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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 low-
pressure inductive discharge experiment. The observed frequency dependence reveals the presence
of collisionless electron heating and appears as a result of finite electron-transit time through the skin
layer. The energy distributions calculated from a kinetic equation accounting for nonlocality of electron
kinetics and electrodynamics are in good agreement with the experiment. [S0031-9007(98)06549-1]

PACS numbers: 52.80.—s, 52.65.—y

The recent advent of high density plasma sources susuit with an additional reference probe [11] has extended
tained by radio-frequency (rf) electromagnetic fields atthe dynamic range of the EEDF measurement up to 3—
low gas pressure has raised significant interest in electrof orders of magnitude and enabled us to resolve elec-
heating and plasma maintenance in the near-collisionlegsons with energy far beyond the excitation and ionization
regime where the electron mean free patis comparable thresholds of argon atoms. Measurements were made at
to or larger than plasma dimensions. In contrast to a coldriving frequencieso /27 = 3.39, 6.78, and 13.56 MHz
lisionally dominated plasma with Joule heating, electronin an argon discharge at gas pressures of 1 and 10 mTorr
heating in the near-collisionless plasma is a combined efand discharge poweP,,; in a range of 12-200 W. The
fect of electron interactions with electromagnetic fields,power dissipated in the plasma,;, was determined by
reflections from plasma boundaries, and collisions withmeasuring the power transmitted to the inductor coil (for-
gas particles [1-3]. The penetration of electromagnetievard minus reflected power) and subtracting matcher and
energy into such a plasma exhibits peculiarities typical taoil losses determined priori as a function of coil cur-
the anomalous skin effect [4—6]. Nonmonotonic distri-rent and temperature.
butions of the rf fields and current density [7], collision- Results of Langmuir probe measurement performed in
less electron heating [8], and negative power absorptiothe discharge centerr (= 0 and z = 5 cm) are shown
[9] have recently been observed in experiments with lown Fig. 1 for different w and P,;. Here the electron
pressure inductive plasmas and reviewed in Ref. [10]. Irenergy distribution is given in terms of the electron energy
this Letter we report on a significant frequency depenjprobability function (EEPF) measured by Langmuir probe.
dence of the electron energy distribution function (EEDF)The plasma parameters found as corresponding integrals of
found in experiments with inductively coupled plasmathe measured EEPF: the electron densitythe effective
(ICP) at low gas pressure. According to the developecalectron temperaturg&.e, and the electron-atom transport
theory, the frequency dependence of the EEDF is assoctollision frequencyw,, in rf field are given in Table |
ated with finite electron transit time through the skin layer.together with the rms electric field#, near the quartz

The experiments were carried out in a cylindrical ICPwindow (atr = 4, z = 0 cm) measured in Ref. [7]. The
maintained by a planar inductor coil in a stainless steebbserved EEPF’s are non-Maxwellian and in general have
chamber with a quartz bottom. Details of the experi-a three temperature structure. There is a group of low
mental setup are published elsewhere [7,9,10]. Brieflyenergy electrons with temperatig(e) = (d In fo/de) ™!
the chamber ID was 19.8 cm, its lengthwas 10.5 cm, less than the effective temperatdig: of the EEPF, similar
and the quartz thickness was 1.27 cm. A five turn plato that found in capacitive rf discharges [12]. There
nar induction coil was mounted 1.9 cm below the bottomis also a EEPF depletion (compared to Maxwellian) at
surface of the discharge chamber. An electrostatic shieldnergies higher than 12 eV due to excitation and ionization
between the quartz and the coil has practically eliminatedf argon atoms by electron impact. Substantial changes
capacitive coupling between the induction coil and plasmaf the EEPF slope with frequency observed at energies
to the extent that the rf plasma potential referenced telose to average ones (see Fig. 1) correspond to changing
the grounded chamber was much less than 1 V. Thaif the effective electron temperature shown in Table I.
made it possible to resolve the low energy part of theThe frequency dependence is well pronounced at lower
measured EEDF previously not detected in all publishegblasma densities (power) and gradually vanishes at higher
experiments carried out in ICP’s. A noise supression cirdensities where Coulomb interactions among electrons
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FIG. 1. Measured EEPF’s for 1 and 10 mTorr.

tend to maxwellize the EEPF in the elastic energy rangeHere we extend these results by accounting for elastic
No frequency dependence of plasma density was found ioollisions and peculiarities of the rf field profile in the
this experiment. two-dimensional system studied in the experiment [7].
The EEPF was calculated from the kinetic equation ~ Taking into consideration thermal electron motion in the
J axial direction, assuming a spatially homogeneous plasma
< YD E fo =S, (1) and an azimuthal electric field in the fordy(r,z) =
< ) de EoJ1(3.87/R)E(z) (J; is the Bessel function), we found

where ¢ is the total electron energy (kinetic plus poten- [ knv v

tial), (v) denotes the electron velocity averaged over the Dg = Do Z |E, | 0wl (2)

discharge volume accessible to electrons with total energy T

g, and D is the energy diffusion coefficient which de- where Dy = kegow, ey = (eEy/2w)?/m is a charac-

scribes electron heating. The terfhon the right hand teristic energy,»(e) is the transport collision frequency

side accounts for energy transfer in Coulomb interactionga function of electron energy)x = 0.3 is a re-

among electrons and inelastic collisions of electrons wittsult of Ey averaging over the radial coordinat&,

argon atoms [13]. is the Fourier spectrum ofE(z), and k, = mwn/L.
The energy diffusion coefficienfDg(e) has recently Heating results from electron interactions with all

been calculated for some limiting cases in [2,3,14].components of the field spectrum and the function

TABLE I. Experimental data for electron density, effective electron temperatui@;;, and
collision frequencyy,, in the discharge center (= 5, r = 0 cm) and the rms electric fielH,
atz = 0, r = 4 cm for different powerP,,, driving frequencys, and argon pressure.

» (mTorr) 1 10 1 10 1 10 1 10
Ppl f ne X 1010 Tett v, X 10° Ey

(W) (MHz) (cm™) (eV) (s (V/cm)

3.39 5.3 34 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 35 2.2

3.39 54 3.3 7.9 53 2.1 15

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
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y2 + (1 + x)zj“

describes the contribution of different spectrlal effective mean free path for an electron with the most

components. probable speedy, = (27,/m)"/?, andZ(x) is the plasma
Inlimiting cases, Eq. (2) reproduces well-known results.dispersion function [18].

In a cold plasma (akv/w < 1, k is a typical wave To analyze the influence of the finite size of the plasma,

number) all modes give equal contributio®;(0,y) =  we performed calculations of the energy diffusion coef-

(4/3)y/(1 + y?), and the energy diffusion coefficie®;  ficient and EEPF for different gap lengtlis. Figure 2

corresponds to a spatially averaged Joule heating producetiows function n(s) = (Lo/L)>..__.. |E,|*¥, which

by an inhomogeneous rf electric field [15]: corresponds to a dimensionless energy diffusion coeffi-
62<E2>v21/ cient. Solid lines are foi, = L; dashed lines are for
Dg = m (4) Lo =4L. At10 mTorr, the frequency and energy depen-

dencies ofy(e) and Dg(e) are well described by Eq. (4).
where In this case, changing the gap length does not result in
% EX L any changes in the slope af(¢). At 1 mTorr, changes
(E3) = kE} > |E,)* = TO ] |EI’dz  (5) in the slope ofn(e) at energiese, = m(wL/mn)*/2
0 correspond to input of different harmonics in the series
is the mean square dfy(r,z) averaged over discharge (2). Since E, decays rapidly with an increase of,
volume. the main contribution to heating comes from the first
In a warm plasma, the zero component of the specspatial harmonic of the field. At < wL/ar, only higher
trum (which corresponds to a spatially uniform electricharmonics contribute to the heating amde) is small.
field) gives no contribution to the collisionless heating The finite size of the plasma results also in some reduction
since¥ (0, v/w) « v. Forv/w < 1, ¥(x,0) = 7(x% — of heating for high-energy electrons [2]. Although the
1)/x% atx > 1 and vanishes for slow electrons with<  Size of the plasma affects the slope #fs) at 1 mTorr,
w/k [2]. A pronounced maximum at = /3 indicates the EEPF shape is affected to a much lesser degree.
predominant heating of electrons with velocities close to
transit-time resonancer =~ 1, wherer = (kv.) ! is a
characteristic time electrons spend in the region of inho- 0.4
mogeneous rf field (skin layer) [16]. The factgB ap- 1 mTorr, 12 W
pears as a result of averaging over velocity direction for an
isotropic velocity distribution.
In our calculations, we used the Fourier spectrBm
for a warm plasma slab [5]

£ 2iwl’By [1 — £ cosmn]
" LcE, D(ky,1) ’

where ¢ = B; /By is the ratio of the rf magnetic field
amplitude at the boundaries [17]

£ = Z’(—U"D-l(knz)/ S'D7lkad) (@)
n=0 n=0

n=-—w

(6)

and primes indicate that the term= 0 is multiplied by 03 ,

1/2. The functionD(q) for a high density Maxwellan | = 7—~===-_—

plasma is given by 13.65 MHz

D(q) = ¢* + AZ(is/q)/q + BS8I/R?,  (8) =% ooz |
where the last term accounts for radial inhomogeneity of bl N N~— ]
the rf electric field, and the nonlocality parameter 0.1

, T e
W pVUth w
A=t 9
( c ) (w? + p2)3/2 ) 0
0 10 20 30
describes the nature of the skin effect (anomalous for electron energy (eV)

A >1 and normal aiA < 1). Here,w), is the electron FIG. 2. The functionn(e) calculated from (2). Solid lines

plasma frequencys = iexd—iarctariv/w)] is & mea-  are for the gap length., = 10.5 cm; dashed lines are for
sure of plasma collisionality] = vy, /v w? + v2 is an Ly = 42 cm.
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The calculated EEPF’s are shown in Fig. 3. Input pa-as follows: (i) dependence of the collision frequency
rameters are taken from Table I; cross section data foon electron energy (e.g., due to the Ramsauer effect),
electron collisions in argon are from [19]. The results(ii) the presence of ambipolar potential which prevents
of calculations are in good agreement with experiment irslow electrons from entering the region of high rf field
spite of the assumption of a homogeneous plasma and neear the boundaries, (iii) the finite transit-time effect,
glect of transverse electron motion in calculations. Ac-and (iv) the bounce resonance effect. The first two do
counting for the ambipolar electric field should enhancenot depend on driving frequency. The last ones contain
the low energy peak of the EEPF [20] and slightly changehe frequency dependence that has been analyzed in the
the energy corresponding to bounce resonances. The thgresent work. Our studies indicate that bounce resonances
mal electron motion in the transverse direction can furthedue to the finite size of the plasma are not significant and
decrease the magnitude of bounce resonance effects. that the observed frequency dependence of the EEDF is

There are several mechanisms which determine thmainly due to finite electron transit time through the skin
shape of the EEDF in low pressure ICP’s. They ardayer (in general, the region of inhomogeneous rf field).

To the authors’ knowledge, the present work is the first
direct evidence of the collisionless heating effect on the
\ (@) EEDF shape in a weakly collisional ICP.
107 EN Ar 1 mTorr : The authors thank R.B. Piejak and B.M. Alexan-
\ drovich for their valuable contributions to the experimen-
tal part of this work.
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