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1 Introduction

Plasma Physics is a complex discipline, which is among the latest-evolved �elds of

Physics. For the description of plasmas, the laws of classical Electrodynamics, as well

as Hydrodynamics, Statistical Physics and elementary atomic and molecular processes

has to be considered. The study of low-temperature plasmas is an important �eld of

plasma Physics because of their technological applications. They are basic tools in

plasma processing applications, such as plasma based deposition, etching, sputtering

and surface cleaning. Such systems are used for the production of various products, e.g.

chips and solar cells [1]. Unlike thermal plasmas low-temperature plasmas are created

and sustained by collisions of electrons with atoms of the background gas, the system

having room temperature meanwhile. In capacitively coupled plasmas (CCPs) the

plasma is excited by radiofrequency (RF) voltage (more details will be discussed later).

In the current work CCPs operated in neon are studied via simulations and experiments.

The thesis is structured in the following way: in the �rst chapter, the characteristics of a

self-sustaining discharge via an example of a simple DC discharge are presented, followed

by an introduction to the operation mechanisms of capacitively coupled radiofrequency

discharges and the declaration of the objectives of the current study in details. In

chapter 2, the simulation and the experimental method used in this work are described.

In chapter 3 the simulation results in comparision with measurements are presented in

detail, while in chapter 4 the conclusions are drawn.

1.1 Low-temperature gas discharges

For the overview of the operation of electrical gas discharges let us consider the DC

glow discharge, the simplest plasma in laboratory. Let us take a DC power supply and

connect it to a vacuum chamber via an ohmic resistor. The pressure of the discharge

gas in the chamber has to be among 0.1 Pa and 10000 Pa, and the electrodes in the two

edges of the chamber has to be made of conductive material (see �gure 1 for a sketch
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Figure 1: The sketch of the circuit of a DC glow discharge [2].

of the system). The simplest discharges to model are operated in noble gases, in which

the vast majority of the charged particles are single-charge ions and electrons.

The basic mechanism of the glow discharge is breakdown of the gas. For breakdown,

charged particles have to appear in the discharge cell which is �lled with the neutral

gas. Primary charged particles can originate from the (cosmic) background radiation,

an X-ray source or can be emitted from the cathode by heating. Electrons and ions

are accelerated by the electric �eld and they collide with the atoms of the background

gas. Three di�erent types of collision can occur: elastic scattering, atomic excitation

and ionization. The latter has key importance in breakdown, as new charged particles

are created in it. As more and more charged particles are accelerated in the system,

collisions, as well as ionizations, occur more and more frequently. This multiplication

of charged particles is called an electron avalanche1.

The simplest model for breakdown is Townsend's theory. As a result of an avalanche

in a DC cell, electrons arrive at the anode, while ions arrive at the cathode. A certain

portion of the ions hitting the cathode induce the emission of new electrons from it.

According to Townsend's model, the criterion of breakdown is that the ions produced

1Note that gaseous particle detectors widely used in particle and nuclear Physics operate based

on this process. The primary charge is the particle to detect, which causes an avalanche and can be

measured as a pulse in the circuit.
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in an avalanche have to induce the emission of one new electrode from the cathode on

average. With this criterion ful�lled, space charges appear in the system and modify the

electric �eld, allowing the development of a stationary state within a wide parameter

regime through feedback mechanisms.

In a stationary discharge charge reproduction is continuous in the gas phase and at

the electrode surfaces (in the case of the DC discharge at the surface of the cathode).

In the gas phase the basic mechanism for charge reproduction is ionization induced by

electrons, while at the electrodes it is ion-induced secondary electron emission. In ad-

dition to ionization, elastic scattering of electron on atom and electron-induced atomic

excitation also have key importance in forming the discharge properties. Besides elec-

trons, ions can also collide with the atoms of the background gas either elastically or

causing ionization (the latter is only remarkable at high voltage). All the above colli-

sion processes have energy-dependent cross sections, for which data are available in the

literature. The cross sections of each process and their relation to each other determine

the frequency of ionization and consequently the discharge characteristics together.

1.2 Capacitively coupled plasmas (CCPs)

CCP is a type of low-temperature discharge, in which the plasma is excited by RF

voltage. The frequency typically ranges from 1 MHz to 100 MHz. The waveform is

usually sinusoidal, however, higher harmonics of a sinusoidal component are often used

to form multifrequency waveforms with various non-sinusoidal shapes. In the current

work, only single-frequency sinusoidal RF discharges are studied. The pressure can be

set within a wide range starting from 0.1 Pa up to atmospheric pressure. The most

important part of the system is a vacuum chamber with two plane-parallel electrodes,

in an arrangement similar to a capacitor (see �gure 2). That is why it is often referred

to as capacitively coupled RF discharge. One of the electrodes is grounded, while

the other one is driven by RF voltage. The generator and the powered electrode is

connected via a linear power ampli�er and an impedance matching box, i.e. an RLC
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Figure 2: Sketch of the circuit of a CCP.

unit that tunes the impedance of the circuit in order to maximize the power delivered

to the plasma. Given that the diameter of the electrodes is signi�cantly larger than the

distance between them, the current �ows approximately perpendicular to the planes of

the electrodes in the plasma.

As for a CCP in operation, it remarkably di�ers from a DC discharge. One crucial

property is that no secondary electrons emitted from the electrode material are needed

for the self-sustainment of the plasma. Another important characteristic of a CCP is

that it can be operated between electodes made of an insulator. This feature make

them widely applicable in industry: with appropriate control of the �ux and energy of

ions at the electrodes such discharges can be used for the modi�cation of surfaces that

are used as electrodes.

In �gure 3 the spatio-temporal distribution of the electric �eld (panel (a)), the ion

density (panel (b)) and the electron density (panel (c)) are shown in the discharge gap

for an RF discharge operated in argon, driven by the voltage waveform

Φ(t) = V0 cos(2πft), (1)
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Figure 3: Spatio-temporal plots of (a) the electric �eld, (b) the ion density and (c) the

electron density. The horizontal axis corresponds to one RF period. On the vertical

axis, x = 0 cm corresponds to the powered, while x = 2.5 cm to the grounded electrode.

The contour scale is linear in panel (a) and logarithmic in panels (b) and (c). Discharge

conditions: Ar gas, V0 = 300 V, f = 13.56 MHz, L = 2.5 cm, p = 10 Pa. (The �gure

was created by PIC/MCC simulation, a method to be introduced in chapter 2.1.)

where f = 13.56 MHz is the frequency of the driving voltage and V0 = 300 V is its

amplitude. The distance between the electrodes is L = 2.5 cm and the pressure is

p = 10 Pa. In the spatio-temporal plots, time is shown on the horizontal axis and its

range corresponds to one RF period. The vertical axis shows the spatial coordinate,

with x = 0 cm corresponding to the powered electrode (at the bottom) and x = 1.5 cm

to the grounded electrode (at the top). As it can be seen in the distribution of the

electric �eld, charged particles make the system strongly nonlinear. The electric �eld is

concentrated near the electrodes, where it follows the oscillation of the driving voltage,

while the value of the electric �eld is close to zero inside, as a result of shielding. At

the typical RF frequency range the electrons follow the oscillation of the RF modulated

electric �eld, while the ions move according to its space average due to their higher mass.

As a result, the density pro�le of the ions becomes stationary, while the regions near

the electrodes change between states saturated and evacuated by electrons. These RF
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modulated regions at the boundary of the plasma are called sheaths, while the region

between them is called bulk. The density of the ions and the electrons is maximal in

the middle of the chamber, and it decreases towards the electrodes in both directions.

The bulk region forms a quasi-neutral plasma, where the density of ions and electrons

is technically equal and stationary. The ion density pro�le is symmetric in the whole

chamber, while the drop points of the electron density change dynamically. The sheath

length changes as a function of time within the RF period at both electrodes. When the

driving voltage is maximal (at t/TRF = 0.5), the sheath length is minimal at the powered

electrode and maximal at the grounded one. Half an RF period later, the situation gets

reversed. At the phase of sheath expansion (0 < t/TRF < 0.5 at the powered electrode,

i.e. the bottom of �gure 3) the electrons gain energy from the high electric �eld that

accelerates them away from the electrode [1]. This periodic expansion of the sheaths is

a crucial phenomenon in terms of the energy absorption of the system, making the RF

plasma self-sustaining. As a coupled e�ect of the sheath expansion and the ionization

caused by the electrons accelerated at that phase, the energy absorption of the total

electron population is positive on average for a RF period. Electrons with high energy

provide the continuous supply of the system with charged particles via ionization. As a

result, the discharge can become self-sustaining due to gas-phase processes, and surface

processes are not essential in maintaining the discharge. This is a remarkable di�erence

in comparison with a DC discharge, in which the secondary electrons escaping from the

cathode are essential in the charge supply of the system.

The above energy-absorption mechanism happening at the phase of sheath expan-

sion is called α-mode, because of the intensive ionization caused by the accelerated

electrons, which is connected to Townsend's α coe�cient for ionization2. In addition to

this mechanism, the so-called γ-mode can also become signi�cant in the power absorp-

tion. In this case secondary electrons originating from the electrodes upon ion impact

2Townsend's α coe�cient describes the e�ciency of ionization in the gas phase: it is the number of

electron-ion pairs created by one electron per unit distance.
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Figure 4: The spatio-temporal plot of the power absorption of the electrons (a, b) and

the ionization rate (c, d) in α-mode (a, c) and γ-mode (b, d) discharge operation [3].

Discharge conditions: Ar gas, f = 13.56 MHz, L = 1.5 cm. Other parameters are

shown in the panels. The position of the powered electrode is at x = 0 cm, while the

grounded one is at x = 1.5 cm. (The �gure was created by PIC/MCC simulation, a

method to be introduced in chapter 2.1.)
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play an important role in maintaining the discharge. These electrons are usually called

γ electrons, after the γ secondary electron emission coe�cient. The two di�erent oper-

ation modes are demonstrated in �gure 4 [3], showing the spatio-temporal plot of the

power absorption of the electrons (top row) and the ionization rate, i.e. the number

of ionizations per unit time per unit volume (bottom row). The power absorption of

electrons are similar in the two operation modes (�gure 4(a, b)), as this quantity shows

an average for the whole population of electrons. However, ionization and excitation

processes are caused by high-energy electrons, whose number is a small portion of all

electrons. The ionization patterns show essential di�erences between the two modes. In

α-mode (4(c), γ = 0) ionization is concentrated at the phase of sheath expansion and

takes place in the bulk region. In γ-mode, the electrons escaping from the electrodes

are strongly accelerated in the expanded sheath by the high electric �eld, causing inten-

sive ionization within the sheaths (4(d). The latter dynamics dominates the discharge

operation in case of low electron free path, high electric �eld within the sheaths and

e�cient surface processes.

In the discussion above several plasma parameters were mentioned (electric �eld, ion

and electron density, ionization rate, electron power absorption). Note that the driving

force of all these quantities is the RF exciting voltage and the condition it raises for

the particle current: no DC current can �ow in the circuit. As the wiring is serial, this

condition needs to be satis�ed in the plasma as well. In other words, the condition

means that the current has to be zero on time average for a RF period (TRF ). Given

there are single positive ions and electrons in the system, the criterion can only be

ful�lled if the ion and electron �uxes are equal at both electrodes during an RF period:

〈Γi〉TRF
= 〈Γe〉TRF

. (2)
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1.3 Objectives

The aim of this work is to study the electron power absorption modes of RF discharges

operated in neon and to provide a detailed comparative study of simulations and ex-

periments in a wide parameter regime. Phase-resolved optical emission spectroscopy

(PROES) is a powerful technique for the spatio-temporal observation of the optical

emission of plasmas, based on which the population density of a certain atomic ex-

cited state can be studied experimentally. With the appropriate choice of a high-energy

emission line, one can gain insight into the dynamics of high-energy plasma particles.

As ionization, the fundamental process regarding the discharge operation, is caused

by high-energy particles, PROES is often applied for the indirect experimental study

of the ionization dynamics in CCPs. However, simulations show that the ionization

dynamics can be remarkably di�erent from the excitation dynamics in several cases,

especially when a high number of secondary electrons are generated at the electrodes,

gain high energies of hundreds of eV and induce signi�cant ionization in the sheaths

[4]. Since the cross section of electron impact ionization in neon is approximately one

or two orders of magnitude higher in the high-energy regime (above 50 eV, see later in

�gure 7) than the cross sections of the various types of excitations, the spatio-temporal

distribution of the excitation observable by PROES can show a signi�cantly di�erent

picture from the ionization dynamics. For several reasons to be discussed in chapter

2.2.2, the 2p1 line of neon is an appropriate level to be measured by PROES, and it is

widely used for the spectroscopy of RF discharges operated in di�erent gases and gas

mixtures, by adding neon as trace gas to the background gas in a low concentration.

In the current research CCPs operated in pure neon are studied. The use of pure neon

allows a detailed comparison of the excitation and ionization dynamics obtained from

experiments and simulations under exactly the same discharge conditions for a system

in which the main discharge gas is the same as the trace gas for PROES. This way the

inaccuracy factor resulting from the interaction of the trace gas with the discharge gas

(usually neglected in the simulations) is excluded. Neon discharges are studied here in
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a wide range of the driving frequency, the pressure and the voltage amplitude, allowing

the study of the dependence of the electron power absorption and ionization modes

on these operation parameters. This study aims to reveal the applicability of PROES

(which provides the spatio-temporal distribution of the excitation dynamics) to probe

the discharge operation mode (which is determined by the spatio-temporal distribution

of the ionization dynamics).

2 Materials and methods

2.1 Simulation method

The simulation method used in this work is the so-called Particle-in-Cell/Monte Carlo

Collisions (PIC/MCC) simulation, which is a widely used particle-based kinetic ap-

proach to the description of low-pressure CCPs [5]. In the PIC approach there are two

important simpli�cations.

1. Instead of tracing individual particles, superparticles are traced, which represent

groups of particles whose coordinates are moved together.

2. Instead of pairwise interactions of the charged particles, mean�eld approximation

is used for the calculation of the electrostatic interactions.

These are complemented with a Monte Carlo type modelling of the particle collisions.

The PIC/MCC simulation code used in this work is one dimensional in space and three

dimensional in velocity space (1d3v). This is suitable to describe CCPs with cylindrical

symmetry. It means that the position of particles is only considered as a distance

from the electrodes, since the plane-parallel setup has a cylindrical symmetry, making

other directions irrelevant. Thus, all the plasma parameters are calculated in 1D. To

be precise, this approach assumes that the area of the electrodes is in�nite, which is a

reasonable approximation when the diameter of the electrodes is much larger than the
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distance between them. However, the consideration of velocities in 3D is important,

since all velocity coordinates can change in collisions. In the simulations performed in

the current study, the particles traced are Ne+ ions and electrons. The time evolution of

the RF discharge in followed in discrete timesteps in the simulation, and the ∆t step has

to be orders of magnitude smaller than the TRF period of the RF driving voltage. In the

simulations executed for this study the number of timesteps per RF cycle ranges from

5× 103 to 2× 105, depending on the driving frequency and other discharge conditions.

Figure 5: Flow chart of a PIC/MCC cycle carried out in each ∆t timestep [6].

In �gure 5 the �ow chart of one PIC/MCC simulation cycle (performed in each ∆t

timestep) can be seen. The major steps are the following [6, 7, 8, 9]:

1. Assign the charges of superparticles to the points of a prede�ned computational

grid.

2. Calculate the electrostatic potential and the electric �eld by solving Poisson equa-

tion on the grid. Input data are the value of the potential at the powered and the
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grounded electrodes and the space charge.

3. Calculate the electric �eld at particle positions by linear interpolation and calcu-

late the force acting on particles.

4. Integrate the equation of motion of each particle: calculate new positions and

velocities.

5. Model surface processes: particles hitting the electrodes can be absorbed, re�ected

or they can induce secondary electron emission. (Side walls of the chamber are

not considered in a 1D simulation.)

6. Model gas-phase processes, i.e. the collision of charged particles with the back-

ground gas by a Monte Carlo approach. The velocities of colliding particles are

changed according to the type of collision, and coordinates are assigned to newly-

created particles.

At the beginning of a simulation, superparticles and a grid is de�ned. The former

means that a weight factor is set, which gives the number of charged particles to be

traced together. In the current work this factor ranges from 103�106, always set in

a way that the number of Ne+ ion and electron superparticles would be around 105,

providing an e�cient modelling of discharges within reasonable runtime. The setup of

the grid means that the chamber is divided into cells. In the simulations presented in

this thesis the number of cells is between 200 and 300. A demonstration can be seen

about the superparticles and the grid in �gure 6. In each simulation cycle, the charge

of each superparticle is assigned to the two grid points being closest to it. The charge

is devided between the two grid points inversely proportional to their distance. This

step results in a charge density concentrated at the points of the 1D grid, which makes

the Poisson equation easy to solve. The boundary conditions come from the driving

voltage at the electrodes, i.e. constantly zero potential is assumed at the grounded

electrode and the voltage of the RF generator at the certain timestep is applied to the
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Figure 6: PIC simpli�cations: consideration of superparticles and assignment of a

computational grid [10].

powered electrode. As a solution of the Poisson equation one can get the electrostatic

potential at the grid points, from which the electric �eld is calculated at the grid points

by numeric derivation. After that the electric �eld is calculated at particle positions by

linear interpolation, from which the electrostatic force acting on particles and �nally the

equations of motion can be speci�ed. The numeric integration of Newton's equations

is performed by the leapfrog scheme, i.e. the timestep is the same for the coordinates,

velocities and forces, however, the velocity is evaluated with half timestep shift with

respect to the other two quantities. Precisely:

v

(
t+

∆t

2

)
= v

(
t− ∆t

2

)
+

q

m
E(x(t))∆t, (3)

x(t+ ∆t) = x(t) + v

(
t+

∆t

2

)
∆t,

where q and m is the charge and mass of the superparticle and E(x(t)) is the electric
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�eld at the position of the particle.

The surface processes taken into account are electron re�ection and secondary elec-

tron emission (SEE) induced by ions. They are described in a simpli�ed way in the

present PIC/MCC simulations, i.e. constant surface coe�cients are speci�ed as input

parameters. Since the aim of this work is to simulate a certain experimental setup, i.e.

a geometrically symmetric CCP reactor with electrodes made of stainless steel (as it

will be described in detail in section 2.2.1), the assumptions for the surface coe�cients

need to re�ect the properties of a stainless steel surface. In case of the electrons hitting

the electrode surface, a constant probability of δe = 0.2 is assumed for elastic electron

re�ection, as it is often set in PIC/MCC simulations of CCPs [11]. This means that

20 % of the electrons hitting the electrodes are re�ected mirror-like, without loss of

energy. All the other electrons are absorbed by the electrodes. The outcome of each

electron-surface collision is decided by a Monte Carlo approach: a random number is

drawn from a uniform distribution between 0 and 1 (R01). The electron is re�ected

if R01 < δe, otherwise it is absorbed. As for the treatment of the interaction of Ne+

ions with the electrodes, a constant secondary electron emission (SEE) coe�cient, γ

is assumed. In this work, γ = 0.2 is set in most of the simulations, however, some

calculations are performed with γ values of 0.3 and 0.4, in order to demonstrate the

e�ects of ion-induced secondary electrons (γ-electrons) on the discharge characteristics.

The simulation results obtained by using di�erent γ coe�cients are compared to the

measured data.

The modelling of the collision processes in the simulation is a complex task [12], tak-

ing a remarkable portion of simulation time together with the integration of the equa-

tions of motion. In the plasma ions and electrons collide with atoms of the background

gas (which are not traced in the simulation, they are only considered by a constant gas

density according to the gas pressure). Within ∆t timestep the probability for a given

charged particle to collide with an atom is
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Pc(∆t) = 1− e−n0σ(g)g∆t, (4)

where n0 is the density of the background gas, σ is the total cross section taking

all collision processes into account, and g is the relative velocity of the particle with

respect to the atom it potentially collides with. The simulation timestep has to be

small enough so that the probability of more than one collision for the same particle

within one timestep would remain negligible. The occurance of a collision is decided

in a similar way as described in the case of surface processes: the collision happens if

a random number R01 < Pc. The type of collision is chosen according to the ratio of

the cross sections of the various collision processes, with the use of another random

number. When a collision takes place, the velocity vector of the particle changes.

The transformation is performed according to the energy and angular distribution of

the certain type of collision, in the center of mass frame. Note that in electron-atom

collisions the atom is considered to be at rest (cold-gas approximation), while in ion-

atom collisions the velocity of the atom is drawn from a random Maxwellian sample.

The cross sections of the collision processes taken into account in the PIC/MCC

simulation of neon RF discharges [13, 14] are shown in �gure 7. For the collision of Ne+

ions with Ne atoms, isotropic and backward elastic scattering is considered (the latter

means elastic scattering with angle of π). The term elastic means that the kinetic energy

of the ion is conserved. For the collision of electrons with Ne atoms, elastic scattering,

excitation and ionization is considered. 7 possible atomic excitation processes are taken

into account with di�erent cross sections. Among them there is a special process, the

Ne 2p1 excitation, i.e. the state whose population dynamics is observed experimentally

by PROES. Its cross section was taken from the Biagi-v7.1 dataset [14], while the

other ones were obtained from the SIGLO dataset [13], which did not contain the Ne

2p1 excitation separately. The excitation of the Ne 2p1 line is only included in the

simulation as diagnostics. This way the spatio-temporal distribution of the Ne 2p1

excitation is obtained in relative units, just like the PROES measurement results.
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Figure 7: The cross sections of the di�erent types of collisions considered in the

PIC/MCC simulations of neon, as a function of the kinetic energy in the center of

mass frame. The dashed lines (the �rst two lines in the legend) correspond to ion-atom

collisions, while the continuous lines correspond to electron-atom collisions. The thick

dotted red line corresponds to the Ne 2p1 excitation, which is only included in the

diagnostics.

2.2 Experimental method

For the experimental study of the optical emission of CCPs space and time resolved,

phase resolved optical emission spectroscopy (PROES) technique is used on a geomet-

rically symmetric CCP source. In section 2.2.1, the setup used for the measurements is

introduced in detail, while section 2.2.2 contains a detailed theoretical overview on the

method of PROES.

2.2.1 Laboratory setup

A detailed sketch of the experimental setup is shown in �gure 8. The electrodes are

located in a vacuum quartz cylinder, which contains low-pressure pure neon gas. The
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Figure 8: Detailed sketch of the experimental setup: symmetric CCP with ICCD cam-

era.

chamber can be evacuated when the gate valve is open, with a turbomolecular and a

rotation pump. A needle valve allows �ne control of the gas pressure in the chamber.

In the current study, the gas pressure ranges from 60 Pa to 500 Pa. The measurements

are performed in gas �ow of about 3 sccm (the standard condition meaning 1 bar and

0 ◦C) tuned with a �ow controller, in order to keep the purity of the neon gas in the

chamber. The gas supply can be halted with two on/o� valves designed for high and

low pressure, respectively. The stainless steel electrodes are plain-parallel and orbicular

with identical diameters of 14.2 cm, while the gap between them is 2.5 cm. The upper

electrode is the powered one, driven by the RF waveform generator (Juntek JDS-2900),

18



to which it is connected via a linear power ampli�er (RM BLA-300) and an impedance

matching box (MFJ-949E), i.e. an RLC unit that tunes the impedance of the circuit in

order to maximize the power delivered to the plasma. The lower electrode is grounded.

The frequency of the driving voltage is varied between 1.70 and 13.56 MHz, while its

peak-to-peak value (double of the amplitude) is changed between 300 and 425 V.

The main diagnostic tool of the setup is a fast-gateable ICCD camera (4 Picos from

Stanford Computer Optics), with which the Ne 2p1 state with wavelength of 585.25 nm

is measured space and time resolved in the discharge. In order to limit the signal to

the proper wavelength an interference �lter with bandwidth 585 ± 5 nm is used. The

principle of a PROES measurement is demonstrated in �gure 9. The electric controller

of the camera receives a trigger signal from the waveform generator synchronized with

the RF frequency driving the plasma, after which the controller puts in a certain delay.

The delay determines which phase of the RF period is scanned by the camera. The

collection of photons lasts for the time of a narrow gatewidth varying from 2 to 8 ns

in the current study, while the length of the RF period varies between 73.7 and 588

ns. One phase of the RF period is scanned from 104 to 106 times (depending on the

emission of the plasma), and each phase is scanned uniformly. The time required for one

measurement is determined by the repetition rate of the camera, i.e. the number of short

scans manageable per unit time, which is approximately 200 kHz, typically requiring a

couple of minutes to perform one phase-resolved measurement. The spatial resolution

is determined by the number of pixels in the camera sensor: the 170 pixels result in

a resolution of approximately 150 µm. The camera has a telecentric lense (Thorlabs

MVTC23013 0.128x bi-telecentric lense), with which 2D pictures can be produced. As

in a symmetric CCP only the position in the discharge axis (the direction perpendicular

to the electrodes, i.e. vertical in the current setup) matters, the pictures are integrated

in horizontal direction, which reduces noise remarkably.
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Figure 9: Operation of PROES: the trigger signals at the peak of each RF period, the

delay after which the camera begins the collection of photons and the time slots of

collection. The discharge frequency is f = 13.56 MHz and the gatewidth is 4 ns in the

current setup [15].

2.2.2 Theoretical background

The theoretical consideration behind PROES is based on population dynamics: the

method operates with the time-dependent measurement of the population density of a

speci�cally chosen excited rare gas state, as introduced in [15]. The basic concept of the

measurement is that the spatio-temporal excitation rate, E0,i(x, t), i.e. the frequency of

electron impact excitation from the ground state to the observed level i per unit volume,

can be calculated from the measured spatio-temporal emission. The rate equation of

the excited state i with population density ni is:

dni(x, t)

dt
= n0E0,i(x, t) +

∑
m

nmEm,i(x, t) +
∑
c

Wcinc(x, t)− λini(x, t). (5)

The �rst term represents excitation from the ground state to level i, with n0 meaning the

population density of the ground state. The term
∑

m nmEm,i(x, t) considers excitation

from metastable levels with population densities nm, while
∑

cWcinc(x, t) represents
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cascades from higher levels c with population densities nc to state i with transition

probabilities Wci. The last term considers the decay of state i, where λi is an e�ective

decay rate:

λi =
∑
k

Wikgik +
∑
q

Cqnq, (6)

Here two kinds of decays are taken into account:
∑

kWikgik represents transitions to

other states via photon emission without reabsorption of the photon (Wik being the

transition probability and gik being the probability that the emitted photon is not

absorbed), and
∑

q Cqnq represents quenching, i.e. collisional de-excitation without ra-

diation, where nq is the density of collision partner of type q and Cq is the corresponding

quenching coe�cient (probability per unit time). Reabsorption of radiation is an e�ect

that decreases the decay rate and increases the lifetime, and it is remarkable in the

case of the overpopulated ground state: gi0 ≈ 0, i.e. practically each irradiated photon

is reabsorbed in case of de-excitations to the ground state, making zero contribution

to the e�ective decay rate. In a quenching process the energy lost in de-excitation is

transferred into the kinetic energy of the two colliding particles, thus the process in-

creases the decay rate. The rate equation above (5) is a part of a system of coupled

di�erential equations together with the rate equations for all metastable and cascade

levels containing several unknown quantities, e.g. quenching coe�cients, making the

E0,i(x, t) excitation rate from the ground state to a certain level i di�cult to calculate.

However, several simpli�cations can be made with the proper choice of the observed

excited level. In an optimal case, the e�ect of cascades, metastables and quenching can

be neglected, making equation (5) much simpler:

E0,i(x, t) =
1

Wi0n0

(
dn′i(x, t)

dt
+ λin

′
i(x, t)

)
, (7)

with
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n′i(x, t) = Wi0ni(x, t), (8)

where Wi0 is the transition probability from level i to the ground state, and n′i(x, t)

represents the emitted number of photons per unit volume and time, resulting from that

type of transition. PROES is based on the time-dependent detecting of these photons in

each pixel of the camera. In each time window tk, the 2D spatial emission is measured,

which is then integrated in the spatial direction parallel to the electrodes, resulting

in a 1D emission picture proportional to the value of the spatio-temporal emission at

time tk, n′i(x, tk), where x means the direction perpendicular to the electrodes. Finally,

with the use of equation (7), a quantity proportional to the E0,i(x, t) spatio-temporal

excitation rate can be obtained. Note that the population density of the ground state,

n0 is unknown, however, its value is irrelevant in calculating the excitation rate in

relative units.

In order to perform a valuable PROES measurement on a CCP, several conditions

need to be satis�ed, in accordance with the above [15]:

1. The optical transition rates of the gas need to be known (see equations (6)�(8),

in which the transition probabilities are variables).

2. Excited population due to cascades, excitation from metastable levels and quench-

ing need to be negligibly low.

3. Enough intensity of the measured emission line is necessary, and no superposition

with other lines is required.

4. The lifetime of the measured line has to be short enough to temporally resolve

the RF period (the shortest period being 74 ns here).

One energy level that satis�es these criteria well in neon gas is Ne 2p1 with lifetime

of 16.26 ns and threshold energy for electron impact excitation from the ground state
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of 18.965 eV [16]. Given that this is an excited state with high energy, metastables

cannot contribute to it (their excitation energy being 16.6 eV), and the contribution

of cascades from higher energies to the population of this level is also particularly low

[17], while quenching is negligible at the low-pressure regime studied here.

3 Results and discussion

In this section, the results of PROES measurements and PIC/MCC simulations are

compared for a wide parameter regime. The pressure ranges from 60 Pa to 500 Pa and

the frequency of the driving voltage is varied between 1.70 MHz and 13.65 MHz. The

peak-to-peak value of the driving voltage, Vpp, i.e. the double of the voltage amplitude

(Vpp = 2V0), is varied between 300 V and 425 V. The ion-induced SEE coe�cient, γ

is set to 0.2 in most cases. Exceptions will be speci�ed below. The results are shown

in the order of increasing frequency, i.e. 1.70 MHz (�gure 10), 3.39 MHz (�gure 12),

6.78 MHz (�gure 13) and 13.56 MHz (�gure 14), respectively. Each �gure, in the

�rst row, contains the spatio-temporal plots of the Ne 2p1 excitation rate obtained by

PROES measurements, while the PIC/MCC simulation results on the excitation rates

and the ionization rates are shown in the second and third rows, respectively, for the

same discharge conditions. In the spatio-temporal plots of the discharge characteristics

shown in �gures 10-14 the horizontal axis corresponds to one RF period, and the vertical

axis corresponds to the distance from the powered electrode in electrode gap units, i.e.

the whole discharge cell is mapped, with x/L = 0 being the position of the powered

electrode and x/L = 1 being the position of the grounded one. The time-dependent data

collection in the case of PROES measurements has already been discussed in chapter

2.2.2. In the PIC simulations, the elementary excitation and ionization collisions are

counted in a space and time dependent way through several thousands of RF cycles,

and the results are averaged to one RF cycle. The sheath edge positions obtained from

the simulations are shown as white lines in the simulation plots. The position of the
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sheath is calculated by a criterion proposed by Brinkmann [18]:∫ s

0

ne(x)dx =

∫ L/2

s

(ni(x)− ne(x))dx, (9)

where s is the distance of the sheath from the nearest electrode, L is the electrode gap,

ne and ni are the electron and ion densities.

3.1 Fixed pressure

Figure 10 contains data for 1.70 MHz driving frequency and a relatively high �xed

pressure of 500 Pa, and it demonstrates the e�ects of varying the peak-to-peak voltage

between 300 V and 425 V, one certain value corresponding to a column of the �gure.

In the spatio-temporal distribution of the Ne 2p1 excitation rate measured by PROES

(�rst row), a transition from α- to γ-mode is suggested, as the peak-to-peak voltage

is increased. More precisely, at lower peak-to-peak voltages, excitations caused by

high-energy electrons are mostly observed in the phase of sheath expansion. At higher

peak-to-peak voltages, though, electrons cause excitation mostly within the sheaths,

while it is expanded. In the second row, the excitation rate obtained from PIC/MCC

simulation is shown, i.e. the same quantity as in the �rst row. Although the ten-

dency of transition from α- to γ-mode is visible in the simulated series of data as well,

it suggests di�erent picture of the excitation than the measurement, for most values

of the peak-to-peak voltage. Namely, the γ peak is more intensive in the measured

data than in the simulated excitation. This can be a consequence of inaccuracy of

the γ = 0.2 SEE coe�cient in the simulation for this low frequency of 1.70 MHz, as

secondary electrons can have a crucial role in the excitation and ionization dynamics.

Generally, in case of high sheath potential, the secondary electrons escaping from the

electrodes are intensively accelerated, and most of them collide with the atoms of the

background gas.As for the ionization calculated by PIC/MCC simulation (see the third

row), its spatio-temporal distribution di�ers from both the measured and the simulated

excitation rate for most values of the peak-to-peak voltage, i.e. the γ peak seems less
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intensive than the one obtained from PROES, however, a tendency of transition from

α- to γ-mode can also be seen in this case. At the lowest peak-to-peak voltage value of

300 V, the PROES measurement shows an intensive α peak and a much less intensive

but signi�cant γ peak with approximately half of the intensity of the α peak for the

excitation rate (10(a)), while this weaker γ peak is not remarkable in PIC/MCC simula-

tion data for neither the excitation (10(g)) nor the ionization (10(m)). The experiment

suggests a hybrid α-γ-mode with α being more signi�cant, simulation suggests simple

α-mode. The case is similar for 330 V, with the tendency of intensifying γ peak on

PROES and simulated ionization data (10(b, m)). At 350 V, this tendency results in

a γ peak in the experimentally observed excitation of similar intensity to the α peak

(10(c)), forming hybrid α-γ-mode. The simulation still shows only weak γ-excitation

(10(i)). At 375 V, PROES suggests the γ peak to be stronger than the α peak in the

hybrid mode, while simulation only follows the intensifying tendency of the γ peak,

even in the case of ionization. However, at 400 V, dominant γ-mode can be observed

both in the case of the measured excitation and the simulated ionization (10(e, q)), but

not in the case of the simulated excitation (10(k)). The experiment shows negligible

α peak compared to γ at this high voltage (10(e)). Although PIC simulation suggests

α-mode to be dominant based on the excitation (10(k)), it suggests dominant γ-mode

and weaker α-mode in the ionization (10(q)). At the highest peak-to-peak voltage of

425 V studied here, all quantities, i.e. the measured and simulated excitation and the

simulated ionization show pure γ-mode. To summarize shortly: at 1.70 MHz driving

frequency and 500 Pa pressure, the ionization dynamics changes from α- to γ-mode as

an e�ect of increasing the peak-to-peak voltage from 300 V to 425 V. However, PROES

measurements of Ne 2p1 excitation and PIC/MCC simulations of Ne 2p1 excitation

and ionization suggest the transition to happen at di�erent values of the peak-to-peak

voltage: the experiment suggests it to happen between 350 V and 375 V, PIC simula-

tion suggests that the ionization changes from α- to γ-mode between 375 V and 400 V,

while the characteristics of the spatio-temporal distribution of the simulated excitation
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Figure 11: The peak ion densities as a function of the peak-to-peak voltage, for driving

frequency of 1.70 MHz and pressure of 500 Pa.

show mode transition only between 400 V and 425 V.

Figure 11 shows the peak ion densities obtained by PIC/MCC simulations, i.e.

the maximal density of Ne+ ions in the discharge, for the discharge cases previously

introduced in �gure 10, as a function of the peak-to-peak voltage. As it can be seen in

�gure 11, the density increases as a function of the peak-to-peak voltage. This can be

explained with the stronger acceleration of the electrons and the increasing ionization

cross section as a function of the energy in the regime between ∼ 20 eV and 200 eV (see

�gure 7). Note that for a certain peak-to-peak voltage, the maximal energy of electrons

is the value of the voltage amplitude measured in eV, e.g. 200 eV in case of 400 V peak-

to-peak voltage. With increasing the peak-to-peak voltage from 300 V to 400 V, the

density increases by a factor of ∼ 2.8. However, between 400 V and 425 V, the increase

factor is ∼ 4.0. As it is visible in �gure 10, the sheath lengths drastically decrease when

the peak-to-peak voltage is increased from 400 V to 425 V. At 425 V peak-to-peak

voltage, the multiplication of γ-electrons in the sheaths become very e�cient, which

results in a higher ion density in the whole discharge cell and in the sheaths, decreasing
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Figure 12: Spatio-temporal plots of the relative excitation rate of the Ne 2p1 state

measured by PROES [a. u.] (a-d) and obtained from PIC/MCC simulation [a. u.]

(e-h), and the ionization rate obtained from PIC/MCC simulation [m−3s−1] (i-l). The

sheath edges obtained from simulations are shown as white lines in panels (e-l). The

powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1.

Discharge conditions: f = 3.39 MHz, L = 2.5 cm, Vpp = 2V0 = 330 V, the pressure

varied between 120 Pa and 500 Pa.

the length of the latter and increasing the peak charge density. However, the cross

section of ionization does not increase above 200 eV. Thus, this drastic increase of

the γ-electron's multiplication as a consequence of changing the peak-to-peak voltage

from 400 V to 425 V can only be explained by the next scenario: electrons born in

γ-ionization and accelerated by the sheath potential suddenly overcome the ionization

threshold, 22 eV, and cause an exponential multiplication.
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3.2 Fixed peak-to-peak voltage

At the higher frequency of 3.39 MHz (�gure 12), the peak-to-peak voltage is �xed at

a lower level of 330 V, while the e�ect of changing the pressure is examined between

120 Pa and 500 Pa, corresponding to columns from left to right in the �gure. First

of all, the Ne 2p1 excitation rates measured by PROES (�rst line) and obtained from

PIC/MCC simulations (second line) are in a good agreement at this frequency between

120 Pa and 240 Pa. The excitation rates suggest α-mode operation, and there is a

weak γ patch that intensi�es as the pressure is increased from 120 Pa to 240 Pa. This

patch is slightly less intensive in the plots corresponding to simulation results (12(e-g))

compared to the ones that show experimental results (12(a-c)). However, at the highest

pressure of 500 Pa, the measured and simulated excitation rate is remarkably di�erent

(12(d, h)). The PROES measurement suggests hybrid α-γ-mode with more signi�cant

α peak, while the excitation rate calculated by PIC/MCC simulation implies pure α

mode. As for the ionization dynamics obtained by simulations (third row), hybrid α-γ-

mode can be seen for all values of the pressure, and the γ peak slightly increases with

increasing pressure (12(i-l)). The α-type ionization is more signi�cant than γ in the

whole pressure range. The fact that PROES measurements and PIC/MCC simulations

provide similar results for the Ne 2p1 excitation rate between 120 Pa and 240 Pa suggests

that the simulation re�ects the ionization dynamics correctly in this regime. This is a

typical example of the scenario when the observation of the Ne 2p1 excited state by

PROES does not re�ects the ionization dynamics correctly, as they have di�erent spatio-

temporal distribution. In the case of 500 Pa, in which the γ peak measured by PROES

is remarkably more intensive than the one obtained by PIC/MCC simulation (12(d)

compared to 12(h)), the simulation probably underestimates the role of γ-electrons, i.e.

the γ-type ionization can be more signi�cant than it can be seen in �gure 12(l). With

an ion-induced SEE coe�cient higher than γ = 0.2, better agreement is expected at this

relatively high pressure as well. The reason why the e�ect of the underestimation of SEE

escalates at high pressure is that the multiplication of γ-electrons is less e�cient at lower
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pressures. In the case of longer electron free paths much less γ electrons collide with

the atoms of the background gas within the sheaths. This has an e�ect on the sheath

lengths as well: as the pressure is decreased, the sheaths get longer (see for example

in �gure 12, from panel (h) to (e) and (l) to (i)), as less ionization processes result in

lower density near the electrodes. Another meaningful observation that can be made

by examining the sheaths in �gure 12 is the comparison of the sheath lengths obtained

from simulation and PROES measurement. As in the case of the experimental data

only the spatio-temporal distribution of the excitation is available (and no calculated

curve for the boundary of the sheath), this is a comparison "by eye". For all values of

the pressure, the sheaths seem to be systematically shorter according to PROES than

the ones calculated by PIC/MCC simulation (the experimentally measured excitation

peaks are closer to the electrodes than the ones obtained from simulations). This is

another indication that the simulation underestimates the role of γ-electrons, i.e. a

SEE coe�cient higher than 0.2 would be more realistic.

Figure 13 shows a study of the e�ect of the pressure on the discharge characteristics

at the frequency of 6.78 MHz, the value of the peak-to-peak voltage being 330 V, the

same as in the previous case (3.39 MHz). The structure of the �gure is identical to �gure

12, however, the pressure has a wider range here, starting with 60 Pa and increasing

to 500 Pa. At this higher frequency, the excitation rate of the Ne 2p1 state obtained

from PROES measurements (�rst row) and PIC/MCC simulation (second row) tend

to be closer to each other than in the previous cases. Between 60 Pa and 240 Pa, the

excitation rates are in a good agreement (see �gure 13(a-c) in comparison with 13(e-g)).

The spatio-temporal distributions of the excitation suggest α mode, the sheath lengths

decrease as a function of the pressure, and a γ patch slightly intensi�es at each electrode

(see for example in panel 13(c) around t/TRF = 0.5, at the powered electrode, i.e. the

bottom of the �gure). However, the sheath lengths seem to be shorter according to the

experiment than based on the simulation for this frequency as well, and the γ patch

is weaker in the spatio-temporal distribution obtained from simulation than in the one
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Figure 13: Spatio-temporal plots of the relative excitation rate of the Ne 2p1 state

measured by PROES [a. u.] (a-d) and obtained from PIC/MCC simulation [a. u.]

(e-h), and the ionization rate obtained from PIC/MCC simulation [m−3s−1] (i-l). The

sheath edges obtained from simulations are shown as white lines in panels (e-l). The

powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1.

Discharge conditions: f = 6.78 MHz, L = 2.5 cm, Vpp = 2V0 = 330 V, the pressure

varied between 60 Pa and 500 Pa.

measured by PROES. This implies again that the secondary electron emission may be

underestimated. At the highest pressure of 500 Pa, PROES suggests hybridα-γ-mode

13(d), while the excitation rate obtained by PIC/MCC simulation shows pure α-mode

13(h). Similarly to the case of 3.39 MHz, the e�ect of the underestimation of γ escalates

at this relatively high pressure of 500 Pa. Regarding the ionization rates obtained from

PIC/MCC simulations (third row), a γ peak is visible at each electrode for all values

of the pressure, even when it is not suggested by the excitation rate. This γ peak

signi�cantly intensi�es as the pressure is increased, i.e. a transition from α-mode to

α-γ hybrid mode can be observed regarding the ionization dynamics of the discharge,
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Figure 14: Spatio-temporal plots of the relative excitation rate of the Ne 2p1 state

measured by PROES [a. u.] (a-d) and obtained from PIC/MCC simulation [a. u.]

(e-h), and the ionization rate obtained from PIC/MCC simulation [m−3s−1] (i-l). The

sheath edges obtained from simulations are shown as white lines in panels (e-l). The

powered electrode is located at x/L = 0, while the grounded electrode is at x/L = 1.

Discharge conditions: f = 13.56 MHz, L = 2.5 cm, Vpp = 2V0 = 330 V, the pressure

varied between 60 Pa and 500 Pa.

as the pressure is increased from 60 Pa to 500 Pa 13(i-l). Based on the fact that

the underestimation of SEE in PIC/MCC simulations results in a remarkably di�erent

spatio-temporal distribution of the excitation rate from the one obtained by PROES

measurement at 500 Pa, γ-mode is probably even more dominant in the ionization

than it can be seen in �gure 13(l). It can also be seen that PROES measurement

does not probe the ionization dynamics correctly, since the γ peaks that are present

in the spatio-temporal distribution of the ionization obtained by PIC/MCC simulation

are much weaker in the excitation rate measured by PROES, sometimes being hardly

visible in it.
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The highest frequency studied in this work is 13.56 MHz. Discharges are examined

in the same pressure regime and the same peak-to-peak voltage of 330 V as in the case

of 6.78 MHz. The results are presented in �gure 14. At this relatively high frequency,

the spatio-temporal distribution of the Ne 2p1 excitation rate obtained from PROES

measurements (�rst row) and PIC/MCC simulations (second row) are in clear agree-

ment for all values of the pressure between 60 Pa and 500 Pa. In addition, the sheath

lengths obtained by PIC/MCC simulations are also very close to the ones suggested

by PROES measurements. No signi�cant di�erence is observable between the results

of the experiments and the simulations in case of any of the pressure values examined

here. This implies that for driving frequency of 13.56 MHz and peak-to-peak voltage

of 330 V, within the pressure range from 60 Pa to 500 Pa, the PIC/MCC simulation

method applied in this work describes the discharge correctly. The use of a constant

ion-induced SEE coe�cient with value of γ = 0.2 does not seem to be an underestima-

tion. At the lowest pressures of 60 Pa and 120 Pa, the spatio-temporal distributions

of the ionization rates obtained from PIC/MCC simulations do not di�er remarkably

from the distribution of the Ne 2p1 excitation (see 14(i) compared to 14(a, e) and 14(j)

compared to 14(b, f)). Both suggests α-mode, however, a weak γ-patch can be seen

within the sheaths in the ionization patterns. At 240 Pa, the spatio-temporal distribu-

tion of the simulated ionization becomes signi�cantly di�erent from the excitation rates

obtained by PROES measurement and PIC/MCC simulation. The ionization starts to

operate in hybrid α-γ-mode, in which the α peak is more intensive (14(k)). As for the

excitation, though, both the experiment and the simulation implies α-mode (14(c, g)).

At the highest pressure of 500 Pa, the PIC/MCC simulation exhibits hybrid α-γ-mode

for the ionization dynamics (14(l)), while the spatio-temporal distribution of the Ne 2p1

excitation is dominated by α-mode both in case of PROES measurement and PIC/MCC

simulation (14(d, h)). To tell it shortly, a transition from α to α-γ hybrid mode can be

observed in the ionization dynamics of a neon discharge operated at driving frequency

of 13.56 MHz and peak-to-peak voltage of 330 V as the pressure is increased from 60 Pa
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Figure 15: Spatio-temporal plots of the total excitation rate [m−3s−1] (a-c), the relative

excitation rate of the Ne 2p1 state [a. u.] (d-f) and the ionization rate [m−3s−1]

(h-j) obtained from PIC/MCC simulation, considering di�erent coe�cients for the ion-

induced secondary electron emission: γ = 0.2 (1st column from left), 0.3 (2nd column)

and 0.4 (3rd column). The sheath edges obtained from simulations are shown as white

lines in panels (a-f) and (h-j). Panel (g) shows the Ne 2p1 excitation rate measured

by PROES [a. u.]. The powered electrode is located at x/L = 0, while the grounded

electrode is at x/L = 1. Discharge conditions: f = 6.78 MHz, L = 2.5 cm, Vpp = 2V0 =

330 V, p = 60 Pa.

to 500 Pa. However, this transition cannot be seen in the spatio-temporal distribution

of the excitation, i.e. it cannot be observed by PROES.

3.3 Variation of γ

After introducing experimental and simulation results for neon RF discharges operated

in a wide parameter regime, the in�uence of the choice of the γ ion induced secondary
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electron emission (SEE) coe�cient on the excitation and ionization dynamics is exam-

ined. In all the simulations introduced above, the γ coe�cient was set to 0.2. For driving

frequencies of 3.39 MHz and above and pressures up to 240 Pa, at peak-to-peak volt-

age of 330 V, PIC/MCC simulation produced results in good agreement with PROES.

The di�erences decreased with increasing frequency and increased with increasing pres-

sure. In case of 500 Pa, the PIC/MCC simulation was found to underestimate the

SEE caused by ions and consequently to underestimate the role of γ-electrons in the

ionization dynamics. At driving frequency of 1.70 MHz, the underestimation of SEE

was also found. In the following, PIC/MCC simulation results are presented obtained

by assuming higher values for the γ SEE coe�cient. In �gure 15 and 16, the results

obtained for driving frequency of 6.78 MHz, peak-to-peak voltage of 330 V and pressure

values of 60 Pa and 500 Pa, by assuming γ = 0.2, are compared to simulation results for

the same conditions with γ coe�cients of 0.3 and 0.4. The �rst three columns in these

�gures correspond to a certain value of the gamma, while panel (g) at the right edge

shows the experimentally measured Ne 2p1 excitation rate for the studied discharge

conditions. The rows correspond to the simulated total excitation rate, the Ne 2p1

excitation rate and the ionization rate. The total excitation rate means the number of

electron-atom excitation processes that occur in the discharge per unit time per unit

volume, i.e. it contains all kinds of excitation, not only 2p1.

Figure 15 shows the results for 60 Pa, the lowest pressure value studied at the

frequency of 6.78 MHz. It can be seen in the �rst two lines that the spatio-temporal

distribution of the total excitation and the Ne 2p1 excitation rate is very similar for

a certain PIC/MCC simulation (one column of the �gure). As a function of γ, the

excitation does not changes remarkably. The sheath lengths slightly decrease as the

γ coe�cient is increased (15(a-c, d-f)), as a consequence of the multiplication of the

γ-electrons. The PROES measurement produces fairly similar Ne 2p1 excitation rate to

the ones obtained from PIC/MCC simulations, for all the γ values studied here (15(g)).

However, γ-type ionization gets signi�cant for higher values of the SEE coe�cient, i.e.
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Figure 16: Spatio-temporal plots of the total excitation rate [m−3s−1] (a-c), the relative

excitation rate of the Ne 2p1 state [a. u.] (d-f) and the ionization rate [m−3s−1]

(h-j) obtained from PIC/MCC simulation, considering di�erent coe�cients for the ion-

induced secondary electron emission: γ = 0.2 (1st column from left), 0.3 (2nd column)

and 0.4 (3rd column). The sheath edges obtained from simulations are shown as white

lines in panels (a-f) and (h-j). Panel (g) shows the Ne 2p1 excitation rate measured

by PROES [a. u.]. The powered electrode is located at x/L = 0, while the grounded

electrode is at x/L = 1. Discharge conditions: f = 6.78 MHz, L = 2.5 cm, Vpp = 2V0 =

330 V, p = 500 Pa.

γ = 0.3 and 0.4 (15(h-j)). While for γ = 0.2, the ionization operates in α-mode, for

γ = 0.4 most of the ionization processes happen at the phase of sheath expansion.

The latter one is called γ-mode, however, in this case, the γ ionization peak does not

escalates within the sheath but further from the electrode. The reason is the low value of

the pressure, which causes a mean free path for electrons of approximately the maximal

length of the sheath.

Figure 16 shows the e�ects of the choice of the γ ion-induced SEE coe�cient on the
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discharge characteristics at 6.78 MHz frequency, 330 V peak-to-peak voltage and 500 Pa,

the pressure at which the assumption of γ = 0.2 was found to be an underestimation.

In case of γ = 0.2 coe�cient, the ionization operates in a hybrid α-γ-mode, as it was

presented earlier in �gure 13(l) and can be seen here in panel 16(h). The simulation of

excitation suggests α-mode to be dominant (16(a, d)), however, PROES measurement

shows hybrid α-γ-mode (16(g)). The spatio-temporal distribution of the total excitation

and the Ne 2p1 excitation obtained from PIC/MCC simulation is similar. As increasing

the value of the SEE coe�cient, a mode transition can be observed, i.e. the value of

γ is critical in terms of the discharge operation. At γ = 0.3, γ-mode dominates the

ionization dynamics instead of the balanced hybrid α-γ-mode observed in case of γ = 0.2

(16(i) in comparison with 16(h)). Meanwhile the excitation suggests hybrid α-γ-mode

instead of the dominant α-mode (16(e) in comparison with 16(d)). For the largest γ

value of 0.4, a pure γ-mode can be observed in the spatio-temporal distributions of the

ionization dynamics (16(j)), which can also be seen in the case of the total excitation rate

(16(c)) and the Ne 2p1 excitation rate (16(f)). Another important remark concerning

the current set of simulations with di�erent γ coe�cients is that the simulation results

for the Ne 2p1 excitation rate obtained with the assumption of di�erent γ values can

be compared to the result of PROES measurement, providing a veri�cation for the

simulation. As it can be seen, under the conditions of 6.78 MHz, 330 V and 500

Pa, among the cases investigated here, γ = 0.3 provides the best agreement with the

experiment.

As a �nal remark, the peak charge densities obtained from PIC/MCC simulations

are shown in �gure 17 as a function of the pressure, for most of the discharge cases

studied above, at peak-to-peak voltage of 330 V and driving frequencies of 3.39 MHz,

6.78 MHz and 13.56 MHz. At a �xed frequency, the peak charge density increases as a

function of the pressure, as a result of more frequent collisions due to shorter electron

free path. At a certain pressure, the peak charge density also increases as the driving

frequency is increased, and this di�erence in the density between discharges operated
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Figure 17: The peak ion densities as a function of the pressure at 330 V peak-to-peak

voltage, for di�erent values of the driving frequency and the γ SEE coe�cient. γ = 0.2

in the cases where it is not speci�ed.

at di�erent driving frequencies is more pronounced at higher pressures. For example,

by changing the frequency from 3.39 MHz to 13.56 MHz, the density increases by a

factor of ∼5 at 120 Pa, while it increases by a factor of ∼8 at 500 Pa. The choice of the

SEE coe�cient, γ is also critical in terms of the ion density. At 6.78 MHz and 60 Pa,

the density increases by a factor of ∼2, as a result of applying γ = 0.4 SEE coe�cient

instead of 0.2. However, at 500 Pa, the density increases by a factor of ∼8 as the SEE

coe�cient is changed from 0.2 to 0.4. It is notable that a γ value of 0.3 results in much

less impact on the density in comparison with 0.4, i.e. at 500 Pa, γ = 0.3 results in

a 30 % higher density the value can be obtained in the case of γ = 0.2. This implies

that the multiplication of the γ electrons become critical in the sheath when they are

generated with a high probability of 40 %.
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4 Conclusions

Within the frame of this work, the electron power absorption modes of low-pressure RF

discharges operated in neon gas were studied, and a detailed comparison of simulated

and experimental results was provided in a wide parameter regime. 1d3v Particle-in-

Cell/Monte Carlo Collisions simulations and Phase Resolved Optical Emission Spec-

troscopy measurements were performed at driving frequencies from 1.70 MHz to

13.56 MHz, pressures from 60 Pa to 500 Pa and peak-to-peak voltages from 300 V to

425 V in a geometrically symmetric CCP reactor.

Both in simulations and experiments, a transition of the discharge operation mode

from α to γ was found by increasing the peak-to-peak voltage at a �xed frequency of

1.70 MHz and a �xed pressure of 500 Pa. However, the simulations and the experi-

ments suggested di�erent peak-to-peak voltages at which the transition happened. Sur-

prisingly, PROES measurements shown more intensive γ-peaks in the spatio-temporal

distribution of the Ne 2p1 excitation than PIC/MCC simulations did in the spatio-

temporal ionization rate. This observation implied that the use of a constant γ value of

0.2 as ion-induced secondary electron emission coe�cient is an underestimation of the

role of γ-electrons at this low frequency.

Discharge operation mode transitions were also observed by increasing the pressure

at �xed frequencies of 3.39 MHz, 6.78 MHz and 13.56 MHz, at a �xed peak-to-peak

voltage of 330 V. In these cases, the Ne 2p1 excitation rates obtained from PROES

measurements and PIC/MCC simulations shown a good agreement between pressures

of 60 Pa and 240 Pa. However, it was revealed that signi�cant γ-mode ionization

could took place in the discharge even in the cases when it was not suggested by the

spatio-temporal distribution of the Ne 2p1 excitation. At the relatively high pressure

of 500 Pa, the underestimation of the secondary electron emission caused by ions re-

sulted in remarkable di�erences between the spatio-temporal excitation rate obtained

from PIC/MCC simulation and the excitation rate obtained from PROES measure-
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ment, and in the underestimation of the γ-mode ionization. Via the comparison of

experimental and simulated data within a wide parameter regime, this study also re-

vealed the limitations of PROES to probe the discharge operation mode, which was

determined by the ionization dynamics.

As another point, the critical role of the secondary electron emission coe�cient

assumed in the PIC/MCC simulation was studied brie�y. It was found that for a rel-

atively high pressure of 500 Pa, a γ coe�cient above 0.2 results in better agreement

of the excitation rate obtained by PIC/MCC simulation with the excitation rate mea-

sured by PROES. Together with this observation, the fact that simulation results show

weaker ionization at the low frequency of 1.70 MHz compared to what is suggested by

PROES measurements designates the topic of future investigations: the e�ect of ion-

induced γ-electrons has to be considered more accurately in PIC/MCC simulations of

neon discharges operated between stainless steel electrodes within the current param-

eter regime. On the other hand, the comparison of the excitation rate obtained from

PIC/MCC simulation to the result of PROES measurement, for several simulation cases

that assume di�erent constant values for the γ SEE coe�cient, can be used as a method

to measure secondary electron emission coe�cients of a certain system. This type of

measurement is called γ-cust, and it has only been applied for argon gas [19].
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