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Abstract. Inductively coupled RF plasmas (ICP) in oxygen at low pressure have been intensively studied
as a molecular and electronegative model system in the last funding period of the Collaborative Research
Center 24 ”Fundamentals of Complex Plasmas”. The ICP configuration consists of a planar coil inside
a quartz cylinder as dielectric barrier which is immersed in a large stainless steel vacuum chamber. In
particular, the E-H mode transition has been investigated, combining experimental results from compre-
hensive plasma diagnostics as input for analytical rate equation calculation of a volume averaged global
model. The averaged density was determined for electrons, negative ions O−, molecular oxygen ground
state O2(X3Σ−g ) and singlet metastable state O2(a1∆g) from line-integrated measurements using 160 GHz
Gaussian beam microwave interferometry coupled with laser photodetachment experiment and VUV ab-
sorption spectroscopy, respectively. Taking into account the relevant elementary processes and rate coeffi-
cients from literature together with the measured temperatures and averaged density of electrons, O2(X3Σ−g )

and O2(a1∆g) the steady state density was calculated for O(3P), O2(b1Σ+
g ) , O(1D), O(1S), O3, O−, O−2 , and

O−3 , respectively. The averaged density of negative ions O− from the rate equation calculation is compared
with the measured one. The normalized source and loss rates are discussed for O(3P), O2(b1Σ+

g ) and O−.

1 Introduction

Radio frequency (RF) plasmas at low pressure have been ex-
tensively investigated in experiment and modeling by many re-
search groups over the past decades. In particular, progress was
achieved in investigations of capacitively coupled RF plasmas
(CCP), e.g., the dual or multi frequency RF plasmas [1–5] in-
cluding consecutive harmonics for the electrical asymmetry ef-
fect [6–8] to control the plasma and reactive species density
independently from the ion bombardment of the electrode in
plasma surface processing, and the appearance of drift-ambi-
polar electric fields for electron heating in strongly electroneg-
ative plasmas [9]. Global/fluid models were applied for molec-
ular CCP/ICP with large number of species [10–15], whereas
the kinetic study of charged species in molecular RF plasmas
was performed mostly by 1d3v particle in cell Monte Carlo col-
lision (PIC-MCC) simulation of CCP [16–19]. The asymmet-
ric CCP and ICP configuration needs multidimensional mod-
eling/simulation, and in the case of ICP an electrodynamic ap-
proach. CCP and ICP have found manifold applications in plas-
ma surface processing and materials science. The most im-
portant applications can be found in microelectronic manufac-
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turing including plasma etching/cleaning of surfaces or thin
film deposition. Other fields of applications involve the plasma
surface functionalization of polymers, surface cleaning/disin-
fection, fabrication of thin functional films by plasma enhanced
vapor deposition (PECVD), and the formation of nano- and mi-
croparticles. In particular, ICPs containing oxygen have been
often applied in plasma surface processing [20–26].

Within the Collaborative Research Center 24 ”Fundamen-
tals of Complex Plasmas” the molecular and electronegative
oxygen RF plasma (13.56 MHz) was selected as a model sys-
tem with capacitive and inductive RF power input (CCP, ICP)
at low pressure. The challenge in investigation of oxygen plas-
mas concerns the manifold transient and stable oxygen species
in combination with the study of electron heating mechanisms,
mode transitions and the intrinsic plasma properties such as the
electron energy distribution function and the charged species
densities. The oxygen ICP has been intensively studied by com-
prehensive experimental diagnostics. Particularly, this concept
follows the density determination of important plasma species
(electrons, negative ions) and neutrals O2(X3Σ−g ), O2(a1∆g) by
line-integrated methods using Gaussian beam microwave inter-
ferometry (MWI) at 160 GHz together with laser photodetach-
ment and the VUV absorption spectroscopy (VUVA), respec-
tively. The averaged densities calculated from line-integrated
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densities as well as the electron and gas temperature from ex-
periment by Wegner et al. [27] are used as input parameter in
volume averaged global model of steady state ICP at 13.56 MHz.
Generally, the ICP starts at low RF power in the capacitive
mode (E mode) and changes with increasing power in the in-
ductive mode (H mode). The E mode corresponds in princi-
ple to the CCP with electron heating in electric RF fields due
to voltage drop between the coil windings, whereas in the H
mode the electron heating takes place in the induced electric
field from time-dependent magnetic field of the coil. More-
over, the direction of the induced electric field strength extends
the electron confinement with the result of about two orders
of magnitude higher plasma density compared with CCP. On
the other hand, a very high electron density results in decreas-
ing skin depth which reduces the penetration of the electro-
magnetic field and limits the region of electron heating and
the plasma extension, respectively. During the E-H transition
in ICP the electron heating mechanisms change, which is com-
bined with alteration of plasma parameters, e.g., electron/gas
temperature and species density. In the case of electronegative
oxygen ICP the mode transition is combined with a change in
the electronegativity, defined as the ratio between the negative
ion and electron density.

In this paper the results are presented and discussed for the
E-H transition in planar oxygen ICP due to combination of ex-
perimental results with analytical rate equation calculation of
volume averaged global model. In section 2 and 3 the used RF
discharge configuration for oxygen ICP at 13.56 MHz is briefly
described including the applied experimental diagnostics. Fur-
thermore, the assumptions are given for the global model and
the procedure is explained for the analytical rate equation cal-
culation. The experimental data are presented in section 4 in-
cluding the measured electron/gas temperature as well as the
density of electrons, negative atomic oxygen ions O−, molecu-
lar ground state oxygen O2(X3Σ−g ) and metastable state oxygen
O2(a1∆g), respectively. In section 5, the results of rate equation
calculation are presented for the density of O(3P), O2(b1Σ+

g )
O(1D), O(1S), O3, O−, O−2 , and O−3 whereupon the electron/gas
temperature and the density of O2(X3Σ−g ) and O2(a1∆g)are taken
as input parameter in the global model. Furthermore, the cal-
culated O−, density is compared with the measured one, and
the source and loss rates are evaluated for O(3P), O2(b1Σ+

g ) and
O−.

2 Experimental setup

The experimental investigations were performed using a cylin-
drical stainless steel vacuum chamber (400 mm in diameter and
height), which was previously described by Dittmann et al.
[28], see fig. 1. The vacuum chamber, which was on ground
potential, is equipped with control units and pumps for low
pressure plasma processing. The total chamber volume VR in-
cluding the ports amounts to about 50 l. The base pressure was
set with a turbomolecular pump to less than 10−5 Pa. During
plasma processing, the total gas pressure p was adjusted with
a rotary vane pump in the range between 3 and 35 Pa. The pro-
cessing gas oxygen was inserted in the vacuum vessel with con-
stant gas flow rate Q of 5 sccm. The ICP discharge arrangement

consists of a planar double spiral antenna with a diameter of
about 100 mm and 2.75 windings [29], see fig. 1. The central
connection of the antenna was powered using a 13.56 MHz RF
power generator and a tunable matching network. The two op-
posite ends of the antenna were at ground potential. This an-
tenna was installed in a quartz cylinder acting as dielectric bar-
rier. A grounded stainless steel electrode was 50 mm apart from
the bottom of the quartz cylinder. The power variation between
1 and 600 W yielded to a (peak-to-peak) coil voltage between
1 kV and 9 kV and a (peak-to-peak) coil current between 10 A
and 50 A. The matching network in the discharge configura-
tions was set to achieve a minimum reflected RF power. Fur-
thermore, it was fixed in the power region where a mode tran-
sition was observed to exclude its influence on the discharge
parameters.
An enhanced set of plasma diagnostics were applied to an-
alyze the plasma parameters, electronegativity, electron heat-
ing mechanisms as well as density of neutral oxygen species
O2(X3Σ−g ) and O2(a1∆g) during the E-H transition in depen-
dence on RF power/voltage and pressure. In the following, the
used diagnostics are shortly described whereas a detailed de-
scription can be found in the given references. A cylindrical
Langmuir probe was used for spatially resolved measurements
of plasma parameters, e.g., positive ion saturation current and
(effective) electron temperature. The experimental setup of the
Langmuir probe measurement and the analysis of the charac-
teristics have been explained by Küllig et al. [30] and Wegner
et al. [31]. A non-invasive 160 GHz Gaussian beam microwave
interferometer was installed to measure the line-integrated elec-
tron density with a high time resolution of about 200 ns [28].
Without any model assumption, the line-integrated electron den-
sity can be determined by measuring the phase shift between
the plasma-on and -off phase. The density of negative oxygen
ions was measured for the determination of the electronega-
tivity. This was realized by measuring the released electrons
by microwave interferometry after the laser photodetachment
of negative ions [32,33]. The photon energy and intensity of
the Nd:YAG laser at 532 nm is sufficiently high to detach elec-
trons from O− (and O−2 , O−3 ). Additionally, an electron density
peak was measured in the early afterglow of pulsed oxygen ICP
due to collision detachment of negative atomic oxygen ions by
molecular metastables which provides the negative ion density,
too [33,34].
The plasma-induced optical emission of molecular oxygen at
760 nm (atmospheric A-band, O2(b1Σ+

g , ν = 0) −→ O2(X3Σ−g , ν =
0)), [35], was evaluated and the rotational temperature was de-
termined from the Boltzmann plot. The rotational temperature
was assumed to be comparable to gas temperature in the ac-
tive plasma region in the used total pressure range. The setup
and the analysis have been explained by Wegner et al. [27].
The electron heating mechanisms in oxygen plasma were stud-
ied by space and phase resolved optical emission spectroscopy
(PROES), which has been explained by Dittmann et al. [17].
Here, the emission intensity of oxygen at 844 nm was measured
by an intensified charge coupled device (ICCD) via bandpass
filter, which enabled an effective time resolution of about 1 ns
and resulted in 74 radially averaged images for one RF cycle.
Taking into account the natural lifetime and the collision de-
excitation of the initial state the relative excitation rate was cal-
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Fig. 1. Schematic top view of the discharge chamber with the gas supply, power supply (RF), matching network (MN) and pulse delay generator
(PD). The plasma diagnostics involves voltage (VP) and current (CP) probes, the axially (a) and radially (r) movable Langmuir probe, the
160 GHz microwave interferometer, the Nd:YAG laser at 532 nm, the ICCD camera and two monochromators for the optical emission (VIS)
and absorption (VUV) spectroscopy, respectively.

culated to have clear separation of the electron heating mech-
anisms, [36]. Finally, the vacuum ultraviolet (VUV) absorp-
tion spectroscopy was applied to determine the line-integrated
molecular ground state O2(X3Σ−g ) and the singlet molecular
metastable O2(a1∆g) density [27]. Here, a deuterium lamp emits
in the appropriate VUV wavelength range and the transmit-
ted intensity was analyzed by VUV monochromator compar-
ing the intensity with and without plasma. Absolute densities
were calculated from the measured line-integrated densities by
averaging over the line of sight across the vacuum chamber for
O2(X3Σ−g ) and O2(a1∆g) and in the case of electrons over the
radial plasma density distribution from Langmuir probe mea-
surements along the microwave line of sight, respectively.

3 Volume averaged global model

A volume averaged global model was applied for the steady
state oxygen ICP to calculate analytically the averaged num-
ber density of further oxygen species during the E-H mode
transition. The analytical calculations were performed taking

into account the measured (effective) electron temperature and
the gas temperature as well as the averaged density from line-
integrated measurements of electrons, ground state oxygen mo-
lecules O2(X3Σ−g ) and metastable oxygen molecules O2(a1∆g),
respectively, [27,33]. The density of the positive oxygen ions
was determined by the quasi neutrality relation nO+

2
+ nO+ =

ne + nO− + nO−2 + nO−3 during the calculation of the rate equa-
tion system. Here, it was used a ratio of nO+

2
/nO+ = 85/15 be-

tween the positive molecular oxygen ion density O+
2 and the

atomic oxygen ion density O+. This fraction was estimated
from extracted positive oxygen ions in oxygen CCP by en-
ergy resolved ion mass spectrometry [37]. In particular, the
volume averaged global model is used to determine the aver-
aged density of O(3P), O2(b1Σ+

g ) , O(1D), O(1S), O3, O−, O−2 ,
and O−3 during the E-H mode transition. According to the ap-
plied vacuum chamber and ICP configuration, see fig.1, a small
active plasma volume VP ≈ 0.5 l is inside a large chamber vol-
ume VR ≈ 50 l with an effective internal stainless steel surface
AR ≈ 1 m2. At the used low pressure a fast diffusion exchange
of the neutrals between the plasma volume and the large sur-
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rounding buffer volume can be assumed (diffusion time con-
stant τD ≈ 10−3 − 10−2 s). Considering the used total gas pres-
sure of 5 Pa at low oxygen gas flow rate Q = 5 sccm (input)
the mean gas residence time in the vacuum chamber τQ =
p·VR ·Q−1 ≈ 30 s is more than three orders of magnitude higher
compared with diffusion time. That means a plasma chemical
back-mixing reactor is taken into account including an effec-
tive loss rate for reactive and metastable neutrals at the internal
stainless steel surface of the vacuum chamber. The following
rate equations (1) - (8) are involved in the global model. Here,
the reaction rates which involve electrons and/or oxygen ions
have to be taken into consideration for the plasma volume VP,
only. This is realized by multiplication of the corresponding
reaction rate with the fraction η = VP/VR ≈ 0.01. The im-
plemented elementary processes and the necessary rate coeffi-
cients from literature are listed in table1.

d
dt

nO = 0 =

+ η ·
[
(k1 + k2 + k4 + k6) nO2(X) + (k8 + 2k9 + k10 + k11)nO2(a)

+ k24nO(D) + k28nO2+ + (k31 + k33)nO3
]
ne + η · k35nO+nO2(a)

+
[
η · [(2k15 + k16 + k18 + k19)ne + k44nO−] + k101nO3

]
nO2(b)

+ η ·
[
k30ne + k42nO2(a) + k46nO3 + (2k57 + k58)nO+

+ (3k59 + k60)nO2+

]
nO− + η · (k61nO+ + 2k63nO3+)nO2−

+
[
η · (k34nO+ + k39nO−) + (k76 + k77 + k78)nO(D)

+ k79nO(S) + k81nO2(b) + k97nO3]nO2(X)

+ η · (2k65nO2+ + k66nO+)nO3− + (k67nO(D) + k68nO(S)

+ k89nO3)nO + kquen
wall (nO(D) + nO(S)) + (k73 + 3k74)nO(S)nO2(a)

+ (k92 + 2k93)nO(D)nO3 + k98nO2(a)nO3 + k104n2
O3

−
[
η · [(k21 + k22 + k23)ne + k38nO− + (k48 + k49)nO2−

+ (k54 + k55)nO3−] + (k88 + k90

+ k91)nO3 + krec
wall + kpump

]
nO

(1)

d
dt

nO2(b) = 0 =

+ η · (k7nO2(X) + k13nO2(a))ne + k75nO2(a)nO(S) + k78nO2(X)nO(D)

+ k86n2
O2(a) + k91nOnO3

−
[
η · [(k14 + k15 + k16 + k17 + k18 + k19)ne + k44nO− + k52nO2−]

+ (k71 + k72)nO + (k83 + k84 + k85)nO2(X)

+ (k101 + k102 + k103)nO3 + kquen
wall + kpump

]
nO2(b) − k87n2

O(2(b)

(2)

d
dt

nO(D) = 0 =

η ·
[
(k2 + 2k3)nO2(X) + (k10 + k12)nO2(a) + k19nO2(b)

+ k21nO + k27nO+ + (k28 + 2k29)nO2+

]
ne

+ η · k58nO−nO+ + (k69nO + k75nO2(a) + k80nO2(X))nO(S)

+ k99nO3nO2(a)

−
[
η · [(k24 + k25)ne + k37nO2+] + k67nO + (k76 + k77 + k78)nO2(X)

+ (k92 + k93 + k94 + k95)nO3 + kquen
wall + krec

wall + kpump
]
nO(D)

(3)

d
dt

nO(S) = 0 =

+ η · k22nOne

−
[
η · k26ne + (k68 + k69)nO + (k79 + k80)nO2(X) + (k73 + k74+

+ k75)nO2(a) + k96nO3 + kquen
wall + krec

wall + kpump
]
nO(S)

(4)

d
dt

nO3 = 0 =

+ η ·
[
(k41nO− + k56nO3−)nO2(X) + k43nO−nO2(a) + k49nO2−nO

+ (k64 + k65)nO2+nO3− + k66nO+nO3−
]
+ k81nO2/X)nO2(a)

−
[
η · [(k31 + k32 + k33)ne + k36nO+ + (k45 + k46 + k47)nO−

+ k53nO2−] + (k88 + k89 + k90 + k91)nO + (k93 + k94 + k95)nO(D)

+ k96nO(S) + k97nO2(X) + (k98 + k99 + k100)nO2(a)

+ (k101 + k102 + k103)nO2(b) + 0.5 · k104nO3 + kprod
wall + kpump

]
nO3

(5)

d
dt

nO− = 0 =

+ η ·
[
[(k5 + k6)nO2(X) + (k11 + k12)nO2(a) + k16nO2(b) + k32nO3]ne

+ k48nO2−nO
]

− η ·
[
k30ne + k38nO + (k39 + k41)nO2(X) + (k42 + k43)nO2(a)

+ (k45 + k46 + k47)nO3 + (k57 + k58)nO+ + (k59 + k60)nO2+

]
nO−

(6)

d
dt

nO2− = 0 =

+ η ·
[
(k42nO2(a) + k47nO3)nO− + k33nenO3 + k54nOnO3−

]
− η ·

[
(k48 + k49)nO + k50nO2(X) + k51nO2(a) + k52nO2(b) + k53nO3

+ k61nO+ + (k62 + k63)nO2+

]
nO2−

(7)

d
dt

nO3− = 0 =

+ η ·
[
(k46nO− + k53nO2−)nO3

− η ·
[
(k54 + k55)nO + k56nO2(X) + (k64 + k65)nO2+ + k66nO+

]
nO3−

(8)
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kwall =
< vth > ·γ

2 · (2 − γ)
·

AR

VR
[38]

(9)

kpump ≈ kQ =
1
τQ

=
Q

p · VR

(10)

Vibrationally excited oxygen molecules and Herzberg states
were not considered in the calculation. The effective loss pro-
cesses at the surface are included according to (9) involving
the total chamber volume VR, the effective size of the internal
reactor surface AR, the effective sticking coefficient γ and the
mean thermal velocity < vth > for the different neutrals with
the measured gas temperature, [38,39]. The gas temperature in
the surrounding volume and the internal wall temperature were
not measured. In the experiment the external wall temperature
was estimated during the E-H transition from room tempera-
ture to about 330 K. The variation in the thermal velocity due
to temperature gradients in the processing gas is in the order of
√

2 in maximum comparing the E and H mode. Here, a criti-
cal point is to find the right sticking coefficient γ for the highly
reactive interaction of atomic oxygen with stainless steel sur-
face. Unfortunately, the values are found for the sticking co-
efficient of atomic oxygen in the literature ranging between
0.1 < γO < 1 [40,41]. In particular, the sticking coefficient
was experimentally determined in the range 0.1 < γO < 0.8
by two-photon laser induced fluorescence (TALIF) of atomic
oxygen, [42], or γO ≈ 0.17 by mass spectrometry, [39]. Gud-
mundsson [43] and Toneli [15] used for the sticking coefficient
of ground state atomic oxygen a formula by fitting experimen-
tal data in the pressure range between 2 and 150 mTorr (0.3
- 20 Pa) γO = 0.1438 · exp(2.5069/p[mTorr]). In our calcula-
tions the corresponding effective sticking coefficient was taken
into account for ground state atomic oxygen O(3P) on stain-
less steel γO = 0.154 and γO = 0.1487 for 5 Pa and 10 Pa,
respectively. For the metastable molecular oxygen O2(b1Σ+

g )
the sticking coefficient γO2(b) = 0.007 [10],[43] was applied.
To show their influence on the calculated averaged density of
oxygen species, a larger sticking coefficient γO2(b) = 0.1 [15]
was considered, too. In the case of both singlet atomic oxy-
gen O(1D) and O(1S) it was set the surface sticking coefficient
γO(D) = γO(S) = 1 = 0.5 (quen) + 0.5 (rec) [44],[45] consid-
ering quenching and recombination, separately. The sticking
coefficient for ozone O3 was assumed γO3 = 0.001. Due to the
confinement of negative ions in the plasma region, no loss pro-
cesses were considered due to diffusion and pumping.
The rate equation system (1) - (8) was solved analytically by it-
eration procedure using appropriate initial densities for the con-
sidered unknown species. Here, the equalized balances were
examined for the total source and loss rate as control parameter
in the order of 10−5 for each species.

4 Experimental results

This chapter summarizes the main experimental results from
the investigation of the E-H transition in oxygen ICP at low
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Fig. 2. Line-integrated electron density vs. RF voltage in Ar, O2, and
Ar/O2 (3/1) for total pressure of 10 Pa during the E-H transition. Data
are taken from [27].

pressure [27,33]. Fig. 2 presents exemplarily the measured line-
integrated electron density for pure argon and oxygen, respec-
tively, as well as for a mixture of 25% oxygen and 75% argon,
whereas fig. 3 shows the averaged electron density along the
microwave line of sight in pure oxygen for three total pres-
sures. The electron density is plotted vs. RF voltage to see
clearer the separation between the E and H mode. In these
experiments the RF forward power ranges between about 2
and 475 W. The positive ion saturation current vs. RF voltage
changes in a similar way as the averaged electron density dur-
ing E-H transition [29]. Summarized, the electron density in-
creases about 3 orders of magnitude from about 1014 m−3 in
the E mode to 1017 m−3 in the H mode. Surprisingly, a contin-
uous E-H transition appears for the electron density, see figs. 2
and 3, as well as for the positive ion saturation current in oxy-
gen ICP at a total pressure lower than about 35 Pa [31]. This
E-H transition with continuously increasing electron density
was analyzed in comparison with the phase resolved optical
emission spectroscopy (PROES). From the emission of atomic
oxygen at 844 nm the relative excitation rate pattern was calcu-
lated and is presented in fig. 4, [31]. The discharge starts with
low electron density in the E mode and the electron density in-
creases weakly with raising RF voltage. In fig. 4 at position
(a), a weak (I) and intense (II) excitation rate pattern appears,
respectively, assigned to electron heating during the RF sheath
expansion phase (I) and the electric field reversal (II) during the
sheath collapse phase. The excitation rate pattern (II) is an indi-
cation for strongly electronegative plasmas. That means a drift-
ambipolar electric field appears at low electron density to bal-
ance the charge transport by electrons over the RF cycle. With
increasing RF voltage (and RF power), the pattern (I) due to RF
sheath heating of electrons during the sheath expansion phase is
intensified and the pattern from electric field reversal (I) disap-
pears, compare positions (a), (b) and (c) in fig. 4. With stronger
increasing electron density, a hybrid mode or E/H mode was
observed in which capacitive and inductive heating appear si-
multaneously. In particular, the typical excitation rate pattern
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from the capacitive electron heating (I) overlaps in the first half
of the RF cycle with the new excitation rate pattern (III) from
the inductive electron heating, see position (d) in fig. 4. In the
second half of the RF cycle the inductive heating is present,
only. In the H mode two excitation rate patterns (III) appear
per RF cycle due to inductive electron heating, see position (e)
in fig. 4. The change of the electron and gas temperature vs.
electron density is shown in figs. 5 and 6 during the E-H tran-
sition, respectively. The electron temperature was determined
from Langmuir probe measurements taking into calculation the
mean electron energy from the electron energy distribution in
the E mode for an effective electron temperature, whereas in
the H mode a Maxwellian electron energy distribution function
exists with a corresponding electron temperature, [27]. The (ef-
fective) electron temperature of about 6.5 eV in the E mode is
almost halved during transition from the E mode to the hybrid
(E/H) mode and remains at this level until the H mode. The
gas temperature is near room temperature in the E mode and
increases continuously from about 325 K in the hybrid (E/H)
mode to about 600 K in the H mode.

The averaged value of the negative ion density (O−) from
laser photodetachment and the collision detachment in the early
afterglow is presented vs. electron density in fig. 7 for 5 Pa and
10 Pa total pressure, respectively. The averaged negative ion
density increases continuously over about one order of mag-
nitude from about 1015 m−3 to 1016 m−3 with raising electron
density during the E-H transition. Here, the electronegativity α,
defined as the ratio between negative ion and electron density,
reveals a decreasing electronegativity from E to H mode and is
in agreement with the disappearing excitation rate pattern (II)
in the E mode, see fig. 4 (a-c).

Furthermore, the line-integrated densities of the molecular
ground state O2(X3Σ−g ) and singlet metastable state O2(a1∆g)
were measured by VUV absorption spectroscopy, [27]. These
line-integrated densities were converted in averaged densities
using an effective absorption length across the vacuum cham-
ber, see fig. 8. The density of the measured neutral oxygen
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Fig. 3. Averaged electron density vs. RF voltage in O2 for total pres-
sure of 5 Pa, 10 Pa, and 35 Pa during the E-H transition. Data are taken
from [27].

molecules changes weakly in the E and E/H mode, whereupon
a density reduction by factor of 2 is observed from E/H mode
towards the H mode due to increasing gas temperature and dis-
sociation.

5 Global model, results of analytical rate
equation calculation

The results of rate equation calculations are presented for the
O(3P) and O2(b1Σ+

g ) density vs. electron density during the E-
H mode transition in fig. 9 (a), (b) together with the measured
O2(X3Σ−g ) and O2(a1∆g) density at total pressure of 5 Pa and
10 Pa, respectively. Both calculated densities reveal the same
qualitative behavior and raise more than one order of mag-
nitude during the E-H transition. For the sticking coefficient
γO2(b) = 0.007 the O2(b1Σ+

g ) density exceeds the O2(a1∆g)
density in the H mode. Using γO2(b) = 0.1 the O2(b1Σ+

g ) density
is reduced by about one order of magnitude while no signifi-
cant changes are observed for the O(3P) density.
Experimental data from oxygen ICP at 25 mTorr by Corr et
al. [11] show similar behavior for the O(3P) density during the
E-H mode transition. The density of the atomic metastables
O(1D) and O(1S) in fig. 10 (a) increases during the E-H transi-
tion in similar way as O(3P) in fig. 9 (a), but the O(1D) density
is about two orders of magnitude lower than the O(3P) density,
whereas the O(1S) density is more than five orders of mag-
nitude lower, respectively. It should be noted, that in the rate
equation for O(1S) the reaction R20 was not considered as an
additional source due to missing rate coefficient. The ozone
density was found in the order of 1014 m−3. This density raises
about one order of magnitude in the H mode by use of the stick-
ing coefficient γO2(b) = 0.1, see fig. 10 (a).
The calculated density of O−, O−2 and O−3 in fig. 10 (b) reveals
significant differences as expected. The dominant negative ion
is the atomic negative ion O−. The density of molecular neg-
ative ions compared with O− is clearly reduced by about two
orders of magnitude for O−2 and about six orders of magnitude
for O−3 , respectively. The measured O− density increases about
one order of magnitude during the E-H transition, whereupon
the electron density raises about three orders of magnitude, re-
spectively. Comparing the experimentally determined negative
ion density with the calculated O− density, the calculated den-
sity is underestimated in the E mode and overestimated in the
H mode. In the experiment the electron and the negative ion
density due to released electrons were measured by Gaussian
beam microwave interferometry with a fixed position of the line
of sight. In particular, the spatial distribution of the electrons
and negative ions may change in axial direction during the E-H
transition, which is a disadvantage for the used global model.
Nevertheless, the calculated density of the negative atomic oxy-
gen ion distinguishes by a factor of about 2 in comparison with
the experiment. Taking into consideration the rate coefficients
for electron impact oxygen dissociation in Gudmundsson and
Thorsteinsson [43] the rate equation calculations are performed
to show their influence on our calculated neutral densities with
the rate coefficients by Gudmundsson [46], see fig.11. In re-
sult the neutral density of O(3P), O2(b1Σ+

g ) , O(1D), and O(1S)
shows the same qualitative behavior during the E-H mode tran-
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Fig. 4. Electron density vs. RF voltage in oxygen ICP during the E-H transition in relation to the excitation rate patterns (844 nm) in axial
direction (a = 0: quartz plate) over one RF cycle. (a) E mode with dominant pattern (II) due to electric field reversal at sheath collapse phase;
(b) E mode with dominant pattern (I) due to RF sheath heating and reduced field reversal (II); (c) E mode with pattern due to RF sheath heating
(I); (d) Hybrid (E/H) mode with sheath heating pattern (I) and overlapping pattern from inductive heating (III); (e) Complete H mode with two
inductive heating patterns (III) per RF cycle. Data are taken from [27,31].

sition but the corresponding densities are reduced by one order
of magnitude. The density of O3increases by about one order
of magnitude in the E-H and H mode.
The Behavior of the atomic negative ion O− is discussed more
in detail using fig. 12 (a). Taking into calculation the sticking
coefficient γO2(b) = 0.1 or the reduced dissociation rates for
O2(X3Σ−g ) and O2(a1∆g) used in [43], nearly the same result
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Fig. 5. Decreasing electron temperature vs. electron density during
E-H transition at 5 Pa and 10 Pa. Data are taken from [27].
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Fig. 6. Increasing gas temperature vs. electron density during E-H
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was achieved for the atomic negative ion density O−during the
E-H mode transition. This density is more than half order of
magnitude higher compared with the measured negative ion
density and by a factor of 2 higher compared with the calcu-
lated density using γO2(b) = 0.007 in the E-H and H mode, re-
spectively. The corresponding electronegativity α = nO−/ne is
determined from the measured and calculated O− density, see
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fig. 12 (b). The difference between αexp and αcal corresponds
with the deviations between the measured and calculated nega-
tive ion density in fig.12 (a). Considering the noise band in mi-
crowave interferometry of about 2× 1014 m−3 for the measured
electron density, the error in the measured electron density has
more influence on the electronegativity determination from ex-
perimental data at low electron density in the E mode. This can
contribute to an overestimation of the electronegativity in the
experiment.
The total particle balance in the global model is checked by the
total pressure calculated from the neutral densities and the gas
temperature for the used pressure of 5 Pa and 10 Pa in the exper-
iment, see fig. 13 (a). The used error bars result from the mea-
surement of the neutral molecular density O2(X3Σ−g ) by VUV
absorption. Nevertheless, the calculated total pressure follows
the total pressure 5 and 10 Pa in the experiment without signifi-
cant deviations during the E-H transition. In the case of 5Pa the
calculation with γO2(b) = 0.1 and reduced oxygen dissociation
rates, respectively, reveals slightly decreasing total pressure in
the H mode.
The calculated dissociation degree for 5 and 10 Pa increases
during the E-H mode transition over two orders of magnitude,
see fig. 13 (b). The relative low dissociation degree results from
the large buffer volume VR compared with small plasma vol-
ume VP.
For the calculated density of O(3P), O2(b1Σ+

g ) and O− the nor-
malized source and loss rates are evaluated for total pressure of
5 Pa during the E-H mode transition concerning their impact
on the considered rate equation, see figs.14, 15, and 16, respec-
tively. Here, the normalized rates are involved at level larger
than about 10−4.
The normalized source rates for O(3P) are plotted in fig.14 (a).
Some of the normalized source rates (R1, R2, R6, R9, R10, R76,
R77, R78) show approximately the same qualitative behavior,
which means no significant changes can be observed during E-
H mode transition. The normalized source rates R15 and R19 in-
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crease about two orders of magnitude due to increasing O2(b1Σ+
g )

density, and R4 decreases by more than one order of magnitude
due to decreasing electron temperature, respectively. The most
important source of O(3P) is the electron impact dissociation
of ground state molecular oxygen O2(X3Σ−g ) with normalized
rates R2 and R1 at the level of about 4 × 10−1 and 1.5 × 10−1,
respectively, and the reaction between O2(X3Σ−g ) and O(1D)
with normalized rate R78 at the level of about 3 × 10−1. Fur-
thermore, the normalized rate R10, involving electron impact
dissociation of O2(a1∆g) , amounts to about 1.5 × 10−2. The
dominating loss rate for O(3P) is the wall loss at the internal
stainless steel surface of the vacuum chamber, Rwall amounts
to between 9.99 × 10−1 and 9.98 × 10−1. At lower level the
normalized loss rate R21, assigned to the electron impact exci-
tation of O(3P) into O(1D) , raises continuously over 2 orders
of magnitude during E-H mode transition on the level of about
2.5 × 10−3.

The source for the metastable molecule O2(b1Σ+
g ) includes

the reactions R7, R13 and R78, see fig.15 (a). The normalized
source rate R78, assigned to the reaction between O2(X3Σ−g ) and
O(1D) , is on the level between 9.7×10−1 and 9.5×10−3 during
the E-H mode transition and represents the key reaction to pro-
duce O2(b1Σ+

g ) . The electron impact excitation of the ground
state molecule O2(X3Σ−g ) contributes with normalized source
rate R7 between 2 × 10−2 and 4 × 10−2, whereas the normal-
ized rate R13, assigned to the electron impact excitation of the
metastable molecule O2(a1∆g) , ranges between 4.8 × 10−4 and
1.5× 10−3 during the E-H mode transition. Comparing the nor-
malized loss rates of O2(b1Σ+

g ) in fig.15 (b) the important loss
reaction is the quenching at the reactor wall which changes
with a normalized rate between 9.9×10−1 and 1.5×10−1 during
the E-H mode transition. Following, the normalized loss rate
R19, assigned to the electron impact dissociation of O2(b1Σ+

g ) ,
contributes with the level between 2.3 × 10−3 and 2.6 × 10−1.
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Fig. 9. Calculated (full symbols) and measured averaged density of
neutral oxygen species as well as total number density vs. electron
density during E-H transition at 5 Pa (a) and 10 Pa (b).

The other normalized loss rates R14, R15, R17, R44, R71 and R72
are below the level 5 × 10−1.

Finally, the normalized rates are discussed for the source
and loss of the negative atomic oxygen ions, see fig.16. As
expected, the dissociative electron attachment with molecular
ground state O2(X3Σ−g ) at the normalized rate R6 is the dom-
inant source for the O−, ranging between 6 × 10−1 and 5 ×
10−1 during the E-H mode transition. The dissociative elec-
tron attachment with the molecular metastables contributes for
O2(a1∆g) by the normalized rates R11 and R12 on the level
of about 10−2, and for O2(b1Σ+

g ) by the normalized rate R16

on the level of between 4 × 10−3 and 4 × 10−1, respectively.
The ion-ion pair production with the normalized rate R5 de-
creases during the E-H mode transition from 3 × 10−1 to 10−2

due to decreasing electron temperature. In fig. 16 (b) the dom-
inant loss rates for O− are given by the collision detachment
with the metastable oxygen molecules O2(b1Σ+

g ) in R44 rang-
ing between 2 × 10−1 and 8 × 10−1 as well as O2(a1∆g) in R42

at the level between 5 × 10−2 and 2 × 10−3 and from 2 × 10−1
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to 1 × 10−2 for R43, respectively. The normalized loss rate R39
describes the O− loss in collision with O2(X3Σ−g ) at the level
from 5 × 10−1 to 2 × 10−2 during the E-H mode transition. The
normalized loss rate R30, assigned to the detachment of O−by
electrons, increases from 2 × 10−3 to 5 × 10−2. The ion-ion re-
combination between O− and O+

2 with normalized loss rates
R59 and R60 ranges between 7 × 10−3 and 3 × 10−2, while loss
rate R57 for ion-ion recombination between O− and O+ shows
similar behavior at lower level between 2 × 10−3 and 7 × 10−3

during E-H mode transition.

6 Summary and conclusions

Analytical rate equation calculations of volume averaged global
model are performed for oxygen ICP during the E-H mode
transition taking into calculation experimental results as in-
put data. The used experimental setup is briefly described in-
cluding the radio frequency (13.56 MHz) ICP at low pressure
and the comprehensive diagnostics, [27],[33]. The results are
presented for the electron and gas temperature as well as the
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density of electrons, neutral ground and metastable molecules
O2(X3Σ−g ) and O2(a1∆g) as well as the negative atomic oxy-
gen O− . The electron/gas temperature and the density of elec-
trons, O2(X3Σ−g ) and O2(a1∆g) are used as input data in the
rate equation calculations to determine the averaged density
of O(3P), O2(b1Σ+

g ) , O(1D), O(1S), O3, O−, O−2 , and O−3 . The
global model is adequate because the used densities from the
experiment are averaged densities from line-integrated meth-
ods (Gaussian beam microwave interferometry and VUV ab-
sorption spectroscopy). Due to the specific experimental set up
and the used plasma processing parameters, a plasma chemical
back-mixing reactor for the neutrals is taken into consideration.
The necessary rate coefficients for the rate equation system are
taken from the corresponding literature. The rate equation sys-
tem was solved by self-consistent calculations using iteration
procedure with equalized balance for the total source and loss
rate as control parameter for each species. An important point
is the knowledge of the sticking coefficient for neutral species
at the internal stainless steel surface of the vacuum chamber.
For O2(b1Σ+

g ) we used a sticking coefficient γO2(b) = 0.007 in
comparison with γO2(b) = 0.1. The higher sticking coefficient
results in reduced O2(b1Σ+

g ) density by about one order of mag-
nitude whereas the O−density increases a half order of mag-
nitude in the E-H/H mode. No significant changes are found
for O(3P), O(1D)and O(1S)whereas O3increases by one order
of magnitude in the E-H/H mode. Furthermore, the results are
compared between our rate equation calculations using rate
coefficients for oxygen dissociation from Gudmundsson [46]
and that from Gudmundsson and Thorsteinsson [43], respec-
tively. The usage of the rate coefficients for oxygen dissociation
from [43] results in reduction of the calculated neutral species
O(3P), O2(b1Σ+

g ) , O(1D), O(1S)by about one order of magni-
tude, whereas the ozone density increases in the E-H/H mode
by about one order of magnitude. The O−density increases on
the same level as the calculation with increased sticking coeffi-
cient of γO2(b). The best agreement between measured and cal-
culated O−density was found with the rate coefficients in tabl.1
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and γO2(b) = 0.007 with deviation by a factor of 2. Finally,
the normalized source and loss rates for O(3P), O2(b1Σ+

g ) and
O−are evaluated concerning their contribution in the rate equa-
tion calculations. Despite some uncertainties and lack of certi-
fied data the used global model with implementation of exper-
imental data provides interesting information about the density
of relevant oxygen species in 13.56 MHz ICP during the E-H
mode transition.
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19. T. Teichmann, C. Küllig, K. Dittmann, K. Matyash, R. Schneider,
J. Meichsner, Physics of Plasmas 20, 113509 (2013)

1 0 1 4 1 0 1 5 1 0 1 6 1 0 1 7

1 0 1 4 1 0 1 5 1 0 1 6 1 0 1 7

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

( a )

R 1 6

R 1 2

R 1 1

R 5

R 6

5  P aO -

no
rm

aliz
ed

 so
urc

e r
ate

 R S=R
S/Σ

R S

n e  /  m - 3

HE / HE

1 0 1 4 1 0 1 5 1 0 1 6 1 0 1 7

1 0 1 4 1 0 1 5 1 0 1 6 1 0 1 7

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 - 3

1 0 - 2

1 0 - 1

1 0 0

R 5 9 / R 6 0
R 5 7

R 3 0

R 4 2

R 4 3

R 3 9 R 4 4

5  P aO -
no

rm
aliz

ed
 lo

ss 
rat

e R
L=R

L/Σ
R L

n e  /  m - 3

HE / HE( b )

R 3 8

Fig. 16. Normalized source rates (a) and loss rates (b) for O− vs. elec-
tron density at 5 Pa.

20. Y.H. Im, J.S. Park, C.S. Choi, R.J. Choi, Y.B. Hahn, S.H. Lee,
J.K. Lee, Journal of Vacuum Science & Technology A: Vacuum,
Surfaces, and Films 19, 1315 (2001)

21. M.H. Shin, M.S. Park, N.E. Lee, J. Kim, C.Y. Kim, J. Ahn, Jour-
nal of Vacuum Science & Technology A: Vacuum, Surfaces, and
Films 24, 1373 (2006)

22. C.F. Carlström, R. van der Heijden, F. Karouta, R.W. van der Hei-
jden, H.W.M. Salemink, E. van der Drift, Journal of Vacuum Sci-
ence & Technology B: Microelectronics and Nanometer Struc-
tures Processing, Measurement, and Phenomena 24, L6 (2006)

23. T. Ono, T. Akagi, T. Ichiki, Journal of Applied Physics 105,
013314 (2009)

24. A. von Keudell, P. Awakowicz, J. Benedikt, V. Raballand,
A. Yanguas-Gil, J. Opretzka, C. Flötgen, R. Reuter, L. Byelykh,
H. Halfmann et al., Plasma Processes and Polymers 7, 327 (2010)

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

26. K. Yoshino, H. Matsumoto, T. Iwasaki, S. Kinoshita, K. Noda,
S. Iwamori, Vacuum 93, 84 (2013)
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# Reaction Rate coefficient in m3/s Ref.

electron-oxygen collisions
1 e− + O2 → 2O + e− 6.86 × 10−15 exp(−6.29/Te) [46]
2 e− + O2 → O(1D) + O + e− 3.49 × 10−14 exp(−5.92/Te) [46]
3 e− + O2 → O(1D) + O(1D) + e− 1.44 × 10−16 exp(−17.25/Te) [46]
4 e− + O2 → O+ + O + 2e− 1.88 × 10−16T 1.699

e exp(−16.81/Te) [46]
5 e− + O2 → O+ + O− + e− 7.10 × 10−17T 0.5

e exp(−17/Te) [46]
6 e− + O2 → O− + O 1.07 × 10−15T−1.391

e exp(−6.26/Te) [46]
7 e− + O2 → O2(b) + e− 3.24 × 10−16 exp(−2.218/Te) [46]
8 e− + O2(a)→ O+ + O + 2e− 1.88 × 10−16T 1.699

e exp(−15.83/Te) [46]
9 e− + O2(a)→ 2O + e− 6.86 × 10−15 exp(−5.31/Te) [46]

10 e− + O2(a)→ O + O(1D) + e− 3.49 × 10−14 exp(−4.94/Te) [46]
11 e− + O2(a)→ O− + O 4.19 × 10−15T−1.376

e exp(−5.19/Te) [46]
12 e− + O2(a)→ O− + O(1D) 9.93 × 10−16T−1.437

e exp(−7.44/Te) [46]
13 e− + O2(a)→ O2(b) + e− 3.24 × 10−16 exp(−1.57/Te) [47]
14 e− + O2(b)→ O2 + e− 9.72 × 10−16 exp(−0.591/Te) [46]
15 e− + O2(b)→ 2O + e− 6.86 × 10−15 exp(−4.66/Te) [47]
16 e− + O2(b)→ O− + O 4.19 × 10−15T−1.376

e exp(−4.54/Te) [46]
17 e− + O2(b)→ O+

2 + 2e− 2.34 × 10−15T 1.03
e exp(−10.7/Te) [46]

18 e− + O2(b)→ O+ + O + 2e− 1.88 × 10−16T 1.7
e exp(−15.2/Te) [46]

19 e− + O2(b)→ O(1D) + O + e− 3.49 × 10−14 exp(−4.29/Te) [46]
20 e− + O2(b)→ O(1S) + O + e− f (Te) [48]
21 e− + O→ O(1D) + e− 4.54 × 10−15 exp(−2.36/Te) [46]
22 e− + O→ O(1S) + e− 7.86 × 10−16 exp(−4.489/Te) [46]
23 e− + O→ O+ + 2e− 9.00 × 10−15T 0.7

e exp(−13.6/Te) [46]
24 e− + O(1D)→ O + e− 8.17 × 10−15 exp(−0.4/Te) [46]
25 e− + O(1D)→ O+ + 2e− 9.00 × 10−15T 0.7

e exp(−11.6/Te) [46]
26 e− + O(1S)→ O+ + 2e− 6.60 × 10−15T 0.6

e exp(−9.43/Te) [47]
27 e− + O+ → O(1D) 5.30 × 10−19T−0.5

e [47]
28 e− + O+

2 → O + O(1D) 2.20 × 10−14T−0.5
e [46]

29 e− + O+
2 → 2O(1D) 6.87 × 10−15T−0.7

e [47]
30 e− + O− → O + 2e− 5.47 × 10−14T 0.324

e exp(−2.98/Te) [46]
31 e− + O3 → O + O2 + e− 5.88 × 10−15 [49]
32 e− + O3 → O− + O2 2.12 × 10−15T−1.058

e exp(−0.93/Te) [46]
33 e− + O3 → O + O−2 9.76 × 10−14T−1.309

e exp(−1.007/Te) [46]
ion-neutral collisions

34 O+ + O2 → O + O+
2 2.00 × 10−17(300/Tgas)0.5 [46]

35 O+ + O3(a)→ O + O+
2 2.00 × 10−17 [15]

36 O+ + O3 → O+
2 + O2 1.00 × 10−16 [46]

37 O+
2 + O(1D)→ O2(a) + O+ 1.00 × 10−18(300/Tgas)0.5 [47]

38 O− + O→ O2 + e− 2.00 × 10−16(Tgas/300)0.5 [47]
39 O− + O2+→ O + O2 + e− 2.40 × 10−18 [15]
40 O− + O2+→ O−2 + O f (Tion) [50]
41 O− + O2 → O3 + e− 5.00 × 10−21(Tgas/300)0.5 [48]
42 O− + O2(a)→ O + O−2 1.10 × 10−17(300/Tgas)0.5 [47]
43 O− + O2(a)→ O3 + e− 3.30 × 10−17(Tgas/300)0.5 [46]
44 O− + O2(b)→ O + O2 + e− 6.90 × 10−16(Tgas/300)0.5 [46]
45 O− + O3 → 2O2 + e 3.10 × 10−16(Tgas/300)0.5 [47]
46 O− + O3 → O−3 + O 5.30 × 10−16 [49]
47 O− + O3 → O−2 + O2 1.02 × 10−17(Tgas/300)0.5 [47]
48 O−2 + O→ O2 + O− 1.50 × 10−16(Tgas/300)0.5 [47]
49 O−2 + O→ O3 + e− 1.50 × 10−16(Tgas/300)0.5 [47]
50 O−2 + O2 → 2O2 + e− 2.70 × 10−16 exp(−5590/Tgas) [47]
51 O−2 + O2(a)→ 2O2 + e− 2.00 × 10−16(Tgas/300)0.5 [45]
52 O−2 + O2(b)→ 2O2 + e− 3.60 × 10−16 [47]
53 O−2 + O3 → O2 + O−3 4.00 × 10−16 [49]
54 O−3 + O→ O−2 + O2 1.00 × 10−16 [46]
55 O−3 + O→ 2O2 + e 3.00 × 10−16 [49]
56 O−3 + O2 → O3 + O2 2.30 × 10−17 [15]
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# Reaction Rate coefficient in m3/s Ref.

ion-ion recombination
57 O− + O+ → 2O 4.00 × 10−14(300/Tion)0.43 [46]
58 O− + O+ → O + O(1D) 4.90 × 10−16(300/Tgas)0.5 [47]
59 O− + O+

2 → 3O 2.60 × 10−14(300/Tion)0.44 [46]
60 O− + O+

2 → O + O2 2.60 × 10−14(300/Tion)0.44 [46]
61 O−2 + O+ → O2 + O 2.70 × 10−13(300/Tion)0.5 [46]
62 O−2 + O+

2 → 2O2 2.70 × 10−13(300/Tion)0.5 [46]
63 O−2 + O+

2 → O2 +2O 1.01 × 10−13 [49]
64 O−3 + O+

2 → O3 + O2 2.00 × 10−13(300/Tgas)0.5 [46]
65 O−3 + O+

2 → O3 + 2O 1.01 × 10−13(300/Tgas)0.5 [46]
66 O−3 + O+ → O3 + O 2.00 × 10−14(Tgas/300)0.5 [15]

neutral-neutral collisions
67 O + O(1D)→ 2O 8.00 × 10−18 [49]
68 O + O(1S)→ 2O 3.33 × 10−17 exp(−300/Tgas) [47]
69 O + O(1S)→ O + O(1D) 5.00 × 10−17 exp(−301/Tgas) [47]
70 O + O2(a)→ O + O2 7.00 × 10−22 [46]
71 O + O2(b)→ O + O2 8.00 × 10−21(Tgas/300)0.5 [47]
72 O + O2(b)→ O + O2(a) 7.20 × 10−20(Tgas/300)0.5 [47]
73 O(1S) + O2(a)→ O + O2 1.10 × 10−16 [48]
74 O(1S) + O2(a)→ 3O 3.30 × 10−17 [48]
75 O(1S)+O2(a)→ O(1D)+O2(b) 2.90 × 10−17 [48]
76 O2 + O(1D)→ O2 + O 4.80 × 10−18 exp(67/Tgas) [48]
77 O2 + O(1D)→ O2(a) + O 1.60 × 10−18 exp(67/Tgas) [49]
78 O2 + O(1D)→ O + O2(b) 2.56 × 10−17 exp(67/Tgas) [51]
79 O2 + O(1S)→ O2 + O 4.30 × 10−18 exp(−850/Tgas) [47]
80 O2 + O(1S)→ O2 + O(1D) 3.20 × 10−18 exp(−850/Tgas) [47]
81 O2 + O2(a)→ O3 + O 2.96 × 10−27(Tgas/300)0.5 [48]
82 O2 + O2(a)→ 2O2 2.20 × 10−24(Tgas/300)0.5 [43]
83 O2 + O2(b)→ 2O2 4.00 × 10−24(Tgas/300)0.5 [47]
84 O2 + O2(b)→ O2(a) + O2(a) 2.40 × 10−24(Tgas/300)3.8 exp(−3080/Tgas) [15]
85 O2 + O2(b)→ O2(a) + O2 3.60 × 10−23(Tgas/300)0.5 [47]
86 O2(a) + O2(a)→ O2(b) + O2 9.00 × 10−23 exp(−560/Tgas) [45]
87 O2(b) + O2(b)→ O2(a) + O2 3.60 × 10−23(Tgas/300)0.5 [45]
88 O3 + O→ 2O2 8.00 × 10−18 exp(−2060/Tgas) [47]
89 O3 + O→ 2O + O2 2.90 × 10−16 exp(−11400/Tgas) [15]
90 O3 + O→ O2 + O2(a) 1.00 × 10−17 exp(−2853/Tgas) [15]
91 O3 + O→ O2 + O2(b) 2.80 × 10−21 exp(−2300/Tgas) [15]
92 O3 + O(1D)→ O + O3 2.40 × 10−16 [15]
93 O3 + O(1D)→ 2O + O2 1.20 × 10−16 [47]
94 O3 + O(1D)→ 2O2 1.20 × 10−16 [47]
95 O3 + O(1D)→ O2 + O2(a) 2.71 × 10−16 [15]
96 O3 + O(1S)→ 2O2 4.63 × 10−16 [48]
97 O3 + O2 → 2O2 + O 7.26 × 10−16 exp(−11400/Tgas) [46]
98 O3 + O2(a)→ O + 2O2 5.20 × 10−17 exp(−2840/Tgas) [48]
99 O3 + O2(a)→ O(1D) + 2O2 1.00 × 10−17 [15]

100 O3 + O2(a)→ O2 + O3 3.00 × 10−21 [49]
101 O3 + O2(b)→ 2O2 + O 7.33 × 10−18(Tgas/300)0.5 [48]
102 O3 + O2(b)→ O3 + O2 7.33 × 10−18(Tgas/300)0.5 [48]
103 O3 + O2(b)→ O3 + O2(a) 7.33 × 10−18(Tgas/300)0.5 [48]
104 O3 + O3 → O + O2 + O3 1.65 × 10−15 exp(−11433/Tgas) [15]

wall recombination / quenching
105 O→ 1/2 · O2 γO = 0.1438 · exp(2.5069/p[mTorr]) [43],[15]
106 O(1D)/O(1S)→ 1/2 · O2 + O γOD = γOS = 1 = 0.5(rec) + 0.5(quen) [45],[44]
107 O2(b)→ O2 γO2(b) = 0.007 / 0.1 [43]/[44]
108 O3 → products γO3 = 0.001 assumed

Table 1. O = O(3P), O2 = O2(X3Σ−g ), O2(a) = O2(a1∆g), O2(b) = O2(b1Σ+
g ), Te in eV, Tgas, Tion = 2Tgas in K.


