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Abstract

The uniform propagation of positive-polarity surface plasmas in air at atmospheric pressure has been
achieved using a multi-layer structure, consisting of a silicon wafer covered by a 1 um thick dielectric
SiO; layer as a propagation surface. Instead of the branched streamers observed in the same conditions
when using conventional bulk dielectric surfaces, the plasma exhibits a homogenous ring-shaped
structure with a high degree of reproducibility and stability. The plasma is generated by applying
nanosecond positive voltage pulses to a tungsten wire touching the dielectric surface. The plasma has
been imaged in single shot operation at high spatial resolution with an ultraviolet reflective microscope
coupled with a fast intensified charge-coupled device camera. Time-and space-resolved optical
emission spectroscopy shows that the homogenous ring corresponds to the propagation of an
ionization front with a region of high N,** emission. We discuss the origin of the ring-shaped ionization
wave, considering the role of the Si-SiO, interface and the effect of illumination by an external light
source. The ring ionization wave may result from branching inhibition, due to a photoelectric effect at
the interface created by the photons emitted by the plasma. The generation of stable uniform surface
ionization waves, in ambient air at atmospheric pressure, could be of interest for further advanced
plasma-surface interaction studies or flow control applications.

1. Introduction

Surface dielectric barrier discharges (SDBD) have been of growing interest in the past 20 years,
especially with the development of numerous applications in flow control [1]-[3], plasma assisted
combustion [4], surface treatment for activation [5], materials processing [6] and many other examples
in both fundamental and applied research [7]. In order to optimize the efficiency of plasma actuation,
several authors have studied the influence of the propagation surface itself on the plasma dynamics.
As shown by Roth and Dai [8] and Fine et al [9], the use of a higher permittivity material could enhance
the momentum transfer of the actuator. Opaits et al [10] modified the plasma propagation surface
with a slightly conductive silicon coating to evacuate surface charge. Starikovskiy et al [11], [12]
developed a semiconducting surface dielectric barrier discharge, with the propagation surface
designed as a diode array. The authors showed that reverse breakdown could be suppressed with this
configuration. With a wide range of conductive layers (distilled water, saline solutions, alcohols)
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covering Kapton dielectric films, Leonov et al [13] discovered that the surface conductivity affects the
plasma differently depending on the RC time constant (where R is the plasma resistance and C is the
actuator capacitance) of the liquid surface relative to the characteristic time of the nanosecond voltage
waveform. When the liquid surface reacted fast enough, i.e. with a small RC time constant, the authors
showed that it acted like an extension of the high voltage electrode, which led to increased energy
storage in the surface. The authors emphasized the relationship between the plasma and the
propagation surface itself for the further development of plasma actuators for flow control.

In atmospheric-pressure air, the plasma generated with SDBDs typically exhibits a non-uniform
structure. With a nanosecond pulsed surface discharge in synthetic air, Stepanyan et al [14] have
shown that the synchronized propagation of multiple streamers from the cathode at atmospheric
pressure could lead to a quasi-uniform plasma. At higher pressure and voltage amplitude, the structure
transforms from quasi-uniform to filamentary. Recently, Ding et a/ [15] have shown that this transition
was a function of the applied high voltage and amplitude and can be considered as a general feature
for any mixture containing molecular gases. The authors also reported that the transition from quasi-
uniform to filamentary occurs with characteristic changes to the optical emission spectra, with the
disappearance of molecular excitation bands and the emergence of dominant atomic lines emission.
The transition is also marked by an increase in the current up to several amperes per filament. SDBD
at even higher pressure (>1 MPa) can enter a field-emitting Townsend regime in which optical emission
spectra are purely continuum in nature [16]-[18]. With the recent development of optical laser
diagnostics, the electric field components associated with the surface ionization wave propagation are
not only to the subject of numerical studies [19], [20] but have also been successfully measured [21],
[22].

Nevertheless, despite considerable progress, the understanding of plasma propagation dynamics and
interactions with the surface is still a challenge. One reason is that streamer branching often impedes
the reproducibility of a single discharge event. Petrishchev et al [23] generated reproducible and
homogenous ionization waves but only at low pressure (between 5 Torr and 100 Torr). In a point to
plane discharge configuration, Takahashi et al [24] succeeded in controlling the branching of positive
streamers by using external laser irradiation. When the plasma propagated in the illuminated region,
the higher ionization in this region suppressed the branching of the streamer. Nijdam et al [25] also
demonstrated that a positive streamer could be guided by preionization from the free electrons
generated by laser illumination. The studies [24], [25] concern volume discharges. To our knowledge,
there is no such study on SDBD.

Recently, Pai et al [26] have shown that it was also possible to use as a propagation surface a thin film
(40 nm) of alumina deposited on a silicon wafer. Conversely to what it is observed on the silicon
without the film, the plasma is not confined to the anode anymore and can propagate on the surface.
In this paper, we continue the development of these multi-layer propagation surfaces and we report
to the best of our knowledge the first observation of a homogenous surface ionization wave using
positive ns pulses in ambient air at atmospheric pressure, in a SDBD configuration. The plasma
propagates without any branches and exhibits very good reproducibility from pulse to pulse. This is
achieved by using a particular multi-layer as a propagation surface. Instead of a classical bulk dielectric,
a silicon wafer covered by a 1 um thick dielectric layer of SiO; is used. The experimental setup is
presented in section 2. The results and discussion are detailed in section 3, where we compare the
plasma generated on glass versus the Si-SiO, bilayer using time- and space-resolved emission
spectroscopy. We propose a mechanism for the ring ionization wave, emphasizing the influence of the
interface between the silicon and the SiO, layer. To support this explanation, we also perform
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experiments on other multi-layer structures and examine the effect of an external illumination source
on plasma propagation. Concluding remarks are presented in section 4.

2. Experimental setup

Due to small dimensions of the plasma propagation, highly time- and space-resolved diagnostics are
essential to resolve the propagation dynamics, such as cross correlation spectroscopy with sub-ns and
sub-mm resolution [27], [28] or microscopic imaging to magnify the image [29]. In this paper, we use
a reflective ultraviolet (UV) microscope objective based on a Schwarzschild or inverse Cassegrain
design [30]. Briefly, it is based on a concentric two-mirror system whose magnified image is free from
chromatic aberration and corrected for spherical aberration, coma, and astigmatism. Figure 1 (a.)
shows the discharge geometry in an asymmetric SDBD arrangement facing the microscope objective
used for imaging (b.) and optical emission spectroscopy (OES) (c.). For OES the slit was 100 um wide.
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Figure 1: Schematic view of the SDBD geometry and the reflective microscope, with the ns voltage pulse
waveform used (a). Schematic view of the microscopy optical bench used for fast ICCD imaging (b.). Time- and
space-resolved optical emission spectroscopy is performed when the ICCD camera is mounted on the
spectrometer (c).
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The plasma is generated in ambient air at atmospheric pressure. The anode is connected to a high
voltage (HV) pulse generator (FID Technology FPG 40-30 NK) that produces positive pulses of 30-ns
duration with a pulse repetition rate set at 50 Hz in all cases. The applied voltage was measured using
a passive probe (Lecroy PPE 6 kV) with 400 MHz bandwidth. All current and voltage signals were
acquired using an oscilloscope with 2-GHz bandwidth (Lecroy Waverunner 204 MXI). The anode is a
tungsten wire (Goodfellow 99.95% purity) with a diameter of about 100 um, placed into mechanical
contact with the surface using a micrometric translation stage. The propagation surface is a silicon
wafer (500 um thickness, p-type) covered by a 1-um thick layer of thermally grown SiO, (Wafernet).
For the sake of clarity, the Si-SiO, assembly will be referred to as the “Si-SiO; bilayer”. To limit the
current and surface damage, the bilayer is fixed onto a borosilicate glass plate (1 mm thick) that is
grounded by copper adhesive. For comparisons with plasma propagation on the glass plate, the bilayer
is removed for direct contact between the glass plate and the wire. A 10 kQ series resistor is also used
to reduce the current further. The plasma can then be switched on for several hours without damaging
the surface at a repetition rate of 50 Hz and voltage amplitude up to 4 kV (compared to only a few
minutes without the glass plate). A current transformer (Bergoz CT-D5.0, 400 Mhz bandwidth) was
used to follow in real time the damage to the surface during imaging and OES measurements. When
the surface is damaged, the current waveform becomes highly unstable from pulse to pulse. All devices
are synchronized using a generator delay (Stanford Research Systems model DG645).

The objective (Beck Optronic Solutions, model 5002) possesses a focal length of 13.4 mm, numerical
aperture of 0.50 and working distance of 23.2 mm. The aluminum mirrors reflect efficiently from 200
nm to 10 um. The surface is set at the focal point of the microscope objective, with a second
micrometric translation stage (Figure 1(a.)). The tube lens is a plano-convex achromatic doublet with
a 125 mm effective focal length and a 345 nm- 700 nm antireflection coating. It is used to form the
image onto the intensified charge-coupled device (ICCD) detector (Princeton PIMAX4) or entrance slit
of the spectrometer (Acton SP2500i), respectively for imaging (Figure 1(b.)) or optical emission
spectroscopy (OES) (Figure 1(c.)). In our experimental conditions, the magnification is 9.3X. The error
on the size on ICCD images is estimated to be 3 um.

3. Results and discussion

3.1 Plasma propagation dynamics of the Si-SiO. bilayer versus glass SDBD

Figure 2 shows the plasma propagation on the Si-SiO; bilayer as a function of time, with the applied
voltage set at 2 kV. The dark region at the center of each frame is the contact point of the anode tip.
The outer diameter of the discharge is defined as the average of the values from the top to the bottom
and from the left to right of the luminous regions. The propagation speed is the distance traveled by
the plasma between two images, divided by their relative time delay, averaged over four locations
(top, bottom, right, and left).

Several distinct phases are visible during plasma propagation:

- Just after plasma ignition at 10 ns, the plasma propagates in a fully homogeneous way until 14
ns. At 14 ns, the diameter is 390 um. This phase will be referred to as the homogenous
propagation phase.

- The region close to the wire starts to dim slightly at 15 ns, which is clear at 16 ns. It results in
the formation of a ring structure. The ring continues to propagate up to 24 ns. From 15 ns to
24 ns, the outer diameter increases from 425 um to 552 um. This phase will be referred to as
the ring propagation phase.
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- From 29 ns to 59 ns, a secondary plasma is ignited and propagates. This secondary plasma is
homogenous and does not exhibit a clear ring structure. At 59 ns, the diameter is 506 um.

Figure 2 : Single-shot ICCD images of the plasma generated on the Si-SiO: bilayer, as a function of the delay
relative to the start of the voltage pulse at 0 ns. The applied voltage is 2 kV. The exposure time for each image is
4 ns.

The plasma propagation velocity is 2.5 10° cm/s (10 %) during the homogenous phase from 10 ns to
14 ns and drops during the ring propagation to 9.6 10° cm/s (£6 %) from 15 ns to 19 ns and then down
to 4.5 10° cm/s (¥9 %) from 20 ns to 24 ns. By 24 ns, the ring appears to stop expanding. From 29 ns
to 47 ns, the propagation velocity of the secondary plasma is 8.3 10° cm/s (4 %). The ring thickness
progressively decreases during propagation (90 um at 16 ns, 67 um at 19 ns and finally 37 um at 24
ns).

A corona discharge is also visible close to the anode tip, presumably because the corona onset
threshold is reached at the triple junction between the anode tip, the Si-SiO; surface, and the air. The
number and stability of the coronas depend on both the tip shape and the condition of the mechanical
contact between the tip and the surface.

Figure 3 shows the effect of the applied voltage on the ring propagation distance. The plasma is imaged
at the end of the ring propagation phase, at the same time delay At after plasma ignition, for each
applied voltage value. Compared to the ignition time with the applied voltage set at 2 kV, the plasma
is respectively ignited 3 ns later and 1 ns sooner at 1 kV and 3 kV.
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Figure 3 : Single shot ICCD images of the plasma for applied voltages from 1.0 kV to 3.0 kV. All images are taken
close to the end of the ring propagation phase (At=12 ns). The exposure time for each image is 4 ns.

The propagation distance is directly related to the voltage amplitude. From 1.5 kV to 3 kV, the ring
diameter from top to bottom increases from 456 um to 698 um. Between 1.0 and 1.5 kV, the increase
is sharper, from 262 um to 456 um. Compared to Figure 2 at 2 kV, the ring shape is more elliptical. It
could be due to the presence of two coronas at the anode, rather than one. However, the ring becomes
more circular at greater distance from the anode. The ring thickness also increases with the voltage
amplitude from 28 um at 1.0 kV to 42 pum at 3.0 kV, which is 33 % higher.

Figure 4 (a.) compares ICCD images of the plasma for the glass plate and for the Si-SiO; bilayer when
the applied voltage is 2 kV, which is close to the breakdown threshold for the glass plate (1.8 kV in our
conditions). For the Si-SiO; bilayer the threshold is only about 650V. The plasma is consequently ignited
about 6 ns later on the glass plate. In order to compare the pulse—to-pulse reproducibility, three images
with the same time delay are selected in Figure 4 (a.), when the plasma propagation is well underway
for both types of surfaces.

glass plate (tot. current)
a. b. —— Si+Si0, (tot. current)

400 + - - - capacitive current L 2000

300
- 1500
200

Glass plate

100

0 L 500
; 100
‘ 2 - 0
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Figure 4 : Single shot ICCD images of the plasma at a fixed time delay (21 ns) with the applied voltage being 2 kV
(a.). Applied voltage waveform (blue solid) with the current waveforms of the Si-SiO:2 bilayer (red solid) and glass
plate (black solid) cases, as well as the capacitive current (dashed) (b.). The exposure time for each image is 4 ns.

On the glass plate, the plasma propagates in a branched way. The distribution of these branches over
the surface changes from one pulse to another. This is a classic case of streamer propagation,
particularly when cathode directed. Because the applied voltage here is only 0.2 kV higher than the
breakdown voltage, the plasma remains close to the wire with a low level of branching. Furthermore,
even for a fixed time delay, the branches were also imaged either in the early or late phase of their
propagation, which is due to the jitter of breakdown. Conversely, for the Si-SiO; bilayer in the same



Page 7 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-103658.R1

operating conditions, the plasma exhibits the stable ring shape with high pulse-to-pulse
reproducibility.

Figure 4 (b.) shows the total current for the Si-SiO; bilayer and the glass plate cases, which includes the
capacitive and discharge currents, as well as oscillations possibly due to additional parasitic elements
introduced by the plasma. With the glass plate, the plasma contribution to the total current is weak
compared to the capacitive current. The two curves start to diverge at 15 ns, when the plasma ignites
on the glass plate. However, the plasma-induced contribution is higher for the Si-SiO; bilayer. The
plasma is ignited during the rising edge of the voltage pulse and is associated with a sharp current
increase from 67 mA at 9 ns to 394 mA at 11.5 ns. The secondary plasma depicted in Figure 2 is ignited
at the falling edge of the voltage pulse and is associated with a negative current peak of -279 mA. The
value of the current depicted in Figure 4 (b.) is one order of magnitude lower than the current of
filaments reported by Ding et al [15], but higher than those usually reported for streamers in SDBD
[31]. In [31], Hoder et al have clarified the charge transfer mechanism for SDBDs, with a detailed
experimental analysis. Here, we must point out that due to the particular Si-SiO, bilayer features (see
Figure 8), the large current peaks in Figure 4 (b.) may result from discharge current together with
current originating from within the Si-SiO; bilayer.

Figure 5 compares ICCD images of the plasma generated on the glass plate and on the Si-SiO; bilayer
for higher applied voltage (3 kV). As explained in Figure 4, the plasma ignition time is not the same
between the two cases. In order to simplify the description, the time delay At indicated here is relative
to the moment of plasma ignition for each type of surface.

At=11ns

Figure 5 : Single shot ICCD images of the plasma generated on the glass plate (top row) and on the Si-SiOz bilayer
(bottom row). The time delay At is relative to the moment of plasma ignition. The applied voltage is 3 kV. The
exposure time for each image is 4 ns.

On the glass plate, the plasma is homogenous for the first 2 ns after plasma ignition. Then it starts to
branch at At=3 ns, quickly leaving the field of view (At=6 ns). Between At=6 ns ns and At=7 ns (not
shown) the region close to the wire starts to go dark while the streamer heads continue to propagate
out of the field of view. Compared to Figure 4, the propagation distance is greater and the velocity is
higher (in the range of 107 cm/s), because the voltage amplitude is higher. For the same reason, the
level of branching is also higher.

Conversely, on the Si-SiO; bilayer, the branches do not appear at At=3 ns and the plasma stays
homogenous. Then the ring appears and propagates, as depicted previously in Figure 2. Comparing the
two cases shown in Figure 5, the propagation distance is also clearly lower on the Si-SiO; bilayer.
Because the ignition time is not the same for the plasma on the two surfaces, the voltage amplitudes
during the plasma propagation are also not the same. Between At=3 ns and At=6 ns after the plasma
ignitions, the voltage is close to its maximum amplitude for the glass plate, while it is in the rising edge
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on the Si-SiO; bilayer (as depicted in Figure 4 (b.)). Consequently, it is not possible to attribute the
slower propagation velocity observed on the Si-SiO; bilayer only to a surface effect.

Also, the light emission is more intense on the Si-SiO; bilayer, which is consistent with the current
amplitude depicted in Figure 4 (b.). The width of the streamers at At=11 ns ranges from ~90 um to a
few hundred um, which is higher than the ring thickness at At=11 ns (40 um).

Compared to plasma propagation on bulk dielectrics, the major difference is the complete absence of
branching and a high pulse to pulse reproducibility. The propagation distance is also reduced. On the
glass plate, we observed that the IW starts homogenously and then branches 2 ns after the plasma
ignition (Figure 5). This phenomenon has been previously simulated by Xiong and Kushner [32]. On the
Si-SiO; bilayer however, it seems that the branching is fully inhibited and the plasma keeps its initial
homogenous state.

3.2 Plasma spectral emission for the case of the Si-SiO bilayer

Figure 6(a.) shows the image of the discharge at 19 ns, for the conditions of Figure 2. The image was
taken using the OES setup of Figure 1(c) with the slit completely open and the grating positioned to
reflect light in zero order. Also indicated is the portion of the image spatially filtered by the slit when
adjusted to the width used for OES. The filtered image was diffracted by the spectrometer to produce
the spatially resolved emission spectrum. Over the 200 — 900 nm range, N>*(0,0) at 337.1 nm is the
dominant spectral feature. The spectral region between 388 nm and 400 nm is chosen to observe the
change of the N,**(0,0) emission at 391.4 nm and N," emissions (bands (2,5) at 394.3 nm and (1,4) at
399.8 nm). Figure 6 (b.) shows spatially integrated spectra in four regions of interest.

The regions (1.) and (4.) are respectively the top and the bottom of the ring edges, where N,** emission
is clearly higher than that of N,*. The N,*"(0,0) band emits strongest, but N,**(1,1) emission at 388.4
nm is also weakly present. However, the region (2.) close to wire shows a dominant N,*(1,4) band
compared to N,*". Also, the total intensity of plasma emission decreases significantly. For the region
(3.) where corona emission is dominant, all the N,* emissions are strong compared to N,*". For the
region (3.), the N;"(3,6) emission at 389.4 nm is also clearly visible (overlapped by the band structure
of N,*(0,0) in the regions 1. and 4.).

The plasma spectral emission in the ring region thus strongly differs from that close to the anode tip.
As previously reported by Starikovskaia et al [33], such a high level of N,**(0,0) emission is evidence of
a space charge region with a high local electric field. Consequently, the propagation of the plasma ring
corresponds to the propagation of an ionization front.
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Figure 6 : ICCD image of the ring plasma at 19 ns with the slit position for OES sketched in dashed lines, and the
corresponding emission spectrum at each position along the dimension of the slit (a). The spectra in the delimited
regions (1.,2.,3.,4.) result from the binning of illuminated regions (b). The light is integrated 4 ns and accumulated
over 5000 pulses (1000 pulses accumulated on the ICCD per acquisition, averaged 5 times).

The dynamics of plasma propagation is illustrated in Figure 7 with spatially-resolved spectra at several
time delays, in the same experimental conditions as Figure 2 and Figure 6.

At 15 ns, the N>** emission extends all along the plasma propagation path. This corresponds to the
very beginning of the ring propagation phase depicted in Figure 2 at the same time delay. Because
discharge ignition occurs at 10 ns and the integration time is 4 ns, this image integrates almost all the
plasma propagation since its ignition. At 16 ns two intense heads of the ionization fronts are detached,
while the light intensity decreases behind in the “channel”. At 22 ns (close to the end of the ring
propagation), the two fronts have propagated almost to their maximum distance. At this time, an
appropriate colormap (not shown) reveals that weak emission of N,*" persists along the whole
propagation path. Thus, the fronts are not fully disconnected from the anode tip.

The images at 32 ns and 37 ns show the propagation during the secondary plasma ignition phase
depicted in Figure 2. Unlike the case of homogenous propagation and ring propagation phases, the
“head” of the plasma is not defined by a dominant N,** emission but rather by N,*(1,4) emission,
similar to region 3 in Figure 6(b.). In this case, all the N,* bands emit more strongly in this spectral
range than N;"*(0,0). This indicates that during the reverse breakdown (during the falling edge of the
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voltage pulse in Figure 4 (a.)), the propagation of the secondary plasma is not driven by the same
mechanism as the primary plasma but is likely related to the charges deposited after the primary
propagation, as for the reverse breakdown mechanism reported in the literature [12], [22], [34]-[36].

Wavelength (nm)

389 390 391 393 394 395 396 398 399 400

T N,*(0-0) N,(2-5)
m
=

-~

15 ns

16 ns

22 ns

32 ns

37 ns

Figure 7: Spatially resolved spectra at selected times.The experimental conditions are the same as Figure 2 and
Figure 6. The brightness scale is adjusted in order to highlight in red the emission at 391.4 nm (i.e. saturated in
the corona discharge region at 15 ns and 16 ns).

To summarize, the propagation of the plasma on the Si-SiO, bilayer could be attributed to an ionization
wave (IW). It is first characterized by dominant molecular excitation, as for streamers on SDBD [15].
The dominant excitation of N,**(0,0) between 388 and 400 nm is evidence of a space charge region
with a high electric field. The IW first propagates outward uniformly, leaving behind a filled bright circle
indicating that the space charge is not yet sufficient to screen the electric field. Once screening occurs,
the electric field behind the IW weakens. This region goes dark, thus creating the ring.

Page 10 of 21



Page 11 of 21

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-103658.R1

These are the steps expected for any positive streamer in the process of detaching from an anode.
Consequently, the ring thickness reflects the balance between the excitation at the IW head and the
recombination in the channel behind. The minimal size we measured in our condition was 28 um
(£3 um), which is consistent with some of the smallest values reported in the literature [29]. The
propagation velocity depicted in Figure 2 during the homogenous phase from (about 10° cm/s) is also
in the range of previously reported values for positive surface IW [28], as for the lowest velocity during
the ring propagation phase (about few 10° cm/s) [37]. Nevertheless, we point out that between 10 ns
and 15 ns for the homogenous propagation phase and between 15 ns and 19 ns for the ring formation
phase, the voltage amplitude increases (see Figure 4 (b.)) while the propagation velocity drops. This
dependence of the propagation velocity on applied voltage is unusual because the propagation
velocity typically increases with the applied voltage amplitude [19], [31].

3.3 Proposed mechanism of uniform propagation of the ionization wave

Uniform IW propagation is likely due to the use of the bilayer, as the material is the only variable in
Figures 4 and 5. The plasma propagates on the dielectric SiO; layer, which covers the Si wafer. Silicon
is well-known for its photo emissive properties. Photons with at least 1.1 eV of energy (i.e. wavelengths
shorter than 800 nm) are absorbed and generate electron-hole pairs. The coupling interaction between
an electron-ion plasma and electron-hole plasma has been extensively studied by the Eden group [38]—
[41]. The high electric field of the plasma in the cathode fall region forces electrons to tunnel through
the potential barrier at the interface between a semiconductor exposed directly to a low-pressure
plasma. In the present paper, however, the plasma is isolated from the silicon by the 1 um thick oxide
layer, which is too thick to allow tunneling.

The propagating ionization front on the dielectric layer is both a source of photons, especially in the
UV, and of high local electric field due to space charge. Based on the experimental SDBD configuration
of Starikovskii et al [42], Babaeva et al [19] have modelled the propagation of the surface IW in positive
and negative polarity. For positive polarity, a cathode sheath layer is formed near the surface. It leads
to an elevation of the ionization front above the surface by about 20-40 um and to a high electric field
amplitude (several hundreds of kV/cm), which was also experimentally observed by Stepanyan et al
[43].

The vertical electric field is perpendicular to the propagation surface. Consequently, once the electron-
hole pairs have been generated in the Si bulk, the electrons are pulled upward to the Si-SiO; interface
and the holes are pushed downward into the silicon bulk. The charge separation between electrons
and holes leads to the formation of space charge inside the silicon. The time scale of electron-hole
generation and the resulting Coulomb interaction is about 10 ns according to Huber et al [44].
Therefore, it can be considered as instantaneous at the time scale of plasma propagation. The electron
mobility in silicon is about 1400 cm?Vs? and about 400 cm?V-s? for the holes. Assuming an electric
field of about 10 kV/cm in the silicon close to the interface, the holes can drift at 4um/ns and the
electrons at 14 um/ns. The electrons would then accumulate very quickly at the Si-SiO, interface
because the oxide layer is too thick (1 um) to allow electron tunneling. Because the ionization front is
both a source of photons and intense local electric field, plasma propagation would occur
simultaneously with the accumulation of negative charge at the interface in the immediate vicinity of
the front, as sketched in Figure 8. This interfacial space charge would be localized and synchronized
with ionization front propagation, and may “guide” the IW toward the surface. Nijdam et al [25]
demonstrated the guiding of positive streamers in air by free electrons generated by laser illumination,
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but in our case the guiding electrons would be the accumulated photoelectrons at the Si-SiO; interface
that do not contribute directly to avalanche ionization.

With a statistical photon transport and photoionization model embedded into a fluid-based plasma
transport model, Xiong and Kushner [32] have studied the origin of path deviation and branching of a
positive streamer in air at atmospheric pressure. The initially uniform space charge layer (SCL) is quickly
perturbed (2 ns after the discharge ignition) by back-travelling secondary avalanches initiated by
random photoelectrons ahead of the front. The induced asymmetry in the SCL could lead to path
deviation or branching, depending on the strength of the secondary avalanche. The authors have
emphasized the importance of the local environment of the streamer head and on the magnitude of
the electric field ahead of the streamer. They have also shown that if the majority of the avalanches
occurs in closer proximity to the front, the probability of path deviation and branching decreases. Thus,
when the IW propagates on the Si-SiO, bilayer, the interfacial space charge concentrates the electric
field near the front, and likewise the secondary avalanches, as sketched in Figure 8. This could inhibit
branching and preserve the initial shape of the SCL during propagation. It could also result in the drop
of the propagation velocity while the voltage amplitude is still increasing, as depicted in Figure 2.
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Figure 8 : Schematic illustration of IW propagation on the Si-SiO: bilayer, with the local accumulation of negative
space charge at the interface, due to photoelectric conversion in the Si bulk. The IW is then “guided” toward the
surface, with a tilt in its propagation direction compared to the propagation on a bulk dielectric.

To verify the presence of a photoelectric effect, Figure 9 shows the effect of focusing a continuous
wave laser at 532 nm on the surface, ahead of the IW, for the discharge conditions of Figure 2 (the
applied voltage is 2 kV). The laser photon energy is 2.3 eV, which is sufficient to generate electron-hole
pairs in silicon. To focus the laser and perform imaging, we employed the Raman micro-spectrometer
described in Pai et al [26] using a 3X visible objective. As such, only visible emission was acquired in
the images of Figure 9, with the laser spot filtered out by a notch filter. The laser spot was
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approximately 40 um in diameter and the power of the laser beam at the surface is 0.7 mW, yield a

power density of about 60 W.cm™.

Figure 9 : Images in the visible range of plasma propagation at several times after the plasma ignition for an
applied voltage of 2 kV, with the laser off (top) and on (bottom). The laser spot position (~ 40 um diameter) is
sketched in dashed lines. The brightness scale (same for all images) is adjusted in order to highlight the small
change of light emission at the plasma edges at At = 8 ns and 10 ns and is saturated close to the anode tip. The
images are integrated 4 ns and accumulated over 1000 pulses.

Laser OFF

Laser ON

At At=2 ns after plasma ignition, the plasma propagation is not affected by the laser illumination.
However at At= 4 ns, with the laser on, the plasma bulges slightly in the direction of the laser spot. At
this time, the IW has not yet reached the spot. At At=6 ns, the bulge of the IW becomes prominent. At
At= 8 ns, a very localized region of high intensity close to the laser spot is clearly visible. Without this
external illumination at the same time delay, the ring-shaped ionization front remains quite
homogenous. At At=10 ns the total light intensity decreases, but the deformation of the front is still
visible. Thus, the external illumination clearly influences plasma propagation, even before the plasma
reaches the laser spot. This may be possible if the laser-generated electron-hole plasma causes a local
enhancement of the electric field, due to the negative SCL just under the SiO; layer. This local field may
act at a distance to deform the IW front.

Figure 10 compares additional ICCD images in the same experimental conditions than for the Figure 9,
for the fixed time delay of At= 10 ns. Right after the laser is turned on, an image resulting of 1000
pulses accumulation on the CCD is taken. Due to the limitation of the frame per second number
allowing by the ICCD camera in the region of interest, it takes approximately one minute. Then, keeping
the plasma on, the laser is turned off and another image is taken immediately afterwards. Finally, still
keeping the plasma on with the laser off, images are taken every subsequent 5 minutes.
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laser ON Just after laser OFF 15 min after laser OFF

At=10 ns

Figure 10 : ICCD images of the plasma 10 ns after plasma ignition during and after laser illumination. The
brightness scale (same for all images) is adjusted in order to highlight the change of light emission at the plasma
edges at 10 ns and is saturated close to the anode tip. The images are integrated 4 ns and accumulated over 1000
pulses.

Just after the laser is turned off, the plasma does not recover its initial state (Figure 10, middle).
Instead, a “void” of plasma is clearly visible at the location of previously enhanced light emission
(Figure 10, left). However, 15 minutes later (Figure 10, right), the plasma has almost recovered its initial
propagation state (Figure 9, top). This observation clearly suggests that a memory effect affects plasma
propagation, on a time scale of minutes after the cessation of the laser irradiation. This “void” of
plasma was only observed following simultaneous laser illumination and plasma generation. When the
illuminated region was pre-exposed with laser without the plasma, followed by plasma ignition with
the laser turned off, the “void” was not observed. In studies of the Si-SiO, interface when used for
second harmonic generation, several authors have reported a memory effect after the cessation of
laser illumination lasting several hundred seconds or more. They attributed the memory effect to the
relaxation of the Si-SiO; interface related to the trapping mechanism of electrons [45]-[47] and holes
[48]. Furthermore, the influence of the laser illumination on plasma propagation implies that the laser
spot is clearly intrusive. Care must be taken to account for the influence of the light source on the
plasma, not only when in situ optical diagnostics are performed, but also several minutes after the
cessation of laser illumination due to the memory effect.

A memory effect is apparent with the addition of the continuous wave laser but not with the plasma
alone, under the conditions of the present study. We varied the pulse repetition rate from 10 to 500
Hz, but no changes to the plasma were observed. Therefore, there is no discernable memory effect
due to the pulse repetition rate at 50 Hz. Furthermore, the ring IW is even observed upon applying the
first pulse over a region of the surface previously unexposed to plasma, which implies that the
accumulated effect of previous pulses is not required to stabilize IW propagation.

The role of the Si-SiO; interface in IW propagation may be examined by testing different bilayers, such
as Si-Al,O3 (Figure 11). An amorphous alumina film (453 nm thick) was deposited at room temperature
on the polished side of a bare silicon wafer (p-type) using a dual ion beam sputtering Nordiko™
chamber, as described in Camelio et al [49] and Babonneau et al [50]. In contrast to the Si-SiO; bilayer,
the plasma is not stable with the Si-Al,O3 bilayer. At an applied voltage of 2 kV, the plasma was only
ignited 14 out of 100 pulses and remained localized close to the wire. In order to ignite a plasma with
almost each pulse, the applied voltage had to be increased to 4.5 kV, producing very disturbed ring IW
shapes. Unlike for the Si-SiO; bilayer, it was not possible in this case to follow the plasma propagation
as a function time delay due to discharge instability.
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Figure 11 : Single shot ICCD images of plasma generated on the Si-Al203 bilayer, at applied voltages of 2 kV and
4.5 kV. The same time delay (23 ns) and integration time (4 ns) are used for all images.

However, if a 345 nm thick alumina layer is deposited on the Si-SiO, bilayer, creating a Si-SiO2-Al,03
trilayer, the ring IW is preserved, as shown in Figure 12 (b.). Consequently, even if the material facing
the plasma is changed, the plasma properties are preserved when the Si-SiO; interface is present
underneath. This observation clearly highlights the influence of the interface on the ring IW
mechanism. Figure 12 (c.) shows the plasma expansion when the third layer is a 300 nm of
UltraNanoCrystallineDiamond (UNCD®, provided by Advanced Diamond Technology), made of small
nanocrystalline diamond grains from 3 nm to 5 nm. For the same discharge conditions as for Figure 12
(a.) and Figure 12 (b.), the propagation distance is increased by 30 %. Using spectroscopic ellipsometry
at 1600 nm, we measured the indices of refraction of Si, SiO,, Al,03;, and UNCD to be respectively 3.5,
1.4, 1.6 and 2.3. Between the (a.) and (b.) cases, the propagation distance is not affected while the
permittivity (€) value increases. Between the (b.) and (c.) cases, the plasma propagation increases with
€. This trend contrasts with the observations of Sokolova et al [51], where the plasma length decreases
with increasing € value. Thus, the propagation distance in our case cannot be attributed simply to a
change in permittivity. These plasma-trilayer interactions will be investigated in future work. Thus, this
multi-layer approach could be of interest for further studies on plasma-surface interactions with the
generation of a very stable discharge in ambient air, propagating over a wide range of possible third
layer materials.

Si-Si0, $i-5i0,-Al,0, $i-Si0,-UNCD

Figure 12 : Single shot ICCD image of plasma generated on the Si-SiO:z bilayer (left) (a.), Si-SiO2-Al>Os trilayer (b.)
and Si-SiO2-UNCD trilayer (c.) in the same operating conditions, at an applied voltages of 2 kV. The time delay is
fixed at 21 ns and the exposure time is 4 ns.

These results using different bilayers point to the required presence of the Si-SiO; interface. The
formation of defects at the Si-SiO; interface introduces additional energy levels into the forbidden
band [52]. Defects are of great importance in MOS capacitors and have been extensively characterized
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[53]-[57]. Defects are electrically active, with the sign depending on the charge captured, and the
capture cross section depends on the applied electric field and temperature [58]. The plasma-SiO,-Si
structure resembles a MOS capacitor device, where the plasma plays the role of the metal electrode.
Changing the electrical nature of the silicon and the oxide-semiconductor interface from Si-SiO; to Si-
Al,O3 may alter the electrical response of the system. The electric properties of the silicon used, when
exposed to the high value of the IW local electric field, may also play a role [59]. However, a detailed
study of the interface in terms of band structure is beyond the scope of this paper.

Also, we can draw an analogy between the branching inhibition with the ring IW mechanism proposed
in Figure 8 and the inception clouds and diffuse volume discharges observed in bulk gases at low
pressure [60], [61]. The latter also initially exhibit a circular (spherical) front with a homogenous phase
(cloud), followed by a slower expanding shell-like phase. Then the shell-like phase can break up into
faster streamers. The difference in surface plasma propagation between glass versus the Si-SiO; bilayer
is akin to the difference in behavior between the volume plasma expansion in pure gases versus air.
While the shell-like phase is common in air, the destabilization into streamers occurs immediately in
pure gases such as nitrogen. Photo-ionization is particularly prevalent in air and is suspected to provide
a large density of seed electrons, smoothing the cloud propagation. This is analogous to our hypothesis
on the role of photoelectrons in the ring IW development on the Si-SiO, bilayer.

IV Conclusion

In this paper, we have studied the modification of the plasma propagation dynamics of a nanosecond
pulsed SDBD in positive polarity when a Si-SiO; bilayer (Silicon wafer covered by a 1 um thick layer of
Si0,) is used as a propagation surface instead of a classical bulk dielectric. Unlike the latter case, the
plasma propagates uniformly without any branching, leading to the formation of a well-defined ring
structure. The ring corresponds to a homogenous ionization front (~40 um thick), exhibiting a high N,**
emission. From pulse to pulse, the discharge demonstrates high stability and reproducibility. To the
best of our knowledge, this is the first report of such a uniform propagation for a surface discharge in
ambient air at atmospheric pressure, especially for positive polarity discharges where plasma
propagation is cathode-directed. The reproducibility and control of the plasma in pulse-to-pulse
operation are also difficult to obtain otherwise, especially in ambient air. The photons emitted by the
ionization wave may generate charges at the Si-SiO; interface by the photoelectric effect. As the
generation of an electron-hole pair at the interface is extremely fast, the surface electric field may
change instantaneously and very locally at the front of the IW. This synergetic effect between the
photons emitted by the plasma and the surface electrical response, with accumulated photoelectrons
at the Si-SiO, interface, may “guide” the IW toward the surface and inhibit branching of the ionization
wave. The influence of 532 nm laser illumination on the plasma propagation and the sensitivity of the
plasma to the interface (Si-SiO; vs Si-Al,03) provides evidence for this plasma-multi-layer coupling
mechanism.

The ring-shaped ionization wave in ambient air also offers opportunities to explore plasma surface
interaction with a stable and localized discharge. Because this features are still preserved with the
deposition of a third thin dielectric layer on the Si-SiO; bilayer (trilayer structure), it is therefore
possible to potentially change the nature of the third layer over a wide range of materials. This multi-
layer approach could then be used for local surface modifications with a stable surface plasma
generated in ambient air. The high degree of reproducibility and stability of this discharge may also
offer perspectives for flow control applications. Additional layers could potentially be used to increase
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the plasma size and avoid breakdown damage of the surface if higher voltage pulse amplitudes must
be applied. The electrode geometry could be engineered to guide the plasma propagation in a
preferential direction, in order to generate a net electrohydrodynamic force. Also, the sensitivity of
the plasma to external illumination could potentially be exploited to influence the propagation
direction.
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