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Effect of an internal rotating current on low-frequency inductively coupled plasmas
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The effect of an internal low-frequency rotating current on inductively coupled plasmas in cylindrical
chambers is studied. The electromagnetic field structure, power density distribution, the plasma density, and
the operating regimes of the discharge are investigated using electrodynamic, power, and particle balance
equations. It is shown that the rotating current sheet can dramatically improve the uniformity of the electro-
magnetic fields and the power transferred to the plasma electrons from that of conventional low-frequency
inductively coupled plasma sources with external flat spiral inductive coils.
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[. INTRODUCTION uniform plasma generation by an internal rotating RF current
in a cylindrical metal vessel. From the basic conservation
In recent years, radio frequenciRF) plasmas have be- laws, the spatially averaged plasma densities as functions of
come increasingly attractive as efficient sources of lowthe input power and approximate plasma density profiles are
temperature plasmas for industrial applications and laboracomputed. Our results show that the uniformity of the elec-
tory experiments. In particular, the RF glow discharges havéromagnetic fields and power density, a troublesome problem
been proven to be superior in producing large-area largeh ICP source$9], can be improved noticeably by introduc-
volume plasmas for semiconductor manufacturing, as well a#g the low-frequency internal rotating currefiRC). The
material processing and syntheses. Furthermore, high plasrfigld distribution, the efficiency of power deposition, and the
density and uniformity over large areas and volumes are cruplasma properties are also compared with that of conven-
cial for improving the efficiency of plasma processirig2]  tional external flat spiral coil ICP sources having the same
and RF current drivd3]. Typically, plasma densities of geometrical size.
10'°-102cm™2 with RF powers~1-2 kW have been The paper is organized as follows. In Sec. I, we study the
achieved in several types of RF plasma devices includingpatial distribution of electromagnetic fields in a cylindrical
inductively coupled4] and helicon-wave drivefg] plasma  metallic chamber filled with rarefied or dense plasma. In Sec.
sources, as well as compact spherical [6ti I, the power transferred to the plasma electrons for the IRC
How the plasma is generated in various RF devices can peonfiguration is calculated. In Sec. IV, we investigate the
quite different and is mainly determined by the correspondarticle and power balance, and compute the operating points
ing dominant power transfer mechanism. For instance, inof the discharge. The results and the effect of the IRC on
ductively coupled plasmadCPs are usually produced by low-frequency ICPs are discussed in Sec. V. A summary of
external or internal currents driven by coils of various con-this work and outlook for future research are given in Sec.
figurations. In compact toroidal devices RF currents are oftefY!.
excited by a combination of external inductive coils. De-
pending on the coil configuration and the operating regime,
the currents excited can be of either constant or spatially
varying phases. In particular, in a compact spherical plasma |, thjs section, we investigate the distribution of electro-
device, the constant phase case has been referred agqgnetic fields in a plasma-filled cylindrical metallic cham-
oscillating-magnetic field current drig], and the spatially  perith internal radiu® and lengthL + £. The chamber top
varying case as rotating-magnetic field current dfi8e8]. i 51;= — £ and the chamber bottom isz¢ L. The plasma
The merit of this scheme is the excitation of steady t_or0|datS generated by a uniformly distributed RF current sheet
plasma currents and high-density uniform plasmas in larg§nich rotates in the azimuthal direction over the circular

volumes|[3]. . o , _cross section a=0. The rotating current is given by
Here, we propose the possibility of efficient high-density

II. ELECTROMAGNETIC FIELDS

Ire=loeXd —i(wt—¢)1(r +id), (1)
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tially uniform, with densities1; andn, in the volumes above (a) (b)
(—£<z<0), and below (8<z<L) the current plane, re- 0 0 3
spectively. 3 \\\\ 7
We start from the Maxwell equations for the electromag- y -2 2 2
netic fields in the chambé.0] T 1
VXE = —(1l)aH; @ ) 1 )
-1.0 -0.5 0.0 0.5 1.0 -1.0 0.5 0.0 0.5 1.0
V XH;=(1/c)sD;, (3 (©) (d)
0 0 3
whereE; andH; are the electric and magnetic fields in the 2
two different plasma volumesj €1,2), respectively. Here, 5 o 2
D;=¢;E;, andej=1— w3 /[w(w+ive)] is the permittivity X ,
of the cold plasmaw,; is the electron plasma frequency, and 4 4 1
ve;j Is the effective rate of electron collisions. !
From the symmetry it is obvious that the TE solutions of 10 05 0-3 05 10 -10 05 00 05 10
(2) and (3) possess, and E, components of the electric r r

field andH, , My, andH, components of the magnetic field. FIG. 1. Nondimensional radial component of magnetic field

We impose here the standard boundary conditions of the 4 ; ; o -
vanishing of tangential components of electric field and nor—ﬁr =Re(H,)c/J versusdimensionless radial distanc®’=r/R for

i . e2/ ©=30.0, vey/ve1=2.0, wpy/wp=1.5, andL/L=0.25. Dia-
[)netlt Com??;:ems OQT(%QQ?LE ﬂelld at tieostlr(]ie-wc.’:llls, .tOp’ an(grams(a)—(d) correspond to the following azimuthal anglésand
ottom of the Vess - At the planez= ereé IS aJump - gimensionless axial distane8?=2z/L : (a) 45°, 0.1;(b) 45°, 0.3;(c)
of the tangential magnetic field proportional to the amplitudeggo ) 1 and(d) 90°, 0.3, respectively. Curves 1-3 have been
of trtl'e surgazg] currer(tl), and the tangential electric field is plotied or ne2=4x'1011(':m_3 (1), 102cm3 (2, and 8
continuou : X 10*2cm™2 (3), respectively.
From practical considerations, we focus our attention on
the field and plasma parameters irk@<L. Assuming that y3A=[(p! /R)Z—(a)/C)zs(l 2)]1/2 is the inverse field pen-
the phase varies asexd —i(wt—¢)], for the TE electromag- /... " ' ’
netig fields in the char%beﬁa\;ve (ggtain ¥ etration length, Ja(p1,)/9r =0, (1) =(4m/c)Jr, and J
=14/2R is a surface current per unit diameter length. Here,
= (2) the superscripts 1 and 2 correspond+t@<z<0 and 0<z
@_; S M oy 9 [Pl <L, respectively.
H =i §7°(2) -9 : 4 . : : .
n=1 Dn(TE) ar Figs. 1-3 depict the radial profiles éf,, H,, andE,
components of the electromagnetic field in the chamber for

17 4@y i~ different plasma densities, axial positions, and azimuthal
(2) Yn n (2) P1in
Hi'=—7 2§ TE) ¢! (2)d1| =~/ (5)  angles at=0.
n=1 Dp The plasma parameters have been taken close to that of
- o , the low-frequency 500 kH2 ICP sourcd11,12. It is evi-
H@— _; X [P £2(2) plnr) ©) dent that the electromagnetic field moves towards the plane
z i=1 Dp(TE)| R/ °2 R
(a) (b)
0 a p1nf
() _— n (2) 3 3
Er cr ngl Dn(TE) 2 (Z)Jl( R )! (7) .
S N0 0
o 8 2
- d [ paf -3 /2 o
@ _ 2% _ 9 2, Ly P
Ej'= anlD(TE) Z(Z)arjl( R)' ® 1 R N
- n -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
where (c) (d)
£P(2)=costi y{?(L—2)Vsinh(yP)L), ° ’
h-] 2
) ] S N0 37 0 3
&2(2)=sin yP(L—2)l/sinh(yPL), T % 1
-3 -3
1
R P1nl R P1nl 10 05 00 05 10 -1.0 05 00 05 10
an=j0 rJl( = )f(r)dr/JO rJf( = )dr, e i
) ) ) @) FIG. 2. Same as in Fig. 1, for dimensionless axial magnetic field
Dn(TE)= vy’ coth(y; L)+ coth( v L), component?=Re(H,)c/ 7.
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FIG. 5. Ratioq of the RF field penetration depths as a function

of plasma densitya), and dimensionless collision frequenky

=vg/w (b). In (a), curves 1-3 correspond @, /w=15, 20, and

z=0 as the plasma density increases. This is ubiquitous fo80, respectively. In(b), curves 1-3 are fom,=10cm™3, 5

many RF plasmas and is attributed to the “skin effeft],
which is collision-dominated in our case sineg;/w>1
[11,12. One can also see that thg andE,, field compo-

x 10" em 3, and 5x 10%cm™ 2, respectively.

~10"%m 3, v, /w=30, R=16 cm, andL=20 cm. In a

nents vanish at the chamber sidewalls because of the boungense plasman(,~102cm™3) with the other parameters

ary conditions. Furthermore, the radial uniformity Bf,,

remaining the same, the field is localized within the volume

H,, andH, fields in the IRC plasma is better than that in the ;< 2.3 cm.
low-frequency ICP source with similar control parameters e have also studied the dependence of the TE field pen-

[11,12.

etration length into the chamber on the plasma parameters in

The axial profiles of dimensionless azimuthal magneticthe IRC and ICP discharges. Note that the field penetration is
and radial electric fields are shown in Fig. 4. The field am-a characteristic of the RF power deposition into the chamber
plitudes decrease with and typically vanish at the bottom [1]. Figure 5 shows the ratio = (y\?/y,) ! of the field

of the chamber. From Fig. 4 one can estimateetfield field
decay length, which turns out to be8.86 cm for ng,

E nd

penetration lengths in the two configurations as a function of
the plasma densitya) and effective collision frequencip).
Here, yo=[(po/R)?— (w/c)?e,]Y2 is the inverse field pen-
etration length in the ICP source, wheddy(p(,)/dx=0
[11,12. It is clearly seen thafj=1 for plasma densities,
<10%cm™3. For higher plasma densities, the difference be-
tween the field penetration lengths becomes small. Thus,
with respect to the field penetration the IRC configuration
appears to be advantageous compared to the usual low-
frequency ICP sources. Indeed, at intermediate plasma den-
sities (e~10"cm™3), (/%) can be two times larger
than ygl. One can also expect that in the collision-
dominated regimei;/w>1) the ratiog can effectively be
controlled by the collision frequency. Fig(l5 shows that at
intermediate densities, the penetration length in the IRC
plasma is larger than that in the ICP, and their ratio increases
with ve,. In fact, forn,~10cm 2 and v, /0~ 35, the ra-
tio g can reach 1.8.

The distribution of the magnetic field in the plasma cham-
ber generated by the internal rotating RF current is shown in

FIG. 4. Nondimensional azimuthal component of magnetic fieldFig. 6 for rarefied and dense plasmas. It is evident that at

H'=Re(H 4)c/J (a) and radial component of electric field]
=[Re(E,)c/ 7] X 10° (b) versusdimensionless axial distanc&?

higher plasma densities the field is predominantly localized
in the vicinity of the current plane. Furthermore, Figs. 1-5

for ¢=45°, andr"=0.3. Other parameters and notations are theconfirm that radial uniformity of the electromagnetic fields in

same as in Fig. 1.

the IRC plasma is indeed better than in the ICP. In particular,
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FIG. 7. Axial distribution of the dimensionless power density
zm Co oo mTorr (a), po=100 mTorr(b), and v, /ve;=2. Curves 1-5 corre-
061 Tl spond to ng,=5x10cm 3, 5x10%cm 3, 5x10%2cm™3, 6
A x102cm 3, and 183cm™3, respectively.
o8|
1 for the power deposited into the entire plasma volurrezO
- -0.5 o 05 1 <L, where 0®=w},/4m(ve,—iw) is the plasma conduc-
n . 2 2 2
r tivity, and |E@|?=[ReE®)1?+[Im(E?) 12+ [ReE?)1?

FIG. 6. Magnetic field lines inp=90° cross section for rarefied +[|m(EEﬁZ))]23 Equation(9) will be used in calculation of the
(no~10°cm3) (a) and denser,~102cm 3) (b) plasmas. The Plasma density as a function of the rotating current ampli-

current is directed out of the paper. Other parameters are the sarﬁkéde-_ ] )
as in Fig. 1. It is also useful to consider the axial dependence of the

power P,(z) deposited per unit axial length averaged over
one can notice that at plasma densitigs= 10t cm™3, the ther—¢ cross section. The latter can easily be obtained from

magnetic field appears to be almost unidirectional and paralY) Py removing the integral ovezrhf_igure 7 shows thg axial
lel to the interface=0. Note that this is highly desirable for Profiles of dimensionless powér™= P,(2) (c/RTw)? for

ion flux control in most material processing applicatipny  different plgsmafdﬁnsities and pressufre. I |
We recall that in the ICP Sourcesl, vanishes ar =0, Distribution of the RF power transferred to plasma elec-

which results in strong nonuniformity of power deposited /oS OVer the —z cross-section is shown in Figs. 8 and 9,
near the chamber axid1,12. This can easily be seen in Fig. for rarefied and dense plasmas, respectively. One can see that
3 of Ref.[11]. We emphasize that introduction of the rotat- @ Maor part of the power is deposited within the region 0
ing RF current into the plasma leads to the generation of thg"2<L/2. If the plasma density rises, the power is mainly
additional field component&, and H,, and substantial localized in the vicinity of the current plane. One can also

modification of the field topography as compared to that ind®duce that the RF power can be deposited into the chamber
the ordinary ICPs. 1.2-1.5 times deeper than in the ICPs of the same size and

operating frequencj12].
We note that in dense plasmas it appears to be possible to
Ill. POWER DEPOSITION achieve very good radial uniformity in a relatively modest

R nd
We now investigate the RF power transferred to plasm£eglonz <0.2.

electrons, especially its dependence on the plasma param- It should be noted that in the _usual ICPs the power trans-
eters. The RF electric field induces radial and azimutha erred to the plasma electrons is strongly nonuniform near

screening currents in the plasma. In the power absorptio”‘i ghe;hmber axi$Fig?. E{b)' alnd ib)]' Similalrcgonrl]mifort;
region, which is normally of the order of the field penetration ™YY N (€ POWEr contours In low-irequéncy 1LFS have been

depth, the plasma electrons are heated. The neutrals can th °”¢d earliexFig. 15 of Ref.[lé]). Thus, theflRCl con-
be excited and ionized via electron-neutral collisions. Using'duration seems to be more advantageous for large-area
the fluid approach, we obtain lasma processing. Furthermore, the uniformity of the power

density improves as the plasma density increésigs. 8 and

9).

Pp=}J27TJRJLRe(o(Z))|E(2)|2r d¢drdz (9) Figure 10 shonwds the dimensiogless total pqwer absorbed
2Jo Jo Jo by the plasmaP, =Pp(c/RjJZ) as a function of the
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FIG. 8. Contours of the power density in the chamber filled by
rarefied fg,~ 10° cm™3) plasmas for the IRCa) and the usual ICP

1

(b)

(b)

1

FIG. 9. Same as in Fig. 8, but for dense.{~6x102cm3)
plasmas.

(b) configurations. Hereye;, vep, Nei, andng, are the same as in

Fig. 1.

plasma density and gas pressure. We noteRhaises with
the pressure, which is consistent wi@). This also indicates
that P, is an increasing function of the electron collision
frequency ve,. At low plasma densities, power deposited

is the total loss per electron—ion pair in the dischalk

This includes the power losses in ionization, excitation of
neutral gas to the dand 4p states, thermal motion, and
flows of plasma particles through the sheaths to the chamber
walls. The ionization and excitation rates in argon [drg|

onto the plasma rises with,, while at higher densities it

starts to decline ah,~5x10'"cm

=30

We now consider the RF power necessary to sustain an

mTorr

IV. POWER AND PARTICLE BALANCE

. In particular, atpg
the flex point corresponds tm.~6.3
x 10 cm 3, and has a tendency to increase with pressure.

argon plasma of desired density under given discharge pa-08;
rameters. This can be done using the stationary power and

particle balance equations 0.47
Pp=Ploss: (10 1%-
V(DaVne)—vine=0, (11)
Py [mTorr]
where P\os=n, V0, is the power lost by the electrons for 13100

sustaining the plasma with the spatially averaged demsity

in the vqumeVp. Here, FIG. 10. 3D plot of the dimensionless power transferred to

plasma electrons as a function of the plasma density and gas pres-
sure. The chamber sizes are the same as in Figg/,ve; and
Op=elvi(€+3Te) T vas€sst Vap€sp] Ne»/Ne; are the same as in Fig. 1.
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v =8.13x 10°T2 %% exp( — €/ T,),
v4s= 177X 10PT g expl — €45/ Te),

V4= 4.95< 10PT2 ""pg expl — €4/ Te),

T, [eV]

where €;=15.76 eV, e,s=11.56 eV, ande,,=13.2 eV are

the ionization and excitation thresholds, respectively. Here,
T is in units of eV andpg is in Torr. In(11), D,~Teui /e is

the ambipolar diffusion coefficienjy;~e/m,v;, is the ion
mobility, m; andv;, are the ion mass and rate of ion-neutral
collisions, respectively. In the above, we have assumed that

the ambipolar diffusion is dominant for particle loss. This 00 50 100 150 200
implies a limitation on gas pressure range for which our re- p. [mTorr]

sults are valid. Normally, this assumption is satisfied if the ’

argon pressure is less than a few hundred mTb4t. FIG. 11. Electron density versus argon gas pressuresfgr

From (11) it follows that the stationary state exists if the ~10"®cm™2 (1), 5x 10 ®cm 2 (2), and 5x 10 *cm 2 (3), re-

ionization gain is balanced by the diffusion loss, i.e.,spectively. The other parameters are the same as in Fig. 1. Experi-

Da(Te)/|§iﬁ: vi(Te), wherel gy = (x2+ 73)‘1/2 is the effec- mental pointdoty have been taken from RefL2].
tive diffusion length. We also account for the narrow plasma
sheaths near the chamber walls by imposing the boundafynact cross section from 10~ 5cm? to ~10" #cn? re-

conditions I' (r=R)=T',(z=L)=TI'j(z=0—)=nsUg, and  gyjis in a reduction of the electron temperature-&L6 eV.

I',(z=-L)=T,(z=0+)=—nug, whereug=(T./m;)?

This is consistent with the global model of argon discharge,

andng are ion velocity and density at the sheath edge, rewhich suggests that the electron temperature is a function of

spectively. Here]',=—Dd,n, andI',= —D,d,n, are ra-
dial and axial ion fluxes, respective[it5]. With the above
boundary conditions, one can obtain from E#jl) the ap-
proximate plasma density profile

Ne(r,2) =NegJo(xT)COY y,(z—L/12)], (12)
whereT,, x, andy, satisfy
Vet x*=wi(Te)/Da(To),

vztanh(y,L/12) =ug(Te)/D4(Te),

the pressure and geometry of the sys{d/@.

The dependence of the electron temperature and effective
diffusion length on the sheath widthis displayed in Fig. 12
for two different pressures. We conclude tfigtis weakly
affected by the sheath width, while the effective diffusion
length slowly decreases wiith

From (10), one can obtain the spatially averaged plasma
density for given discharge control parameters. Alterna-
tively, Eq.(10) yields the minimum power deposition to sus-
tain the discharge with the desired plasma density. Figures
13 and 14 show the dependence of the power absof®gd (
and lost P9 by electrons on the plasma density in the

and chamber withR=16 cm,L=20 cm, and£=5 cm, for dif-
XJ1(XR)/Jo(xR)=ug(Te)/Dy(Te)

simultaneously. The electron temperature as a function of the AR
gas pressure and chamber geometry are obtained using the >
iteration. Figure. 11 shows the electron temperature versus
argon pressure for different ion-neutral collision cross sec-
tions. It is seen that there is a tendencyTarto decline with
pressure, which is consistent with numerical and experimen- a2 e
tal studies of RF discharges in argfi8,15,18. °co2 ot e B
In Fig. 11, we have also included the experimental points o
from our earlier experiments on 500 kHz ICPs in the same 25
chamberf12]. — ]
Note that in the figure the theoretical and experimental 20
results correspond to rather different RF current inputs. We
can thus expect similar dependenceT@{py) in other ex-
periments on IRC plasmas. We note that the experimental
data in Fig. 11 were also used in selecting the most suitable e 2 4 & & 10
cross-section data and in improving the accuracy in comput- o ol
ing the discharge operation regimes. Likewise, we find that F|G. 12. Effective diffusion lengtita) and electron temperature
at fixed pressurd, is a slowly decreasing function af;, . (b) versus sheath width fosr;,~10*cm 2 and gas pressurgs
In particular, atpo=22 mTorr, the change of the ion-neutral =10 mTorr(curve 3, andpy,=50 mTorr(curve 2, respectively.

(a)

S [em]

4.4

T, [eV]
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n, [x 10" cme]
n

600 1200 1800 2400
P, W]

ﬁe 5
00 2 4 6
n, [x10% om?] 0 50 100 150 200
A [mTorr]
FIG. 13. P, (curves 1 and Rand P, (curves 3 and #for 20

mTorr (curves 1 and Band 50 mTorr(curves 2 and ¥argon IRC FIG. 15. Spatially averaged plasma density as a function of the
plasmas(a) and ICPs withly=15 A (b). Ratios v,/ve; and input power(a) and argon pressur@). Curves 1-3a) are forp,

Ne /Ng; are the same as in Fig. 1. =10, 20, and 30 mTorr, respectively. (b), curves 1-3 correspond

to ;=15 A, 20 A, and 25 A, respectively. Ratiag,,/ve; and

ferent RF current and argon pressure. Figgbjland 14b)  Ne2/Ne; are the same as in Fig. 1.
correspond to the ICP configuration, with the saRé., the
azimuthal RF current at=—A, and a dielectric window at mTorr pressure, the electron densitynis~2.3x 102cm™ 3,
—A<z<O0 [12]. The width A and permittivity ¢; of the  and~880 W of RF power are required. We emphasise that
dielectric are 2.5 cm and 4.52, respectively’]. The inter-  the ICP cannot be produced with RF currents lower than
sections of the curves 1 and 3 yield the minimal power and- 20 A, while the plasma in the IRCC can be generated with
spatially averaged plasma density of the 20 mTorr dischargehe internal RF currents as low as9 A. Moreover, similar
Analogously, the operating regimes of thg=50 mTorr RF  values of the electron number density in the ICP are
discharge are obtained from the intersection of curves 2 andchieved with higher RF powers. In particular, @=20
4. mTorr, andl ;=20 A, P,~1.15 kW of RF power are neces-

One can see that the curvBg(ne) andPjs{ne) in Fig.  sary to sustain the inductively coupled plasma.
13(b) do not intersect alt,=15 A, which means that an ICP A similar procedure allows one to obtain the dependence
discharge cannot be sustained under this set of parametets.the spatially averaged plasma density on the input power.
However, for the IRC case a plasma with;~7  The results are given in Fig. (&. One can see that the
x 10" em 3 atly=15 A andp,=20 mTorr can be produced plasma density rises monotonical with power, which is in-
with only ~550 W of RF power. At the same pressure, thetrinsic for most low-temperature plasmgkg]. We remark
rotating RF currentlo=20 A generates a denseng that the computed values af, in the configuration with
~102cm 3) plasma with 850 W RF power. Apo=50 rotating internal current appear to be comparable with the
measured plasma density in low-frequency ICP sourtgk
with the same power deposited to the plasma. As can be seen
from Fig. 15b), the electron density increases with pressure,
and atpy~200 mTorr, one can achieve electron densities
~108%cem™3,

Our model suggests that RF plasmas with densitigs
~ 10" can be produced in the IRC configuration with rea-
sonably low powers. This can be seen in Fig. 16, which
shows the profile of the plasma density produced with 861 W
of RF power. Plasma density profiles for other discharge
control parameters can be computed analogously.

1200

800

P, W]

400

1200

V. DISCUSSION

We now discuss in more detail the assumptions and limi-
0 - - tations of our theory, and pinpoint the major effects of the
internal rotating RF current on the field distribution, power
deposition, and plasma parameters. For our theory, we used
FIG. 14. Same as in Fig. 13, fog=20 A. the conservation laws of classical electrodynarid¥, fluid

L
n, [x10 cms]
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sults for the IRC configuration. This discrepancy can be at-
tributed to a number of elementary processes that are ne-
glected in the particle and power balance equations. For
instance, the stepwise ionization under certain conditions can
raise the argon plasma density up to 40%3], and should
therefore be accounted for in future IRC discharge models.
Another factor that can strongly affect the power deposi-
tion and particle balance is the plasma nonlinearity, often
invoked for explaining the steady-state current drive in Rota-
mak deviceqd3]. In particular, we expect that strong pon-
deromotive force$19] can generate axial screening currents
and enhance the field penetration into the chamber. This can
improve the axial uniformity of the plasma density, which
has recently become a concern for processes that require a
high level of plasma uniformity in large volumg20]. Like-
wise, magnetic fields induced in the chamber can affect dif-
fusion of the plasma particles, ion fluxes, and boundary con-
ditions at the sheath edges. Hence, our results may not be
valid if the RF magnetic fields generated in the chamber are
. too strong.
plasma theory 18], and the assumptions of the glokapa- We now discuss the major advantages of the IRC configu-
tially averagedl discharge modef16]. The fluid equations ration over the usual low-frequency ICP sources. As men-
are used in obtaining the plasma permittivity, formulating theijoned above, the ICP power density is strongly nonuniform
boundary conditions at the sheath edges, and obtaining thgsay the chamber axi¢1,12. Moreover, it has recently been
approximate plasma density profiles. At the same time, theenoried that the maxima of the optical emission intensities
global approach is used to deduce the spatially averagegt the argon ions in the ICPs are away from the chamber
(over the volumeV,) plasma densityn, from the power axis and coincide reasonably well with the maxima of the
balance equation. Thus, the plasma densitiein (10) and  power densityf21]. Thus, the ICP density appears to be non-
No in (12) are linked through the simple relation,  yniform in the radial direction. Also, in the flat spiral induc-
=Vp [y, nedV, wheredV is the volume element. We note tive coil configuration, the actual driver currents are not
that the spatially averaged model ignores the presence @iurely azimuthal, as assumed in most theoretical models.
metastables, and the electron temperature is a function of th&bove all, the coil configuration and driving network of the
pressure and geometry of the systgtf. ICPs are such that the plasma is inherently nonuniform and
The electromagnetic fields have been calculated assumingpscaling of these devices could be very inefficigdit In
that the plasma is uniform. Earlier experiments on low-addition, ICPs possess other drawbacks, such as generation
frequency ICP411,12 indicated that the plasma density is of useless RF magnetic fields outside the chamber, low
fairly uniform in the radial direction, and decreases with thepower efficiency, standing-wave effects in large-area pro-
axial distance. Hence, the accuracy of the present model caressing reactors, and relatively poor field penetration at
be improved by using self-consistent 3D nonuniform plasmalasma densities,=10cm™ 3 [9].

FIG. 16. Approximate plasma density profile in a chamber for
Po=30 mTorr, 1,=20 A, and P,=861 W. Ratiosve,/ve and
Ne, /Ng; are the same as in Fig. 1.

density profiles, i.e., substitutind.2) into (2) and (3). The Introducing the IRC into the plasma can significantly im-
field topography, power density, and the ionization rate camprove the uniformity of the electromagnetic fields and RF
then be obtained accordingly. power density in the chamber. This can be achieved by op-

We should mention that the current plarve0 divides the erating at a different, dipolarnf=1) RF resonator mode,
chamber into two different volumes, with the sharp interfacefeaturing five electromagnetic field components instead of
This assumption is justified if the width of the transition the usual three in ordinary ICPs. Moreover, the rotating uni-
layer between the two plasma volumes is smaller than theirectional current appears to be a factor in improving the
penetration length of the electromagnetic field. To make auniformity of power deposition over the cylinder cross sec-
model feasible, we did not account for a finite widthevi-  tion. We have demonstrated that at intermediate plasma den-
table in a real experimenof the current sheet separating sities, the electromagnetic field penetrates deeper into IRC
regions 1 and 2, and introduced a weak density discontinuitplasmas than ICPs with the same sizes and plasma density.
at z=0. The reliable experimental data on plasma densitie§his should certainly improve the axial uniformity of the
n; andn, are not available yet, ant,/n;~1.22 was used as plasma.

a plausible guess. Indeed, sinfe<L, the diffusion losses The computed IRC discharge operating parameters reveal
should be higher in volume [l1]. If one assumes that the the possibility to produce higher-density plasmas with the

ionization rates in volumes 1 and 2 are the same, the electrasame, or even lower, RF currents. In particular, we expect
density can appear somehow lower in volume 1. that the IRC discharge can be sustained in certain RF current

Furthermore, experimentally measured plasma densitiesinge, where the ICP cannot operate. Near the current plane,
in low-frequency ICPs appear to be consistently higher thaplasma densities as high as10cm 2 can be achieved
the theoretical predictiongl2]. One can expect similar re- with RF powers~2.5 kW.
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In the paper, we have considered the electromagfiidiic power input. Operating parameters of the discharge and ap-
discharge regime. At low powers, the discharge normallyproximate plasma profiles have been computed. It is demon-
starts with the electrostati&) mode. Physically, this intro- strated that the uniformity of the electromagnetic fields and
duces capacitive coupling and additional stochastic electropower density can be noticeably improved by introducing the
heating from interaction with the oscillating sheath, whichIRC. It has also been shown that similar, or even higher than
can affect the total power balanf22]. Variation of the RF  in the ICP, plasma densities can be produced under lower RF
power or gas pressure can also result in mdele>H) tran-  currents and the same power. Our results are thus useful for
sitions[23—27. However, experimen{®5,26 show that in-  improving the uniformity of ICPs. Experiments for verifying
ternal coil configurations are less affected by the modehese points are in progress and the results will be reported
jumps, and under certain conditions mode transitions caelsewhere.
even be smooth. Note that the—H transitions are normally
abrupt in the ICP$24]. It is thus of interest to obtain experi- ACKNOWLEDGMENTS
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