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Self-organized spatial structures in the light emission from the ion-ion capacitive rf plasma of a strongly
electronegative gas (CF4) are observed experimentally for the first time. Their formation is analyzed and
understood based on particle-based kinetic simulations. These “striations” are found to be generated by the
resonance between the driving radio frequency and the eigenfrequency of the ion-ion plasma (derived from
an analytical model) that establishes a modulation of the electric field, the ion densities, as well as the
energy gain and loss processes of electrons in the plasma. The growth of the instability is followed by the
numerical simulations.
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Plasmas in electronegative gases exhibit complex physi-
cal and chemical kinetics [1–11]. Their main constituents
are typically positive and negative ions. Electrons are only
present as a minor species. Such a composition leads to
unique effects, e.g., the dominant mechanism of electron
energy gain is typically due to the ambipolar and drift
electric fields within the ion-ion plasma bulk [12–18], in
sharp contrast with the mechanisms in (more common)
electropositive (electron-ion) plasmas where the dynamics
of the boundary sheaths conveys energy to the electrons.
Being complex dynamical systems, plasmas are suscep-

tible to various instabilities. Strong modulations of the
plasma density and light emission–termed “striations”–have
extensively been studied in electropositive dc discharges
[19–22], wherein ion-acoustic or ionization waves form the
basics of these features. Striations also occur in electroposi-
tive inductively coupled plasmas [23], plasma display panels
[24], and in plasma clouds in the ionosphere [25,26]. In these
system the appearance of striations is explained by theories
based on the electron kinetics. Little is known, however,
about the nature of striations in electronegative plasmas
where the ion kinetics may play the dominant role: obser-
vations have been limited to dc plasmas [27,28], and
striations have never been observed in electronegative
capacitively coupled rf (CCRF) plasmas, to the best of our
knowledge. Here we report the observation of striations, that
form in the bulk of electronegative CCRF plasmas. The
experimental observations are compared with simulation
data, which allow a detailed investigation of the underlying
physics.
In the experiment (described in detail in [18]) the plasma is

produced in CF4 between two parallel electrodes made of
stainless steel with a diameter of 10 cm. The gap between the

electrodes is L ¼ 1.5 cm. The bottom electrode and the
chamber walls are grounded. A sinusoidal voltage of a
function generator is amplified and applied to the top
electrode via a matching network. The generator is also
connected to a pulse delay generator that triggers in a
synchronized manner an intensified charge-coupled device
(ICCD) camera for phase resolved optical emission spec-
troscopy measurements. The ICCD camera is equipped with
an objective lens and an interference filter to detect the
spatiotemporal emission of a specifically chosen optical
transition (at 585 nm) of Ne (which is admixed at 5% as a
tracer gas). From the light emission measurements that are
performed in a sequence through the rf period the spatio-
temporal electron impact excitation rate from the ground
state into theNe 2p1 state is calculated based on a collisional-
radiativemodel (formore details see [18,29,30]). Thevoltage
waveform is measured by a high-voltage probe and is
acquired with a digitizing oscilloscope. The results are
presented for a driving voltage with 8 MHz frequency and
300 V amplitude and a gas pressure of 100 Pa.
Our numerical studies are based on a particle-in-cell

(PIC) code complemented with Monte Carlo treatment of
collision (MCC) processes [31–33]. The simulation is
performed with one-dimensional spatial resolution within
the electrode gap and full resolution of the velocity space.
The gas temperature is set to 350 K. The emission of
secondary electrons from the electrode surfaces is
neglected to simplify the analysis. Electrons are reflected
from the electrodes with a probability of 0.2. Besides
the electrons, we trace only the dominant ion species,
CF3þ, CF3−, F−, in our code [34]. The cross sections are
taken from Refs. [35–40]. For more details see Ref. [33].
While for a symmetrical electrode configuration, such as
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considered here, generally no dc self-bias should appear,
we allow for the development of a dc self-bias in the
simulations, since the emergence of density modulations
may break the symmetry of the discharge.
Figure 1(a) shows the experimentally determined electron-

impact excitation rate spatially and temporally resolved. The
excitation rate is high near the grounded electrode during the
first half of the rf period and near the powered electrode
during the second half. This is due to the energy gain of
electrons in the electric field inside the plasma bulk at the
times of the collapse of the adjacent sheaths [12–18]. [We
note that a small negative shift, i.e., a negative self-bias
voltage, is observable in the experiment, due to the geomet-
rical asymmetry of the reactor, which also gives rise to a
slight asymmetry of the excitation rate [cf. Fig. 1(a)].]
The excitation rate exhibits a remarkable spatial modu-

lation, which indicates that the number of electrons with
energies above the excitation threshold of 19 eV varies
periodically. In the experiment these striations are stable
and observable by naked eye. These observed patterns
agree qualitatively well with the layered structures found in
the spatiotemporal distribution of the ionization rate
obtained from the simulation [Fig. 1(b)]. The white lines
indicate the position of the edges of the sheaths adjacent to
the two electrodes [41]. In the following, we discuss the
physics of these striations based on the simulation data
obtained for the steady state.
The appearance of such striations is linked to strong

alterations of the time averaged charged particle densities.
The profiles of the CF3þ, CF3−, F− ions and electrons are
shown in Fig. 2(a). Large peaks of the positive and negative
ion density are found in the strongly electronegative
bulk plasma region. The maxima of the striations in the

excitation and ionization occur at the edges of these density
peaks. They are caused by the periodic motion of the
positive and negative ions into opposite directions as a
consequence of their reaction to the rf modulation of the
local electric field. This oscillation is possible due to their
low mass as well as the low driving frequency and is
illustrated in Figs. 2(b) and 2(c), which show the densities
in a spatial region between two neighboring striations at the
times of largest ion displacement to either side, i.e., of
largest space charges. The amplitude of these oscillations
is small, but due to the high ion number densities and
gradients significant space charge densities develop and
the electric field is altered, when ions move in opposite
directions [see Figs. 2(d) and (e)].
Figure 3 shows the spatiotemporally resolved space

charge, electric field, and electron power absorption in
the plasma bulk. At the beginning of the rf period, a
negative electric field inside the plasma bulk accelerates
positive ions to the bottom (powered) electrode and
negatively charged particles towards the top (grounded)
electrode. The strength of this field is strongly modulated in
space. Accordingly, space charges build up locally with
alternating signs. Therefore, in the presence of striations
and around the times of maximum positive and negative

FIG. 1. (a) Measured electron-impact excitation rate and
(b) simulated spatiotemporal ionization rate (in units of
1021 m−3s−1, with white lines showing the sheath edges).
Powered electrode is at x=L ¼ 0, grounded electrode is at
x=L ¼ 1. The panels at the bottom show the discharge voltage
in the experiment and in the simulation.

FIG. 2. (a) Time-averaged ion and electron density profiles
obtained from the PIC MCC simulation. (b),(c) Density profiles
of charged species. (d),(e) Space charge density, nQ, and electric
field, E, at different times for 0.39-0.45 x=L region. See the
Supplemental Material for a video showing the ion motion [42].
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electric field in the bulk, there is a spatially alternating
space charge. These space charges, in turn, generate an
electric field, which is comparable in magnitude with the
drift electric field generated by the externally applied
voltage and enhances or attenuates the local field. The
resulting total electric field is dominated by a striation
pattern, too. As a consequence, bulk electrons gain high
energies only in narrow regions, whereas the electric field
caused by the space charges greatly attenuates the drift
electric field between these regions. Note that the electron
density is very small in the plasma bulk due to the high
electronegativity, so that the electrons hardly affect the
space charge distribution, i.e., although the electrons can
react much more quickly to the rf electric field, they cannot
compensate the space charge generated by the ion motion.
These electrons then cause excitation, dissociative attach-
ment, and ionization in subsequent collisions with the
neutral gas. The respective rates exhibit local maxima at the
edges of the regions of high electric field, thereby con-
tributing to the development of striations in the light
emission (cf. Fig. 1) and the ion densities [Fig. 2(a)].
The spatial modulation of the electric field in the bulk

does not vanish on time average. Instead, there are
alternating regions of negative and positive field. The
positions of the local maxima of the F− and CF3þ ion
densities correspond to the positions of E ≈ 0 with a
strongly negative field gradient, right of an adjacent local
maximum of the mean electric field, as shown in Fig. 3(d).
(Note that this figure shows the mean field in the bulk
region only; the field strength strongly increases in the
sheath regions.) The ion velocity is composed of an

oscillatory part within the rf period and a steady drift part.
The latter is proportional to the local mean field due to the
high pressure. Hence, the drift motion in the mean field
ensures that the local maxima of the ion densities remain
stable, since it “focuses” the positive ions to these positions.
The positive ions exhibit the largest density and dominate
the heavy particle dynamics for reasons of quasineutrality,
i.e., the negative ions are bound to the positive ion motion
on time scales beyond the rf period.
In order to gain insight into the formation mechanisms of

the striations, we track all relevant quantities in the
simulation, following the seeding of initial electrons in
the neutral gas filled electrode gap. Figure 4 summarizes
the relevant distributions of the densities, ionization rate,
space charge densities, electric field, and electron power
absorption at different times after the initialization of the
PIC MCC code. At early times (i.e., 260 rf periods, first
row), no striations are present. The spatiotemporal ioniza-
tion rate exhibits two maxima close to the sheath edges at
the times of collapsing sheaths. This is because electrons
mainly gain energy from the interaction with the ambipolar
field that develops due to the strong gradient in the local
electron density [17,18]. Therefore, the electric field is high
in the regions x=L ≈ 0.3 and 0.7 at the times of collapsing
sheaths, t=Trf ≈ 0.3 and 0.8, respectively. As a conse-
quence, power is efficiently dissipated to the electrons so
that positive and negative ions are generated there.
Consequently, the ion densities increase until the local
ion densities become so large, that the ion plasma fre-
quency is comparable to the applied frequency (see second
row of Fig. 4, after 720 rf periods).
In such an ion-ion plasma, the plasma frequency, which

defines the time scale on which the ions can react, is lower
for a given ion species compared to an electron-ion plasma.
This can be shown based on a homogeneous, pure ion-ion
plasma model. The momentum balance equations

m�n�
∂2x�
∂t2 ¼ q�n�E −m�n�ν

∂x�
∂t

of positive (index þ, qþ ¼ e) and negative (index −,
q− ¼ −e) ions with masses m� and densities n� within
an externally applied electric field E0 cosðωrftÞ lead to two
coupled differential equations

d2x−
dt2

þ ν
dx−
dt

− ω2
−ðxþ − x−Þ ¼ −

e
m−

E0 cosðωtÞ;

d2xþ
dt2

þ ν
dxþ
dt

þ ω2þðxþ − x−Þ ¼
e
mþ

E0 cosðωtÞ;

that describe the ion motion (i.e., the displacement x�) of
the positive and negative ions. Here, ω� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2n=ϵ0m�
p

.
The last term on the left-hand side is caused by the
development of space charges. Such a system will be in
resonance with the driving oscillation and, hence, large

FIG. 3. PICMCC simulation results: spatiotemporal plots of the
(a) space charge density, nQ, (b) electric field, E, and (c) electron
power absorption rate density, Se, for the 0.2 ≤ x=L ≤ 0.8 spatial
region. (d) Time-averaged electric field (left axis) and densities of
CF3þ and F− (right axis) in the plasma bulk region.
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oscillation amplitudes will occur if ω2
rf ¼ ðω2

− þ ω2þÞ.
Therefore, the “plasma frequency” based on the coupled
motion of both ion species is lower compared with the
plasma frequency of electrons in electropositive plasmas
(where ω2

rf ¼ ω2
pe). This means that plasma densities of

about 2.2 × 1016 m−3 are sufficient to match the resonance
condition above for a CF3þ − F− plasma driven by ωrf ¼
2π 8 × 106 s−1. The eigenfrequency depends on the ion
masses and the plasma density. Hence, in general a
resonance will occur also for heavy ions and a high driving
frequency, if the density is sufficiently high.
Further, we note that the spatial profiles and dynamics

are similar to that in the formation process of double layers
[2–6,9–11], where the total densities in the bulk remain
about the same. In the present case, however, the ion
densities in the plasma bulk rise further, so that the motion
of the ions causes a significant space charge and affects the
electric field. On the one hand, the field is attenuated at the
position of the density peak. On the other hand, the field is
amplified adjacent to the density peak, leading to enhanced
electron power absorption. Hence, the ionization rate is
increased at a small distance from the initial density
striations. Subsequently, the density is further enhanced
and a new pair of striations is formed by the same
mechanism as described above (third row of figure 4, after

1000 rf periods). Thus, the bulk region is filled with
striations layer by layer, starting at the plasma sheath
edges and proceeding towards the discharge center. Finally,
the entire bulk region is filled with striations in the steady
state, as shown in the analysis of the fully converged
simulation results above. We note that the formation of the
striations at both electrodes is not completely symmetric
(see Fig. 4, left column). This is caused by statistical
effects, i.e. the threshold ion density is reached slightly
earlier adjacent to the powered electrode. As a consequence
of this asymmetry a dc self-bias is generated during the
convergence of the simulation, which decreases and finally
vanishes, when the simulation is fully converged.
In conclusion, we studied the formation and sustainment

of layered, striationlike structures in electronegative capaci-
tive discharges. The development of these structures, which
are observed in the spatiotemporal plasma emission profile
for the first time here, is linked to the periodic acceleration
of ions by the rf electric field. The ion motion generates
local space charges that cause a spatial modulation of the
electric field. This strongly affects the electron heating rate
and, thereby, the ionization rate. Thus, once the ion number
density is large enough (i.e., exceeds a threshold density)
at a certain position within the plasma bulk to allow the
ions to react to the rf electric field and, consequently, to
form space charges, which affect the total electric field,

FIG. 4. (a) Density profiles and spatiotemporal plots of the (b) ionization rate (with sheath edges indicated by white lines), Kiz, (c) the
charge density, nQ, (d) the electric field, E, and (e) the power absorption rate by electrons, Se, obtained from the PIC MCC simulation at
different times (after 260, 720, and 1000 rf periods) during the convergence process. See the Supplemental Material for videos showing
the evolution of these quantities [42]. The data are integrated for 20 rf periods.
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the ionization rate is increased around this position. The
formation of the striations is, therefore, based on the
resonance of the ion-ion plasma. This novel effect is not
only of fundamental importance, but will affect the ion flux
in electronegative CCRF plasmas used for surface process-
ing applications, which are typically operated under similar
conditions. The present study lays the foundation for a
broad research of this type of striations. The striation
structure is expected to be very sensitive to the ion species
(i.e., the ion mass in electronegative gas plasmas such as
O2, SF6, C4F8), collision frequency, and driving frequency.
(For instance, the striations will vanish at high driving
frequencies, if the resonance condition is not met.) Such a
detailed experimental investigation is in progress.
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