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Analysis of electron heating due to partial resonance in an inductively coupled plasma under
confronting divergent magnetic fields

Ryota Okazaki and Hirotake SucawARA *
Graduate School of Information Science and Technology, Hokkaido University, Sapporo 060-0814, Japan

We investigate the partial resonance as one of the mechanisms of the electron heating to sustaindnductively coupled plasmas
driven under confronting divergent magnetic fields having an electron confinement function. Dependence’of the partial resonance
on operating conditions are observed. The electron energy gain (EEG), defined as a measure for evaluation ofthe partial resonance,
was calculated by a Monte Carlo method under various magnetic field strengths and the RF antenna,pasitions. Itisiconfirmed that
the partial resonance is observed in the resonant region even in low electric field and strong magnetic field. As an attempt to utilize
the partial resonance, we demonstrate enhancement of the EEG and resulting ionization in the resonant region by placing the RF
antenna near a region where the magnetic field lines running through the resonant region reach.

1. Introduction tron temperature by. binding‘the electron motion, the partial

Plasma sustainment at low gas pressures is one of the tefSonance is an interesting phenomenon as a mechanism of
nical demands in material processing for fine fabricatioRNergy supply.to electrons, and it may assist the sustainment
of integrated circuits and microelectromechanical systenf§ the magnetizedICPs. Because it is expected thaBgag
by anisotropic dry etching. Application of magnetic fieldg'egion can bedesigned and controlled by the current flowing
to plasmas is an effective way to keep the plasma densiﬂ/the DC magneticrcoils and their positions, analysis of fun-
high even at low pressures. For example, the magnetic nedamental dependence of the partial resonance on the reactor
tral loop discharge (NLD) plasr for etching is a high- arrar_lgemept and the plasma driving cond_ltlons is q_e_swed to
density inductively coupled plasma (ICP) generated und@,btal_n a guide to preferab'le.plasma operation for utilizing the
a quadrupole magnetic field (QMF). As well, the X_poimfunctlons of the characteristic magnetic fields.
plasma® 19 which is an ICP proposed originally as a nega- In this paper, an ICP driven by RF electric field at
tive ion source, is driven under confronting divergent magt3:26 MHz is adopted as the analysis model. The energy that
netic fields (CDMFs), and functions of the CDMEs have beefi" €léctron gains per unit time is quantified as the electron
discussed for their use as a magnetic shutter or filtéor,.. €nergy gain (EEG), and the spatial distribution of the EEG is
plasma confinement and modulation to reduce the damage®y@luated. The EEG is calculated by a Monte Carlo method
materials processed. in a region of certain magnetic field strength range, which is
On the other hand, it has been pointed out that electrof€fined as the ‘resonant region’. The following three points
under non-uniform magnetic fields obtainsenergicgently —are investigated; (a) the dependence of the EEG on the RF
from AC (typically RF) electric field by the partial armor @ntenna position moved along the chamber ceiling or s_lde-
rotatior? or the partial resonan®earound the regions of the Wall, (b) the dependence of the EEG on the magnetic field
resonant magnetic field strengBacr/Here, Begris such a  strength, and (c) the aspects of the EEG dependent on the
magnetic field strength that the electron/Larmor frequency Rath of magnetic field lines relative to the resonant region.
equal to the AC electric field.frequency and that the electrdR0int (a) is for the design of the reactor; whether the RF an-
cyclotron resonance (ECR) would ocetiffhen AC electrit€nna is placed over the chamber ceiling or around the side-
and DC magnetic fields are_uniform. The QMF has a tubyvall. This can also be for a dynamic control if multiple RF an-
lar Becr region around and alongthe fing-shaped null magénnas are switchable. Point (b) is to confirm the occurrence
netic field region so-called the neutral loop, along which thef partial resonance under strong magnetic fields. Point (c),
NLD plasma is generated:13.|t was observed that the elec- which is of a new efirt to utilize the features presented in re-
tron temperature has'a peak nearBaes region ina QMF®  cent reports? 2V intends an efficient supply of high-energy
The CDMFs, under which the®X-point plasma is driven, typiﬁlectrons to the resonant region along magnetic field lines
cally have a spheroid:likBecrregion surrounding the mag- connecting between the resonant region and the near-antenna
netic null point’so-called'the X point. Here, the X point inregion. We discuss the possibility of the partial resonance in
the present geometry iS\an isolated singular point, while gHnctional use of magnetic fields for plasma operations.
X point refers to the |'nter_sect|on of a magnetic null I|_ne W|thz_ Simulation model and conditions
a poloidal cross seetion in tokamak plasiasr that with a . o
transverse cross &ection in linear plasma deviBdswas re- I order to focus the present analysis on confirming funda-
ported thatelectrons under the CDMFs obtain energy near tit¢ntal dependence of the EEG on the arrangement of the
Becr region via a stochastic proceSst’-19A notable feature electric and magnetic fields, we adopt a simple simulation
is thatthe partial resonance may occur even in the region d@o_del to track the elec_tron motion _and the simulationg are
tant from the RF antenna. Although it is considered in generiited to be of a relatively short time scale as explained

that magnetic field induces the magnetic cooling of the eled the following sections. Although plasma modelling tech-
nigues progress remarkably for practical and realistic simula-

*E-mail: sugawara@ist.hokudai.ac.jp
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Fig. 2. RF magnetic fielBrr(t) induced by the RF antenna current at
Fig. 1. Model reactor assumed in the present work. The left part shows the phases of downward maximum,(left) and upward maximum (right). The
an example of the amplitude distribution of RF electric fiElgk(t) (in contours around the X point repres@@ic’+ Brr(t)| = 0.5Bgcr (—),
logarithmic scale). Its values at some representative positions on the 1.0Bgcr (— - —), and 15Bgcr (< - —) atIpc = 600 AT, where
sidewall are about 479xh (maximum) near the RF antenna and 160M\at  Bgcg = 0.4844 mT atfre = 1356 MHz. The maximum ofBrg(t)| is about
z=0, and the amplitude dErr(t) decays inward to zero at= 0. The right  0.3Bgcg at the position ohithe sidewall closest to the RF antenna. The
part shows magnetic fielipc atlpc = 600 AT; —,|Bpc| = 0.5Becr; broken curves represent the position$B¥r(t)| = 0.2Bgcr, 0.1Becr, and
— - —, LOBgcRr; and —- - —, 1.5BgcR, WhereBgcr = 0.4844 mT at 0.05Bgcr in ordénfrom the closest to the RF antenna.
fre = 1356 MHz.

2.2 DBC coils and magnetic fields
tions taking account of various plasma responses, that of Magka cDMFEs ate applied by two 36-turn coaxial circular DC
netized plasmas is still under development for complicat%agnetic coils, the upper and lower coils, with a thickness
behavior of electrons under magnetic field. In general, a Pa§; 4 9 cmx/4.0 cm. Thez positions of their centers ai&, =
ticle model requires a heavy computational load, but Mente1o gem andZ, = —10.0 cm. Their inner and outer radii are
Carlo simulations are indispensable for the present purpesed@ g and 29 cm, respectively. The separation between the
evaluate the EEG by tracking microscopic electron behaviqtyiisiis set narrower than in previous work to allow a wider
From this point of view, a simple and less-loading,model i$s5onant region to be defined later.

preferable as long as the primary factors to reproduce the'pary; s assumed that the currents of the upper and lower coils
tial resonance can be considered relevantly, and suchia moggl commonlyloc but opposite ay = +lpc andl, = —Ipc.
would at the same time free the analysis from the effects th@k get bc = 133, 16.7, and 20.0 A. These values correspond
make the essential mechanism of the focused phenomqurhe’o, 600, and 720 ampere-turns (AT), respectively. We rep-
unclear. resent the strength of the CDMFs in AT hereafter.
2.1 Chamber dimensions and coordinates Figure 1 shows typical CDMFs calculated on the basis of
Figure 1 shows the reactor assumediinthe,present work. Tite Biot—Savart law at 600 ABpc has only the radial and ax-
chamber is a cylinder with a 40.0:cm inner diameter and @ componentsBpc, andBpc, respectively|Bpc| = Bpc =
40.0-cm height as assumed in previous wBrk[*9The ori- 0 at the X point at (00,0). The separatrix of the CDMFs
gin of position &,y,z) in a Cartesian coordinate ot €yz) in  formed atz = 0 separating the upper and lower regions has
a cylindrical coordinate is the‘center of the chamber. Here,a function of electron confinement as it prevents straightfor-
is the radial positionz is thefaxial position, and is the az- ward electron passage from one region to the otBgs. in-
imuthal angle. They are in relations®t r cosd, y =rsiné,  creases outward from the X point, and the X point is sur-
andr? = x*+y2. The chamber radius Rc = 20.0cm, and the rounded by a spheroid-like region @c = Becr under
zpositions of the chamber top and'bottom Zfre= +20.0cm 3 strong magnetic field. Here, the resonant magnetic field
andZg = -20.0 cm, respectively. strengthBecr satisfiesBecg = 27(m/@fac, Where fac is

The reactor has two DC coils to apply magnetic fiBist  the frequency of the applied AC electric field. Especially,
and a one-turn RF antennato induce RF electric iglelt). Bgcg = 0.4844 mT at a specific valuge = frr = 1356 MHz
Example distributions of.the electric and magnetic fields args defined later. The broken curve, one-dotted chain, and two-
presented in Figs. 1-3; Fig. 1 shows thos8p¢ and the am-  dotted chain in Fig. 1 represent the equi-strength contours for
plitude of Ere(t), Fig:2'shows the RF magnetic fiel@gr() Bpc = 0.5Bzcr, 1.0Becr, and 15Becr, respectively.
induced by the RF antenna current, and Fig. 3 shows varia-|n this analysis, we define the ‘resonant region’, which is
tions of Bpe. In order to examine the three discussion pointfocused on to evaluate the partial resonance, as the region
mentioned in'Sect. 1, the RF antenna position and the magF 0.5Becr < Bpe < 1.5Becr. There is no established or
netic.field strength are varied (Figs. 3(a) and 3(b)). Furthegommonly accepted definition for the magnetic field strength
more, the antenna position is varied also for an attempt to efange of the resonant region, whBecr itself is well-defined.
hance the EEG by the partial resonance in the resonant regi@npreceding work dealing with the QMF or the CDMFs, the
focusing on the path of magnetic field lines (Fig. 3(c)). Theyqui-strength contours @& = 1Becr and Becg have often
are detailed in the following sections.
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Fig. 3. Arrangements of RF antenna and DC magnetic coils to examine the dependence of the EEG on (a) electric field distribution, (b) magnetic field

strength, and (c) path of near-antenna magnetic field lines. The full and open circles beside the chamber ceiling and sidewalls represent RF antenna position

(the full circles represent operative ones). The amplitudérg{t) at some representative positions in (a) is about 396 fnaximum) near the RF antenna
and 35Vm at ¢ = Rc, z= 0) (left); and about 479 }n near the RF antenna and 106WVat (r = R, z = 0) (right). It decaysiinward to zero at= 0. Its scale

is logarithmic scale. The dots and crosses in the squares indicate the directions of the DC currents flowinghrough the magnetic coils. Arrows and curves are

magnetic field lines. The resonant regions @Bcr < |Bpc| < 1.5Bgcr are indicated by the shaded areas, whgier = 0.4844 mT atfrr = 1356 MHz.
The magnetic field strength is 600 AT for (a), 480 and 720 AT for (b), and 720 AT for (c).

been shown as a measure. Such contours have been refeHede, the amplitud&max(rs2) = 0 is given as a two-variable
to in demonstrations of the partial resonance and the resuitinction under the cylindrical symmetry of the system. The
ing EEG in relation to the ECR.18:22-24)¢r to indicate the instantaneous values of the componentEgé(t) at (,6,2)
electron confinement regiéh and a rough boundary aroundare given‘as
which the electron motion changes from meandering to gyra-
tion.226-28)The present resonant region is set with widths of BRe(0) (Brex(0), Brry (1), Brr(0)) )
+0.5BgcR for the both sides oBpc = Becr. = (=Eq(r,z t)sing, +E(r, z,t) coss, 0). (3)
The RF magnetic fieldBgg(t) induced by the RF antenna
current is superposed Bpc to obtainB(t) = Bpc + Bre(t)
(see Fig. 2). The amplitude &gg(t) at the X point is atimost
a few percent 0Bgcr in the present conditions as specifie
in the following sectionBgg(t) is set to leadEge(t) by 9C¢° as

It has been’reported that a plasma sheath near the side-
wall enhances the EE®) Then, we adopt a simplified sheath
dﬂodel assuming a time-invariant sheath electric fieddvith

a constant sheath thicknesand a constant voltage drdf.
assumed in electron swarm analyses for IEP%:Nonethe- This'model rgpre;ents the electrical neutrglity of the plasma
bulk and a situation that the charged particles have formed

less, this treatment did not cause substanti@¢cince in the . L
results of the EEG qualitatively within the present conditionsa.l kind of steady-state distribution. Reports on the sheath of

. . rmagnetized ICPs are rare, however, we assdgne 0.5cm
il—sliirr?]’et-ri]r?v;?;?qr:am region defined above,on the basipef andVs = 40.0V considering measurements of sheath electric

L fields of ICPs3* 3% Comparable order of potential is observed
2.3 RF antenna and electric fields

) i , also in a result of fluid-model ICP simulatidR. Erg(t) is su-
Err(t) is applied by a one-turn RF antenna equipped on t'}?erposed td&Es asE(t) = Ere(t) + Es. Nonetheless, in prelim-

top or the side of the chamber. Let us call these arfangemefisy simulations, the sheath field did not cause substantial
the ceiling and sidewall arrangements, respectively. The agrange in the fundamental profile of the EEG in the reso-
tenna is placed in the region af >\ 0, i:€. above the sep- ot vegion, perhaps because the resonant region is formed
aratrix, in order to examinedthe EEG under conditions th%ainly in an inner region distant from the she&@hQualita-

the plasma confinement is operative. The antenna positigie profiles of the EEG seen in early models not considering
is varied as follows. For the-ceiling arrangement, which is 8o sheath would be still valid to some extent.

conventional arrangement, the effective antenna hé&gls

. . . ) 2.4 Tracking of electrons
set at 21.5cm and thefective antenna radiuR, is varied g

to be 6.0, 10.0, 10, 180cm. For the sidewall arrangement,Th.e. initial elecyrons were suppliediat: 0 from 'Fhe.c.h.amber
ceiling or the sidewall near the RF antenna with initial veloc-

Ra = 21.5cm andZaf= 1.0,30,50, 100, 15.0cm. This an- d‘ti%s chosen at random from a Maxwellian distribution with a

tenna height range'has/been extended from that examine . .

. 1) . mean energy of 1.0 eV. Their start position was assumed to be
the preceding werk! The tendency of the partial resonance . . .
. o : uniform for the area on the ceiling or the sidewall in a range
is observed bath for the.ceiling and sidewall arrangements jn

1 HH 1
. = + = = + =
the present paper. The amplitude of the AC antenna currenef‘tweerr Ra + 3Wonthe ceiling andz = Zx = 3W onthe
. . . .~ sidewall, wheraV = 1.0 cm.
is | = 10:04A; and.itsfrequency i$gr = 13.56 MHz. This . .
. ; : The electron trajectory was calculated by solving the fol-
AC current inducesBre(t). We newly considered the action . - . .
i . . lowing electron motion equations using the Runge—Kutta
of Bgre(t) on the electron motion, extending the conventiona

simulation modef® 2% but its influence on the EEG in the Method for every time steft:

resonant.region was small. _ dv _ _t [E() +vx B, @)
Err(t) istassumed to have only the azimuthal component dt m
Eq(r, z t), which is sinusoidal as dr 5)
R — V,
Eo(r. Z.t) = Emax(1, 2) Sin 2 fet. (1) dt
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wherer = (x,y,z) andv = (vy,Vy,V;) are the position and
velocity of an electron, andandm are the electronic charge
and mass, respectivelit was chosen to be 3.7 ps, which is
1/24000 of the RF periodrr = 1/frr = 73.7 ns and sthi-
ciently fine to draw an electron gyration locus.

Electrons were tracked until= 100Tgg, by which the ini-
tial electrons diffused over the chamber and electron swarm
parameters such as the mean electron energy reached their
periodic steady-state values. The electrons were sampled dur-
ing 80Trr < t < 100TRe to exclude the profile of the electron
distribution under the influence of the initial relaxation phase.
The number of electrons was é.6r more at the end of the
simulation, which has been increased tenfold from that in the
preceding calculatidi? to reduce statistical fluctuation.

The gas was assumed to be Ar &0Pa at 300 K. The oc- . .
currence of the collisional events was judged by a time-saving (l - l)Ar Ar iAr
schemé” using random numbers on the basis of the colli- ~
sion probability. The set of electron collision cross sectiongg- 4 Schematic of EI;G sam_pling.The fgllcircles on the electron locus
of Ar3 referred to for the collision probability in the present ®Present the EEG sampling positions thaft) is added td5 of S j.
simulations includes processes of elastic collision, excitation,
and ionization. Perfect elastic reflection was assumed at the

chamber wall. . ‘ . . .
25 Sampling sections collision/even though'it obtains energy in the section.

JAz + Zy

(/- DAz
+ 75

The chamber space, # 2) is mapped onto two-variable spacez  rasuits and discussion
(r, z) under the assumption of cylindrical symmetry, and the o o
rz-space is partitioned into sections for evexyandAz for 3,4 Dependence of EEG on electric field distribution

electron sampling. The, (j)th sampling sectio; ; is defined Figure’s shows the EEG iB(t) with Bpc at 600AT.Zs =

as the region of (- 1)Ar < r < iAr and ( — 1)Az + Zgh< 21.5¢cm, anRa = '6.0, 100, 140, 18.0cm in the gemng ar- -

Z < jAz+ Zg. The resolution was set @ = Az = 0.5 cm, angement. The high EEG near the RF antenna is due to high

thusi and j range 1< i < 40 = Re/Ar and 1< j < 80 = electric field. On th_e hlgh EEG near the_3|dewall, it has be_en

(Zr — Zs)/Az, respectively. reported that the directionality pf the a2|mL_1thaI electron_ drift

2.6 Electron energy gain caused by the electron reflection at the sidewall contributes
to the EEG stochasticall) and the EEG is enhanced in the

Wi fine the EE he ener in lec- o .
troen d;er ?mtit etime ?r?éassa:nSIir?gengtigﬁ flz.d@bgaﬁlj ne (iesec presence of the sheath electric fié®iAs Ry increases, the

represented using ‘the EEG unit’ in this paper. This unit igmount of energy supplied to electrons in the chamber in-

eV (RF period)? - (electron)?, and 1 EEG-unitis.converted _creases, the region of high EEG becomes wider, and the EEG

asG = ex (1V)/Tre = 2.17x 10-22W per electronG is in the resonant region tends to increase.

such a quantity that.G gives the power agforption densityRAFlguzrle56C rf}hc{:‘vr\]/(sjZ thii EaEEdIE(BeVth Egca?ltd 61%8?;
. d = . y A Yy )
by electrons, wherg is the electron number density, and Wen the sidewall arrangement. The EEG tends to be higher in

. : -
may estimate the total deposited powero the plasma by inte- :
gratingn.G over the space in the.chamber. tt?\e resonant region, even when the antenna becomes far away

The sampling for the EEG I8, ; was donieas follows with from the reion?hnt region and the electric field strength be-
thekth electron: comes weaker there.

3.2 Dependence of EEG on magnetic field strength
Figure 7 shows the EEG iB(t) with Bp¢ at 480, 600, and

GSY = | D Ra@/at|/] > 1f, (6) 720AT.Zs = 10.0cm andRa = 21.5cm in the sidewall ar-
’keksi,j ,ke';i_j rangement. The EEG tends to be higher in the resonant re-
3 gion as well as near the RF antenna and sidewall commonly
Ae(t) = &lt) Ze(t 7 AY. () at different oc values. This tendency is similar to the result
1 2 2 2 mentioned in the previous section. With increaslpg, the
) & =—mi[vxk®]° + [vyk®]° + [vzk(@®]“t- (8 . '
&) 2 {[ <O + [y OF + Vs (O] } ® EEG tends to lower and the resonant region becomes nar-

Theelectron.energy loss by the inelastic collisions was sanfiower. However, the EEG is still locally high in the resonant
pled separately. In addition, th@ value in a sampling sec- region. This feature would be beneficial for sustainment of
tion does not inclde neither the decrease of energy broughpse plasmas which are controlled by magnetic field, because
out by the electron flying out of the section to another ndit has a possibility to lead to a technique of position-selected
the increase of ‘energy brought in by the electron flying intgnergy deposition to electrons.

the section from another. This is in order that the EEG repr&3 EEG results in chosen cases for enhancement of

sents only the energy increase or decrease during the flightin  the partial resonance

the.sampling section. Otherwigg becomes undesirably zero Figure 8 shows the EEG iB(t) with Bpc at 720 AT.Rs =
when, an electron passes through a sampling section with@ft.5 cm, andZ, is varied to be 1.0, 5.0, 10, and 15.0cm in
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17 Fig. 5. EEG at various radii (aRa = 6.0cm, (b) 10.0cm, (c) 10 cm, and (d) 1® cm in B(t) with Bpc at 600 AT in the ceiling arrangement. The full
18 circles indicate the RF antenna positions. The contours reprBsgnt——, 0.5Bgcr; — - —, 1.0Bgcgr; and —»—3.1 5Bgcr.

electron energy gain
(eV (RF period)_1 electron_l)

0 10 20 0 10 20,0 10 20
33 r (cm) 7 (cm) r (cm)

35 Fig. 6. EEG at various heights (& = 5.0cm, (b) 100 cm, and'(c),1® cm inB(t) with Bpc at 600 AT in the sidewall arrangement. The full circles
36 indicate the RF antenna positions. The contours repr&gnt——, 0.5Bger; — - —, 1.0Bgcr; and —- - —, 1.5BgcR.

electron energy gain
(eV (RF period)_1 electron_l)

51 0 » 10 20 0 10 20 0 10 20
7 (cm) r (cm) r (cm)

54 Fig. 7. EEG in variousB(t) with Bpc at (a) 480 AT, (b) 600 AT, and (c) 720 AT @i = 100 cm in the sidewall arrangement. The full circles indicate the
RF antenna positions. The contours repre&gnt; ——, 0.5Bgcr; — - —, 1.0Bgcgr; and — - —, 1.5BgcR.

the, sidewall arrangement. As the RF antenna becomes clodensity ne(r,z2) and mean electron enerdy)(r,z), respec-

to the separatrix, the path of magnetic field lines starting frotively. The conditions for Figs. 9 and 10 are the same as for

the near-antenna region approaches the resonant region (Sig 8.

Fig. 3(c)), and the EEG is more enhanced. In Fig. 9(a) atZa = 1.0cm, it is observed that, is
Figures 9 and 10 show distributions of electron numbédrigh along the magnetic field lines starting from the near-

5
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Fig. 8. EEG at various antenna heights Za) = 1.0 cm, (b) 5.0cm (c) 10.0cm, and (d) 8&m in B at 720 AT in the sidewall arrangement. The full

circles indicate the RF antenna positions. The contours reprBsgnt——, 0.5Bgcr; — - —, 1.0Bgcgr; and —»—31 5Bgcr.
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Fig. 9. Electron number density. at various antenna heights @& =.1.0 cm, (b) 50 cm (c) 10.0cm, and (d) 18cm inB at 720 AT in the sidewall
arrangementie has been converted to such values:that the total electron,population in the chamber is the same among (a)—(d) and they can be depicted in a
common scale. The full circles indicate the RF antennaypositions. The contours reigsert—, 0.5Bgcr; — - —, 1.0Bgcgr; and —- - —, L5BgcR.

10
8 8
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o/\
6 é%
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Fig. 10. Mean electron energi) at various antenna heights @& = 1.0 cm, (b) 50 cm (c) 100 cm, and (d) 18 cm inB at 720 AT in the sidewall
arrangement. The full€ircles indicate the RF antenna positions. The contours re@gsenst—, 0.5Bgcr; — - —, L.0Bgcgr; and —: - —, 1.5Bgcr

antenna region. The magnetic field binds electrons and pneear the upper DC coil by its strong magnetic field.
vents them diusing across the magnetic field lines. Similarly, In Fig. 10,{e) is high around the resonant region. Espe-
in Figs 9(b)—(d) aZa = 5.0-15.0cm, electrons are trappedcially in Figs. 10(a) and 10(b) &, = 1.0 and 50 cm, respec-
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1.5 BDC/BECR
n 1 -X--[0.0-0.5) A+ [2.5-3.0) On the other handyjo, at high antenna positions is high
n ] —O-[05-1.0) -4~ [3.0-3.5) also in the strong magnetic field region of B&r < Bpc <
] :;— Hgig; :z__ Et.gj(s); 5.0Becrin Fig. 11. Itis suggested that this tendency becomes
1.0-_ B [20-25) ~O- [45-5.0) more significant under stronger magnetic,field up ©@Bgcr

by the present calculation although it is not shown for statis-
tical instability. In such a region, near the.antenna and upper
DC caoil, where botim, and{e) are high, the both ends of mag-
netic field lines inside the chamber are on the sidewall. Elec-
trons reflect at the sidewall and reciprocate along such mag-
netic field lines. Those electrons‘which cannot escape from
the strong magnetic field regionare accelerated for a long pe-
riod by the high electric fieldssnear the antenna. This effect is
different from the partial resonanee; however, this would be
applicable to energy deposition to electrons in addition to the
partial resonance.

e
W
1

ionization frequency 10 (s )

<
o

antenna height (cm)

Fig. 11. lonization frequencyio, in regions resolved according Byhc
at 720 AT at various antenna heigiig in the sidewall arrangement. )
4. Conclusion ~

The microscopic behavior of the electrons in a low-pressure

ICP under CDMFsiis analyzed by a Monte Carlo method. The
tively, high(g) values are clearly observed along the magnetiEEG and ionization frequency,, were observed at various
field lines that pass through the resonant region. This featuaatenna positiens and magnetic field strengths, and the de-
is similar to an experimental resdf, where high electron pendence.efthe EEG on the conditions was investigated. The

temperature regions are observed along magnetic field linessults are summarized as follows.
passing near the RF antenna, although the setup is differeifa) EEG dependence on electric field distribution (depen-

Here, ridges ofe in Fig. 9(a) ande) in Fig. 10(a) do not over-

lap. Similar results are seen in reports on simulations of NLD
plasmag349)The high(e) values observed near the lower DC
coil under the separatrix (Fig. 10) represent that only, high-
energy electrons can escape the confinement of the CDMFs,
but such electrons are rare as seen imtherofile in Fig. 9.

Next, we examine the possibility of the enhancement of the
EEG by placing the RF antenna near the magneticfield lines
that pass through the resonant region. For the evaluation of th{p)
EEG enhancement, ionization frequengy, is calculatediin
regions sectioned on the basis of Bg: value. The regions
were set in a range of 8 Bpc < 5.0Bgcrin steps of (BBgcr,
which is finer than in the preceding wotk. The EEG en-
hancement due to the partial resonance would be identifiett)
clearly by this new treatment. Here,snotethat.the high EEG
region does not show directly the ionization position. High-
energy electrons accelerated near the antenna advect along
the magnetic field lines, around which 'some of them undergo
ionization. The present effort aims'to combine the electron ac-
celeration under high electric fields and'the partial resonance
in the resonant region by utilizing the electron transport along
the magnetic field lines connecting the two regions.

Figure 11 showsjyyvalues in'the regions resolved accord-
ing to Bpc for every 0.8Bgcr att720AT . vio, in the resonant
region (plotted with'é’.for the region of 05Bgcr < Bpc <
1.0Becr and ‘o’ for the region of 1.Bgcr < Bpc < 1.5BgcR)
tends to be high similarly to the EEG, when the antenna is
placed near the separatrixn in the resonant region increases

as the antenna becomes closer to the separatrix because elec-

trons may advect'mutually between the resonant region and
the near-antenna/region along the magnetic field lines and
they may obtain energy both by the partial resonance in the
resonant_region and from high electric fields of the near-
antenna region. The enhancement/gf in the resonant re-
gionndicates a synergyffect between the partial resonance
and the high electric fields near the antenna.

denceonR, and Z,). In the ceiling arrangement, the
EEG is higher when thefiective antenna radiud, be-
comes larger. In the sidewall arrangement, the EEG in
the resonant region tends to be lower when the antenna
position becomes far away from the resonant region.
However, the EEG there is locally higher than in its sur-
round region. This indicates that the partial resonance
remains even under lower electric fields.

EEG dependence on magnetic field strength (depen-
dence onlpc). The EEG in the resonant region low-
ers when magnetic field becomes stronger. However, the
EEG in the resonant region is locally high even under
strong magnetic field as is observed in (a).

EEG results in chosen cases for enhancement of the par-
tial resonance. Promotion of ionization utilizing the par-
tial resonance in the resonant region was demonstrated
by appropriate choice of the antenna position. The an-
tenna was placed near the magnetic field lines passing
through the resonant region, along which higland(e)

are observed. The electrons accelerated under high elec-
tric fields near the antenna are guideficgently by the
magnetic field lines mentioned above to the resonant re-
gion, and they have further opportunity of energy gain
there by the partial resonance. As the result, the ioniza-
tion in the resonant region increases. Thus, by designing
magnetic field, we can expect collaboration between the
partial resonance in the resonant region and electron ac-
celeration under high electric fields near the antenna.

On the other hand, as another mechanism of energy de-
position to electrons, highio,, in strong magnetic field
was observed at a specific case that the antenna is placed
near the upper DC coil. At that time, the both ends of
magnetic field lines inside the chamber are on the side-
wall, and electron heating continues for a long period
because the electrons can hardly escape from the binding
by the magnetic field lines. Thigfect would also have a
possibility to contribute to the plasma sustainment.
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