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Experimental Evidence of Collisionless Power Absorption
in Inductively Coupled Plasmas
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Electromagnetic power absorbed in inductively coupled plasma driven by a planar coil has been f
directly from axial distributions of the rf electric field and current density measured with magne
probes. It is shown that at gas pressure around 1 mTorr the absorbed power is much larger
that found from the cold plasma theory, and is in reasonable agreement with the one calculated
framework of a theory for the anomalous skin effect in a two- dimensional system accounting for sp
dispersion of plasma conductivity. [S0031-9007(98)05767-6]

PACS numbers: 52.50.Gj, 52.65.–y, 52.80.–s
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Nonlocal electron kinetics and nonlocal plasma ele
trodynamics are now well recognized as playing impo
tant roles in inductively coupled plasmas (ICP) at low ga
pressure [1–5]. Both the electron energy distribution an
the rf current density in such discharges are not local fun
tions of the rf electric field. The nonlocality of the curren
is due to thermal electron motion which results in spati
dispersion of the plasma conductivity in the weakly colli
sional regime.

The spatial dispersion of conductivity underlies th
anomalous skin effect and results in nonmonotonic di
tributions of the rf field and current density [6] and a loca
negative power absorption in ICP [7]. It has been show
long ago that the spatial dispersion effect may lead
collisionless power dissipation in the skin layer [8]. Re
cently, collisionless power absorption in inductive plasm
has been a subject of many theoretical and modeling
forts [2–5,9–11]. Although collisionless electron heatin
is now widely accepted, to our knowledge no direct ex
perimental proof of its existence has been given.

In this Letter we report on experimental observatio
of collisionless electron heating in ICP by comparing th
measured power absorption with that calculated using t
cold plasma theory and that calculated using the theory
the anomalous skin effect in a plasma slab [12] extend
to two-dimensional systems as described in Refs. [4,7].

The experiments were carried out in a cylindrical IC
in argon gas driven with a planar induction coil in a
stainless steel chamber with a Pyrex glass bottom [6,
The chamber inside diameter2R  19.8 cm, its length
L  10.5 cm, and the glass thickness was 1.27 cm. A fiv
turn planar induction coil was mounted 1.9 cm below th
bottom surface of the discharge chamber. An electrosta
shield between the glass and the coil has practically elim
nated capacitive coupling between rf coil and the plasm
to the extent that the rf plasma potential referenced to t
grounded chamber wall was less than 0.1 V.
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The measurements of the azimuthal rf electric field
and current density and their phase distribution along th
chamber axis at a fixed radial position of 4 cm (near th
maximum in radial distribution of the rf electric field)
were performed with a miniature magnetic probe. De
tailed probe description, signal processing, and validatio
of results obtained with this probe are given in Ref. [13]
The axial distributions of the azimuthal rf field and curren
density [their rms magnitudes,Eszd andJszd and phases,
fEszd andfJszd] measured in this experimental setup are
reported in Ref. [6].

Langmuir probe measurements were performed both
the discharge center (r  0, z  5 cm) [14] and along the
axis at a fixed radial position ofr  4 cm [7] to deter-
mine the electron energy distribution function (EEDF)
The integrals of the EEDF such as electron densityne,
effective electron temperatureTe, and electron-atom col-
lision frequency in the rf field,nen, calculated from these
measurements are given in Table I.

The axial distribution of the absorbed power den
sity was found directly from the measured quantitie
as: Pszd  EszdJszd cosffEszd 2 fJszdg. It has been
shown in Ref. [7] that under conditions of the anomalou
skin effect Pszd can be nonmonotonic and can even
become negative beyond the skin layer. The powe
absorption by the plasma can be characterized by th
absorbed power fluxSszd

Sszd 
Z z

0
Psxd dx , (1)

which is equal to the loss of the Poynting fluxscy4pdEH.
The absorbed power flux is shown in Fig. 1 for 1 and
0.3 mTorr. For both pressures, the driving frequenc
was 6.78 MHz and the total absorbed discharge pow
Pd  100 W. For comparison, the power fluxScolszd
calculated from a cold plasma theory accounting only fo
the collisional heating is also shown in Fig. 1. It is seen
© 1998 The American Physical Society
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TABLE I. The discharge parameters measured in the skin layer (z  1 cm andr  4 cm)
for vy2p  6.78 MHz.

p P n Te veffyv nen neff Tg

mTorr W 1010 cm23 eV 107 s21 107 s21 K

0.3 100 2.7 10 1.06 0.15 5.6 520
1.0 100 3.9 5.8 1.04 0.46 3.8 480

10 100 10 3.6 1.19 4.0 3.9 400
100 50 33 1.7 1.83 10 16 380
300 50 100 1.3 2.23 17 27 420
rge
nt

ty

of
of

s;
ons
ted

gas,

s-
and

of

-
er

in

er
that the measured power fluxSexpszd is significantly larger
than the collisional one.

A similar divergence betweenSexpszd and Scolszd was
observed at 3.39 and 13.56 MHz for different discharg
powers. The results of measurements for a wide range
argon pressure are summarized in Fig. 2. It is seen t
the ratioSexpyScol at z  L is close to unity at pressures
above 10 mTorr and can exceed an order of magnitude
the lowest gas pressure.

In distinguishing between the total and collisiona
parts of the absorbed power it is important to correct
evaluate the collisional part, which is defined by electro
atom transport collision frequency in the rf fieldnen.
Two points must be taken into account. First, in
high density plasma typical for materials processing a

FIG. 1. Absorbed power flux for 0.3 and 1.0 mTorr.
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lighting applications, the gas temperature in the discha
chamberTg can be considerably higher than the ambie
temperatureT0. This leads to a reduction of gas densi
in a discharge with a controlled gas pressurep, that
should be taken into account in the evaluation ofnen.
Analysis of gas heating performed for the conditions
our experiment has shown that the major mechanism
gas heating at low pressure (p , 50 mTorr) is due to ion
energy transfer in charge exchange collisions with atom
at higher pressure gas heating due to electron collisi
prevails. Gas temperatures in the skin layer calcula
with measuredTe andneszd are given in Table I.

Second, due to the strong Ramsauer effect in argon
nen depends on both the rf frequencyv and the EEDF
form. The latter is always non-Maxwellian in gas di
charge plasmas. Therefore, the plasma conductivity
absorbed power evaluated withnen found in textbooks
[where it is usually calculated for the limiting cases
dc (v ø nen) or microwave (v ¿ nen) fields assuming
a Maxwellian EEDF] can differ significantly from the ac
tual values [15]. For calculation of the collisional pow
absorption we used the conductivity of a cold plasma
the form:

s 
e2ne

msnen 1 jveffd
, (2)

FIG. 2. The ratio of the total measured to collisional pow
flux as a function of argon pressure.
3265



VOLUME 80, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 13 APRIL 1998

tio

d

n
n
n
n
s

a
F,

e

sed
le
es

o
gy
ng

It
e

a
ols
wherenen andveff were found according to kinetic theory
(see Ref. [15]):

s  2
2e2ne

3m

Z `

0

´3y2

ncs´d 1 jv

dfs´d
d´

d´ . (3)

Here e is the electron charge,m is the electron mass,
ncs´d is the transport electron collision frequency,fs´d
is the EEDF, and́ is the electron energy. The values
of nen and veff calculated with the EEDFs measured in
the middle of the skin layer (z  1 cm andr  4 cm)
are given in Table I forvy2p  6.78 MHz together with
other relevant parameters.

There are several ways to evaluate the collisional pow
flux Scol. The first one follows from the theory of the
normal skin effect (see, for example, Ref. [2]):

ScolsLd 
e2E2s0dnednnen

2msn2
en 1 v

2
effd

. (4)

HereEs0d is the rms rf field at the plasma boundary (z 
0), anddn is the normal skin depth. This formula assume
a uniform plasma and an exponential profile of the
field and current density; neither of these assumptions
valid in this experiment [6]. Another way to evaluate
Scol consists of using the measured distributions of th
rf electric field or current density:

ScolsLd 
Z L

0
RessdE2sxd dx


Z L

0

e2E2sxdnesxdnen

msn2
en 1 v

2
effd

dx (5)

and

ScolsLd 
Z L

0
Ress21dJ2sxd dx 

Z L

0

J2sxdmnen

nesxde2
dx .

(6)

Finally, Scol can be found withEszd and Jszd measured
in the experiment, using the collisional power facto
cosccol  s1 1 v

2
effyn2

end21y2 for the conductivity of
cold plasma:

ScolsLd 
Z L

0
EsxdJsxd cosccol dx . (7)

All of the last three expressions forScol use the experi-
mental distributions ofEszd andJszd. The last one, which
has the advantage of being independent ofneszd (thus,
having less error), has been used for the calculation
Scol shown in Figs. 1. All four expressions forScol give
results which agree with each other within 10%–30%.

The collisionless power absorption is frequently ac
counted for by introducing an effective collision fre-
quency neff . nen in the classical expression for the
plasma conductivity. In this way, one obtainsP 
RessdE2 with s  e2neymsneff 1 jveffd. Hereveff is
a function of v and nen, and veff ø v in the limit
neff # v, similar to that in a collisional plasma [15]. The
3266
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effective frequencyneff accounts for total heating, colli-
sionless as well as collisional. The local value ofneff
can be found usingEszd, Jszd, andcszd measured in the
experiment:neff  se2neE coscdymJ [6]. The values of
neff at z  1 cm andr  4 cm found this way are given
in Table I. Comparing the magnitudes ofneff and nen

one can see that forp , 10 mTorr, neff . nen, which
well correlates with the pressure dependence of the ra
SexpyScol found in this experiment.

The calculated ratioh  StotsLdyScolsLd is shown
in Fig. 3 as a function of the rf frequency for 0.3 an
1 mTorr. The total power densityPtot ~ ResJEpd and the
collisional power densityPcol ~ EJs1 1 v2yn2

end21y2

used for calculations ofStot and Scol are obtained from
the solution of a coupled set of Maxwell and Boltzman
equations by the Fourier method [7]. This solutio
rigorously accounts for effects of thermal electron motio
in the axial direction and the resulting spatial dispersio
of the plasma conductivity. The spatial distribution
of Eszd and Jszd are found neglecting thermal electron
motion in the planes orthogonal to the axis, assuming
spatially homogeneous plasma with a Maxwellian EED
and an energy independent collision frequencync. It
is shown in [7] that in spite of these assumptions, th
calculated profiles ofEszd, Jszd, and Pszd are close to
the experiment. In Fig. 3, the calculated values ofh are
compared to experimental data. Plasma parameters u
for the calculations are taken from Table I. Reasonab
agreement of theory and experiment is seen. The 2 tim
lower h obtained in the calculations can be due t
neglect of radial electron motion and use of an ener
independent collision frequency in the model. The stro
energy dependence ofns´d in argon due to Ramsauer
effect might be the main reason for the discrepancies.
is worth noting that due to the integral character of th
absorbed power fluxSsLd, our calculations based on a

FIG. 3. The ratio of the total to collisional power flux as
function of frequency. The experiment is presented by symb
and the theory is presented by lines.
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simple model of the collisionless heating [2] also giv
results close to those shown in Fig. 3.

As seen in Fig. 3 there is a maximum ofhsvd with
respect to frequency; a similar effect has been al
observed in calculations [2] and [3]. The appearance
this maximum could be attributed to resonant electro
interaction with the rf field, which takes place when th
half period of the field is close to the electron transit tim
through the skin layer [16]. The resonance conditio
v  yT yd, where yT is the electron thermal velocity
and d ø cyvp is the skin depth, corresponds to th
boundary of nonlocalityL  svpyT yvcd2 ø 1. Here
vp is the electron plasma frequency andc is the speed
of light. This boundary separates the domain of loc
electrodynamics (L ø 1) from the domain of nonlocal
electrodynamics (L ¿ 1). The former corresponds to
normal skin effect and the absence of spatial dispersi
and the latter corresponds to the anomalous skin eff
with strong spatial dispersion and nonlocality of the
current. Our calculations of the total power absorption
well as the calculation in Ref. [2] do not show a maximum
in frequency dependence ofStotsLd. The maximum of
hsvd appears due to the different frequency dependenc
of the collisionless (nen  0), Sst, and collisional,Scol,
power absorption. Fornen ø v, Scol ~ v22 whereas
Sst is almost frequency independent atv ø yT yd and
decays rapidlySst ~ v24 at v ¿ yT yd [2].

For moderate nonlocality (L $ 1) typical to experi-
ments at 0.3 and 1 mTorr,hsvd increases with frequency
whereas the nonlocality parameterL decreases with fre-
quency. This counterintuitive observation suggests tha
larger degree of nonlocality does not necessarily mea
larger collisionless power absorption, although the latter
originated by the spatial dispersion of conductivity (non
locality of electron current). In fact,h increases withL
only for v . yT yd. It is interesting to note that colli-
sionless power absorption for evanescent low frequen
e
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waves (which are typical for ICP) was first demonstrat
theoretically for the condition of the normal skin effec
(v ¿ yT yd) where nonlocal effects are small [8].
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