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Main Species and Physicochemical Processes in
Cold Atmospheric-pressure He + O, Plasmas
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Peter Bruggeman

The main species and chemical processes in low-temperature atmospheric-pressure He + O,
plasmas are identified using a comprehensive global model. The simulation results highlight the
significance of Penning processes at low oxygen concentration, and the increasingly important

role of electron attachment as the oxygen concentration
increases. With increasing the oxygen concentration,
the electron energy dissipation shifts from elastic col-
lisions with He to dissociative excitation and attach-
ment of O, molecules, and large ions (O, O) become
the dominant charged species. Generation and loss of
ROS (O, O('D), O('s), O5(a*Ag), O5(b*>"]), Os) relevant for

biomedical applications are discussed.

Introduction

Thanks to their low cost and easy implementation,
atmospheric pressure plasmas have potential advantages
over their low-pressure counterparts for a myriad of
applications, such as plasma medicine,*?! air purifica-
tion,®4! sterilization,>® surface modification,”®! and
water treatment.>*?! Various plasma chemistries have
beeninvestigated inrecent years, and among them, He 4+ O,
has received large attention. He + O, plasmas combine the
high thermal conductivity of He that helps keeping the gas
temperature close to room temperature, with the oxidative
power of oxygen-derived species (e.g. atomic oxygen and
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ozone). Therefore, He+ O, discharges provide a low-
temperature reactive environment well suited for the
oxidative treatment of temperature-sensitive surfaces,
such as biological materials.** Oxygen containing
plasmas have been extensively studied for decades and
they have enabled advances in material processing,*?!
environmental applications,**! and discharge lasers.*4*]
Low-temperature atmospheric-pressure He + O, plasmas
explored in the emerging field of plasma medicine,
however, have attracted attention only in recent years,
and their physics and chemistry remain to be fully
unraveled. A better understanding of the physicochemical
properties of these discharges would benefit further
developments in this fast developing field.?

In this contribution, we report on a global model of a low-
temperature atmospheric-pressure diffuse He+ O, glow
discharge aimed at unraveling the chemistry at play in
thiskind of plasmas. The model extends the work of existing
low-pressure global models,***”)and incorporates reactions,
such as three body collisions that become important at
atmospheric pressure. The model also extends the chemistry
model of an atmospheric pressure He+ O, plasma
proposed by Park et al***°! and within the simplicity of a
zero dimensional model it also makes a more realistic
approximation accounting for quasineutrality in the bulk
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plasma, collisionality in the sheaths, energy flux to the
electrodes, energy loss in elastic collisions (a dominant
energy dissipation mechanism at atmospheric pressure) and
relaxes the assumption of a Maxwellian electron energy
distribution. The model includes 21 species and 267
reactions, and, based on the analysis of the simulation
results, main species and reactions are selected to create
simplified models that are able to capture the main
physicochemical processes in the discharge, but with
reduced numerical complexity. It is noted that, although
the full model is able to address both active plasmas and
afterglows, the simplified models given here are valid only
for studying the active plasma region. Afterglows of
atmospheric pressure discharges often take place in open
air,and therefore the chemistryisnotlongerlimited tothat of
the feed gas, and different physicochemical processes will
take place. He+ O, plasmas are found to undergo mode
transitions as the oxygen concentrationincreases. Asaresult,
3 simplified models are created to model the discharge in
different oxygen concentration regimes. While 13 species
and 24 reactions are sufficient to capture the main chemistry
of the discharge when the oxygen concentrationis between 1
and 10 parts per million (ppm), 17 species and 41 reactions
are needed when the oxygen concentration is between 10
and 5 000 ppm, and 15 species and 50 reactions when the
oxygen concentrationis between 0.5% and 10%. The accuracy
of the simplified models is quantified by comparing
simulation results of the simplified models against the
model that incorporates the 267 reactions. The robustness of
the simplified models to changes in the discharge geometry,
gas temperature, and input power is also assessed, and it is
found that the simplified models reduce the number of
reactions by a factor of 5 — 11, while providing results that
remain within a 20% of the results obtained with the detailed
model. Therefore, the simplified models provide a valuable
subset of reactions that can be incorporated in simulations,
where computational cost prevents the use of complex
chemistry models.

The manuscript is structured as follows. First, a descrip-
tion of the global model is given, followed by simulation
results as a function of the oxygen concentration in the feed
gas. Simplified models are introduced next and their
accuracy assessed. And finally, the main physicochemical
processes in He 4+ O, atmospheric pressure discharges and
the generation of reactive oxygen species are analyzed.

The Global Model

Global models have been widely used for analyzing the
chemistry at play in low-temperature plasmas.*>*#72% In
thiskind of models, the spatial derivativesin the plasma are
neglected (i.e. global models are volume-averaged models),
and therefore the computational load is dramatically
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reduced. This allows complex chemistry models with a
large number of species and reactions to be studied. The
schematic diagram of the He + O, discharge studied in this
work is illustrated in Figure 1. It consists of two circular
electrodes with radius r=1cm, separated by a gap
g =0.1cm. The plasma is RF excited with an average power
density of 40 W - cm 2. The neutral gas temperature is set to
remain atroom temperature (300 K), and the gas flow rate is
100 sccm. Throughout the paper, these parameters are kept
constant unless indicated otherwise. It is noted that these
conditions are similar to the ones used in the experimental
work of Liu et al.?¥ In order to investigate the effect of
oxygen on the physicochemical properties of the He + O,
discharge, a large range of oxygen concentrations ranging
from 1 ppm to 10% (10° ppm) is analyzed in this work. For
each species in the plasma, the plasma loses particles due to
chemical reactions in the plasma volume, fluxes to the
electrodes, sidewise diffusion and advection (Figure 1). As a
result of the diffusion and advection transport, long lived
neutral species, such as Os, can be extracted from the
plasma. The sidewise diffusion and advection of neutrals
are usually neglected when modelling low pressure
plasmas,*”) but for atmospheric pressure plasmas where
diffusion to the electrodes is slow and stable (long lived)
species are generated, these loss mechanisms need to be
considered. For charged species, however, since the thermal
and gas flow velocities are small compared to the drift
velocity, their sidewise flux is set to zero in the model. 21
species are incorporated in the model, and these are
listed in Table 1. The list combines species considered in
other studies of low-pressure and atmospheric-pressure
plasmas with related chemistries: 0,,1*72%) He,[2324] 3y [2°]
Ar 4 0,,172% He + air,[*”) and He 4 0,2, The importance
of each species is then studied as a function of the
oxygen concentration in the discharge. The model incorpo-
rates 267 reactions, which are listed in Table 2. Most
reaction rate coefficients are taken from the literature
and all the electron-neutral two-body reaction rate
coefficients are calculated based on cross section data.
Where data is not available, the cross section is estimated
by shifting cross sections by the required threshold

Electrode
Diffusion Surface reactions Diffusion
- -
@9 Bulk plasma
Gas flow Gas flow
—_—
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B Figure 1. Schematic of the plasma set up use in this study.
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I Table 1. The 21 species included in the global model.

Species Model® Species® Model
e S He
He™ S1 0, S
He; s1 He* 1,52
o" He} $1,52
O 52,53 0] S
of S o(*D) S
0, 52,53 0(*s) 52,53
03 2,53 0,(b) S
o; 2,53 0,(a) S
o 0,(v) S
O3 52,53

451: main species in regime RG1; $2: main species in regime RG2;
S3: main species in regime RG3; S: main species in RG1, RG2
and RG3; P0,(a) and O,(b) represent O,(a;Ag) and Oz(blzg),
respectively. O,(v) denotes the vibrational excited states of O,
(v=1,2,3,4).

energy, as suggested in ref.**! Some of the ion-ion
recombination rate coefficients are also estimated accord-
ing to the recommendations made in refs.*®** The
Boltzmann solver BOLSIG +*®! is used to determine
the electron energy distribution function, and calculate
the rate coefficients of electron impact reactions as a
function of the electron mean energy and the feed gas
composition. On the other hand, for heavy-particle reac-
tions, the particle energy distribution is assumed to be
Maxwellian. In the model, the time evolution of the density
of each species in the plasma is governed by the particle
balance equation:[**222°]

dnk v S]_( N
— =G, += aipl'1i—Bel'1r
& =% v,

So F

22—
v 2k Vnk

where n, (m3) is the number density of species k, Gy
(m2-s71) the net generation/loss rate of species k due to
reactions in the bulk plasma, N the total number of species,
S, (m?®) the total area of the electrodes, S, (m?) the
“sidewall” area, V (m?®) the plasma volume, I’ (m2-s™%)
and I, (m~2-s7%) the fluxes of species k to the electrodes
and to the sides out of the plasma, and F (m®-s ) the gas
flow rate. For charged species, I',, and F are assumed to be
zero as for the conditions of interest here the drift velocity
of the charged species is much larger than the thermal and
advection velocities. The second term on the right-hand
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side of Equation 1 represents the particle gain/loss due to
surface reactions (see Table 3). B is the surface reaction
probability of species k, and «;;, a parameter between zero
and one that relates to the generation probability of
species k due to surface reactions of species i. For instance,
O('D) 4+ Wall — O has a probability of 1 (Table 3); therefore,
a;, where k denotes O, and i denotes O(*D) is equal to 1. It is
noted that no secondary electron emissions have been
considered in the model, although it is recognized that
these can affect the discharge properties depending on the
frequency of operation and the input power.>%3
Regarding fluxes to the electrodes, the following assump-
tions are made: neutral species are assumed to be
Maxwellian distributed, i.e. I},=0.25 n, vs; negative ions
are assumed to be confined by the ambipolar field, i.e. I.=0;
and the flux of positive ions is assumed to be given by
I'y =0.6 n, u, where uy is the velocity of the ions at the
entrance of a collisional sheath.**! For typical atmospheric
pressure plasmas, the ion velocity at the sheath edge (u;) can
be more than an order of magnitude smaller than the Bohm
velocity, and therefore the use of the collisionless sheath
formula (Bohm velocity) would result in an overestimation
of the particle losses, leading to an increase in the mean
electron energy. The prefactor 0.6 in the above flux formula
accounts for the drop in plasma density that occurs from the
centre of the discharge to the sheath edge. A voltage drop
across the presheath of 1/2T, is assumed in obtaining the
prefactor 0.6. The actual voltage drop, however, ultimately
depends onthe presheath geometry, its collisionality and the
plasma heating mechanisms.!*?! Finally, the electron flux is
set to balance the positive ion flux, maintaining quasineu-
trality in the bulk plasma, i.e. I, =21",. To solve the particle
balance equation, the mean electron energy isneeded, as this
is required to compute the various generation/loss rates. In
the model, the electron energy is obtained by solving the

following power balance equation:1*32329
d (3 Pin -
dt (2 neTe) = _V - ; iR,
N, (2)
- ‘; cel'e + prrlj
=

where e is the elementary charge, P;,(W) is the time-
average input power, N, the number of electron impact
reactions, ¢; (eV) and R; (m > - s ) the electron energy loss
due to the ith electron impact reaction and the correspond-
ing reaction rate, e, (eV) the electron energy loss per
electron escaping the plasma and &, (eV) the energy loss
per ion that crosses the sheath. In this mode], ¢, is assumed
to be 2Te,[13] and ¢, 100 eV. It is worth noting that, although
ions reach the electrodes with little kinetic energy due to
collisions in the sheath (typically < 1eV),***4] the energy
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B 7able 2. Chemical reactions included in the models.

No Reaction? Rate coefficient® Note® Ref
1 e+ He — e+ He f(Te) S [59]
2 e+0; e+ 0, f(Te) S3 [60]
3 e+ He — He" +2e f(Te) S1 [59]
4 e+ He* — He™ + 2e f(Te) S1 [61]
5 e + Hej — He} + 2e 9.75 x 1071°T,%7Lexp(—3.4/T,) [62]
6 e4+0— 0" +2e f(Te) [63]
7 e+0('D) — OF +2e £(Te) K
8 e+ 0(S) — O +2e f(Te) @
9 e+0" —0+2e F(Te) [64]

10 e+ 0, — 0" +2e F(Te) S [54]

11 e+0;, - 0" +0+2e f(Te) [54]

12 e+ 0y(a) — Op* + 2e f(Te) @

13 e+ 0y(a) — Ot + 0+ 2e f(Te) 4

14 e+ 0s(b) — O," +2e f(Te) @

15 e+ 0y(b) — O+ 0" +2e f(Te) @

16 e+ 0y(v) — OF +2e f(T.) @

17 e+ 0,(v) = 0"+ 0+2e F(Te) )

18 e+ He — e + He* f(Te) 51,52 [59]

19 e+ He* — e+ He f(Te) e

20 e+ He, — e+ 2He 3.8 x107° [25]

21 e+0—0('D)+e f(Te) [63]

22 e+0(*D) > O0+e f(Te) .

23 e+0—0('S) +e f(Te) 52,53 [63]

24 e+ 0(ls) —~Ote F(T) N

25 e+0, —20+e f(Te) [15]

26 e+0, - 0(*'D)+0+e f(Te) [54]

27 e+0, = 0(}S)+0+e f(Te) 52,53 [65]

28 e+0; — Oy(b) +e f(Te) S [60]

29 e+ 0y — Oy(a) +e f(Te) S [60]

30 e+0; — O0y(v)+e f(Te) S [59]

31 e+ 0,(a) — 0y(b) +e f(Te) [66]

32 e+ 0y(a) — O(D)+ O +e f(Te) [15]

33 e+ 0,(a) — O('S) + O +e f(Te) @

34 e+ 0,(a) —20+e F(T) )

35 e+0,(a) —> 0, +e f(Te) .

36 e+ 0,(b) — O(*D) + O +e f(Te) @

37 e+ 0,(b) — O(S) + 0 +e f(Te) @

38 e+ 0,(b) —20+e F(T.) 2

39 e+ 0,(b) — 0, +e f(Te) e

40 e+ 0y(v) — 0, (GlAg) +e f(Te) @

41 (Te) @

e+ 0,(v) — O, <b12;) +e f
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No Reaction® Rate coefficient? Note® Ref
42 e+ 0,(v) - 20+e f(Te) 2

43 e+0,(v) = O(D)+0+e f(Te) @

44 e+ 0,(v) — 0(2S)+ 0 +e f(Te) @

45 e+0,(v) — 0, +e F(Te) e

46 e+0—0" f(Te) [67]
47 e4+0, - 0+0" f(T.) $2,53 [65]
48 e+0y(a) > 0+0" f(Te) [68]
49 e+ 0,(b) — 0+ 0" F(Te) $2,53 [69]
50 e+0,(v) >0 +0 F(T.) 2

51 e+0; —0+0; f(Te) [65]
52 e4+0; —0 +0, f(Te) s3 [65]
53 e + He" — He* 6.76 x 107 13T, 05 (18]
54 e + Hej — He* + He 7.12 x 10 15(T,/T,) [70]
55 e+ 0t — O('D) 5.3 x 107 137,70 [18]
56 e+0," - 0+0 1.2 x 10787, 77 (18]
57 e+ 0," —0+0('D) 8.88 x 107°T, 07 (18]
58 e+ 0," —20(*D) 6.87 x 10~°T, 7 [27]
59 e+0f — 20, 2.25 x 10 7T, 05 S2 [31]
60 2e + Het — He* + e 7.8 x 10738 (T,/T,) ** [40]
61 2e + He} — He* + He +e 2.8 x10°% [25]
62 2e + He} — He, +e 1.2 x 1072 [25]
63 2e+ 0" - O+e 5.12 x 107277, 45 (18]
64 2e+05 — 0, +e 7.18 x 107 27T, 4% [31]
65 2e +0f — 20, +e 7.18 x 107 27T, 4% [31]
66 e+ He* + He — He* + He 7.4 x 10735 (T,/T,) > [40]
67 e+ Hej + He — He* + 2He 3.5x10°% s1 [25]
68 e+ Hej + He — Hej + He 1.5x10°% [25]
69 e+0"+0, - 0+0, 2.49 x 1072°T, 15 [27]
70 e+ 0"+ He — O+He 6.45 x 1031, 25 [29]
71 e+0," +0, — 20, 2.49 x 10729, 15 [27]
72 e+04+0,—-0 +0, 1.0 x 10732 [27]
73 e+O0+He— O +He 1.0 x 103 K

74 e+0;+0;, =0, +0, 2.26 x 1073°(T,;/300) ** s3 [20]
75 e+ 0, +He — O, + He 1x10731 52,53 [29]
76 e+ 03+0, — 05 +0, 1.0 x 10731 [27]
77 e+ 0s +He — O; + He 1.0 x 10732 E

78 He* + 0~ — O+ He 2 x 1077 (T,/300) * [18]
79 He® +0 +M — O+He+M 2 x 10-25(T,/300) ** [18]
80 He* + 0, — O, + He 2 % 10~7 (Tg/300)71 (18]
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No Reaction? Rate coefficient® Note® Ref
81 He* + 03~ — O3 + He 2 % 10~7 (Tg/goo)’l [18]
82 Het +0; + M — He+ 20, + M 2 % 10-25 (Tg/goo)*“ [31]
83 He,™ 4+ 0~ — O+ 2He 1x1077 [31]
84 He," +O0  +M — O+ 2He+ M 2 x 10725(T,/300) ** (31]
85 He,* 4+ 05 — O, + 2He 1x1077 [31]
86 He,™ + 0, + M — O, + 2He + M 2 x 10-25(T,/300) ** (31]
87 He," + 0; — Os + 2He 1x107 (31]
88 He," + 05 +M — Os + 2He + M 2 x 10-25(T,/300) >* [31]
89 HeJ + O; + M — 2He + 20, + M 2 % 10-25 (]‘9/3()(;))’2‘5 [31]
90 Ot +0~ — 20 2 % 10~7 (Tg/goo)’l (18]
91 0" +0~ — 0+0(*D) 4.9 x 1071°(T,/300)** [45]
92 Ot +0 +M—20+M 2 x 10-25(T,/300) >* [18]
93 0t +0," = 0,40 2.7 x 1077 (T,/300) °* [28]
94 0" +0," +M— 0, +0+M 2 x 10-25(T,/300) ** [31]
95 0" +0; =05 +0 2 x 10°7(T,/300) " [18]
% O +0; +M — 03 +0+M 2 x 10-25(T,/300) >* [31]
97 Ot +0; +M — 0 +20;, + M 2 x 10725(T,/300) *° [31]
98 0" +0" =0, +0 2 x 1077 (T,/300) *° [27]
29 0J+0 +M—0,+0+M 2 x 10-25(T,/300) *° 2,53 (18]
100 0" + 0,7 — 20, 2.0x 1077 (Tg/300)_0'5 [28]
101 Oyt 4+ 0y” — 0, +20 1.01 x 1077 (T, /300) ** [28]
102 0f + 05 + M — 20, + M 2 x 10725(T, /300) *° 52,83 [31]
103 Of +0;5~ — 05 +20 1x1077 [18]
104 05 +05~ = 05+ 0, 2 x 107 (T,/300) " [18]
105 0§ +05" +M— 05+ 0, + M 2 x 10725(T,/300) ** 52,53 [31]
106 O +0; +M — 30, +M 2 x 10-25(T,/300) ** [31]
107 Of +0 —20,+0 1x1077 [31]
108 05 +0;, — 30, 1x1077 [31]
109 O3 +05 —30,+0 1x1077 [31]
110 Of +0 +M—20,+0+M 2 x 10-25(T,/300) ** $2,53 [31]
111 Of +0, + M — 30, + M 2 x 10-25(T,/300) ** 2,53 [31]
112 O; +0; + M — 20, + 03 + M 2 % 10-25 (Tg/g()o)’z‘5 52,53 [31]
113 Of +0; + M — 40, + M 2 % 10-25 (1}/300)’2‘5 [31]
114 O +He —He+O+e 2.5 x 10-%8(T,/300)°° (71]
115 O +He* —O+He+e 310710 [72]
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No Reaction? Rate coefficient?” Note® Ref
116 O +He; —O+2He+e 3% 10710 [72]"
117 0O +0—0,+e 2.0 x 10-19(T,/300)"° 52,53 [18]
118 O +0(lD) - 20 +e 1x 10710 [72]
119 O +0(8) =20 +e 1x1071° [72]
120 O~ +03(b) -0, +0+e 6.9 x 10—10(7"9/300)0‘5 S2,S3 [18]
121 O~ +0y(a) = Os +e 3 x 10-19(T,/300)"* 52,53 [18]
122 O +0,—0s5+e 5 % 10*15(Tg/300)°'5 [18]
123 O +0; —>20,+e 3.01 x 10°10 (Tg/goo)o's [18]
124 0, +He —He+0, +e 3.9 x 10 1%xp(—7400/T,) [73]
125 O, +He* — O, +He +e 310710 [72]
126 O, +He; — O, + 2He + e 3% 10710 [72]"
127 0; +0—0s +e 1.5 x 10720(T,/300)"° 53 [18]
128 O, +0(*D) = 0+ 0, +e 1x10°%0 [72]
129 0, +0(*S) =0+ 0, +e 1x107%0 [72]
130 0,” +0, — 20, +e 2.7 x 10 '%exp(—~5590/T,) [74]
131 O, +0y(b) — 20, + e 3.6 x 10710 S3 [27]
132 0™ + 0y(a) — 20, +e 2.0 x 1072°(T,/300)"° [18]
133 O; +He* — 0+ 0, +He +e 3x 10710 [72]
134 O; +Hey —0+0,+2He +e 3x 10710 [72]
135 O; +0—20, +¢ 1x10° 1 [72]
136 O; +0(1S) = 0+0s +e 1x 10710 [72]
137 O, +He* — 20, + He +e 1x 10710 [72]
138 O, + He, — 20, + 2He + e 1x 10710 [72]
139 0; +0(*D) — 0+20, +e 1x 10710 [72]
140 0; +0(1S) — 0+20, +e 1x10°%0 [72]
141 0; + 0, <b129+> 30, +e 1x10°10 [72]
142 He" + 2He — Hej + He 1.4 % 10’31(Tg/300)_°‘6 S1 [40]
143 He* +0 — O* + He 5 x 101(T,/300)"* [18]
144 He' +O(*D) — O" + He 5 x 101(T,/300)"° [18]
145 He* + O(*S) — O* + He 5 x 10-%1(T,/300)"° [18]
146 Het + 0, — O" + O+ He 1.07 x 10-°(T,/300)"* [18]
147 He' + 0, — Of +He 3.3 x 107%1(T,/300)*° [18]
148 He" + 0y(a) — Ot + O + He 1.07 x 10-°(T,/300)"* [18]
149 He't + 0y(a) — O3 + He 33 %101t Tg/goo)o‘5 (18]
150 He" 4+ 03 — O + O, + He 1.07 x 10-°(T,/300)"° (18]
151 He," +0 — OF + 2He A

Plasma Process. Polym. 2010, 7, 846—865
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No Reaction? Rate coefficient” Note® Ref
152 He;* + O(*D) — O" + 2He 1 x 107%(T,/300)"° !

153 He,* + O(*S) — O + 2He 1 x 10-°(T,/300)°° !

154 He,* + O, — OF + 2He 1 % 10*9(1"9/300)0'5 S1 [75]
155 He," + 05 (b) — O + 2He 1% 10-°(T,/300)°* !

156 He,t + 0y(a) — O5 + 2He 1x10°° (Tg/300)0'5 g

157 Hef + 05 — O* + 0, + 2He 1% 10-9(T,/300)°° )

158 O*+0+M— 05 + M 1 x 102°(T,/300)°° [18]
159 O +0, - 0,740 2.0 x 1011 (Tg/goo)’o's [45]
160 0" + 03 — Of + 0, 1x10°%0 [18]
161 0" +0y(a) > 0~ +0 1.1 x 101(T,/300) °* [45]
162 0 403 —0; +0, 1.02 x 10-2%(T,/300)"° (18]
163 0 +03 —0; +0 1.99 x 10-1(T,/300)*° [18]
164 O +0,+M— 05 +M 1.1 % 107%(T,/300) " [72]
165 Of + He* — O + O+ He 1x 10710 [72]
166 O; + Hey — O* + O+ 2He 1x 1070 [72]
167 0,* +0(*D) — O,(a) + O* 1 x1072(T,/300)° [45]
168 0; +20, = 0; +0, 2.4 % 10-3°(1,/300) >? s3 [31]
169 O3 + O, + He — O; + He 58 x 10731 (Tg/300) —31 S2,S3 [76]
170 0, +0—=0 +0, 1.5 x 1071°(T,/300)"* [18]
171 0; +03 — 05 +0, 6 x 1019(T,/300)"° s3 [18]
172 0, +0(*s) — 0~ +20 1x 10710 [72]
173 O, +0; +M— Oy +M 3.5 x 10~3(T,/300) * [31]
174 0; +0— 0, + 0, 25 % 10710(7-9/300)0‘5 $2,S3 [18]
175 05 +0(*D) — 0~ +0+ 0, 1x1071° [72]
176 O; +0(8) =0 +0+0, 1x10°%0 [72]
177 O3 +0(*S) — 0; +20 1x 1070 [72]
178 0; +0; (blz;) — 0 420, 1x 10710 [72]
179 Of +He* — O" +0+ 0, +He 1x10°10 [72]
180 Oj +He; — 0" + 0+ 0, + 2He 1x 10710 [72]
181 Of +0— 0} +0;s 3 x10°10 $2,53 [31]
182 0} +O(*D) — Of + 05 3 x 10710 ¢

183 0f + O(*S) — OF + 0s 3 x 10710 e

184 Of + 0, — O +20, [T\ " 5030 52,53 [31]

3.3 x 10 6<ﬁ) exp(—T—g)
185 O + 0,(a) — Of +20, 1x 10710 [31]
186 O + 0,(b) — Of +20, 1x10°10 [31]
Plasma Process. Polym. 2010, 7, 846—865
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No Reaction? Rate coefficient?” Note® Ref
187 O +He — O} + 0, + He 3x10°Y [77]
188 0, +M — 0, +0, + M 1 x 10~ %exp(—1044/T,) [31]
189 0, +0 — 05 + 0, 4x10°20 [31]
190 0, +0— 0 +20, 310710 [31]
191 0; +O0(*D) — 0; + 0, +0 1x10°%0 [72]
192 0; +0(1S) — 0~ + 20, 1x107%0 [72]
193 0; + 0z(a*Ay) — O, + 20, 1x 10710 [31]
194 0; +0, (b12;> — 05 +20, 1x107% [31]
195 0, + 05 — 05 +20, 3x 10710 [31]
196 2He* — Hej +e 2.03 x 10°(T,/300)*’ s1 [40]
197 2He* — He' +He +e 8.7 x 1071°(T,/300)"° 51 [40]
198 He* + Hej — He* + 2He + e 5 x 10-19(T,/300)"° [25]
199 He* + He;, — Hej +He +e 2 x 107%(T,/300)*° S1 [25]
200 2He; — He' +3He + e 3 x 10-1°(T,/300)%° s1 [25]
201 2He; — Hej +2He +e 1.2 x 10-°(T,/300)°° )il [25]
202 He*+0 — Ot +He +e 3.96 x 107°(T, /300)"" [75]
203 He* + O(*D) — O* + He + e 3.96 x 10719(T,/300)*"’ [75]
204 He* 4+ O('S) — O* + He + e 3.96 x 10720(T,/300)"" [75]
205 He* +0, — 0," + He +e 2.54 % 10-1°(T,/300)"° 51,52 [18]
206 He* + 0,(b) — Oy +He +e 2.54 x 1072°(T,/300)** [18]
207 He*+0; - 0; +O+He+e 2.54 x 1071°(T,/300)** [18]
208 He,* + 0 — OF +2He +e 1x 1071°(1,/300)"° !
209 He," + O(*D) — O +2He + e 1% 1071°(1,/300)"° !
210 He," +0(1S) — O +2He + e 1x1071°(1,/300)"° !
211 Hey* + 0, — 0,7 +2He + e 1% 10-10 (Tg/BOO)O'S S1,52 [75]
212 Hey + 03 — O + O+ 2He + e 1% 10-10 (Tg/goo)o'5 g
213 He; + M — 2He + M 1.5 x 10713 S1,52 [70]
214 O(*D) + 0 — 20 8 x 10712 [18]
215 O(*D) + 0, — 0+ 0, 4.8 x 10 2exp(67/T,) 52,53 [78]
216 O(*D) + 0, — O + O,(a) 1.6 x 10 *2exp(67/T,) $2,53 [78]
217 O(*D) 4+ 0y — O+ 0,(b) 2.56 x 10~ exp(67/T,) 52,53 [78]
218 O(*D) + 03 — 20, 1.2 x 1070 [18]
219 O(*D) + 03 — 20+ 0, 1.2 x 10710 [18]
220 0(*D) + He — O + He 1.0 x 10733 s [18]
221 0(*s)+ 0 — o(*D) + 0 1.67 x 10~ exp(—300/T,) [18]
222 0(%s) + 0 — 20 3.33 x 10~ 'exp(—300/T,) (18]
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No Reaction? Rate coefficient® Note® Ref
223 0(*'S)+0, — 0+ 0, 1.6 x 10 *2exp(—850/T,) S3 [18]
224 0(*S) + 0, — O(*D) + 0, 3.2 x 10 *2exp(—850/T,) S3 [18]
225 O(*S) + 0y(a) — O+ 0, 1.1x10°1° 2,53 [18]
226 0(*$) + 05(a) — 30 3.2 x 10711 [18]
227 0(*S) + 0,(a) — O(*D) + 0,(b) 29 x10°1 [18]
228 O(1S) + 03 — 20, 4.63 x 10710 S3 [79]
229 0,(a) +0 — 0, +0 7.0 x 10716 [27]
230 05(a) + 0, — 205 2.2 x 10-18(T,/300)"® [27]
231 02(a) + 0, — 0+ 03 2.95 x 10-21(T,/300)"* [18]
232 20,(a) — 20, 9 x 10~exp(—560/T,) (18]
233 20,(a) — 0,(b) + 0, 9 x 10~ exp(—560/T,) (18]
234 0,(a) + 05 — 20, + 0 5.2 x 10 Mexp(—2840/T,) [79]
235 O,(a) + He — O, + He 8 % 1021 (Tg/300)°'5 [18]
236 0y(b) +0 — 0, + 0 8.0 x 10-15(T,/300)"* [18]
237 O2(b) + 0 — 0z(a) + O 7.2 x 10-4(T,/300)"° [18]
238 0(b) + 0, — 20, 4.0 x 1078(T,/300)"° [18]
239 05(b) + 0, — 03(a) + O, 3.6 x 10-%7(T,/300)*° [18]
240 20,(b) — 0(a) + O, 3.6 x 1017(T,/300)"* [18]
241 0,(b) + 05 — 20, + O 7.33 x 1012(T, /300)"° 52,53 [18]
242 0,(b) + 03 — O,(a) + O3 7.33 x 10—12(1-9/300)0»5 S3 [18]
243 Oy(b) + O3 — Oy + Os 733 % 10-12 (Tg/300)0'5 S3 [18]
244 O2(b) +He — Os(a) + He 1 x 10-Y(T,/300)"° [18]
245 O,(V)+0— 0, +0 1% 10*14(7"9/300)0'5 (8]
246 O,(V) +M — 0, + M 1% 10*14(]"9/300)0'5 S (18]
247 03 +0 — 20, 8 x 10 12exp(—2060/T,) [79]
248 Os+M— 0, +0+M 1.56 x 10 %exp(—11490/T,) [18]
249 He* + 2He — He} + He 2 x 1073 S1,52 [70]
250 30 — 0+ 0, 9.21 x 10-34(T,/300) > [18]
251 30 — 0+ 0y(a) 6.93 x 10735 (T,/300) ** (18]
252 20 +0; — 20, 2.56 x 10-%(T,/300) ** [18]
253 20+ 0, — 0, + 05(a) 1.93 x 107%5(T,/300) [18]
254 20+0;, - 03 +0 3.4 x 10~ 3%exp(345/T,) [80]
255 20 + 0y(a) — O, + 0y(a) 7.4 %1073 [80]
256 20 + He — He + 0, s 103 (i)lexp(—ﬂ) [29]
300 T,
257 20 + He — O,(a) + He 9.88 x 1073 (18]
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No Reaction? Rate coefficient?” Note® Ref
258 O+20y — O3+ 0y 6% 10-34 (Tg/BOO) —2.8 S3 [18]
259 O+ O, + He — Os + He 1.1 x 10 **exp(510/T,) 52,53 [29]
260 0+ 035 + 0, — 205 1.5 x 10~ >*exp(710/T,) [27]
261 O+ 0,(a)+ 0, —20,+0 1x 10732 [28]
262 O+ O,(a) + He — 0, + O + He 1x 10732 s3 [28],9
263 20,(a) + 0, — 205 1x10°3 [80]
264 O(*D) — 0+ hv 5.0x 107357t [27]
265 0(*S) — O(*D) + hv 1.34s°1 [27]
266 0z(a) — Oy + hv 2.7 x 1074571 [81]
267 0,(b) — Oy + hv 8.3 x 107257 (82]

3He" represents He(2S) and He(2'S); He}, represents He,(a’2). O,(a) represents O,(a'Ag); O,(b) represents Oz(blig); O,(v) represents the

vibrational excited states of O, (v = 1-4). M represents the background gases helium and oxygen. ®Rate coefficients have units of cm?- s

-1

for two-body reactions and cm®-s7t for three-body reactions; T, has units eV; T, has units K. f(T.) indicates that the rate coefficient is
obtained using the cross section from the indicated reference. 9S represents main reaction in the whole range of oxygen concentration. S1:
main reactions in RG1; $2: main reactions in RG2; $3: main reactions in RG3. ¥Cross-section estimated by shifting the ground state cross
section by the excitation threshold. ®Superelastic cross section calculated using detailed balance. “Estimated same as O,. ®Estimated same

as 0. MEstimated same as He".

dissipated as they transit the sheath is much higher (of the
order of the actual sheath potential, ~100V in this study).
In atmospheric pressure plasmas, this energy ends up
heating the background gas via ion-neutral collisions in
the sheath, rather than reaching the walls as it is the case
in low-pressure plasmas.

The foremost purpose of this paper is toidentify the main
species and chemical reactions in cold atmospheric-
pressure He + O, plasmas for various oxygen concentra-
tions. Due to the strong dependence of the discharge
characteristics on the oxygen concentration, three regimes
need to be considered:

(i) Regime 1 (RG1): Discharges containing 1-10 ppm of
oxygen. At this low oxygen concentration, helium
species dominate the discharge and the discharge is
clearly electropositive.

Regime 2 (RG2): Discharges containing 10-5 000 ppm
of oxygen. In this regime, oxygen-derived species
dominate over helium species, and the discharge
becomes increasingly electronegative.

Regime 3 (RG3): Discharges containing 0.5-10% of
oxygen. In this regime, species originated from helium
are negligible, and the discharge is electronegative.

—
—
=)

=

=

(iii

A sensitivity study is performed to select the main
species and reactions in each regime. The criterion used is
the same as the one detailed in ref.??! In brief, once the
simulation hasreached steady state, only the species whose

Plasma Process. Polym. 2010, 7, 846—865
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density is larger than a threshold value are deemed
important. The threshold value is chosen to be 5% of the
total density of positive ions (or negative charged species). It
is noted, however, that some intermediate species are
included in the simplified models despite not reaching the
threshold density because they contribute significantly to
the particle balance of more abundant species. This is the
case, for example, of He*. He" density is typically less than
the threshold value, but it contributes importantly to the
formation of Hej via He' + 2He — Hej + He (reaction
R142inTable 2). Since Hej isthe mainioninRG1,He " isalso
incorporated in the simplified model. The main species
identified for each of the three regimes (RG1, RG2 and RG3)
are listed in Table 1. Once the main species have been
identified, main reactions need to be selected next. As
in ref,[?! this is done by choosing the reactions whose
absolute and/or relative contribution to the particle
balance of each main species in the plasma is above a
certain threshold (5% again). The list of main reactions for
the simplified models can be found in Table 2.

Main Species as a Function of the Oxygen
Concentration

The steady state composition of He+ O, plasmas as a
function of the oxygen concentration is captured in
Figure 2. Figure 2a—d show the density of positive ions,
negatively charged species, metastables, and other neutral

DOI: 10.1002/ppap.201000049
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B 7able 3. Wall reactions.

Surface reactions Probability Ref.
He* + Wall — He 1.00 [18]

He; + Wall — 2He 1.00 [18]
O+ Wall — 10, 0.02 [18]
O(*D) + Wall — O 1.00 [18]
O(1S) + Wall — O 1.00 [18]
0,(a) + Wall — 0, 0.0004 [83]

0, (b) + Wall — 0, 0.02 [18]
0,(v) + Wall — 0, 0.2 [18]
Xt + Wall — neutrals 1.00 [18]

X" represents any positive ion.

species, respectively. The figures clearly indicate that the
main species depend on the oxygen concentration, and
most species undergo density variations of orders of
magnitude. Since the data is obtained at constant input
power, an increase in density reflects a more efficient
generation of that particular species, whereas a decrease in
density indicates a decrease in generation efficiency.
Figure 2a presents the density of positive ions in the
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Figure 2. Density of a) positive ions: —ll—: He™; —@— He}; —&—: O"; —W—: 0 ——
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plasma. As observed in other atmospheric pressure helium
discharges,***¢! helium dimer ions (Hej) are more
abundant than helium ions (He"). Nevertheless, even at
oxygen concentrations of just 1 ppm, O5 is the dominant
ion. Given the large energy of helium and helium dimer
metastables (¢~ 19.8 eV and 18.4 eV, respectively), Penning
ionization (R205 and R211) is an important process in
He + O, discharges and leads to thelarger density of oxygen
ions. Similar results have been observed in He + N,*” and
He + H,0? discharges. As the oxygen concentration
increases, the density of helium ions decreases sharply,
while the density of O] increases rapidly. In fact, the model
predicts that O becomes the dominant positive ion at high
oxygen concentration (regime RG3). A similar trend was
observed in atmospheric pressure He+ N, discharges,
where N was found to be more abundant than Nj at
nitrogen concentrations above a few hundred ppm!*?
and in atmospheric pressure He-+H,O discharges
where charged water clusters were more abundant
than H,0".1*>%¥] It is noted that larger ions (e.g. O;)
are not considered in the current model due to lack of
reliable data. Regarding negative ions (Figure 2b), O~ is the
dominant one at low oxygen concentration, and Oj
becomes dominant at [O,] >2 000 ppm as a result of three
body collisions (R164). This trend contrasts with that
observed in low pressure oxygen plasmas where O3 is not

b) e
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——: O; —@—: O;; —A— O,(v).
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abundant.®®4°  Figure 2b also indicates that the

discharge becomes electronegative (i.e. density of negative
ions > density of electrons) for oxygen concentrations
above ~0.2% and that at that point the electron density
starts to decrease with increasing the oxygen concentra-
tion. Since at high oxygen concentrations, the discharge is
dominated by oxygen species, this trend is similar to that of
pure oxygen plasmas.[**]

The density distribution of excited neutral species in the
plasma is shown in Figure 2c. Atomic and dimer helium
metastables are the most abundant excited species at low
oxygen concentration ([O,] <10 ppm), while atomic and
molecular metastable oxygen are dominant at higher
oxygen concentration. This trend is the result of the
increasing loss of helium excited species due to Penning
processes, the consequent decrease in electron tempera-
ture, and theincreasing presence of oxygeninthe discharge.
The predicted density of O,(a) at high oxygen concentration
is in agreement with recent experimental observations in
an atmospheric-pressure He + O, discharge.** 1t is noted
that the density of helium dimer metastables is lower than
that of atomic helium metastables. This is opposite to the
results obtained in other fluid models of helium atmo-
spheric pressure discharges!“®*! and it is attributed to the
zero dimensionality of the global model. Since global
models average over sheath and bulk, the average electron
temperature in the plasma is higher than the bulk electron
temperature in fluid models, enhancing the production of
He" over Hej. Figure 2c also indicates that excited atomic
oxygen species O(*D) and O(*S) reach a maximum density
when the oxygen concentration is ~0.5%. Although atomic
oxygen metastables are not easily measured experimen-
tally, this trend of O* species is qualitatively in agreement
with experimental observation of the optical emission
intensity at 777nm from O(°P).[4**%] Figure 2d presents the
density distribution of other neutral species, namely,
atomicoxygen, Os; and vibrational excited O,. The O density
reaches its maximum at [O,] ~ 2%, which is in qualitative
agreement with other modelling and experimental obser-
vations.[?44%] The existence of a maximum is attributed
mainly to the decrease in electron density, and the
increasing loss of atomic O via O; formation (see discussion
insection Analysis of physicochemical processes in He 4+ 02
plasmas). It is noted that most He+ O, based plasma
applications use oxygen concentrations in the range of
0.5 — 3%,4®! which correspond to the region where atomic
oxygen species reach their maximum concentration: O*’s
peak at [0,]~0.5% and ground state O at ~2%. On the
contrary, the density of O; continues to grow exponentially
with increasing O,, becoming more abundant than atomic
oxygen when [O,] > 2%. Although vibrational excitation of
molecular oxygen requires low energy, the density of O,(v)
isfound to be more than one order of magnitude lower than
that of atomic oxygen, and this is attributed to the high
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collisional quenching of O,(v) (R246), and the relatively high
electron temperature predicted in the model (see discussion
in section Analysis of physicochemical processesin He + 02
plasmas).

Simplified Models, Their Accuracy and
Robustness

Figure 2 clearly indicates that the plasma composition
depends strongly on the oxygen concentration. Most
plasma species undergo density variations of orders of
magnitude, and as aresult, a single simplified model cannot
capture accurately the chemistry at play for all oxygen
concentrations. Therefore, three regimes are considered
here and three simplified models are proposed (see Table 1
and 2). The simplified model 1 (RG1) contains 13 species and
24 reactions, the simplified model 2 (RG2) contains 17
species and 41 reactions, and the simplified model 3 (RG3)
contains 15 species and 50 reactions. The chemistry
complexity of He + O, plasmas is therefore lowered by a
factor of 5 to 11 with the simplified models. As an example,
Figure 3 shows the densities of the dominant ions as a
function of oxygen concentration, using the full model (267
reactions) and the three simplified models. Although
Figure 3 (and similar data obtained for all the other relevant
species) validates the accuracy of the simplified models, this
does not guarantee that the same level of accuracy is
achieved with the simplified models under different
plasma conditions. Therefore, the robustness of the
simplified models to changes in the discharge conditions
is investigated next. The plasma equilibrium conditions are
expected to change as a function of the surface to volume
ratio (S;/V and S,/V) of the plasma (see Equation 1).
Therefore, we assess the robustness of the proposed
simplified models by comparing simulation results of the
simplified models against the results of the full model for
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Figure 3. Density of dominant ionic species as a function of
the oxygen concentration. —ll—: He]; —A—: OJ; —4—: O/;
4 07; —9— O;.Solid line: full model; dotted line: simplified
models.
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various gap (g=V/S1) and electrode radius (r=2V/S,)
values (Figure 1). The error introduced by adopting the
simplified models is quantified by the root mean squared
error (RMSE) with respect to the results obtained with the
full model, i.e.:

RMSE — i% (w)z x 100% (3)
o Nm = T’lif ¢

where, N,, denotes the total number of main species in the
simplified model, n; the density of ith main species
obtained with the simplified model and ny the one
obtained with the full model. The RMSE is shown in
Figure 4. In Figure 4a-b, the S;/V and S,/V ratios vary by a
factor of 4, exploring the typical dimensions of experi-
mental cold atmospheric-pressure plasmas in a plane-to-
plane configuration. The RMSE is less than 20% for every
case, indicating that the simplified models are capable of
capturing the main chemical processes despite changes in
the plasma source geometry.

According to Equation 2, the input power density (P;,/V)
affects the electron effective temperature and thereby the
source terms in the particle balance equation (Equation 1).
For a He + O, RF glow discharge, the input power used in
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experiments is typically 20~70 W - cm 3 [2%! 5o in this study

we assess the validity of the simplified models by
simulating discharges with 20, 40, and 80 W - cm 3. The
results are shown in Figure 4c and again, the RMSE is found
to beless than 20% for a four-fold change in input power. In
addition, the particle balance also depends on the gas
temperature and the gas flow rate. In cold atmospheric-
pressure plasmas, the gas temperature is typically kept
near room temperature. In particularly, for applications in
plasmamedicine, the gas temperature often remains below
40°C.™! A quantification of the error introduced by the
simplified models when the gas temperature is changed
from 300K to 600K is shown in Figure 4d. Once more the
RMSE is found to be less than 20%.

Finally, the influence of the gas flow in the accuracy of the
simplified models is assessed by varying the flow rate from
0 to 1 slm. In this range, the gas flow rate is found to have
negligible impact (figure not shown). It is noted that
the gas flow is known to influence the uniformity of the
discharge and the gas temperature. These dependences,
however, are not captured in the global model. It is noted
that Figure 4a—d present discontinuities at the boundaries
between the three simplified models, ie. at 10 and
5 000 ppm. This is due to different species being taken into
account in each of the simplified models. In addition, it is
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Figure 4. Accuracy of simplified models for plasmas with (a) different gap size, (b) different electrode radius, (c) different input power

density, and (d) different gas temperature.
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also noted that the RMSE in the high oxygen concentration
regime RG3 is higher than that in RG1 and RG2. That is
because in RG3 there are a larger number of reactions with
relative contributions in the 1-5% range. These reactions
are not incorporated in the simplified model, and collec-
tively impact on the final accuracy. Nevertheless, the
proposed simplified models capture the physicochemical
processes of the discharge with 20% accuracy with respect
to the full model.

Analysis of Physicochemical Processes in
He + O, Plasmas

Simulation results discussed in the remaining of the
manuscript are obtained with the full chemistry model.
The dependence (at a constant input power of 40 W - cm )
of the electron density and effective electron temperature
on the oxygen concentration is shown in Figure 5. The
effective electron temperature is on the order of 2.4 eV and
the reduced electric field required to sustain the discharge
~6 Td. These values, however, need to be interpreted with
caution, as they result from a zero-dimensional analysis, i.e.
they represent a weighted average of the temperature and
field across the discharge. At low oxygen concentration
([02] <200 ppm), the effective electron temperature is
found to decrease and the electron density to increase
withincreasing oxygen content. This is mostly attributed to
the increasing contribution of Penning processes (including
metastable pooling reactions) to the electron generation
(see Figure 6a). Above an oxygen concentration of 200 ppm,
however, the trend reverses, i.e. the electron temperature
increases and the density decreases with increasing oxygen
concentration. In this range, the contribution of Penning
ionization decreases due to the reduction of the available
helium metastables in the plasma (see Figure 2c). At the
same time, as the oxygen concentration increases, so does
the electron loss via attachment (R47, R49 and R52
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I Figure 5. The electron density and electron temperature as a
model.
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Figure 6. Relative contribution of processes leading to a) gener-
ation and b) loss of electrons. —ll—: Penning ionization; —@—:
Electron impact ionization; —&—: Collision detachment; —¥—:
Dissociative recombination; —#—: Boundary loss; —@-: Attach-
ment. Results obtained with the full model.

primarily) (see Figure 6b), which ultimately leads to the
reduction in electron density and the increase in tempera-
ture shown in Figure 5. In order to identify the dominant
processes responsible for the generation and loss of
electrons, their relative contributions are presented in
Figure 6. Figure 6a shows that Penning ionization (R205,
R211, etc.) is important, even dominant, for the generation
of electrons when the oxygen concentration is less than
~5 000 ppm. The contribution of electron impact ionization
(R3, R4 and R10 primarily) first decreases, reaches a
minimum at [O,] ~50 ppm, and then increases at higher
oxygen concentrations. This trend reflects the changes in
electron temperature shown in Figure 5. At low oxygen
concentration, electron-impact of He and He" is the
dominant electron-impact ionization process, whereas at
high oxygen concentration electron-impact of oxygen
molecules dominates. Despite the lower concentration of
oxygen (< 10%), electron-impact ionization of oxygen
molecules can dominate over helium ionization due to the
lower ionization threshold of the oxygen molecule (12.6 eV
for O, vs.24.6 eV for He). Finally, it is interesting to note that
detachment processes (R117, R120, R121, R127 and R131
primarily) contribute significantly at high oxygen concen-
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tration. This is an indication of a high density of negative
ions at high oxygen concentrations (see Figure 2b).
Regarding electron losses, these are dominated at low
oxygen concentration by electrons escaping the discharge
through the boundaries. As already mentioned, however,
electron attachment (R47, R49 and R52 primarily) increases
with increasing the oxygen content and in fact it becomes a
dominant electron loss mechanism for oxygen concentra-
tions above a few hundred ppm. Electron-ion recombina-
tionis found to be negligible for the conditions encountered
in typical cold atmospheric pressure discharges. This
mechanism, however, could be important in discharges
with higher plasma density. Although the electron density
starts to drop at oxygen concentrations above ~200 ppm,
the degree of ionization continues to increase with
increasing oxygen concentration (see Figure 7). This is a
combined effect of the lower energy required to ionize
oxygen species, and the increasing electron attachment in
the discharge. As a result, the electronegativity of the
plasma, i.e. the ratio between the number of negative ion
and that of electrons, is almost proportional to the oxygen
concentration. A similar electronegativity trend has been
observed in low pressure Ar+ O, plasmas.?®! The model
predicts an electronegativity of 1 at an oxygen concentra-
tion of ~0.2%. The increasing electronegativity affects the
electron density, and it translates experimentally in the
need for higher voltage to ignite and sustain the plasma.'**]

Finally, the energy dissipation in the discharge (Figure 8)
is discussed here. Collisions (second term in the right hand
side of equation 2) consume more energy than the
boundaries (last term in the right hand of equation 2),
indicating that more power is coupled to the electrons in the
bulk plasmathantoionsinthe sheaths.Thisisinagreement
with other modeling works of atmospheric pressure
plasmas.[47] It is interesting to note, however, that, while
losses via elastic collisions dominate at low oxygen
concentration, losses via inelastic collisions become domi-
nant at high oxygen concentration. This trend reflects the
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plasma as a function of the oxygen concentration. Results

I Figure 7. Degree of ionization and electronegativity of a He 4O,
obtained with the full model.
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Figure 8. Power deposition as a function of the oxygen concen-
tration. —l—: He elastic collisions; —@—: O, elastic collisions;
—A—: He ionization (includes stepwise ionization); —%—: O, ion-
ization (includes stepwise ionization); —#— He excitation;
—&— O, electronic excitation; —#-: O, vibrational excitation;
—4-: O, dissociation (includes dissociative excitation and disso-
ciative attachment); —@— Electrode boundary loss. Results
obtained with the full model.

evolution of the electron temperature, the increasing
significance of electron attachment and the lower (8-fold)
energy lossin elastic collisions with O, molecules than with
He atoms. In particular, at high oxygen concentration,
the electron energy is channeled into O, dissociation.
In addition, the increase in oxygen content introduces
another route of energy dissipation: vibrational excitation.
Although O,(v) is often neglected in numerical studies,
significant amount of energy can be dissipated via
vibrational excitation due to the low energy required to
excite the oxygen molecules. It can be seen that in RG3 more
than 1% of the input power is consumed by vibrational
excitation. This is likely to be an underestimation, since as
mentioned earlier, the electron temperature in the global
model (Figure 5) is likely to be larger than that encountered
in the bulk plasma. With a lower electron temperature in
the bulk, the fraction of energy consumption in vibrational
excitation would be higher,[15] and therefore vibrational
excitation should not be neglected when the oxygen
concentration is high.

Source of Reactive Oxygen Species (ROS)

He+ O, plasmas are a good source of reactive oxygen
species (ROS) and in this section we analyze the main ROS
produced in these discharges. One of the most abundant
ROS produced in He + O, plasmas is ground state atomic
oxygen, and its generation has received a lot of attention
recently because O is believed to be an important
antibacterial agent.®! The oxidation potential of atomic
O is even higher than that of ozone (2.42 V for O vs. 2.07V
for O3) and second only to fluorine (3.03 V) and hydroxyl
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radicals (2.8 V). The relative contribution of the processes
leading to the gain/loss of ground state atomic oxygen is
illustrated in Figure 9. Figure 9a indicates that more than
half of the atomic oxygen is directly generated by electron
impact reactions, including dissociation (R25), dissociative
excitation (R26 and R27) and dissociative attachment (R47).
Nevertheless, about a 40% of the ground state atomic
oxygen is generated via collisional quenching of oxygen
metastables. The cross section for dissociative excitation
of O, to form O(*D) is large (R26),“°’ and as a result
quenching of O('D) (R215, R216, R217 and R220) is a
significant process for generating ground state oxygen. At
low oxygen concentration, the quenching is mainly caused
by helium atoms (R120) and, as the oxygen concentration
increases, quenching by O, molecules becomes increasingly
important (R215-217). At high oxygen concentrations, the
quenching of O,(b) by O3 (R241) molecules also contributes
tothe generation of ground state atoms. Similar trends have
been observed in ref!*! The processes leading to the
destruction of ground state atomic oxygen are shown in
Figure 9b. At low oxygen concentration, the loss of atomic
oxygen is mainly due to sidewise diffusion. Therefore, an
enclosed chamber and low flow rates are beneficial to
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Figure 9. Processes contributing to a) generation and b) loss of
ground state atomic oxygen. —l—: Electron impact reactions;
—@—: Metastable quenching; —&—: Other generation processes;
—W—: Formation of O; due to three-body reactions; —#—: Elec-
trode loss; —@—: Sidewise advection; -#-: Other reduction pro-
cesses. Results obtained with the full model.
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increase the ground state oxygen concentration. In addi-
tion, about 10% of the ground state atomic oxygen is
consumed by surfacereactions (see Table 3).Itis known that
different material and surface conditions have different
surface reaction probabilities, and therefore the yield of
atomic oxygen can also be improved by selecting a non-
catalyst electrode with smooth surface. At oxygen con-
centrations above ~1000 ppm, the formation of Os; via
three-body reactions (R258 and R259 primarily) becomes an
increasingly important mechanism for the loss of ground
state atomic oxygen. Besides ground state atomic oxygen,
He + O, plasmas produce other reactive oxygen species that
are relevant for biomedical applications. Figure 10 presents
the densities of ground state atomic oxygen, excited atomic
and molecular oxygen, and ozone as a function of the
oxygen concentration in the feed gas. The maximum
concentration of ROS is found to be at ~2% of oxygen
concentration, which agrees qualitatively with other
simulation results and experimental observations.[?*4%5°]
The ozone density is found to be orders of magnitude
smaller than the density of ground state atomic oxygen,
although it increases with increasing oxygen concentration
(Figure 10). As observed in reference,! the ozone density
reaches ~10% the density of ground state atomic oxygen at
[O,]~ 0.5%. These values assume a well control environ-
ment. In many practical scenarios, however, the plasmas
are often operated in open air ([O,]ai; 2#21%), and therefore
the ozone generation may be strongly favored in the
afterglow. The density of excited atomic oxygen O* is ~2
orders of magnitude lower than the density of ground state
O and it peaks at an oxygen concentration of ~0.5%, in
qualitative agreement with experimental observa-
tions.*”4¥] On the other hand, the density of excited
molecular oxygen O," is comparable to that of O. It is noted
that these excited species, although less abundant than O,
can be more efficient in reacting with biological substrates
as they carry additional energy that can assist in breaking
existing chemical bonds. Although overlooked in many

1E21

1000 10000 100000

10 100
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Figure 10. Density of reactive oxygen species. —ili—: O; —@—: O;
—A: O('D); —W—: O('S); —#—: O,(b); —#—: 0O,(a). Results obtained
with the full model.
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plasma studies, these species are well-known in the free
radical biology community.*® In addition to neutral
species, some negatively charged ions are also well-known
oxidizers in biological systems (e.g. super-oxide 0;).°*! In
RF plasmas, however, the ambipolar potential is expected to
confine negative ions and therefore these species would
probably play a minor role. Nonetheless, in pulsed
discharges their flux of negative ions should be larger
and then O, O,, O; and O, should also be taken into
account. Experimentally, the emission at 777 nm from O(°P)
and 845 nm from O(°P) are usually used to infer the atomic
oxygen content in the discharge.*”**>Y However, it is
noted that in atmospheric pressure He + O, plasmas the
density evolution of O* and O may not be the same. As
shown in Figure 10, the evolution of O and O as a function
of the oxygen content are significantly different when the
oxygen concentration is above 1 000 ppm (typical regime of
operation). This is because the quenching rate of O* by O, is
several orders of magnitude higher than that by He and
therefore at high oxygen concentrations (> 5 000 ppm) the
density of O* starts to decrease, while the density of O still
increases. Although O(°P) and O(*P) are not explicitly
considered in the global model, a similar trend to that of O*
should be expected as their quenching rate by O, molecules
is two orders of magnitude larger than the quenching rate
by He atoms (=7 x107*°s™ by O, vs. 7x107*? s* by
He)_[sz,sa]

Finally, it is recognized that only species crossing the
sheaths willreact with a biological sample and therefore we
present the main fluxes in Figure 11. Given the neutral
nature of the reactive oxygen species discussed above, their
density in the discharge and their flux to the electrodes
follow the same trend. This is not the case, however, for all
charged species. Superoxide (O,) and other negatively
charged species are confined in the bulk plasma by the
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Figure 11. Flux of different species on the electrode surfaces as a
function of oxygen concentration. —jll—: Electron (or positive
ions) —@—: Helium metastables; —&—: Ground state O; —¥—:
0" (O(D) and O('S)); —=—: Electronic excited O, (0O,(a)
and O,(b)); —#—: Vibrational excited O,; ~#-: O,. Results obtained
with the full model.
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ambipolar potential and their flux to the walls is therefore
negligible. As shown in Figure 11, the flux of helium
metastables rapidly reduces with increasing the oxygen
concentration and the flux of charged species (note that the
total flux of positively charged species is equal to the flux of
electrons) is also much smaller than the flux of neutral
reactive oxygen species.

Conclusion

A comprehensive model of the chemistry of cold atmo-
spheric pressure He + O, plasmas that includes 21 species
and 267 chemical reactions is presented. By detailed
analysis of the simulation results, 3 simplified models
are proposed to model these plasmas when the oxygen
concentration ranges between 1lppm and 10%. The
simplified models reduce the number of reactions by a
factor of 5-11, while capturing the main physicochemical
processes with an accuracy better than 20%. The robustness
of the simplified models against changes in discharge
geometry, input power and gas temperature has also been
assessed and it is found that the proposed models remain
accurate in a wide range of relevant experimental
conditions. Therefore, the simplified models provide a
valuable subset of reactions that can be incorporated in
more complex simulations where computational cost
prevents the use of very large chemistry models.

As the oxygen concentration increases from 1ppm to
10%, the He + O, plasma undergoes a mode transition. At
low oxygen concentrations, the electron density decreases
and the density increases due to Penning ionization of
oxygen molecules. For oxygen concentrations above
200 ppm, however, this trend reverses and the electron
temperature starts to increases and the density to decrease
with increasing oxygen concentration. This is attributed to
the growing role of electron attachment that leads to the
formation of an electronegative discharge for [0,] > ~0.2%.
It is also noted that, as the oxygen concentration increases,
the main electron energy dissipation shifts from elastic
collisions with He atoms to dissociative excitation and
attachment of O,. He + O, plasmas are shown to be a good
source of reactive oxygen species (ROS). Although major
attention has been devoted to ground state atomic oxygen,
it is shown that He + O, plasmas create a cocktail of ROS
that also incorporates large amounts of singlet oxygen and
ozone, free radicals well known in biology.

Diffusion/advection governs the loss of many of the ROS,
and therefore operation in an enclosed chamber with low
flow rates and the use of electrodes with low surface
reaction probability are suggested as routes to increase the
density of these species in the plasma. It is also shown that
the emission intensity at 777nm and 845nm commonly
used experimentally to infer the concentration of ground
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state O is not precise, as O* and O present different
evolutions at oxygen concentrations above 1 000 ppm.
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