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Enhanced Radio Frequency Field Penetration in an Inductively Coupled Plasma
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The induced radio frequency magnetic fields of a low-frequency inductively coupled plasma
measured and modeled. The fields penetrate deep into the discharge, in contrast with exi
predictions of field decay within a thin skin layer. Fluid calculations show that the enhanc
penetration is due to a reduction of the plasma conductivity by the induced magnetic fiel
[S0031-9007(96)00766-1]

PACS numbers: 52.40.Db, 52.50.Gj, 52.80.Pi
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Inductively coupled plasmas (ICPs) consist of a diel
tric chamber surrounded by a conducting coil [1]. R
dio frequency (rf) power continuously applied to the c
induces electric fields that partially ionize a gas ins
the chamber and sustain a discharge. ICPs have in
past been operated with high (1–760 Torr) gas press
for thermal [2] and lighting [3] applications. Recentl
ICPs have been rediscovered by the semiconductor
other industries as an important class of high-den
s1011 1012 cm23d, low-pressure (1–10 mTorr) plasm
sources [4]. Present low-pressure ICP development
10] and modeling [11–16] are among the most ac
areas of plasma research.

The understanding of rf power absorption is fund
mental to ICP heating and transport properties. Th
properties must be accurately described in ICP mode
predict plasma radial uniformity, a crucial issue for futu
large-area processes. In present models that consid
duced rf electric (but not magnetic) fields, the rf pow
is transferred to plasma electrons within a skin layer n
the plasma surface [2–4,11–16]. The electron hea
is either collisional (Ohmic) or collisionless (stochast
[12,16]. For typical rf frequencies of 0.1–13.56 MH
the skin depths are a few cm while device dimensions
10–30 cm. The ICPs can be cylindrical [2,3,5], plan
[6–9], or hemispherical [10]. The measured skin dep
are consistent with the above models [2,3,7].

In this Letter, data are presented that show dee
penetration into argon ICP discharges. For these d
stochastic effects are unimportant and collisional s
depths are small. Hence, a new mechanism mus
invoked to explain the enhanced rf field penetration. F
calculations suggest that this mechanism is a reduc
of the plasma conductivity by the induced rf magne
fields when the electron cyclotron angular frequencyvc

exceeds the rf angular frequencyv and the electron-neutra
collision frequencyn. This condition is satisfied for man
low-pressure ICPs. Hence, the induced rf magnetic fi
must be included in ICP models to predict electron hea
and the resulting plasma transport. The influence o
magnetic fields on ICP density profiles (the ponderomo
effect) has already been identified [17–19].
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The induced rf magnetic fields are measured ins
a cylindrical ICP sketched in Fig. 1. A 13-turn copp
coil is wound around a glass bell jar of inner radi
R  16.5 cm. The coil is powered by a 2 kW, 0.46 MH
(v  2.9 megacycle), rf generator via a matching n
work. The experimental apparatus is detailed elsewh
[10]. A small pickup coil (18 turns, 4 mm diamete
5 mm length) with shielded twisted leads is inserted n
the closed end of a 6 mm diameter ceramic tubing. T
tubing is connected to a stainless steel shaft via cera
transition pieces shown in Fig. 1. The pickup coil is o
ented to measure thez (upward) component of the in
duced rf magnetic field. Radial scans are obtained in
coil midplanesz  0d by rotating the steel shaft.

The pickup coil, calibrated at 0.46 MHz, has a sensit
ity of 65 mVyG. This sensitivity is checked by measurin
the vacuum rf magnetic fields inside the glass vessel
by comparing these data to numerical predictions ba
on 13 circular loops: Agreement within 3% is obtaine
In another check, the pickup coil is rotated to a horizon
position to measure combined radial and azimuthal fie
These fields are found negligible atz  0, with and with-
out plasma. The coil current and the coil voltage arou
the three turns closest toz  0 are also measured. Th
latter yields an estimate for the coil azimuthal electric fie
Ec at z  0. Uncertainties in the magnetic and electr
field measurements are (5–10)%.
©

FIG. 1. Sketch of the inductively coupled plasma
1996 The American Physical Society



VOLUME 77, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 AUGUST 1996

s
a-
p
r

io
c

ec

e

ve

o

gy
n

t
ue
P
on
u

d

r

h

re-
ed

tum

c-

he
y

n-

-

ith

t
se

ri-
re-
ial
Argon discharges are sustained with gas pressure
5–50 mTorr and with rf powers of 0.5–1.5 kW. The r
dial profiles of ion density obtained from a voltage-swe
cylindrical Langmuir probe [10] are shown in Fig. 2 fo
5 mTorr argon discharges. The magnitude of the
density is checked by two methods. First, both ele
tron and ion densities are estimated from their resp
tive saturation currents [20]: Ratiosniyne , 1.5 2.0 are
consistently obtained. This reasonable agreement is
pected in the thin sheath regime (mean free path¿ probe
radius¿ Debye length). Second, a 35 GHz microwa
interferometer is used along a diameter atz , 210 cm,
with the ICP coil lifted by 5 cm. The values of

R
ne dr

from the interferometer are compared to the valuesR
ni dr from probe radial profiles at the samez location:

Ratios
R

ni dry
R

ne dr , 1.1 1.3 are obtained. The ion
densities in Fig. 2 are probably accurate with 30%.

The electron temperaturesTe are also estimated from
Langmuir probe data. For the discharges of Fig. 2,Te

increases from 2.4 to 2.6 eV with rf power. TheTe

profiles are radially uniform and the electron ener
distributions are close to Maxwellians. The collisio
frequency is calculated asn  KN, whereK is the argon
elastic rate [4] andN is the neutral gas density tha
corresponds to a temperature of 300 K. These val
of n agree within 10% with those used in other IC
experiments [8,9] and models [4,13,15,16]. The collisi
frequencies may be somewhat overestimated beca
probe-determinedTe values tend to be too high an
because higher gas temperatures are likely.

The measured magnitudesjBj of the induced rf mag-
netic field Bz are shown with symbols in Fig. 3 fo
5 mTorr argon discharges. ThejBj profiles are quite flat
near the wall and change curvature at smaller radii. T
magnitudes ofjBj and Ec increase with rf power. The
measuredEc are 53, 72, and81 Vym for the discharges
of Fig. 3.

The magnetic field data are first compared to the p
dictions from existing models. A fluid approach is us
on
an

r
ated
ith
FIG. 2. Measured radial profiles of ion density for arg
discharges with 5 mTorr gas pressure and with 0.5, 1,
1.5 kW rf power.
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to describe the ICP discharges. The electron momen
equation is

mnf≠y≠t 1 v ? =gv  2 nesE 1 v 3 Bd
2 =p 2 nmnv , (1)

where bold quantities are vectors. The last term a
counts for electron-neutral collisions with a constantn.
The smaller electron-ion collision term is neglected. T
plasma conductivitys is derived assuming axisymmetr
andy, E , eivt . One obtainsyu  2eEymysn 1 ivd
from the azimuthal component of Eq. (1), neglecting co
vective sv ? =vd and magneticsv 3 Bd terms. Then,s
is calculated by inserting the plasma current,j  2neyu ,
into Ohm’s law,j  sE. One obtains the ubiquitous ex
pression [3–5,11–16]

s  ne2yfmsn 1 ivdg . (2)

A one-dimensional model, withB  Bzsrd, is used for
simplicity. Although it strictly applies only to infinitely
long ICPs, this model is adequate for comparison w
data obtained atz  0 where≠Bzy≠r ¿ ≠Bry≠z. Elimi-
nating E from Faraday’s law,s1yrd sdydrdrE  2ivB,
by using Ohm’s law and Ampere’s law,dBydr  2m0j,
one obtains [3]

s1yrd sdydrd srysd dBydr  ivm0B , (3)

where B and s are complex quantities. For constan
density, Eqs. (2) and (3) yield skin depths that increa
from dp  cyvp for v ¿ n (c is the speed of light and
vp is the plasma frequency) todc  dps2nyvd1y2 for
n ¿ v.

For variable densities, Eq. (3) must be solved nume
cally by separating real and imaginary parts. The
sulting two, coupled, second-order, ordinary different
d

FIG. 3. Radial profiles of rf magnetic field amplitude fo
5 mTorr argon discharges. The measured data are indic
with symbols. The magnetized calculations are shown w
solid lines.
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2]
equations are integrated numerically withs from Eq. (2)
and with polynomial fits to the density data of Fig.
The following boundary conditions are used atr  0:
dBrydr  dBiydr  0, and Bi  0 (subscripts refer to
real and imaginary components).Bis0d  0 can always
be chosen as a phase angle reference.Brs0d is found
by successive iterations such thatjEj at the coil, ob-
tained from integrating Faraday’s law, is equal to the m
suredEc.

The calculated radialjBj profiles are shown in Fig. 4
with solid curves. The data are also shown with symb
for comparison. The calculatedjBj magnitudes and
decays are overestimated by factors of 2 to 3.
addition, the exponential-like calculated profiles do n
reproduce the change of curvature observed near the
The uncertainties in the calculated penetration depthsdc

from n, n, and the one-dimensional approximation a
estimated to be about 40%. These uncertainties do
explain the above discrepancies. Clearly, a better m
is required.

The largest term of Eq. (1) that has been neglec
in obtaining Eq. (2) is the magnetic term. Dimension
analysis shows that the ratios of convective to magn
terms are of orderd2

pysrdd, typically a few percentfd 
BysdBydrdg. The magnetic term introduces a nonlinear
in Eq. (1) wherey, B, and E must now be describe
by harmonic seriess

P
k eikvtd. Substantial harmonics ar

observed, especially at high rf powers, in the rf magn
field wave forms, in the Langmuir probe currents, and
the coil voltages [10]. The latter occur because ICPs
similar to electrical transformers [4].

Fourier analysis can be used to solve Eq. (1), but
approach is not particularly enlighting. Since the low
harmonic still dominates the rf wave forms, a simp
approach might be to define an effective conductivityksl
that is time averaged over an rf period. With≠y≠t , iv,
or
a

wi

tion
es.

e
e

FIG. 4. Radial profiles of rf magnetic field amplitude f
5 mTorr argon discharges. The measured data are indic
with symbols. The unmagnetized calculations are shown
solid lines.
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yr can be eliminated from theu and r components
of Eq. (1) to obtainyu. Then, s is derived as before
and is averaged over an rf period withvc  eBym 
jvcjsinsvtd. Assuming v , n , jvcj and retaining
terms of ordervyn, one obtains

ksl  s0ys1 1 jvcj2yn2d1y2

2 is0svyndys1 1 jvcj2yn2d3y2, (4)

where s0  ne2ysmnd is the zero-frequency collisiona
conductivity. The small imaginary term is included on
to recover the unmagnetized limit whenjvcj , n. When
jvcj . n, ksl , ne2ysmjvcjd is reduced by nyjvcj
compared tos0 and db , dps2jvcjyvd1y2 is increased
by sjvcjynd1y2 compared to the unmagnetized skin dep
dc , dps2nyvd1y2.

Equation (3) is solved as before, but withksl from
Eq. (4). The calculatedjBj profiles are shown in Fig. 3
with solid curves. The calculated and observedjBj mag-
nitudes agree with 5% near the wall. The calculations a
reproduce the shape of the observed profiles. The e
flattening and the change in profile curvature are due
low edge plasma conductivitiesksl. The sharp boundary
channel model [21] roughly approximates the present c
ductivity profiles. The magnetized calculations are ind
pendent ofn at large radii whereksl , ne2ysmjvcjd.
Hence, the calculated depthsdb have relatively small
(20%) uncertainties.

The measured and calculated1ye decay lengths (from
edge values) of thejBj profiles are shown in Fig. 5 for
the 5 mTorr argon discharges. The error bars are
estimated uncertainties. The magnetized depthsdb agree
with the measured depthsd in all cases. The un-
magnetized depthsdc are too small by factors of 2
to 3. The stochastic (anomalous) skin depths [1
ds , dpfyeys2vdpdg1y3, where ye  f8kTeyspmdg1y2,
ted
th

FIG. 5. Measured and calculated rf magnetic field penetra
depths as functions of rf power for 5 mTorr argon discharg
The measured depthsd are shown with solid circles, the
magnetized depthsdb are shown with open circles, th
unmagnetized depthsdc are shown with squares, and th
stochastic depthsds are shown with triangles.
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are smaller or comparable to thedc values, so that
stochastic effects are unimportant. In addition, the
unmagnetizedds estimates are probably too large for th
present discharges where the electron radial motion
inhibited by the rf magnetic field. The electron magn
tization in the edge region where penetration depths
calculated also extends the validity of the fluid approa
down to pressures of a few mTorr.

The jBj profiles are also measured for argon dischar
with higher (10–50 mTorr) gas pressures. The mag
tized calculation agrees with the data for all pressu
The discrepancy between the unmagnetized calcula
and the data gradually diminishes as the gas pressur
creases. Data and both calculations coincide within un
tainties for 40 and 50 mTorr discharges. This agreem
is expected sinceksl , s for high-pressure discharge
where n exceedsjvcj through most of the plasma vo
ume. The agreement between data and calculations
implies that the combined experimental uncertainties
less than a factor of 2.

ThejBj profiles of oxygen discharges are also measu
and calculated. These discharges, more representativ
industrial ICPs, yield qualitatively similar results as f
argon, except that the rf penetration depths are large
factors of 2–3 because of lower plasma densities.
rf magnetic fields of the oxygen discharges are 1–3
on axis. Hence, the plasma conductivity is substantia
reduced by the rf magnetic field at all radii.

Although cases withjvcj . v . n were not investi-
gated experimentally, numerical averages ofs over an
rf period suggest that Eq. (4) remains a good approxim
tion wheneverjvcj . v, n, regardless of the ordering o
v and n. Hence, the ICP rf power absorption depen
on the largest ofv, n, jvcj, and the effective stochas
tic frequencyns. The skin depths are (1)dp for high
(13.56 MHz) rf frequencies and low rf powers wherev

dominates [8], (2)dc , dps2nyvd1y2 for high pressure
ICPs wheren dominates [2,3], (3)db , dps2jvcjyvd1y2

for the present ICPs wherejvcj dominates, and (4)ds for
low-pressure ICPs ifns dominates.

The regime wherejvcj is largest has been overlooke
until now. The induced rf magnetic fields are only 3
10 G for typical rf powers and seem negligible. Henc
they are usually neglected in ICP models [11–16]. Ho
ever, the corresponding valuesjvcj , 50 180 are of-
ten larger than typical valuesn , 5 20 and v , 1 85
(megacycle). Hence, the rf penetration depthsd are of-
ten substantially increased by the rf magnetic field and
Ohmic heating power densitiess,1yd2d can be reduced
by an order of magnitude.

In summary, the induced rf magnetic fields of a low
frequency ICP show substantial penetration while exist
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models predict absorption in a thin skin layer. Flu
calculations resolve this apparent contradiction: T
induced rf magnetic fields appreciably reduce the plas
conductivity, which leads to a larger rf penetration. The
magnetic fields can significantly modify electron heat
and the resulting plasma transport in many of today’s lo
pressure ICPs, and should therefore be included in fu
ICP models.

This research was conducted under the auspices o
U.S. DOE, supported by funds provided by the Univers
of California for discretionary research by Los Alam
National Laboratory.

[1] W. Hittorf, Wiedemanns Ann. Phys.21, 90 (1884).
[2] H. U. Eckert, High Temp. Sci.6, 99 (1974).
[3] J. W. Denneman, J. Phys. D23, 293 (1990).
[4] M. A. Lieberman and A. J. Lichtenberg,Principles of

Plasma Discharges and Materials Processing(John
Wiley, New York, 1994).

[5] V. A. Godyak, R. B. Piejak, and B. M. Alexandrovich
Plasma Sources Sci. Technol.3, 169 (1994).

[6] J. S. Ogle, U.S. Patent No. 4,948,458 (1990).
[7] J. H. Keller, J. C. Forster, and M. S. Bames, J. Vac. S

Technol. A11, 2487 (1993).
[8] J. Hopwood, C. R. Guarnieri, S. J. Whitehair, and J

Cuomo, J. Vac. Sci. Technol. A11, 147 (1993).
[9] L. J. Mahoney, A. E. Wendt, E. Barrios, C. J. Richard

and J. L. Shohet, J. Appl. Phys.76, 2041 (1994).
[10] M. Tuszewski and J. A. Tobin, J. Vac. Sci. Technol. A14,

1096 (1996).
[11] P. L. G. Ventzek, T. J. Sommerer, R. J. Hoekstra, and M

Kushner, Appl. Phys. Lett.63, 605 (1993).
[12] M. M. Turner, Phys. Rev. Lett.71, 1844 (1993).
[13] R. A. Stewart, P. Vitello, and D. B. Graves, J. Vac. S

Technol. B12, 478 (1994).
[14] A. P. Paranjpe, J. Vac. Sci. Technol. A12, 1221 (1994).
[15] G. DiPeso, V. Vahedi, D. W. Hewett, and T. D. Rognlie

J. Vac. Sci. Technol. A12, 1387 (1994).
[16] V. Vahedi, M. A. Lieberman, G. DiPeso, T. D. Rognlie

and D. Hewett, J. Appl. Phys.78, 1446 (1995).
[17] J. C. Helmer and J. Feinstein, J. Vac. Sci. Technol. B12,

507 (1994).
[18] G. DiPeso, T. D. Rognlien, V. Vahedi, and D. W. Hewe

IEEE Trans. Plasma Sci.23, 550 (1995).
[19] R. H. Cohen and T. D. Rognlien, Bull. Am. Phys. Soc.40,

1643 (1995).
[20] I. D. Sudit and R. C. Woods, J. Appl. Phys.76, 4488

(1994).
[21] M. P. Freeman and J. D. Chase, J. Appl. Phys.39, 180

(1968).
1289


