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Abstract

®

CrossMark

A low-pressure capacitively coupled radiofrequency (RF) helium discharge with a structured
electrode is investigated experimentally and via kinetic simulations. In the experiment, phase
resolved optical emission spectroscopy provides information about the excitation dynamics by
high energy electrons, with high spatial and nanosecond temporal resolution within the RF
(13.56 MHz) period. The numerical studies are based on a newly developed 2d3v
particle-in-cell/Monte Carlo collisions code carried out on graphics processing units. The two
approaches give consistent results for the penetration of the plasma into the trench situated in
one of the electrodes and the particular electron dynamics resulting from the presence of the
structured electrode. In addition, the fluxes of He™ ions and vacuum ultraviolet photons
incident on the different surfaces in and around the trench structure are studied. These are
discussed with respect to the homogeneous treatment of complex structures, relevant for

advanced surface modification and disinfection processes.

Keywords: structured electrode, PIC/MCC, radio-frequency, capacitively coupled plasma,

VUYV photon tracing, surface treatment

(Some figures may appear in colour only in the online journal)

1. Introduction

Low pressure plasma sources are widely used for the treat-
ment of surfaces. Prominent examples include the modifi-
cation of surfaces (cleaning, surface energy modifications),
plasma etching of materials or the deposition of coatings [1, 2].
There is also strong interest in the use of such plasma sources
for the disinfection or sterilisation of temperature sensitive
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materials [3—-5]. The active species that drive these pro-
cesses are ions, radicals and ultraviolet/vacuum ultraviolet
(UV/VUV) photons emitted by excited species. In most
applications, a homogeneous treatment of the whole surface
exposed to the plasma is desired, which implies that the fluxes
of the relevant components should be equal at all locations to
be treated. The homogeneity of the plasma, and the fluxes of
active components to surfaces is strongly influenced by the
plasmareactor design, including the mode of plasma formation
and the overall dimensions. In addition, the shape of the object

© 2022 |OP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6595/ac8449
https://orcid.org/0000-0002-3351-6279
https://orcid.org/0000-0003-3572-1310
https://orcid.org/0000-0001-7238-5964
https://orcid.org/0000-0002-1082-4359
https://orcid.org/0000-0003-1369-6150
mailto:durian5@uniba.sk
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ac8449&domain=pdf&date_stamp=2022-8-30

Plasma Sources Sci. Technol. 31 (2022) 095001

J Durian et al

to be treated is particularly important due to the nature of the
plasma-surface interaction. In this context, achieving homoge-
neous treatments of flat surfaces, is straightforward compared
to surfaces with complex structures.

The treatment of complex surface structures is particularly
important in the context of a number of emerging applications
of plasma technology. For example, the coating or sterilisation
of medical devices [2, 5]. In the case of surface sterilisation,
for example, the minimum process time will be determined by
the time required to inactivate microorganisms on all surfaces
of a given object. This, in turn, is dependent on the homo-
geneity of the fluxes of active components to these surfaces.
The particular mechanism of action leading to disinfection
or sterilisation can, in principle, be related to a variety of
plasma-produced species such as reactive neutrals, high energy
ions or UV photons. The precise mechanism in a given plasma
source will depend on the particular gas mixture and overall
operating conditions. Whether or not these active components
can reach all surfaces of an object to be treated will depend
on the dimensions of the relevant features, and their relation
to the plasma sheath length. While these dynamics are highly
application relevant, a detailed understanding of the funda-
mental plasma properties, and associated fluxes of relevant
species to surfaces, during plasma interactions with complex
surfaces is still to be developed. An active combination of
experimental and computational approaches offers an ideal
solution to develop this understanding.

Radio-frequency plasmas are a common choice for many
of the discussed applications. These plasmas exhibit complex
dynamics on the nanosecond time scale as a consequence of
the fact that electrons can follow the rapid spatio-temporal
variation of the electric field. These dynamics are key to
determining the overall properties of these sources through
their role in determining the time and space resolved electron
energy distribution function (EEDF). This, in turn, determines
the time and space resolved production of active components
that drive application outcomes. Phase resolved optical emis-
sion spectroscopy (PROES) [6—10] is a powerful experimen-
tal method that can aid obtaining information about these
dynamics. PROES is conventionally conducted on a selected
spectral line of which the upper level has a high excitation
threshold. This ensures that the dynamics of high-energy elec-
trons, being also responsible for ionisation, is captured. In
addition, PROES can be used to partially validate the electron
dynamics predicted by numerical simulations which, in turn,
can be used to give insight into fundamental processes such as
electron heating, and to understand the fluxes of particles to
surfaces.

The aim of this work is to generate a detailed understanding
of the plasma properties and particle fluxes to surfaces in a
well-defined, but non-planar geometry that can be effectively
studied through a combination of experiment and simula-
tion. For this purpose, a capacitively coupled radio-frequency
plasma operated in He is used. The grounded electrode in
the system contains a trench structure that is well suited
for study via PROES and a newly-developed 2d3v parti-
cle in cell/Monte Carlo collisions (PIC/MCC) code. Similar
electrode geometries have been studied previously in other

Figure 1. Photograph of the discharge with the structured
(grounded) electrode at the bottom. The gas is helium, at a pressure
of 60 Pa.

contexts, for example, as a mechanism to control plasma
uniformity in processing applications [11-15]. Using this sys-
tem, the main purposes of the work are: (i) from the fun-
damental point of view, to understand the operation of the
discharge with a structured electrode. Here, the focus is on the
analysis of the spatio-temporal distribution of the excitation
and ionization processes and the penetration of the plasma
into the trench of the electrode; (ii) related to applications,
determination of the energy distributions of the positive ions
as well as the flux of these ions and VUV photons to the
different surface elements of the structured electrode using
the simulation, having in mind that these species play the key
role in applications involving the treatment of complex surface
structures, such as sterilisation.

The paper is structured as follows: in section 2, we
describe the experimental setup and the diagnostics systems.
In section 3.1, the numerical methods: the 2d3v PIC/MCC
simulation method and the approach for tracing the VUV
He resonance photons are introduced. The experimental and
simulation results are presented in section 4, while conclusions
are given in section 5.

2. Experimental system and methods

A sketch of the experimental setup, which has already been
described in detail in [16], is shown in figure 2. Our studies
are conducted with a geometrically symmetric CCP source
(‘Budapest v.3 Cell’) equipped with flat disk electrodes, made
of type 304 stainless steel with a diameter of 14 cm. For
the present experiments, one of the electrodes is modified:
three trenches, each having a width and a depth of 1 cm have
been machined into the bottom (grounded) electrode. One of
the trenches in located along the diameter of the disk, and
the others are situated parallel to this ‘main’ trench, 5 cm
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Figure 2. Scheme of experimental system (a) and the enlarged view of the central part of the electrode system (b), which represents the
computational domain: 0 cm < x < 5 cm, 0 cm <y < 3.8 cm. In the simulations, periodic boundary conditions are applied at the left and
right sides of this domain. PE: powered electrode, GE: grounded electrode, the green (‘A’) and yellow (‘B’) colors mark domains for which

spatio-temporal distributions of the excitation rate will be presented.

apart in both directions, as shown in the photograph of the
plasma source in figure 1. This configuration approximates the
periodicity of trenches assumed in the simulations (see later).
We note, that in the absence of this modification the cell is
highly symmetric, the DC self-bias voltage is in the order of
1% of the applied RF voltage. Therefore, the DC bias voltage
values measured with the modified electrode can be considered
to originate exclusively from the geometric asymmetry caused
by the trenches.

The sketch of the experimental setup is shown in figure 2(a),
while more details of the electrode geometry are shown in
figure 2(b). The electrodes are enclosed by a quartz cylin-
der and the cell is evacuated via a gate valve by a turbo-
molecular and a rotary pump. The background pressure of
the system is approximately 10~> Pa. The experiments are
performed in He gas, with a flow of ~1.4 sccm set by a
mass flow controller. A needle valve allows fine control of the
gas pressure in the chamber, measured by capacitive gauges
(Pfeiffer Vacuum CMR264 and MKS Baratron 631A). The
upper electrode of the cell is driven by a RF generator via a
matching box (Tokyo Hy-Power RF-150 and MB-300), while
the lower electrode is grounded. The peak-to-peak value of
the applied voltage is measured by a HP 54602B oscilloscope
equipped with a high voltage probe (Agilent 10076B). The
discharge is driven at a frequency of fo = 13.56 MHz, the
pressure is scanned between p = 40 Pa and 140 Pa, while
the peak-to-peak driving voltage is fixed at ¢,, =340 V.

The main diagnostic tool of the setup is a fast-gateable
ICCD camera (Stanford 4 Quick-E) equipped with a telecen-
tric lens (Edmund Optics TitanTL 0.191X). The optical axis
is aligned with the ‘main’ trench of the bottom electrode of

the cell. During the experiments, the emission is monitored
from the He 3s state at a wavelength of 706 nm using an
interference filter with a central wavelength of 710 nm and
a spectral full width at half maximum of 10 nm. No other
emission lines within this domain influence the measurements.
The trigger signal of the camera is synchronized with the RF
generator and the gate time of the camera is set at 2 ns. The
spatial resolution is determined by the number of pixels in the
camera sensor: the 780 x 580 pixels result in a resolution of
approximately 88 ym.

The theoretical consideration behind PROES is based on
population dynamics: the method operates based on the time-
dependent measurement of the population density of a specif-
ically chosen excited rare gas state, as described in [9]. The
basic concept of the measurement is that the spatio-temporal
electron impact excitation rate from the ground state into the
observed level, Ey;(x, t), can be evaluated from the measured
spatio-temporal emission. In order to perform a PROES mea-
surement on a CCP based on the analysis presented in [9],
(1) the relevant optical transition rates need to be known, (ii)
the population of the excited states due to cascades, excitation
from metastable levels and quenching need to be negligibly
low, (iii) high enough intensity of the measured emission line
is necessary and superposition with other lines within the
spectral resolution of the spectrometer or the interference filter
has to be avoided, and finally, (iv) the lifetime of the relevant
excited state has to be short enough to temporally resolve the
RF period (the period being ~74 ns here). The 706.52 nm
transition with the upper level He 3s having a lifetime of
35.9 ns satisfies these criteria [17]. We note that quenching
effects are not included in our data analysis procedure.
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3. Numerical methods

Below, we outline the basics of the main computational
approach, the PIC/MCC simulation method (in section 3.1)
and the treatment of the resonant radiation transport in the
plasma (in section 3.2).

3.1. 2D PIC/MCC simulations

Present numerical studies are based on the PIC/MCC simula-
tion approach, which is widely adopted in modelling of capac-
itively coupled radio-frequency discharges, see, e.g. [18-27].
This approach is based on tracking individual charged par-
ticles in space and time whilst taking into account their
self-consistent space charge density computed via a compu-
tational grid spanning across the simulation domain, as well
as their interaction (collisions) with the neutral background
gas and with the surfaces of the electrodes. As typical labo-
ratory plasmas contain large amounts of charged particles it
is impossible to track them all individually. To alleviate this
issue, instead of tracking individual particles, the PIC/MCC
method tracks groups of such particles called ‘superparticles’
[19]. Even with this approach implemented, PIC/MCC mod-
els remain computationally intensive, especially if more than
one spatial dimension needs to be resolved, such as in our
case where a structured electrode is present in the system.
With the advance of general purpose GPU (GPGPU) comput-
ing, a number of GPU-accelerated PIC/MCC implementations
have been developed, further dealing with the issues of the
computational demands that the PIC/MCC models inherently
bring [28-33].

In the PIC/MCC scheme, both space and time are dis-
cretized, defining the spatial and temporal resolution of the
computations. In this study, a 2D mesh with uniform res-
olution Ax and Ay, respectively, in the x and y directions
was used. The computations yield the plasma characteristics
at the points of this grid. Discretization in time allows the
numerical solution of the equations of motion of the charged
particles. The plasma characteristics (electron density, Debye
length, collision frequencies) impose a number of conditions
on the spatial and temporal resolutions, for the stability and the
accuracy of the calculations (see, e.g. [34, 35]).

The computational scheme consists of several components.
As already mentioned, the PIC/MCC method tracks the move-
ment of individual superparticles in an electric field defined
by the electrode potentials and the spatial distribution of the
space charge within the volume. To compute this electric field,
the space charge needs to be assigned (via interpolation) to the
points of the computational grid and the Poisson equation,

p(r)
Eo,

Ag(r) = D

has to be solved. From the potential, the electric field is
obtained as

E(r) = —Vo(r), 2

which allows advancing the particles in space, according to
their equations of motion:

i—v=2Emw). 3)
m

Following these steps, the probability of collision has to
be computed for each particle and a collision event needs
to be simulated if certain conditions are met. Collisions are
handled with a stochastic (Monte Carlo) approach, the details
of which are given in, e.g., [36]. Particles that have reached
the boundaries have to be removed from the simulation.
These steps are conducted in the PIC/MCC scheme in a
cyclic manner, typically several thousand times within an RF
cycle.

A newly developed Cartesian 2d3v GPU-accelerated
PIC/MCC code is used to model the discharge. The host
code is written in C++ and utilizes OpenMP for CPU-side
computations while the device code running on the GPUs is
based on the CUDA technology. The numerical methods used
in the code were optimized for parallel computing as follows:
(1) the field solver uses a parallelized version of the iterative
successive over-relaxation (SOR) algorithm for solving the
Poisson equation, (ii) the particle mover uses the Leapfrog
integration scheme, and was massively parallelized on a ‘one
particle per thread’ basis with thread synchronization based on
atomic operations.

The execution of the code starts with loading all relevant
simulation input parameters and seeding the initial simulation
state by pre-computing electrode potentials and randomly (and
uniformly) distributing particles of all present species across
the simulation domain. Subsequently, the main simulation
follows, which is split into the (i) convergence and (ii) diag-
nostics stages. During the convergence stage, only the particle
numbers are monitored. Diagnostic data are not collected until
the simulation converges to a periodic steady state (deter-
mined by the particle counts remaining at an overall constant
level), and the diagnostic stage of the simulation begins. The
code requires simulation of 2000-3000 RF cycles to reach
convergence, with the exact number depending on the gas
pressure. Diagnostic data are collected during the subsequent
1000 RF cycles.

Concerning the implementation of the steps of the
PIC/MCC scheme [36]: (i) the field solver (parallelized SOR)
is performed on the GPU. Once per several iterations residuals
are computed and copied to the CPU for a convergence check.
The interval at which this happens is automatically and dynam-
ically determined during runtime as a performance optimiza-
tion to minimize the amount of (slow) data transfers between
the CPU and GPU. (ii) The particle mover is performed on
the GPU, and is massively parallelized by having every thread
executed on the GPU perform all necessary computations on
its own assigned particle. This design is discussed in detail for
one-dimensional PIC/MCC codes in [28]; similar principles
apply in two-dimensional PIC/MCC models. (iii) Monte Carlo
collisions are performed on the GPU as well, and the algorithm
itself is integrated into the particle mover as a performance
optimization to minimize the number of kernel calls to the
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GPU. (iv) Particle removal is done on the CPU after evaluating
each RF cycle. All particle data are copied to the CPU memory
for sorting and filtering out of all particles that have become
inactive during the evaluation of the RF cycle (particles that
got absorbed at the electrode). The filtered data are then copied
back to the GPU, and the simulation resumes.

The dimensions of the simulation domain defined by the
model are 5 cm (laterally) by 3.8 cm (vertically) as shown in
figure 2(b). Periodic boundary conditions are applied at the left
and right sides of this domain. This is reflected in the boundary
conditions for the Poisson equation, as well as on the particles
that are being moved to the opposite side of the simulation
domain upon crossing the periodic boundary. The resolution
of the computational grid is 256 x 192 points, which results
in near-square grid cells given the dimensions of the simulation
domain.

In the collision model, electron-neutral and ion-neutral col-
lisions are taken into account. For the electron-neutral colli-
sions a cross-section set known as ‘Biagi v8.92° [37] is used.
This set consists of 51 collision types in total (elastic collision,
49 excitation states and ionization). For the ions, only elastic
collisions with neutral atoms are considered, consisting of an
isotropic and a backwards scattering component, as proposed
in [38]. The cross-section set for these two collision types
is taken from [39]. In the collision model isotropic elastic
scattering is assumed and in accordance with this we use the
elastic momentum transfer cross section.

Secondary electron emission and electron reflection effects
are modelled at the electrode surfaces. Coefficients of vy = 0.3
and p, = 0.7 are used for these two phenomena respectively,
which is a good estimate for the combination of the back-
ground helium gas and the stainless steel material used for the
electrodes in the experimental setup [40—42].

The discharge is excited by a harmonic waveform, ¢(f) =
0.5¢,, cos(2m f1), with ¢, = 340 V. The DC self-bias volt-
age, 7, that develops in the discharge due to the geometrical
asymmetry, and modifies the discharge voltage to be ¢4(f) =
o(t) + n, is determined in an iterative way. The simulations
are initialized with a zero value of this parameter and after
a certain number (Ny) of RF cycles the flux balance between
the positive ions and electrons reaching the powered electrode
is evaluated. Depending on this balance 7 is changed by a
small value and this value is used in the forthcoming N, RF
cycles. This procedure is repeated until a balance of the fluxes
is reached (with some fluctuations due to the finite number of
particles in the simulations). The simulations are executed for
five different pressures: 40 Pa, 60 Pa, 80 Pa, 100 Pa and 140 Pa.
The gas temperature was assumed to be 300 K.

The simulations comprise about 5 to 9 million superparti-
cles per species, which results in about an average of 100—180
superparticles per species per grid cell. The calculations have
been executed using Quadro RTX 4000 GPU cards, with the
above number of superparticles in the converged state. The
simulation of 1000 RF cycles during which data have been
accumulated for the final results took about 15 h.

3.2. Tracing of resonant VUV photons

The tracing of the resonant VUV photons is decoupled
from the main computational part, the PIC/MCC simulation,
described above. From the PIC/MCC simulation we obtain
the positions of excitation events to the 2'P state, lead-
ing to the emission of ‘primary’ VUV photons. This state
decays by emitting radiation around the central wavelength of
Ao = 58.4334 nm to the He ground state. The spectral line
is broadened due to the finite lifetime (being 0.56 ns [43]) of
the excited state (natural broadening), due to perturbations of
the emitting atom by neighboring atoms (pressure broadening)
and due to the Doppler effect that causes a shift of the wave-
length because of the movement of the emitters. The natural
and pressure broadening establish a Lorentz profile, whereas
the Doppler broadening results in a Gaussian line shape. The
overall result of all these effects is a Voigt profile [44].

The propagation of the VUV photons is limited by their
absorption in the gas, a process that is already appreciable at
the pressures considered here. Due to the high photoabsorption
cross section, the free path of the photons is much smaller than
the characteristic scales of the plasma source. Following the
absorption events, emission events follow, where new photons
appear with a wavelength defined by the line broadening mech-
anism mentioned above. These absorption/emission processes
repeat until eventually the photons reach one of the limiting
surfaces.

As an alternative of describing these processes by spectral
distributions, VUV photons can also be treated as individual
particles with Monte Carlo simulation, as proposed in [45].
Here, we follow this approach, of which the detailed descrip-
tion can be found in [45, 46]. We deal with the resonance
radiation originating from the 2!'P state only and disregard
contributions to the VUV spectrum from higher 'P states (in
accordance with the findings of [45]). In case of a single
photon, the emission wavelength is assigned randomly [45] as:

A1 = tan[(Rp; — 0.5)7]AML + Ao, 4)

where A\ represents the total homogeneous (natural + pres-
sure) broadening [46] and Ry, is a random number uniformly
distributed over the (0, 1) interval. The wavelength assigned
this way to a photon is modified by the Doppler shift that
is caused by the thermal motion of the radiating atom. In
this procedure, firstly, a random velocity vector, va, for the
(radiating) atom is sampled from the Maxwell-Boltzmann
distribution of the background atoms. Secondly, a random
direction, via a unit vector ey, to the radiated photon is
assigned. With these quantities the photon is radiated with a
wavelength [45]:

_ (C+éph .VA))\L
C

A &)

The probability of the absorption of the photons in the
background gas having a density no during a time step Aty

is computed using

P=1- exp(_VphabsAtph) =1- exp(_noaphabsCAtph), (6)
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where c is the speed of light and o ppqps 1S the photoabsorption
cross section:

& )\3A21
g1 8mc

Ophabs — V()\*), (7)
where g, and g, are the statistical weights of the respective
levels, A, is the Einstein coefficient, and V is the Voigt-profile
function [47]. The cross section (7) and probability of absorp-
tion during a given time step is computed by taking a randomly
chosen (potentially absorbing) atom from the background gas
with velocity vg, and using the wavelength

G ON
C

A" = , )
that takes into account the Doppler shift caused by the motion
of the potentially absorbing atom.

As mentioned above, the positions of the events populat-
ing the 2'P state are taken from the PIC/MCC simulations.
These data contain the positions of 3 x 10° primary VUV
photon emission events for each set of conditions studied.
Each of the photons created this way is traced from its starting
position, through its propagation, multiple absorptions and re-
emissions, and finally its absorption at a part of the surrounding
surfaces: the (flat) powered electrode, and the various parts of
the bottom electrode.

4. Results and discussion

4.1. Spatio-temporal electron dynamics

We start the presentation of the results by displaying experi-
mental PROES images recorded at eight specific times within
the RF period, t; = i (T/8) with (i =0...7). These experi-
mental images are shown in figure 3 for the lowest pressure
of 40 Pa (Ist column) and the highest pressure of 140 Pa
(3rd column). The 2nd and 4th columns of the same figure
show the corresponding computational results. The sequence
of the plots within one column corresponds to the different
times within one period (T = f~') of the RF excitation with a
cosine voltage waveform. As this voltage is applied to the top
electrode, at = 0 (i.e. i = 0, first row of figure 3, the applied
voltage has a positive extremum and the RF sheath is fully
expanded at the lower (structured) electrode, while the sheath
is collapsed at the upper electrode.

The measurements reveal that at 40 Pa (panel (al)) the exci-
tation hardly penetrates into the trench, while a very intense
penetration of the excitation into the trench is seen in the case
of the higher pressure of 140 Pa (panel (c1)). The maximum
intensity observed there is about 2—3 times higher compared
to that observed near the flat part of the bottom electrode
(at y = 1 cm) at the same time, or that observed near the top
electrode half a RF period later. This indicates that at high
pressure excitation is strongly confined to the trench region
at the expansion phase of the adjacent sheath. The presence of
the trench has, however, an effect on the spatial distribution of
the excitation rate even in the lower-pressure case: the highest
excitation rate (being about twice the rate at positions far from
the trench) occurs right above the trench, indicating that the

electrons emitted from the bottom and the side walls of the
trench due to ion bombardment get accelerated and multiplied
even though these cannot create excitation within the trench
(panel (al)).

The efficient excitation and ionization within the trench
at some specific conditions (at higher pressures) originates
from the hollow cathode effect [48—51], which can establish in
both DC and RF plasma sources. In DC discharges, this effect
may become important when surface elements of the cathode
face each other (i.e., in the case of plane-parallel cathodes or
a cathode with a cylindrical shape) where electrons emitted
from the cathode and accelerated within the sheath adjacent
to one of these elements can enter the sheath at another ele-
ment. Ionization by such electrons within the sheath regions
can largely enhance the ionization rate. In RF discharges,
the time dependent dynamics can further increase ionization
as the electron beams launched at times of sheath expansion
at the various parts of the temporary cathode can interfere
constructively. The strong ionization observed in the trench of
the bottom electrode in our plasma sources indeed originates
from the behavior.

At the next time instance (z/T = 1/8, panels (a2) and (c2)),
the emission in the bulk becomes slightly more spread spatially
at 40 Pa, as the sheath at the upper electrode starts to form and
launches electrons towards the center of the plasma. At 140 Pa,
excitation near the top electrode, due to the same reason shows
up as well, however, this emission is confined within a narrow
spatial domain, around y = 3.5 cm. At /T =2/8 (panels
(a3) and (c3)), the excitation rate gets more confined near
the top electrode, especially at the higher pressure of 140 Pa.
The sheath is widest at the top electrode at /T =4/8, at
the time of the negative peak of the applied voltage wave-
form (panels (a5) and (c5)). Interestingly, excitation within
the trench is also observed at this moment at 140 Pa. This is
explained by the penetration of the potential into the trench,
creating a significant potential at the centre of the opening of
the trench even upon sheath collapse at the bottom electrode
(see later).

During the time period covering t/T = 5/8-7/8 the sheath
collapses at the top electrode and expands at the bottom elec-
trode. Correspondingly, excitation at the top electrode dimin-
ishes, while near the bottom electrode, and especially within
the trench amplifies (see panels (a6-8) and (c6-8) of figure 3).

The penetration of the potential into the trench plays a cru-
cial role in forming the excitation patterns. Figure 4 displays
the simulated spatio-temporal distribution of the potential,
¢(x,y), for times of maximum sheath expansion at the bottom
electrode (¢/T = 0/8, panels (al) and (bl)) and at the top
electrode (¢t/T = 4/8, panels (a2) and (b2)), for 40 Pa and
140 Pa. At /T = 0/8, the very high excitation rate at 140 Pa
(see figure 3(d1)) is explained by the complete penetration of
the potential into the trench: as it can be seen in figure 4(b1) the
sheath follows closely the perimeter of the structured electrode
as revealed by the equipotential lines. Upon sheath expansion
the electrons are accelerated away from both vertical side walls
of the trench as well as from the bottom part of the trench
[33], thereby creating strong excitation by the confined high
energy electrons. At lower pressure, p = 40 Pa, although the
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(structured) electrode (of which the contour is marked by the white lines) is situated at y = 0 cm, while the powered electrode is at y = 3.8 cm.
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Figure 4. Computed electric potential distributions (in V) for pressures 40 Pa (left column) and 140 Pa (right column) at times ¢/7 = 0/8
and 7/T = 4/8. The potential distributions within the regions with high positive/negative values are not resolved. The (black) contour lines
are separated by 25 V in the top row and by 2 V in the bottom row. The gray lines mark the edges of the bottom electrode. Note, that the
potential distributions include the effect of the DC self-bias voltage, resulting in max. potentials: (al) 156 V, (bl) 142V (n = —21.6 V for

40 Pa), (a2) 8.0 V, and (b2) 7.3 V (n = —33.1 V for 140 Pa).

equipotential lines indicate only a moderate penetration of
the potential into the trench, the potential at the centre of the
opening of the trench is still about 125 V, which accelerates
electrons out of the trench towards the centre of the plasma.
This is why, although bright emission is not observed inside the
trench, the strongest excitation occurs right above the trench
(see figure 3(bl)). The effect is even stronger at the time of
sheath expansion; figure 3(bS8).

Excitation observed within the trench at sheath collapse,
especially at the higher pressure (140 Pa) (see figure 3(d5))
is also explained by the specific potential distribution at this
time instance. Figure 4(b2) shows that for this case a potential
difference of ~7 V is present between the grounded surface
of the bottom electrode and the centre of the opening of the
trench. This potential difference is enough to accelerate some
electrons to the excitation threshold. At the lower pressure
of 40 Pa, the penetration of the potential into the trench
is marginal and, correspondingly, a very weak excitation is
observed in the PROES maps.

The computational results corresponding to the experimen-
tal conditions are plotted in the 2nd and 4th columns of
figure 3, respectively, for p = 40 Pa and 140 Pa. The numerical
results largely corroborate the experimental observations. The
sheath expansion and collapse phases can clearly be identified
and excitation in the trench region is also observed at all
times. As a small difference one can point out that the faintest
emission from this region is seen at 1/T=2/8-3/8 in the
experiment, while this occurs somewhat later, at t/T = 4/8

in the simulation results. The positions of the maxima of the
excitation rate show a very good agreement. Weak excitation
within the trench upon sheath collapse, is also seen in the
simulation data, as in the case of experiments.

Spatio-temporal distributions of the excitation rate,
Sexc(y, 1), in two regions of the discharge, i.e., in its ‘central’
part, coalescing with the position of the trench (2.25 cm
< x < 2.75 cm), and in the ‘outer’ part, being far from the
trench (Ocm < x < 1 cmand4 cm < x <5 cm) are presented
in figure 5. These regions have been defined in figure 2(b) as
region A and region B, respectively. The first pair of columns
of figure 5 shows the experimental data and simulation
results for region A. The corresponding data for region B are
displayed in the second pair of columns.

The experimental and simulation results are generally in a
very good agreement again, although the measured excitation
patterns are somewhat more extended in time. The most inten-
sive excitation occurs always near the edge of the expanding
sheath, corresponding to the a-mode of discharge operation
[52]. Interestingly, we observe a significant disparity between
excitation peaks in the vicinity of the two electrodes. In region
A (i.e. at the position of the trench), excitation near the bottom
electrode is always more intensive than that near the top elec-
trode. In region B, the situation is reversed: excitation near the
top electrode is stronger than that near the bottom electrode.

Inregion A, the peak of excitation shows up at low pressure
above the trench (y > 1 cm), while with increasing pressure
this peak moves inside the trench (y < 1 cm). In this case
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Figure 5. Spatio-temporal distributions of the excitation rate of the He 706 nm line in regions A (‘central’ part of the discharge around the
middle of the trench, 1st and 3rd columns) and B (‘outer’ part of the discharge, far from the trench, 2nd and 4th columns), at various pressures
(rows). For the identification of these regions see also figure 2(b). The first two columns show the data for 40 Pa, while the second pair of
columns for 140 Pa. The experimental results are given in arbitrary units, while the simulation results are given in units of 10'> cm™3 s~!. The
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Figure 6. Spatio-temporal distributions of the He ionization rate computed in regions A (‘central” part of the discharge around the middle of
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of these regions see also figure 2(b). The data are given in units of 10'> cm™ s~!. The bottom of the grounded (structured) electrode is situated
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(e.g., at 140 Pa, panels (a5) and (b5)) the excitation is very
intense, as the expansion of the sheath from the bottom part
of the trench and from its sidewalls interfere constructively,
which results in a pronounced acceleration of the electrons
[33]. Excitation near the powered (top) electrode gets also
more intensive at higher pressure but excitation near the trench
orifice dominates strongly.

The analysis of the excitation rate in region B (see columns
3 and 4 of figure 5) reveals that, excitation near the top
electrode is stronger at all conditions. Its intensity increases
with increasing pressure, while its position moves closer to
the top electrode due to the decrease of the sheath length with
increasing p.

In the maps of the computed distributions of the excitation
rate one can observe for some conditions faint features within
the sheath regions. These features originate from fast electrons
that enter the sheath from the direction of the other electrode,
as analysed recently in [53]. These electrons can penetrate
the sheath to a depth determined by their energy and the
sheath potential, and at some point they turn back and leave
the sheath. As both the energy of incoming electrons and the
sheath potential vary with time, the sets of turning points of
such electrons form specific ‘intra-sheath’ patterns. As the
signal to noise ratio of the experimental data is worse than
that of the computational results, the faint patterns are hardly
visible in the experimental data. As exceptions, panels (a4) and
(a5) of figure 5 can be mentioned, where some resemblance
with the numerical results shown in (b4) and (b5) can be seen
in the vicinity of the upper electrode.

We note that some of these structures are also visible in the
spatio-temporal distributions of the ionization rate, which is
shown next, in figure 6, for regions A and B, and for different
pressures.

The ionization patterns also reveal a dominant a-mode
operation (electron power absorption) in the discharge. The
maxima of the ionization rate near the two electrodes has
a disparity, similarly to the excitation rate discussed above.
Signatures of the «y-mode, i.e., ionization at times of fully
expanded sheath (at /T = 0 at the bottom electrode and at
t/T = 1/2 at the top electrode) by electrons emitted from the
electrodes do not show up in these distributions. The reason
for this lies in the relatively low discharge voltage (170 V
amplitude).

4.2. lon and photon fluxes to surfaces

The fluxes of the He™ ions and VUV (resonant) photons at
the various parts of the structured electrode are plotted in
figures 7(a) and (b), respectively, as a function of pressure.
The flux of the ions reaching the various segments of the struc-
tured electrode (see the sketch at the top of figure 7 for their
identification) is directly obtained from the PIC/MCC simu-
lation, while the flux of the VUV photons is determined by
tracing these photons using the method described in section 3.2
(from their position of creation as obtained in the PIC/MCC
simulation of the plasma to their position of absorption at
the electrodes). The tracing of the photons, similarly as the
tracing of the charged particles in the PIC/MCC simulation,
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Figure 7. Pressure dependence of the helium ion flux (a) and the
VUV photon flux (b) onto the individual segments of the structured
electrode.

uses periodic boundary conditions at the left/right sides of the
computational domain (shown in figure 2(b)).

The total flux of both the ions and VUV photons increases
with increasing pressure as a consequence of the enhanced
charged particle density and discharge current. Among the
‘partial’ fluxes it is only the flux of the ions over the ‘face’ (flat)
part of the structured electrode that exhibits a non-monotonic
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behavior. This flux is maximum at 80 Pa, while the fluxes
at the side walls and the bottom part of the trench increase
monotonically. As at higher pressures a significant part of the
excitation and ionization occurs within the trench region, the
ion flux at the side wall exceeds the fluxes to the other surfaces.
These effects are determined to a large extent by the relation
of two characteristic length scales: the dimension of the trench
and the mean free path of the electrons for inelastic processes.
As an illustration, the ionization cross section of He peaks at
around 100 eV energy, where o; ~ 3.5 x 107! cm?. At40 Pa,
this results in an ionization mean free path of \; ~ 3 cm, while
at 140 Pa, \; = 0.8 cm. This makes it clear that at higher
pressures increased excitation and ionization can take place
within the trench compared with lower pressures.

A similar scenario has been discussed in references [54, 55],
where discharge formation in microstructure arrays was inves-
tigated at different gas pressures via 2D PIC/MCC simulations.
These studies allowed to follow the penetration of the dis-
charge into the structures and the formation of coupled micro-
hollow cathode discharges with increasing pressure. At such
conditions, the electron power absorption inside the cavities
was found to be appreciable as revealed from the moment anal-
ysis of the electron Boltzmann equation and the EEDF exhib-
ited an overpopulated high-energy tail. A strong connection
was demonstrated to exist between the free path of the elec-
trons and the device dimensions. Another discharge operation
mode, when the discharge moves outside the microcavities,
was also found in [54, 55] at further increased pressure, in
our studies no attempts were made to reach conditions for this
mode transition.

Regarding the fluxes of the VUV photons, we can also see a
faster increase at the surface parts of the trench as compared to
the ‘face’ of the bottom electrode. At the highest pressure the
differences become insignificant, indicating that high photon
fluxes can be reached inside the structures. This is true even
when excitation and ionization within the trench itself is weak,
even at such conditions (e.g., at 40 Pa) ion and photon fluxes
in the order of 10'* cm™2 s~! are predicted by the simulations.
Comparing the ion and photon fluxes one may note that the
ion fluxes are always much (about a factor of two) higher at
the side walls of the trench as compared to the bottom part, the
VUYV photon fluxes reaching these two parts of the electrode
are very near each other for all conditions. This results from
the fact that while ions follow the electric field lines, the
photons are unaffected by the electric field and can have a
very uniform flux over the surface domains due to the specific
(trapped) transport of the radiation. This behavior points out
the advantage of the sterilization based on VUV photons, in
the case of objects having complicated shapes. However, it
should be noted that while this is the case for the dimensions
shown here, trenches with higher aspect ratios (i.e. narrower
and/or deeper) are likely to suffer from shadowing effects,
where VUV radiation produced in the bulk plasma may not
reach the bottom of the trench.

Figure 8 shows the spectral distribution of the wavelengths
of the VUV resonant photons upon their arrival at the elec-
trodes (without distinguishing their various parts) at 140 Pa.
The dip at the line centre originates from the extremely high
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Figure 8. Distribution of the wavelength of the resonance VUV
photons arriving at the electrodes (without distinguishing their
various parts) at 140 Pa. A\ = X\ — A, where )\ is the central
wavelength of the resonant transition.

photoabsorption cross section of the radiation at that wave-
length. Due to the wavelength redistribution appreciable wings
of the line develop. This specific line shape does not have any
consequences on the treatment of materials in such plasma
sources, however, the flux of the VUV photons reaching spe-
cific parts of the electrodes is influenced by the characteristics
of their propagation, which is in turn, related to the distribution
of the wavelengths. Among the line broadening mechanisms
mentioned in section 3.2 the Doppler broadening is found to
play the dominant role.

More information about the ions reaching the surfaces is
provided by their time-averaged energy distributions com-
puted at the different segments of the structured electrode,
see figure 9. Ion energy distributions at the electrodes depend
generally (i) on the collisionality of the sheath, i.e., on the
ratio of the sheath length and the mean free path of the ions,
and (ii) on the relation between the ion transit time via the
sheath and the period of the RF excitation. As revealed from
figure 3, the maximum sheath length is s ~ 0.5 cm for 40 Pa
and s ~ 0.15 mm for 140 Pa. At 50 eV energy, e.g., the total
collision cross section of He™ ions is o ~ 1.6 x 10715 cm?,
At 40 Pa and 140 Pa, respectively, their free path is thus
A+ =~ 0.06 cm and 0.019 cm, which are significantly smaller
than the respective values of the sheath length. Under these
conditions the ion transport through the sheath is collisional,
which is in turn confirmed by the dominance of low-energy
ions in the distributions shown in figure 9. The peaks in the
distributions are caused by the collisions of the ions within the
sheath [56, 57]. Disregarding the DC self-bias, the mean sheath
voltage is about half of the amplitude of the RF voltage, being
85 V. The ion energy spectrum shows a cutoff near this energy
for all conditions. (Because of the poor signal to noise ratio
around this energy, the high-energy part of the distributions
is not shown in figure 9.) The mean energy values of the
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Figure 10. Evolution of the mean kinetic energy of helium ions
reaching the different segments of the structured electrode as a
function of the pressure.

10

ions reaching the various surface elements of the structured
electrode are shown in figure 10. These data reveal that the
mean energy drops considerably at the ‘face’ of the electrode
only, roughly as (g) o< p~!. At the side and bottom segments,
however, this decay appears to be closer to linear.

4.3. Application-relevant insights

This study has focused on understanding the charged particle
dynamics and fluxes incident on surfaces in a well-defined
two-dimensional model system. In application-relevant sce-
narios, such as the sterilisation or deposition of coatings on
medical implants, more complex gas mixtures and surface
structures may be present. While these complexities will lead
to quantitatively different results, some general application-
relevant conclusions can be drawn from the results of this
work that should be relevant for surface structures with similar
dimensions (=<1 cm).

Firstly, as has been demonstrated in previous studies, the
presence of a structured electrode has a strong influence on
the electron dynamics in the plasma [15, 58, 59]. This effect is
also found to be strongly dependent on the gas pressure over
the pressure range studied. As a result, variation of the pressure
in this range represents an effective method to control the
electron dynamics, that could be exploited to enable enhanced
dissociation of molecules close to surfaces, for example.

With respect to ion and photon fluxes, PIC/MCC simula-
tions have predicted that these are also significantly influenced
by the operating pressure within the studied range. The abso-
lute fluxes of He™ ions and VUV photons at 58 nm are in a
similar range. In addition, while the fluxes of ions and photons
were generally found to be higher for the ‘face’ part of the elec-
trode for most conditions, significant fluxes of these species
could still be delivered to both the bottom and side walls of the
trench in all cases. In the case of ions, the relationship between
fluxes to the three different surfaces was found to be relatively
complex with changing pressure, likely due to variation in the
complex electric field structure within the trench. For photons,
similar fluxes were found at both the bottom and side walls of
the trench due to the isotropic distribution of photon emission,
and the relatively low aspect ratio of the trench structure. For
applications where UV/VUV photons are important, such as
sterilisation, it can be concluded that trench structures, and
potentially other structures with similar dimensions and aspect
ratio, could be sterilised without significant additional effort
compared to flat surfaces. Typically, the VUV fluxes measured
here were about a factor 2 lower inside the trench than on the
‘face’ part of the electrode. In practice this would lead to a
factor of two longer sterilisation time to ensure that the trench
is effectively sterilised, compared to a comparable case where
only the flat surface is used.

Lastly, the mean energies of positive ions incident on all
surfaces was found to decrease significantly with increasing
pressure, as is generally expected due to the increased rate of
collisional energy transfer from ions to neutral particles. How-
ever, the decrease of mean ion energy with increasing pressure
is more pronounced for the flat surface above the trench than
for the surfaces within the trench. For applications where ion
energy has a strong effect on the process outcome, for example,
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coating deposition, it can be expected that changes in pres-
sure would result in a divergence between coating properties
above and inside the trenches due to the differing ion energy
trends in each region. Given that the outcomes of material
processing applications are often non-linearly dependent on
the ion energy, such changes may be significant. As a result,
for applications where uniform coatings are required on the
surfaces of complex structures, higher pressures, where the
difference between ion energies in each location is lowest, may
be preferable.

5. Conclusion

A radio-frequency discharge equipped with a structured elec-
trode, operated in helium gas at f = 13.56 MHz, at a peak-
to-peak driving voltage of ¢,, = 340 V was investigated
experimentally and via kinetic simulations in the p = 40
Pa... 140 Pa pressure range. 1 cm x 1 cm trenches have
been machined into one of the electrodes of the experimental
system. In the simulations, only one of these trenches was
included with periodic boundary conditions.

The main experimental diagnostic has been PROES, while
the simulations have been based on the particle in cell/Monte
Carlo collisions approach, implemented in a novel GPU-
accelerated code in 2D Cartesian space. The PROES measure-
ments have been conducted on the He-I 706 nm line and have
revealed the 2D temporal dynamics of the excitation rate that
is intimately connected to the dynamics of the high-energy
electrons in the discharge. The excitation rates computed from
the PIC/MCC code were found to be in a very good agreement
with the experimental data.

With an increasing pressure, an enhanced excitation was
found within the trench and near its orifice, due to the con-
structive effect of the sheath expansion at the sidewalls and
the bottom part of the trench, as revealed by monitoring the
penetration of the potential into the trench. Even at low pres-
sures, where no strong excitation within the trench was seen,
the most intensive excitation occurred at/near the orifice of the
trench.

While excitation and ionization within the trench was found
to be prominent at the highest pressures only, a significant
flux of the He™ ions and VUV resonant photons was found at
the surface elements of the trench, for all conditions. Typical
values of these fluxes have been in the range of 10'* cm 2 s~ !,
The mean energy of these ions was found to be couple of
10eVs.

Continuation of the present studies is planned with dis-
charges having electrodes with more complicated structures.
VUV photons, in particular, are expected to play a major role
under such conditions as their transport is not influenced by
the electric field and this way they can reach elements of the
target that are shielded from the ions.
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