmuir law is
valid, a=4[9].
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Note that p; may be considered as the useful part of
the supplied power or, in dimensionless form, as the
system energy efficiency.

DISCUSSION

For the case of collisionless ion movement, when a =4
[9], the power distributions are plotted in term of the parameter
Oin Fig. 2a. Attention is drawn to the maximum of p;, which
position depends on @, i.e., for every value of ¢ there is the
optimum of 9 for the maximum efficiency. The bold line on
the dependence of p; versus ¢ and O in Fig. 2b shows a
location of the maximum of p,. Fig. 2c gives the optimum of
0 and the maximum efficiency as function of ¢@. This curve
can be used directly to design the sputtering systems. Having
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Fig. 3 Correlation’s between the applied power components p»/p1, p/(p1+p2) (@) and pi/pi, p2/p: (b) versus d (¢ /n = 1)
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defined the required value of ¢ (for ¢ >100 V and d>1.5, ¢
is almost the same as the accelerating voltage U,), we can
use these curves to find the optimum ratio of electrode areas.

The expressions - are convenient for power balance
computation in combined inductive-capacitive RF discharge
with common RF generator for ionization and acceleration of
charged particles (see Fig. 1).

In the case of independent RF power supplies for creation
and acceleration of ions it is more convenient following
expressions:

p_ 1
Py g’

P g’
ptp 1+4°
Pt § 50704
b N (54+1)

b, 8
po N A+8)1+3%)
P, ¢_ 0

pon D(1+ )1+ 8%

The dependencies - are given in Fig. 3. As it follows
from this figure the most of RF power for ion acceleration
is dissipated on smallest electrode at ratio of electrodes
areas 0>1.55.

CONCLUSION

We have therefore made a theoretical analysis of the
power distribution in sputtering system based on an inductive-
capacitive discharge. We have established that there is an
optimum ratio of electrode areas ensuring maximum energy
input to the target, and we have calculated this ratio as a
function of the external parameters. The theoretical
conclusions are universal and can be applied regardless of the
absolute values of the input power and target size. The results
may be used directly to design sputtering systems based on
inductive-capacitive discharges and may also be useful for

further development of physical models of gas-discharge
systems.

In conclusion we note that the approximation of constant
ion energy value (/] = const) has been used in this study. In
general however 1] is function of pressure, the potential ¢ and
other factors [1]. The authors intend to carry out further
investigations to verify experimentally the influence of these
factors on the energy balance and to refine the theoretical
model.
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EHEPTETUYHUI BAJJAHC B ACUMETPUYHOMY KOMBIHOBAHOMY IHIYKIIAHO-EMHICHOMY
BY PO3PAAI HU3BKOI'O TUCKY

O.B. 3ukos, K.I. Ilonoxciii, B.I. @apenux

Y pobori posrisaeTbes KOMOIHOBaHMI iHAYKIIITHO-eMHiICHOT BU po3psia B 0651acTi HU3bKOTO THCKY poOOYOro rasy, Koiu
IOHU JOCATAalOTh CTIHOK pO3PSAHOI Kamepw Oe3 3iTkHeHb. [Ins Bumanky acuMeTpumyHux BY enmexTpomiB moOymoBaHa
(heHOMEHOJIOTHYHA MO/IeNb OallaHCy MOTYKHOCTI, 10 MiABOANUThCS 10 BY po3psay B 3alie)kHOCTI Bij BimHOIIEHHS o BU
SNIEKTPOIIB 1 aMITITYiu npuKiIaaeHoro BY norenmiany. Po3risHyTi 1Ba TUIIM cHCTeM: 3 OAHMM i ABoMa BU reneparopamu.
OTpuMaHa 3aJ€XKHICTh CKJIAJA0BUX IOTY>KHOCTI, L0 IOINIMHAETHCS B PO3PsAL B 3alEXKHOCTI BiJ 30BHIIIHIX IapaMeTpiB
po3psny. BusiBieHo iCHyBaHHS MakCMMyMa MOTYXXHOCTI Ha NMPHCKOPEHHS iOHIB Ha €JEKTPOJ MEHIIOi IJIoNli. 3HaWacHa
3aJIC)KHICTD ITOJIOKCHHS JTAaHOTO MaKCHMyMa BiJl IapaMeTpiB CHCTeMH. Pe3ysbTaTH MOXYTh OyTH BHKOPHCTaHI SK IPU
KOHCTPYIOBaHHI i ONTHMI3aIlil PO3MIIIOBAJIBHUX CHCTEM Ha 0a3i KOMOIHOBAHOTO PO3PSIY, TakK 1 AJISl MOJANIBIIOTO PO3BUTKY
MOJIENTEHUX YSBJICHB 1po ¢izuky BU pospsiuis.

HEPTETUYECKHUIA FAJTAHC B ACUMMETPUYHOM KOMBUHUPOBAHHOM MHIYKIIMOHHO-
EMKOCTHOM BY PA3PAIE HU3KOI'O JJABJIEHUSI

A.B. 3vikoe, K.U. Ilonosxcuit, B.U. @apenux

B paGote paccmarpuBaeTcs KOMOMHHUPOBAHHBIM HMHAYKIMOHHO-eMKOCTHOW BY paspsa B 007acTH HU3KOTO JIaBICHUS
pabodero rasa, Korna yxoJ HOHOB U3 IUIa3Mbl HA CTEHKU Pa3psaHON Kamephbl MPOUCXOOUT 0e3 CTONKHOBeHWH. [l cirydas
acUMMeTpuIHBIX BY 371eKTpo 0B mocTpoeHa eHOMEHOIOTHYECKasi MOJIeNb OallaHca MoABOIUMON K paspsity BU MomrHOCTH
B 3aBHCHMOCTH OT OTHOWIeHHUs riomaneid BY anexTpooB u aMmumTy sl npuioxkeHHoro BY norennuana. PaccmoTpens! 1Ba
TUna cucrteM: ¢ ogHUM u J1ByMa BY reneparopamu. IlomydeHpl 3aBHCHMOCTH COCTABISIOIIMX ITOTJIOIIAEMON B paspse
MOIIHOCTH B 3aBUCHMOCTHM OT BHEIIHHMX IapaMeTpoB paspsana. OOHapykeHO CYIIEeCTBOBAaHME MaKCHUMyMa MOIIHOCTH Ha
YCKOpPEHHE HOHOB Ha BJIEKTPOJl MeHbIIeH miomanyu. HalineHa 3aBHCHMOCTD TOJIOKEHHS TAHHOTO MaKCHUMyMa OT MapaMeTpoB
cHCTeMBbl. Pe3ybTaTel MOTYT OBITH UCTIONB30BaHbI KaK IPH KOHCTPYHPOBAHUHM M ONTHMH3ALIH PACHIBUINTEIBHBIX CUCTEM Ha
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0a3e KOMOMHHPOBAHHOTO pa3psijia, TaK U JJIs TAIBHEHIIIET0 Pa3BUTHS MOJICIBHBIX MpeacTaBiIeHni o ¢pusrnke BU paspsios.
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