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Unlike @- and y-mode operation, electrons accelerated by strong drift and ambipolar electric fields in
the plasma bulk and at the sheath edges are found to dominate the ionization in strongly electronegative
discharges. These fields are caused by a low bulk conductivity and local maxima of the electron density at
the sheath edges, respectively. This drift-ambipolar mode is investigated by kinetic particle simulations,
experimental phase-resolved optical emission spectroscopy, and an analytical model in CF,. Mode
transitions induced by voltage and pressure variations are studied.

DOI: 10.1103/PhysRevLett.107.275001

Charged particle kinetics in the space and time depen-
dent electric fields of capacitively coupled radio frequency
(CCREF) plasmas is a hot topic of current fundamental and
applied research [1-4]. Such plasma sources are key ele-
ments for the production of various high technology prod-
ucts, e.g., solar cells, flat panel displays, and computer
chips, since they allow etching and deposition processes
on micro- to nanometer scales [5]. Miniaturized high pres-
sure CCRF discharges, e.g., atmospheric pressure plasma
jets (u-APPJ), find medical and surface processing appli-
cations avoiding the necessity of expensive vacuum sys-
tems [6-8]. For these applications, the control of plasma
properties, in particular, the particle flux-energy distribu-
tions at the substrate surface, is a central issue.
Understanding the electron heating and ionization dynam-
ics at the kinetic level is the basis for the optimization of
plasma processes, since these dynamics determine the
electron energy distribution function, which is crucial for
the generation of excited species, ions, radicals, and the
initiation of plasma chemical reactions.

There are two common operation modes of CCRF dis-
charges [9]. (i) In the @ mode, the ionization is dominated
by electrons accelerated by the oscillating boundary sheath
edges. This includes stochastic heating by the expanding
sheaths [2] and electron heating due to field reversals
during sheath collapse caused by electron inertia and/or
electron-neutral collisions [4]. (ii) In the v mode, the ion-
ization is dominated by secondary electron avalanches in-
side the sheaths at times of high sheath voltage [9].
Transitions from the « to the y mode are induced by
increasing the voltage and/or pressure due to enhanced
heating and multiplication of secondary electrons in the
sheaths [9].

It is important to note that a high electron heating rate
does not necessarily lead to a high ionization rate.
Generally, the ionization depends on the dissipated
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power per electron rather than the total electron heating
[10]. Thus, in low pressure electropositive discharges,
Ohmic heating inside the bulk can be high, but does not
cause significant ionization, since the deposited power is
distributed to a high number of electrons. Typically,
the bulk conductivity is high, the bulk electric field is
low, and ionization due to electrons heated inside the
bulk is not observed. Moreover, in electropositive
plasmas, ambipolar fields accelerating electrons away
from the adjacent electrode are observed at the sheath
edges due to the strong local gradients of the electron
density [4].

In electronegative and some molecular discharges, a
high electric field, ionization rate, and average electron
energy in the bulk have been observed [11-15]. It was
demonstrated that this is a novel mode of discharge opera-
tion not related to the a and y modes [14]. Moreover,
local extrema of the electric field at the sheath edges
accelerating electrons towards the adjacent electrode
were observed [16]. However, the mechanisms causing
these fields and, thus, the operation mode have not been
clarified yet. Here, we study these mechanisms in CF,
discharges with high electronegativity (between 10 and
45) by a combination of different approaches: (i) phase-
resolved optical emission spectroscopy (PROES) measure-
ments providing access to the spatiotemporal dynamics of
highly energetic electrons within the rf period indicating
the operation mode [3,17]; (ii) particle-in-cell (PIC) simu-
lations, which provide a description of the plasma at the
kinetic level and yield information about the spatiotempo-
ral distribution of plasma parameters; and (iii) an analytical
model to understand the formation of the electric field.
This synergistic approach yields a coherent physical pic-
ture of a novel drift-ambipolar (DA) operation mode,
which is expected to be valid also in electronegative dis-
charges operated in gases other than CF,.
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We analyze the electron dynamics in CF, discharges
with a gap of 1.5 cm, driven at 13.56 MHz, at different
pressures and driving voltages. In the experiment, the
plasma emission at 250 nm originating from dissociative
deexcitation of excited CF; ions created by electron im-
pact on CF, [18] is detected space resolved between the
electrodes and time resolved within the rf period by
PROES [3,17]. The plasma is confined between the elec-
trodes by a fused silica cylinder to improve the discharge
symmetry. The simulations are based on a 1D3V bounded
electrostatic PIC code complemented with Monte Carlo
treatment of collision processes. In order to compare the
discharge behavior to that of electropositive gases, we
carry out simulations of CF, and Ar discharges. In the
case of CF,, we trace CF3+ , CF;, F~ ions and electrons
using cross sections and rate coefficients from [19]. For Ar,
the cross sections are taken from [20]. The gas temperature
is fixed at 350 K and the ion-induced secondary electron
yield at the electrodes is y = 0.1 in CF,. Electrons hitting
the electrodes are reflected with a probability of 20% and
an ion-ion (CF; + CFj, CFJ + F~) recombination rate of
5.5 X 10713 m3s7! is used [12].

Figure 1 shows simulation results for electropositive Ar
and electronegative CF, discharges at 80 Pa. The first and
second rows correspond to Ar discharges in the & mode
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(y =0, 100 V) and the y mode (y = 0.2, 200 V), respec-
tively, while the third row shows results for a CF, dis-
charge, where ionization inside the bulk and at the
collapsing sheath edge is observed (y = 0.1, 400 V,
DA mode). The first column contains spatiotemporal plots
of the electron heating rate, while columns 2-4 show the
ionization rate, electric field, and electron density. In con-
trast to the electropositive discharges, the electron heating
as well as ionization rate and the electric field are high
inside the bulk in CF, at distinct times within one rf period.
Similar to the electric field, the average electron energy is
strongly modulated in the bulk between a minimum value
of about 3 eV and a maximum value of about 7 eV at the
time of strongest ionization. The electron density peaks at
the sheath edges at times of small sheath width to ensure
quasineutrality in the electropositive edge region of the
discharge. The ionization rate increases towards the elec-
trode, where the sheath is collapsing, and peaks close to the
position of maximum electron density. The solid line in
Fig. 2(a) shows the PIC result for the electric field at the
time of strong ionization (¢ = 26 ns, marked by vertical
black lines in Fig. 1) as a function of the distance from the
powered electrode. The field is high and almost constant
everywhere in the bulk except at the sheath edge close
to the grounded electrode located at 1.5 cm, where its
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PIC simulation results: spatiotemporal plots of the electron heating rate (first column), ionization rate (second

column), electric field (third column), and electron density (fourth column) in Ar and CF, discharges driven at 13.56 MHz and 80 Pa
with an electrode gap of 1.5 cm. First row: Ar, 100 V, v = 0. Second row: Ar, 200 V, y = 0.2. Third row: CF,, 400 V, y = 0.1. The

color scales are given in units of 10> Wm ™ (heating rate), 10>! m~3s~! (ionization rate), 10> Vm™! (electric field), and 10'> m

(electron density).
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FIG. 2 (color online). Profiles of (a) the electric field obtained
from the simulation (black solid line) and (1) (dashed red line);
(b) the second (drift field) and fourth (ambipolar field) terms of (1)
in the bulk at r = 26 ns [vertical dashed lines in Figs. 1(i)-1(1)].
Discharge conditions: CF,, 13.56 MHz, 400 V, 80 Pa, y = 0.1.

absolute value is maximum inside the bulk. The profile of
the electric field resembles the profile of the ionization rate
at this time.

In order to understand its physical origin, an analytical
expression for the electric field is derived from the electron
continuity and momentum balance equations [4]:

me [dj o, L, 0n, jG]
= v — (- +22 a
2[ TR U° = Jw) " (1

n.e
202kT .
“5ee . Here m, is the electron mass, e the

with ji =
elementary charge, n, the electron number density, j the
electron conduction current density, v,. the electron-neutral
collision frequency, G the ionization rate, and k7T, =
2/3(e,), where (g,) is the average electron energy.
Applying this model at the time of strong ionization
(t = 26 ns) and using input parameters from the simula-
tion (n,, j, v, kT,, G) yields the dashed line in Fig. 2(a),
which is in very good agreement with the electric field
resulting from the PIC simulation in the bulk region.
Discussing the individual terms of (1) [Fig. 2(b)] allows
us to clarify the physical origin of the high electric fields in
the bulk and at the sheath edges. Only the second (drift
field) and fourth term (ambipolar field) of (1) are found to
be important. All other terms are approximately zero and
are not shown in Fig. 2(b). The second term yields the high
and almost constant field in the discharge center, while
the fourth term yields the local extremum of the field close
to the sheath edge adjacent to the grounded electrode.

Physically, the high bulk electric field is a drift field caused
ne€  Thig high electric

m,v,
field accelerates electrons to high average energies and
causes ionization in the bulk. o4 can be low due to (i) a
low electron density, (ii) a high collision frequency, or
(iii)) a combination of both. In the electronegative CF,
discharges discussed here, oy, is low in the bulk due to
the low electron density [Fig. 1(I)]. The model predicts a
high bulk electric field also for high values of v, i.e., at
high pressures, such as found in u-APPJs. In fact, in these
microdischarges, strong ionization and high electric fields
in the bulk have been observed experimentally [7] and by
simulations [8]. These results might also be explained
qualitatively by our model.

The peak of the electric field at the sheath edge mainly
results from the fourth term of (1), which corresponds to an
ambipolar field. It is caused by a local maximum of the
electron density at the sheath edge and the corresponding
high value of dn,/dx [Fig. 1(1)] on the bulk side of this
maximum. There, diffusion pushes the electrons into the
bulk, while positive ions continuously flow towards the
electrode. Thus, an ambipolar field is generated, that cou-
ples electron and positive ion motion and accelerates elec-
trons towards the electrode. This is completely different to
the situation in electropositive discharges, where the den-
sity gradient causes an ambipolar field, that accelerates
electrons towards the discharge center. The electron heat-
ing and ionization at the collapsing sheath edge in the
DA mode are highly transient phenomena, since a strong
gradient of the electron density, a high average electron
energy (ambipolar field), and a high discharge current
(electron heating) are required in parallel.

Consequences of the drift and ambipolar electric fields
predicted by the PIC simulation and understood by the
analytical model are observed experimentally. Figure 3
shows the spatiotemporal ionization rate in CF, discharges
operated at 40 Pa resulting from the PIC simulation (top
row) and the spatiotemporal emission at 250 nm measured
by PROES (bottom row) at different driving voltages. The
DA mode is clearly observed experimentally at low volt-
ages. By increasing the voltage, a transition from the DA-
into the @ mode is induced, since the sheath heating is
enhanced. In the experiment, the discharge is asymmetric
at high driving voltages due to the capacitive coupling
between the dielectric confinement cylinder and the
grounded chamber walls; i.e., a dc self-bias is generated.
Therefore, there is no emission maximum at the top
grounded electrode at 400 V.

Figure 4 shows the spatiotemporal ionization rate in
CF, discharges operated at 200 V resulting from the PIC
simulation (top row) and the measured emission (bottom
row) at different neutral gas pressures. By increasing
the pressure, a transition from a hybrid combination of
the @ and DA mode at low pressures into a pure DA mode
is induced, since the electronegativity is increased as a

by a low dc conductivity o4, =

c

275001-3



PRL 107, 275001 (2011)

PHYSICAL REVIEW LETTERS

week ending
30 DECEMBER 2011

CF,, 40 Pa, 100 V CF,, 40 Pa, 400 V

1.0

0.5

0 10 20 30 40 50 60 70

1’

0 10 20 30 40 50 60 70

26.0
I 22.8

19.5
16.3
B 13.0

E 9.8

. ' 6.5

. 3.3
0

0.0 T 0
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t (ns) t (ns)

Distance from powered electrode (cm)

FIG. 3 (color online). Spatiotemporal ionization rate obtained
from the simulation in units of 10! m™3s~! (top row) and
measured plasma emission at 250 nm in a.u. (bottom row) in a
CF, discharge at different voltage amplitudes (13.56 MHz, 40 Pa).

function of pressure due to enhanced electron attachment.
Consequently, the drift and ambipolar fields both increase
as a function of pressure.

We note that the ability of the simulation to reproduce
the measured spatiotemporal emission, strongly depends
on the ion-ion recombination rate. In the literature,
different values ranging from 1 X 10713 m3s~! [21] to
5.5% 107" m?*s™! [12] are found. Using a lower value
of 1 X107 m3s™! instead of 5.5 X 10783 m3s™!, we
observe spatial striations of the ionization rate, which are
not observed experimentally. This might indicate that
5.5 X 10713 m?s~! is the correct rate.

In conclusion, we investigated a novel operation mode of
electronegative CF, CCRF discharges characterized by
ionization in the bulk and at the sheath edges at distinct
times within the rf period. An analytical model clarified the
physical origin of this Drift-Ambipolar (DA) mode to be
(i) a strong drift electric field in the discharge center due
to the low dc conductivity caused by the low electron
density and (ii) an ambipolar field at the sheath edges due
to local maxima of the electron density in the electropos-
itive edge region of the discharge. By increasing the voltage
at fixed pressure a transition from the DA- into the & mode is
induced, while increasing the pressure at fixed voltage
induced a transition from the «- into the DA mode. These
transitions were observed both in simulations and experi-
ments. Our model predicts a high drift field in the bulk to
be also caused by a high electron-neutral collision fre-
quency, i.e., at high pressures, such as observed in APPJs.
Finally, we note, that the DA mode has important effects on
the operation of electrically asymmetric dual-frequency
CCRF discharges in CF,, where it affects the electrical
generation of a dc self-bias via the electrical asymmetry
effect [22] and limits the quality of separate control of the
average ion energy and flux at the electrodes [15].
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FIG. 4 (color online). Spatiotemporal ionization rate obtained
from the simulation in units of 10! m™3s~! (top row) and
measured plasma emission at 250 nm in a.u. (bottom row) in a
CF, discharge at different pressures (13.56 MHz, 200 V).
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