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List of Notations

All physical quantities are in the International System of Units (SI).

Symbol Name / Explanation Unit & if applicable Value

a axial distance [a] = m
α electronegativity [α] = 1
~B magnetic flux [~B] = T
c speed of light c ≈ 3.00 × 108 m/ s
C constant of proportionality [C] = a.u.
dl laser beam diameter dl = 15 mm
∆Φ MWI phase shift [∆Φ] = rad
e elementary charge e ≈ 1.60 × 10−19 C
e Euler’s number e ≈ 2.72
~E electrical field strength [~E] = V/m
El laser energy [El] = J
ε0 electric field constant ε0 ≈ 8.85 × 10−12 C/( V m)
FJ′ rotational energy level [FJ′ ] = m−1

fRF radio frequency [ fRF] = 13.56 MHz
h Planck constant h ≈ 6.63 × 10−34 J s
I optical emission intensity [I] = a.u.
Icoil coil current (peak-to-peak) [Icoil] = A
Ipl transmitted intensity with plasma [Ipl] = a.u.
Ivac transmitted intensity with vacuum [Ivac] = a.u.
I+,sat positive ion saturation current [I+,sat] = A
κ ionization degree [κ] = 1
kB Boltzmann constant kB ≈ 1.38 × 10−23 J/K
λD electron Debye length [λD] = m
λl laser wavelength λl = 532 nm
λMWI microwave wavelength λMWI = 1.87 mm
µ dissociation degree [µ] = 1
me electron mass me ≈ 9.11 × 10−31 kg
mi ion mass [mi] = kg
µ0 magnetic field constant µ0 = 4π × 10−7 Vs/(A m)
nC critical electron density nC = 3.2 × 1020 m−3

ne electron density [ne] = m−3
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1 Introduction

Low pressure discharges have been studied for at least one century [1, 2]. Firstly, low pressure
electric glow discharges were investigated in the middle of the 19th century by Michael Faraday
[2]. In the end of the 19th century, Nicola Tesla started to study electric discharges which were
driven at high frequency [2]. This was the beginning of the low pressure plasma physics whose re-
search was mainly continued in the middle of the 20th century by Irving Langmuir and colleagues.
Rudolf Seeliger is another pioneer in electric discharge physics of the 20th century and founded
the era of plasma physics in Greifswald since 1918. They all found out, that the plasma is a many
particle system, consisting of neutrals, electrons and ions, which show collective behavior.

Since that time, the research of these plasmas has been very fruitful because of their outstand-
ing experimental accessibility which simplifies the investigation of the plasma principles. Fur-
thermore, low pressure plasmas also allow the study of elementary processes which have been
important for other research fields. As a result, a wide field of innovative applications has been
emerged from these investigations. Low pressure, non-thermal plasmas at radio frequency (RF)
have been applied in technological applications, e.g., in plasma light sources and microelectronics
manufacturing[1–3].

In recent years, three types of low pressure RF plasmas have been applied which can be distin-
guished regarding their RF power coupling. The transfer of the electric energy coming from the
RF generator to the electrons defines the different discharge operation modes, namely the elec-
trostatic (E) mode, the electromagnetic (H) mode and the propagating wave (W) mode [3]. The
respective discharges which operate mainly in the above mentioned modes are the capacitively
coupled (CCP), inductively coupled (ICP) and the helicon plasma. Helicon discharges can operate
in the E-mode at low RF power, in the H-mode at moderate higher RF power and mainly in the
W-mode at relatively high RF power and an external magnetic field. This implies, that the electron
density is lowest in the E-mode and highest in the W-mode in relation to the other modes. In the
W-mode, the electrons gain their energy by whistler waves which are launched by an antenna with
a specific geometry [1]. Here, an external magnetic field is required for the propagation of the
whistler wave. The electrons absorb the energy due to collisionless [4] or collisional damping [5].
Furthermore, a resonant electron heating was observed for frequency below the lower hybrid fre-
quency [6]. These mechanisms of power coupling lead to a higher electron density compared to a
CCP and ICP. The CCP operates in the E-mode and is generated by electrical fields which are per-
pendicular to a planar electrode leading to RF sheaths [1, 3]. The plasma is mainly heated by the
RF sheath dynamics. Thereby, a heating takes place which can be collisionless or collision domi-
nated. In all cases a real part in the electric power have to be achieved for the electron heating. A
direct current (DC) self bias voltage, which occurs in geometrical and electrical asymmetric CCPs,
increases the mean sheath voltage and determines the mean ion energy as well as the particle flux
to the plasma and electrode. The usage of multi frequency RF generators can induce the electrical
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1 Introduction

asymmetry effect for an geometrically symmetric CCP. This allows the variable control of the self
bias voltage leading to an independent control of the ion energy and flux [7–11]. Furthermore,
unique electron absorption dynamics were observed when a superposition of multiple consecutive
harmonics of the fundamental frequency is applied to the electrodes [12]. ICPs can operate in the
E-mode at low RF power and also in the H-mode at higher RF power. The ICP and especially the
mode transition from the E- to the H-mode is the main object of investigation in this PhD thesis.
The inductive electrode arrangement can be a planar coil or solenoid which are generally placed
outside the vacuum chamber [13]. The generation of the plasma in the E-mode is achieved due to
electric fields coming from the voltage drop between the coil windings, which is comparable to
those of a CCP. In contrast to that, the RF current in the coil generates a time-varying magnetic
field which induces an electric field for electron heating.

This concept of plasma generation provides some advantages which have attracted an increas-
ing interest in the ICPs. On the one hand, the ICP enables the plasma processing in the E-mode
with the typical advantages of an CCP, e.g., high ion energy. On the other hand, the ICP can
also operate in the H-mode in which the ion flux and energy can be independently controlled by
biasing the substrate with an additional RF voltage [14, 15]. Additionally, the plasma uniformity
and properties can be improved by adjusting the design of the coil which is furthermore not di-
rectly connected with the plasma and mainly outside the vacuum chamber [16–20]. Although, an
external magnetic field is not required, the electron density is higher compared to a CCP.

These features and so forth justify the importance of the ICP for plasma processing applications
[21]. In particular, the ICP have been applied for plasma etching [22–30], particle generation
[31, 32], diamond [33, 34] and vapor [35] deposition and for growth of carbon nano tubes [36].
In recent years, the ICP has been more extensively used in plasma medicine for sterilization and
decontamination of sensitive surfaces [18, 37–39] and for the treatment of biomolecules [40–42].
Furthermore, they have been applied in atomic clocks for the global positioning system (GPS) [43]
and also for thrusters in electric propulsion [44]. Especially, ICPs containing oxygen have been
used in plasma surface treatments [25–28, 30, 40, 41, 45–48].

Generally, the application of electronegative plasmas such as oxygen, leads to some advantages
compared to the usage of an electropositive plasma. For example, the admixture of oxygen to an
argon discharge and therewith the presence of atomic oxygen leads to an enhanced etch rate [46].
Nevertheless, electronegative plasmas represent a many species system which contain charged
particles, transient and stable atoms and molecules, respectively. Hence, these plasmas differ
strongly in their chemical and physical properties compared to electropositive plasmas. As a
result, additional energy channels occur, e.g., dissociation, vibrational and rotational excitation,
ion-ion recombination and negative ion formation. Especially, negative ions play an important
role in electronegative plasmas and significantly determine the discharge characteristics such as
the charge balance, the electron energy distribution function (EEDF) and the electron heating [49–
52]. Furthermore, the presence of negative ions facilitates the formation of double layers [53–56]
and instabilities [57–65].

In this contribution, oxygen was chosen because it is a suitable molecular model system of
an electronegative and reactive gas containing charged particles such as electrons, positive ions(
O+

2 ,O
+
)
, negative ions

(
O−,O−2 ,O

−
3

)
, stable neutral particles

(
O2

(
X3Σ−g

)
,O

(
3P

)
,O3

)
, metasta-

bles
(
O2

(
a1∆g

)
,O2

(
b1Σ+
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)
,O

(
1D

))
and Herzberg states

(
O2

(
A3Σ+

u ,A
′3∆u, c1Σ-

u

))
. Additionally,
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argon was used as a common electropositive gas by comparison.
Mainly two key issues yield from the features mentioned above. How is the discharge charac-

teristic influenced by the mode transition and what is the impact of the additional species of an
electronegative plasma? Consequently, the investigation of the plasma and processing parame-
ters during the mode transition and the comparison between an electropositive and electronegative
plasma arise from these questions. In the literature, the E-H transition was studied regarding the
currents and potentials [66–69], the electron density [67, 69–76], the EEDF [72, 73, 75, 77, 78]
and the heating mechanisms [15, 19, 74, 79–81]. Furthermore, there are some publications on
a pure oxygen ICP but they do not address to the mode transition and rather study each mode
separately [73, 82–85]. There are also some theoretical works which investigate the discharge op-
eration mode separately. Especially, global [1, 73, 83, 85–89], fluid [90–93] and kinetics models
[94–97] were used to study an ICP. Typically, the simulation of an ICP requires 2 or 3 dimensional
models which involve the electron kinetics [98]. On the one hand, fluid models are not able to con-
sider the electron kinetics at low total gas pressure. On the other hand, multidimensional particle
in cell (PIC) simulations are limited due to the high particle number of an ICP which results into
a high computation time. Hence, hybrid models [99–101], which combine features from kinetics
(high accuracy of kinetics) and fluid (low computational resources) models, have been extensively
used at ICPs. Nevertheless, kinetic simulations become more relevant because of the improving
computational resources.

Unfortunately, the mode transition of an ICP is not fully understood. Furthermore, a comprehen-
sive investigation of the plasma and processing parameters during the mode transition especially
for a pure oxygen ICP is still missing. In particular, the analysis of negative ions and metastables
is a key task for the understanding of a multi component plasma such as an oxygen ICP.

This contribution presents novel results regarding the mode transition of an ICP with an un-
precedented RF power resolution. A comprehensive set of diagnostics was applied to study and
compare the discharge aspects such as electron heating, plasma and electrical parameters and the
hysteresis effect of an electropositive and electronegative plasma in argon and pure oxygen, re-
spectively. Therefore, the argon and oxygen ICP were investigated by means of Langmuir probe
diagnostics, 160 GHz Gaussian beam microwave interferometry as well as phase and space re-
solved optical emission spectroscopy. Especially, a pure oxygen ICP was analyzed by optical
visible spectral range (VIS) emission and vacuum ultra-violet spectral range (VUV) absorption
spectroscopy, respectively, as well as by laser photodetachment of negative ions. Furthermore, the
experimental results were supplemented by a rate equation calculation which considers 8 species
and 14 elementary processes.

This contribution is organized as follows. It firstly explains the underlying physics of an ICP in
chapter 2. Secondly, an overview of the experimental setup and the applied diagnostics is given in
chapter 3. Thirdly, the main results are presented in chapter 4. In particular, the mode transition is
comparatively analyzed for an argon and oxygen ICP regarding the electron heating mechanisms
as well as the the plasma and processing parameters (section 4.1) and the hysteresis effect (section
4.2). Especially, the mode transition of a pure oxygen ICP is comprehensively investigated using
exceptional diagnostics and a rate equation calculation (section 4.3). Finally, a summary is given
in chapter 5 followed by reprints of the considered thesis paper in chapter 6 and a complete list of
all publications in scientific journals and contributions to scientific conferences.
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2 Inductively Coupled Radio Frequency
Discharges

Inductively coupled discharges were firstly mentioned 1884 by Johann Wilhelm Hittorf [102].
He bent a cylindrical coil around an evacuated tube and recognized a discharge when the coil is
excited with a Leyden jar. The physics behind the electrodeless mechanism which generates the
plasma was unresolved for 45 years. MacKinnen [103] explained 1929 that the ICP is capacitively
driven at low applied powers due to the voltage drop between the ends of the coil. Furthermore,
he showed that only at high applied powers an induced electric field in the coil generates the
plasma. To distinguish between the plasma generation by time-dependent external electric or
magnetic fields, the terms ”E-” and ”H-discharge” were introduced by Babat [104] in 1947. Both,
electric and the magnetic fields are present in an ICP. Therewith, the capacitive and the inductive
power coupling are separated with different electron heating efficiency which results in different
discharge operation modes.

The capacitive power coupling is dominant in the E-mode. Due to the voltage drop between
the coil windings, the antenna generates directly an electric field which sustains the plasma at low
density. This capacitive power coupling is similar to a CCP with the typical high mean RF sheath
voltage and ion energy [1]. Just the electrons close to the sheath edge are accelerated once per RF
cycle and carry the current which is perpendicular to the bottom plate of the quartz cylinder [1].
Hence, a large part of the power is lost due to acceleration of ions in the sheath [20] and the loss of
hot electrons on the surfaces. As a result, the electron density in the E-mode varies between 1014

and 1016 m−3 [1].
The discharge operates in the H-mode when the inductive power coupling dominates. The

RF current flows through the coil and generates a time-varying magnetic flux density ~B. The
time-depending magnetic flux density induces a solenoidal electric field ~E by Faraday’s law with
∇ × ~E = −∂~B/∂t. This inductive electric field is ring-shaped and accelerates the electrons twice
per RF cycle, parallel to the bottom of the quartz cylinder. Therewith, the mean RF sheath voltage
is low leading to reduced ion energy and flux to the wall. Hence, the inductive heating is more
effective compared to the capacitive heating and results in an increased electron confinement with
a higher electron density between 1016 and 1018 m−3 [1].

Among others, the efficiency of the inductive power coupling depends on the penetration depth
of the RF field in the plasma by the skin effect. RF fields are shielded due to the skin effect leading
to a skin depth for a collisionless plasma δ with [1]

δ =

√
me

e2µ0ne
, (2.1)

where me, e, µ0 and ne are the electron mass, the elementary charge, the magnetic field constant
and the electron density, respectively. The skin depth, which is the penetration depth when the field
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2 Inductively Coupled Radio Frequency Discharges

amplitude is attenuated to the factor of 1/e (e is the Euler’s number), is inversely proportional to
the square root of the electron density. Hence, the heating region contracts although the heating
efficiency increases. A maximum heating efficiency is achieved when the skin depth is smaller or
comparable to the discharge size [1]. For the above mentioned electron density, the collisionless
skin depth varies between 0.5 and 0.005 m. The transformer model for the ICP [105] reveals that
the E-mode precedes the H-mode. In particular, the plasma cannot be ignited directly in H-mode.
Hence, the formation of the H-mode is not an ignition process but rather a mode transition which
appears firstly when the capacitive and inductive heating efficiencies equalize.

The main object of investigation in this PhD thesis is a low pressure ICP with the focus on
the discharge mode transition between the E- and H-mode. Many publications reported that the
discharge transits at a definite threshold RF power [13, 66, 103, 106]. However, the threshold RF
power strongly depends on external parameters, e.g., matching situation. Nevertheless, there is a
threshold electron density at which the mode transition initiates. This electron density is reached
for a definite coil voltage and current which are independent on the matching situation. During the
mode transition, the discharge as well as electrical parameters change dramatically ([A3], [A4],
[A5], [A6]). For example, the electron density increases two orders of magnitude during the E-
H transition. Furthermore, the electron heating mechanisms change mainly from the RF sheath
heating in the E-mode to the typical inductive heating in the H-mode ([A1], [A2]). In particular,
the electron heating mechanisms enable the distinction between the E- and H-mode. Generally, the
mode transition can appear either steplike or continuously strongly depending on the processing
gas and total gas pressure. In the case of a steplike mode transition a hysteresis effect can be
observed ([A3]). In particular, the E-H and the reverse H-E transition are not comparable to each
other regarding the RF power, coil voltage and current as well as electron density. In contrast to
that, no hysteresis effect was observed for a continuous mode transition. Here, a hybrid (E/H-)
mode occurs between the E- and H-mode ([A1]). Both the capacitive and the inductive heating
mechanisms are simultaneously present in the hybrid mode.

Summarizing, the ICP is a low pressure, high electron density and weakly ionized plasma. The
ionization degree κ with [1]

κ =
ne

ne + nn
, (2.2)

where nn is the neutral particle density, varies between 10−8 and 10−3 considering the above men-
tioned electron density and an electropositive plasma. The typical timescale of these plasmas and
therewith the response time to external perturbations τe,i is defined by the reciprocal electron and
ion plasma frequency ωe,i, respectively, with [1]

1
τe,i

= ωe,i =

√
ne,ie2

me,iε0
, (2.3)

where ε0, ne,i, and me,i are the electric field constant, the density and mass of electrons and ions,
respectively. Considering the electron density mentioned above, the electron plasma frequency is
in the range between 0.5 and 50 GHz. Due to much smaller ion mass compared to the electron
mass, the ion plasma frequency is in the MHz range. Therewith, the ion plasma frequency is
smaller and the electron plasma frequency is much larger than the RF ωRF,

ωi < ωRF � ωe . (2.4)
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Consequently, the discharge dynamics is determined by the electrons which can follow the RF
field whereas heavy ions are weakly affected by the RF field. The electron temperature Te is much
higher compared to the ion temperature Ti. Hence, the ICP is a non-thermal plasma in the partial
thermodynamic equilibrium (PTE) meaning different kinetic temperatures for the species with

Te � Ti ≥ Troom (2.5)

The electron temperature in the investigated ICP was found in the range between 2 and 6 eV
strongly depending on the discharge operation mode. The characteristic length scale in the plasma,
describing the length within the quasineutrality is broken, is given by the electron Debye screening
length λDe with [1]

λDe =

√
ε0kBTe

nee2 (2.6)

where kB is the Boltzmann constant. Together with the electron density and temperature mentioned
above, the electron Debye length varies between 10µm and 1 mm.
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3 Experimental Setup and Diagnostics

3.1 Vacuum chamber and discharge arrangement

The experiments which are described in this thesis had been performed in the same discharge ves-
sel which is shown together with the used diagnostics in figure 3.1. The stainless steel discharge
vessel is cylindrical (400 mm in diameter and height) and is at ground potential. The vacuum appa-
ratus is equipped with pumps and control units for low pressure plasma processing. Argon ([A1],
[A3], [A4]) and oxygen ([A1], [A2], [A4], [A5], [A6]) were used as processing gas and were in-
jected in the plasma chamber at a constant gas flow rate of 5 sccm. Therewith, the residence time
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Fig. 3.1: Schematic top view of the discharge vessel with the matching network (MN), power supply
(RF) and the pulse delay generator (PD). The used diagnostics are the current (CP) and voltage probes
(VP), the axially (a) and radially (r) movable Langmuir probe, the 160 GHz microwave interferometer,
the Nd:YAG laser, the ICCD camera and two monochromators for the optical emission (VIS) and
absorption (VUV) spectroscopy, respectively.
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3 Experimental Setup and Diagnostics

of the gas varies between 6 and 300 s for a total gas pressure between 1 and 50 Pa. The induc-
tively coupled discharge arrangement is comparable to the gaseous electronics conference (GEC)
reference cell [107]. It consist of a planar coil and a quartz cylinder. The coil is a double spiral
antenna (water-cooled) with 2.75 windings. The geometry of the coil enables a radial symmetric
electrical field distribution. The coil is immersed in a quartz cylinder (120 mm in diameter) which
acts as dielectric barrier and separates the coil from the plasma. The whole discharge arrangement
is installed in the vacuum chamber from above in the radial center at r = 0. Furthermore, the axial
position of the quartz cylinder bottom is defined to a = 0, see figure 3.2.

The center connection of the coil at r = 0 was powered by a RF generator at a frequency
of fRF = 13.56 MHz and a fully tunable matching network. The two opposite ends of the coil
are on ground potential. The input RF power was varied between 1 and 600 W. This yields to a
peak-to-peak coil voltage between 1 and 9 kV and a peak-to-peak current between 10 and 50 A.
The coil voltage and current were measured phase resolved close behind the matching network
with commercial probes. The RF power resolution was minimum 1 W in the range of the mode
transition and for low RF power values. The matching network was fixed in the range of the mode
transition to minimize its influence on the discharge characteristics. Therewith, the reflected RF
power was smaller than 5% of the input RF power. The plasma was generated between the bottom
of the quartz cylinder (a = 0) and the top of a stainless steel electrode (a = 50 mm) which is on
ground potential and lies below the quartz cylinder. The RF power was pulsed via a pulse delay
generator with a frequency of 10 Hz and a duty cycle of 50%. Therewith, the discharge is ON and
OFF for 50 ms, respectively. The pulsing of the discharge allows an accurate reference signal in
the plasma OFF phase for the electron density measurement with the microwave interferometer,
see below.

100 mm

microwave beam 50 mm

30 mm

a = 0

optical axis

Fig. 3.2: Schematic side view of the discharge vessel. The dashed line represents the optical axis of
all optical diagnostics and the axial position of the Langmuir probe as well as the laser beam. The
Gaussian beam radius is shown as dotted lines. The figure is not to scale.
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3.2 Plasma diagnostics

3.2 Plasma diagnostics

For the detailed knowledge of the mode transition it is indispensable to determine the plasma
parameters in dependence on the discharge processing parameters. Therefore, a challenging task
in the course of my PhD studies was the build up of enhanced diagnostics which provides an
extended set of information, e.g., the behavior of processing and plasma parameters as well as
the electron heating mechanisms during the mode transition. Nevertheless, it was important to
ensure, that the mode transition itself is not affected by the used diagnostics. Hence, non-invasive
diagnostics was mainly applied beside of invasive methods. Furthermore, different diagnostics
techniques revealed same plasma parameters, e.g., electron and negative atomic ion density, to
verify the used methods. In the following, the applied diagnostics are shortly explained whereas a
detailed description can be found in the respective thesis papers.

3.2.1 Langmuir probe diagnostics

The Langmuir probe is an invasive plasma diagnostics which reveals spatially resolved plasma
parameters. It was applied to diagnose the whole plasma volume. Therefore, the Langmuir probe
system (150 mm in length) is radially and axially movable. The platinum probe tip (250µm in di-
ameter and 8 mm in length) is immersed in the plasma and the rest of the probe system is insulated
in a ceramic tube. To reduce the influence of the RF voltage on the probe characteristic, a passive
RF compensation electrode is connected with the probe tip. Furthermore, RF filters were installed
to reduce the amplitude of the RF (13.56 MHz) and its second harmonic frequency (27.12 MHz).

Therewith, a probe characteristic was sampled by varying the probe voltage and measuring
the probe current. The analysis of the probe characteristics was previously described in [108] and
yields the positive ion saturation current ([A1], [A3], [A4], [A5]), the floating and plasma potential
([A5]), the effective electron temperature as well as the electron density ([A5]).

3.2.2 Gaussian beam microwave interferometry

The 160 GHz Gaussian beam microwave interferometry provides the line integrated electron den-
sity ([A1], [A3], [A4], [A5], [A6]). A non-invasive microwave beam propagates through the
plasma and experiences a phase shift Φ. Because of the used high microwave frequency compared
to the plasma frequency of the low temperature plasma, this phase shift is directly proportional to
the electron density ne without any model assumption with

∆Φ =
π

nC λMWI

∫
ne(r) dr =

π

nC λMWI
ñe , (3.1)

where λMWI, nC and ñe are the the microwave wavelength, the critical electron density and the line
integrated electron density, respectively [109]. The microwave beam was focused in the radial cen-
ter (r = 0) in the optical axis (a = 30 mm) with a beam waist of about 5 mm which defines the axial
resolution. Installed filters and the video-amplifier limit the temporal resolution to about 200 ns.
The resolution of the line integrated electron density is about 5.3 × 1013 m−2. The line integrated
electron densities were deconvolved using the corresponding positive ion saturation current pro-
files measured by Langmuir probe. Therewith, the electron density resolution in absolute values
amounts to about 3 × 1014 m−3.
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3 Experimental Setup and Diagnostics

3.2.3 Optical emission spectroscopy (OES)

The optical emission spectroscopy (OES) was applied to determine the rotational temperature Trot

of the excited state O2
(
b1Σ+

g

)
([A5]). Therefore, the emission intensity of long living states in the

P-branch (760 − 766 nm) of the atmospheric A-band O2
(
b1Σ+

g , ν = 0
)
−→ O2

(
X3Σ−g , ν = 0

)
was

investigated by means of a Czerny-Turner monochromator. The line integrated emission intensity
I of the transition from the upper level J

′
to the lower level J

′′
was measured by focusing lens

(focal point in the radial center r = 0 at the optical axis a = 30 mm) and quartz fibre and was
evaluated by

IJ
′

J′′ = CS J
′

J′′ exp
(−FJ′hc

kBTrot

)
, (3.2)

where C, S J
′

J′′
, FJ′hc and kB are a constant of proportionality, the Hönl-London factors, the rota-

tional energy where h is the Planck constant and c the speed of light in vacuum and the Boltzmann
constant, respectively [110]. For the used total gas pressure, the energy exchange between the
translational and rotational degrees of freedom is faster than the radiative lifetime of the excited
state [111]. Therewith, the rotational temperature from the Boltzmann plot was assumed to be
comparable to the gas temperature.

3.2.4 Phase resolved optical emission spectroscopy (PROES)

The phase resolved optical emission spectroscopy (PROES) provides the electron heating dynam-
ics during the RF cycle ([A1], [A2]). Therefore, a gated intensified charge couple device (ICCD)
camera measured the optical emission of O

(
1s3S

)
−→ O

(
3p3P

)
with an exposure time of about

1.5 ns. The ICCD camera was triggered by a pulse delay generator which was synchronized with
the RF voltage at zero crossing. The emission at each measurement point in the RF cycle was
integrated over several million RF cycles to improve the signal-to-noise ratio. After this accu-
mulation, the pulse delay generator shifts the trigger signal by 1 ns. Therewith, 74 images were
recorded during the RF cycle. The measured intensity I was radially averaged to further improve
the signal-to-noise ratio. The relative excitation rate X (t, a) can be determined from the axial
intensity distribution I (t, a) using

X (t, a) ∝ I (t, a) + τeff

dI (t, a)
dt

, (3.3)

where τeff is the effective lifetime [112]. The effective lifetime considers the natural lifetime and
the collisional de-excitation of the initial state. Hence, bandpass filters were used to measure only
the intensity from a specific atomic transition. The argon transition of the double line at about
750 nm was investigated in [A1] whereas the oxygen transition at 844 nm was studied in [A1] and
[A2].

3.2.5 VUV absorption spectroscopy

The vacuum ultra-violet (VUV) optical absorption spectroscopy provides the line integrated molec-
ular ground state O2

(
X3Σ−g

)
and singlet molecular metastable state O2

(
a1∆g

)
density, respectively

([A5]). Therefore, the VUV radiation from a deuterium lamp was guided through the radial center
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3.2 Plasma diagnostics

r = 0 at the optical axis a = 30 mm. The molecular ground state as well as the singlet molecular
metastable state absorb in the wavelength range between 120 to 140 nm [113]. in particular, the
absorption at λ1 = 134 nm was considered for the determination of the line integrated molecular
ground state density. From the ratio of the transmitted intensities between Ipl (with plasma) and
Ivac (vacuum) as well as the specific cross section σX [113] one can calculate the line integrated
molecular ground state density using the Lambert-Beer law with

ñX = ln
(

Ivac

Ipl
(λ1)

)
1

σX (λ1)
. (3.4)

The absorption of the singlet molecular metastables has its maximum value at λ2 = 128.5 nm
[113]. Nevertheless, the molecular ground state also absorbs at this wavelength and has to be
taken into account for the determination of the line integrated singlet molecular metastable state
density with

ña =

ln
(

Ivac
Ipl

(λ2)
)
− σX (λ2) ñX

σa (λ2)
. (3.5)

3.2.6 Laser photodetachment of negative ions

The released electrons from the laser photodetachment of negative ions together with microwave
interferometry provide the negative atomic oxygen ion density ([A6]). Therefore, a laser beam
with sufficient photon energy was merged with the Gaussian microwave beam (in the radial center
r = 0 at the optical axis a = 30 mm with an merging angle of 8.5◦) and detaches electrons from
the negative atomic ion

O− + hν −→ e + O , (3.6)

where ν is the laser frequency corresponding to the necessary photon energy hν for the electron
release. The electron release from the negative atomic ion requires a minimum photon energy of
1.46 eV [114]. The additional released electrons were measured with the microwave interferom-
eter which has certain advantages compared to the standard electric probe technique [115]. The
density of the detached electrons corresponds to the total amount of the negative atomic ion den-
sity, assuming that the laser pulse detaches all negative ions within the laser volume. Therefore,
a frequency doubled neodymium-doped yttrium-aluminum garnet (Nd:YAG) laser was installed
using its second harmonic wavelength of λl = 532 nm. This wavelength corresponds to a photon
energy of about 2.3 eV which is sufficient for the electron release from the negative atomic ion as
well as the negative molecular ions O−2 (0.44 eV) and O−3 (2.1 eV) [116]. Nevertheless, the nega-
tive atomic ion was assumed to be the main negative ion because of the low negative molecular
ion density. This is supported by experimental works [114, 116, 117] as well as particle in cell
- monte carlo collision (PIC - MCC) simulations [118] and fluid model calculations [52] for low
pressure RF plasmas. A numerical calculation reveals an estimation for an optimal merging angle
and laser diameter ([A6]). Therewith, the laser pulse detaches about 96.6% of the negative atomic
ions within the laser volume with a laser diameter of dl = 15 mm and a minimum laser pulse
energy of El = 350 mJ. The laser pulse frequency was similar to the discharge pulse frequency.
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4 Results

The E-H transition of an ICP is the main object of investigation in this PhD thesis. Therefore, spe-
cific experiments were selected and performed to study the behavior of the processing and plasma
parameters and heating mechanisms during the mode transition. Furthermore, the difference be-
tween a rare gas (argon) and molecular reactive (oxygen) ICP was examined. In particular, the
influence of the ground and singlet metastable state density of molecular oxygen and the negative
atomic oxygen ion density on the E-H transition are in the focus of interest. A brief overview of
the achieved results is presented in this chapter.

Firstly, the electron heating mechanisms with regard to plasma parameters (positive ion satura-
tion current and electron density) and processing parameters (phase angle between the coil current
and voltage) are comparatively presented for an argon and oxygen ICP in section 4.1. The inves-
tigation of the heating mechanisms enables the distinction of the different operation modes. Each
operation mode is characterized by different electron heating mechanisms and therewith different
magnitudes of plasma parameters such as electron density. The positive ion saturation current,
the electron density as well as the phase angle between the coil voltage and current are shown for
an argon and oxygen ICP, respectively. Secondly, the hysteresis effect is presented and discussed
regarding possible origins in section 4.2. An hysteresis effect between the E-H-E transition oc-
curs for a steplike mode transition, only. Thirdly, the plasma and processing parameters of a pure
oxygen were studied during the mode transition in section 4.3. Especially, the negative atomic ion
density was experimentally analyzed and verified with a rate equation calculation. Therewith, the
important elementary processes for the production and loss process of the negative atomic ions
were included.
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4 Results

4.1 Electron heating mechanisms and plasma parameters ([A1], [A2],
[A3], [A4], [A5])

Phase and space resolved optical emission spectroscopy was applied to investigate the heating
mechanisms of an ICP [15, 19, 74, 79–81, 119]. Therewith, the different operation modes can be
clearly distinguished. Here, the excitation rate patterns due to electron heating were comparative
studied for an argon (10 Pa, [A1]) and oxygen (5 and 30 Pa, [A1], [A2]) ICP using PROES, see
figure 4.1. At sufficiently small RF power, the ICP operates in the E-mode in which the plasma
is sustained by the electric fields coming from the voltage drop between the windings of the coil.
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Fig. 4.1: Normalized phase and space resolved excitation rates X (t, a) /X̂ for the E-mode (above)
and H-mode (below) for an argon (left, 10 Pa) and oxygen (right, 5 Pa) discharge, respectively. The
solid line indicates the bottom of the quartz cylinder whereas the dotted lines represents the top of the
grounded electrode.
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4.1 Electron heating mechanisms and plasma parameters

This mode is comparable to a CCP leading to similar excitation rate patterns. In the E-mode, an
excitation rate pattern (I) appears axially near the RF coil in the first half of the RF cycle for both
discharge gases. This excitation rate pattern was also found in the second half of the RF cycle
near the grounded electrode for an oxygen discharge at 30 Pa ([A2]). In this phase of the RF cycle,
the RF sheath expands and accelerates the electrons towards the bulk. Hence, the excitation rate
pattern is caused by electron impact excitation and is well known in CCP [120–122]. Only in an
oxygen discharge, another excitation rate pattern (II) appears in the second half of the RF cycle
when the RF sheath collapses. The excitation rate pattern is axially located near the RF coil and
is associated to an electric field reversal [51, 123]. The electric field reversal is the reaction to a
drift electric field caused by a depleted conductivity which is due to a low electron density [50].
Hence, this excitation rate pattern is an indication for a high electronegativity which is only valid
for electronegative plasmas [52]. The excitation rate pattern II vanishes before the transition into
the hybrid mode which reveals a decreasing electronegativity. However, the excitation pattern I
stays pronounced during the whole E-mode. Because of the RF sheath heating characteristics,
e.g., loss of hot electrons on the quartz bottom and energy loss in the sheath, the electron density
is low in the E-mode, see below.

In the H-mode, the excitation patterns for argon and oxygen are mainly different. The excita-
tion pattern (III) for an argon ICP is weakly modulated over the RF cycle and is axially symmetric.
Hence, the argon atoms are excited the entire RF cycle. A reason for that might be the effective
population of the resonant state due to the argon metastable state which has a significant influence
on the discharge dynamics in argon [124]. Consequently, the argon atoms are not exited by elec-
tron impact, only. Contrary to that, the excitation pattern (III) in an oxygen ICP shows a strong
modulation during the RF cycle. Two well separated patterns can be identified which are associ-
ated with electron heating in each half of the RF cycle. This kind of plasma heating is supported
by the calculated electric field which is induced by the magnetic field, see paper [A4]. Further-
more, the electron heating in the H-mode is more effective resulting to a higher electron density,
see below. The axial position of the maximum excitation rate is close to the bottom of the quartz
cylinder because of the much higher electron density leading to a lower skin depth.

The hybrid mode of an ICP can be identified by observing the excitation patterns of a continu-
ous mode transition. This was done for an oxygen discharge at total gas pressure of 5 Pa ([A1]).
The excitation patterns I and III which were found for the E- and H-mode, respectively, are si-
multaneously present in the hybrid mode. In particular, the excitation pattern I is present in the
E-mode and stays pronounced beyond the transition point into the hybrid mode. Nevertheless, the
excitation pattern III evolves from the beginning of the hybrid mode and becomes dominant at
the transition point into the pure H-mode. The change from the dominant excitation patterns I to
the dominant excitation pattern III is continuous, see figure 4 in ([A1]). This results to a continu-
ous behavior of the plasma parameters, e.g., the continuous increase of the positive ion saturation
current and electron density, during the E-H transition.

The positive ion saturation current as well as the electron density have been investigated to
characterize the ICP [67, 69–76, 125, 126]. Here, the positive ion saturation current and the
electron density are comparatively studied for an argon ([A3], [A4]) and oxygen ([A4], [A5]) dis-
charge using Langmuir probe diagnostics and microwave interferometry, respectively, see figure
4.2. The RF power is not an applicable parameter to describe the mode transition because it de-
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4 Results

pends strongly on the matching situation. Hence, the RF power is not unique. In particular, one
can find different plasma parameters at similar RF power values. Therewith, the results of the di-
agnostics are plotted and discussed versus the coil voltage which is independent on the matching
situation. In the E-mode, the coil voltage increases with raising RF power. For both discharge
gases, the positive ion saturation current is nearly constant in the E-mode at about 10−5 A, see fig-
ure 4.2. At a critical coil voltage, the mode transition takes place. Generally, the onset coil voltage
for the mode transition of an oxygen ICP is higher compared to an argon ICP. This may be the
result of additional energy loss channels of an oxygen ICP due to additional species, e.g., multiple
negative and positive ions, transient and stable atoms and molecules, respectively. As a result,
dissociation, vibrational and rotational excitation and negative ion formation are additional energy
sinks leading to a higher threshold for the mode transition. Furthermore, the onset coil voltage
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4.1 Electron heating mechanisms and plasma parameters

for the mode transition also depends on the total gas pressure. For an argon ICP, the critical coil
voltage for the mode transition decreases with raising total gas pressure. Contrary to that, the onset
coil voltage for the mode transition of an oxygen ICP increases with growing total gas pressure.
Regarding the discussion above, this might be due to the increasing molecular ground state den-
sity and hence an increasing dissociation. Furthermore, the mode transition can be continuously
or steplike. This depends on the discharge gas and the total gas pressure. Generally, a critical
total gas pressure indicates the border between a continuous and steplike mode transition. Below
this value, the mode transition is continuous and becomes steplike starting at this critical total gas
pressure. The critical total gas pressure is 5 and 35 Pa for an argon and oxygen ICP, respectively.

In the case of a continuous mode transition, the discharge transits from the E- to the hybrid mode
(E/H). With further raising RF power, the coil voltage decreases due to a changing impedance.
Additionally, the positive ion saturation current strongly increases up to two orders of magnitude
to about 10−3 A due to a higher ionization rate. At another critical coil voltage, which is lower
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compared to that in the E-mode, the discharge transits from the hybrid mode into the H-mode.
For a steplike mode transition, the transition from the critical coil voltage in the E-mode and in
the H-mode takes place abruptly. The coil voltage reduction, which is the difference between the
critical values in the E- and H-mode, increases with raising total gas pressure for both discharge
gases. In the H-mode, the positive ion saturation current further increases with raising RF power
and total gas pressure. This is due to higher collision rate leading to an increasing ionization rate.

The behavior of the positive ion saturation current is comparable to the electron density, see
figure 4.2 below. However, the electron density of an oxygen ICP is one order of magnitude lower
compared to the electron density of an argon discharge due to additional negative ions. The influ-
ence of the additional species of an oxygen ICP on the positive ion saturation current and electron
density is presented in paper [A4], figure 7. With increasing the oxygen admixture, the critical
coil voltage for the E-E/H and E/H-H transition increases and the positive ion saturation current
as well as the electron density decrease. Furthermore, the mode transition becomes continuous
for this exemplary total gas pressure. Additionally, the critical coil voltage can be assigned to a
critical electron density at which the E-E/H and E/H-H transition take place. This critical electron
density is figured as horizontal lines in figure 4.2.

The coil voltage as well as the coil current shrink during the E-H transition. This is accompanied
by a decreasing phase angle ϕ between the coil voltage Φcoil and current Icoil. Hence, the absorbed
RF power with

Pabs =
ΦcoilIcoil

8
cosϕ . (4.1)

increases during the E-H transition and sustains the plasma leading to an increasing electron den-
sity. The phase angle for an argon and oxygen ICP, respectively, is exemplary shown in figure 4.3
for a total gas pressure of 10 Pa. In the E-mode, the phase angle of an argon ICP is slightly higher
compared to an oxygen discharge. For both discharge gases, the phase angle decreases weakly in
the E-mode with increasing electron density. Furthermore, the phase angle changes abruptly and
smoothly for an steplike and continuous mode transition, respectively. In the H-mode, the phase
angle decreases strongly to about 89.4◦ for an argon ICP and 89.7◦ for an oxygen discharge with
raizing electron density, see figure 4.3.
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4.2 Hysteresis effect

4.2 Hysteresis effect ([A3])

The hysteresis effect is a well known phenomenon in ICPs and appears during the E-H-E transition
[66, 69, 106, 124–132]. In particular, the E-H transition takes place at a higher RF power compared
to the H-E transition. Furthermore, the E-H and the H-E transition, respectively, occur at a different
coil voltage. The occurrence of the hysteresis effect strongly depends on the electric circuit [66,
106, 128], the matching situation [126, 129–132] and nonlinear effects in the energy balance
[66, 124, 128, 131]. Furthermore, the hysteresis effect can be observed for sufficiently high total
gas pressure, only [124, 130]. Here, the mode transition was studied regarding the hysteresis
effect for a steplike and continuous discharge mode transition in an argon ([A3]) and oxygen ICP,
respectively. Therefore, the RF power was incrementally increased so that the E-H transition
takes place. After that, the RF power was decreased until the H-E transition occurs. During this
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procedure, the electron density and the coil voltage were measured. Figure 4.4 shows the electron
density versus RF power and coil voltage. Exemplarily, the critical RF power which induces the
E-H transition is 13 W for a steplike mode transition in an argon ICP at 15 Pa. Nevertheless, the
first RF power value at which the discharge operates in the E-mode after decreasing the RF power
is 9 W. Hence, the power difference is 6 W which is about 50% of the applied RF power. While
the RF input power was considered, only, the power difference can not be due to power losses in
the matching network like it is discussed in the literature [132]. Therewith, this observed behavior
is the result of the hysteresis effect. This is supported by the measurement of the coil voltage for
the respective electron density. The consideration of the coil voltage is advantageous because it
is independent on power losses. Exemplarily, for the argon ICP at 15 Pa, the critical value of the
coil voltage for the E-H transition is 2.1 kV which is higher compared to the coil voltage after
the H-E transition with 1.8 kV. The hysteresis width, which is the above mentioned difference
of the RF power and the coil voltage, increases with raising total gas pressure, see figure 6 in
[A3]. Furthermore, the hysteresis width depends also on the matching situation. For example, the
variation of the impedance matching of an argon ICP at 15 Pa leads to hysteresis width reduction
of about 75%. The effect of the hysteresis can also observed for the phase angle between the coil
voltage and current, see figure 7 in [A3].

Furthermore, a continuous mode transition of an oxygen ICP at 15 Pa was investigated regard-
ing the hysteresis effect. Here, the power difference for the E-H-E transition is about 15 W which
amounts to about 10%. This low difference can be assigned to power losses in the matching net-
work and not to a hysteresis effect [132]. Moreover, the electron density regarding their respective
coil voltage shows no hysteresis effect, see figure 4.4. Even another impedance matching can not
produce a hysteresis effect. Nevertheless, a hysteresis was observed for a steplike mode transition
in an oxygen ICP.

Summarizing, the hysteresis effect occurs for a steplike mode transition, only, and depends
strongly on the matching situation [126, 129–132] and the total gas pressure [71, 124, 129, 130].
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4.3 E-H transition and electronegativity of an oxygen ICP

4.3 E-H transition and electronegativity of an oxygen ICP ([A5],
[A6])

The previous sections show, that the oxygen ICP behaves quiet different compared to an argon ICP.
The reason for that is the existence of additional species like multiple positive and negative ions,
neutral transient and stable molecules. These species cause additional elementary processes, e.g.,
attachment/detachment and dissociative recombination. Especially, the negative atomic ions deter-
mine the discharge characteristics by influencing, e.g., the charge balance, the EEDF and electron
heating. Furthermore, the amount of the negative atomic ion density to the electron density defines
whether the discharge is electronegative or electropositive. Consequently, the knowledge about
these species is crucial for the understanding of the multi component oxygen plasma. Therefore,
the density of the molecular ground state and metastables were studied during the E-H transition of
an oxygen ICP using VUV absorption spectroscopy ([A5]). Furthermore, the negative atomic oxy-
gen ion density was determined from the electron release due to collisional detachment with the
singlet molecular metastables in the early afterglow and due to laser photodetachment combined
with microwave interferometry ([A6]). Beside of these experimental methods, a rate equation cal-
culation which supplements the experimental data also revealed the negative atomic oxygen ion
density ([A6]). Additionally, the electron and gas temperature were measured by means of Lang-
muir probe diagnostics and emission spectroscopy, respectively ([A5]). The temperatures were
considered for the deconvolution of the line integrated molecular ground state and metastable den-
sity. Moreover, the rate coefficients which were involved in the rate equation calculation depend
on the gas and electron temperature, respectively. The gas and electron temperature as well as the
molecular ground state and metastables density, the atomic ground state density and the density of
the negative atomic ions and molecular positive ions are shown exemplarily for a total gas pres-
sure of 10 Pa in figure 4.5. The atomic ground state density was taken from Corr et al. [73] and is
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implemented in the rate equation calculation. The density of the molecular positive ions, which is
the main positive ion [83, 85, 114], was calculated assuming quasineutrality.

The EEDF in the E-mode is bi-Maxwellian. Hence the presented electron temperature is a mea-
sure for the average electron energy and should be recognized as effective electron temperature.
In the E-mode, the effective electron temperature is relatively high at about 6 eV. With increasing
the RF power and therewith the electron density, the electron-electron interactions become more
important [1, 78, 133]. This leads to a thermalization of the two electron population and hence
the EEDF in the H-mode is nearly Maxwellian. Furthermore, the effective electron temperature
decreases during the E-H transition from about 6 eV to about 2.5 eV. However, the gas temperature
is nearly constant in the E-mode at room temperature (300 K) and doubles during the E-H transi-
tion to about 600 K. The increasing gas temperature during the E-H transition may be the result of
the raising dissociation rate because the dissociation of O2

(
X3Σ−g

)
can be the main source of gas

heating due to the formation of atomic oxygen with high kinetic energy like it was reported for a
chlorine ICP [134]. The growing dissociation degree results in a decreasing molecular ground state
density and an increase of the atomic ground state density (taken from Corr et al. [73]), see figure
4.5. The density of the singlet molecular metastables is about 2% and 4% of the molecular ground
state density in the E- and H-mode, respectively. Nevertheless, this species has an significant
impact on the particle kinetics ([A6]). The density of the negative atomic ion, which is the most
dominant negative ion for these discharges [52, 114, 116–118], increases during the E-H transition
about one order of magnitude whereas the electron density grows about three orders of magnitude.
Hence, the electronegativity, which is the ratio between the density of the negative atomic ions and
electrons, decreases from about 25 in the E-mode to about 0.1 in the H-mode. That means, the dis-
charge is strongly electronegative in the E-mode and evolves to a weak electronegative discharge
in the H-mode. These experimental results are verified by a rate equation calculation. There-
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4.3 E-H transition and electronegativity of an oxygen ICP

fore, 14 reactions were considered for sources and sinks of the negative atomic ion. Furthermore,
experimental data and rate coefficients, which are dependent on the electron or gas temperature,
were included in that calculation. Additionally, a Maxwellian EEDF, a constant ozone density
and the typical amount for the positive atomic ion to the positive molecular ion and the negative
molecular ion to the negative atomic ion were assumed, see paper [A6]. The calculated negative
atomic ion density is in good agreement with the experimental data. Furthermore, one can study
the importance of specific elementary processes from this rate equation calculation. As a result,
the most significant source for the negative atomic ion is the dissociative electron attachment to the
molecular ground state. The dissociative electron attachment to the singlet molecular metastables
is also important for the production of the negative atomic ion although its density is relatively
low. The positive molecular ion and the atomic ground state play an important role for the loss of
negative atomic ions. In particular, the recombination with the positive molecular ion is the most
significant process for the loss of negative atomic ions. Furthermore, the electron detachment with
the atomic ground state strongly contributes to the loss of the negative atomic ions. During the
E-H transition, the increasing dissociation degree of the molecular ground state leads on the one
hand to a shrinking molecular ground state density, which is important for the production of neg-
ative atomic ions, and on the other hand to an raising atomic ground state density, which is also
responsible for the loss of negative atomic ions. Consequently, the increasing dissociation degree
determines the shrinking electronegativity, see figure 4.6. Hence, the dissociation of the molecular
ground state is a very important process and influences the whole discharge characteristics, e.g.,
the electric and plasma parameters, electronegativity as well as heating mechanisms.
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5 Summary

An inductively coupled radio frequency low pressure discharge was systematically investigated
using a comprehensive set of diagnostics. Especially, the mode transition from the low electron
density E-mode to the high electron density H-mode is the main object of investigation in this
PhD thesis. In particular, this contribution focuses on the impact of the mode transition on the
plasma and processing parameters and analyzes the change of these characteristics. Therefore, an
argon and oxygen ICP were studied using Langmuir probe diagnostics, 160 GHz Gaussian beam
microwave interferometry, emission (VIS, spatially and phase resolved) and absorption (VUV)
spectroscopy as well as a combination of laser photodetachment and microwave interferometry.
Therewith, the electron heating mechanisms, the plasma parameters such as positive ion saturation
current, floating and plasma potential as well as electron density and the hysteresis effect were
comparatively investigated.

As a result, the electron heating mechanisms in the E-mode are comparable in both processing
gases. An excitation rate pattern is axially localized near the RF coil and occurs during the sheath
expansion. This excitation rate pattern is well known in CCPs and is assigned to the RF sheath
heating. Another excitation pattern occurs for an oxygen discharge, only. It is located near the RF
coil in the second half of the RF cycle when the RF sheath collapses. This excitation pattern is
associated with the electric field reversal which is the result of a depleted conductivity. Here, the
high electronegativity and hence a low electron density is responsible for the electric field reversal.
In the H-mode, the heating mechanisms are different for both processing gases. In an argon ICP,
the excitation is weakly modulated in time whereas two well separated excitation rate patterns
can be found in an oxygen discharge representing the heating of the electrons due to the induced
electric field. For a continuous mode transition, a hybrid mode can be observed by the presence of
both the capacitive and the inductive heating mechanisms. Here, the excitation rate patterns from
the E- and H-mode are simultaneously present. During the continuous E-H transition, the change
from a dominant capacitive heating to a dominant inductive heating is also continuous.

The change of the heating mechanisms influences the plasmas parameters, e.g., electron density
as well as electrical parameters such as coil current and voltage and also the phase angle between
these quantities. The electron density in the E-mode slightly increases for both processing gases.
Nevertheless, the electron density of an oxygen ICP is one order of magnitude lower compared to
an argon ICP because of the presence of negative ions. At a critical coil voltage and current, which
depends on the processing gas and the total gas pressure, the mode transition takes place. During
the mode transition, the electron density increases about two orders of magnitude depending on
the total gas pressure. Meanwhile, the coil voltage and current and also the phase angle between
them decrease leading to a higher absorbed RF power which results in a higher electron density.
In the H-mode, the electron density and the coil voltage and current increase while the phase angle
further decreases.
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5 Summary

An hysteresis effect between the E-H-E transition occurs for a steplike mode transition, only.
In particular, the E-H transition happens at a higher RF power and coil voltage compared to the
value at which the H-E transition proceeds back into the E-mode. The origin of the hysteresis
effect and especially the hysteresis width depend strongly on the matching situation and the total
gas pressure.

In particular, the pure oxygen ICP was investigated in detail by enhanced diagnostics and a rate
equation calculation. As a result, the EEDF in the E-mode is bi-Maxwellian and during the E-H
transition the electrons thermalize and reach a nearly Maxwellian EEDF in the H-mode. Hence,
the electron temperature in the E-mode should be recognized as effective electron temperature
which is relatively high at about 6 eV and halves during the E-H transition. The gas temperature
in the E-mode is nearly constant at room temperature and doubles in the H-mode. Both tem-
peratures were considered in the rate equation calculation for the rate coefficients. The density
of the molecular ground state in the plasma region decreases during the E-H transition due to a
growing dissociation degree leading to an increasing atomic oxygen density. The singlet molec-
ular metastables density is about 2% and 4% of the molecular ground state density in the E- and
H-mode, respectively. As a major result, the negative atomic ion density raises about one order
of magnitude whereas the electron density increases more than three orders of magnitude. Con-
sequently, the electronegativity, which is the ratio between the negative atomic ion and electron
density, decreases from about 25 in the E-mode to about 0.1 in the H-mode. Hence, the oxy-
gen ICP is strongly electronegative in the E-mode and becomes electropositive in the H-mode.
These experimental results are supported by a rate equation calculation which considers sources
and sinks for the negative atomic ion and reveals the most significant elementary processes. The
dissociative electron attachment to the molecular ground state and singlet molecular metastables
are the most dominant sources. The recombination with the positive molecular ion and the de-
tachment with the atomic ground state have the largest influence on the loss of the negative atomic
ion, respectively. The increasing dissociation degree is mainly responsible for the decreasing elec-
tronegativity during the E-H transition and therewith strongly influences the whole discharge.

This PhD thesis presented a detailed discussion about the mode transition and especially the
similarities and differences between an electropositive argon and electronegative oxygen ICP. The
achieved results can be used as input parameters for modeling and simulation such as PIC-MCC
or fluid model calculations depending on the total gas pressure. A fully description of the ICP is
only possible when these calculations consider all three space dimensions. This is a challenging
task for a reactive multi component oxygen ICP due to the high number of elementary collision
processes and enlarged discharge dimension. Nevertheless, the results of this PhD thesis show,
that the mentioned species should be included because of their significant impact on the whole
discharge characteristics such as the electronegativity. In future, the vibrationally excited oxygen
molecules have to be taken into account concerning their influence on the plasma kinetics.
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This chapter presents the publications which are considered for the PhD thesis.

Article 1:
“Electron heating during E-H transition in inductively coupled plasmas”
Th. Wegner, C. Küllig, J. Meichsner, Plasma Sources Science and Technology 24 (2015) 044001–
044010

The ICP discharge and the used diagnostics were prepared by TW and CK. All measurements
were done by TW. The manuscript was written by TW and edited by all co-authors.

Article 2:
“Excitation Patterns and Heating Mechanisms during E-H-Mode Transition in Inductively Cou-
pled RF Oxygen Discharges”
Th. Wegner, C. Küllig, J. Meichsner, IEEE Transactions on Plasma Science 42 (2014) 2830–
2831

The ICP discharge and the used diagnostics were prepared by TW and CK. All measurements
were done by TW. The manuscript was written by TW and edited by all co-authors.

Article 3:
“Mode transition and hysteresis in inductively coupled RF argon discharge”
Th. Wegner, C. Küllig, J. Meichsner, Physics of Plasmas 23 (2016) 023503

The ICP discharge, the MWI and the Langmuir probe were prepared by TW and CK. The voltage
probe as well as the current probe were installed by TW. All measurements and the analysis were
done by TW. The manuscript was written by TW and edited by all co-authors.

Article 4:
“E-H transition in argon/oxygen inductively coupled RF plasmas”
Th. Wegner, C. Küllig, J. Meichsner, Contributions to Plasma Physics 55 (2015) 728–736

The ICP discharge, the MWI and the Langmuir probe were prepared by TW and CK. The voltage
probe as well as the current probe were installed by TW. All measurements, the analysis and the
magnetic and electric field calculations were done by TW. The manuscript was written by TW
and edited by all co-authors.
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Article 5:
“On the E-H transition in inductively coupled RF oxygen plasmas:
I. Density and temperature of electrons, ground state and singlet metastable molecular oxygen”
Th. Wegner, C. Küllig, J. Meichsner, accepted for publication in Plasma Sources Science and
Technology

The ICP discharge, the MWI and the Langmuir probe were prepared by TW and CK. The spec-
troscopic experiments as well as the voltage and current probes were installed by TW. All mea-
surements and the analysis were done by TW. The manuscript was written by TW and edited by
all co-authors.

Article 6:
“On the E-H transition in inductively coupled RF oxygen plasmas:
II. Electronegativity and the impact on particle kinetics”
Th. Wegner, C. Küllig, J. Meichsner, accepted for publication in Plasma Sources Science and
Technology

The ICP discharge, the MWI and the Langmuir probe were prepared by TW and CK. The laser
setup as well as the voltage and current probes were installed by TW. All measurements and the
analysis were done by TW. The rate equation calculation was prepared by CK and improved and
extended by TW. The manuscript was written by TW and edited by all co-authors.

Confirmed:

(Thomas Wegner) (Prof. Dr. Jürgen Meichsner)
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1. Introduction

The inductively coupled plasma (ICP) driven at radio frequency 
(RF) provides higher particle densities at lower total gas pres-
sure and reduced plasma sheath voltage. Consequently, ICPs 
are widely used for technological applications, e.g. etching 
[1–8], vapour deposition [9], particle generation [10, 11], 
polymerization [12], diamond deposition [13, 14], growth of 
carbon nano tubes [15], surface modification [16], steriliza-
tion and decontamination [17]. Furthermore, ICPs are more 
recently being used in atomic clocks for global positioning 
system (GPS) [18] as well as in life science [19]. The appli-
cation of ICPs for material modification is advantageous, 
because the energetic ion flux to the surfaces can be controlled 
independently by biasing the substrate with an additional RF 

voltage [20, 21]. Furthermore, the coil design has a significant 
influence on the material syntheses, the plasma uniformity 
and properties [22–26]. Especially ICPs containing an oxygen 
admixture are often used for plasma surface treatments and 
hence are in the focus of the fundamental research [3–6, 8].

The ICP operates in the capacitive (E-) mode at lower 
RF power, with low plasma density and high sheath volt-
ages and in the inductive (H-) mode at higher RF power, with 
high plasma density and low sheath voltages. Particularly 
the transition regime allows a control over plasma param-
eter [10, 24, 27]. Hence, a detailed understanding of these 
two modes and the transition region is an important issue for 
the fundamental research. In the literature the E-H transition 
is investigated through different plasma properties, e.g. the 
potentials and currents [28], the electron energy distribution 
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function (EEDF), which is due to a change in the power cou-
pling [29, 30], the electron density [31–33] and the optical 
emission [34]. Thereby, the transition is explained as steplike. 
Furthermore, there are some contributions presenting space 
and phase resolved optical emission spectroscopy (PROES) to 
measure the heating mechanism in ICPs [21, 25, 35–38]. With 
this diagnostics the operation modes can be clearly separated. 
In the contribution of Schulze et al [21] the influence of an 
additional RF substrate biasing in a neon ICP is discussed.

Abdel-Rahman et al [35, 36] investigate the heating mech-
anism in a hydrogen ICP by space and phase resolved optical 
emission spectroscopy. They show that in the E-mode the 
optical emission is modulated and has a maximum once and 
in the H-mode twice per RF cycle. The latter is also shown by 
Kampschulte et al [25] in argon hydrogen mixture ICP. Abdel-
Rahman et al further show a transition region between E- and 
H-mode, where the second maximum gradually builds up. 
Similar results are achieved by Zaka-ul-Islam et al [37] in an 
oxygen ICP. Lishev et al [38] also investigate a hydrogen ICP. 
They focus their investigations on the E- and H-mode, respec-
tively, and briefly discuss the transition region by reference 
to a smooth decrease of the electronegativity during the E-H 
transition. Furthermore, the mode transition is investigated by 
Lee et al [39] in a argon nitrogen and argon oxygen ICP, using 
Langmuir probe technique. They show a sudden change of 
different plasma parameter (e.g. light emission, electron den-
sity) during the mode transition.

Beside the above mentioned investigations there are less 
experimental investigations of the E- to H-mode transition 
region with a high resolution in RF power and coil voltage 
variation, respectively. Therefore, this contribution combines 
several diagnostics to get a more complete understanding of 
the mode transition. Moreover, the differences of the mode 
transition between the electropositive argon and the electron-
egative oxygen shall be figured out and discussed in detail.

The contribution firstly explains the experimental setup 
and diagnostics (section 2). Secondly, the electron density 
behaviour is comparative discussed in dependence on the coil 
voltage for a pure argon and oxygen discharge, respectively 
(section 3.1). As a result, the electron density for oxygen con-
tinuously increases for the used total gas pressure. In addi-
tion, the measured excitation rate patterns for an argon and 
oxygen discharge are displayed for the E- and H-mode. In the 
H-mode, the excitation pattern in argon differs strongly from 
the one in oxygen. Thirdly, the change of these excitation rates 
is presented for an oxygen ICP during the continuous E-H 
transition (section 3.2). Further, the hybrid mode was found 
in oxygen and the coexistence of the capacitive and inductive 
heating is shown. Additionally, the maximum excitation rate 
and its axial distance to the quartz cylinder is used for distinc-
tion of the operation mode.

2. Experimental setup and diagnostics

2.1. Vacuum chamber and discharge arrangement

The experimental setup consists of a cylindrical vacuum 
chamber (400 mm in diameter and height) equipped with 

pumps and control units for low pressure plasma processing, 
previously described by Dittmann et al [40], and the applied 
plasma diagnostics, see figure 1. The total gas pressure was 
adjusted in the range between 1 and 50 Pa at a constant 
gas flow rate of 5 sccm. The coil generating the inductively 
coupled plasma consists of a planar double spiral antenna 
(diameter about 115 mm) at the bottom of a quartz cylinder 
which is immersed in the vacuum chamber. This cylinder acts 
as dielectric barrier and separates the coil from the vacuum. 
The whole discharge arrangement is at the top of the vacuum 
chamber. The plasma is axially confined between the bottom 
plate of the quartz cylinder ( =a 0, white solid line in the fol-
lowing figures) and a stainless steel electrode at ground poten-
tial ( =a 50 mm, white dotted line in the following figures). 
Together with a matching unit, the RF power at 13.56 MHz is 
coupled into the center connection of the coil. Two opposite 
outer connections of the coil are on ground potential. With 
applied RF power values from 1 to 600 W the peak-to-peak 
coil voltage and the peak-to-peak coil current can vary from 1 
to 9 kV and from 10 to 50 A, respectively. The coil current and 
the coil voltage were phase resolved measured close behind 
the matching unit.

2.2. Plasma diagnostics

The discharge modes were studied in detail by space and phase 
resolved optical emission spectroscopy (PROES) as already 
applied to capacitively coupled RF plasmas by Dittmann  
et al [41]. A gated intensified charge coupled device (ICCD) 
camera measured the optical emission intensity of argon at 
750 nm and oxygen at 844 nm, respectively, via bandpass 
filter. The spatial resolution amounts to 0.24 mm. The emis-
sion signal was accumulated during a timeslot of 1.5 ns which 
was shifted 1 ns by a pulse delay generator. With this setup, 
74 images were recorded over the complete RF cycle and an 
effective time resolution of 1 ns was achieved. To obtain a 
high signal to noise ratio, the emission was integrated over 
several million RF cycles. These measurements were triggered 
from zero crossing of the RF voltage. Hence, the time axis is 
directly comparable with the RF phase. The images were radi-
ally averaged, and the temporally and axially resolved excita-
tion rate ( )X t a,  was calculated with

τ( ) ∝ ( ) + ( )
X t a I t a

I t a

t
, ,

d ,

d
,eff (1)

where ( )I t a,  and τeff are the measured emission intensity and 
the effective lifetime, respectively [42]. The effective lifetime 
depends on the natural lifetime τn and the collisonal de-excita-
tion of the initial state and was calculated with

τ τ
τ

= + ∑ k n1
,

q
q q

eff
n

n (2)

where kq and nq are the collisional quenching rate coefficient 
and the neutral gas density of the species q, respectively [42]. 
The spatial distribution of the quenching and movements of 
the excited atoms are neglected in (1) and (2) due to the large 
mass of the atoms. For the observed transition in argon at 
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750 nm the quenching has little influence and for the effective 
life time τeff only the natural life time of 23.5 ns was taken 
into account [43]. In contrast, for the transition in oxygen at 
844 nm the quenching has been considered. Therefore, the 
only important quenching partner (O2) was taken into account 
and its density was calculated using the ideal gas law at room 
temperature with = ( )n p k T/q q B , where pq, kB and =T 300 K  
are the pressure of the species q, the Bolzmann constant and 
the room temperature, respectively. The natural lifetime and 
the quenching rate coefficient amount to τ = 35.1n  ns and 

= ⋅ −k 9.3 10q
10 cm3 −s 1, respectively [43, 44]. All images of 

the PROES measurements were normalized by the maximum 
of the spatio-temporal excitation. This allows a much better 
visibility because the maximum strongly increases during the 
E-H transition.

Furthermore, the line integrated electron density was meas-
ured by 160 GHz Gaussian beam microwave interferometry 
with a beam waist of about 5 mm and a confocal length of 
about 100 mm [40]. The position of the microwave optical 
axis was in an axial distance of =a 30 mm from the quartz 
cylinder. Here, the ICP was pulsed by 10 Hz. Finally, a cylin-
drical probe measured the spatially resolved positive ion satu-
ration current which is described by Küllig et al [45].

3. Results

3.1. The E- and H-mode in argon and oxygen

Starting with sufficiently small RF power or coil voltage, the 
E-mode or capacitive mode of the ICP appears. This mode 
is characterized by the presence of a RF sheath in front of 
the planar coil similar to a capacitively coupled RF discharge 
(CCP). For the E-H transition the capacitors of the matching 
unit were fixed so that the reflected power was zero. The RF 
power was increased and the coil voltage as well as the line 
integrated electron density were measured. In the used dis-
charge arrangement, the E-mode was found for 10 Pa argon 
between 1 and 2 kV (1 and 10 W) and for 5 Pa oxygen between 
1 and 5 kV (1 and 65 W), respectively. The corresponding 
line integrated electron densities amount from ⋅ −1 10 m14 2 to 

⋅ −8 10 m14 2 in argon and from ⋅ −2 10 m13 2 to ⋅ −2 10 m14 2 in 
oxygen, see figure 2. Using an effective line of sight for the 
microwave interferometry equivalent to the coil diameter, 
the averaged electron density is achieved by multiplication 
of the line integrated density by the factor −10 m 1.

At a critical coil voltage, the transition into the H-mode 
takes place stepwise [46] or continuously, depending on the gas 
type and total gas pressure. Compared to an argon discharge, 

Figure 1. Schematic top view picture of the discharge chamber with the gas supply, pump system (BP: booster pump, TP: turbomolecular 
pump, PP: process pump), matching network (MN), power supply (RF) and the pulse delay generator (PD). Electric probe, ICCD camera 
and 160 GHz microwave interferometer are implemented for plasma diagnostics.
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the onset of the E-H transition in oxygen needs higher voltage 
due to larger energy loss processes, e.g. dissociative recombi-
nation, negative ion formation and higher collision frequen-
cies [47]. Other measurements in an oxygen discharge show, 
that the critical coil voltage, which induces the E-H transition, 
rises with increasing total gas pressure. The E-H transition is 
combined with the decrease of the coil voltage which was also 
reported in the literature [33, 48]. For 10 Pa argon a reduction 
from 2 kV to 1.5 kV and for 5 Pa oxygen a reduction from 
5 kV to about 4.5 kV was measured, see figure 2.

After the mode transition, when the coil voltage increases 
again, the discharge operates in the pure H-mode. The line 
integrated electron density increases up to two orders of 
magnitude in the H-mode depending on the pressure from 

⋅ −1.3 10 m16 2 to ⋅ −5 10 m17 2 in argon and from ⋅ −4 10 m15 2 to 
⋅ −2 10 m16 2 in oxygen. Summarized, the line integrated elec-

tron density for an oxygen discharge is much lower than for 
a discharge in argon due to negative ions as additional charge 
carrier. Nevertheless, the distinction of the operating modes 
from these parameters is difficult. The investigation of the 

electron heating mechanisms in the E- and the H-mode will 
be discussed in the following using the calculated excitation 
rate patterns in figure 3 from the PROES measurements.

In the E-mode the typical electron heating during the RF 
sheath expansion (pattern I) appears near the RF coil in both 
discharges. This is due to electrons which are accelerated by 
the RF sheath expansion in the first half of the RF cycle. This 
heating mechanism is well known in CCP [41, 49, 50]. Here, 
the potential drop between the inner and the outer part of the 
coil sustains the capacitive heating mechanism [51]. Only for 
the oxygen discharge one can find a further excitation (pat-
tern II) in the E-mode. It appears during the sheath collapse in 
the second half of the RF cycle and is axially localized near 
the quartz cylinder. The excitation pattern II is associated 
with the electric field reversal [52, 53] which is the result of 
a drift electric field caused by a depleted conductivity due to 
the high electronegativity of the discharge [54, 55]. This drift 
field increases towards the RF electrode due to the decreasing 
positive ion density from the bulk to the electrode and reaches 
its maximum when the RF current is at its maximum. This 
is comparable to the time of the maximum excitation in the 
RF period. The excitation rate pattern in the H-mode differs 
considerably from the processing gas argon and oxygen, see 
figure 3. The excitation rate pattern of the argon ICP in the 
H-mode reveals a weak modulation over the RF cycle and an 
axial symmetry. As a result, the argon atoms can be excited the 
entire RF period. A similar behavior was observed for another 
argon transition [56]. The reason may be the population of 
the measured resonant argon state by electron impact with 
argon metastables. The resonant state is about 2 eV over the 
metastable level and the electron energy distribution is weakly 
modulated in the low energetic part. This axial symmetry in 
argon is also found in the axial profile of the normalized ion 
saturation current which was measured by means of Langmuir 
probe [45], see figure 5. This profile should be the result of 
the electron impact ionization by ground state and metastable 
argon atoms and the loss processes by ambipolar diffusion and 
wall recombination. It is possible that the ionization due to 
metastable–metastable collisions (chemi-ionization) plays a 
role in the H-mode due to the high plasma and metastable 
density. As to that, more investigations in combination with 
plasma modelling are necessary. In contrast to argon, the 
H-mode in oxygen reveals two well separated excitation rates 
patterns III which are associated with the electron heating 
in each half of the RF cycle. This is also known from other 
publications using ICPs in oxygen [37, 56] or hydrogen [36]. 
Further processes (attachment, detachment, recombination) 
play an important role due to the presence of negative ions as 
well as oxygen metastables which have significant influence on 
the electron kinetics. For comparison, the rate coefficients for 
attachment (katt) and dissociative excitation (kexc) were calcu-
lated using the convolution of the cross sections [57–59] with 
the Maxwellian electron energy distribution. In the H-mode 
the electron temperature was measured and is between 2 eV 
and 5 eV. Consequently, the dissociative excitation rate coef-
ficient is about = ⋅ −k 1 10exc

19 m3 −s 1 and ⋅ −1.5 10 17 m3 −s 1 for 
2 eV and 5 eV, respectively. In contrast, the attachment rate 
coefficient katt is much higher at low electron temperature and 

Figure 2. Measured line integrated electron density over the 
RF power (above) and coil voltage (below) for argon (⚪, 10 Pa) 
and oxygen (×, 5 Pa). In the E-mode (E) the density is low and 
increases up to two orders of magnitude during the transition into 
the H-mode (H).
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amounts to = ⋅ −k 2 10att
17 m3 −s 1 and ⋅ −4 10 17 m3 −s 1 for 2 eV 

and 5 eV, respectively. The attachment is much more likely 
for low electron temperature and thus a competitive reaction 
channel to the excitation. Furthermore, the recombination rate 
in oxygen is higher compared to argon due to the dissociative 
recombination. Hence, the electrons may gain enough energy 
to excite the oxygen atoms O(3p P3 ) only while the maximum 
RF voltage is supplied.

The excitation rate pattern III in the H-mode of the oxygen 
ICP is localized near the quartz cylinder. This asymmetry is 
also seen in the axial profile of the normalized ion saturation 
current in figure 5, but it is not so pronounced in comparison 
with the excitation rate pattern due to transport processes by 
ambipolar diffusion. It should be noted, that the skin depth δ 
for both gases and the used pressure (reduced electron colli-
sion frequency ν ω ≳/ 1) can be assumed with δ ω∼ c /0 pe [60], 
where ν, ω, c0 and ωpe are the electron collision frequency, the 
exciting RF frequency, the speed of light in vacuum and the 
electron plasma frequency, respectively. The skin depth varies 
for a homogeneous electron density between ⋅5 1016 −m 3 

and ⋅1 1018 −m 3 from δ ∼ 20 mm to δ ∼ 5 mm. This behavior 
can explain the excitation pattern III in oxygen. In the case 
of argon it is confirmed that the argon metastables acting as 
energy reservoir probably play an important role.

3.2. E-H transition in oxygen

The E-H transition in an oxygen ICP at 5 Pa is continuous 
as already shown for the line integrated electron density in 
figure  2. Taking into account the increasing RF power, the 
development of the excitation patterns from the E- to the 
H-mode is discussed in figure 4.

For coil voltage values below 2.50 kV, the electric field 
reversal is the pronounced excitation pattern. With increasing 
the coil voltage up to 4 kV this pattern vanishes while the RF 
sheath heating (pattern I) intensifies. At the characteristic coil 
voltage value of 5.08 kV for the mode transition, the excita-
tion pattern III evolves and indicates the transition into the 
‘hybrid’ mode (E/H-mode). The excitation rate patterns I and 
III are present in the region where the coil voltage decreases. 

Figure 3. Normalized phase and space resolved excitation rates ( )X t a X, / ˆ  for the E-mode (above) and H-mode (below) for an argon (left, 
10 Pa, = ⋅X̂ 1.7 10E

4 a.u., = ⋅X̂ 1.3 10H
4 a.u.) and oxygen (right, 5 Pa, = ⋅X̂ 0.2 10E

4 a.u., = ⋅X̂ 3.1 10H
4 a.u.) discharge, respectively. 

Pattern I represents the electron heating during the RF sheath expansion in the E-mode for both gases. The pattern II in the E-mode of the 
electronegative oxygen results from electron heating due to the electric field reversal during the sheath collapse. Pattern III describes the 
H-mode, which reveals strong modulation in time and axial asymmetry for the oxygen.
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The capacitive and the inductive electron heating is mixed in 
this hybrid region which was also reported in [33, 36]. With 
further increasing RF power, the RF sheath heating develops 
into the excitation pattern which is characteristic for the 
H-mode in electronegative gases. The evolution of the excita-
tion patterns during the E-H transition is continuous which 
can be viewed here http://physics.thwegner.com/heating.html.

To investigate the hybrid region in more detail, the exci-
tation pattern I near the transition into the hybrid mode at 
4.81 kV (see figure 4) was subtracted from the excitation rate 
at higher RF power and is shown in figure 6 for the hybrid 

region and the pure H-mode. With this method, the capaci-
tive heating was numerically removed in the excitation rate 
to analyze the inductive heating. It should be mentioned, that 
the excitation pattern I also changes as a function of the coil 
voltage. This effect can be neglected because the evolution 
of the excitation pattern III is much stronger compared to 
the excitation I. In figure 6, the development of the inductive 
heating at =t 40 ns can be shown clearly. In the hybrid region, 
the pattern III is most dominant after the subtraction of pattern 
I. At the critical point, where the coil voltage starts to increase 
again, the discharge transits into the pure H-mode and the pat-
tern III in the first half of the RF cycle enlarges. In the pure 
H-mode the subtraction of pattern I does not have an effect 
because of higher absolute excitation rate values.

The distinction of the mode transition is only possible by 
investigating the excitation rate, the coil voltage and addition-
ally the maximum value of the excitation rate. Therefore, the 
maximum excitation rate in the first half of the RF cycle was 
determined by considering the main area of excitation. The 
excitation rate maximum, the positive ion saturation current 
and the line integrated electron density, normalized to their 
maximum value in the H-mode (see figure 7), show a similar 
dependence on the coil voltage. In the E-mode, the excitation 
rate slowly increases due to the increasing voltage drop over 
the sheath. As a result, the RF sheath heating enhances and 
leads to higher ionization so that the density is increased, too. 
At the typical coil voltage for the transition into the hybrid 
mode, the excitation rate starts to rise drastically while the coil 
voltage decreases. The presence of the capacitive and induc-
tive heating (see figure  6) results in an intensified heating 
and thus into a strongly increasing electron density. In the 
pure H-mode, the excitation rate further increases due to the 
enhanced inductive heating. Hence, the ionization as well 

Figure 4. Normalized phase and space resolved excitation rates ( )X t a X, / ˆ  for the E-H transition in an oxygen discharge at a total gas pressure 
of 5 Pa for several RF power values and coil voltage, respectively. The heating mechanisms change from the RF sheath heating (I) and 
electrical field reversal (II) in the E-mode to the two heating phases (III) in the H-mode.  
Enhanced online movie: http://physics.thwegner.com/heating.html (stacks.iop.org/PSST/24/044001/mmedia)

Figure 5. Normalized positive ion saturation current in the radial 
center of the discharge ( =r 0) over the axial distance from the 
quartz cylinder ( =a 0) for an argon (⚪, 10 Pa, 150 W, 3 kV, 

=+Î 1.2,sat  mA) and oxygen (×, 5 Pa, 280 W, 4.8 kV, =+Î 0.2,sat  mA) 
discharge in the H-mode.
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as the electron density increase further with increasing coil 
voltage.

The axial distance of the maximum excitation rate from 
the quartz cylinder is shown as function of the coil voltage in 
figure 8. Here, the axial distance in the E-mode increases from 
4.5 up to 13 mm due to the increase of the voltage drop over 
the sheath which leads to higher sheath thickness. In the hybrid 
mode, the axial distance strongly decreases about 5 mm from 
13 to 8 mm. Here, the electron density strongly increases (see 
figure 2) so that the sheath thickness and the skin depth with 
δ ∝ −ne

1/2 shrink drastically [60]. In the pure H-mode the axial 
distance decreases further due to the decreasing skin depth.

4. Summary and conclusion

The paper has exemplarily shown the electron heating and 
the change of plasma parameters during the transition from 

the E- into the H-mode of a planar inductively coupled RF 
discharge (13.56 MHz) in argon and oxygen. In particular, 
the relative excitation rate was calculated from the argon 
(750 nm) and oxygen (844 nm) emission intensity measured 
by phase and space resolved optical emission spectroscopy. 
Additionally, the line integrated electron density from micro-
wave interferometry and the positive ion saturation current 
from probe measurement were taken into consideration to 
study the E-H transition. The electron density increases up to 
two orders of magnitude from the E- to the H-mode, thereby 
the electron density in oxygen is about one order of magni-
tude lower compared to argon. In the capacitive (E-) mode, 
the typical excitation rate pattern was found assigned to RF 
sheath heating for both gases. The electric field reversal, 
which reveals high electronegativity, additionally appears in 
oxygen. Depending on the gas type and total gas pressure, 
the transition from the E- into the H-mode can be stepwise 
or continuous. The studied oxygen ICP at 5 Pa shows a con-
tinuous transition and in the hybrid mode the capacitive and 

Figure 6. Normalized phase and space resolved excitation rates ( ( ) − )X t a X X, / ˆI  with subtracted excitation pattern I at Φ = 4.81 kVcoil  for the 
E-H transition in an oxygen discharge at a total gas pressure of 5 Pa for several RF power values and coil voltage, respectively. The doted line 
indicates the region of the subtracted pattern XI. The excitation rate in the hybrid region is a mixture of capacitive and inductive heating.

Figure 7. Excitation rate maximum, line integrated electron density 
and positive ion saturation current normalized to their maximum 
value in the H-mode (⚪, = ⋅X̂ 1.7 105 a.u., × ˜̂ = ⋅n 1.9 10e

16 −m 2,  
+  = − ⋅+ −Î 4.2 10,sat

4 A) over the coil voltage for an oxygen 
discharge at a total gas pressure of 5 Pa for the E-mode (E), the 
E/H-mode (E/H) and the H-mode (H).

Figure 8. Axial distance of the maximum excitation rate from 
the quartz cylinder over the coil voltage in the first half of the RF 
cycle for an oxygen discharge at a total gas pressure of 5 Pa for the 
E-mode (E), the hybrid mode (E/H) and the H-mode (H).
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inductive electron heating are both present. This hybrid mode 
was shown clearly after numerical subtraction of the charac-
teristic excitation rate pattern for RF sheath heating. Here, the 
heating mechanisms change smoothly during the mode transi-
tion. In the oxygen ICP, the inductive (H-) mode is character-
ized by well separated excitation rate patterns each per half 
RF cycle. In the argon ICP, a broad and weakly modulated 
excitation rate pattern was found in the H-mode. This pattern 
is axially symmetric which was also seen in the axial profile of 
the positive ion saturation current. Comparing both gases, the 
attachment reactions and the presence of negative ions as well 
as the dissociative recombination play an important role in 
oxygen. In an argon discharge, we assume that the population 
of the studied resonant state in the high density H-mode is pro-
nounced by electronic excitation of argon metastables because 
of the low difference of the energy levels (about 2 eV) and 
the weak modulated electron energy distribution in the low 
energetic part. Furthermore, the chemi-ionization by meta-
stables may have an influence on the charged particle balance. 
Finally, the coil voltage, the maximum excitation rate and the 
axial distance of the maximum excitation rate can be used to 
distinguish between the operation modes. Further progress in 
this field needs combination of experimental investigations 
with modelling/simulation.

Acknowledgments

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG) in the framework of the Sonderforschungsbe-
reich Transregio 24 ‘Fundamentals of Complex Plasmas’, 
project B5.

References

 [1] Forgotson N, Khemka V and Hopwood J 1996 J. Vac. Sci. 
Technol. 14 732

 [2] Patrick R, Schoenborn P, Toda H and Bose F 1993 J. Vac. Sci. 
Technol. 11 1296

 [3] Im Y H, Park J S, Choi C S, Choi R J, Hahn Y B, Lee S H and 
Lee J K 2001 J. Vac. Sci. Technol. 19 1315

 [4] Shin M H, Park M S, Lee N E, Kim J, Kim C Y and Ahn J 
2006 J. Vac. Sci. Technol. 24 1373

 [5] Carlström C F, van der Heijden R, van der Heijden R, 
Karouta F, van der Heijden R W, van der Heijden R W, 
Salemink H W M and van der Drift E 2006 J. Vac. Sci. 
Technol. 24 L6

 [6] Ono T, Akagi T and Ichiki T 2009 J. Appl. Phys. 105
 [7] Ayari-Kanoun A, Jaouad A, Souifi A, Drouin D and 

Beauvais J 2011 J. Vac. Sci. Technol. 29 051802
 [8] Douglas E A, Stevens J, Fishgrab K, Ford C, Shul R J and 

Pearton S J 2012 J. Vac. Sci. Technol. 30 06FF06
 [9] Colpo P, Ceccone G, Sauvageot P, Baker M and Rossi F 2000 

J. Vac. Sci. Technol. 18 1096
 [10] Schulze M, von Keudell A and Awakowicz P 2006 Appl. Phys. 

Lett. 88 141503
 [11] Bapat A, Perrey C R, Campbell S A, Barry Carter C and 

Kortshagen U 2003 J. Appl. Phys. 94 1969
 [12] Hegemann D, Körner E, Chen S, Benedikt J and 

von Keudell A 2012 Appl. Phys. Lett. 100 051601
 [13] Bozeman S P, Tucker D A, Stoner B R, Glass J T and 

Hooke W M 1995 Appl. Phys. Lett. 66 3579

 [14] Teii K and Yoshida T 1999 J. Appl. Phys. 85 1864
 [15] Delzeit L, McAninch I, Cruden B A, Hash D, Chen B, Han J 

and Meyyappan M 2002 J. Appl. Phys. 91 6027
 [16] Lee K H, Jang H W, Kim K B, Tak Y H and Lee J L 2004  

J. Appl. Phys. 95 586
 [17] Stapelmann K, Kylián O, Denis B and Rossi F 2008 J. Phys. 

D: Appl. Phys. 41 192005
 [18] Camparo J and Fathi G 2009 J. Appl. Phys. 105 103302
 [19] Bartis E A J, Barrett C, Chung T Y, Ning N, Chu J W, 

Graves D B, Seog J and Oehrlein G S 2014 J. Phys. D: 
Appl. Phys. 47 045202

 [20] Keller J H, Forster J C and Barnes M S 1993 J. Vac. Sci. 
Technol. 11 2487

 [21] Schulze J, Schüngel E and Czarnetzki U 2012 Appl. Phys. 
Lett. 100 024102

 [22] McKelliget J W and El-Kaddah N 1988 J. Appl. Phys.  
64 2948

 [23] Okumura T and Nakayama I 1995 Rev. Sci. Instrum.  
66 5262

 [24] Gans T, Osiac M, O’Connell D, Kadetov V A, Czarnetzki U, 
Schwarz-Selinger T, Halfmann H and Awakowicz P 2005 
Plasma Phys. Control. Fusion 47 A353

 [25] Kampschulte T, Schulze J, Gans T, Czarnetzki U, Marke S and 
Wallendorf T 2005 Surf. Coat. Technol. 200 859

 [26] Kadetov V A 2004 PhD Thesis Ruhr-Universität Bochum
 [27] Sobolewski M A 2006 J. Vac. Sci. Technol. A 24 1892
 [28] Kempkes P, Singh S V, Pargmann C and Soltwisch H 2006 

Plasma Sources Sci. Technol. 15 378
 [29] Chung C and Chang H Y 2002 Appl. Phys. Lett. 80 1725
 [30] Kim J Y, Kim D H, Kim J H, Jeon S B, Cho S W and  

Chung C W 2014 Phys. Plasmas 21 113505
 [31] Amorim J, Maciel H S and Sudano J P 1991 J. Vac. Sci. 

Technol. B 9 362
 [32] Lee M H and Chung C W 2006 Phys. Plasmas 13
 [33] Singh S V and Pargmann C 2008 J. Appl. Phys.  

104 083303
 [34] Czerwiec T and Graves D B 2004 J. Phys. D: Appl. Phys.  

37 2827
 [35] Abdel-Rahman M, Gans T, von der Gathen V S and  

Döbele H F 2005 Plasma Sources Sci. Technol. 14 51
 [36] Abdel-Rahman M, von der Gathen V S and Gans T 2007  

J. Phys. D: Appl. Phys. 40 1678
 [37] Zaka-ul Islam M, Niemi K, Gans T and O’Connell D 2011 

Appl. Phys. Lett. 99 041501
 [38] Lishev S, Shivarova A, Tarnev K, Iordanova S, Koleva I, 

Paunska T and Iordanov D 2013 J. Phys. D: Appl. Phys.  
46 165204

 [39] Lee Y W, Lee H L and Chung T H 2011 J. Appl. Phys.  
109 113302

 [40] Dittmann K, Küllig C and Meichsner J 2012 Plasma Sources 
Sci. Technol. 21 024001

 [41] Dittmann K, Matyash K, Nemschokmichal S, Meichsner J and 
Schneider R 2010 Contrib. Plasma Phys. 50 942

 [42] Mahony C M O, Al Wazzan R and Graham W G 1997 Appl. 
Phys. Lett. 71 608

 [43] National Institute of Standards and Technology, Atomic 
Spectra Data-base (www.nist.gov) January 15, 2015

 [44] Niemi K, von der Gathen V S and Döbele H F 2001 J. Phys. 
D: Appl. Phys. 34 2330

 [45] Küllig C, Wegner Th and Meichsner J 2015 Plasma Sources 
Sci. Technol. 24 015027

 [46] Wegner Th, Küllig C and Meichsner J 2014 IEEE Trans. 
Plasma Sci. 42 2830

 [47] Lee J K, Lee H C and Chung C W 2011 Curr. Appl. Phys.  
11 S149

 [48] Seo S H, Hong J I, Bai K H and Chang H Y 1999 Phys. 
Plasmas 6 614

 [49] Gans T, Lin C C, von der Gathen V S and Döbele H F 2001  
J. Phys. D: Appl. Phys. 34 L39

Plasma Sources Sci. Technol. 24 (2015) 044001

Article 1

39



Th Wegner et al

9

 [50] Schulze J, Schüngel E, Donkó Z, Luggenhölscher D and 
Czarnetzki U 2010 J. Phys. D: Appl. Phys. 43 124016

 [51] El-Fayoumi I M, Jones I R and Turner M M 1998 J. Phys. D: 
Appl. Phys. 31 3082

 [52] Schulze J, Donkó Z, Heil B G, Luggenhölscher D, 
Mussenbrock T, Brinkmann R P and Czarnetzki U 2008  
J. Phys. D: Appl. Phys. 41 105214

 [53] Dittmann K, Küllig C and Meichsner J 2012 Plasma Phys. 
Control. Fusion 54 124038

 [54] Schulze J, Derzsi A, Dittmann K, Hemke T, Meichsner J and 
Donkó Z 2011 Phys. Rev. Lett. 107 275001

 [55] Küllig C, Dittmann K, Wegner Th, Sheykin I, Matyash K, 
Loffhagen D, Schneider R and Meichsner J 2012 Contrib. 
Plasma Phys. 52 836

 [56] Tadokoro M, Hirata H, Nakano N, Petrović Z L and Makabe T 
1998 Phys. Rev. E 57 R43

 [57] Katsch H M, Tewes A, Quandt E, Goehlich A, Kawetzki T and 
Döbele H F 2000 J. Appl. Phys. 88 6232

 [58] Biagi-v8.9 database www.lxcat.net January 15 2015
 [59] Morgan database www.lxcat.net January 15 2015
 [60] Lieberman M 2005 Principles of Plasma Discharges and 

Materials Processing (New York: Wiley)

Plasma Sources Sci. Technol. 24 (2015) 044001

6 Articles

40



Article 2

Article 2

“Excitation Patterns and Heating Mechanisms during E-H-Mode
Transition in Inductively Coupled RF Oxygen Discharges ”

Thomas Wegner, Christian Küllig, Jürgen Meichsner
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Excitation Patterns and Heating Mechanisms During
E-H-Mode Transition in Inductively Coupled

RF Oxygen Discharges
Thomas Wegner, Christian Küllig, and Jürgen Meichsner

Abstract— Optical excitation patterns and electron heating
mechanisms were investigated in inductively coupled radio fre-
quency oxygen discharges by phase and space resolved optical
emission spectroscopy. Four excitation patterns due to different
electron heating mechanisms were found during the E-H-mode
transition.

Index Terms— ICP, optical spectroscopy, oxygen radio
frequency (RF) plasma.

THE oxygen inductively coupled radio frequency (ICRF)
discharge is characterized by two different operation

modes, the capacitively coupled E-mode and the induc-
tively coupled H-mode [1]. The plasma was ignited in a
vacuum chamber, which has been described in details by
Küllig et al. [2]. The discharge is powered by a planar double
spiral copper coil (115 mm in diameter, 2.75 windings) within
a quartz cylinder (120 mm in diameter), which is positioned
50 mm above a grounded planar electrode. The quartz cylinder
serves as a dielectric barrier and separates the antenna from the
vacuum. The center of the antenna is supplied with RF power
at 13.56 MHz through a matching network. The two ends at the
coil edge are grounded. For each set of processing parameters,
the capacitors in the matching network were adjusted to reach
an optimum matching condition. The RF power was varied
from 1 to 600 W with corresponding coil voltages (peak-to-
peak voltage) between 1 and 8 kV. The total gas pressure
of oxygen was adjusted at 30 Pa and a gas flow rate of
5 sccm. The phase resolved optical emission spectroscopy
was applied to study extensively the E-H-mode transition,
as it has been done in hydrogen [3]. In particular, the optical
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March 3, 2014. Date of publication April 3, 2014; date of current version
October 21, 2014. This work was supported by the DFG through the SFB
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Germany (e-mail: physics@thwegner.com; kuellig@physik.uni-greifswald.de;
meichsner@physik.uni-greifswald.de).
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emission of atomic oxygen at 844 nm was measured spatial
and phase resolved by a gated ICCD camera [4]. The measured
emission patterns were radially averaged and the relative exci-
tation rates were calculated considering the natural life time
and the quenching rates [4]. Four different excitation patterns
are distinguished and assigned to different electron heating
mechanisms. The pronounced excitation pattern I and the weak
pattern III appear in the E-mode and correspond to the typical
RF sheath heating (α-mode) during the sheath expansion phase
near the RF coil in the first half (I) and near the grounded
electrode in the second half (III) of the RF cycle, respectively.
Additionally, the observed excitation pattern II during the
sheath collapse in front of the RF coil can be assigned to
the electric field reversal [5] and gives an indication of high
electronegativity in the E-mode of the ICRF oxygen discharge
like in capacitively coupled RF discharges [2]. With increasing
coil voltage in the E-mode, the axial extension of pattern I
decreases and the pattern II vanishes completely. This indicates
that the E- to H-mode transition is combined with a reduction
of the electronegativity. In the voltage range from about 7 to
7.7 kV, two new excitation patterns IV evolve. In the first half
of the RF cycle, the pattern I is overlapped with that of the
pattern IV. The apparently prolonged duration of the pattern I
indicates a transition phase between the E- and H-mode in
the oxygen ICRF discharge. The development of the complete
H-mode with the two characteristic excitation patterns IV in
the first and second halves of the RF cycle is combined with
a significant voltage drop from 7.7 to 6.5 kV and there with
a change in the discharge impedance [6].

Summarizing, the investigation of the excitation rates
enables the distinction of different operation modes of an ICRF
discharge. The transition from the E-mode with the typical
excitation patterns from the electron heating during the RF
sheath expansion and field reversal into the H-mode, with
its two excitation patterns due to the electron heating in the
induced electric field can be clearly proven.

0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Spatial (axial) and phase resolved excitation rate X (t) of atomic oxygen (844 nm) of an ICRF oxygen discharge for different coil voltages
(peak-to-peak voltage) and a total gas pressure of 30 Pa. The abscissa and the ordinate correspond to the duration of one RF cycle and the axial distance
from the quartz cylinder, respectively. Depending on the coil voltage, four excitation patterns are found, the excitation due to the electron heating during the
RF sheath expansion at the powered (I) and grounded (III) electrode, the electric field reversal during the sheath collapse (II) and the two fold electron heating
per RF cycle in the ring-shaped-induced electric field torus (IV).
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This contribution presents experimental results about the mode transition of an inductively coupled

radio frequency (RF) (13.56 MHz) argon discharge at different total gas pressures. In particular,

the positive ion saturation current and the line integrated electron density are measured by

Langmuir probe and 160 GHz microwave interferometer, respectively. The mode transition

strongly depends on the total gas pressure and can appear stepwise or continuously. The space

resolved positive ion saturation current is separately shown for the E- and H-mode at different total

gas pressures. Therewith, the pressure dependency of the RF sheath thickness indicates a collisional

sheath. The hysteresis phenomenon during the E-H and the inverse H-E transition is discussed

within the framework of the matching situation for different total gas pressures. The hysteresis

width is analyzed using the absorbed power as well as the coil voltage and current. As a result, the

width strongly increases with pressure regarding the power and the coil voltage in the E-mode and

remains constant in the H-mode. In addition, the phase shift between the coil voltage and current

shows a hysteresis effect, too. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941586]

I. INTRODUCTION

Inductively coupled plasmas (ICPs) which are driven at

radio frequency (RF) have many advantages and are increas-

ingly used for plasma processing applications.1 ICPs are

applied for plasma etching2–9 and furthermore in combination

with RF substrate biasing,10–12 sterilization and decontamina-

tion,13 vapor deposition,14 diamond deposition,15,16 particle

generation,17,18 polymerization,19 and growth of carbon nano

tubes.20 They are further recently used for the global position-

ing system (GPS)21 and also in life science.22 The large field

of application shows that the detailed investigation of this dis-

charge is still a major task in plasma physics.

The two operation modes and especially the transition

are a well known property of the ICP.23–38 Nevertheless, the

onset and the physics of the mode transition is not fully

understood.

The initial operation mode is the electrostatic (E-) mode

at lower RF power. The E-mode is characterized by low

plasma density and optical emission intensity, relative high

mean electron energy, and plasma potential as well as high

sheath voltages. At a critical RF power value and also coil

voltage/current, the discharge changes from the E- to the

H-mode with significantly higher plasma density and emis-

sion intensity. The mean electron energy, the plasma poten-

tial, and the sheath voltages are reduced in the H-mode.

Generally, the electron heating changes during the E-H tran-

sition from a dominant capacitive to a dominant inductive

coupling.25–27,31,33,37,39

In particular, the hysteresis phenomenon appears during

the E-H-E transition.24,27,33,36,40–47 Experimental investiga-

tions show the hysteresis effect due to observation of plasma

and circuit parameter, e.g., the plasma density, electron energy

distribution function, coil current and voltage, and dissipated

power, respectively.27,33,36,40,42,43,45–47 Theoretical investiga-

tions propose to explain the hysteresis with global models,

transformer models, electromagnetic models, and circuit

analysis.27,40,41 There are two results for the origin of the hys-

teresis effect, namely, the nonlinear behavior of the

plasma27,36,41,43 and the matching situation.36,44–47

El-Fayoumi et al.40 investigate the mode transition and

the hysteresis effect in an argon ICP. They show that the mode

transition occurs when the balance of the absorbed and lost

power of the electrons is no longer achieved. Further, they

explain the hysteresis phenomenon by power nonlinearities

which are due to different sheath thicknesses in the E- and

H-mode. The theoretical study by Turner and Lieberman41

also suggests that the hysteresis phenomenon originates from

nonlinear effects in the electron power equation. The hystere-

sis will appear when this equation has multiple solutions for a

given coil current. Further, the source resistance and the

matching network can significantly affect the hysteresis. Lee

and Chung31 calculate the transferred power in an ICP and

explain that the mode transition takes place when the system

reaches a critical electron density. Further, a well defined skin

depth is necessary for a stable H-mode and therefore influen-

ces the H-E transition. Additionally, the pressure and the dis-

charge geometry affect this transition. Lee et al.43 present

experimental results to the plasma density and electron energy

distribution function in an argon ICP for various pressures.

They observe the hysteresis effect at sufficient high pressure

only. Thereby, the multistep ionization has an essential influ-

ence. Daltrini et al.47 also investigate experimentally the

plasma parameter of an argon ICP. They find out that the hys-

teresis effect is caused by ignoring power losses in the match-

ing network. Gao et al.45 report on the mode transition in an

argon discharge at various matching situations. The authors

a)Electronic mail: physics@thwegner.com
b)Electronic mail: meichsner[at]physik.uni-greifswald.de
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figure out that the nonlinear behavior of the matching situation

is a major reason for the hysteresis effect. In addition, the pres-

sure also determines the presence or absence of the hysteresis.

Lee and Chung46 compare the electrical properties of the dis-

charge during the mode transition separately for a fixed and

automatic matching situation. As a result, the hysteresis effect

only appears for a fixed matching condition. Thus, they con-

clude that the impedance matching situation is the main reason

for the hysteresis phenomenon. Similar results are shown by

Lee and Chung.46 They measure the plasma density and the

absorbed power at low and high pressures. The authors find out

that the hysteresis effect takes place with fixed and automatic

matching system for higher pressure only. Consequently, they

conclude that the hysteresis phenomenon is due to matching

effects and the nonlinearity of the plasma.

These different publications show that the mode transi-

tion and the origin of the hysteresis are still not fully under-

stood and have to be further investigated. From the authors

knowledge, this contribution provides experimental results

with the highest resolution in RF power and coil voltage/cur-

rent near the transition region compared with the previous

publications in this field. In particular, it first combines

160 GHz Gaussian beam interferometry and Langmuir probe

measurements together with electrical circuit probing. The

authors examine the dependence of the ion saturation current

on the total gas pressure and its spatial distribution, the

plasma density, and the hysteresis effect. Further, the pres-

sure dependency of the hysteresis width is much more

worked out compared with the literature. In addition, this

contribution presents the behavior of the phase shift between

the coil voltage and current during the mode transition for

different pressures. From the authors point of view, the pre-

sented results extend the knowledge of the mode transition

in a low pressure ICP.

This paper is organized as follows. First, a detailed

description of the experimental setup and the used diagnos-

tics are given (Section II). Second, the E-H transition of a

pure argon ICP is characterized by measuring the positive

ion saturation current and line integrated electron density

for different total gas pressures (Section III A). Both plasma

parameter as well as the coil voltage and current change

significantly during the mode transition which can be step-

wise or continuous depending on the total gas pressure.

Additionally, the radially and axially resolved positive ion

saturation current for both discharge modes is measured for

different total gas pressures. The axial distance of the maxi-

mum ion saturation current can be used as a measure for the

RF sheath extension. The pressure dependency of this dis-

tance is an indication for a collisional RF sheath. Further, a

hysteresis effect between the E-H and H-E transition is

only observed for a stepwise mode transition (Section

III B). Here, the hysteresis width is strongly influenced by

the total gas pressure.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

A. Vacuum chamber and discharge arrangement

The experiment consists of a vacuum chamber, the dis-

charge configuration, and the used plasma diagnostics, see

Figure 1. The cylindrical vacuum vessel (400 mm in diame-

ter and height) together with the pumps and control units for

low pressure plasma processing are previously described by

Dittmann et al.48 Argon is used as processing gas at a total

gas pressure between 1 and 50 Pa. The gas flow rate is con-

stant at 5 sccm. The inductively coupled discharge arrange-

ment is similar to the gaseous electronics conference (GEC)

reference cell49 and is already described by Wegner et al.38

It consists of a planar double spiral antenna (115 mm in di-

ameter and 2.75 windings) which lies at the bottom of a

quartz cylinder. The quartz cylinder is immersed into the

vacuum chamber from above. It separates the antenna from

the plasma and the vacuum and acts as dielectric barrier. A

cylindrical stainless steel electrode (100 mm in diameter) is

positioned 50 mm below bottom plate of the quartz cylinder.

The plasma is axially generated between the quartz cylinder

at a¼ 0 and the grounded electrode at a¼ 50 mm. The center

connection of the antenna is supplied by a 13.56 MHz power

generator (Dressler Cesar VM 1500W-ICP) coupled with a

tuning matching network (Dressler Cesar VM 1500W-ICP).

The matching unit is fixed in the range of the mode transition

to exclude its influence on the discharge properties. The

reflected power slightly increases (about 1 to 3 W) in the

E-mode with raising RF power close to the mode transition.

Even another matching situation would not lead to a lower

reflected RF power at this point but influences the hysteresis

width. The reflected RF power slightly decreases during the

continuous E-H transition and drops to zero during the step-

wise E-H transition using a fixed matching unit.

The two opposite outer connections of the antenna are

grounded. The RF power is varied in the range from 1 to

600 W which corresponds to coil voltage and current (peak-

to-peak) between 1 and 9 kV and 10 and 50 A, respectively.

In the region of the mode transition, the RF power resolution

is 1 W. Commercial probes measure the voltage and current

phase resolved close behind the matching unit. The direct

proportionality of the voltage and the current is also pre-

sented in Refs. 33, 38, and 50. The discharge is pulsed for

the electron density measurement by microwave interferom-

etry to have an accurate reference signal in the plasma on

and off phase. A pulse delay generator (Stanford Research

Systems DG 535) pulses the discharge with a frequency of

10 Hz and a duty cycle of 50%.

B. Plasma diagnostics

For the measurement of the positive ion saturation cur-

rent, a cylindrical Langmuir probe is implemented previ-

ously described by K€ullig et al.51 The probe consists of a

platinum tip (250 mm in diameter and 8 mm in length) and

ceramic insulation. The whole probe system (150 mm length)

is axially (a) and radially (r) movable to diagnose the whole

plasma volume. For the reduction of the disturbing RF volt-

age, a passive RF compensation electrode and additional RF

filters are installed. The probe is biased 30 V negative to the

floating potential to achieve an applicable degree of satura-

tion. Changing the voltage at this probe bias of about 65 V

leads to a relative ion current variation of less than 5%/V in

the E-mode and less than 2%/V in the H-mode, respectively.
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A non-invasive plasma diagnostics is necessary to study

the behavior of the plasma parameter during the mode transi-

tion and especially the hysteresis effect. Therefore, a

160.28 GHz frequency stabilized phase locked loop heterodyne

Gaussian microwave interferometer is used to measure the line

integrated electron density previously described by Dittmann

et al.48 The phase shift DU between the plasma off and on

phase is measured in the axial distance of a ¼ 30 mm from the

quartz cylinder. The axial resolution is about 10 mm in the cen-

ter of the discharge due to focusing elliptical mirrors. The

usage of high microwave frequency compared with the plasma

frequency results in a direct proportionality between the phase

shift and the line integrated electron density without any model

assumption. The measurable phase shift amounts to 0.016�

which corresponds to a line integrated electron density of

5:3� 1013 m�2. The installed filters and video-amplifier limit

the temporal resolution to 200 ns.

III. RESULTS

A. Mode transition and plasma parameter

This chapter presents the behavior of the positive ion

saturation current and the line integrated electron density

during the E-H transition. The analysis of experimental

results provides that the forward RF power represents not a

useful parameter to characterize the E-H transition.

Therefore, the coil voltage is chosen as applicable parameter.

In particular, same RF power values can correspond to

strongly different plasma parameters depending on the

matching situation. Contrary to that, same values of the coil

voltage in each mode are combined with same plasma pa-

rameter even at different matching situations. Additionally,

it is ensured for each measurement that the reflected power is

minimal at fixed capacitors of the matching unit.

In the following, the positive ion saturation current and

the line integrated electron density are measured in depend-

ence on the RF power and plotted over the corresponding coil

voltage, see Figure 2. For these measurements, the RF power

is perpetually increased from 1 W in the E-mode to 600 W in

the H-mode. According to Iþ;sat / nþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=mþ

p
,39 the positive

ion saturation current is a measure for the positive ion den-

sity. For the electropositive gas argon, this positive ion den-

sity is proportional to the electron density assuming

quasineutrality. Both show qualitatively the same behavior.

In the E-mode, the discharge operates at low plasma density

(~ne ¼ 1� 1014…5� 1014 m�2) corresponding to low posi-

tive ion saturation currents (jIþ;satj ¼ 8…30mA), and coil

voltages (Ucoil ¼ 1…2:1 kV). The plasma density weakly

increases with raising coil voltage. At a characteristic coil

voltage depending on the pressure, a sudden increase of the

ion saturation current and line integrated electron density

reveals the E-H transition. For total gas pressures below 5 Pa,

the mode transition is continuous and the discharge transits

into the hybrid (E/H) mode. This coexistence of the

FIG. 1. Schematic top view of the dis-

charge vessel with the gas supply,

pump system (BP: booster pump, TP:

turbomolecular pump, PP: process

pump), matching network (MN), power

supply (RF), and the pulse delay gener-

ator (PD). The used diagnostics are the

current and voltage probes, the axially

(a) and radially (r) movable Langmuir

probe, and the 160 GHz microwave

interferometer.
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capacitive and inductive heating for lower pressure is also

found in argon33 and oxygen.37 At total gas pressures greater

than 3 Pa, the coil voltage additionally decreases significantly

during the E-H transition. The same behavior is presented in

Refs. 33 and 50 and implies a change in the discharge imped-

ance. Furthermore, the coil current also decreases and the

raising RF power is sustained by the decreasing phase shift

between the coil current and voltage.38 The phase shift

decreases due to the changing heating mechanism from the

dominant capacitive to the dominant inductive heating.37

During the E-H transition, the positive ion saturation current

increases over one order of magnitude from 3� 10�5 to

3� 10�4 A and the line integrated electron density increases

over two orders of magnitude from 1014 to 1016 m�2. Using

the coil diameter as effective radial plasma extension, aver-

aged electron densities are calculated from the line integrated

value which are comparable to the literature.40,49,52 The coil

voltage in the inductive mode raises again while the plasma

density weakly increases.

The order of magnitude of the positive ion saturation cur-

rent and the line integrated electron density in the E-mode is

not significantly affected by the total gas pressure (3–15 Pa).

In contrast, the characteristic coil voltage of the E-H transition

is lower and the coil voltage reduction is stronger for higher

pressures (3 Pa: DUcoil ¼ 0:05 kV, 15 Pa: DUcoil ¼ 0:5 kV).

This behavior is also reported in the literature.33 Additionally,

the positive ion saturation current and the line integrated elec-

tron density in the H-mode are larger for higher total gas pres-

sures, which is due to an increase of the collision rate and

therewith an increasing effective ionization rate.

Further, the space resolved positive ion saturation cur-

rent is measured for the E- and H-mode for different total

gas pressures, see Figure 3. These profiles are a measure for

the plasma density regarding the discussion above. The pro-

files in the E-mode are axis-symmetric to r¼ 0. In the

H-mode, a slight asymmetry can be observed and may be

due to minor deviations in the distances between the individ-

ual windings of the coil. This is important for the induced

electric field which generates the plasma in the H-mode. In

contrast, the electric field which generates the plasma in the

E-mode originates mainly from the voltage drop between the

coil endings. Comparable to the positive ion saturation cur-

rent in Figure 2, the maximum ion saturation current in the

profiles increases with rising pressure. This maximum of the

positive ion saturation current axially shifts to the antenna

with increasing the pressure in the E-mode. The same behav-

ior is reported for a capacitively coupled RF discharge.51

The axial distance of the maximum ion saturation current (s)

is a measure for the RF sheath extension in the E-mode. This

reveals a s / p�1=3 dependency, see Figure 4, and is an indi-

cation for a collisional RF sheath assuming a constant mean

RF sheath voltage.53

B. Hysteresis effect

To investigate this phenomenon, the RF power is first

increased beyond the E-H mode transition and afterward

decreased beyond the H-E mode transition. Meanwhile, the

line integrated electron density as well as the coil voltage are

measured to analyze the hysteresis effect. For all measure-

ments, the matching situation is fixed. In Figure 5, the line

integrated electron density is shown over the (a) RF power and

the (b) coil voltage for different pressure values (10 and

20 Pa). Generally, the critical RF power value for the E-H

mode transition is higher compared with that of the H-E mode

transition. The hysteresis width DP, defined as the difference

between the transition onset and backward RF power in the

E- and H-mode, respectively, is found to be equal for the E-H

and H-E transition but increases with pressure, see Figure 6(a).

The coil voltage reveals a slightly other hysteresis behav-

ior. First, the E-H mode transition is discussed. Here, at a

critical voltage Ucoil;E", the discharge proceeds from the E- to

the H-mode to a lower coil voltage Ucoil;H" (with Ucoil;E"
> Ucoil;H"). Whereby, the line integrated electron density

strongly increases as explained above. After this transition

into the H-mode, the electron density increases slightly with

the coil voltage. In the opposite direction from the H- to the

E-mode, another behavior is observed. Reducing the RF

power leads to a decrease of the coil voltage. But than the coil

voltage gets larger while the line integrated electron density is

FIG. 2. Measured (a) positive ion saturation current Iþ;sat and (b) line inte-

grated electron density ~ne by Langmuir probe (a¼ 30 mm, r¼ 0) and micro-

wave interferometry (a¼ 30 mm), respectively, over the coil voltage for

different total gas pressures (3, 5, 10, and 15 Pa). The mode transition is

characterized by a sudden increase of the plasma parameter up to two orders

of magnitude depending on the pressure. The error bars are comparable to

the marker size.
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continuously decreasing as before. At a critical coil voltage

Ucoil;H# (with Ucoil;H# > Ucoil;H"), the discharge changes from

the H- to the E-mode and the coil voltage drastically increases

to Ucoil;E# (with Ucoil;E# < Ucoil;E"). During this transition, the

line integrated electron density decreases more than one order

of magnitude.

The width of the hysteresis depends on the operation mode,

see Figure 6, and is defined to DUcoil;E ¼ Ucoil;E" � Ucoil;E# and

DUcoil;H ¼ Ucoil;H# � Ucoil;H", respectively. The pressure

increase leads to raising hysteresis width considering the RF

power (10 Pa: DP ¼ 3 W, 50 Pa: DP ¼ 13 W) and coil volt-

age in the E-mode (10 Pa: DUcoil;E ¼ 0:1 kV, 50 Pa:

DUcoil;E ¼ 1 kV), respectively, also reported in Refs. 33 and

42 and explained in terms of the electron energy distribution

evolution. Considering the H-mode, the hysteresis width

depends weakly on the total pressure (10 Pa: DUcoil;H ¼ 0:07

kV, 50 Pa: DUcoil;H ¼ 0:02 kV). The phase shift between the

coil current and voltage is determined and shown in Figure

7. In the E-mode, the phase shift decreases with increasing

RF power. The transition into the H-mode leads to another

impedance matching leading to a drastically decrease of the

phase shift. With decreasing the RF power and therefore ini-

tializing the H-E transition, the phase shift strongly increases

until a sudden jump indicating the mode transition.

Comparing the change of the plasma density and the phase

shift, the same hysteresis behavior can be observed.

Additionally, the hysteresis effect strongly depends on

the matching situation.44,45 Setting the matching unit to

another impedance matching leads to a change in the hyster-

esis width, e.g., at a total pressure of 15 Pa, the hysteresis

width can be reduced about 75%. Consequently, it is indis-

pensable to consider the entire electrical circuit to understand

and describe the hysteresis effect. All in all, the origin of the

hysteresis effect bases on the nonlinear behavior of the

plasma and the matching situation.

FIG. 3. Space resolved positive ion

saturation current Iþ;satðr; aÞ = Îþ;sat for

different total gas pressures (3, 5, 10,

and 15 Pa) normalized with the maxi-

mum value Îþ;sat at 15 Pa for the E-

(Îþ;sat ¼ 2� 10�5 A) and H-mode

(Îþ;sat ¼ 2� 10�3 A), respectively. All

measurements in the E-mode are taken

at a coil voltage of 1.5 kV and in the

H-mode at a coil voltage of 3 kV.

FIG. 4. Pressure dependency of the axial distance of the maximum ion satu-

ration current (s) as a measure for the RF sheath extension in the E-mode (�)
and H-mode (�).
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IV. SUMMARY AND CONCLUSION

The paper presents and discusses the experimental

results of an inductively coupled RF discharge in argon. It

first combines Langmuir probe measurements and 160 GHz

Gaussian beam interferometry. Further, external electric pa-

rameters are considered and especially the phase shift

between the coil current and voltage is measured. Therewith,

the mode transition itself and the hysteresis effect are studied

with high resolution in RF power at different total gas

pressures.

The plasma is generated using a discharge configuration

consisting of a planar antenna immersed in a quartz cylinder.

The positive ion saturation current as well as the line inte-

grated electron density are measured by Langmuir probe and

160 GHz microwave interferometry, respectively. Further, the

external electrical circuit is also considered and the coil volt-

age and current are measured phase resolved. The E-mode is

characterized by low coil voltage, ion saturation current

(jIþ;satj ¼ 10�5 A), and line integrated electron density

(~ne ¼ 1014 m�2) which are independent of the total gas pres-

sure. At a critical coil voltage, depending on the pressure the

E-H mode transition takes place. Thereby, the positive ion sat-

uration current strongly increases over one order of magnitude

from 10�5 to 10�4 A and the line integrated electron density

increases over two orders of magnitude from 1014 to 1016 m�2

strongly depending on the total gas pressure.

The spatially resolved positive ion saturation current is

shown and discussed for the E- and H-mode at different

FIG. 5. Measured line integrated electron density for the E-H transition (�,

increasing power) and the H-E transition (�, decreasing RF power) in de-

pendence on the (a) RF power and the (b) coil voltage for different total gas

pressures (10 and 20 Pa). The critical value for the E-H mode transition is

higher as for the transition from H- to E-mode. The dotted lines illustrate the

hysteresis width for 20 Pa. The error bars are comparable to the marker size.

FIG. 6. The hysteresis width considering the (a) RF power and the (b) coil

voltage in dependence on total gas pressure. The hysteresis width from the

variation of RF power (E- and H-mode) and the coil voltage (E-mode, �)
increases with pressure. In contrast, the hysteresis width studied by the coil

voltage variation in the H-mode (�) is not affected.

FIG. 7. Measured phase shift between the coil current and voltage for the

E-H transition (�, increasing power) and the H-E transition (�, decreasing

RF power) in dependence on the coil voltage for different total gas pressures

(10 and 20 Pa). The dotted lines illustrate the hysteresis width for 20 Pa. The

error bars are comparable to the marker size.
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pressures. In the E-mode, the axial profile of the ion satura-

tion current reveals a RF sheath thickness depending on

s / p�1=3.

Furthermore, the hysteresis effect between the E-H

mode and H-E mode transition is discussed. The hysteresis

width strongly depends on the pressure. Considering the dif-

ference in the RF power and coil voltage in the E-mode,

respectively, the hysteresis width increases about one order

of magnitude with raising pressure from 10 to 50 Pa. The

phase shift between the coil current and voltage is also

affected by the hysteresis phenomenon and decreases during

the E-H transition from 89.9� to 89.4�.
Exemplary, another matching situation can reduce the

hysteresis width by 75%. Consequently, the hysteresis effect

strongly depends on the electrical circuit and the nonlinear

behavior of the plasma and has to be investigated more

intensively.
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This contribution presents results of comprehensive investigation of the E-H transition in an inductively coupled
radio frequency argon/oxygen discharge at 13.56 MHz. For the characterization of the discharge arrangement,
the spatial magnetic and electric field components of the planar coil in vacuum are calculated and provide in-
formation about the electron heating region. The used double coil leads to a radial symmetric field distribution.
Further, voltage and current probe measurements reveal the inductivity of the coil and the phase shift between
the coil voltage and the current. As a result, the coil current and the RF voltage are directly proportional. The
phase shift is nearly constant in the E-mode and decreases slightly in the H-mode. The positive ion saturation
current as well as the line integrated electron density are measured by means of Langmuir probe and 160 GHz
microwave interferometer, respectively, to study the mode transition in argon with different oxygen contents.
The positive ion saturation current and the electron density decrease with increasing oxygen admixture at fixed
pressure and RF power. The onset and the way of the E-H transition strongly depend on the oxygen content.
The mode transition of a pure argon discharge is step like and changes to a continuous mode transition with the
admixture of oxygen.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Inductively coupled radio frequency (RF) discharges (ICP) enable a wide range of applications and attracted
an increasing interest so that they have been gained importance for plasma processing applications [1], e.g., in
semiconductor industry and for light source technology [2]. ICPs are more recently being used for plasma etching
[3–11], sterilization and decontamination of sensitive material surfaces [12–14], particle generation [15, 16],
growth of carbon nano tubes [17], polymerization [18], diamond deposition [19, 20] surface modification [21]
and vapor deposition [22]. Additionally, ICPs are also used in life science [23], for atomic clocks for the global
positioning system (GPS) [24] and they are used for thrusters in electric propulsion [25].

The electrode-less discharge arrangement leads to higher plasma density, uniformity and reduced plasma
sheath voltage at lower pressures. The reduction of ion-neutral collisions in the sheath at low pressure improves
the anisotropy in plasma etching whereas the higher density of reactive species allows shorter plasma process-
ing time [26, 27]. Lower plasma sheath voltage reduce the ion kinetic energy and surface damage. Further it is
possible to independently control the ion energy by an external RF bias applied to the substrate [28,29]. The wide-
ranging applications show that the fundamental investigations of the ICP is still an ambitious task. Especially
the fact that the ICP can operate in two modes with significantly different electrical and plasma properties [30]
requires more knowledge about the behavior during the mode transition.

The electrostatic (E-) mode is characterized by low plasma density and optical emission intensity as well as
relative high mean electron energy and plasma potential, respectively. With increasing RF power the discharge
transits at a critical power value (coil voltage/current) into the inductive (H-) mode characterized by significantly
higher plasma density, emission intensity, reduced mean electron energy and electric potentials. That means the
electron heating mechanism changes from a dominant capacitive to a dominant inductive coupling [26,27,30–32].
The mode transition starts when in the electron energy balance equation the power absorption of electrons can
not be equalized by their power loss processes [33].
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In general, the mode transition is not fully understood, so that further investigations are necessary for an op-
timized operation. In particular the coil geometry affects the whole discharge and its properties. McKelliget et
al. [34] discuss the effect of coil design on materials synthesis. They calculate the electromagnetic fields and
study the reaction kinetics which are affected by the shape of the coil. A multispiral coil is developed by Oku-
mura et al. [35] to achieve a much lower coil inductance. Fayoumi et al. [36] calculate the electromagnetic field
distribution and show that the used coil provides a large volume of near-uniform plasma. Another influence on the
discharge properties has the gas mixture. Especially oxygen plasmas mixed with other gases are often used for
plasma surface treatment [6–9, 11, 37] and leading to new advantages. Takechi and Lieberman [38] investigate
the effect of oxygen/argon mixture plasma in photoresist etching. The addition of argon increases the plasma
density and the oxygen admixture provides the atomic oxygen for higher etch rate. Takeshi et al. [39] report on
the increase of the metastable state density in an oxygen plasma diluted with argon leading to an enhanced growth
rate of SiO2. Other researchers paid their attention to the plasma properties [40, 41]. The E-H mode transition
of a nitrogen/argon and oxygen/argon ICP is investigated by Lee et al. [42] using Langmuir probe measurements
and optical emission spectroscopy. They vary the argon content in the gas mixture to characterize the plasma
parameters. As a result, the transition threshold power decreases with increasing argon admixture. From the
authors knowledge there are no other experimental investigations of the E-H transition in an oxygen/argon ICP
beside of the publication mentioned above. Further, this contribution investigates the mode transition with a high
resolution in RF power and coil voltage, respectively. In particular, it combines Langmuir probe measurements
and 160 GHz microwave interferometry to study the mode transition of the ICP. Moreover, the inductive elec-
trode arrangement is characterized and two different methods for the determination of the coil inductance are
presented. Additionally, the phase shift between the coil voltage and current is measured with high accuracy and
is comparable to the calculated phase shift.

In this way, this contribution is organized as follows. Firstly, the experimental setup and the used diagnostics
are described in detail (section 2). Secondly, a short overview of the numerical calculation of the electromagnetic
field induced in vacuum is given (section 3.1). As a result, the field distribution which originates from the
coil geometry is radially symmetric. Thirdly, experimental results from the voltage and current measurements
are presented (section 3.2). The coil inductance as well as the system resistance are determined. Further, the
measured and calculated phase shift between the coil current and voltage are compared. Particularly in the E-
mode the phase shift is constant and increases up to 1◦ in the H-mode. Fourthly, the positive ion saturation
current and the line integrated electron density are shown for different oxygen content (section 3.3). The oxygen
admixture affects strongly the plasma density and the mode transition itself. The behavior of the positive ion
saturation current, the line integrated electron density and the coil voltage in dependence on the oxygen admixture
is shown.

2 Experimental setup and diagnostics

2.1 Vacuum chamber and discharge arrangement

The experimental setup is similar to the gaseous electronics conference (GEC) reference cell [43]. The vacuum
chamber is already described by Dittmann et al. [44]. The complete setup with the used diagnostics is shown
in figure 1. The inductively coupled discharge configuration consists of a planar coil (antenna) which is placed
1 mm above the bottom of a quartz cylinder (diameter 120 mm, cylinder wall and bottom plate thickness 5 and
10 mm, respectively). The quartz cylinder is placed at the top of the vacuum chamber whereas the water cooled
coil remains at atmospheric pressure. The coil consists of a double spiral with a diameter of 115 mm and 2.75
windings made from copper tube (outer diameter 6 mm, wall thickness 1 mm), see figure 2. The quartz cylinder
acts as dielectric barrier to reduce the capacitive coupling between the plasma and the coil [26]. The bottom of
the quartz cylinder (a = 0) is positioned 50 mm above a cylindrical (100 mm in diameter) stainless steel electrode
at a = 50mm, which is on ground potential. A 13.56 MHz power generator (Dressler Cesar VM 1500W-ICP)
is coupled with a tuning matching network (Dressler Cesar VM 1500W-ICP) to transfer the RF power into the
center connection of the antenna. Whereby, the two opposite ends of the antenna are on ground potential. The
RF power could be varied from 1 to 600 W which corresponds to coil voltage between 1 and 9 kV (peak-to-peak
voltage) and coil current between 10 and 50 A (peak-to-peak current) measured phase resolved close behind to
the matching network using commercial probes (Tektronix P6015A, Pearson 6600). The RF power resolution
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in the range of the mode transition is 1 W. A gas flow controller (mks 647 C) provides the process gas with a
constant gas flow rate of 5 sccm. The total gas pressure at 10 Pa is adjusted by a process pump and a throttle
valve. The oxygen content in the gas mixture is varied from 0 to 100%. The plasma is generated between the
grounded electrode (a = 50mm) and the bottom of the quartz cylinder (a = 0). Furthermore, the discharge is
pulsed via a pulse delay generator (Stanford Research Systems DG 535) with 10 Hz and a duty cycle of 50 %.
The pulsed mode operation is necessary to have an accurate reference signal in the plasma off phase for the
microwave interferometry, see below.

Fig. 1 Schematic top view picture of the discharge ves-
sel with the gas supply, pump system (BP: booster pump,
TP: turbo-molecular pump, PP: process pump), match-
ing network (MN), power supply (RF) and the pulse de-
lay generator (PD). The used diagnostics are the current
(CP) and voltage probes (VP), the axially (a) and radially
(r) movable Langmuir probe and the 160 GHz microwave
interferometer.
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Fig. 2 Schematic top view picture of the used planar dou-
ble spiral antenna.

2.2 Plasma diagnostics

A cylindrical Langmuir probe is used to measure the plasma parameters, e.g., the positive ion saturation cur-
rent, which is described in detail by Küllig et al. [45]. The complete probe system in the vacuum chamber
(150 mm length) consists of the probe with ceramic insulation housing the probe, the passive RF compensation
and additional filter units to reduce the influences of the disturbing RF voltage. The cylindrical probe tip is
made of platinum wire with diameter of 250μm and length of 8 mm. For the measurements of the positive ion
saturation current the probe is biased 30 V negative in respect to the floating potential allowing an applicable
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degree of saturation. A voltage variation of ±5V at this probe bias changes the relative ion current in the E-
mode less than 5% /V and in the H-mode less than 2% /V, respectively. The local measurements are done in
the center of the discharge (r = 0) in the optical axis of the microwave at a = 30mm, see below. The used
160.28 GHz frequency stabilized (PLL) heterodyne Gaussian beam microwave interferometer is described in de-
tail by Dittmann et al. [44]. It measures the phase shift ΔΦ between the plasma on and off phase. Regardless of
any model assumptions this phase shift is directly proportional to the line integrated electron density ñe with

ΔΦ =
π

nC λMWI

∫
ne(r) dr =

π

nC λMWI
ñe, (1)

where nC, ne(r) and λMWI are the critical electron density, the radial distribution of the electron density and
the microwave wavelength, respectively. The microwave beam is adjusted to pass the plasma bulk in an axial
distance of a = 30mm from the bottom of the quartz cylinder. The Gaussian beam is focused by an elliptical
mirror to a diameter of 10 mm in the discharge center which defines the spacial resolution. The resolution of the
phase shift measurement amounts to 0.016◦ corresponding to a line integrated electron density of 5.3 · 1013 m−2.
The temporal resolution is 200 ns, which is limited by the electronics such as filter and video-amplifier.

3 Results

3.1 Calculation of magnetic and electric field

The RF power is transmitted into the plasma by capacitive and inductive coupling while one way of the coupling
dominates depending on the RF power and pressure. In the case of the inductive coupling (H-mode) the RF
current in the planar coil generates an electromagnetic field. Hence, the induced electric field in the vacuum is
calculated to have an information about the heating region and the power absorption by electrons. The Biot-Savart
law for stationary currents is applied to calculate in a first step the spatial magnetic field distribution, see figure 3,
and their order of magnitude which is comparable with the literature [36, 46].
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Fig. 3 Calculated (a) vertical magnetic field Bz and (b) azimuthal electric field EΦ induced in vacuum for the used antenna
geometry.

As a result the ratio between the momentary values of azimuthal magnetic field component and the RF current
(|Bφ/I| ≈ 0.3μT/A) is by an order of magnitude lower than the radial component (|Br/I| ≈ 7μT/A) averaged
over the discharge region, see figure 3(a). Furthermore, the vertical component (|Bz/I| ≈ 14μT/A) is two
times larger than the radial component. Taking into account the vertical magnetic field (Bz), the azimuthal
component of the electric field is calculated using the Faraday law, see figure 3(b). Due to the high electric field
amplitudes and the harmonic behavior of this field component, the electrons are accelerated in the ring-shaped
region parallel to the quartz cylinder and twice per RF cycle [26]. This electron confinement and enhanced
heating results in higher plasma density due to the squared dependency of power dissipation by the azimuthal
electric field component [27,47]. Furthermore, the double spiral antenna has the advantage of a radial symmetric
electrical field distribution.
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3.2 Voltage and current probe measurements

The measurements with the voltage and current probe reveal the coil inductance and resistance and further the
phase shift between voltage and current. An accurate calibration and a high performance oscilloscope are nec-
essary for those measurements. The inductance of the coil can be determined by using two different methods in
vacuum. In method I a resonant series circuit is build up. Therefore, an adjustable capacitor is set in to the circuit
in series. For different fixed frequencies the capacitor is adjusted so that a minimum voltage is achieved. For this
resonance condition it is 1/ω2 = L · C, where ω is the circuit frequency, L the coil inductance and C the value
of the adjustable capacitor. The slope in figure 4(a) reveals the coil inductance and amounts to LI = 1.2μH. In
the method II, the ohms law is taken into consideration for different frequencies and it is Z2 = L2 · ω2 + R2

coil,
where Z = U/I and Rcoil is the coil resistance. Therefore, the current I and the voltage U are measured for
different frequencies. From the slope in figure 4(b) one can calculate the inductance which is LII = 1.4μH. This
value is important for different numerical simulations and is comparable with the literature [26, 30, 43, 46, 48].
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Fig. 4 Determination of the coil inductance using two different methods. In method I (a) a resonant series circuit with
an adjustable capacitor is used. The ohms law is taken into account in method II (b). In each case the slope of the linear
regression corresponds to the coil inductance.

For the determination of the absorbed power Pabs, the coil resistance Rcoil have to be determined [49]. There-
fore, the coil current (rms) Irms and the input RF power Pi,0 from the generator are measured when the plasma
is off which corresponds to Pi,0 = Rcoil · I2rms. The input RF power over the coil current squared is shown in
figure 5.

I2 /A2

P
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/
W
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2
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Fig. 5 RF input power Pi,0 from the generator over the coil
current Irms squared when the plasma is off at a base pressure
of 10−5 Pa. The slope of the linear regression corresponds to
the coil resistance Rcoil.

From that slope the coil resistance is found to be Rcoil = 0.062Ω. Then, the absorbed RF power is given as

Pabs = Pi −Rcoil · I2rms , (2)
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where Pi is the input power of the RF generator.
In addition, the phase shift ϕ between the voltage (rms) Φrms and the current (rms) Irms of the coil is measured

and calculated for a pure oxygen discharge at 10 Pa, see figure 6. The phase shift close to 90 ◦ has to be measured
with sufficient accuracy using the current and voltage probes. Therefore, these measurements need an accurate
phase calibration. Alternatively, the phase was calculated using

Pabs = Pi −Rcoil · I2rms = Irms · Φrms · cosϕ . (3)

In the E-mode, the phase shift is nearly constant at 89.9 ◦. Hence the power input with increasing RF power
is mainly due to the increasing coil voltage and current leading to a slight increase of the electron density, see
figure 7. At a critical coil voltage value, the discharge transits into the H-mode. Firstly, the coil voltage and
current decrease due to another discharge impedance. The gaining power input and therefore the higher electron
density mostly originates from the decreasing phase shift in this region leading to higher electron density. With
further increasing the RF power, the increasing coil voltage and current as well as the decreasing phase shift
enhance the power deposition.

Φcoil / kV

ϕ
/
◦

1 2 3 4 5 6

89.0

89.2

89.4

89.6

89.8

90.0

E-mode

H-mode

Fig. 6 Measured (©) and calculated (×) phase shift be-
tween the coil current and coil voltage for a pure oxygen
discharge at 10 Pa.

3.3 Mode transition and plasma parameters

This chapter presents the behavior of the positive ion saturation current and the line integrated electron density
during the E-H transition at different oxygen contents. Here, the coil voltage is used as applicable processing
parameter to compare the experimental results. In particular identical values of the coil voltage are combined
with the same plasma parameters even at different matching situations, which is not valid for the input RF power.
Additionally, it is ensured to reach for each measurement a minimal reflected power at fixed capacitors of the
matching unit.

In the following the positive ion saturation current and the line integrated electron density are measured in
dependence on the RF power and plotted over the coil voltage for different oxygen contents at a total gas pressure
of 10 Pa, see figure 7. For a pure argon discharge, the positive ion saturation current is a measure for the plasma
density and therewith for the electron density. Both show qualitatively the same behavior. In the E-mode the dis-
charge operates at low positive ion saturation currents (|I+,sat| = 7 . . . 30μA), line integrated electron densities
(ñe = 7 · 1013 . . . 5 · 1014 m−2) and coil voltages (Φcoil = 1 . . . 2.1 kV). At the beginning, the plasma density
weakly increases with raising coil voltage. At a characteristic coil voltage a sudden increase of the ion saturation
current and line integrated electron density reveals the E-H transition. This mode transition in pure argon is step
like. The coil voltage as well as the coil current additionally decrease significantly during the mode transition.
The same behavior is presented in [30, 50] and implies a change in the discharge impedance. Nevertheless, the
power deposition increases due to the decrease in the phase shift leading to higher plasma densities, see figure
6. During the mode transition the positive ion saturation current increases over one order of magnitude from
3 · 10−5 to 3 · 10−4 A and the line integrated electron density increases about two orders of magnitude from 1014

to 1016 m−2. Mean electron densities from the line integrated values are determined using the coil diameter as
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effective radial plasma dimension and are comparable to the literature [33, 43, 48]. In the inductive mode the
coil voltage raises again while the plasma density weakly increases. The coil voltage and the coil current show
generally the same behavior.
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Fig. 7 Measured (a) positive ion saturation current I+,sat and (b) line integrated electron density ñe by means of Langmuir
probe (a = 30mm, r = 0) and microwave interferometry (a = 30mm), respectively, over the coil voltage for different
oxygen contents (x: 0, �: 25, +: 50, �: 75, ©: 100%) at a total gas pressure of 10 Pa. The mode transition is characterized by
the sudden increase of the plasma parameter up to two orders of magnitude and strongly affected by the admixture of oxygen.

The admixture of oxygen completely changes the whole discharge and these complex plasmas consist of
electrons, multiple negative and positive ions, neutral transient and stable molecules. Further, the negative ions
can strongly change the plasma dynamics as well as the plasma boundary sheath [51]. In particular, the collisional
detachment of the negative ions with metastable oxygen molecules is an essential electron sources [52]. In
consequence of the oxygen addition more energy loss channels occur by additional inelastic collisions resulting
in dissociation, vibrational and rotational excitation, negative ion formation as well as heating of low energy
electrons [53]. Here, the positive ion saturation current as well as the line integrated electron density decrease with
increasing oxygen content at constant coil voltages. Especially in the H-mode at Φcoil = 5 kV the positive ion
saturation current changes from 4 to 0.3 mA and the line integrated electron density from 1.4 to 0.14 · 1017 m−2,
see figure 8.

Further, the onset coil voltage of the E-H transition increases with raising oxygen admixture from 2 to 5.8 kV.
This was also reported by Lee et al. [42]. A main effect of the oxygen addition is that the mode transition changes
from step like to a continuous transition. Here, the capacitive and inductive heating appear simultaneously during
the RF cycle as shown by phase resolved optical emission spectroscopy [54].
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Fig. 8 Normalized onset coil voltage Φ for the E-H transi-
tion (©), line integrated electron density ñe (�, H-mode at
5 kV) and positive ion saturation current I (×, H-mode at
5 kV) for different oxygen contents.
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4 Summary and Conclusion

The paper presents and discusses the results of investigations about an inductively coupled RF discharge in
argon/oxygen. The discharge configuration consists of the planar double coil within a quartz cylinder. The
magnetic and induced electric field components in the vacuum are calculated for the given antenna geometry.
Therewith, the azimuthal component of the electric field is responsible for the enhanced heating in the H-mode.
As a result, the shape of the double coil leads to an optimized radial symmetric field distributions.

By voltage and current probe measurements the coil inductance is determined to L = 1.3μH using two
different methods. Further, the phase shift between the voltage and the current in the E-mode is nearly constant
but is decreasing slightly in the H-mode from 89.9◦ to 89.1◦.

For different oxygen contents, the E-H transition is investigated by the positive ion saturation current and the
line integrated electron density measured by a Langmuir probe and 160 GHz microwave interferometer, respec-
tively. The addition of oxygen strongly changes the discharge properties. The positive ion saturation current as
well as the line integrated electron density decrease with higher oxygen contents. Further, the critical coil voltage
for the E-H transition increases with the admixture of oxygen. The transition in the pure argon discharge is step
like and changes to a continuous transition with the addition of oxygen.

The used Gaussian beam microwave interferometer enables a wide range of applications within the collabo-
rative research center. In particular the investigation of the electron density during the formation and growth of
nanoparticles in capacitively coupled argon/acetylene plasmas is extremely interesting. Additionally, the influ-
ence of dust particles on the bulk electron density in capacitively coupled argon discharges can be studied using
the microwave interferometer.
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On the E-H transition in inductively coupled radio frequency oxygen plasmas:
I. Density and temperature of electrons, ground state and singlet metastable
molecular oxygen

Th. Wegner,1, a) C. Küllig,1 and J. Meichsner1, b)

Institute of Physics, University of Greifswald, Felix-Hausdorff-Str. 6, 17489 Greifswald,
Germany

In this series of two papers the E-H transition in a planar inductively coupled radio frequency discharge (13.56 MHz)
in pure oxygen is studied using comprehensive plasma diagnostic methods. The electron density serves as the main
plasma parameter to distinguish between the operation modes. The (effective) electron temperature, calculated from
the electron energy distribution function and the difference between the floating and plasma potential, halves during the
E-H transition. Furthermore, the pressure dependency of the RF sheath extension in the E-mode implies an collisional
RF sheath for the considered total gas pressures. The gas temperature increases with the electron density during the
E-H transition and doubles in the H-mode compared to the E-mode, whereas the molecular ground state density halves
at the given total gas pressure. Moreover, the singlet molecular metastable density reaches 2% in the E-mode and
4% in the H-mode of the molecular ground state density. These measured plasma parameters can be used as input
parameters for global rate equation calculations to analyze several elementary processes. Here, the ionization rate for
the molecular oxygen ions is exemplarily determined and reveals together with optical excitation rate patterns a change
of the electronegativity during the mode transition.

Keywords: oxygen, inductively coupled plasma, mode transition, microwave interferometry, Langmuir probe, optical
emission and absorption spectroscopy

I. INTRODUCTION

Inductively coupled plasmas (ICP) driven at radio fre-
quency (RF) can operate in different modes. They have unique
properties and attracted an increasing interest because of their
importance for plasma processing applications1. In particu-
lar, the ICPs are used for sterilization and decontamination
of sensitive surfaces2–5, plasma etching6–14, diamond15,16 and
vapor17 deposition, particle generation18,19 as well as growth
of carbon nano tubes20. Additionally, ICPs are also used
for atomic clocks for the global positioning system (GPS)21

and for thrusters in electric propulsion22. Furthermore, ICPs
are more recently being used for plasma medicine, e.g., the
treatment of biomolecules23–25. The independent control of
the energetic ion flux to the surface by biasing the substrate
with an additional RF voltage26,27 extents the application of
ICP for material modification. Especially ICPs containing
oxygen as process gas are often applied for plasma surface
treatments9–12,14,23,24,28. Beside the wide application field, the
fundamental research of this discharge and in particular the
study of different operation modes is still an ambitious task.

For low RF power, the ICP operates in the E-mode with
low plasma density and high sheath voltage. With increasing
the RF power, the mode transition takes place and the dis-
charge operates in the H-mode with high plasma density and
low sheath voltage. For low total gas pressures, this mode
transition is continuously and a hybrid mode (E/H) can be
observed29. The different modes affect the plasma parameters
and therewith the field of application. The investigation of the

a)Electronic mail: physics@thwegner.com
b)Electronic mail: meichsner[at]physik.uni-greifswald.de

mode transition is an important issue to understand the physics
behind this feature. The E-H transition is investigated in the
literature regarding the potentials and currents30–35, the elec-
tron density31,33–42, the electron energy distribution function
(EEDF)38,39,41,43,44 and the heating mechanisms27,29,40,45–49.
Nevertheless, the mode transition of a pure oxygen ICP is
sparsely studied.

Fuller et al.50 investigated a transformer coupled oxygen
plasma by optical emission spectroscopy and Langmuir probe
diagnostics at a total gas pressure of 1.3 Pa. They determined
the atomic oxygen density in the ground state and the elec-
tron temperature for the E- and H-mode. In this work, a de-
crease of the electron temperature during the E-H transition
and a slight increase in the H-mode is reported. Furthermore,
they show that the atomic oxygen density in the ground state
increases about two orders of magnitude during the E-H tran-
sition. Nevertheless, this density is one order of magnitude
lower compared to other publications39,51,52. Moreover, they
used rare gases as admixture, such as He, Ar, Ne, Kr and Xe
which strongly influences the discharge34. Corr et al.39 stud-
ied the discharge kinetics of a pure oxygen ICP for a total gas
pressure range from 0.5 to 6.7 Pa. They compared their ex-
perimental results with a global model. Moreover, the authors
measured the electron and negative atomic oxygen ion density
and showed that the electronegativity in the E-mode is higher
compared to the H-mode. Additionally, they determined the
atomic oxygen density in the ground state and reported an in-
crease from 1018 m−3 in the E-mode to about 1020 m−3 in the
H-mode. This is combined with an increase of the dissociation
degree of two orders of magnitude during the E-H transition.
Corr et al. also reported on the negative ion loss processes
which are dominated by detachment with the singlet molecu-
lar metastable state and atomic ground state at total gas pres-
sure above 1 Pa. Nevertheless, they did not observe a hybrid
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mode. This can be due to the relative poor RF power resolu-
tion during the mode transition.

This first paper in a series of two presents and discusses
experimental results combined with global rate equation cal-
culation on the E-H transition in a pure oxygen discharge. We
used comprehensive plasma diagnostics to study the plasma
parameters during the mode transition with a high RF power
resolution. In this contribution, we determined the electron
density, the floating and plasma potential, the electron and gas
temperature as well as the density of the molecular ground
state and singlet molecular metastable state. These findings
can be used as input parameters for global rate equation cal-
culations, e.g., the electron impact ionization rate using the
measured densities and rate coefficients from literature.

The paper firstly explains the experimental setup and the
applied diagnostics. Secondly, the electron density behav-
ior is discussed for different oxygen pressure. Together with
the measured coil voltage, it enables the clear distinction be-
tween different operations modes. Thirdly, the measurement
of the floating and plasma potential allows an estimation for
the electron temperature and the comparison with the electron
temperature calculated from the EEDF. Deviation found in the
E-mode are may be due to a change of the electronegativity.
Fourthly, the spectroscopic measurement of the gas tempera-
ture enables the deconvolution of the line integrated molecu-
lar ground state and singlet molecular metastable state density
which strongly influence the discharge. The ionization rate is
determined in the last part of this contribution. It reveals also
a decreasing electronegativity during the E-H transition.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

A. Vacuum chamber and discharge arrangement

The experiment is composed of the vacuum chamber, the
discharge arrangement and the plasma diagnostics, see fig-
ure 1. The cylindrical vacuum vessel (400 mm in diame-
ter) and the planar discharge configuration (120 mm in diam-
eter) are previously described in Wegner et al.34. For low
pressure plasma processing, the grounded vacuum chamber
is equipped with pumps and control units which set the to-
tal gas pressure p between 1 and 35 Pa. Oxygen is used as
processing gas at a constant gas flow rate of 5 sccm. The in-
ductively coupled discharge configuration consists of a planar
double spiral antenna with 2.75 windings which is installed in
a quartz cylinder acting as dielectric barrier. This discharge
configuration is immersed in the vacuum vessel from above.
The plasma was axially generated between the bottom of the
quartz cylinder at a = 0 and the top of a grounded stainless
steel electrode at a = 50 mm. The RF power is transferred into
the center connection (r = 0) of the coil using a 13.56 MHz
power generator which is coupled with a tuning matching net-
work. The two opposite ends of the coil are on ground po-
tential. The input RF power was varied between 1 and 600 W
yielding to (peak-to-peak) coil voltage between 1 and 9 kV
and current between 10 and 50 A, respectively. For low RF
power values and in the region of the E-H transition the RF
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Figure 1. Schematic top view of the discharge vessel with the
gas supply, matching network (MN), power supply (RF) and the
pulse delay generator (PD). The used diagnostics are the current
(CP) and voltage probes (VP), the axially (a) and radially (r) mov-
able Langmuir probe, the 160 GHz microwave interferometer and
two monochromators for the optical emission (VIS) and absorption
(VUV) spectroscopy, respectively.

power resolution was 1 W and the matching network was fixed
to exclude its influences on the discharge parameters. There-
with, the reflected RF power was smaller than 5% of the input
RF power. For the electron density measurement by means
of microwave interferometry, the discharge was pulsed with a
frequency of 10 Hz and a duty cycle of 50%. This allows an
accurate reference signal in the plasma off phase.

B. Plasma diagnostics

A cylindrical Langmuir probe is installed to diagnose the
whole plasma volume and to measure the plasma parameters,
e.g., the positive ion saturation current and effective electron
temperature. The probe system and the analysis of the probe
characteristic is explained by Küllig et al.53. The whole probe
system (150 mm in length) consist of the cylindrical platinum
tip (250µm in diameter and 8 mm in length) and a ceramic
insulation. It is axially (a) and radially (r) movable. A passive
RF compensation electrode and additional RF filters reduce
the disturbing influence of the RF voltage. The measurements
of the space resolved positive ion saturation current were done
by biasing the probe 30 V negative to the floating potential.
This yields to an applicable degree of saturation. Especially,
a change of the voltage of ±5 V at this probe bias led to an

Article 5

65



3

ion current variation in the E-mode less than 5% / V and in
the H-mode less than 2% / V, respectively. The local plasma
parameters were measured in the center of the discharge (r =

0) at the optical axis of the microwave beam (a = 30 mm).
The non-invasive 160 GHz Gaussian beam microwave in-

terferometer reveals an information about the line integrated
electron density at a = 30 mm and is described in detail by
Dittmann et al.54. The measurement of the phase shift ∆Φ be-
tween the plasma on and off phase provides the line integrated
electron density ñe without any model assumptions using,

∆Φ =
π

nC λMWI

∫
ne(r) dr =

π

nC λMWI
ñe , (1)

where λMWI, nC and ne(r) are the microwave wavelength, the
critical electron density and the radial distribution of the elec-
tron density along the microwave optical axis, respectively.
The resolution of the line integrated electron density is about
5.3 × 1013 m−2. The electronics, such as filters and video-
amplifier, limit the temporal resolution to about 200 ns.

The analysis of the plasma induced optical emission of an
oxygen discharge in the visible (VIS) wavelength range be-
tween 763 and 774 nm (atmospheric A-bands) provides the
rotational temperature of the excited state O2

(
b1Σ+

g , ν = 0
)
.

The emission intensity was measured at the position of the
microwave optical axis (a = 30 mm) via lenses (focus on
discharge axis r =0) and quartz fiber to the entrance slit
of the Czerny-Turner monochromator (Spex 750 M). The
applied charged coupled device (CCD) camera allows the
analysis of a spectral range over about 30 nm with spectral
resolution of 27 pm. The excited state O2

(
b1Σ+

g , ν = 0
)

is
highly populated due to efficient creation by collisions and
low quenching55. The rotational temperature was determined
by analyzing the emission intensity of long living states in
the P-branch (763 − 774 nm) of the forbidden atmospheric A-
bands O2

(
b1Σ+

g , ν = 0
)
−→ O2

(
X3Σ−g , ν = 0

)
. In particular,

the intensity I of the transition from the upper level J
′

to the
lower level J

′′
is given by

IJ
′

J′′ = CS J
′

J′′ exp
(−FJ′ hc

kBTrot

)
, (2)

where C is a constant of proportionality, S J
′

J′′
is the Hönl-

London factor, FJ′ hc is the rotational energy where h is the
Planck constant and c the speed of light in vacuum, kB is the
Boltzmann constant and Trot is the rotational temperature55.
From a Boltzmann plot with ln

(
IJ
′

J′′
/ S J

′

J′′
)

over FJ′ one can
determine the rotational temperature.

Furthermore, the vacuum ultraviolet (VUV) absorption
spectroscopy enables the determination of the line integrated
molecular ground state O2

(
X3Σ−g

)
and the singlet molecular

metastable O2

(
a1∆g

)
density, respectively. A deuterium lamp

is installed in the opposite direction of a VUV-monochromator
(Acton Research Corp. VM-521-SG) and emits in the appro-
priate VUV wavelength range. A plano-convex lens behind
the lamp enlarges and approximately parallelizes the VUV ra-
diation which is guided through the center of the discharge
at the optical axis position of the microwave beam (r = 0,

a = 30 mm). Another convex lens focuses the transmitted
VUV radiation to the entrance slit of the monochromator.
The width of the slit defines the spectral resolution to about
50 pm. The focused light is diffracted by a movable grating
which reflects the spectral dispersed light to a photomulti-
plier. The lenses and the windows are made of MgF2 (cutoff

wavelength 115 nm) because of its high transmittance in the
interested VUV wavelength range. The deuterium lamp, the
whole path of the emitted light and the monochromator are
evacuated to avoid VUV absorption from ambient air. The
molecular ground state and the singlet molecular metastable
state absorb in the wavelength range between 120 to 140 nm56.
The wavelength of λ1 = 134 nm was used for the determi-
nation of the molecular ground state density because the ab-
sorption cross section of the molecular ground state is rela-
tively high (σX (λ1) = 24 × 10−23 m2) whereas the absorp-
tion cross section of the singlet molecular metastable state is
low (σa (λ1) = 4.7 × 10−23 m2)56. Furthermore, the density
of the singlet molecular metastable state is low compared to
the molecular ground state and can be neglected during the
measurement at the wavelength λ1. Therewith, the line inte-
grated molecular ground state density ñX is deduced from the
intensity ratio between the intensity I (with plasma) and I0
(vacuum) and using the Lambert-Beer law

ñX = ln
(

I0

I (λ1)

)
1

σX (λ1)
. (3)

The absorption cross section for the singlet molecular
metastable state has a maximum at λ2 = 128.5 nm and
amounts to σa (λ2) = 165 × 10−23 m2, whereas the absorp-
tions cross section of the molecular ground state is σX (λ2) =

4.04. × 10−23 m256. Due to its high density, the absorption by
molecular ground state density has to be taken into account
for the determination of the singlet molecular metastable state
density with

ña =
ln

(
I0

I(λ2)

)
− σX (λ2) ñX

σa (λ2)
. (4)

III. RESULTS AND DISCUSSION

The line integrated electron density was converted to abso-
lute values taking into account the measured positive ion satu-
ration current profiles along the optical axis of the microwave
beam (a = 30 mm). The current profiles change during the
E-H transition regarding the shape, which affects the effec-
tive microwave path length. In particular, the effective mi-
crowave path length in the H-mode is about 20% larger com-
pared to the area in the E-mode. Therefore, the line integrated
electron density in the E-mode and in the H-mode were con-
verted using an effective path length of 0.14 and 0.17 m, re-
spectively. Therewith, the electron density resolution is about
3 × 1014 m−3. Additionally, the local electron density was de-
termined from the Langmuir probe measurements. The lo-
cal electron density is lower than the calculated absolute elec-
tron density from microwave interferometry. For example, the
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Figure 2. Electron density ne over the input RF power (a) and the coil
voltage (b) for different total gas pressures (5 Pa (◦), 10 Pa (×), 15 Pa
(+) and 35 Pa (∗)) for the E-mode (E), the hybrid mode (E/H) and
for the H-mode (H). The semi-transparent lines with the associated
symbols indicate the electron density at which the E-E/H (solid) and
the E/H-H (dotted) transition take place.

electron density determined by the microwave interferome-
try is by a factor of 2 in the E-mode, by a factor of 5 in the
E/H-mode and by a factor of 4 in H-mode larger compared
to the electron density from the Langmuir probe measure-
ments. This is well known and the deviation is comparable
to those reported in the literature53. In the following the cal-
culated absolute electron density from the microwave interfer-
ometry is considered because of the non invasive microwave
interferometry and the analysis without using any model as-
sumptions. The electron density is shown in figure 2 over the
input RF power (a) and the (peak-to-peak) coil voltage (b).
In the E-mode (E) at low RF power the electron density is
about 1014 m−3 for the total gas pressure range from 5 to 35 Pa.
With increasing the RF power, the electron density as well as
the coil voltage increase weakly. The discharge transits from
the E-mode into the hybrid (E/H)29 mode at a critical elec-

tron density (solid horizontal lines in figure 2) which strongly
depends on the total gas pressure (5 Pa: 1 × 1015 m−3, 35 Pa:
6 × 1015 m−3). The transition itself is continuously for total
gas pressure below 30 Pa and steplike above 30 Pa. The elec-
tron density raises more than one order of magnitude (5 Pa:
∆ne = 2 × 1016 m−3, 35 Pa: ∆ne = 1 × 1017 m−3) in the hybrid
mode with increasing the RF power because of the more effi-
cient inductive heating which additionally occurs in the hybrid
mode29. The coil voltage decreases (5 Pa: ∆Φcoil = 0.5 kV,
35 Pa: ∆Φcoil = 2.5 kV) due to changing phase shift between
the voltage and current34. The discharge operates in the pure
H-mode (H) beginning at a higher critical electron density
(dotted horizontal lines in figure 2). The coil voltage starts to
increase when the discharge operates mainly in the H-mode.
This can be achieved by further increasing the RF power. The
electron density in the H-mode is about 1017 m−3.

In the following, the measured plasma parameters, which
can be used as input parameters for, e.g., global rate equa-
tion calculations, are presented over the electron density. That
means that the E-mode is on the left hand side of the solid
vertical lines which indicate the E-E/H transition. The hybrid
mode can be found between the solid and dotted lines whereas
the H-mode is on the right hand side of the dotted lines which
indicate the E/H-H transition. Furthermore, the following re-
sults are presented for maximum 15 Pa because the usage of
the invasive Langmuir probe at higher total gas pressure in-
duces the E-H transition.

The floating and the plasma potential are given in figure 3
(a) and (b), respectively. Both parameters increase with rais-
ing electron density in the E-mode. However, the floating po-
tential has its maximum at the E-E/H transition and decreases
for higher electron densities. This behavior is consistent with
results reported in the literature32. The plasma potential be-
haves quite similarly. Nevertheless, the maximum value of
the plasma potential can be observed close before the E-E/H
transition. The floating Φfl and the plasma Φpl potential can be
used to estimate the effective electron temperature Te

57. The
assumptions are a collisionless sheath in front of a floating
surface, cold ions, Maxwellian electrons and an electroposi-
tive plasma. Therewith, the effective electron temperature can
be determined using

Φpl − Φfl =
1
2

kBTe

e

[
1 + ln

(
m+

2πme

)]
, (5)

where kB, e, m+ and me are the Boltzmann constant, the ele-
mentary charge, the mass of the positive ions and the electron
mass, respectively57. The measured effective electron temper-
ature from the evaluation of the probe characteristic is shown
in figure 4 (a). The EEDF in the E-mode is bi-Maxwellian
while the EEDF in the H-mode is nearly Maxwellian like, as
also known from the literature44,58,59. Hence, the given elec-
tron temperature in the E-mode should be recognized as an
average electron energy corresponding to an effective electron
temperature. The effective electron temperature is high com-
pared to the H-mode and nearly constant at about 6.5 eV. Al-
ready before the E-E/H transition, the effective electron tem-
perature decreases strongly and reaches mainly its minimum
value at the E-E/H transition of about 2 to 3 eV depending on
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Figure 3. Floating Φfl (a) and plasma potential Φpl (b) over the elec-
tron density ne for different total gas pressures (5 Pa (◦), 10 Pa (×)
and 15 Pa (+)) for the E-mode (E), the hybrid mode (E/H) and for the
H-mode (H). The semi-transparent lines with the associated symbols
indicate the electron density at which the E-E/H (solid) and the E/H-
H (dotted) transition take place.

the total gas pressure. This is comparable to other works50,52.
The increase of the electron density leads to an increase

of the electron-electron collision frequency νee which is pro-
portional to the electron density and inversely proportional
to the electron temperature, νee ∝ ne/T

3/2
e

44,60,61. Therewith,
the elastic electron-electron interaction becomes more impor-
tant. As a result, the two electron energy populations in the E-
mode thermalize and the EEDF evolves from a bi-Maxwellian
to a Maxwellian distribution in the E/H and H-mode. Fur-
thermore, the effective electron temperature decreases with
increasing total gas pressure. At these total gas pressures
one can assume a collision dominated regime. Hence, the
electron-heavy particle collision rate grows with increasing
pressure which explains the pressure dependency of the elec-
tron temperature mentioned above39. This behavior was pre-
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Figure 4. Effective electron temperature Te calculated from the
EEDF (a) for different total gas pressures (5 Pa (◦), 10 Pa (×), 15 Pa
(+)) and (b) the comparison between the effective electron temper-
ature (×) calculated from EEDF and the electron temperature (�)
calculated from potential difference (equation 5) for 10 Pa over the
electron density ne for the E-mode (E), the hybrid mode (E/H) and
for the H-mode (H). The semi-transparent lines with the associated
symbols indicate the electron density at which the E-E/H (solid) and
the E/H-H (dotted) transition take place.

viously reported for ICPs39,52,58,62 and CCPs60. After the E/H-
H transition, the effective electron temperature slightly in-
creases. The comparison between the electron temperature
calculated from the EEDF and estimated from the potential
difference is shown in figure 4 (b). Both methods reveal com-
parable results. The greatest deviation can be found in the
E-mode. In the E-mode, the phase resolved optical emis-
sion spectroscopy reveals an excitation rate pattern during the
sheath collapse phase which is connected with the electric
field reversal and an indication for high electronegativity29.
Therewith, the assumption of an electropositive plasma is
most broken in the E-mode which might be an explanation for
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Figure 5. Pressure dependency of the axial distance of the maximum
positive ion saturation current s as a measure for the RF sheath ex-
tension in the E-mode.

the deviation. Additionally, the high effective electron temper-
ature in the E-mode can be explained regarding the high elec-
tronegativity. A high electronegativity leads to a lower elec-
tron density compared to an electropositive plasma. Hence,
the electrons have to be fast enough to ionize and therewith
sustain the plasma. To support the collision dominated regime
at these total gas pressures, one can analyze the pressure de-
pendency of the RF sheath extension. Therefore, the axial
profile of the positive ion saturation current were measured
for different total gas pressures. These profiles are qualita-
tively comparable to those which were measured in an argon
ICP35. With rising pressure the maximum value of the positive
ion saturation current increases and its axial distance shifts to
the antenna. This axial distance s can be used as a measure
for the RF sheath extension and is shown in figure 5 for dif-
ferent total gas pressure. Only in the E-mode, an RF sheath
develops which is dependent on the pressure. The RF sheath
extension reveals a s ∝ p−1/3 pressure dependency which is
also known from an ICP35 and a CCP53. Assuming a constant
mean RF sheath voltage, this dependency can be an indication
for a collision dominated RF sheath63.

Another important parameter is the gas temperature. The
analysis of the optical emission from rotationally resolved
molecule bands enables the determination of the rotational
temperature which is comparable to the gas temperature55.
This is only valid when the energy exchange between the
translational and rotational degrees of freedom is faster than
the radiative lifetime τ of the excited state. A criterion to esti-
mate this condition is given by64

pτ ≥ 10−4 Pa s . (6)

Together with a minimum total gas pressure of 5 Pa and the
radiative lifetime of the second singlet molecular metastable
state O2

(
b1Σ+

g

)
of 11.8 s64 the criterion given above is well

fulfilled. Therewith, the rotational temperature is assumed to
be equal to the gas temperature which is shown in figure 6 (a).
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s
/

K
Figure 6. Gas temperature Tgas over the electron density ne for dif-
ferent total gas pressures (5 Pa (◦), 10 Pa (×), 15 Pa (+)) for the E-
mode (E), the hybrid mode (E/H) and for the H-mode (H). The semi-
transparent lines with the associated symbols indicate the electron
density at which the E-E/H (solid) and the E/H-H (dotted) transition
take place.

The gas temperature in the E-mode is nearly constant at room
temperature (300 K) and increases at the E-E/H transition up
to 600 K in the H-mode. Spectroscopic gas temperature deter-
mination by Foucher et al.65 provides temperature which are
about 200 K lower. This might be due to the much lower flow
rate in our experiment. The main source of gas heating is the
dissociation of O2

(
X3Σ−g

)
. With growing electron density, the

dissociation rate increases which explains the increasing gas
temperature with raising electron density. An increasing de-
gree of dissociation with increasing RF power and therewith
increasing electron density was also reported by Corr et al.39.
This should result in a decreasing molecular ground state den-
sity. Furthermore, the gas temperature is not dependent on
the considered total gas pressure. Therewith, the molecular
ground state density should increase with raising pressure.

To evaluate this, the line integrated density of the molecular
ground state and the singlet molecular metastable state from
VUV absorption, respectively, has to be deconvolved into ab-
solute density values. Therefore, the total gas pressure and the
partial pressure of each species were considered. The gas tem-
perature and the total gas pressure were used to determine the
total particle density in the plasma region. This plasma den-
sity was balanced with the density of each species with respect
to their temperature. The electrons, the atomic oxygen in the
ground state O

(
3P

)
, the molecular ground state O2

(
X3Σ−g

)
and

the singlet molecular metastable O2

(
a1∆g

)
were considered

for this calculation. The density of the atomic oxygen in the
ground state was taken from the global model of Corr et al.39

for the considered pressures and electron densities which is
comparable to other works51,52. The metastable atom O

(
1D

)
,

the Herzberg states as well as ozone can be neglected due to
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Figure 7. Molecular ground state nX (a) and singlet molecular
metastable state na (b) over the electron density ne for different to-
tal gas pressures (5 Pa (◦), 10 Pa (×), 15 Pa (+)) for the E-mode
(E), the hybrid mode (E/H) and for the H-mode (H). The semi-
transparent lines with the associated symbols indicate the electron
density at which the E-E/H (solid) and the E/H-H (dotted) transition
takes place.

their low density and temperature52. We assumed an equal
temperature for the molecular ground state, the singlet molec-
ular metastable state O2

(
a1∆g

)
and the atomic oxygen in the

ground state, respectively. Furthermore, we took into ac-
count the same effective optical path length for the molecular
ground state and singlet molecular metastable state O2

(
a1∆g

)
.

Therewith, the molecular ground state and singlet molecular
metastable state density were deconvolved and are presented
in figure 7 (a) and (b), respectively. The behavior of the
molecular ground state density regarding the electron density
and total gas pressure follows the discussion above for the gas
temperature. The molecular ground state density is compa-
rable to the literature51. From ground state density measure-
ments in the plasma (E-mode) and without plasma one can de-

5 Pa

15 Pa

E E/H H

1013 1014 1015 1016 1017 10181020

1021

1022

1023

ne /m−3
d dt

n O
+ 2

Figure 8. Ionization rate dnO+
2
/ dt over the electron density ne for

different total gas pressures (5 Pa (◦), 10 Pa (×), 15 Pa (+)) for the E-
mode (E), the hybrid mode (E/H) and for the H-mode (H). The semi-
transparent lines with the associated symbols indicate the electron
density at which the E-E/H (solid) and the E/H-H (dotted) transition
take place.

termine both the dissociation degree and the effective optical
path length which are comparable to the method mentioned
above. The dissociation degree in the E-mode is about 1% and
is in agreement with the literature39. The singlet molecular
metastable density is constant in the E-mode which is about
2% of the molecular ground state. At the E-E/H transition, the
singlet molecular metastable state density suddenly increases
by a factor of about 1.5 while the molecular ground state den-
sity decreases. This leads to a percentage of about 4% of the
molecular ground state density in the E/H and H-mode. In the
E/H-mode, the singlet molecular metastable density is com-
parable to the literature51 and decreases after the maximum in
the E/H-mode. At this point, the atomic density in the ground
state becomes comparable to the singlet molecular metastable
density and strongly increases for further rising electron den-
sity. Hence, the particle balance has to be fulfilled and the
density of the singlet molecular metastable state as well as
the molecular ground state drop with increasing electron den-
sity. This decrease is not yet fully understood and has to be
further investigated. May be a rate equation calculation for
the sources and sinks of the singlet molecular metastable state
would give an explanation for this behavior.

As an example, the electron impact ionization rate of the
molecular ground state was calculated taking into account the
electron density ne, the electron temperature Te and the molec-
ular ground state density nX obtained from measurements and
the ionization rate coefficient kion from the literature66. There-
with, the ionization rate for the main ionization process

e + O2

(
X3Σ−g

)
−→ O+

2 + 2e (7)

can be determined with
d
dt

nO+
2

= kion (Te) nXne . (8)
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The ionization rate is shown in figure 8 over the electron den-
sity. The ionization rate increases in the E-mode for low elec-
tron density. Before the E-E/H transition, this ionization rate
strongly decreases due to the drop in the electron temperature
and reaches its minimum at the E-E/H transition. After this
transition, the ionization rate grows up strongly. Although the
ionization rate strongly decreases, the electron density grows
up. Therewith, another electron source might cause this elec-
tron release. From the literature is known, that the electroneg-
ativity, which is the ratio between the negative ion density and
the electron density, decreases dramatically during the transi-
tion from the E- to the H-mode39,51,59,67,68. This decreasing
electronegativity contributes to an increasing electron density.
This would explain the behavior of the ionization rate men-
tioned above. To fully understand this behavior and to calcu-
late a whole set of rate equations one need to know the nega-
tive ion density, which is very important for this discharge at
the considered total gas pressure51.

IV. CONCLUSION AND SUMMARY

This contribution presents and discusses results of an induc-
tively coupled RF discharge in oxygen. It combines compre-
hensive plasma diagnostics to study the E-H transition. Three
different operation modes have been found during the mode
transition. With increasing the RF power and therewith the
electron density, the discharge transits from the E-mode to the
hybrid E/H-mode into the H-mode. The transition points are
noticeable in most of the measured plasma parameters.

The floating potential has a maximum at the E-E/H transi-
tion and the plasma potential has its maximum for lower elec-
tron density compared to the critical electron density for the
E-E/H transition. The electron temperature calculated from
the potential difference is comparable to the electron temper-
ature calculated from the EEDF. The greatest deviation are
observable in the E-mode due to the high electronegativity.
The electron temperature is high in the E-mode and halves
during the E-H transition. The EEDF is bi-Maxwellian in the
E-mode and nearly Maxwellian in the H-mode. The pressure
dependency of the RF sheath extension reveals a collisional
RF sheath. The gas temperature increases by a factor of 2
during the E-H transition and is not dependent on the consid-
ered total gas pressure. However, the molecular ground state
density depends on the total gas pressure and decreases with
raising electron density due to an increasing degree of disso-
ciation. The singlet molecular metastable density is about 2%
and about 4% of the molecular ground state density in the E-
and H-mode, respectively. In the H-mode, the singlet molec-
ular metastable density decreases strongly due to the raising
atomic density in the ground state.

Summarizing, the mode transition fully changes the dis-
charge characteristics and in particular the plasma parameters.
Together with these measured plasma parameters and rate co-
efficients from the literature one can evaluate rate equations
for elementary processes. Nevertheless, the determination of
the negative ion density is an important task and will be fo-
cused on the second part of this paper series.
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Contributions to Plasma Physics 47, 487 (2007).
23A. von Keudell, P. Awakowicz, J. Benedikt, V. Raballand, A. Yanguas-Gil,

J. Opretzka, C. Flötgen, R. Reuter, L. Byelykh, H. Halfmann, K. Stapel-
mann, B. Denis, J. Wunderlich, P. Muranyi, F. Rossi, O. Kylián, N. Hasiwa,
A. Ruiz, H. Rauscher, L. Sirghi, E. Comoy, C. Dehen, L. Challier, and J. P.
Deslys, Plasma Processes and Polymers 7, 327 (2010).

24O. Kylián, B. Denis, K. Stapelmann, A. Ruiz, H. Rauscher, and F. Rossi,
Plasma Processes and Polymers 8, 1137 (2011).

25E. A. J. Bartis, C. Barrett, T.-Y. Chung, N. Ning, J.-W. Chu, D. B. Graves,
J. Seog, and G. S. Oehrlein, Journal of Physics D: Applied Physics 47,
045202 (2014).

26J. H. Keller, J. C. Forster, and M. S. Barnes, Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 11, 2487 (1993).

Article 5

71



9
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On the E-H transition in inductively coupled radio frequency oxygen plasmas:
II. Electronegativity and the impact on particle kinetics

Th. Wegner,1, a) C. Küllig,1 and J. Meichsner1, b)

Institute of Physics, University of Greifswald, Felix-Hausdorff-Str. 6, 17489 Greifswald,
Germany

In this series of two papers we present results about the E-H transition of an inductively coupled oxygen discharge driven
at radio frequency (13.56 MHz) for different total gas pressures. The mode transition from the low density E-mode to
the high density H-mode is studied using comprehensive plasma diagnostics. The measured electron density can be
used to distinguish between the different operation modes. This paper focuses on the determination of the negative
atomic ion density and the electronegativity by two experimental methods and global rate equation calculation. As a
result, the electronegativity significantly decreases over two orders of magnitude from about 25 in the E-mode to about
0.1 in the H-mode. The temporal behavior of the electronegativity in pulsed ICP shows, that the negative atomic ion
density reaches a steady state after 10 ms. Negative atomic ions are mainly produced by the dissociative attachment with
the molecular ground state. Whereas, the ion-ion recombination with the positive molecular ions and the collisional
detachment with the singlet molecular metastables contribute significantly to the loss of the negative atomic ions.

Keywords: oxygen, inductively coupled plasma, mode transition, microwave interferometry, laser photodetachment,
electronegativity

I. INTRODUCTION

Inductively coupled plasmas (ICP) which are driven at ra-
dio frequency (RF) have unique properties and are applied in
plasma processing application for decades1. Especially, oxy-
gen ICP are often used for plasma surface treatments2–9. The
presence of negative ions influences the plasma properties,
such as the charged species balance, plasma chemical reac-
tions, diffusion of charged particles and the electron energy
distribution function. Furthermore, they can induce plasma in-
stabilities which are well known in the literature10–13. There-
with, the knowledge about the fraction of negative ions is im-
portant to characterize the discharge. In particular, the change
of the negative ion density and the electronegativity, defined as
the ratio between negative ion and electron density, is sparsely
studied during the E-H mode transition.

The ICP operates in the E-mode at low RF power with low
plasma density and high sheath voltage. At a critical electron
density, the mode transition takes place. The observed mode
transition can be continuously and steplike. The continuous
transition, observed at lower total gas pressure, is connected
with the appearance of the E- and H-mode simultaneously.
That means the ICP operates in a hybrid mode. With further
increasing the RF power, the discharge transits in the H-mode
with high plasma density and low sheath voltage. During the
mode transition, the electron heating mechanism, the deter-
mining elementary processes, e.g., production and loss of neg-
ative atomic ions, and the plasma parameters change signifi-
cantly.

Stoffels et al.14 studied the negative ion dynamics in a ca-
pacitively coupled plasma (CCP) in oxygen. They showed,
that O− is the dominant negative ion whereas the O−

2 and O−
3

reach about 10% of the total negative ion density. They fur-

a)Electronic mail: physics@thwegner.com
b)Electronic mail: meichsner[at]physik.uni-greifswald.de

thermore reported, that the electronegativity varies between
5 and 10 and changes with pressure and RF power. Katsch
et al. studied a CCP15 and ICP16 in oxygen. With raising
RF power, they determined a decreasing electronegativity for
the CCP. Additionally, the electronegativity in their ICP is
higher compared to their CCP. Gudmundsson et al.17 used a
global model to investigate the negative ions and metastable
species in a low pressure high density oxygen plasma. They
also found, that O− is the dominant negative ion and reported
on the main elementary processes. Corr et al.18 studied the
plasma parameters of an oxygen ICP, e.g., electron and nega-
tive atomic ion density as well as the atomic ground state den-
sity, for different RF power and total gas pressure. They used
Langmuir probe diagnostics, laser photodetachment and two-
photon laser-induced fluorescence. Furthermore, they sup-
plemented their measurements with a global model. The au-
thors showed, that the electronegativity in the E-mode is about
10 and therewith two orders of magnitude higher compared
to the H-mode. They explained the decreasing electronega-
tivity during the E-H transition with the increasing dissocia-
tion of the molecular ground state which is important for the
production of negative ions. Many works reported, that the
main mechanism for the production of the negative atomic
ions is the attachment with the molecular ground state14,17

whereas the loss processes are mainly due to ion-ion recom-
bination at low total gas pressure and detachment with the
atomic ground state and the singlet molecular metastable state
at higher pressure14,16–19. Toneli et al.20 described a global
model for an oxygen ICP and considered an extensive reac-
tion equation set. They contrary figured out, that the lower
singlet molecular metastable state has only a small influence
to the loss of the negative atomic ions. At low total gas pres-
sure (< 0.3 Pa), the electron impact detachment is very effec-
tive, while the detachment by the atomic ground state and the
higher singlet molecular metastable state become the most ef-
fective loss process up to 7 Pa. They furthermore showed, that
the charge exchange is the most important loss process of the
negative atomic ion for total gas pressures above 7 Pa. Never-
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theless, the behavior of the negative ions as well as the elec-
tronegativity during the mode transition of a pure oxygen ICP
is not studied in these works.

In this second paper of the two papers series we report on
experimental results about the E-H transition which are sup-
plemented by a global rate equation calculation. We apply
comprehensive plasma diagnostics to investigate the plasma
parameters during the E-H transition with high RF power res-
olution. In this contribution, we present the negative atomic
ion density as well as the electron density to calculate the elec-
tronegativity. The experimental results are compared with a
global rate equation calculation which enables an estimation
for the most important elementary processes for the produc-
tion and loss of the negative atomic ions. The results pre-
sented in this paper together with that given in Wegner et
al.21 provide an extensive set of input parameters for model-
ing/simulation of oxygen ICP and extend the knowledge about
the E-H transition.

The paper firstly describes the experimental setup and the
used diagnostics. In particular, it explains the microwave in-
terferometry and the laser photodetachment. In this section, a
two dimensional calculation of the detachment signal is given
and reveals an optimal setup of the laser arrangement. Sec-
ondly, the negative atomic ion density as well as the elec-
tronegativity were experimentally determined via an electron
density peak in the early afterglow and laser photodetach-
ment. Furthermore, the temporally resolved electronegativ-
ity was determined in the plasma phase of a pulsed ICP. The
experimental results are supplemented by a global rate equa-
tion calculation which gives an information about important
elementary processes. All methods reveal comparable results
and show that the electronegativity strongly decreases during
the E-H transition.

II. EXPERIMENTAL SETUP AND DIAGNOSTICS

A. Vacuum chamber and discharge arrangement

The experimental setup involves the vacuum chamber, the
discharge arrangement and the plasma diagnostics, see figure
1. The vacuum chamber and the ICP configuration are pre-
viously described by Wegner et al.22. The cylindrical vacuum
chamber (400 mm in diameter) is grounded and equipped with
vacuum pumps and control units to achieve a total gas pres-
sure between 1 and 15 Pa. Oxygen was used as processing gas
and was injected at a constant gas flow rate of 5 sccm. The
inductive discharge arrangement is immersed in the plasma
from above and is composed of a planar coil which is installed
inside a quartz cylinder. The quartz cylinder acts as dielectric
barrier and separates the coil from the vacuum. The center
connection of the coil (r = 0) is powered while the two oppo-
site ends of the coil are on ground potential. The output of the
RF power generator was varied between 1 and 600 W yield-
ing to a (peak-to-peak) coil voltage between 1 and 9 kV and a
(peak-to-peak) coil current between 1 and 50 A, respectively.
The RF power resolution was minimal 1 W for low RF power
values and in the region of the E-H transition. Furthermore,
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Figure 1. Schematic top view of the discharge vessel with the gas
supply, matching network (MN), power supply (RF) and the pulse
delay generator (PD). The used diagnostics are the current (CP) and
voltage probes (VP), the 160 GHz microwave interferometer and a
Nd:YAG laser, respectively.

the matching network was fixed to minimize its influence on
the discharge. The resulting reflected RF power was therewith
smaller than 5% of the input power. The discharge was pulsed
with a frequency of 10 Hz and a duty cycle of 50%. There-
with, the plasma was ON and OFF for 50 ms, respectively.
The generated plasma was axially confined between the bot-
tom of the quartz cylinder at a = 0 and the top of a grounded
stainless steel electrode at a = 50 mm.

B. Plasma diagnostics

The electronegativity of the oxygen ICP was determined
by Gaussian beam microwave interferometry measuring the
bulk plasma electron density and the density of the tempo-
rally released electrons after the laser pulse. The applied
160 GHz microwave interferometry is previously described by
Dittmann et al.23. It reveals an information about the line in-
tegrated electron density by measuring the phase shift ∆Φ be-
tween the plasma ON and OFF phase using

∆Φ = π

nC λMWI
∫ ne(r)dr = π

nC λMWI
ñe , (1)

where ne(r), nC and λMWI are the the radial distribution
of the electron density, the critical electron density and the
microwave wavelength, respectively. The temporal resolu-
tion is about 200 ns which is limited by filters and video-
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Figure 2. Normalized detachment signal D / D̂ taking into account
the microwave beam, laser beam and plasma profile for different
merging angle ϕL and laser diameter dL. The white dotted lines in-
dicate the border between the geometric accessible and inaccessible
region. The cross shows the used parameters for this experiment.

amplifier. The line integrated electron density resolution is
about 5.3 × 1013 m−2.

The negative atomic ion O− has an electron affinity of
1.46 eV24, which defines the minimum photon energy neces-
sary for the release of an electron from the negative atomic
ion

O− + hνÐ→ e +O ,

where h and ν are the the Planck constant and the laser fre-
quency, respectively. Therefore, the second harmonic of a
neodymium-doped yttrium-aluminum garnet (Nd:YAG) laser
was used at the wavelength of 532 nm. The corresponding
photon energy of about 2.3 eV is sufficiently high for the de-
tachment of the negative atomic ion. The whole laser system
is previously described by Küllig et al.25. Both, the repetition
frequency of the laser pulse and the discharge pulse frequency
amount to 10 Hz. The onset of the laser pulse was set in the
temporal middle of the discharge pulse at 25 ms after switch-
ing ON the RF power. For another experiment, the onset of the
laser shot in relation to the discharge pulse was varied between
0% and 105%. A maximum laser pulse energy of EL = 400 mJ
can be achieved at a pulse duration of 7 ns. The laser is ax-
ially adjusted in the optical axis of the microwave beam at
a = 30 mm. The maximum overlapping volume between the
laser and microwave beam has to be realized for an optimal
detachment signal. Furthermore, the undisturbed microwave
guiding within the aperture limit of the Gaussian beam prop-
agation has to be considered26. This limits the position of the
laser mirror placed on the elliptical microwave mirror, see fig-

ure 1. To ensure a measurable detachment signal with an op-
timal signal-to-noise ratio, a numerical calculation provides
an estimation for an optimal adjustment regarding the laser
beam angle ϕL and diameter dL, respectively. Furthermore,
the spatial laser beam distribution l (x, y, ϕ) multiplied by the
detachment ratio R (dL) is important for this calculation. The
detachment ratio is the fraction between the detached elec-
trons and the negative atomic ion density and is given by27

R (dL) = 1 − exp(− σEL

h νA (dL)) , (2)

where σ and A = 1/4πd2
L are the photodetachment cross sec-

tion and the laser beam cross section, respectively. The pho-
todetachment cross section σ = 6.35 × 10−22 m2 is taken from
Burch et al.28 For the detachment signal estimation, the nor-
malized quantities of the Gaussian microwave beam electric
field distribution E (x, y), the detachment ratio R (dL) mul-
tiplied by the laser beam distribution l (x, y, ϕ) resulting to
L (x, y,dL, ϕL) and a measured plasma profile P (x, y) were
convoluted and integrated over the x-y-plane at a = 30 mm for
different laser diameters and angles regarding the optical axis
of the microwave beam using

D (dL, ϕL) =∬ E (x, y) L (x, y,dL, ϕL) P (x, y) dx dy. (3)

A high overlap volume between the quantities listed above re-
veals a high detachment signal. The result of this calculation
is shown in figure 2. There is an geometric inaccessible region
for an angle between about 12○ and 76○ due to the position of
the vessel ports. Generally, the detachment signal increases
with increasing laser diameter up to about 25 mm. Using a
laser diameter above 25 mm leads to a lower detachment sig-
nal because the energy per area decreases which finally causes
a lower detachment ratio. In this experiment, the laser beam
was expanded via lenses to a diameter of 15 mm which gives
a detachment ratio of about 96.6% at a laser energy of 350 mJ
which is the lower limit of the laser energy guiding through
the plasma. Other measurements show, that about 25 mJ are
lost due to the reflectivity of the laser mirror and the transmis-
sivity of the laser lenses and discharge vessel windows. Ad-
ditionally, the laser beam is guided through the plasma with
an angle of 8.5○ relative to the optical axis of the microwave
beam. To enable this laser path, a small laser mirror has to be
installed on the microwave mirror, see figure 1. Here, the po-
sition of the laser mirror barely fulfills the aperture limit of the
Gaussian beam propagation. Furthermore, the comparison of
electron density measurements with and without laser mirror
shows comparable results.

The measurement procedure was as follows. Both, the laser
and the discharge were pulsed during all measurements. In
particular, the flash lamps and the pockels cell were pulsed
while the shutter of the laser was closed in the first part of
each measurement. Nevertheless, the microwave phase shift
signal was measured without laser photodetachment. In the
second part of each measurement, the shutter was opened and
the laser propagates through the plasma and detached the elec-
trons from negative atomic ions. The microwave phase shift
signal with a typical peak resulting from the released elec-
trons was recorded. Both signals were averaged over 10000
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Figure 3. Electron density ne over the time t for a total gas pressure
of 5 Pa for an RF power of 300 W in the H-mode. The RF power
coupling is started at t = 0 and disabled at t = 50 ms. The subfigure
shows a zoom of the electron density peak in the early afterglow.

pulses and finally subtracted from each other leading to the
pure detachment signal. The height of the detachment peak
reveals an information about the negative atomic ion density
using equation 1.

III. RESULTS AND DISCUSSION

The line integrated electron density was deconvolved to
absolute values using profiles measured with the Langmuir
probe21. Therewith, the electron density resolution amounts
to about 3 × 1014 m−3.

A changing electronegativity during the mode transition is
reported in previous works. In particular, the study of the elec-
tron heating in the E-mode with phase resolved optical emis-
sion spectroscopy reveals an electric field reversal29 during the
sheath collapse30,31. This is the result of a drift electric field
caused by a depleted conductivity which can be due to a high
electronegativity32,33. The electric field reversal vanishes dur-
ing the E-H transition and indicates a decreasing electroneg-
ativity. Additionally, the determination of the ionization rate
reveals also a changing electronegativity21. Particularly, the
electron density increases during the E-H transition despite
the fact that the electron impact ionization rate for molecular
ground state oxygen shrinks significantly. This implies that
the confinement of electrons due to inductive heating is in-
creased and the loss of electrons due to attachment reactions
is reduced which is combined with decreasing electronega-
tivity. These examples are just qualitative indications for a
changing electronegativity. In the following, the electronega-
tivity and the negative atomic density were determined using
two experimental methods and a rate equation calculation.
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Figure 4. Negative atomic ion density nO− (a) and electronegativity α
(b) determined from the electron density peak in the early afterglow
over the electron density ne for different total gas pressures (5 Pa (○),
10 Pa (×) and 15 Pa (+)) for the E-mode (E), the hybrid mode (E/H)
and for the H-mode (H). The semi-transparent lines with the associ-
ated symbols indicate the electron density at which the E-E/H (solid)
and the E/H-H (dotted) transition take place.

A. Electron density peak in the early afterglow

The temporally resolved electron density is exemplary
shown in figure 3 for the H-mode at a total gas pressure of
5 Pa. The RF power of 300 W is enabled at t = 0 and disabled
at t = 50 ms. At the beginning of the RF power coupling, the
discharge builds up an reaches after about 1 to 5 ms a steady
state in which the electron density stays nearly constant. Af-
ter switching OFF the RF power coupling, the electron density
increases quickly and decays during 50 to 300µs. The further
decrease of the electron density after the density peak is due
to recombination, diffusion and wall losses. The increase of
the electron density in the early afterglow is well known from
the literature for CCP34 and ICP35 and is mainly the result
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Figure 5. Negative atomic ion density nO− (a) and electronegativity
α (b) determined from the laser photodetachment over the electron
density ne for different total gas pressures (5 Pa (○), 10 Pa (×) and
15 Pa (+)) for the E-mode (E), the hybrid mode (E/H) and for the
H-mode (H). The semi-transparent lines with the associated symbols
indicate the electron density at which the E-E/H (solid) and the E/H-
H (dotted) transition take place.

of the collisional detachment of the negative atomic ions by
the singlet molecular metastable state O2 (a1∆g)34. This em-
phasizes the importance of this metastable state. Therewith,
the height of the electron density peak reveals an information
about the negative atomic ion density. In the E-mode this ad-
ditional electron density peak is large compared to the steady
state electron density during the discharge pulse. This ratio
changes during the E-H transition. In relation to the steady
state electron density, the electron density peak is small in the
H-mode. As a result, the electron density can not be clearly
identified because its height is comparable to the noise level.
The negative atomic ion density and the electronegativity de-
termined from the electron density peak in the early afterglow
are shown in figure 4 (a) and (b), respectively. Generally,
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Figure 6. Negative atomic ion density (×) nO− and electron density
(◻) ne (a) and the electronegativity over the onset time of the laser
shot in relation to the discharge period time t/Tp for a total gas pres-
sure of 5 Pa for the H-mode (H). The dashed line present the end of
the discharge.

the negative atomic ion density increases with raising elec-
tron density from about 2×1015 to 7×1015 m−3 in the E-mode
to 2 × 1016 m−3 in the H-mode. Therewith, the electronegativ-
ity decreases from about 25 to 4 in the E-mode and to about
0.4 at the E/H-H transition. A clearly pressure dependency of
both parameters can not be observed. Furthermore, a predic-
tion about the negative ion density and the electronegativity in
the H-mode with this method is not possible.

B. Laser photodetachment

Additionally, the negative ion density and furthermore the
electronegativity were determined via the laser photodetach-
ment. The results are shown in figure 5. Here, the nega-
tive atomic ion density can be measured in the H-mode and
reaches a value of about 5 × 1016 m−3. Therewith, the elec-
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Table I. Elementary collision processes (ionization, attachment, detachment, charge transfer,recombination) of the negative atomic ion and
their corresponding rate coefficients.

# Reaction Rate coefficient / m3s−1 Reference
1 e +O2 (X3Σ−g )Ð→ e +O+ +O− k1 = 7.1 × 10−17 T 1/2

e exp (−17/Te) 36
2 e +O2 (X3Σ−g )Ð→ O (3P) +O− k2 = 8.8 × 10−17 exp (−4.4/Te) 37
3 e +O2 (a1∆g)Ð→ O (3P) +O− k3 = 2.28 × 10−16 exp (−2.29/Te) 38
4 e +O3 Ð→ O2 (X3Σ−g ) +O− k4 = 9.3 × 10−16T 0.62

e 39
5 O−2 +O (3P)Ð→ O2 (X3Σ−g ) +O− k5 = 3.31 × 10−16 (300/Tg)1/2 37
6 O− +O2 (a1∆g)Ð→ O (3P) +O−2 k6 = 1.1 × 10−17 (300/Tg)1/2 40
7 O− +O3 Ð→ O−3 +O (3P) k7 = 5.3 × 10−16 (300/Tg)1/2 37
8 O− + eÐ→ O (3P) + 2e k8 = 1.1 × 10−13 exp (−3.58/Te) 41
9 O− +O (3P)Ð→ O2 (X3Σ−g ) + e k9 = 3.0 × 10−16 (300/Tg)1/2 36
10 O− +O2 (X3Σ−g )Ð→ O3 + e k10 = 5.0 × 10−21 (300/Tg)1/2 42
11 O− +O2 (a1∆g)Ð→ O3 + e k11 = 2.2 × 10−17 (300/Tg)1/2 40
12 O− +O+ Ð→ O (3P) +O (3P) k12 = 2.7 × 10−13 (300/Tg)1/2 37
13 O− +O+ Ð→ O (3P) +O (1D) k13 = 4.9 × 10−16 (300/Tg)1/2 43
14 O− +O+2 Ð→ O (3P) +O2 (X3Σ−g ) k14 = 1.5 × 10−13 (300/Tg)1/2 44

tronegativity decreases in the H-mode to about 0.1. Addition-
ally, the time constant for the electron density relaxation af-
ter the laser pulse was determined by a single exponential fit
function, reported previously by Küllig et al.25. As a result,
the time constant is nearly constant at a fixed total gas pres-
sure. For example, the time constant amounts to about 1µs
for 5 Pa. Surprisingly, the coil voltage and the coil current
change about 2% after the laser pulse (depending on the dis-
charge mode). For both modes, the time constants for the coil
voltage relaxation is one order of magnitude higher compared
to the time constants for the electron density relaxation. In
the E-mode, the coil voltage increases and has its maximum
at 5µs after the laser pulse, whereas the coil voltage in the
H-mode decreases to a minimum 10µs after the laser pulse.
Nevertheless, the influence of coil voltage and current vari-
ation is not measurable for the electron density which stays
constant during the extrema of the coil voltage and current,
respectively. However, this effect is not well understood and
has to be further investigated.

To analyze the evolution of the negative atomic ion density
during the discharge pulse, the onset of the laser shot was var-
ied. The electron and negative atomic ion densities as well
as the electronegativity are presented over the time in rela-
tion to the discharge period time in figure 6. The RF power
is switched ON at 0% and stays constant for TP = 50 ms. Af-
ter this time, the RF power is switched OFF at 100%. The
electron density raises and reaches its steady state value after
about 2.5 ms and 5% of the discharge pulse. It approximately
stays constant during the main part of the discharge pulse for
about 45 ms. After switching OFF the RF power, the electron
density shows the same behavior with an additional peak in
the early afterglow, see section III A. The negative atomic ion
density also increases in the start-up phase but has a maxi-
mum at 1.25 ms and 2.5% of the discharge, respectively. Af-
ter about 10 ms and 20% of the discharge period time, the

negative atomic ion density is constant and the discharge is
in steady state operation. Consequently, the electronegativity
exhibits also a peak at 1.25 ms and reaches a constant value
after 10 ms. After 10 ms, the elementary and transport (diffu-
sion) processes are balanced. Finally, the negative atomic ion
density quickly decreases in the afterglow within 0.1 ms.

C. Rate equation calculation

The negative atomic ion density was calculated using the
negative ion rate equation for the steady state. Therefore,
a set of 14 elementary collision processes including sources
and sinks (ionization, attachment, detachment, charge trans-
fer, recombination) for the negative atomic ions was consid-
ered and is listed together with the rate coefficients in table
I. The considered neutral species are ozone O3, the molecu-
lar ground state O2 (X3Σ−g ), the singlet molecular metastable
state O2 (a1∆g) and the atomic state O (3P). Furthermore, the
charged particles are electrons e, the negative O−, O−

2 and the
positive O+, O+

2 ions. Consequently, the rate equation for the
atomic negative ion is

d
dt

nO− = + (k1 + k2) ⋅ ne ⋅ nX + k3 ⋅ ne ⋅ na + k4 ⋅ ne ⋅ nO3

+ k5 ⋅ nO−2 ⋅ nO − k6 ⋅ nO− ⋅ na − k7 ⋅ nO− ⋅ nO3− k8 ⋅ nO− ⋅ ne − k9 ⋅ nO− ⋅ nO − k10 ⋅ nO− ⋅ nX− k11 ⋅ nO− ⋅ na − (k12 + k13) ⋅ nO− ⋅ nO+− k14 ⋅ nO− ⋅ nO+2 ,

(4)

where nO− , ne, nX, na, nO3 , nO−2 , nO, nO+ and nO+2 are the densi-
ties of O−, e, O2 (X3Σ−g ), O2 (a1∆g), O3, O−

2 , O (3P), O+ and
O+

2 , respectively. Furthermore, ki with i = 1 . . .14 are the rate
coefficients to the elementary collision process i listed in table
I.
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The amount of the atomic positive ion O+ was set to 10%
in relation to the molecular positive ion O+

2
24. It is further-

more assumed that the amount of the molecular negative ion
O−

2 is also 10% in relation to the atomic negative ion O− which
is well known from the literature14,24. Other assumptions are
the condition of quasineutrality to determine the atomic pos-
itive ion density. The equation 4 is solved for a steady state
condition dnO−/dt = 0. Furthermore, the ozone density was
set to a constant value of nO3 = 1017 m−317. The atomic den-
sity in the ground state was taken from the global model of
Corr et al.18 for the considered pressures and electron densi-
ties. These values are comparable to other works17,20. The
densities of ne, nX and na as well as the gas (Tg) and electron
(Te) temperature were taken from Wegner et al.21. Together
with the assumptions and the input parameters, the equation
4 can be simplified to a quadratic equation. Therewith, the
density of the negative atomic ions and furthermore the elec-
tronegativity were determined and are presented in figure 7.
The results from the rate equation calculation are qualitatively
and quantitatively comparable to the results from the early af-
terglow and the laser photodetachment. However, the influ-
ence of the electron temperature, see Wegner et al.21, is seen
obviously in the negative atomic oxygen density. This influ-
ence increases with raising total gas pressure. In particular
for 15 Pa, the influence of the electron temperature results in a
higher electronegativity compared to the other methods men-
tioned above. To analyze the main elementary processes for
the production and loss of the negative atomic ions, the re-
action rates R were determined using the product of the rate
coefficient ki and the involved particles densities of reaction
i. The reaction rates for the production (a) and loss (b) of the
negative atomic ions are exemplary shown in figure 8 for a to-
tal gas pressure of 5 Pa. The reaction rates allow an estimation
of the most important elementary processes. The dissociative
electron attachment to the molecular ground state (reaction 2)
is the most important source for the negative atomic ion for all
operation modes. This is supported by other works14,17. In the
E-mode, the ion pair production of the molecular ground state
(reaction 1) is also important for the production of O−. Nev-
ertheless, its influence decreases during the transition from
the E- to the E/H-mode and becomes irrelevant compared to
other reaction rates. The second important influence for the
production of the negative atomic ions in the hybrid as well
as in the H-mode is given by the dissociative attachment re-
action with the singlet molecular metastables (reaction 3) al-
though the density of metastables decreases in these modes21.
The loss of the negative atomic ions is mainly determined by
the recombination with the positive molecular ion (rate 14)
and the detachment with the atomic ground state (reaction 9).
This is also in good agreement with previous papers14,16–19

but contrary to the study of Toneli et al.20 which explained
the small contribution of O2 (a1∆g) compared to O2 (b1Σ+g )
which is not included in this work. Here, the detachment
with the singlet molecular metastables (reaction 6 and 11) is
mainly important in the E-mode and also leads to the electron
release in the early afterglow34. The ion-ion recombination
with the positive atomic ion (reaction 12) and the detachment
with electrons (reaction 8) become important in the E/H- and
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Figure 7. Negative atomic ion density nO− (a) and electronegativity α
(b) determined from rate equation calculation over the electron den-
sity ne for different total gas pressures (5 Pa (○), 10 Pa (×) and 15 Pa
(+)) for the E-mode (E), the hybrid mode (E/H) and for the H-mode
(H). The semi-transparent lines with the associated symbols indicate
the electron density at which the E-E/H (solid) and the E/H-H (dot-
ted) transition take place.

H-mode. The charge transfer with ozone (reaction 7) and the
detachment with the molecular ground state (reaction 10) can
be neglected for the loss of the negative atomic ions.

All methods mentioned above reveal comparable results
for the negative atomic ion density and furthermore the elec-
tronegativity. For the comparison of these methods (electron
density peak in the early after glow EDP, laser photodetach-
ment LPD and rate equation calculation REC), the electroneg-
ativity is exemplary shown in figure 9 for a total gas pres-
sure of 10 Pa. The experimental investigations as well as the
rate equation calculation yield comparable results regarding
the negative atomic ion density as well as the electronegativ-
ity. Summarizing, the discharge is strongly electronegative
in the E-mode with an electronegativity of about 25. During
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Figure 8. Normalized main reaction rates Ri for the production (a)
and loss process (b) of negative ions over the electron density ne for
a total gas pressures of 10 Pa for the E-mode (E), the hybrid mode
(E/H) and for the H-mode (H). The semi-transparent lines with the
associated symbols indicate the electron density at which the E-E/H
(solid) and the E/H-H (dotted) transition take place.

the E-E/H transition, the electronegativity decreases to about
5 at the transition point between the E- and E/H-mode. The
electronegativity decreases further in the E/H- and H-mode
and reaches a value of about 0.5 at the E/H-H transition. The
shrinking electronegativity is the result of the increasing dis-
sociation of the molecular ground state which is important for
the production of the negative atomic ions18. The negative
atomic ion density is in good agreement with the work of Corr
et al.18. In the E-mode, the electronegativity is by a factor of
2 higher compared to those reported by Corr et al.18. How-
ever, the electronegativity in the H-mode is comparable to the
literature16,18,19. The here measured electronegativity is much
higher compared to a CCP of a similar experiment25 but the
trend with increasing RF power is comparable to results pre-
viously published14,16,18,19.

E E/H H

1013 1014 1015 1016 1017 1018

5

10

15

20

25

30

ne /m−3

α
=

n O
−
/

n e

REC
EDP
LPD

Figure 9. Electronegativity α determined from the electron density
peak in the early afterglow (∗ EDP), laser photodetachment () LPD)
and rate equation calculation (◇ REC) over the electron density ne

for a total gas pressure of 10 Pa for the E-mode (E), the hybrid mode
(E/H) and for the H-mode (H). The semi-transparent lines with the
associated symbols indicate the electron density at which the E-E/H
(solid) and the E/H-H (dotted) transition take place.

IV. CONCLUSION AND SUMMARY

This paper presents and discusses results regarding the neg-
ative atomic ion density and furthermore the electronegativity
of an inductively coupled RF oxygen discharge. Especially,
the mode transition and its influence on the electronegativ-
ity were investigated using comprehensive plasma diagnostics
and a rate equation calculation. The negative atomic ion den-
sity was experimentally determined from the electron density
peak in the early afterglow which is due to collisional detach-
ment of atomic negative ions with singlet molecular metasta-
bles. Furthermore, Gaussian beam microwave interferometry
combined with laser photodetachment provide the complete
behavior of the electronegativity during the E-H transition.
Additionally, temporally resolved measurements of the neg-
ative atomic ion density in pulsed mode operation of the ICP
show that a steady state is reached after 10 ms. The rate equa-
tion calculation also provides the electronegativity and gives
an information about the most important elementary collision
processes. All applied methods apply nearly the same behav-
ior of the electronegativity during the mode transition. The
negative atomic ion density in the E-mode is by a factor of
about 25 greater compared to the electron density and exhibits
a strong electronegativity. During the transition from the E- to
the H-mode, the discharge becomes more electropositive and
reaches an electronegativity of about 0.5 at the E/H-H transi-
tion and 0.1 in the H-mode. The most important elementary
collision process for the production of the negative atomic
ions is the dissociative electron attachment to the molecular
ground state. The ion-ion recombination of negative atomic
ions with the positive molecular ions and the detachment with
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the atomic ground state contribute significantly to the loss pro-
cess of the negative atomic ions.

Together with the investigations which are presented in the
first part21 of this series of two papers and the here presented
results, a whole set of plasma parameters is implemented.
These results can be used for 3D modeling and simulation of
the E-H transition which may contribute to more knowledge
about the physical processes of this mode transition.
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21Th. Wegner, C. Küllig, and J. Meichsner, “On the E-H transition in induc-

tively coupled radio frequency oxygen discharges: I. Influence on plasma
parameter,” (2016), submitted in PSST.
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30Th. Wegner, C. Küllig, and J. Meichsner, IEEE Transactions on Plasma
Science 42, 2830 (2014).
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[8] J. Schulze, E. Schüngel, and U. Czarnetzki. “The electrical asymmetry effect in capaci-
tively coupled radio frequency discharges measurements of dc self bias, ion energy and
ion flux”. In: Journal of Physics D: Applied Physics 42 (2009).
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