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Abstract

This work reports the results of an experimental and modelling study on dual-frequency Ar-NH;
dielectric barrier discharges (DBD) exhibiting the o —y transition. A combination of space- and time-
resolved optical absorption and emission spectroscopy is used to record spatio-temporal mappings
of the Ar metastable number density, Ar 750.4 nm line emission intensity, and electron-Ar
Bremsstrahlung continuum emission intensity. With the increase of the RF voltage amplitude in a
50 kHz-5 MHz DBD, maximum populations of Ar excited species (1s and 2p states, linked to the
population of high-energy electrons) observed in the y mode decrease and appear earlier in the low-
frequency cycle. On the other hand, the density of the bulk electrons, monitored from the continuum
emission intensity, increases, with a more prominent rise in the RF-a mode than in the y regime.
Such behaviors are consistent with the predictions of 1D fluid model and results from a decrease of

the gas voltage required for self-maintenance of the cathode sheath in the y breakdown.



1. Introduction

Since the 1990’s, low-pressure dual-frequency plasmas have been developed. First studied for
precursor dissociation rate control in deposition and etching processes, the association of a radio
frequency (RF) and a microwave voltage [1]-[6], or two RF voltages [7], [8], [17]-[24], [9]-[16], is
now a common method to tailor the ion energy distribution function (IEDF) on plasma-exposed
surfaces, independently of the ion flux [17], [20], [21], [25]-[29]. In recent developments of dielectric
barrier discharges (DBDs) at atmospheric pressure for a number of applications, in particular for thin-
film deposition [30]-[33], a RF voltage is often associated with a low frequency (LF) one (between 1
and 500 kHz) [30], [31], [40], [41], [32]-[39] or with another RF [28], [29], [42]-[46]. In such
conditions, dual-frequency discharges increase the power absorbed (and dissipated) by the plasma
electrons, while maintaining an homogeneous discharge mode [30], [34]-[36], [40], [41]. Hence, the

number densities of charged and reactive species significantly increase [38].

RF-LF dual-frequency discharges operated in Ar-based gases at atmospheric pressure can reveal
unique features. In particular, during an LF period, depending on the amplitude of the LF voltage, it is
possible to observe an alternation between 2 typical RF discharge conditions: the a regime and the y
regime [31], [32], [38], [39], [43], [45]. On one hand, when the LF voltage applied to the gas is low
enough, the discharge exhibits a RF-a behavior, characterized by an ohmic heating of plasma
electrons in the bulk [13], [29], [44]. On the other hand, when the amplitude of the LF voltage is
almost maximum, and of the same polarity as the RF voltage, the secondary electrons created at the
electrode become accelerated by the electric field present in the sheath and a self-sustainment
criterion in the sheath is established; this is the y regime [39]. In recent studies, this so-called a—vy
transition was found to depend on a number of operating parameters, including the amplitude of the
LF voltage [38], the amplitude of the RF voltage [31], and the relative concentration of NH; in Ar-NH;

Penning gas mixtures [39]. In this work, space- and time-resolved optical emission spectroscopy,



combined with tunable diode laser absorption and fluid modeling, are used to examine the influence
of the RF voltage amplitude on electron densities, electron temperatures, and populations of Ar
metastable atoms in a—y dual-frequency DBDs operated in Ar-NH; Penning gas mixtures. This
complete set of data provides new insights into the a —y transition and highlights the predominant

role of dielectrics in DBD conditions.

2. Experimental setup and diagnostics

2.1. DBD reactor

The dual-frequency Ar-based DBD studied in this work is sustained in a plane-to-plane configuration
[38]. The gas gap is 2 mm and a 1 mm-alumina-dielectric-layer is placed on each metallic electrode.
The DBD cell is located inside an air-tighten chamber, which is first evacuated with a primary vacuum
pump down to about 1 mTorr, and is then filled with a Penning mixture of Ar + 200 ppm of NH; at a
total gas flow rate of 3 SLM (standard liters per minute). A needle valve between the chamber and
the pumping system allows fixing the total pressure in the chamber to 760 Torr. Dimensions of the
discharge zone are 0.2 x 1 x 5 cm®. RF and LF voltages are generated by a single-waveform generator
(Keysight 33500B Series), allowing their synchronization, and are independently amplified. As in
previous studies [38], [39], excitation frequencies are LF 50 kHz and RF 5 MHz. Here, the LF voltage
amplitude is set at 650 V, 50 V above the LF breakdown voltage. As for the RF voltage amplitude, it is

varied between 0 and 290 V.

2.2. Optical emission spectroscopy

The Ar-based DBD is characterized by time- and space-resolved optical emission spectroscopy using

the optical system presented in Figure 1. The plasma light is collected with a 10 cm-focal-length lens,



placed at 15 cm from the center of the DBD cell. Combined with a set of 3 mirrors (forming a
periscope), this lens forms the image of a selected region of the discharge on the entrance slit of a
Czerny—Turner monochromator (Jobin-Yvon, 66 cm focal length, 1200 groves/mm grating, slit width
150 um) located at 30 cm optical distance from the lens. Here, the 3-mirrors set, placed between the
lens and the monochromator, rotates the image of the discharge zone by 90°. Considering the
dimensions of the DBD and neglecting the edge-effect, the density of the excited species in the
plasma volume can be assumed to have only a one dimensional variation along the DBD’s gap. Thus,
the signal light on the slit represents the intensity of the light emission from the plasma layer at a
given distance from the electrodes. The periscope is fixed on a micrometric screw such that its
movement along the horizontal axis induces the displacement of the image of the discharge gap on
the monochromator’s slit and thus offers the possibility to probe light emission from different zones
of the plasma gap. Considering the factor 1.95 magnification of the image and the 150 um width of

the entrance slit of the monochromator, the spatial resolution within the gap is 77 um.
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FIGURE 1. OPTICAL SETUP USED FOR MAGNIFICATION, ROTATION, AND SCANNING ALONG THE DISCHARGE GAP OF THE
PLASMA LIGHT EMISSION.



The light at the wavelength selected by the monochromator is detected with a Hamamatsu
photomultiplier tube (PMT, H10721-20) operating in photon counting mode. A multichannel photon
counter (MSC6A2T8 Fast Comtec) is used to record the time variation of the wavelength-selected
light emission intensity over the 20 ps cycle of the LF voltage with a time resolution of 6.4 ns. A TTL
signal, in phase with the LF voltage from the waveform generator, triggers the photon counter. The
photon pulses from the PMT are counted in different channels of the MCS6A2T8 counter according
to their respective arrival time after the triggering signal [33]. Averaging the photon signals over 10°
LF cycles (20 s total acquisition time) provides an excellent signal-to-noise ratio. Data are transferred
to a computer for the storage and further treatment, as shown in Figure 2. This phase-resolved
optical signal can further be correlated with the discharge current-voltage characteristics [38]
acquired with a digital oscilloscope triggered by the same TTL pulse as the MSC6A2T8 multichannel

photon counter.
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FIGURE 2. EXPERIMENTAL SETUP WITH ALL OPTICAL AND ELECTRICAL COMPONENTS FOR SPACE- AND TIME-RESOLVED
OPTICAL EMISSION SPECTROSCOPY.



2.3, Tunable diode laser absorption spectroscopy

The density of Ar metastable atoms in the Ar-based DBD is measured by tunable diode laser
absorption spectroscopy with the same equipment and in the same conditions as [47]. A beam from
the tunable diode laser, whose wavelength is tuned around 772.4 nm, crosses the DBD discharge
volume along its 5 cm longer arm. Due to the closeness of the Ar transitions 772.38 nm (2p;<1ss)
and 772.42 nm (2p,€1s3), and their pressure broadening at 760 Torr, the laser beam can be
absorbed by both Ar(1ss) and Ar(1s;) metastable atoms (Paschen notations are used, corresponding
to 4s[3/2],and 4s[1/2], metastable states in Racah notation) [48]. However, as the oscillator strength
of the 2p,€1s; transition is more than an order of magnitude larger than the one of the 2p,¢1ss
transition [48], by setting the laser wavelength at 772.435 nm, which is the peak position of the
pressure-shifted 2p,<¢-1s; line [49], the absorption signal represents the density of Ar(1s;) atoms [47],
[49]. The time-resolved number density of Ar(1s;) atoms can be deduced from the time-resolved
absorption coefficient at 772.435 nm, using relations reported in [49]-[51]. Here, the about 500 um
diameter of the laser beam limits the spatial resolution within the gap but allows to estimate the
Ar(1s;) atoms density either in the plasma bulk (middle distance from the top and bottom electrodes)

or in a zone close to the top electrode, including the sheath edge.

3. Space and time-resolved optical measurements

3.1. Analysis of metastable Ar atoms

Figure 3 shows a typical time variation of the Ar(1s3) number density during one LF cycle of the dual-
frequency Ar-NH; DBD at two positions in the gap: in the bulk at mid-distance between the top and
bottom electrodes, and in a zone including the sheath edge, near the top electrode. Applied voltages

are V=650V and Vg =195V, and the discharge exhibits the a —y transition [31], [32], [38], [39],



[43], [45]. Overall, two main peaks associated to the y mode can be seen: their duration is a few
microseconds and their amplitude is only slightly modulated by the RF voltage. When the amplitude
of the RF voltage is much lower than the one of the LF voltage, giving the much slower oscillation of
the LF voltage waveform, many ions accumulate on the cathode side. This leads to a more intense
electric field intensity close to the cathode and thus a more intense population of high-energy
electrons in this region. In atmospheric-pressure plasmas characterized by low electron energy
transport lengths, the energy gained by the electrons in the high electric field regions thus becomes
redistributed locally [52], [53]. Therefore, these high-energy electrons can locally contribute to the
population of Ar excited states, giving rise to more prominent Ar metastable densities close to the

cathode seen in the experiments.

In the signal recorded at the top electrode, in black in Figure 3, a strong dissymmetry on the
amplitude is observed. This confirms that the maximum population of Ar(1s;) states occurs when the
discharge is in the y mode characterized by significant electron heating and electron energy
dissipation through collisions in the cathode fall and thus significant production of Ar metastable
atoms in this region through electron-neutral excitation collisions [38], [47]. On the contrary, in the
center of the gap, in red in Figure 3 the two peaks of Ar(ls;) densities have almost the same
amplitude. In fact, the excess electrons created by the electron avalanches during the y mode in the
sheath must be evacuated to maintain the quasi neutrality in the bulk. Hence, the electric field must
deform to allow electrons to cross the gap from cathode to anode. This deformation is accompanied
by an increase of the electron temperature all along de discharge gap, creating the y signature not
only in the sheath but also in the bulk. This aspect is further confirmed below in the simulations of
the electron temperature. In the present 50 kHz — 5 MHz DBD, a typical RF-a mode, characterized by
very low populations of high-energy electrons, and thus very low production rates of Ar metastable

atoms [38], [47], occurs in between the y phases [13], [29], [44].
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FIGURE 3. TIME VARIATION OF THE NUMBER DENSITY OF AR(1S3) ATOMS, CLOSE TO THE TOP ELECTRODE (IN BLACK),
AND IN THE CENTER (IN RED) DURING A LF PERIOD; V¢ = 650 V, Vge= 195 V; THE LF VOLTAGE IS APPLIED AT THE TOP
ELECTRODE (IN BLUE)

Ar(1s;) metastable atoms are also measured near the top electrode for different amplitudes of the RF
voltage between 0 (LF 650 V only) and 290 V (LF 650 V and RF 290 V). The results are shown in Figure
4 during the half-period of the applied LF voltage in which the y mode appears at the top electrode
(same dissymmetry as in Figure 3 is observed for the other half-period, not shown in Figure 4). Again,
the main peak corresponds to the y mode [47]. With the increase in amplitude of the RF voltage,
temporal modulation over the RF cycle appears. In addition, the maximum value of the number
density of Ar(1s3) states decreases, and the main peak occurs earlier during the LF cycle, i.e. for a
lower value of the applied LF voltage amplitude. Furthermore, the full width at half maximum of the
main peak decreases; this result suggests that the y breakdown lasts longer when the amplitude of

the RF voltage increases.
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FIGURE 4. NUMBER DENSITY OF AR(1S3) ATOMS RECORDED CLOSE TO THE TOP ELECTRODE OVER HALF-CYCLE OF THE
APPLIED LF VOLTAGE FOR DIFFERENT AMPLITUDES OF THE RF VOLTAGE.

3.2. Analysis of the Ar 2p;=>1s; line emission intensity

In Ar-based DBD, optical emission spectra show several lines linked to Ar 2p,=>1s, transitions [40].
One of the most important ones occurs at 750.4 nm (Ar 2p,;=>1s,). Considering that the Ar 2p; state,
at 13.48 eV, is essentially populated by the electron-impact excitation from the ground-state Ar
atoms [54], [55], one can conclude that the 750.4 nm line emission intensity characterizes the
presence of high-energy electrons. Figure 5 (a)-(c) show the space- and time-resolved mapping of the
750.4 nm line emission intensity during a half-period of the LF signal for the same experimental
conditions as in Figure 4. As observed in previous studies of low-frequency DBDs operated in the
homogeneous regime [49], [56], [57], the case of LF 650 V and RF 0V (Figure 5 (a)) reveals a single
peak per half cycle of the applied LF voltage, with a maximum value in the cathode fall. In line with
the prominent excitation pathway of the Ar 2p, state, the drastic increase of the 750.4 nm line
emission intensity in the sheath reveals a significant rise in the population of high-energy electrons in

this region. Similar results can be seen in dual-frequency DBD (Figure 5 (b) and Figure 5 (c)), with
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larger emission intensities in the y mode than in the RF-a mode [38]. Despite the increase of the RF
voltage from 195 to 290V, Figure 5 (b) and Figure 5 (c) show no significant 750.4 nm emission
outside the y regime. In the case of LF 650V and RF 195V, it can be seen in Figure 5 (b) that the
discharge is in the y mode between about 1 and 2.5 ps, and it is in the a mode during the rest of the
LF cycle. During the y regime, the 750.4 nm line emission intensity oscillates with the RF voltage.
Furthermore, the intensity first increases at about 500 um from the cathode, and then gets closer to
the cathode during the four following RF cycles. When the Ar 2p,—>1s, emission reaches a maximum
value, it is at about 100 um from the cathode. The variation of the position of the emission maximum
is most likely related to the contraction of the cathode fall occurring with the y breakdown. During
this breakdown, the emission propagates throughout the gap with a decreasing amplitude up to
about 300 um from the anode where it begins to slightly increase. Similar behavior can be seen in
Figure 5 (c) for LF 650 V and RF 290 V, with the y mode occurring earlier during the LF cycle for RF
290 V than for RF 195 V, and being longer. Figure 5 (d) presents the effects of the amplitude of the RF
voltage on the 750.4 nm line emission intensity recorded close to the cathode (around 1.75 mm from
the bottom electrode, where it reaches a maximum value). Clearly, the 750.4 nm emission decreases
with the rise of the RF voltage amplitude. In addition, the temporal width of the Ar 2p,=>1s, emission
is larger when the amplitude of the RF voltage is higher. These results match the ones presented in

Figure 4 for Ar(1s;) states; we will come back to this point later.
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FIGURE 5. SPACE- AND TIME-RESOLVED MAPPING OF THE AR 750.4 NM LINE EMISSION INTENSITY RECORDED IN THE
DUAL-FREQUENCY AR-BASED DBD FOR DIFFERENT AMPLITUDES OF THE RF VOLTAGE: (A)LF 650 V; RFO V, (B) LF
650 V, RF 195 V, AND (C) LF 650 V; RF 290 V. IN ALL SPATIO-TEMPORAL MAPPINGS, THE RESULTS ARE SHOWN
FOR HALF-CYCLE OF THE APPLIED LF VOLTAGE, WITH THE TOP ELECTRODE BEING THE LF CATHODE AND THE LOWER

ONE BEING THE LF ANODE. IN (D), THE TEMPORAL PROFILE OF THE AR 750.4 NM EMISSION RECORDED CLOSE TO THE
CATHODE (AT AROUND 1.75 MM I.E. 0.25 MM FROM THE CATHODE) ARE SHOWN FOR RF 0 V, RF 195 V, AND RF

290 V.

3.3. Analysis of the continuum emission intensity

In Ar-based DBDs sustained by RF excitation, in addition to the Ar 2p,~>1s, transitions, optical
emission spectra typically show significant continuum emission between 300 and 650 nm [58]. The
origin of this continuum in Ar-NH; DBD is not fully determined. However, in weakly-ionized plasmas,
it is usually attributed to electron-atom neutral Bremsstrahlung [28], [39], [59]. At a fixed pressure
(and thus at a fixed population of neutral atoms), this implies that the continuum emission intensity
is related to the electron number density and to the electron average energy (or electron
temperature, assuming Maxwellian energy distribution function) [60]. This is in agreement with the
fact that it is commonly observed in RF DBD and not in low-frequency DBD characterized by much
lower time-averaged electron populations [53]. Furthermore, in RF DBDs, the RF voltage amplitude
(or RF power amplitude) has little impact on the electron temperature [28], as confirmed later using
the 1D fluid model. Therefore, over the range of experimental conditions investigated, it can be

assumed that variations in continuum emission intensity as RF voltage is varied are related to
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variations in electron densities. Hence, in Ar-based DBD, the 750.4 nm emission mostly probes the
population of high-energy electrons, whereas the continuum emission predominantly describes the
total number density of electrons [58], [61]. The spatio-temporal mapping of the continuum emission
is also analyzed in the dual-frequency DBD. Here, to avoid perturbation by other emission from Ar

2p,~1s, transitions, measurements are made at 500 nm.

Figure 6 (a)-(b) show the space- and time-resolved mapping of the 500 nm continuum emission
intensity during a half-period of the LF signal for the same experimental conditions as in Figure 5.
Here, the case of LF 650 V and RF 0V is not shown since no continuum was observed. Clearly, the
500 nm emission presented in Figure 6 (a) (LF 650 V and RF 195 V) and Figure 6 (b) (LF 650 V and RF
290 V) behaves quite differently than the emission at 750.4 nm shown in Figure 5 (b) and Figure 5 (c)
for the same experimental conditions. First, the continuum emission is present in both y mode (as for
the 750.4 nm emission) and RF-a mode (no emission at 750.4 nm). In both cases, the intensity is RF
modulated. Second, the continuum emission appears in the bulk, with maximum intensity occurring
towards the LF anode (it is maximum close to the cathode at 750.4 nm). Third, the maxima of the
continuum intensity are temporally delayed by about 30 ns with respect to the one at 750.4 nm; such
behavior results from the lifetime of Ar(2p,) state (22 ns) which would delay the argon emission. As
mentioned above, the continuum emission being linked to the electron number density, the signal at
500 nm appears when and where the electron population is high, i.e. in the plasma bulk during the y
breakdown and in the RF-a regime. As for the position of the plasma bulk in the gap, it depends on
the one of the cathode fall. On one hand, when y breakdown in the cathode sheath occurs, the bulk
is closest to the anode and the continuum emission is more prominent in this region, as seen in
Figure 6 (a) and Figure 6 (b). On the other hand, in the RF-a regime, the discharge is centered

between the two electrodes and the continuum emission appears near the center of the gap.
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In line with the results presented in Figure 5 (d) for the 750.4 nm emission, Figure 6 (c) shows the
effects of the RF voltage amplitude on the continuum emission intensity recorded close to the
cathode (at 1.44 mm). When the amplitude of the RF voltage increases from 190 to 290 V, the
continuum emission intensity rises significantly in the RF-a mode, which a much less prominent
increase in the y mode. Between the y and RF-a modes (between 3 and 7 us), Figure 6 (c) reveals that
the continuum emission intensity strongly depends on the amplitude of the RF voltage. In contrast,
the time domain between the RF-a and y regimes (between 0 and 1 ps) remains very little emissive
for both RF 195 V and RF 290 V. Finally, it is worth highlighting that for V=290 V, an additional peak
appears around 3.5 ps (labeled with a star in Figure 6 (c)). The origin of this peak will be defined later

with the understanding of the time variation of the gas voltage.

4. 1D FLUID MODELING AND DISCUSSION

As shown in the previous section, the RF voltage amplitude has different effects on the number
density of Ar(1s;) atoms, measured at two positions in the gas gap (see Figure 3 and Figure 4), on the
population of high-energy electrons, deduced from the Ar 750.4 nm line emission intensity (see
Figure 5), and on the total number density of electrons, deduced from the intensity of the continuum
emission (see Figure 6). On one hand, similar findings are obtained from the measurements of Ar(1s3)
number densities and 750.4 nm line emission intensity; this results from the fact that Ar(1s;) and
Ar(2p,) levels are mostly populated by electron-impact excitation from the ground state Ar atoms
(requiring 11.71, and 13.48 eV for Ar(1s;) and Ar(2p,), respectively) and their excitation rates
therefore reflect the population of high-energy electrons. In both sets of data, the maximum values
observed in the y mode: (i) decrease with the rise of the RF voltage amplitude, (ii) appear earlier in
the LF cycle for RF 290 V than for RF 195V, and (iii) last for a longer time with the rise of the RF

voltage amplitude. On the other hand, the continuum emission observed in the bulk, which is related
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to the number density of electrons, increases significantly between RF 195V and RF 290V, with a

more prominent rise in the RF-a mode than in the y regime.

Additional information can be obtained by comparing the space- and time-resolved optical data
recorded in this study with the predictions of a 1D fluid model of Ar-based DBD described and
validated in a previous work [47]. This model solves the continuity and momentum equations for all
species and the energy equation for electrons. It considers 7 species (Ar, Ar’, Ar,", Ar(1s), Ar,*,
photons and e’) through 11 reactions. Secondary electron emission from dielectric surfaces, induced
by impinging of Ar®, Ar,", Ar(1s), Ar,* and VUV photons is also considered. All details on reaction
rates and secondary electron emission coefficients are provided in [47]. Of note, Ar has four Ar(1s)
levels: Ar(1s,), Ar(1ss), Ar(1s,), and Ar(1ss), of which Ar(1s3) and Ar(1ss) are long-lived metastable
states. But due to the resonance radiation trapping of 1s,—'S, and 1s,—'S, photons, where 'S, is the
Ar ground state, the effective lifetimes of the resonance states Ar(1s,) and Ar(1s,) become
comparable to those of metastable states. Hence, these four states can be considered to be close to
their statistical equilibrium, with number density ratios 3:1:3:5 for Ar(1s,):Ar(1s3):Ar(1s4):Ar(1ss)
states, respectively [49], [62]. Under this assumption, these four states are treated as a single Ar(1s)

state, with a total density 12 times higher than the measured density of the Ar(1s;) level [47].

As indicated before, experiments are done for a LF voltage amplitude of 650 V, which is 50 V above
the LF breakdown for the investigated experimental conditions. In line with this result, calculations
are done at V=940V, a value 50 V above the lower LF voltage allowing a LF discharge breakdown in
the model. As for the RF voltage amplitude, the first value is set at the lowest value allowing to get a
single frequency RF discharge, Vgs=350 V. As for the second Vi value, in line with the experiments, it
is fixed 100V above this value, at 450 V. Here, the differences between the experimental and
simulated values of the LF and RF breakdown voltages can be partially attributed to the error on the
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dielectric permittivity of the Al,O; dielectrics placed on top of the metallic electrodes. This
permittivity is not measured and is set at 9 in the model [38]. Despite such slight differences in the
amplitudes of LF and RF voltages between the simulations and experiment, the agreements are

relatively good, as demonstrated below.

Figure 7 shows the Ar(1ls) number densities obtained from the model for the two RF voltage
amplitudes. In line with the time-resolved tunable diode laser absorption spectroscopy
measurements recorded at two positions in the gas gap (Figure 3), the spatio-temporal mappings
displayed in Figure 7 (a) (LF 950 V, RF 350 V) and Figure 7 (b) (LF 950 V, RF 450 V) reveal a significant
rise only once per half-period of the applied LF voltage. In addition, such increase appears mostly in
the cathode fall in the y mode. Absolute values of Ar(1s;) states predicted by the model (calculated
Ar(1s) density divided by 12) are also comparable to the ones recorded experimentally (for
V=290 V, measured Ar(1ss) density is 5.9%10™ m™, calculated Ar(1s;) density is 1.4*10" m™). As in
the experiment (Figure 3), a small increase is also observed in Figure 7 (a) and Figure 7 (b) close to
the anode. Of note, the ratio of the maximum at the cathode and the anode is about 5.3 in the
calculations and 5.2 in the experiments for the low RF voltage value. At the higher RF voltage, this
ratio is 4.8 in the calculations and 4.3 in the model. As for the evolution between RF 350V and
RF 450 V of the Ar(1s) maximum number density integrated over the top 500 um of the gap near the
top electrode, it also follows the same trend as the ones observed experimentally (Figure 4). In
particular, the maximum density decreases by 27% following the increase of the RF voltage
amplitude by 100 V. These results could be explained by a decrease of the quantity of high-energy
electrons when the RF voltage amplitude increases [35]. In addition, the peak density of Ar(1s) atoms
appears earlier on the LF cycle (this means for a lower amplitude of the LF voltage), and broadens
between RF 350 V and RF 450 V. As shown in Figure 7 (a) and Figure 7 (b), the Ar(1s) population also

increases close to the anode, as observed in the experiments (Figure 3).
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Following such validation, the space- and time-resolved optical measurements are further analyzed
based on calculated values of n. (electron number density), n; (positive ion nhumber density) and T,
(electron temperature). Figure 8 presents spatio-temporal mappings of n., n; and T, obtained from
the model [47] during a LF cycle for the two RF voltage amplitudes. In both, Figure 8 (a) (LF 950 V, RF
350 V) and Figure 8 (b) (LF 950V, RF 450 V), n. is high in the bulk and low close to the walls; this
defines the sheath region. In addition, there is a local rise close to the anode in the electron density

near the y breakdown. Between RF 350 V and RF 450V, there is an overall increase in the electron
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density, with most of this increase occurring in the RF-a regime. Overall, the space- and time
averaged value of n, rises by 31%. Assuming that the emission at 500 nm is attributed to the
electron-atom neutral Bremsstrahlung [28], [39], and is thus mostly linked to n. (assuming only small
variations of T, as confirmed below), the increase of n. deduced from the model in Figure 8 (a) and
Figure 8 (b) is consistent with the one seeing in the experiment in Figure 6 (the time and space-
integrated continuum emission intensity increases by about factor 2 between RF 195V and

RF 290 V).
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Figure 8 (c) and Figure 8 (d) show the spatio-temporal evolution of the Ar," ions density following the

increase of the RF voltage amplitude. In both conditions, the Ar," density is higher in the bulk than in

the sheaths, except during the y breakdown. In addition, the temporal evolution of the ions is slow at
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the RF scale: in contrast to the electron density that evolves at both RF and LF time scales, the
population of Ar,” mostly “sees” the LF voltage. Since ionization of Ar by high energy electrons
produces Ar’, which is rapidly converted to Ar," ions by 3-body reactions with 2 ground-state Ar
atoms [47], Ar," is the dominant positive ion and, at the LF scale, its behavior is expected to follow
the one of the high-energy electron population (behavior visible in both the number density of Ar(1s)
atoms (Figure 4) and the Ar 750.4 nm line emission intensity (Figure 5)). Here, the space- and time-

averaged value of Ar," increases by 24% between RF 350 V and RF 450 V.

As for the spatio-temporal mapping of the electron temperature presented in Figure 8 (e) and Figure
8 (f), the values are lower in the bulk than in the sheath. As expected, the maxima of T, appear in the
cathode sheath during y breakdown. At the a -y transition, one can also see an increase of T,
throughout the gap: this is the consequence of the deformation of electric field in the bulk to
evacuate the electrons created in the cathodic sheath in order to maintain the quasi-neutrality in the
plasma bulk. Such behavior corroborates the increase from the cathode to the anode observed
during y breakdown in Figure 4 for the Ar(1s) and in Figure 5 for the Ar 750.4 nm line emission
intensity. Figure 8 (e) and Figure 8 (f) further show that the space- and time-averaged value of T, only
slightly rises (+5%) between RF 350 V and RF 450 V. Here, this very small increase mostly results
from an increase of T, in the bulk, which is partially compensated by a decrease in the spatio-
temporal domain of high T, values in the y regime (the cathode sheath is much larger at RF 350 V
than at RF 450 V). Such aspect is investigated in more details by examining the behavior of the gas
voltage. Here, it is worth recalling that in DBDs, due to the presence of charges on dielectric surfaces,
the voltage applied to the gas does not correspond to the voltage applied to the electrodes by the LF

and RF generators [63].
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Figure 9 (a) and Figure 9 (b) show the gas voltage calculated from the model for the two RF voltage
amplitudes. In both cases, the shape is characteristic of a low-frequency DBD operated in a glow
regime [64] to which is added a RF voltage. The y breakdown is recognizable by the fast drop in the
gas voltage amplitude just after its maximum value. The RF-a regime occurs between two y
breakdowns, when the gas voltage oscillates around 0 V, i.e. when the LF contribution to the gas
voltage is low. As expected, the RF-a mode is directly linked to the amplitude of the RF voltage: thus,
by increasing the RF voltage amplitude, events due to the a regime are reinforced. For the y mode,
Figure 9 (a) and Figure 9 (b) show that the trend is different. The increase from RF 350 V to RF 450 V
globally increases n. and n; in the bulk, as seen in Figure 8, and this promotes LF breakdown in the y
mode. Here, y breakdown occurs at a lower gas voltage with increasing RF voltage amplitude

(maximum gas voltage is 844 V for the LF + RF 350 V and 787 V for the LF + RF 450 V).

1000 1000

----- (@) (b)

N Wnﬁ MU\WIM’W

7 ‘ "WIW MJ 'WWW I‘M“\' :
'M’”'“u‘ 4 TS J\V hMJmJ\MMH L

-600
Time (ps) Time (ps)

800

=]

=
E=)

400

=]
=)

200

=

o

Vg (V)
Vg (V)

=]
=)

=201

k=]
o
=)

-40

=3

-600

=]
1 L

-800 -800

FIGURE 9. CALCULATION OF THE GAS VOLTAGE DURING THE LF PERIOD FOR (A) LF 940 V AND RF 350 V, (B) LF
940 V AND RF 450 V.

Figure 10 presents a decomposition between LF (a) and RF (b) contributions of the voltage applied to
the gas and the voltage across the dielectrics (V4) for the same conditions as in Figure 9. Here, the LF
contribution corresponds to the RF-smoothed signals of V, and V4 and the RF contribution
corresponds to the amplitude of the RF oscillations on V, and Vg, calculated from the difference

between their upper and lower envelope values. For both RF 350V and RF 450V, Figure 10 (a)
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reveals that the LF gas voltage increases until the y breakdown, after which it decreases during a
short time. The second rise of V, starts around 2 and 12 ps: this results from the fact that after the y
breakdown, the applied LF voltage is still rising such that V, follows the same trend. This latter
behavior, coupled with the fact that for the LF 940 V + RF 450 V, n,. is greater than for LF 940 V + RF
350V, also explains the origin of the additional peak of the continuum emission during the y-to-a
transition displayed in Figure 6 (c). By increasing the RF voltage, the y breakdown appears earlier, i.e.
for a lower LF voltage amplitude. In addition, the slope of decrease/increase of V, due to dielectric
charge after the y breakdown is lower for LF 940 V + RF 450V, than for LF 940 V + RF 350 V.
Concerning Vg, the main visible change is also linked to the time of the increase/decrease of Vg after
the y breakdown. Since the a -y transition occurs earlier for higher RF voltage amplitudes, i.e. for a
lower LF voltage, the dielectric charges earlier and slower, and this induces the same behavior on V..
Consequently, the rise in the population of Ar(1s) and Ar(2p) is expected to occur earlier and both
peaks are expected to broaden when the RF voltage amplitude rises; such findings are consistent

with the experimental results presented in Figure 4 and Figure 5.
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As for the RF amplitude, Figure 10 (b), reveals that most of the applied RF voltage is applied to the
gas, with only a small drop across dielectrics. When the y breakdown occurs, charge density increases
in the plasma (particularly in the sheath) such that losses and thus charging at the dielectric walls
also increase. With such charging of dielectrics, Vg increases, and this leads to a decrease of V,. Over
the range of experimental conditions investigated, Figure 10 (b) further shows that the amplitude of
the RF component of V, increases by only 75 V (averaged over the LF cycle) following the increase
between RF 350 V to RF 450 V. Hence, a larger fraction of the applied voltage goes to the dielectrics

with increasing amplitude of the RF voltage.

Such analysis of V,; and V clearly underlines the importance of dielectrics for a detailed analysis of
DBDs exhibiting the a - y transition. On one hand, as the amplitude of the RF voltage increases, the y
breakdown appears earlier in the LF cycle, a lower maximum gas voltage is distributed in the gap
(mainly in the cathode sheath) and this yields to a weaker local electric field. This weaker local
electric field accelerates less the electrons in the sheath, inducing a decrease of the spatial and
temporal domains of high energy electrons. This results in a decrease in the local production rates of
reactions requiring high-energy electrons, for example, excitation and ionization of Ar in the cathode
sheath edge. Again, this finding is consistent with the results presented in Figure 4 and Figure 5
showing a decrease of the main Ar(1s) and Ar(2p) peak intensities when Vg is increased from 195 V
to 290 V. On the other hand, a rise in the amplitude of the RF voltage increases the power absorbed
and dissipated by electrons in the RF-a mode. In line with the spatio-temporal mappings of the
continuum emission displayed in Figure 6, this produces higher number densities of charged species

in the bulk, which explains the a - y transition for a lower gas voltage value.
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5. Conclusion

Spatio-temporal mappings of the populations of metastable atoms Ar(1ls) and of the emission
intensities of Ar(2p) states as well as the continuum emission in Ar-based DBDs exhibiting the a -y
transition were analyzed by space- and time-resolved optical absorption and emission spectroscopy.
It was shown that the 50 kHz—5 MHz dual-frequency discharge allows to control the discharge
fundamental properties through judicious change of the amplitude of the RF voltage. The higher is
the RF voltage amplitude, the higher is the electron density in the bulk and the closer the discharge is
to the typical RF-a regime characterized by an ohmic heating of plasma electrons in the bulk.
Consequently, in such conditions, the phenomena linked to the y breakdown (in particular, the
production of high-energy electrons in the cathode sheath) have a much lower contribution. It was
further shown that increasing the RF voltage amplitude reduces and delays the excitation rate of Ar
atoms, thus the maximum values of the Ar(1ls) metastable density and of the Ar 750.4 nm line
emission intensity, observed in the y mode. On the other hand, the continuum emission observed in
the bulk, which is related to the number density of electrons, increased significantly, with a more
prominent rise in the RF-a mode than in the y regime. Such behaviors, which seemed surprising at
first glance, are very well explained by the decrease in the gas voltage necessary to cause the self-
maintenance of the cathode sheath when the electrons and ions densities increase, and leads

therefore to the y breakdown.
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