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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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I. INTRODUCTION

In recent years, radio frequency~RF! plasmas have be
come increasingly attractive as efficient sources of lo
temperature plasmas for industrial applications and lab
tory experiments. In particular, the RF glow discharges h
been proven to be superior in producing large-area la
volume plasmas for semiconductor manufacturing, as we
material processing and syntheses. Furthermore, high pla
density and uniformity over large areas and volumes are
cial for improving the efficiency of plasma processing@1,2#
and RF current drive@3#. Typically, plasma densities o
1010–1012cm23 with RF powers ;1 –2 kW have been
achieved in several types of RF plasma devices includ
inductively coupled@4# and helicon-wave driven@5# plasma
sources, as well as compact spherical tori@6#.

How the plasma is generated in various RF devices ca
quite different and is mainly determined by the correspo
ing dominant power transfer mechanism. For instance,
ductively coupled plasmas~ICPs! are usually produced by
external or internal currents driven by coils of various co
figurations. In compact toroidal devices RF currents are o
excited by a combination of external inductive coils. D
pending on the coil configuration and the operating regim
the currents excited can be of either constant or spati
varying phases. In particular, in a compact spherical plas
device, the constant phase case has been referre
oscillating-magnetic field current drive@7#, and the spatially
varying case as rotating-magnetic field current drive@3,8#.
The merit of this scheme is the excitation of steady toroi
plasma currents and high-density uniform plasmas in la
volumes@3#.

Here, we propose the possibility of efficient high-dens
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uniform plasma generation by an internal rotating RF curr
in a cylindrical metal vessel. From the basic conservat
laws, the spatially averaged plasma densities as function
the input power and approximate plasma density profiles
computed. Our results show that the uniformity of the ele
tromagnetic fields and power density, a troublesome prob
in ICP sources@9#, can be improved noticeably by introduc
ing the low-frequency internal rotating current~IRC!. The
field distribution, the efficiency of power deposition, and t
plasma properties are also compared with that of conv
tional external flat spiral coil ICP sources having the sa
geometrical size.

The paper is organized as follows. In Sec. II, we study
spatial distribution of electromagnetic fields in a cylindric
metallic chamber filled with rarefied or dense plasma. In S
III, the power transferred to the plasma electrons for the I
configuration is calculated. In Sec. IV, we investigate t
particle and power balance, and compute the operating po
of the discharge. The results and the effect of the IRC
low-frequency ICPs are discussed in Sec. V. A summary
this work and outlook for future research are given in S
VI.

II. ELECTROMAGNETIC FIELDS

In this section, we investigate the distribution of electr
magnetic fields in a plasma-filled cylindrical metallic cham
ber with internal radiusR and lengthL1L. The chamber top
is atz52L, and the chamber bottom is atz5L. The plasma
is generated by a uniformly distributed RF current sh
which rotates in the azimuthal direction over the circu
cross section atz50. The rotating current is given by

I RF5I 0exp@2 i ~vt2f!#~ r̂ 1 i f̂ !, ~1!

where r̂ and f̂ are the unit vectors in the radial and az
muthal directions,I 0 andv are the amplitude and frequenc
of the RF current, respectively. For calculating the elect
magnetic field topography we assume that the plasma is
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tially uniform, with densitiesn1 andn2 in the volumes above
(2L,z,0), and below (0,z,L) the current plane, re
spectively.

We start from the Maxwell equations for the electroma
netic fields in the chamber@10#

“3Ej52~1/c!] tH j , ~2!

“3H j5~1/c!] tDj , ~3!

whereEj and H j are the electric and magnetic fields in th
two different plasma volumes (j 51,2), respectively. Here
Dj5« jEj , and« j512vp j

2 /@v(v1 ine j)# is the permittivity
of the cold plasma,vp j is the electron plasma frequency, an
ne j is the effective rate of electron collisions.

From the symmetry it is obvious that the TE solutions
~2! and ~3! possessEr and Ef components of the electri
field andHr , Hf , andHz components of the magnetic field
We impose here the standard boundary conditions of
vanishing of tangential components of electric field and n
mal components of magnetic field at the side-walls, top,
bottom of the vessel@10#. At the planez50 there is a jump
of the tangential magnetic field proportional to the amplitu
of the surface current~1!, and the tangential electric field i
continuous@10#.

From practical considerations, we focus our attention
the field and plasma parameters in 0,z,L. Assuming that
the phase varies as;exp@2i(vt2f)#, for the TE electromag-
netic fields in the chamber we obtain

Hr
(2)5 i (

n51

` gn
(2)an

Dn~TE!
j1

(2)~z!
]

]r
J1S r1n8 r

R D , ~4!

Hf
(2)52

1

r (
n51

` gn
(2)an

Dn~TE!
j1

(2)~z!J1S r1n8 r

R D , ~5!

Hz
(2)52 i (

n51

`
an

Dn~TE!
S r1n8

R D 2

j2
(2)~z!J1S r1n8 r

R D , ~6!

Er
(2)5

iv

cr (
n51

`
an

Dn~TE!
j2

(2)~z!J1S r1n8 r

R D , ~7!

Ef
(2)52

v

c (
n51

`
an

Dn~TE!
j2

(2)~z!
]

]r
J1S r1n8 r

R D , ~8!

where

j1
(2)~z!5cosh@gn

(2)~L2z!#/sinh~gn
(2)L !,

j2
(2)~z!5sinh@gn

(2)~L2z!#/sinh~gn
(2)L !,

an5E
0

R

rJ1S r1n8 r

R D f ~r !dr/E
0

R

rJ1
2S r1n8 r

R Ddr,

Dn~TE!5gn
(1) coth~gn

(1)L!1gn
(2) coth~gn

(2)L !,
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(1,2)5@(r1n8 /R)22(v/c)2« (1,2)#

1/2 is the inverse field pen-
etration length,]J1(r1n8 )/]r 50, f (r )5(4p/c)Jr , and J
5I 0/2R is a surface current per unit diameter length. He
the superscripts 1 and 2 correspond to2L,z,0 and 0,z
,L, respectively.

Figs. 1–3 depict the radial profiles ofHr , Hz , and Ef
components of the electromagnetic field in the chamber
different plasma densities, axial positions, and azimut
angles att50.

The plasma parameters have been taken close to th
the low-frequency (;500 kHz! ICP source@11,12#. It is evi-
dent that the electromagnetic field moves towards the pl

FIG. 1. Nondimensional radial component of magnetic fie
Hr

nd5Re(Hr)c/J versusdimensionless radial distancer nd5r /R for
ne2 /v530.0, ne2 /ne152.0, vp2 /vp151.5, andL/L50.25. Dia-
grams~a!–~d! correspond to the following azimuthal anglesf and
dimensionless axial distanceznd5z/L: ~a! 45°, 0.1;~b! 45°, 0.3;~c!
90°, 0.1, and~d! 90°, 0.3, respectively. Curves 1–3 have be
plotted for ne25431011 cm23 ~1!, 1012 cm23 ~2!, and 8
31012 cm23 ~3!, respectively.

FIG. 2. Same as in Fig. 1, for dimensionless axial magnetic fi
componentHz

nd5Re(Hz)c/J.
2-2
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EFFECT OF AN INTERNAL ROTATING CURRENT ON . . . PHYSICAL REVIEW E63 046402
z50 as the plasma density increases. This is ubiquitous
many RF plasmas and is attributed to the ‘‘skin effect’’@1#,
which is collision-dominated in our case sincene j /v@1
@11,12#. One can also see that theHr and Ef field compo-
nents vanish at the chamber sidewalls because of the bo
ary conditions. Furthermore, the radial uniformity ofEf ,
Hr , andHz fields in the IRC plasma is better than that in t
low-frequency ICP source with similar control paramete
@11,12#.

The axial profiles of dimensionless azimuthal magne
and radial electric fields are shown in Fig. 4. The field a
plitudes decrease withz, and typically vanish at the bottom
of the chamber. From Fig. 4 one can estimate thee-fold field
decay length, which turns out to be;8.86 cm for ne2

FIG. 3. Same as in Fig. 1, for dimensionless azimuthal elec
field componentEf

nd52@Re(Ef)c/J#3103, with f590° @~a! and
~b!#, andf5135° @~c! and ~d!#, respectively.

FIG. 4. Nondimensional azimuthal component of magnetic fi
Hf

nd5Re(Hf)c/J ~a! and radial component of electric fieldEr
nd

5@Re(Er)c/J#3103 ~b! versusdimensionless axial distanceznd

for f545°, andr nd50.3. Other parameters and notations are
same as in Fig. 1.
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;1010cm23, ne2 /v530, R516 cm, andL520 cm. In a
dense plasma (ne2;1012cm23) with the other parameter
remaining the same, the field is localized within the volum
z,2.3 cm.

We have also studied the dependence of the TE field p
etration length into the chamber on the plasma paramete
the IRC and ICP discharges. Note that the field penetratio
a characteristic of the RF power deposition into the cham
@1#. Figure 5 shows the ratioq5(g1

(2)/g0)21 of the field
penetration lengths in the two configurations as a function
the plasma density~a! and effective collision frequency~b!.
Here,g05@(r018 /R)22(v/c)2«2#1/2 is the inverse field pen-
etration length in the ICP source, wheredJ0(r018 )/dx50
@11,12#. It is clearly seen thatq*1 for plasma densitiesne
,1012cm23. For higher plasma densities, the difference b
tween the field penetration lengths becomes small. Th
with respect to the field penetration the IRC configurati
appears to be advantageous compared to the usual
frequency ICP sources. Indeed, at intermediate plasma
sities (ne;1011cm23), (g1

(2))21 can be two times large
than g0

21. One can also expect that in the collisio
dominated regime (ne j /v@1) the ratioq can effectively be
controlled by the collision frequency. Fig. 5~b! shows that at
intermediate densities, the penetration length in the I
plasma is larger than that in the ICP, and their ratio increa
with ne2. In fact, for ne;1011cm23 andne2 /v;35, the ra-
tio q can reach 1.8.

The distribution of the magnetic field in the plasma cha
ber generated by the internal rotating RF current is shown
Fig. 6 for rarefied and dense plasmas. It is evident tha
higher plasma densities the field is predominantly localiz
in the vicinity of the current plane. Furthermore, Figs. 1
confirm that radial uniformity of the electromagnetic fields
the IRC plasma is indeed better than in the ICP. In particu

ic

d

e

FIG. 5. Ratioq of the RF field penetration depths as a functi
of plasma density~a!, and dimensionless collision frequencykdis

5ne2 /v ~b!. In ~a!, curves 1–3 correspond tone2 /v515, 20, and
30, respectively. In~b!, curves 1–3 are forne51011 cm23, 5
31011 cm23, and 531012 cm23, respectively.
2-3
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E. L. TSAKADZE et al. PHYSICAL REVIEW E 63 046402
one can notice that at plasma densitiesne*1011cm23, the
magnetic field appears to be almost unidirectional and pa
lel to the interfacez50. Note that this is highly desirable fo
ion flux control in most material processing applications@1#.
We recall that in the ICP sources,Hf vanishes atr 50,
which results in strong nonuniformity of power deposit
near the chamber axis@11,12#. This can easily be seen in Fig
3 of Ref. @11#. We emphasize that introduction of the rota
ing RF current into the plasma leads to the generation of
additional field componentsEr and Hf , and substantia
modification of the field topography as compared to that
the ordinary ICPs.

III. POWER DEPOSITION

We now investigate the RF power transferred to plas
electrons, especially its dependence on the plasma pa
eters. The RF electric field induces radial and azimut
screening currents in the plasma. In the power absorp
region, which is normally of the order of the field penetrati
depth, the plasma electrons are heated. The neutrals can
be excited and ionized via electron-neutral collisions. Us
the fluid approach, we obtain

Pp5
1

2E0

2pE
0

RE
0

L

Re~s (2)!uE(2)u2r df dr dz ~9!

FIG. 6. Magnetic field lines inf590° cross section for rarefie
(ne;109 cm23) ~a! and dense (ne;1012 cm23) ~b! plasmas. The
current is directed out of the paper. Other parameters are the
as in Fig. 1.
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for the power deposited into the entire plasma volume 0,z
,L, wheres (2)5vp2

2 /4p(ne22 iv) is the plasma conduc
tivity, and uE(2)u25@Re(Er

(2))#21@ Im(Er
(2))#21@Re(Ef

(2))#2

1@ Im(Ef
(2))#2. Equation~9! will be used in calculation of the

plasma density as a function of the rotating current am
tude.

It is also useful to consider the axial dependence of
power Pz(z) deposited per unit axial length averaged ov
the r –f cross section. The latter can easily be obtained fr
~9! by removing the integral overz. Figure 7 shows the axia
profiles of dimensionless powerPnd5Pz(z)(c/RJAv)2 for
different plasma densities and pressure.

Distribution of the RF power transferred to plasma ele
trons over ther 2z cross-section is shown in Figs. 8 and
for rarefied and dense plasmas, respectively. One can see
a major part of the power is deposited within the region
,z,L/2. If the plasma density rises, the power is main
localized in the vicinity of the current plane. One can al
deduce that the RF power can be deposited into the cham
1.2–1.5 times deeper than in the ICPs of the same size
operating frequency@12#.

We note that in dense plasmas it appears to be possib
achieve very good radial uniformity in a relatively mode
regionznd,0.2.

It should be noted that in the usual ICPs the power tra
ferred to the plasma electrons is strongly nonuniform n
the chamber axis@Figs. 8~b! and 9~b!#. Similar nonunifor-
mity in the power contours in low-frequency ICPs have be
reported earlier~Fig. 12 of Ref.@11#!. Thus, the IRC con-
figuration seems to be more advantageous for large-
plasma processing. Furthermore, the uniformity of the pow
density improves as the plasma density increases~Figs. 8 and
9!.

Figure 10 shows the dimensionless total power absor
by the plasmaPp

nd5Pp(c/RJAv)2 as a function of the

me

FIG. 7. Axial distribution of the dimensionless power dens
Pnd in the chamber withR516 cm,L520 cm,L55 cm, p0530
mTorr ~a!, p05100 mTorr~b!, andne2 /ne152. Curves 1–5 corre-
spond to ne25531010 cm23, 531011 cm23, 531012 cm23, 6
31012 cm23, and 1013 cm23, respectively.
2-4
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EFFECT OF AN INTERNAL ROTATING CURRENT ON . . . PHYSICAL REVIEW E63 046402
plasma density and gas pressure. We note thatPp rises with
the pressure, which is consistent with~9!. This also indicates
that Pp is an increasing function of the electron collisio
frequencyne2. At low plasma densities, power deposite
onto the plasma rises withne , while at higher densities i
starts to decline atne;531011cm23. In particular, atp0
530 mTorr the flex point corresponds tone;6.3
31011cm23, and has a tendency to increase with pressu

IV. POWER AND PARTICLE BALANCE

We now consider the RF power necessary to sustain
argon plasma of desired density under given discharge
rameters. This can be done using the stationary power
particle balance equations

Pp5Ploss, ~10!

“~Da“ne!2n ine50, ~11!

wherePloss5nvVpup is the power lost by the electrons fo
sustaining the plasma with the spatially averaged densitynv
in the volumeVp . Here,

up5e@n i~e i13Te!1n4se4s1n4pe4p#

FIG. 8. Contours of the power density in the chamber filled
rarefied (ne2;109 cm23) plasmas for the IRC~a! and the usual ICP
~b! configurations. Here,ne1 , ne2 , ne1, andne2 are the same as in
Fig. 1.
04640
.
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is the total loss per electron–ion pair in the discharge@5#.
This includes the power losses in ionization, excitation
neutral gas to the 4s and 4p states, thermal motion, an
flows of plasma particles through the sheaths to the cham
walls. The ionization and excitation rates in argon are@13#

FIG. 9. Same as in Fig. 8, but for dense (ne2;631012 cm23)
plasmas.

FIG. 10. 3D plot of the dimensionless power transferred
plasma electrons as a function of the plasma density and gas
sure. The chamber sizes are the same as in Fig. 7,ne2 /ne1 and
ne2 /ne1 are the same as in Fig. 1.
2-5
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n i58.133108Te
0.68p0 exp~2e i /Te!,

n4s51.773108Te
0.74p0 exp~2e4s /Te!,

n4s54.953108Te
0.71p0 exp~2e4p /Te!,

wheree i515.76 eV,e4s511.56 eV, ande4p513.2 eV are
the ionization and excitation thresholds, respectively. He
Te is in units of eV andp0 is in Torr. In ~11!, Da;Tem i /e is
the ambipolar diffusion coefficient,m i;e/min in is the ion
mobility, mi andn in are the ion mass and rate of ion-neut
collisions, respectively. In the above, we have assumed
the ambipolar diffusion is dominant for particle loss. Th
implies a limitation on gas pressure range for which our
sults are valid. Normally, this assumption is satisfied if t
argon pressure is less than a few hundred mTorr@14#.

From ~11! it follows that the stationary state exists if th
ionization gain is balanced by the diffusion loss, i.
Da(Te)/ l diff

2 5n i(Te), wherel diff5(x21gz
2)21/2 is the effec-

tive diffusion length. We also account for the narrow plas
sheaths near the chamber walls by imposing the boun
conditions G r(r 5R)5Gz(z5L)5Gz(z502)5nsuB , and
Gz(z52L)5Gz(z501)52nsuB , where uB5(Te /mi)

1/2

and ns are ion velocity and density at the sheath edge,
spectively. Here,G r52Da] rne and Gz52Da]zne are ra-
dial and axial ion fluxes, respectively@15#. With the above
boundary conditions, one can obtain from Eq.~11! the ap-
proximate plasma density profile

ne~r ,z!5ne0J0~xr !cos@gz~z2L/2!#, ~12!

whereTe , x, andgz satisfy

gz
21x25n i~Te!/Da~Te!,

gz tanh~gzL/2!5uB~Te!/Da~Te!,

and

xJ1~xR!/J0~xR!5uB~Te!/Da~Te!

simultaneously. The electron temperature as a function of
gas pressure and chamber geometry are obtained usin
iteration. Figure. 11 shows the electron temperature ve
argon pressure for different ion-neutral collision cross s
tions. It is seen that there is a tendency forTe to decline with
pressure, which is consistent with numerical and experim
tal studies of RF discharges in argon@13,15,16#.

In Fig. 11, we have also included the experimental poi
from our earlier experiments on 500 kHz ICPs in the sa
chamber@12#.

Note that in the figure the theoretical and experimen
results correspond to rather different RF current inputs.
can thus expect similar dependence ofTe(p0) in other ex-
periments on IRC plasmas. We note that the experime
data in Fig. 11 were also used in selecting the most suita
cross-section data and in improving the accuracy in com
ing the discharge operation regimes. Likewise, we find t
at fixed pressureTe is a slowly decreasing function ofs in .
In particular, atp0522 mTorr, the change of the ion-neutr
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impact cross section from;10215cm2 to ;10214cm2 re-
sults in a reduction of the electron temperature at;0.6 eV.
This is consistent with the global model of argon dischar
which suggests that the electron temperature is a functio
the pressure and geometry of the system@16#.

The dependence of the electron temperature and effec
diffusion length on the sheath widthd is displayed in Fig. 12
for two different pressures. We conclude thatTe is weakly
affected by the sheath width, while the effective diffusio
length slowly decreases withd.

From ~10!, one can obtain the spatially averaged plas
density for given discharge control parameters. Altern
tively, Eq. ~10! yields the minimum power deposition to su
tain the discharge with the desired plasma density. Figu
13 and 14 show the dependence of the power absorbedPp)
and lost (Ploss) by electrons on the plasma density in th
chamber withR516 cm,L520 cm, andL55 cm, for dif-

FIG. 11. Electron density versus argon gas pressure fors in

;10215 cm23 ~1!, 5310215 cm23 ~2!, and 5310214 cm23 ~3!, re-
spectively. The other parameters are the same as in Fig. 1. Ex
mental points~dots! have been taken from Ref.@12#.

FIG. 12. Effective diffusion length~a! and electron temperatur
~b! versus sheath width fors in;1014 cm23 and gas pressuresp0

510 mTorr ~curve 1!, andp0550 mTorr ~curve 2!, respectively.
2-6
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EFFECT OF AN INTERNAL ROTATING CURRENT ON . . . PHYSICAL REVIEW E63 046402
ferent RF current and argon pressure. Figs. 13~b! and 14~b!
correspond to the ICP configuration, with the sameR, L, the
azimuthal RF current atz52D, and a dielectric window a
2D,z,0 @12#. The width D and permittivity ed of the
dielectric are 2.5 cm and 4.52, respectively@17#. The inter-
sections of the curves 1 and 3 yield the minimal power a
spatially averaged plasma density of the 20 mTorr discha
Analogously, the operating regimes of thep0550 mTorr RF
discharge are obtained from the intersection of curves 2
4.

One can see that the curvesPp(ne) and Ploss(ne) in Fig.
13~b! do not intersect atI 0515 A, which means that an ICP
discharge cannot be sustained under this set of parame
However, for the IRC case a plasma withne;7
31011cm23 at I 0515 A andp0520 mTorr can be produce
with only ;550 W of RF power. At the same pressure, t
rotating RF current I 0520 A generates a dense (ne
;1012cm23) plasma with 850 W RF power. Atp0550

FIG. 13. Pp ~curves 1 and 2! and Ploss ~curves 3 and 4! for 20
mTorr ~curves 1 and 3! and 50 mTorr~curves 2 and 4! argon IRC
plasmas~a! and ICPs with I 0515 A ~b!. Ratios ne2 /ne1 and
ne2 /ne1 are the same as in Fig. 1.

FIG. 14. Same as in Fig. 13, forI 0520 A.
04640
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mTorr pressure, the electron density isne;2.331012cm23,
and;880 W of RF power are required. We emphasise t
the ICP cannot be produced with RF currents lower th
;20 A, while the plasma in the IRCC can be generated w
the internal RF currents as low as;9 A. Moreover, similar
values of the electron number density in the ICP a
achieved with higher RF powers. In particular, atp0520
mTorr, andI 0520 A, Pp;1.15 kW of RF power are neces
sary to sustain the inductively coupled plasma.

A similar procedure allows one to obtain the depende
of the spatially averaged plasma density on the input pow
The results are given in Fig. 15~a!. One can see that th
plasma density rises monotonical with power, which is
trinsic for most low-temperature plasmas@18#. We remark
that the computed values ofne in the configuration with
rotating internal current appear to be comparable with
measured plasma density in low-frequency ICP sources@12#,
with the same power deposited to the plasma. As can be
from Fig. 15~b!, the electron density increases with pressu
and atp0;200 mTorr, one can achieve electron densit
;1013cm23.

Our model suggests that RF plasmas with densitiesne
;1013 can be produced in the IRC configuration with re
sonably low powers. This can be seen in Fig. 16, wh
shows the profile of the plasma density produced with 861
of RF power. Plasma density profiles for other discha
control parameters can be computed analogously.

V. DISCUSSION

We now discuss in more detail the assumptions and li
tations of our theory, and pinpoint the major effects of t
internal rotating RF current on the field distribution, pow
deposition, and plasma parameters. For our theory, we u
the conservation laws of classical electrodynamics@10#, fluid

FIG. 15. Spatially averaged plasma density as a function of
input power~a! and argon pressure~b!. Curves 1–3~a! are for p0

510, 20, and 30 mTorr, respectively. In~b!, curves 1–3 correspond
to I 0515 A, 20 A, and 25 A, respectively. Ratiosne2 /ne1 and
ne2 /ne1 are the same as in Fig. 1.
2-7
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plasma theory@18#, and the assumptions of the global~spa-
tially averaged! discharge model@16#. The fluid equations
are used in obtaining the plasma permittivity, formulating t
boundary conditions at the sheath edges, and obtaining
approximate plasma density profiles. At the same time,
global approach is used to deduce the spatially avera
~over the volumeVp) plasma densitynv from the power
balance equation. Thus, the plasma densitiesnv in ~10! and
n0 in ~12! are linked through the simple relationnv
5Vp

21*Vp
ne dV, wheredV is the volume element. We not

that the spatially averaged model ignores the presenc
metastables, and the electron temperature is a function o
pressure and geometry of the system@16#.

The electromagnetic fields have been calculated assum
that the plasma is uniform. Earlier experiments on lo
frequency ICPs@11,12# indicated that the plasma density
fairly uniform in the radial direction, and decreases with t
axial distance. Hence, the accuracy of the present model
be improved by using self-consistent 3D nonuniform plas
density profiles, i.e., substituting~12! into ~2! and ~3!. The
field topography, power density, and the ionization rate
then be obtained accordingly.

We should mention that the current planez50 divides the
chamber into two different volumes, with the sharp interfa
This assumption is justified if the width of the transitio
layer between the two plasma volumes is smaller than
penetration length of the electromagnetic field. To mak
model feasible, we did not account for a finite width~inevi-
table in a real experiment! of the current sheet separatin
regions 1 and 2, and introduced a weak density discontin
at z50. The reliable experimental data on plasma densi
n1 andn2 are not available yet, andn2 /n1;1.22 was used as
a plausible guess. Indeed, sinceL,L, the diffusion losses
should be higher in volume 1@1#. If one assumes that th
ionization rates in volumes 1 and 2 are the same, the elec
density can appear somehow lower in volume 1.

Furthermore, experimentally measured plasma dens
in low-frequency ICPs appear to be consistently higher t
the theoretical predictions@12#. One can expect similar re

FIG. 16. Approximate plasma density profile in a chamber
p0530 mTorr, I 0520 A, and Pp5861 W. Ratiosne2 /ne1 and
ne2 /ne1 are the same as in Fig. 1.
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sults for the IRC configuration. This discrepancy can be
tributed to a number of elementary processes that are
glected in the particle and power balance equations.
instance, the stepwise ionization under certain conditions
raise the argon plasma density up to 40%@13#, and should
therefore be accounted for in future IRC discharge mode

Another factor that can strongly affect the power depo
tion and particle balance is the plasma nonlinearity, of
invoked for explaining the steady-state current drive in Ro
mak devices@3#. In particular, we expect that strong pon
deromotive forces@19# can generate axial screening curren
and enhance the field penetration into the chamber. This
improve the axial uniformity of the plasma density, whic
has recently become a concern for processes that requ
high level of plasma uniformity in large volumes@20#. Like-
wise, magnetic fields induced in the chamber can affect
fusion of the plasma particles, ion fluxes, and boundary c
ditions at the sheath edges. Hence, our results may no
valid if the RF magnetic fields generated in the chamber
too strong.

We now discuss the major advantages of the IRC confi
ration over the usual low-frequency ICP sources. As m
tioned above, the ICP power density is strongly nonunifo
near the chamber axis@11,12#. Moreover, it has recently bee
reported that the maxima of the optical emission intensi
of the argon ions in the ICPs are away from the cham
axis, and coincide reasonably well with the maxima of t
power density@21#. Thus, the ICP density appears to be no
uniform in the radial direction. Also, in the flat spiral induc
tive coil configuration, the actual driver currents are n
purely azimuthal, as assumed in most theoretical mod
Above all, the coil configuration and driving network of th
ICPs are such that the plasma is inherently nonuniform
upscaling of these devices could be very inefficient@9#. In
addition, ICPs possess other drawbacks, such as gener
of useless RF magnetic fields outside the chamber,
power efficiency, standing-wave effects in large-area p
cessing reactors, and relatively poor field penetration
plasma densitiesne*1011cm23 @9#.

Introducing the IRC into the plasma can significantly im
prove the uniformity of the electromagnetic fields and R
power density in the chamber. This can be achieved by
erating at a different, dipolar (m51) RF resonator mode
featuring five electromagnetic field components instead
the usual three in ordinary ICPs. Moreover, the rotating u
directional current appears to be a factor in improving
uniformity of power deposition over the cylinder cross se
tion. We have demonstrated that at intermediate plasma
sities, the electromagnetic field penetrates deeper into
plasmas than ICPs with the same sizes and plasma den
This should certainly improve the axial uniformity of th
plasma.

The computed IRC discharge operating parameters re
the possibility to produce higher-density plasmas with
same, or even lower, RF currents. In particular, we exp
that the IRC discharge can be sustained in certain RF cur
range, where the ICP cannot operate. Near the current pl
plasma densities as high as;1013cm23 can be achieved
with RF powers;2.5 kW.

r
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In the paper, we have considered the electromagnetic~H!
discharge regime. At low powers, the discharge norma
starts with the electrostatic~E! mode. Physically, this intro-
duces capacitive coupling and additional stochastic elec
heating from interaction with the oscillating sheath, whi
can affect the total power balance@22#. Variation of the RF
power or gas pressure can also result in mode (E↔H) tran-
sitions@23–27#. However, experiments@25,26# show that in-
ternal coil configurations are less affected by the mo
jumps, and under certain conditions mode transitions
even be smooth. Note that theE→H transitions are normally
abrupt in the ICPs@24#. It is thus of interest to obtain exper
mental results on mode transitions in IRC plasmas.

VI. SUMMARY

The effect of internal rotating currents on inductive
coupled plasmas in a cylindrical metal vessel has been s
ied. We have derived the electromagnetic fields and po
density in the chamber. Power balance has been used to
tain the spatially averaged plasma density as a function
ys

a

no

h-

o

.
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power input. Operating parameters of the discharge and
proximate plasma profiles have been computed. It is dem
strated that the uniformity of the electromagnetic fields a
power density can be noticeably improved by introducing
IRC. It has also been shown that similar, or even higher t
in the ICP, plasma densities can be produced under lowe
currents and the same power. Our results are thus usefu
improving the uniformity of ICPs. Experiments for verifyin
these points are in progress and the results will be repo
elsewhere.
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