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Double layers have been observed to propagate from the source region to the diffusion chamber of
a helicon-type reactor filled up with a low-pressure mixture of Ar/SFg [N. Plihon er al., J. Appl.
Phys. 98, 023306 (2005)]. In the present paper the most significant and new experimental results are
reported. A fully self-consistent hybrid model in which the electron energy distribution function, the
electron temperature, and the various source terms are calculated is developed to investigate these
propagating double layers. The spontaneous formation of propagating double layers is only
observed in the simulation for system in which the localized inductive heating is combined with
small diameter chambers. The conditions of formation and the properties of the propagating double
layers observed in the simulation are in good agreement with that of the experiment. By correlating
the results of the experiment and the simulation, a formation mechanism compatible with ion
two-stream instability is proposed. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2736946]

I. INTRODUCTION

An electric double layer (DL) is a narrow localized re-
gion within a plasma, not directly attached to a wall, which
can sustain a large potential difference (see Ref. 1, and ref-
erences therein). Following general terminology, in this pa-
per, the high-potential region is referred to as the “upstream”
region and the low-potential region across the DL as the
“downstream” region. Double layers have been found in a
variety of laboratory plasmas such as in constricted plasmas,2
Mercury discharges,3 Q-machines,* triple plasma devices,’
expanding plasmas,6 etc. Their role in astrophysics is also
considerable as they are thought to be present in the mag-
netosphere and responsible for the acceleration of electrons
onto the upper atmosphere, creating the fantastic aurora.””’
Various theories on the formation of solar flares also involve
double layelrs.10 It was also proposed that double layers may
play a significant role in supplying and accelerating plasma
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in magnetic coronal funnels.” In most situations in experi-

ment, theory, and simulation, the DL is imposed and an elec-
tric current flows through it. Since the (independent and al-
most simultaneous) work of Charles and Boswell® and
Cohen er al.'® there has been considerable interest in the
spontaneous formation of double layers in low-pressure
plasmas. Such spontaneous electropositive magnetized
double layers have been studied experimenta]ly,6’13_16
theoretically,17 and by computer simulation."* ' More re-
cently, spontaneous static*? and propagating23 double layers
in unmagnetized electronegative plasmas have been reported.
Propagating double layers in electronegative plasmas are not
only an interesting phenomenon in itself, but also, they need
to be understood because of the use of electronegative plas-
mas in microelectronics.

It is now well established that double layers can form in
low-pressure electronegative plasmas;mﬁ2 however, the
physical processes underlying the formation of propagating
double layers remain unclear. The primary goal of the
present paper is to investigate plasma discharges similar to
that of Plihon er al.” so as to shed light on the critical pa-
rameters and the conditions of formation of propagating

© 2007 American Institute of Physics
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FIG. 1. Schematic of the experimental setup. The dimensions under bracket
in gray are that of the corresponding simulation.

electronegative double layers by the use of a computer
model. The paper is organized as follows: The most signifi-
cant and some new experimental results are presented in Sec.
II. Section III describes the model. Section IV shows a typi-
cal case of spontaneous formation of propagating double lay-
ers with the fully self-consistent simulation. Section V pre-
sents a parametric study of the propagating double-layer
formation. A mechanism for the formation of propagating
double layers in electronegative gases is proposed in Sec. VI.
The paper is then closed by a few concluding remarks in
Sec. VII.

Il. EXPERIMENTAL RESULTS

Recent experiments by Plihon e? al."***% have demon-

strated that double layers can form in the expanding region
of an inductively coupled electronegative plasma in Ar/SF¢
and Ar/O, mixtures. The system is composed of a source
chamber, a 30 cm long, 15 cm diameter pyrex tube and sur-
rounded by a double-saddle helicon antenna;”* the source is
attached to a 26 cm long, 32 cm diameter aluminum diffu-
sion chamber. A schematic of the setup is shown in Fig. 1.
The helicon antenna is powered by an rf power supply oper-
ating at 13.56 MHz and capable of delivering 2 kW of for-
ward power in capacitive or inductive modes.

Plasma parameter measurements reported here were
made along the revolution axis (z axis) of the discharge using
electrostatic probes and probe-based laser induced photode-
tachment. Plasma potential, electron density, and electron

V()
35
304
25
20

15

0 Z(em) b) 0

e
2 2 56

Phys. Plasmas 14, 053508 (2007)

temperature were deduced from the I(V) characteristics of a
passively compensated Langmuir probe3l’32 with a 0.25 mm
diameter, 6 mm long platinum wire tip and from usual /-V
curve processing.33 A time-resolved setup was developed in
order to capture pseudoperiodic regimes, such as propagating
double layers.23

Measurements of the negative ion density are achieved
using probe-based laser induced photodetachment, by mea-
suring the electron current increase following the detachment
of electrons induced by collisions between photons and
negative ions.** The electronegativity «, used throughout the
text, is defined as the ratio of the negative ion density n_ over
the electron density n,. Time-resolved photodetachment sig-
nals were obtained by triggering the frequency tripled
Nd:YAG laser pulse on a delayed double-layer birth signal
(the laser pulse period remaining in the range
10 Hz+0.1 Hz). Probing one period of the phenomenon is
made possible by the modification of the delay. Averaging
over 200 laser pulses leads to a typical laser induced photo-
detachment signal.

Plihon e al.'®* showed that a static double layer is
formed in the vicinity of the expanding region of the system
(z~30 cm) for moderate electronegativities, i.e., for a rather
narrow range of SFg concentrations (between 8% and 13%)
and for O, concentrations above 72% and for a neutral gas
pressure of 1 mTorr. For low electronegativities, no double
layer is observed.

At high electronegativities, i.e., in Ar/SFg mixtures with
SF¢ concentrations above 13%, propagating double layers
are observed. A full parametric investigation of the periodic
formation of propagating double layers is presented in Ref.
23. As shown in the plasma potential measurements in Fig.
2(a), the propagating double layers were born in the vicinity
of the interface between the two chambers (z~26 ¢cm) and
propagate downwards, in the diffusion chamber. Note that
this regime is periodic-like, with a 5% variation on the pe-
riod width. The speed and frequency of these propagating
DLs are such that irrespective of the parameters, the number
of DLs simultaneously present in the system is constant. The
speed of propagation is of the order of 150 m/s (which is
much slower than the ion sound speed under present condi-
tions) and the frequency in the kHz range. These propagating
double layers share many features with the downstream in-

FIG. 2. Spatiotemporal evolution of
(a) the plasma potential and (b) the
electronegativity in the experimental
setup. Time is normalized to the insta-
bility period (~850 ms) for a 25%
SFg concentration plasma at 600 W
and 1 mTorr.
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stabilities observed in Refs. 35 and 36 and that were shown
to appear when positive and negative ions develop suffi-
ciently large relative drift velocities in the downstream
region.37

Figure 2(b) shows the time- and space-resolved elec-
tronegativity in the diffusion chamber of the experimental
setup for the same parameters as in Fig. 2(a). As for the static
case,'®? the propagating double layer separates a low elec-
tronegativity plasma upstream from a high electronegativity
plasma downstream. The correlation between the spatiotem-
poral plasma potential evolution and the electronegativity is
shown in Fig. 2. Figure 3 displays three successive temporal
snapshots and shows (i) the propagation of the double layers
towards the bottom of the diffusion chamber, (ii) the high
correlation between the plasma potential and electronegativ-
ity evolutions, and (iii) the increase of electronegativity
downstream a double layer as time evolves (as observed
downstream of DLI1). According to laser induced photode-
tachment, the electronegativity in the source is very low (less
than 0.5; however, no measurements were possible below
26 cm), and gradually increases from 1 to 5 downstream of
the double layers. One should note that the errors bars dis-
played in Fig. 3 only accounts for the uncertainty on the
electron current increase; some additional error sources (such
as the fact that SF; is not photodetached) may lead to an
underestimation of the electronegativity up to a factor of 2.16

Ill. MODEL

The simulation of electronegative double layers and
more particularly the simulation of propagating double layers
is rather challenging; the challenge arises from various
things such as the rather high plasma densities, the disparity
between the negative ion and electron densities, the long
time-scale oscillations, the necessity of self-consistency, etc.
Under such conditions, the use of a full particle-in-cell (PIC)
simulation would be too computationally expensive, while
the use of a “classical” hybrid PIC-Boltzmann model would
not be appropriate as it is not completely self-consistent;
hence, we have developed the “improved” hybrid PIC-
Boltzmann simulation h2X presented below.

A. “Classical” hybrid model

Our h2X simulation is based on the “classical” hybrid
following the same basic algorithm as a standard particle-in-

cell simulation®®* and is described in detail in Ref. 40. In
short, (i) the charges are accumulated on the mesh, (ii) Pois-
son’s equation is solved to find the corresponding electric
field, and (iii) Newton’s law is used to accelerate the par-
ticles according to the electric field. These steps constitute
one iteration and iterations are repeated until the simulation
reaches steady state. In addition, the electrons are assumed to
be in Boltzmann equilibrium and their density #n, is given by

ed
n,=ngexp k_T’
Bte

(1)
where n is the electron density at the point where the po-
tential @ is null, 7, is the electron temperature, and kg is the
Boltzmann constant. Assuming Boltzmann electrons a priori
allows the simulation to “jump over” the plasma frequency.
This permits the use of much larger time steps than with the
full classical particle-in-cell scheme, significantly reducing
computational cost and therefore time to convergence.
Poisson’s equation is coupled with the Boltzmann rela-
tion in the following way. Let the upper indices refer to a
moment in time and let Az be a time step, with =4 Ag,
Assuming that the value of the quantities are known at #* and
are to be calculated at !,
Poisson’s equation reads
k+1
(aZ_z)) =—£=—£f(nli—n’i—ﬁf+'), )
ox £ £

where n’fr and n* are, respectively, the positive and negative
ion densities coming from the accumulation of the particle
ion charges on the mesh. To avoid numerical instabilities, a
first-order estimate of the electron density ﬁi‘“ (function of
®F and ®**1) at /**! is used. The spatial integration of Eq. (2)
is performed following a classical algorithm for solving tridi-
agonal systems (Ref. 41, for example). In hybrid models, the
electron density reference n, is commonly imposed. Impos-
ing n can lead to a miscalculation of the sheath potential and
to errors in the calculation of plasma parameters. In the
present work, the density reference n, is self-consistently
calculated at every time step; this is done by estimating the
real electron flux to the walls and an electron balance within
the plasma (accounting for electron loss and creation). De-
tails for the calculation of n, can be found in Refs. 40 and
42.
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FIG. 4. The model h2X (hybrid 2X) is composed of two submodels
coupled to each other, allowing to self-consistently simulate low-pressure
high-density plasmas.

B. Self-consistent calculations of the electron energy
and source term profiles: Model h2X

“Classical” hybrid models, such as that presented in Sec.
IIT A, are widely used in many fields of plasma physics, such
as plasma propulsion,43 plasma processing,44’45 fundamental
plasma physics,2 etc. These models provide a complete de-
scription of the discharge, at relatively low computational
cost, using the Boltzmann relation to describe the electron
transport, coupled to Poisson’s equation to describe the elec-
tric field. However, unlike full particle-in-cell simulations,
hybrid models are based on restrictive assumptions for the
electron energy distribution function (EEDF), as it is as-
sumed that electrons have a Maxwell-Boltzmann distribution
with a specific temperature, thus failing (i) to account for
possible more complex distributions, for example having an
overpopulated group of low energy electrons or a depleted
tail and (ii) to self-consistently calculate the creation source
term profiles.

In the following, we show how to self-consistently cal-
culate the electron ternperature51 and the source term profile
by coupling a Monte Carlo model for particle electrons to the
classical hybrid model. In the following, the novel model
shall be called h2X, standing for hybrid 2X, as it is a hybrid
PIC-Boltzmann—Monte Carlo.

As shown in Fig. 4, the general concept of h2X is to
have two submodels coupled to each other, each of them
using the results of the other as input parameters. Iterations
between the two parts of the model are done until the “steady
state” is reached. Each part of the model transfers its results
to the other part at a regular period 7, a parameter of the
simulation. (i) The first submodel is a classical hybrid model
where the ions are treated as particles while electrons obey
the Boltzmann relation and determine the plasma potential.
(ii) The second submodel is a Monte Carlo for particle elec-
trons that calculates the electron temperature and the ioniza-

Phys. Plasmas 14, 053508 (2007)

tion source term. The electron temperature used in the hybrid
submodel is the spatial average of the spatially dependent
temperature calculated by the Monte Carlo.

The Monte Carlo submodels also incorporates a heating
mechanism similar to that described in Ref. 19. In short, an
ac electric field perpendicular to the spatial dimension of the
simulation heats the electrons. This scheme is intended to
model inductive heating without solving electromagnetism
equations. In addition, particle radial losses may play a sig-
nificant role in discharges whose diameter is small compared
to their length. Hence, a volumic loss mechanism is also
included in the Monte Carlo submodel. Electrons whose per-
pendicular energy £, is greater than the local plasma poten-
tial ® have a certain probability to be lost radially. The loss
probability for a discharge of radius R, given in terms of a
loss frequency, is v, jo5s=|v | /R], if £, >® and v, ,,,=0, oth-
erwise. Note that v is the electron velocity in the direction
perpendicular to the spatial dimension of the simulation.

C. The third species

A very simplified mixture of argon and SFq is to be
simulated. Only one type of negative ion with the same mass
as the argon positive ion and with an opposite charge —e is
considered. Due to the presence of the third species, namely,
the negative ions, a number of events, such as attachment
and recombination (SFg4 is recombination dominated, hence
detachment is not considered), have to be treated in addition
to ionization. Simplified attachment cross sections based on
that of SF¢ compiled by Phelps and van Brunt*® were used.
Figure 5(a) shows the electron-neutral collision cross sec-
tions in SF, including elastic collisions (i), ionization (h),
excitation (d—g) and attachment (a—c). Figure 5(b) shows the
attachment cross sections in SFg¢ and the simplified attach-
ment cross sections that were used for the present simula-
tions. In addition to undergoing collisions with argon neutral
atoms, electrons can also undergo collisions with neutral
SFg; the cross section corresponding to these collisions is
shown by line (i) in Fig. 5(a). The other exciting and ionizing
collisions with SF¢ are not considered. In the following, the
simplified electronegative background gas is loosely called
SFg. Positive and negative ions recombine with a rate K.,
=10"13 m3 s7!, unless stated otherwise.

FIG. 5. (a) Electron-neutral collision cross section with
SFy; attachment: (a—c); excitations: (d—g); ionizations:
(h); elastic collisions: (i). (b) Attachment cross section
in SF4 (solid lines) and simplified total attachment
cross-section used in the simulation (broken line).
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TABLE I. General parameters of the one-dimensional simulation of spon-
taneous formation of propagating double layers. These parameters were used
in the present investigation, unless stated otherwise.

Quantity Value
System length 28 cm
Heating length 15 cm

System radius 10 ¢cm (uniform)

Cell number 70

Total duration 10—100 ms
Hybrid time step 5%x107% s
Monte Carlo time step 5%10710 g
Macroparticle weight 1X10"% m™
Positive and negative ion mass (Ar) 6.68X107% kg
Positive and negative ion charge +e and —e
Room temperature 297 K

Source term 4% 10*' m—3 57!
Total neutral pressure 1 mTorr

Ko 1073 m3 57!

IV. FULLY SELF-CONSISTENT DOUBLE-LAYER
SIMULATION

Using the fully self-consistent model above, with the
general parameters given in Table I and a relative SF¢ con-
centration of 15%, a high-density plasma sustaining sponta-
neous propagating double layers was simulated. Propagating
double layers were only observed for sufficiently small
chamber radii (typically less than 20 cm) and inductive heat-
ing localized to the source region (0—15 cm).

Figure 6(a) shows a snapshot of the plasma potential
profile as a function of position; in addition to the smooth
decrease of the potential from the source to the diffusion
chamber, a series of potential “steps” and a clear potential

Phys. Plasmas 14, 053508 (2007)

drop of ~5 V are observed in the downstream region. This
sudden potential drop is extremely sharp and occurs within
less than ~1 cm. Figure 6(b) shows that the potential drop is
accompanied by an electron temperature drop; the high and
low-potential side temperatures are ~5 and ~3.5 eV, re-
spectively, which is in good agreement with that experimen-
tally measured by Plihon et al.* As explained later in Sec.
VI, the temperature drop observed in both the simulation and
the experiment is attributed to a combination of the localized
heating and the electron radial loss.

Figure 6(c) shows the electron (solid line), positive
(dashed line), and negative (dotted-dashed line) ion densities.
A series of spatial oscillations in both positive and negative
ion densities are observed. These oscillations are successive
regions of rarefaction of positive and negative ions. Each of
the ion density local minima corresponds to a plasma poten-
tial “step” [Fig. 6(a)]. The electronegativity « is around 1 in
the source region, as high as ~8 between two successive
double layers, and reaches a local minimum at the position of
each double layer. Note that the plasma is observed to be
stratified; i.e., the negative ions are confined to the core of
the plasma and their density drops to zero before the
sheaths.*’

Finally, Fig. 6(d) shows the plasma potential resolved in
space (horizontal axis) and time (vertical axis). Five potential
fronts, corresponding to five double layers are observed and
are propagating towards the source region. A time-resolved
analysis of the densities also shows that the spatial oscilla-
tions mentioned before propagate towards the source region,
following the potential drops.

By using the fully self-consistent simulation, propagat-
ing double layers were only observed under the following
conditions: (i) inductive heating mechanism localized to the
source region (from 0 to 15 cm), (ii) small chamber radius
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FIG. 6. (Color online) Self-consistent spontaneous for-
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mation of propagating double layers in an electronega-
tive discharge. (a) Snapshot of the plasma potential pro-
file presenting a clear drop of ~5 V; (b) snapshot of the
corresponding electron temperature profile, also pre-
senting a drop; (c) snapshot of the electron (solid line),
positive ion (dashed line) and negative ion (dotted-
dashed line) density profiles; (d) plasma potential as a
function of space and time when the electronegative
propagating double layers are formed.
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(=20 cm), (iii) sufficiently high SF concentration (=15%),
and (iv) low gas pressure (=5 mTorr). Static electronegative
double layers similar to those of Plihon et al.*? were not
found in the simulation.

V. PARAMETRIC STUDY OF DOUBLE LAYERS

For the sake of simplicity, rather than coupling the two
submodels as was previously done, a temperature profile
T,(x) similar to that obtained self-consistently is now used as
a parameter of the simulations (the electron Monte Carlo is
deactivated) in order to perform a more systematic paramet-
ric investigation of the spontaneous propagating double lay-
ers. By integrating the ionization and attachment cross sec-
tions over a Maxwellian distribution, the fits for the
attachment and ionization rate coefficients™> and for the cor-
responding space-dependent ionization and attachment fre-
quencies v;,[T,(x)] and v,[T,(x)] are found. The tempera-
ture profile decreases smoothly from 4.5 eV in the source to
3 eV in the diffusion chamber. Note that the temperature
profile was only used to calculate the various reaction fre-
quencies (ionization and attachment): the average over space
of this temperature profile was used in the Boltzmann rela-
tion [Eq. (1)].

Phys. Plasmas 14, 053508 (2007)

The effect of almost every parameter such as the positive
and negative ion masses, the concentration of SFg, the sys-
tem dimensions (length and radius), the temperature profile,
etc., was investigated; the most relevant are reported here.
Numerical parameters, such as the spatial resolution of the
grid and the time step, were varied without significantly af-
fecting the results.

A. Double layers form at low pressure with high
attachment and recombination

Figure 7(a) shows a spatiotemporal representation of the
plasma potential profiles and Fig. 7(b) shows snapshots of
the plasma potential profiles as a function of space for vari-
ous concentrations of SFs. Propagating double layers do not
form unless the relative concentration of SFy is sufficiently
large (=30% under the present conditions), confirming that a
minimal electronegativity is required. As it was already men-
tioned, static electronegative double layers similar to that of
Plihon er al.** were not found in the simulation.

When the real EEDF is calculated by the simulation
(Sec. IV), the minimal relative concentration of SF, required
for the formation of propagating double layers (i.e., to reach
sufficient electronegativity) is ~15%. In the present case,
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when the EEDF is assumed to be Maxwellian, almost twice
this concentration (=30%) is required to observe the propa-
gating double layers. A reason for this is presumably that the
EEDF calculated by the Monte Carlo submodel was not
Maxwellian (high-energy depletion and low-energy popula-
tion) favoring attachment to ionization, leading to sufficient
electronegativity for the formation of propagating double
layers. This peculiar EEDF is not captured when assuming
Maxwell-Boltzmann electrons; thus, the concentration of SF¢
has to be increased accordingly in order to reach sufficient
electronegativity, compatible with the double layers. This
provides further evidence supporting the fact that the EEDF
is a rather important parameter in the formation of electrone-
gative double layers.

Figure 7(c) shows the plasma potential profiles as a
function of space and time, while Fig. 7(d) shows snapshots
of the plasma potential profiles as a function of space for
various recombination rate coefficients K,... The electrone-
gativity is maintained constant by changing the relative con-
centration of SF¢ accordingly. For the range of K., investi-
gated, the double-layer potential drop increases with K.
For similar electronegativities, propagating double layers are
only observed for sufficiently high attachment and recombi-
nation. This is in good agreement with previously simulated
electronegative double layers.%’28
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The total neutral gas pressure was varied from
0.1 to 10 mTorr, keeping the relative concentrations of argon
and SFg constant. Figures 7(e) and 7(f) show that above a
critical pressure (=5 mTorr) no double layer was formed.

To summarize this subsection, it should be remembered
that propagating double layers were only observed at low
pressure and for sufficiently high electronegativity obtained
with high attachment and high recombination. This allows
the existence of relatively cold negative ions, compatible
with electronegative double layers.28

B. Small-diameter and long chambers are propitious
to the formation of double layers

As mentioned in Sec. IV, propagating double layers were
only observed when the radius of the chamber was relatively
small and when the heating mechanism was localized to the
source region. However, the geometric transition between the
source region and the diffusion chamber does not seem to be
a fundamental parameter in neither the experiment23 or the
simulation, as in both cases it was possible to form double
layers. Nevertheless, the strength of the double layers was
observed to be enhanced by the presence of a geometric tran-
sition.

Increasing the relative length of the diffusion chamber

FIG. 8. (Color online) Propagating double layers in an
Ar/SF¢ mixture, with an SFg relative concentration of

—"e 40% at 1 mTorr. (a) 3D mapping of the plasma poten-

- tial profile as a function of space and time. (b) Contour
plot of the plasma potential profile as a function of
space and time, increased brightness indicates de-
creased potential. (c) Snapshot of the plasma potential
profile showing successive double layers, propagating
from the diffusion chamber (right) to the source (left).
(d) Snapshots of the electron (solid line), positive
(dashed line) and negative (dotted-dashed line) ion den-

sity profiles. (e) Snapshot of the electronegativity «
=n_/n, profile. (f) Snapshots of ionization (solid line),
attachment (dashed line) and recombination (dotted-
dashed line) source term profiles.
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leads to an increase in the number of propagating double
layers simultaneously present in the system, while reducing
it leads to a decrease of the number of propagating double
layers. When the diffusion chamber length is sufficiently de-
creased, no propagating double layer forms. This is also very
much aligned with the experimental results showing that the
number of propagating double layers decreases and eventu-
ally reaches zero when the movable end plate (Fig. 1) is
pushed towards the source.

C. Characterization of the propagating double layers

Figure 8 shows various characteristics of typical propa-
gating double layers for an SF4 concentration of 40%. Figure
8(a) is a three-dimensional (3D) mapping of the plasma po-
tential as a function of time and space. Although the present
double layers propagate in the opposite direction, they ap-
pear to be a phenomenon very similar to that observed by
Plihon et al.,23 as discussed later.

Figure 8(b) is a contour plot over 5 ms of the plasma
potential profile. As can be observed, the double layers al-
ways form at the same critical position and propagate to-
wards the source at ~100 m/s. Note that the simulation was
run up to 100 ms without any major variation.

Figures 8(c) and 8(d) are snapshots of the plasma poten-
tial and the electron, positive, and negative ion densities. At
the position of each double layer, a region of positive and
negative ion rarefaction can be observed. Figure 8(e) shows a
snapshot of the electronegativity a=n_/n, at the same instant
and the electronegativity is minimal at the positions of the
double layers, but maximal immediately downstream. The
regions of high electronegativity are trapped between two
successive double layers, and are pushed towards the source
by the moving double layers, which is very much aligned
with the experiment, as shown in Fig. 3.

Figure 8(f) shows the ionization (solid line), attachment
(dashed line), and recombination (dotted-dashed) source
term profiles. The source is ionization-dominated, while the
diffusion chamber is attachment dominated. The recombina-

X=7.6 cm

AN e A e '
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FIG. 9. Frequency spectrum of the plasma potential at various positions in
the system.
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FIG. 10. Snapshot of the positive and negative ion average velocities v,
—v_ (broken lines) and the relative drift velocity v,—v_ (solid line), as a
function of position. The vertical dotted lines show the positions of the
double layers, while the horizontal lines show the Bohm velocity and
“Tuszewski’s criterion.”

tion takes place mostly in the source, but also in the high-
electronegativity regions, where the ion densities are maxi-
mum.

Figure 9 shows a low-frequency activity around
2-4 kHz in the downstream plasma (i.e., where the double
layers are observed). This activity corresponds to the train of
propagating double layers born at some critical downstream
position and propagating towards the source. In the range of
pressures investigated, the frequency of the propagating
double layers was found to be weakly dependent on the neu-
tral gas pressure.

Figure 10 shows a snapshot of the positive and negative
ion average velocities: v, and —v_. The average downstream
ion sound speed is shown by the lower horizontal line. At the
positions of the propagating double layers, shown by the
vertical lines, both positive and negative ions reach the
sound speed (as derived by Braithwaite and Allen®® and
Franklin and Snell*’) before entering the double layers from
the high- and low-potential sides, respectively. The ions are
then accelerated through the double layers. This shows that
the Bohm criterion is verified for both positive and negative
ions at the entrance of each double layer.

In addition, the propagating double layers observed in
both the experiment and the simulation share many proper-
ties (in the kHz range, propagation at ~100 m/s, a few
mTorr, etc.) with the downstream instability observed by
Tuszewski ef al.*® and Tuszewski and Gary.37 Although they
have not explicitly measured a double layer, Tuszewski et
al.,”® have observed that the plasma immediately down-
stream of the critical position, where the downstream insta-
bility seems to be born, was transiently electropositive, sug-
gesting the existence of an internal sheath; i.e., a double
layer. Tuszewski and Gary37 showed that the downstream
instability is compatible with a two-stream instability be-
tween the positive and negative ions. The upper horizontal
line in Fig. 10 shows “Tuszewski’s criterion”; i.e., the mini-
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TABLE II. Experimental and simulated propagating double layers.

Parameters Experiment Simulation
Percent SF, 13%-25% 15%"

Koo Not a parameter Critical®
P* ~5 mTorr ~5 mTorr
Expansion Not critical Not critical
Small diameter Not known Critical®
Chamber length® Critical Critical
Properties Experiment Simulation
Frequency ~ kHz ~2 kHz
Velocity 150 m/s 100 m/s
Direction — —

a' ~4 4-6
Potential drop 7 V& 5vh

Tup! Tiown 5/3.5 eV 5/3.5¢eV
Bohm criterion’ Not known Satisfied

“Minimal concentration allowing the formation of double layers in the simulation: 15% with fully self-
consistent model; 30% when Boltzmann electrons are assumed.

"The simulation showed that DLs were formed only for sufficiently large recombination rate. DLs were ob-
served in the simulation for realistic recombination rates (K,.=10""% m3s™!).

“Pressure P above which no double layer was formed.
4No double layer observed for large-diameter chambers.

“Sufficiently short diffusion chambers prevent the formation of double layers.
"Maximum of the electronegativity « obtained just downstream of the double layers. Measured via photode-
tachment for the experimental values. The error bar is +100% and —20% for the experimental data.

€7 V at the potential discontinuity, almost 10 V in total.

%‘5 V with the fully self-consistent model, 2 V when Boltzmann electrons are assumed.

"Temperatures reported for the stable double layer.
’Bohm criterion for positive and negative ions.

mal drift velocity required between positive and negative
ions in order to get two-stream instability [Eq. (15) in Ref.
37]. Interestingly, this criterion is verified at the position of
each propagating double layer.

Note that it was shown by McKenzie™ that the Bohm
criterion and Tuszewski’s criterion are actually equivalent
when the mass and the number of charges of the positive and
negative ions are the same.

VI. PROPOSED MECHANISM FOR THE FORMATION
OF PROPAGATING DOUBLE LAYERS

The correlation of the data presented here allows to pro-
pose a mechanism for the formation of propagating double
layers.

Propagating double layers are only observed (with the
fully self-consistent simulation, Sec. IV) when a chamber of
small diameter (no need of geometric transition) is combined
with a localized heating mechanism (in the source region for
example, from O to 15 cm). Electron radial loss due to the
small diameter has presumably three main effects. (i) The
first and most obvious, observed under the present conditions
of pressure (low pressure) is a depletion of the electron en-
ergy distribution function at energies higher than the plasma
potential (Ref. 21, and references therein). As the depleted
part of the distribution also corresponds to the ionizing elec-
trons, this effect tends to decrease ionization. In response, the
electron temperature (of the Maxwellian portion of the elec-
tron distribution) tends to increase to “boost” the ionization,

to counterbalance the radial loss, and to maintain the plasma
(fixed power).

(ii) The second effect of the electron radial loss, some-
what related to the first one, appears in particular when radial
loss is combined with the localized heating mechanism. In
such a case the electron temperature increases more in the
heating region than in the rest of the discharge, hence leading
to a nonuniformity of the electron temperature, with a higher
temperature in the source than in the diffusion chamber. As a
result of the electron temperature decrease, the source is ion-
ization dominated (high temperature favoring ionization to
attachment), while the diffusion chamber is attachment-
dominated (lower temperature favoring attachment to ioniza-
tion).

(iii) The third consequence of the electron radial loss
becomes clear when combined with the ionization-
dominated source. A significant fraction of the electrons cre-
ated in the source are radially lost before being able to “fill
up” the diffusion chamber, hence leading to a electron den-
sity profile and the associated plasma potential profile both
decreasing from the source to the diffusion chamber.

To summarize, positive ions are essentially created in
the source while negative ions are essentially created in the
diffusion chamber. Due to the decrease of the plasma poten-
tial from the source to the diffusion chamber, positive and
negative ions fall towards the diffusion chamber and the
source, respectively. In other words, there exists two charged
species drifting in opposite direction. For sufficiently
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long reactors, each species eventually reaches the Bohm ve-
locity, breaking down the quasineutrality of the plasma and
leading to the formation of an internal sheath (i.e., a double
layer).

With such a mechanism, there is no reason that the
formed double layers should remain in place as the system is
highly nonsymmetrical; however, the reason the double lay-
ers propagate in one direction or the other remains unclear.
We can postulate that because of a small charge unbalance
within the double layers, there exists an internal force push-
ing them. Note that another mechanism should be sought for
the stable double layer also observed by Plihon et al.”

VIl. CONCLUSION

The propagating double layers were experimentally
characterized and the window of parameters, such as the neu-
tral gas pressure, the relative concentration of SF¢, the input
power, etc., for which they form was fully determined in Ref.
23. The propagating double layers spontaneously forming in
the self-consistent simulation were shown to be a very simi-
lar phenomenon to that observed experimentally. The main
features of the propagating double layers observed experi-
mentally and in the simulation are summarized in Table II.
Despite the fact that these propagating double layers do not
propagate in the same direction, they share many properties,
such as their velocity of propagation, frequency, electronega-
tivity, temperature drop, etc. In addition, they appear under
very similar conditions, such as neutral gas pressure, relative
SF¢ concentration, etc.

The simulation gave evidence supporting the observation
that double layers form spontaneously in electronegative
plasmas and allowed us to propose a formation mechanism
by correlating the following observations. (i) To observe
propagating double layers, both the experiment and the simu-
lation have shown that a lower limit to the electronegativity
is required, which is achieved thanks to a sufficient relative
concentration of SF¢ and sufficient attachment. (ii) The
losses in volume of both positive and negative ions via re-
combination also appear to be crucial. The simulation
showed that below a critical recombination rate, no double
layer could be formed. (iii) The simulation also confirmed
that the geometry of the chamber, i.e., a change in diameter,
does not seem to be a critical parameter. (iv) However, the
diameter itself is crucial, since it can dramatically change the
electron energy distribution function that controls ionization
and attachment and therefore the electronegativity. (v) The
simulation showed that for chambers below a certain length,
no double layer could be sustained, which is in good agree-
ment with the experimental observations. This may well be
because positive and negative charges need to develop a suf-
ficient relative drift velocity, which can be achieved only in
sufficiently long chambers. (vi) Finally, the neutral gas pres-
sure is also a fundamental parameter, as no double layer was
observed for pressure above ~5 mTorr.

As a concluding remark, it may be noted that the propa-
gating double layers of both the experiment and the simula-
tion share many features with the downstream instability re-
ported by Tuszewski et al.*® and Tuszewski and Gary.37
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