VOLUME 79, NUMBER 23 PHYSICAL REVIEW LETTERS 8 BCEMBER 1997

Negative Power Absorption in Inductively Coupled Plasma
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We report an observation of negative power absorption of electromagnetic field in a low-pressure
cylindrical inductive discharge. The spatial distribution of the absorbed power is found experimentally
from measurement of the azimuthal rf electric field and current, and theoretically by solving the
Maxwell-Boltzmann equations by Fourier method. It appears that plasma electrons, which absorb
electromagnetic energy in the skin layer, can apparently return a part of their energy to the rf field deeper
into the plasma. [S0031-9007(97)04764-9]

PACS numbers: 52.80.—s, 52.65.—y

Electrodynamics of gas discharges has recently attractggbwer absorption was also found for longitudinal rf fields
considerable interest due to the advent of high densityn particle-in-cell simulations of capacitively coupled dis-
plasma sources sustained by radio-frequency (rf) eleczharges [9,10]. To our knowledge, no negative power ab-
tromagnetic fields at low gas pressure. These plasmsorption has yet been demonstrated in experiment.
sources operate in a near-collisionless regime where the In the present Letter we report on negative power
electron mean free pathis comparable or larger than the absorption in an inductive discharge under conditions
plasma dimensions. In contrast to a collisionally domi-of the anomalous skin effect. The rf power absorption
nated plasma (where a local relation holds between the ias found as the product of the rf electric field and
current density and the electric field) the current density ircurrent density measured with magnetic probes. The
a nearly collisionless plasma is nonlocal and depends odistribution of the absorbed power was also calculated in
the distribution of the electric field in the whole plasma andthe framework of the theory of the anomalous skin effect
the shape and size of the discharge device. This phenomf-1] extended to the two-dimensional bounded system
non caused by electron thermal motion is known as thetudied in the experiment. A plausible agreement is found
spatial dispersion of plasma conductivity (or rf current dif- between the experiment and calculations.
fusion) and is typical for the anomalous skin effect [1—-3]. The experiments were carried out in a cylindrical in-

When the electron mean free path is about the size aductively coupled plasma maintained by a planar inductor
the discharge, the current induced by the field at one poirttoil in a stainless steel chamber with a Pyrex glass bot-
can be transferred by thermal electron motion to anothetom, as shown in Fig. 1. The chamber inside diameter was
point and produce there an additional field interfering with19.8 cm, its length. was 10.5 cm, and the glass thickness
local field. The field and current become independent
to some extent: the field is determined by geometry of
the coil and the shape of metallic surfaces, whereas the
current depends on thermal electron motion including
electron collisions with the walls. Different mechanisms
in the penetration of the electric field and current can
generate a variety of patterns in spatial distributions of 7 T
electromagnetic fields and current density. Measurements
and calculations of the field distributions under conditions
of the anomalous skin effect have demonstrated an
anomalous penetration and non-monotonic decay of the
rf fields in warm plasmas [2-8].

The rf current transferred by thermal electron motion
can be opposite in phase to the local electric field resulting
in a local negative energy transfer from the rf field to elec- |
trons. Such a possibility was first demonstrated theoreti-
cally for propagation of an electromagnetic wave along a to RF matcher

statiq magnetic field in a semi-infinite warm plasma unc_ier|:|G_ 1. Experimental discharge chamber with Langmuir and
conditions of electron cyclotron resonance [5]. Negativemagnetic probes.
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was 1.27 cm. A five turn planar induction coil was ‘ '
mounted 1.9 cm below the bottom surface of the discharge 1k
chamber. To achieve a high degree of azimuthal symme-
try, each turn of the coil was made concentric about the
center of the discharge chamber with a radial conducting
bridge between each turn. The current return lead from
the coil was placed 2 mm below the bridges to cancel, as
much as practically possible, the magnetic field created by
the radial component of the coil current along the bridges
and thus to minimize perturbation of the coil's azimuthal 0.001
symmetry.

An electrostatic shield and an air gap between the glass
and the coil has practically eliminated capacitive coupling
between the induction coil and the plasma to the extent
that the rf plasma potential referenced to the grounded
chamber was much less than 1 V. The coil screening
has made it possible to obtain a large dynamic range
(over 60 db) in the magnetic probe measurement and
thus to reveal some new features in the electromagnetic
field structure behind the skin layer. An aluminum kettle 4 6 8 10
covered the induction coil from below and acted as an distance (cm)
rf shield preventing eIectromagnetlc interference on th“?:IG. 2. Axial distribution of the measured rf electric field and
measurement apparatus and wiring. current.

A two-dimensional magnetic probe was used for mea-
surement of the radial and axial components of the rf
magnetic field magnitude and phase along the axial diz = 5 cm) showed a near-Maxwellian EEDF with plasma
rection (corresponding to propagation of the electromagdensity n = 2.2 X 10'! cm™3 and electron temperature
netic field) at a fixed radius of 4 cm, within the maximum 7, = 3.2 eV. The plasma density falls by about 5 times
of the radial distribution of the azimuthal electric field to the axial chamber walls and about 10 times to the radial
[7]. These data were used to infer the azimuthal rf elecwall. Along the axis of the magnetic probe measurements
tric field and current density, correspondingly, by spatial(r = 4 cm) the plasma density was 73% of that on the
integration and differentiation of the magnetic probe sig-central axis £ = 0). The electron mean free pathand
nals in the magnitude and the phase domain. The probihe electron-atom collision frequency in the rf fieldvere
was designed to minimize plasma and rf current distortiodfound as corresponding integrals of the measured EEDF
around the probe. Detailed probe description, signal proand wereA = 4 cm andy = 3.6 X 10’ s,
cessing, and validation of results obtained with this probe The nonmonotonic distributions shown in Fig. 2 are
are given in Ref. [7]. The basic plasma parameters suctypical for the anomalous skin effect and are very similar
as the plasma density and the electron energy distributioro those measured in the present experimental setup for
function (EEDF) measured by a Langmuir probe in thisan argon pressure of 1 mTorr [4,7]. The slower spatial
system are published elsewhere [12]. decay of the current density distribution than that of the

Measurements were made at driving frequencieglectric field demonstrates the effect of the rf current
w/27 = 3.39; 6.78 and 13.56 MHz in an argon dis- diffusion due to thermal electron motion. The phase
charge at a gas pressure of 10 mTorr and a dischargdstribution profiles are also different for the electric field
power P, = 100 W. P, was determined by measuring and current density and suggest the different mechanisms
the power transmitted to the inductor coil (forward minusof propagation of electric field and current. Recall that
reflected power) and subtracting matcher and coil lossef®r the normal skin effect in a cold plasma the field and
determineda priori as a function of coil current and current phase distributions are similar and just shifted
temperature. In what follows, all mention of power refersby A¢ = arctaiiw/v) which is always less thaf0°.
to power dissipated in the plasma. As one can see in Fig. 2, the phase difference in the

The axial distribution of the azimuthal rf electric field measured phase distributions at some distance from the

E and current density (rms values) together with the glass window exceed80°, indicating the presence of
corresponding phase distributions are shown in Fig. 2negative power absorption.
The measured phases are referenced with respect to theThe distributions of the rf power density absorbed
vacuum rf electric field, i.e.90° shifted from the phase along its propagation in the axial direction calculated
of the current in the inductor coil. Langmuir probe (from the measuredz and J and the phase difference
measurements [12] in the discharge center=(0 and between themA¢) as P = EJcosA¢ are shown in
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Fig. 3(a) for different frequencies and a fixed dischargeThe number of regions with negative power absorption
power of 100 W. As expected, the rf power is mainly depends on the driving frequency, and there is no negative
absorbed in the skin layer near the window and decaypower absorption fow /27 = 3.39 MHz. The distance
faster for higher frequency. Deeper into the plasma thdetween the maximum in the rf current density and first
power absorption changes sign and becomes negativeero crossing point is inversely proportional to the driving

frequency.
The calculated power absorption profile for this ex-

perimental condition is shown in Fig. 3(b). We solved
. the coupled set of Maxwell equations for electromag-
i netic fields and Boltzmann equation for conducting elec-
i trons assuming a spatially uniform Maxwellian plasma
| with sharp boundaries at= 0 andz = L. The experi-
mental values of", and volume-averaged plasma density
—~ 1 n =1 X% 10'" cm™3 were used in calculations. The azi-
mg muthal electric field was sought in the form
% L + j E(z,r) = J1(3.8r/R) Z'an codwnz/L), (1)
:% 10—3 | | n=0
é | | whereJ; is the_ Bessgl f_unction and the prime means that
& 105 | 678 MHz = | f[he termn = 0 is multiplied by1/2. A metallic boundary
2 m ~ is assgmed a = L. _
o I { J ; 1 To find the rf current, the Boltzmann equation for the
107 | - electron distribution functiory is linearized by setting
L A f = fo + f1 where fy is the isotropic part of the EDF
10° | _ and f, is a small additionf; < fy. Neglecting effects
| | of thermal electron motion in the radial direction and
10° | 339 MHz | accounting for these effects along the discharge axis (as
' . ; 1 ’ in [8]), the oscillating part off; « expiwt is found in the
0O 2 4 6 8 10 form [4]
distance (cm) £= ev0J1(3.8r/R)a—f0
de
100 L ' ' ' ' (b). y i,an (iw +v) C(?S(WHZ/L) — nQ sin(wnz/L) ’
L+ | = (iw + v)> + (nQ)?
10° | | ()
i — , where Q = wv,/L is the bounce frequency for an
4075 | 13-56 MHz | electron with velocityv,, andvy is the azimuthal electron
> ‘ . , + velocity.
% o' L ‘ ' ' ] For a Maxwellian EDFf,(g), the azimuthal current
° density is [4]
) 8 e X 5
g 10°] * : Jer) = 2L 1 3 8r/R)
3 | | muv
N 9
T 10° | 6.78 MHz | ) Cn .
g } } } ,m X ’;) . codmnz/L)Z(is/k,), 3
107+ . wherek, = mnl/L, | = vy/Jw? + 12 is the distance
= . an electron with velocity, = (27,/m)"/* traverses dur-
10° | ] ing the field period or during the time between subsequent
B i collisions, s = i exd—i arctarfr/w)] is a characteristic
10° | 3-39 MHz of the plasma collisionality, an@(x) is the plasma dis-
. . ‘ . persion function [13]. The solution of Maxwell equations
0 02 04 06 08 1 with the current density (3) gives the Fourier coefficients
normalized distance [11]
FIG. 3. Experimental (a) and theoretical (b) power absorption o — 2iwl*By [1 — (—1)"¢] @)

profile.
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where ¢ = B(L)/B(0) is the ratio the magnetic field at linearly depend on the distance. Whep,.r = v (a

the boundaries [11] condition known as Cherenkov resonance) there is a
* * strong interaction of particles with rf field and collision-

E=D(=1)"D " (kn)/ D.'D" (k) (5) less effects caused by electron thermal motion are domi-

n=0 n=0 nant. The measurements at 1 and 100 mTorr showed that

and D(k) for o < w,, Where w, is the plasma fre- negative power absorption is more pronounced at 1 than at
quency, is given by 10 mTorr and completely disappears at 100 mTorr where
D) = k* + AZ(is/k)/k + (3.81/R)>. (6)  electron motion is collisionally dominated.
The authors thank R.B. Piejak and B.M. Alexan-
drovich for their valuable contributions to the experimen-
tal part of this work.

The last term ofD (k) accounts for radial inhomogeneity
of the rf electric field, the nonlocality parameter

A= <é>2 = <wpcv[h >2 (02 +w,,2)3/2 (7)

is a measure of nonlocality for electromagnetic phenom-

ena in pl'asm'as,'an_é is the classical skin depth [3]'_ *Current address: CFD Research Corp., 215 Wynn Dr.,

The spatial distribution of the absorbed power density  pyntsville, AL 35805.
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