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Effect of Collisionless Heating on Electron Energy Distribution
in an Inductively Coupled Plasma
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Significant frequency dependence of the electron energy distribution has been found in a
pressure inductive discharge experiment. The observed frequency dependence reveals the pr
of collisionless electron heating and appears as a result of finite electron-transit time through the
layer. The energy distributions calculated from a kinetic equation accounting for nonlocality of elect
kinetics and electrodynamics are in good agreement with the experiment. [S0031-9007(98)06549
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The recent advent of high density plasma sources s
tained by radio-frequency (rf) electromagnetic fields a
low gas pressure has raised significant interest in electr
heating and plasma maintenance in the near-collisionle
regime where the electron mean free pathl is comparable
to or larger than plasma dimensions. In contrast to a c
lisionally dominated plasma with Joule heating, electro
heating in the near-collisionless plasma is a combined
fect of electron interactions with electromagnetic field
reflections from plasma boundaries, and collisions wi
gas particles [1–3]. The penetration of electromagne
energy into such a plasma exhibits peculiarities typical
the anomalous skin effect [4–6]. Nonmonotonic distr
butions of the rf fields and current density [7], collision
less electron heating [8], and negative power absorpti
[9] have recently been observed in experiments with lo
pressure inductive plasmas and reviewed in Ref. [10].
this Letter we report on a significant frequency depe
dence of the electron energy distribution function (EEDF
found in experiments with inductively coupled plasm
(ICP) at low gas pressure. According to the develope
theory, the frequency dependence of the EEDF is asso
ated with finite electron transit time through the skin laye

The experiments were carried out in a cylindrical IC
maintained by a planar inductor coil in a stainless ste
chamber with a quartz bottom. Details of the exper
mental setup are published elsewhere [7,9,10]. Briefl
the chamber ID was 19.8 cm, its lengthL was 10.5 cm,
and the quartz thickness was 1.27 cm. A five turn pl
nar induction coil was mounted 1.9 cm below the botto
surface of the discharge chamber. An electrostatic shie
between the quartz and the coil has practically eliminat
capacitive coupling between the induction coil and plasm
to the extent that the rf plasma potential referenced
the grounded chamber was much less than 1 V. Th
made it possible to resolve the low energy part of th
measured EEDF previously not detected in all publishe
experiments carried out in ICP’s. A noise supression c
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cuit with an additional reference probe [11] has extend
the dynamic range of the EEDF measurement up to
4 orders of magnitude and enabled us to resolve el
trons with energy far beyond the excitation and ionizatio
thresholds of argon atoms. Measurements were mad
driving frequenciesvy2p  3.39, 6.78, and 13.56 MHz
in an argon discharge at gas pressures of 1 and 10 mT
and discharge powerPpl in a range of 12–200 W. The
power dissipated in the plasma,Ppl, was determined by
measuring the power transmitted to the inductor coil (fo
ward minus reflected power) and subtracting matcher a
coil losses determineda priori as a function of coil cur-
rent and temperature.

Results of Langmuir probe measurement performed
the discharge center (r  0 and z  5 cm) are shown
in Fig. 1 for different v and Ppl. Here the electron
energy distribution is given in terms of the electron ener
probability function (EEPF) measured by Langmuir prob
The plasma parameters found as corresponding integra
the measured EEPF: the electron densityne, the effective
electron temperatureTeff, and the electron-atom transpor
collision frequencynm in rf field are given in Table I
together with the rms electric fieldE0 near the quartz
window (atr  4, z  0 cm) measured in Ref. [7]. The
observed EEPF’s are non-Maxwellian and in general ha
a three temperature structure. There is a group of l
energy electrons with temperatureTes´d  sd ln f0yd´d21

less than the effective temperatureTeff of the EEPF, similar
to that found in capacitive rf discharges [12]. Ther
is also a EEPF depletion (compared to Maxwellian)
energies higher than 12 eV due to excitation and ionizat
of argon atoms by electron impact. Substantial chang
of the EEPF slope with frequency observed at energ
close to average ones (see Fig. 1) correspond to chang
of the effective electron temperature shown in Table
The frequency dependence is well pronounced at low
plasma densities (power) and gradually vanishes at hig
densities where Coulomb interactions among electro
© 1998 The American Physical Society 369
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FIG. 1. Measured EEPF’s for 1 and 10 mTorr.
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tend to maxwellize the EEPF in the elastic energy ran
No frequency dependence of plasma density was foun
this experiment.

The EEPF was calculated from the kinetic equation

1
kyl

d
d´

kylDE
df0

d´
 S , (1)

where´ is the total electron energy (kinetic plus pote
tial), kyl denotes the electron velocity averaged over
discharge volume accessible to electrons with total ene
´, and DE is the energy diffusion coefficient which de
scribes electron heating. The termS on the right hand
side accounts for energy transfer in Coulomb interacti
among electrons and inelastic collisions of electrons w
argon atoms [13].

The energy diffusion coefficientDEs´d has recently
been calculated for some limiting cases in [2,3,1
370
TABLE I. Experimental data for electron densityne, effective electron temperatureTeff, and
collision frequencynm in the discharge center (z  5, r  0 cm) and the rms electric fieldE0
at z  0, r  4 cm for different powerPpl, driving frequencyf, and argon pressurep.

p (mTorr) 1 10 1 10 1 10 1 10

Ppl f ne 3 1010 Teff nm 3 106 E0

(W) (MHz) scm23d (eV) ss21d sVycmd
3.39 5.3 3.4 7.8 55 1.9 1.4

12 6.78 1.0 2.8 4.2 3.1 7.4 58 2.1 1.6
13.56 2.9 2.5 6.1 50 3.5 2.2

3.39 5.4 3.3 7.9 53 2.1 1.5
50 6.78 4.1 11 4.7 3.1 7.6 56 2.4 1.8

13.56 3.7 2.8 6.9 53 4.0 2.5

3.39 6.0 3.1 8.1 51 2.2 1.7
200 6.78 13 43 5.2 3.0 7.7 52 2.8 2.0

13.56 5.0 2.8 7.6 52 4.4 3.0
ge.
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4].

Here we extend these results by accounting for elas
collisions and peculiarities of the rf field profile in the
two-dimensional system studied in the experiment [7
Taking into consideration thermal electron motion in th
axial direction, assuming a spatially homogeneous plas
and an azimuthal electric field in the formEusr , zd 
E0J1s3.8ryRdEszd (J1 is the Bessel function), we found

DE  D0

X̀
n2`

jEnj2C

√
kny

v
,

n

v

!
, (2)

where D0  k´´0v, ´0  seE0y2vd2ym is a charac-
teristic energy,ns´d is the transport collision frequency
(a function of electron energy),k ø 0.3 is a re-
sult of Eu averaging over the radial coordinate,En

is the Fourier spectrum ofEszd, and kn  pnyL.
Heating results from electron interactions with a
components of the field spectrum and the functio
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describes the contribution of different spectra
components.

In limiting cases, Eq. (2) reproduces well-known result
In a cold plasma (atkyyv ø 1, k is a typical wave
number) all modes give equal contribution,Cs0, yd 
s4y3dyys1 1 y2d, and the energy diffusion coefficientDE

corresponds to a spatially averaged Joule heating produ
by an inhomogeneous rf electric field [15]:

DE 
e2kE2

uly2n

6sv2 1 n2d
, (4)

where

kE2
ul  kE2

0

X̀
n2`

jEnj2 
kE2

0

L

Z L

0
jEj2dz (5)

is the mean square ofEusr , zd averaged over discharge
volume.

In a warm plasma, the zero component of the spe
trum (which corresponds to a spatially uniform electri
field) gives no contribution to the collisionless heatin
sinceCs0, nyvd ~ n. Fornyv ø 1, Csx, 0d  psx2 2

1dyx3 at x . 1 and vanishes for slow electrons withy ,

vyk [2]. A pronounced maximum atx 
p

3 indicates
predominant heating of electrons with velocities close
transit-time resonancevt ø 1, wheret  skyzd21 is a
characteristic time electrons spend in the region of inh
mogeneous rf field (skin layer) [16]. The factor

p
3 ap-

pears as a result of averaging over velocity direction for a
isotropic velocity distribution.

In our calculations, we used the Fourier spectrumEn

for a warm plasma slab [5]

En 
2ivl2B0

LcE0

f1 2 j cospng
Dsknld

, (6)

where j  BLyB0 is the ratio of the rf magnetic field
amplitude at the boundaries [17]

j 
X̀
n0

0
s21dnD21sknld

, X̀
n0

0
D21sknld (7)

and primes indicate that the termn  0 is multiplied by
1y2. The functionDsqd for a high density Maxwellian
plasma is given by

Dsqd  q2 1 LZsisyqdyq 1 s3.8lyRd2, (8)

where the last term accounts for radial inhomogeneity
the rf electric field, and the nonlocality parameter

L 

√
vpyth

c

!2
v

sv2 1 n2d3y2 (9)

describes the nature of the skin effect (anomalous f
L . 1 and normal atL , 1). Here,vp is the electron
plasma frequency,s  i expf2i arctansnyvdg is a mea-
sure of plasma collisionality,l  ythy

p
v2 1 n2 is an
l
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effective mean free path for an electron with the mo
probable speedyth  s2Teymd1y2, andZsxd is the plasma
dispersion function [18].

To analyze the influence of the finite size of the plasm
we performed calculations of the energy diffusion coe
ficient and EEPF for different gap lengthsL0. Figure 2
shows function hs´d  sL0yLd

P`
n2` jEnj2Cn which

corresponds to a dimensionless energy diffusion coe
cient. Solid lines are forL0  L; dashed lines are for
L0  4L. At 10 mTorr, the frequency and energy depe
dencies ofhs´d andDEs´d are well described by Eq. (4).
In this case, changing the gap length does not result
any changes in the slope ofhs´d. At 1 mTorr, changes
in the slope ofhs´d at energies´n  msvLypnd2y2
correspond to input of different harmonics in the seri
(2). Since En decays rapidly with an increase ofn,
the main contribution to heating comes from the fir
spatial harmonic of the field. Aty , vLyp, only higher
harmonics contribute to the heating andhs´d is small.
The finite size of the plasma results also in some reduct
of heating for high-energy electrons [2]. Although th
size of the plasma affects the slope ofhs´d at 1 mTorr,
the EEPF shape is affected to a much lesser degree.
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FIG. 2. The functionhs´d calculated from (2). Solid lines
are for the gap lengthL0  10.5 cm; dashed lines are for
L0  42 cm.
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The calculated EEPF’s are shown in Fig. 3. Input pa
rameters are taken from Table I; cross section data
electron collisions in argon are from [19]. The result
of calculations are in good agreement with experiment
spite of the assumption of a homogeneous plasma and
glect of transverse electron motion in calculations. Ac
counting for the ambipolar electric field should enhanc
the low energy peak of the EEPF [20] and slightly chang
the energy corresponding to bounce resonances. The th
mal electron motion in the transverse direction can furth
decrease the magnitude of bounce resonance effects.

There are several mechanisms which determine t
shape of the EEDF in low pressure ICP’s. They a
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FIG. 3. Calculated EEPF’s for experimental conditions o
Fig. 1.
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as follows: (i) dependence of the collision frequenc
on electron energy (e.g., due to the Ramsauer effe
(ii) the presence of ambipolar potential which preven
slow electrons from entering the region of high rf fiel
near the boundaries, (iii) the finite transit-time effec
and (iv) the bounce resonance effect. The first two
not depend on driving frequency. The last ones conta
the frequency dependence that has been analyzed in
present work. Our studies indicate that bounce resonan
due to the finite size of the plasma are not significant a
that the observed frequency dependence of the EEDF
mainly due to finite electron transit time through the sk
layer (in general, the region of inhomogeneous rf field
To the authors’ knowledge, the present work is the fir
direct evidence of the collisionless heating effect on t
EEDF shape in a weakly collisional ICP.

The authors thank R. B. Piejak and B. M. Alexan
drovich for their valuable contributions to the experime
tal part of this work.
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