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Microwave plasmas excited at electron-cyclotron resonance were studied in the 0.5—15 mTorr pressure range.
In contrast with low-limit pressure conditions where the plasma emission highlights a fairly homogeneous spatial
structure, a periodic spatial modulation (period ~6.2 cm) appeared as pressure increased. This feature is ascribed
to a local power deposition (related to the electron density) due to the presence of a standing electromagnetic
wave created by the feed electromagnetic field (2.45 GHz) in the cavity formed by the reactor walls. Analysis of
the electron energy probability function by Langmuir probe and optical emission spectroscopy further revealed
the presence of a high-energy tail that showed strong periodic spatial modulation at higher pressure. The spatial
evolution of the electron density and of the characteristic temperature of these high-energy electrons coincides
with the nodes (maximum) and antinodes (minimum) of the standing wave. These spatially-modulated power

deposition and electron heating mechanisms are then discussed.
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I. INTRODUCTION

High-density plasmas at electron-cyclotron resonance
(ECR) are routinely used in materials processing, for ex-
ample, for thin films deposition and etching over large-
area wafers for microelectronic, optoelectronic, and photonic
device applications [1,2]. In an ECR reactor, the plasma is
obtained by coupling a static magnetic field with a microwave
electromagnetic field. Over the years, various magnetic field
configurations have been proposed to tune the plasma char-
acteristics over large-area wafers and/or large volumes. In
classical ECR plasmas, high-energy electrons are trapped
between two mirror points, producing much higher excitation
and ionization efficiencies of the background gas in that region.
Electron confinement in the high-magnetic-field regions with
the substrate placed in the diffusion region can thus separate
the plasma generation and treatment zones, which allows
a better control of plasma-surface interactions. Increased
charged particle densities and uniformity can be achieved using
multipolar magnetic confinement, giving rise to the so-called
distributed electron-cyclotron-resonance (DECR) plasmas
[3-6]. Since DECR plasmas are based on a combination of
antennas and permanent magnets, reactor scaling up to meet
specific industrial needs can easily be achieved [1,7-10].
Furthermore, there is a variety of methods for the coupling
of the microwave power to the plasma including (i) traveling
wave propagation mainly along the magnetic field lines,
(ii) propagation mainly across the magnetic field lines, and
(iii) standing-wave excitation.

In all cases (traveling or standing wave), the ECR plasma is
obtained by achieving the condition of resonance between the
electron-cyclotron frequency in the static magnetic field and
the frequency of the applied microwave electromagnetic field.
Because of the cyclotron resonance, the gyrating electrons
rotate in phase with the right-hand circularly polarized wave,
seeing a steady electric field over many gyro-orbits. The net
result is the production of a sufficient energy gain of the elec-
trons to allow excitation and ionization of the background gas
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[11]. Such collisionless electron heating allows operating at
much lower pressures (typically between 0.075 and 7.5 mTorr)
than other plasmas relying only on Ohmic (or collisional)
heating. It is well accepted that the electrons heated in the
ECR regions are the ones sustaining the plasma [1] such that
electron heating is directly attributed to the presence of a static
magnetic field. This static magnetic field also improves the
discharge efficiency by reducing charged particle losses by
diffusion to the walls [12—-14].

Other electron heating processes have been reported in
these plasmas. In particular, in ECR plasma streams produced
in small cavities [15], both left- and right-hand polarized
waves can be absorbed in the zones where the plasma density
is close to the critical density (the density for which the
wave angular frequency w approaches the electron angular
plasma frequency w,,.). Such phenomena are well known in
unmagnetized (non-ECR) plasmas sustained by propagating
electromagnetic waves (e.g., a traveling surface wave) in the
microwave regime [16-18]: The self-consistent interaction
between the traveling wave and the plasma is known to
produce an overdense discharge (i.e., wp, higher than w).
A number of interesting phenomena were then reported,
including modulation instability and possibilities of soliton
formation [19], wave breaking [20], and Landau damping
[18,21]. Several studies further pointed out the development
of electron plasma resonances near the discharge boundaries
where @ = w,,, resulting from the spatial inhomogeneity of
the electron density [18,22-24]. These resonances result in
large and sharp peaks of the wave electric field component
parallel to the density gradient [18,21-27]. As a result,
long-wavelength electromagnetic waves can be resonantly
converted into short-wavelength volume plasmons, which can
then be absorbed by either collisional or Landau damp-
ing. Both experiments and modeling studies have further
demonstrated that such resonance can yield enhanced Ohmic
heating [18,27] as well as the generation of fast electrons
[21,28].
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To characterize electron heating in ECR plasmas, extensive
fundamental investigations of the electron energy probability
function (EEPF) have been reported in the literature. Most
authors have shown departure from a Maxwellian distribution,
with the EEPF being described by either two [3,25,29] or
more [30,31] electron populations, with a high-energy tail
attributed to electron heating in ECR regions. Moreover,
depending on the experimental conditions, ECR plasmas
can develop singular behaviors. For example, Aanesland and
Fredrikse [32] reported atypical dependences on pressure of
the plasma characteristics with abrupt regime changes. By
using a global model, the pressure dependence of the electron
density and average electron energy was attributed to the
creation of charged particles by electron-impact ionization
on ground state atoms balanced by their ambipolar diffusion
and recombination on the reactor walls [11,33]. In some
cases, hysteresis and instabilities have also been reported
with varying pressure [34-36]. Such abnormal behaviors were
ascribed to a change in the plasma kinetics either due to a
neutral depletion as a result of nonuniform gas heating or
to an increase of the number density of metastable atoms,
which increases the relative contribution of stepwise ionization
processes with respect to electron-impact ionization on ground
state atoms.

In this work, Langmuir probe and optical emission spec-
troscopy are used to study the spatial distribution of electrons
along a microwave plasma sustained under ECR conditions.
Depending on pressure, the plasma exhibits strong, periodic
spatial modulations of the electron density and EEPF that can
be attributed to the presence of a standing electromagnetic
wave. The precise role of this standing wave on power
deposition and electron heating is discussed with respect
to phenomena previously reported for plasmas sustained by
traveling electromagnetic waves in the microwave regime.

II. EXPERIMENTAL SETUP

Microwave plasma excited at ECR is produced in the reactor
illustrated in Fig. 1(a) [3]. The system consists of a stainless
steel vacuum chamber with inner dimensions of 110 [x axis on
Fig. 1(a)] x 16 x 12 cm. The plasma is created by injecting
microwaves (2.45 GHz, 150 W) in a 110-cm-long antenna,
located parallel to one side of a samarium-cobalt racetrack
magnet. The ECR region is located just above the antenna. This
specific magnetic field configuration results in two distinct
plasma zones: the plasma generation zone near the antenna and
the downstream region confined by a second set of permanent
magnets. Here, we limited our investigations to the plasma
generation zone.

Plasma was generated in a mixture of rare gases (40% Ne,
20% Ar, 20% Kr, and 20% Xe) with pure oxygen. The partial
pressure of rare gases and oxygen, controlled by mass flow
controllers, were 0.15 and 0.35 mTorr, respectively, yielding
a total pressure of 0.5 mTorr (measured with a Baratron
gauge). To investigate the influence of pressure on the plasma
characteristics, the opening of a butterfly valve located at the
entrance of the high-vacuum pumping system was reduced at
fixed gas flow rates to reduce the pumping speed and thus to
increase the total pressure up to 15 mTorr.
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FIG. 1. (Color online) (a) Schematic of the ECR plasma reactor
showing the magnets (in the bottom) and the microwave antenna
located near the side of the reactor (black line). (b) Optical images of
the plasma were taken for different working pressures between 0.5
and 15 mTorr from the top windows schematized in (a). Langmuir
probe measurements were performed in the region in the middle of
the reactor and the optical emission measurements reported were
performed in the region between the two dotted lines.

Langmuir probe measurements were performed using a
tungsten cylindrical (200 um diameter, 1 cm long) probe. For
all experiments reported in this paper, the probe was located
midway in the plasma chamber (x = 55 cm). It is worth
mentioning that with a spatially nonuniform magnetic field
varying between 100 and 875 G, the electron Larmor radius
for a typical electron energy of 5 eV varies between 85 and
750 pm. Such values being comparable to the probe diameter,
magnetic confinement can induce depletion of electrons of
low energy and thus a relatively strong distortion of the
collected current. To reduce these effects, the probe was placed
perpendicularly to the magnetic field line [37]. Moreover, the
ion current that must be subtracted from the total current
to obtain the corresponding electron population can further
hamper probe measurements. This is particularly striking for
high-energy electrons, which are associated to an electron
current comparable or lower than the ion current. Therefore, as
a complement to Langmuir probe measurements, the electron
population was also analyzed by optical emission spectroscopy
(OES) using a method inspired by the trace-rare-gases optical
emission spectroscopy (TRG-OES) technique developed by
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FIG. 2. Typical emission spectrum recorded for plasma in O, and rare gases mixture at 1.5 mTorr.

Donnelly [38]. Since the cross sections for electron-impact
excitation of the rare gases injected in the gas mixture have
quite different energy dependences (in particular, different
energy thresholds), the relative emission intensities from Ne,
Ar, Kr, and Xe behave quite differently with variations in the
EEPF. Moreover, in contrast with the Langmuir probe, OES
has the advantage of being nonintrusive and highly sensitive
to the high-energy portion of the EEPF, which are unique
features to examine electron heating in ECR plasmas. Spatially
resolved optical emission spectra were recorded in the plasma
generation zone along the antenna using Avantes 3048 Dual-
Channel spectrometers: The first one covers the 500700 nm
range while the second one covers the 700-900 nm range,
both with a spectral resolution of 0.2 nm. A typical emission
spectrum is presented in Fig. 2. In addition to the intense emis-
sion from the first negative system of O;’ in the 500-700 nm
range, very strong emission lines from the 2 p-to-1s (Paschen
notation) transitions of the rare gases Ar, Kr, and Xe can also
be observed in the 750-900 nm range. For Ne, the emission is
dominated by the 2p;-to-1s; transition at 585.2 nm.

III. EXPERIMENTAL RESULTS

Optical images of the plasma along the antenna in the
plasma generation zone were taken from the top window
schematized in Fig. 1(a). They are reported in Fig. 1(b) for
various pressures: 0.5, 1.5, 5, and 15 mTorr. The discharge
can be sustained over the entire length of the reactor up to
about 5 mTorr. Above this value, the plasma is bright close
to the microwave energy input and becomes dimmer along
the x direction (at 15 mTorr, axially resolved light emission
suggests that the plasma is only ignited in the first 50-60 cm
of the reactor). In addition, while a fairly homogeneous spatial
structure is observed in low-pressure plasmas (0.5 mTorr), a
periodic spatial modulation along the x direction appears as
pressure increases.

Optical images were compared to the line-integrated band-
head emission intensity of the first negative system of O3 (0,0
at 602.6 nm) and 2p;-to-1s; transition of Ne (585.2 nm) as
a function of position along the antenna over the range of
pressures for which the plasma is sustained over the entire
length of the antenna, i.e., at 0.5, 1.5, and 5 mTorr. The data

are shown in Fig. 3. At 0.5 mTorr, the plasma shows very
small spatial variation, which is consistent with the nonlocal
power deposition characteristics of ECR plasmas. On the other
hand, as pressure increases, the emission intensities show
periodic spatial modulation comparable to the one displayed
in Fig. 1(b).

0.5 mTorr

1.5 mTorr

Intensity (arb. units)

) 5.0 mTorr
10 T T T T T T T T T T T T T T T T T T T

45 50 55 60 65
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FIG. 3. Ne (585.2 nm) and O (602.6 nm) band emission

intensities as a function of position along the antenna for 0.5, 1.5,
and 5 mTorr in plasmas in a mixture of O, and rare gases.
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FIG. 4. (Color online) Comparison of the electron current mea-
sured by Langmuir probe (symbols) and the segmented electron
current constructed using the electron populations determined by
OES (lines). The results are shown for plasmas in O, and rare gases
mixture at 0.5, 1.5, and 5 mTorr.

A number of mechanisms can induce plasma modulations
or striations: As commonly observed in the positive column
of direct-current discharges, periodic changes in plasma
emissions are caused not by the redistribution of a fixed
number of electrons (as in plasma waves), but by alternation
of regions of predominant production or removal of electrons
leading to oscillations of “wavelength” strongly dependent
on the operating conditions [39]. However, in our conditions,
over the whole range of experimental conditions investigated,
the observed modulations were stationary (no propagation)
and the wavelength was constant at ~6.2 cm, i.e., half that
of the wavelength of the excitation frequency. Based on this
result, the spatial modulation displayed in Figs. 1(b) and 3 at
higher pressures was ascribed to a “local” power deposition
due to the presence of a standing electromagnetic wave at
the same frequency as the feed electromagnetic field. This
standing wave is created in the cavity formed by the reactor
walls (length of about nine times the microwave wavelength in
vacuum). Later on we will describe more precisely the role of
this standing electromagnetic wave on power deposition and
electron heating.

Langmuir probe measurements were performed over the
same range of pressures as reported in Fig. 3. The electron
currents (after subtraction of the ion current considering a
square root function of the bias in the orbital-motion-limited
theory) as a function of the probe voltage (using the plasma
potential, Vp, as the potential reference found from the zero
crossing of the second derivative of the current) are reported
in Fig. 4. Over the range of conditions investigated, the
average electron energy (or effective electron temperature 71,
determined as the slope of the natural logarithm of the electron
current) decreases from 7.4 to 5.1 eV as pressure increases
from 0.5 to 5 mTorr. Such behavior is consistent with discharge
maintenance in which the losses of charged particles by
ambipolar diffusion and further recombination on the chamber
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walls are directly related to the working pressure. In addition,
Fig. 4 shows that for all pressures investigated in this work,
the electron energy distribution departs from a Maxwellian
distribution.

Electron temperatures determined from the Langmuir probe
were compared to those obtained by OES. In this context,
relative emission intensities from rare gases (Ne, Ar, Xe, Kr)
were computed from a collisional-radiative model assuming
a Maxwellian electron energy distribution and using the ap-
propriate electron-impact cross sections and branching ratios.
The computed emission intensities were then compared with
the measured emission intensities (corrected for the optical
response of the monochromator and detector) to determine
the best fit [38]. From such analysis, three sets of electron
temperature can be defined depending on the sets of emission
lines used in the fitting operation:

(i) T'*!, determined using Ar 2p; g and Ne 2p; lines.
Ne emission at 585.2 nm is usually very weak in discharges
with near-Maxwellian EEPF in gases with ionization potentials
lower than the energy of the Ne 2p; levels (18.96 eV above
the ground state). However, in this work, this emission could
be observed in all conditions (see, for example, Fig. 2), which
results from the presence of a high-energy tail in the EEPF
[3,25,29,30,40].

(i) Tehlgh, found from all Xe, Kr, and Ar lines in which the
emitting 2p, levels are mainly populated by electron-impact
excitation on ground state Xe, Kr, and Ar atoms. Since these
excitations require energies between 9.6 and 13.5 eV, these
lines provide an electron temperature that is characteristic of
the high-energy part of the EEPF.

(iii) Tgl"w, found from all Xe, Kr, and Ar lines in which the
emitting 2p, levels are mainly populated by electron impact
on metastable state Xe, Kr, and Ar atoms. The difference in
energy between these metastable states and the emitting 2 p,
levels being only of a few eVs, T°% is thus representative of
the low-energy portion of the EEPF.

When T/ = T = T°¥, OES indicates that the EEPF
can be assumed Maxwellian, whereas T/ 2 T, Tlov
indicates departures from the Maxwellian energy distribution
function.

It is worth mentioning that over the range of experimental
conditions investigated in this work, all Ne, Ar, Kr, and
Xe levels were populated mainly (>95% as derived from
the collisional-radiative model) by electron-impact excitation
from the ground state of Ne, Ar, Kr, and Xe atoms. This
feature results from the low metastable-to-ground state number
density ratios because of the low electron densities ~10' cm—>
and the high quenching rates of Ar, Kr, and Xe metastables on
0, [41,42]. As a consequence, the contribution from stepwise
excitation of 2p, levels can be ignored such that T°" cannot
be determined. In such cases, relative emission intensities
become solely dependent on the electron temperature weighted
towards the high-energy portion of the EEPF (7,"¢" or T
depending on the set of emission lines used in the fitting
operation).

In our experiments, over the whole range of pressures
investigated, the EEPF departs from a Maxwellian distribu-

tion with T,"¢" < 7'l EEPF based on these two electron

populations were constructed using the approach described
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FIG. 5. Electron temperatures determined by OES as a function
of position along the antenna (see text for description of 7" and
Tetail).

in Ref. [43]." The results represented as segmented lines in
Fig. 4 are compared to those obtained from Langmuir probe
measurements. In the high-energy region (>20 eV), despite
the high level of noise (due to the small electron current
obtained after subtraction of the ion contribution from the
total current), an excellent agreement is obtained with both
methods for the experiments performed at 0.5 and 1.5 mTorr.
Moreover, it allows describing more precisely the tail of the
EEPF in the higher-pressure condition (5 mTorr) for which the
minimum resolvable current is reached in the Langmuir probe
characteristic (~1073 mA).

Spatially resolved OES measurements were performed to
study the evolution of the high-energy portion of the EEPF
in the presence of the standing electromagnetic wave. The
spatial variations of 7" and T4 are shown in Fig. 5 as

'The lower, E;, and upper, E;, electron energies used to plot
the high-energy segmented line were defined such that 90% of the
emission is excited by electrons with energies above E; and below
E),. These values were computed for 2p, levels of Ar, Kr, and Xe as
a function of 7,"¢" using cross sections for electron-impact excitation
from the ground state of Ar, Kr, and Xe. For example, for Tehigh
3.6eV at 1.5 mTorr, E; = 14.0eV and E;, = 17.5 eV. For the tail, the
segmented line is plotted above 18.9 eV.
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FIG. 6. Ratio of the measured Ne emission intensity at 585.2 nm
by the rate coefficient calculated for an electron temperature equal
to 7! and the operating pressure. Such ratio is linked (in arbitrary
units) to the electron density (see text for more details).

a function of axial position along the antenna for plasmas
obtained at 0.5, 1.5, and 5 mTorr. While T,"®" remains
much less affected by the standing wave, even at higher
pressures, the population of very-high-energy electrons shows
strong periodic spatial modulations, with its characteristic
temperature Te‘a“ fluctuating with the nodes (maximum) and
antinodes (minimum) of the standing wave.

Following the results displayed in Fig. 5, the spatial
modulation of the emission intensities presented in Fig. 3 can
in principle be attributed to a spatial variation of the electron
density and/or to a change of the EEPF. Given the spatially
modulated values of 7! presented in Fig. 5, we have estimated
the spatial profile of the electron density for the three different
pressures using the relative emission intensities of Ne at
585.2 nm. Assuming that the 2p; level of Ne giving rise to
this latter emission is populated by electron-impact excitation
on ground state Ne atoms and is lost by spontaneous radiation
(optically thin medium, the small partial pressure of Ne
allowing such assumption), the emission intensity becomes
proportional to the ground state number density of Ne,
the electron density, and the rate coefficient for electron-
impact excitation. The electron density n, can therefore be
estimated from the measured emission intensity at 585.2 nm
I (Ne, 585.2 nm), the rate coefficient k calculated for an
electron temperature equal to 7! and the operating pressure
p, proportional to the number density of ground state Ne
atoms:

I (Ne, 585.2 nm)

AGOR .

n, X

The results in arbitrary units are shown in Fig. 6. The strong
modulation of the electron density that appears as pressure
increases from 0.5 to 5 mTorr indicates that the standing elec-
tromagnetic wave influences both power deposition (related
to the electron density) and electron heating (related to the
electron temperature).
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IV. DISCUSSION

In ECR plasmas, the time-averaged power absorbed per
electron is given by [44,45]

Oy () = e, 1 n
)= e | V2@ — wee)?

}|E(x)|2,
)

V2 + (0 + wee)?

where |E(x)| is the magnitude of the electric field at the
position x, v, is the electron-neutral collision frequency
for momentum transfer, and @ and w. are, respectively,
the microwave angular frequency and the electron-cyclotron
frequency. At very low pressures, v, << @ such that the
power absorbed from the electric field under ECR conditions
(w ~ w¢.) tends to infinity, independently of the amplitude
of the local electric field. On the other hand, as pressure
increases, the absorbed power under ECR conditions becomes
a function of both the collision frequency and the electric field
intensity. As a consequence, in the presence of a standing
electromagnetic wave, the inhomogeneous electric field in-
tensity along the microwave antenna can induce nonuniform
power deposition along the reactor in the ECR zone and thus
yields inhomogeneous light emission patterns in the x direction
and electron density, as seen in Figs. 1, 3, and 6.

In addition to the nonuniform power deposition in the ECR
zone, the set of experimental data presented above further
shows spatial modulation of T (Fig. 5). As reported by
other authors [3,29-31,40], the presence of a high-energy tail
in the EEPF of ECR plasmas is attributed to electron heating in
nonuniform magnetic field configurations. In the ECR reactor
examined in the present study, the magnetic field intensity
is homogeneous along the antenna, except very close to the
U-turn on the extremities of the racetrack magnet close to the
reactor walls. This indicates that spatial modulation of 7!
cannot be attributed to axial gradients of the magnetic field
intensity.

A number of other mechanisms can yield spatially mod-
ulated electron heating. Stochastic electron heating due to
oscillating plasma sheaths cannot be invoked in microwave
discharges since the excursion lengths per oscillating cycle are
much smaller than the plasma dimensions. On the other hand,
as mentioned above, in spatially inhomogeneous plasmas,
electron plasma resonances can develop where w,,, approaches
w. In such resonant conditions, the plasma permittivity tends
towards zero, which yields very-high-intensity electric fields
in the direction parallel to the density gradient [18,25-27].
Excluding the range close to the electron plasma resonance,
the inhomogeneity only weakly modifies the wave propagation
characteristics: The dispersion relation can be reasonably well
described assuming a homogeneous plasma with a density of
charged particles averaged over the cross section [24]. How-
ever, such resonance can represent an important mechanism
of dissipation of the wave energy (resonant absorption), in
addition to Ohmic and/or ECR heating. In unmagnetized low-
pressure plasma columns sustained by propagating electro-
magnetic surface waves (overdense plasma) in which charged
particles are essentially lost by ambipolar diffusion and further
recombination on the chamber walls, this resonance occurs
close to the plasma boundaries (reactor walls and column
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end, i.e., the position where the transition from the overdense
plasma to the underdense plasma takes place). On the other
hand, in the ECR reactor under investigation, resonance must
occur in the region of maximum power deposition (i.e., at the
position where the transition from the underdense plasma to
the overdense plasma takes place). As reported in Ref. [46],
such resonant condition where w = w), can be reached in ECR
sources near the magnet where power absorption by electrons
is maximum [see Eq. (2)].

As discussed in Ref. [24], resonant absorption in spatially
inhomogeneous plasmas is due to the linear transformation of
electromagnetic waves into electrostatic Langmuir waves (vol-
ume plasmons) at the resonant point w = .. As mentioned
above, such absorption can yield to enhanced Ohmic heating
[18,27] as well as to the generation of fast electrons [21,28].
While Ohmic heating in the resonance region is related to the
collisional damping of the volume plasmons, fast electron gen-
eration is related to the noncollisional, Landau-type damping
of the volume plasmons, in particular those with large wave
numbers, i.e., short plasma waves, which are strongly damped.
To play an important role in our conditions, these electrostatic
plasma waves would need wavelengths much smaller than
those of observed spatial modulations, i.e., ~0.01-0.1 cm.
For a wave frequency of 2.45 GHz, this corresponds to phase
velocities in the 2-20 x 107 cms~! range and thus to electron
energies between (0.2 and 20 eV. Such group of electrons can
therefore be accelerated in the resonance region where reso-
nant wave conversion occurs to fill the tail of the EEPF. In a way
similar to the power deposition profile, such collisionless elec-
tron heating mechanism is expected to yield spatial modulation
of the population of high-energy electrons, in agreement with
our experimental data (spatial modulation of 7! in Fig. 5).

Despite the highly localized nature of the electron plasma
resonance, the observed spatial modulations in the electron
temperatures are much less severe than those of the resonant
electric field. This is because in the low-pressure plasma
investigated in the present work with v, < @ (v,/w ~ 1073 —
10~#), the local field approximation is inappropriate such
that fast electron generation is not confined to the resonance
region. Thus, an analysis based on the nonlocal approach was
performed. This approach relies on the idea that the electrons
are preferentially heated in selective regions of the discharge
(due to the strong inhomogeneity of the electromagnetic field)
and they are able to move across the discharge with an
almost constant energy [18,24,27,47]. The range of validity
of the nonlocal approach can be determined from the energy
relaxation length A, = Ay, (vg/v*)l/z, where Ar, is the
electron mean free path and v* is the total inelastic collision
frequency. A, values for the gas mixture investigated in this
work were estimated using BOLSIG + [48], with the average
electron energy (or effective electron temperature) as input
parameter. At 0.5 mTorr (Teeff = 7.4 eV), )¢, estimated at
about 250 cm, is much greater than the largest dimension
of the plasma reactor (x axis of 110 cm). In other words,
in such very-low-pressure conditions, the energy gained by
the electrons due to the established standing wave is largely
distributed all over the plasma and the emission highlights a
fairly homogeneous spatial structure. This phenomenon is in
good agreement with Lagarde et al. [3] where, though they
surmised the existence of standing electromagnetic waves
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in their ECR plasma reactor, power deposition and electron
heating is completely redistributed over the plasma volume.
Indeed, as in our case for the condition at 0.5 mTorr, the energy
relaxation length of electrons is always much larger than the
plasma dimensions and the plasma highlights a homogeneous
spatial structure despite the inhomogeneous distribution of the
electric field along the microwave antenna.

On the other hand, as pressure increases, the energy
relaxation length of electrons becomes smaller than the
plasma dimensions such that the inhomogeneous electric field
distribution along the antenna affects the spatial distribution
of the power deposition [Eq. (2)], and thus the resulting
plasma characteristics (electron density and temperature). For
example, at 5 mTorr (T = 5.1 eV), A, = 8.6cm, which is
comparable to the wavelength of the standing wave (~6.2 cm).
The previous calculations explain why the spatial modulation
of the plasma characteristics becomes more and more visible as
pressure increases. It supports the aforementioned mechanism:
Electrons can be spatially heated due to the conversion of the
standing wave into volume plasmons at the resonant point
where the field frequency is equal to the electron plasma
frequency and the absorption of these electrostatic oscillations
can occur by Landau damping.

V. CONCLUSION

In summary, spatially inhomogeneous power deposition
was observed along the antenna of an ECR plasma. This feature

PHYSICAL REVIEW E 90, 033106 (2014)

was attributed to the presence of a standing electromagnetic
wave at the same frequency as the feed electromagnetic field.
Such axial distribution of power deposition (related to the
electron density) was also associated to a spatial modulation of
the high-energy tail of the EEPF; a feature that can be linked to
the presence of a plasma resonance in the high-standing-wave
electric field regions where the field frequency is equal to the
electron plasma frequency. Electron heating in such resonant
conditions can be attributed to a wave-particle interaction due
to the conversion of long-wavelength electromagnetic waves
into short-wavelength volume plasmons at the resonance
point.
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