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We present in this paper how oxygen additive impacts on the cold atmospheric-pressure helium

plasmas by means of a one-dimensional fluid model. For the oxygen concentration [O2]>�0.1%,

the influence of oxygen on the electron characteristics and the power dissipation becomes important,

e.g., the electron density, the electron temperature in sheath, the electron-coupling power, and the

sheath width decreasing by 1.6 to 16 folds with a two-log increase in [O2] from 0.1% to 10%. Also

the discharge mode evolves from the c mode to the a mode. The reactive oxygen species are found

to peak in the narrow range of [O2]¼ 0.4%–0.9% in the plasmas, similar to their power-coupling

values. This applies to their wall fluxes except for those of O* and O2
�. These two species have

very short lifetimes, thus only when generated in boundary layers within several micrometers next

to the electrode can contribute to the fluxes. The dominant reactive oxygen species and the

corresponding main reactions are schematically presented, and their relations are quantified for

selected applications. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4884787]

I. INTRODUCTION

Most cold atmospheric-pressure plasmas (CAPs) are

operated in a noble gas but usually with a small amount of

molecular gases such as O2 or N2 to produce reactive oxygen

species (ROS) and/or reactive nitrogen species (RNS). In

particular, He þ O2 CAPs were extensively investigated in

the last decade for various applications from material proc-

essing to biomedicine.1–3 It is well known that the behaviors

of CAPs in N2 diluted by a noble gas is sensitive to the

amount of N2.4,5 In comparison, the influence of O2 additive

is even more important due to (1) the strong electronegative

nature of O2 that changes the plasma features more signifi-

cantly and (2) the production of ROS that is central to many

important applications. Regards to the influence of O2 addi-

tive on the helium CAPs, a lot of research has been reported

in order to increase the ROS production efficiency and pre-

vent plasma instability simultaneously.

In general, the maximal ROS production efficiency in

He þ O2 CAPs is achieved when [O2]¼0.5%–3%.6 It is dem-

onstrated that the density of ground state atomic oxygen (O)

peaks at [O2]� 0.6% by the two-photon absorption laser

induced fluorescence spectroscopy (TALIF) and the molecu-

lar beam mass spectroscopy (MBMS),7,8 while the density of

O3 measured by MBMS keeps increase until the plasma

extinguishes at very high O2 fraction.15 Similar density

trends for such species have also been predicted by both the

zero-dimensional global model and the one-dimensional

fluid model.9–11 However, the density trends of excited states

of ROS, mainly the O(1D), O(1S), O2(a1Dg), and O2(b1P
g
þ),

are still ambiguous. The peak point of emission spectral line

at 777 nm (O(3p5P)! O(3s5S)) varies from [O2] � 0.1% to

1.5% in literature12–15 probably because the density of

O(3p5P) is sensitive to the discharge conditions, especially

for the possible mixture of ambient air into the feeding gas.

It is noted that the relative intensity of 777 nm spectral line

may not reflect the density trends of O(1D) and O(1S),

because the production/destruction mechanisms of these two

species are much different to that of O(3p5P).16 Besides, the

dependences of O*(O(1D) and O(1S)) and O2*(O2(a1Dg) and

O2(b1P
g
þ)) densities on the oxygen concentration have also

been predicted by numerical studies, but the results are

somewhat different for different models.10,11

The main attention in previous studies was paid on the

optimal O2 concentration for ROS production, but the maxi-

mal density of a certain ROS might be inconsistent with its

wall flux.17–19 It is noted that the latter directly act on the

treated targets thus reflects the “plasma dosage” for applica-

tions, but little has been known so far of its dependence on

the O2 fraction. Regarding the ROS production, the role of

O2 additive has been demonstrated mainly via plasma

chemistry, but physically it may correspond to the power

dissipation characteristics. The relationship between the

power dissipation and the ROS production has little been

reported before. Also, the O2 additive may lead to the dis-

charge mode (a and c modes) transition due to its electro-

negative nature, and hence influence the plasma stability

significantly.20 All these are important for unraveling the

dominant role of O2 additive and regulating the He þ O2

CAPs for a specific application, and hence need further

investigation.
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In this paper, the impact of O2 additive on the helium

CAPs is investigated by means of a one-dimensional fluid

model, for a large O2 concentration spanning from 0% to

10%. The main purpose is to present the evolution of the dis-

charge mode, the power dissipation, the ROS production

chemistry, the densities and the wall fluxes of ROS, as well

as the relationships among these features. The paper is

organized as follows. The model used in the study is

described briefly in Sec. II. The simulation results and dis-

cussions are presented in Sec. III. Finally, the conclusions

are provided in Sec. IV.

II. DESCRIPTION OF THE MODEL

The one-dimensional fluid model used in this paper has

been detailed in our previous studies,17–19 and hence just

briefly described here. The plasma source consists of two

plane-parallel electrodes with a narrow separation of 2 mm

and a large electrode width (to facilitate the use of one-

dimensional model), similar to those used in experimental

study.21 The applied voltage has a radio-frequency sinusoidal

waveform with a constant frequency of 13.56 MHz and a con-

stant dissipated power density of 40 W/cm3. The feeding gas

is a Heþ O2 mixture at the atmospheric pressure, with an oxy-

gen content up to [O2]¼ 10%. The gas temperature is assumed

to be 350 K based on the previous experimental study.21

The model incorporates 21 species and 267 reactions as

referred from our previous global model.10 More species and

corresponding reactions are considered compared to our pre-

vious fluid models.17–19 This leads to much heavier computa-

tional load, but on the other hand provides more precise

results especially for the low density species like O2
�. The 21

species include electron, positive ions (Heþ, He2
þ, Oþ, O2

þ,

and O4
þ), negative ions (O�, O2

�, O3
�, and O4

�), electronic

excited species (He* (He(23 S) and He(21 S)), He2*

(He2(a3P
u
þ)), O*(O(1D) and O(1S)), and O2*(O2(a1Dg) and

O2(b1P
g
þ)), vibrational excited species (O2(�), �¼ 1-4), and

grounded state neutrals (O, He, O2, and O3). Specifically, O,

O*, O2*, O3, and O2
� are known to be important in biol-

ogy,22 environmental science,23,24 and surface engineering.25

The fluid model requires simultaneous solution of the

drift-diffusion equation for each species, the electron energy

equation and Poisson’s equation, similar to the reports by

other research groups.26–30 The ion temperature is obtained

using Wannier’s formulation.31 The transport coefficients for

electrons and the electron-impact reaction rate coefficients

are calculated as a function of the mean electron energy

using Bolsigþ, a Boltzmann solver.32 The transport coeffi-

cients and the reaction rate coefficients for heavy species are

detailed in our previous reports10,17 and references therein.

The electrode loss of charged species takes into account

the drift flux, the thermal flux, and the secondary emission of

electrons. As stated in Ref. 17, the electrode loss of neutral

species is given as

ELi ¼ piCise=V; (1)

where ELi represents the electrode loss of species i in the

unit of cm�3 s�1, pi represents the loss probability of species

i on the electrodes, se represents the total area (cm2) of

electrode-plasma interface, and V represents the volume of

plasma (cm3). The electrode losses of neutral species are cor-

relate to their wall fluxes (thermal fluxes) which is focused

in this paper, but it is difficult to get the pi value due to the

lack of knowledge of the adsorption/desorption of species as

well as the surface reactions.33 However, it is demonstrated

in Ref. 17 that the electrode loss has little influence on the

wall flux, and even it is constant when pi> 0.01. So, in this

paper, the pi is set to be 0.01 for modelling study.

III. RESULTS AND DISCUSSIONS

A. Electron heating mechanisms

The impact of oxygen additive on the electron density,

the electron temperature, and the electron generation rate of

the He þ O2 CAP is shown in Fig. 1. The white curves in

Fig. 1 represent the sheath boundaries. Compared to the pure

helium plasma (the first row of subfigures), the impact of O2

additive is little when [O2]� 0.1%, beyond that it becomes

significant. This trend agrees well with the observation by

Moravej et al. on the dependence of I-V curve on the O2 con-

centration, noting that the I-V characteristic is mainly gov-

erned by electrons.34 When the oxygen concentration

increases from 0.1% to 10%, the sheath shrinks from 382 to

FIG. 1. Spatio-temporal evolution of electron density (a)-(f), electron tem-

perature (g)-(l), and electron generation rate (m)-(r) at different oxygen con-

centrations. Each subfigure of electron density is normalized to its

maximum value, while all the subfigures of electron temperature and elec-

tron generation rate are normalized to 7.4 eV and 3.34� 1018 cm�3 s�1,

respectively. The white curves represent the sheath boundaries.
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141 lm, the peak electron density decreases from

2.65� 1011 to 1.62� 1010 cm�3, and the peak electron tem-

perature (in the sheath) decreases from 7.05 to 4.48 eV.

Changes of these plasma parameters are between 1.6 and 16

folds. Here, we consider the boundary of the sheath region to

be determined by n-¼ 0.3nþ, in which nþ and n� are the

densities of positive and negative charged species, respec-

tively. The sheath and the electron density boundaries over-

lap when [O2]� 0.1%, but become separated due to the

increase of negative ions as the [O2] continues to increase.35

Interestingly, the generation of electron dominates in

the sheath when [O2]� 0.1% (see Figs. 1(m) and 1(n)) but

it changes in plasma bulk when [O2]� 0.3% (see

Figs. 1(o)–1(r)), which means that the plasma evolves from

the c mode into the a mode as the increase of O2 concentra-

tion.36 Since atmospheric pressure discharges in the a mode

are more stable than in the c mode, the power range for sta-

ble working is expanded.20

On the whole, the variations of electron density, electron

temperature and discharge mode with oxygen concentration

are mainly attributed to the enhancement of electronegativ-

ity. Here, the electronegativity (a) is defined as the ratio of

anion density (na) to the electron density (ne), i.e., a¼ na/ne.

Higher oxygen concentration leads to higher density of O3

through O þ O2 þ M ! O3 þ M and thus enhancing the

electron attachment, primarily via e þ O3 ! O� þ O2.

Because the density of O3 decreases from the centre to the

electrodes,17 the electron density decreases dramatically in

the central region and hence it peaks at the bulk-sheath

boundary when [O2]� 1% (see Figs. 1(c)–1(f)). The

decrease of electron density in plasma bulk leads to the

increase of electric field to sustain the discharge current, and

hence the electron temperature in plasma bulk increases (see

Figs. 1(i)–1(l)). In contrary, the electron temperature in the

sheath decreases due to the decrease of net charge density

there. The main mechanisms for electron production are

electron impact ionization and Penning ionization, both of

which are sensitive to the electron temperature.10 As a result,

the electron heating is enhanced in the bulk region but

reduced in the sheath, leading to the evolution from the

c mode to the a mode (see Figs. 1(m)–1(r)). Besides,

the mode transition is also contributed by the electron

detachment in bulk region, which has little relationship with

electron temperature and therefore occupies a wide portion

of a discharge cycle (see the distribution of electron genera-

tion in Fig. 1(p)).

B. Power dissipation

For low-pressure plasmas, it is reasonable to assume

that all power dissipated in the discharge is absorbed by elec-

trons.37 As for atmospheric plasmas, however, the ions can

also absorb much power directly from the electric field, espe-

cially for an electronegative discharge.38 From the stand-

point of plasma chemistry and applications relying on

ROS/RNS, a large amount of dissipated power density in

electrons is desirable for the production of reactive plasma

species. Therefore, it is very important to investigate the de-

pendence of power dissipation on oxygen concentration. As

shown in Fig. 2(a), the power dissipation on ions (Pi) is

almost invariant with oxygen concentration at about 20% of

the total dissipated power when [O2]< 0.3% and increases

sharply when [O2]> 0.3%. By contrast, the power dissipa-

tion on electrons (Pe) decreases rapidly when [O2]> 0.3%. It

is noted that the dependence of electronegativity on oxygen

concentration is almost similar to that of Pi. According to

our previous study,19 the ratio of Pi to Pe (g¼Pi/Pe) can be

roughly estimated by

g ¼ lið2aþ 1Þ
le

; (2)

where le and li are electron mobility and ion mobility,

respectively. According to formula (2), it is no wonder that

the partition of the dissipated power density between elec-

trons and ions is closely related to electronegativity. For

FIG. 2. Spatio-temporal averaged power densities coupled into electrons, ions, elastic collisions and several kinds of inelastic collisions as a function of oxygen

concentration. Pe represents the power density coupled into electrons, Pi represents the ions, Pei represents the elastic collisions, Pii represents the inelastic col-

lisions, PO represents the generation of O, PO* represents the generation of O*, PO2* represents the generation of O2*, and PAnion represents the generation of

anions.
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example, the a¼ 30 is obtained by numerical simulation

when [O2]¼ 2%, so it is estimated by formula (2) that g¼ 1.1

with le¼ 1100 cm2 V�1 s�1 and li¼ 20 cm2 V�1 s�1. The

estimation implies that Pi replaces Pe as the dominant role in

the total dissipated power when [O2]> 2%, which is consist-

ent with our numerical simulation (see Fig. 2(a)). When

[O2]¼ 10% at which the electronegativity is �123, only 18%

of input power is used for electron heating (Pe), indicating

that such high oxygen concentration has low possibility to be

efficient for the ROS production.

The power dissipation on electrons is consumed by elas-

tic collisions (Pel) and inelastic collisions (Pinel). Pel is used

to supply energy to the momentum transfer of electrons with

the molecules and atoms of the feedstock gas, for example,

eþ He ! e þ He and e þ O2 ! e þ O2. Generally

speaking, Pinel is desirable as it is used for reactive species

production. Fig. 2(b) shows how the electron-coupling elec-

trical power is partitioned onto elastic collisions, inelastic

collisions, and ROS generation as well as their dependences

on oxygen concentration. It can be found that more than

80% of input power is coupled by electrons when

[O2]� 0.3%, but it is mainly consumed by elastic collisions

which contribute little to the ROS production. The power

density dissipated in elastic collisions decreases with the ox-

ygen concentration, whereas the power dissipation on inelas-

tic collisions of electrons increases with the oxygen

concentration when [O2]<�1%, and then decreases due to

the decrease of Pe. The power dissipations on the production

of O, O*(O(1d) and O(1s)), O2*(O2(a1Dg) and O2(b1P
g
þ)),

and anions (O� and O2
�) have similar trends with Pinel,

FIG. 3. The densities (time and spatial averaged) and wall fluxes (time averaged) of electron and important ROS as a function of oxygen concentration. ED:

experiment data in this paper, ED in reference: the experiment data in corresponding references, others: numerical data.
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peaking at [O2]¼ 1%, 1%, 0.7%, and 0.9%, respectively. It

is noted that the power dissipations on the ROS production

are closely related to their densities, as will be discussed

later. Besides, the power dissipation on the production of

vibrational excited species is significant in He þ H2 plas-

mas,38 whereas it can be neglected in He þ O2 plasmas.

C. Wall fluxes of reactive species

It is desirable that reactive species can act on the treated

sample efficiently and this is determined by plasma wall

fluxes. However, wall fluxes of plasma species are difficult

to be quantified experimentally and instead the time- and

space-averaged densities are used as an indirect indicator. As

shown in Fig. 3, the densities and wall fluxes of electron, O,

O2*, and O3 share very similar dependence of the O2 concen-

tration, but this does not apply to O2
� and O*. As suggested

in our previous studies, only the species generated in the

boundary layers of several to several hundred micrometers

next to an electrode are effective for the supply of their wall

fluxes.18,19 The boundary layers for both O2
� and O* have

thickness of a few micrometers, in which the electron density

and the electron temperature are much different to those in

the plasma bulk (see Fig. 1), suggesting very different pro-

duction mechanisms. Take O2
� as an example, the genera-

tion is dominated by O3
�þO!O2

� þ O2 in plasma bulk,

whereas it is dominated by e þ O2 þ M!O2
�þM in the

sheath (especially in the boundary layer). This is because the

ozone has a much higher density in the bulk region. As a

result, the average density of O2
� increases and then

decreases similar to that for O, but the wall flux of O2
� keeps

increase due to the increase of [O2] being larger than the

drop of the electron density.

As shown in Fig. 3, the density and the wall flux of elec-

trons reach their peaks both at [O2]¼ 0.02%. The initial rise

is attributed to the enhancement of the Penning ionization of

oxygen, and the subsequent fall is due to the increase of the

electron attachment. The densities of O, O*, O2*, O2
� are

found to peak at [O2]¼ 0.7%, 0.4%, 0.9%, and 0.7%, respec-

tively, similar to their coupling powers as shown in Fig. 2(b).

This implies that the densities of species are governed by

their power dissipation, and that their production may be

optimized by tuning the electrical power density.

Experimental data of O3 in Fig. 3 are measured with UV

absorption spectroscopy, although it is lower than numerical

data by up to 5 times, the trend is similar (see Fig. 3(b)).

Moreover, experimental data of O and O3 densities from lit-

erature have a similar trend to the numerical results.8 In par-

ticular, the point at [O2]¼ 0.6% for the maximum O density

is the same for experimental and numerical data, even

though the discharge conditions are somewhat different.

D. ROS generation and destruction mechanisms

In order to further understand the impact of the oxygen

concentration on He þ O2 CAPs, the underlying chemistry

for the generation and reduction of main ROS is illustrated

in Fig. 4, for [O2]¼ 0.01%–10%. Because the chemistry is

very complex, we consider here only the main reactions. As

shown in Fig. 4, the ground state O is mainly generated by

electron dissociation of oxygen and the collision relaxation

of O* via He ([O2]< 0.5%), oxygen ([O2]> 0.1%) and

ozone ([O2]> 0.5%), and reduced by electron impact excita-

tion ([O2]< 0.3%) and three-body reactions like O þ O þ
He! O2 þ He and O þ O2 þ He! O3 þ He. As for O*, it

is mainly generated by electron impact excitation of O

([O2]< 0.5%) and O2, whereas it is reduced by collision

relaxation with He ([O2]< 0.5%), O2 ([O2]> 0.05%), or O3

([O2]> 0.5%). O2(a1Dg) is mainly generated by electron

impact with O2 and the relaxation of O2(b1P
g
þ) via O3,

whilst it is mainly destructed by quenching via He and the

step-wise excitation ([O2]< 0.5%). O2(b1P
g
þ) is mainly

generated by electron impact excitation of O2 and O2(a1Dg)

([O2]< 0.5%), and also by O(1D) þ O2! O þ O2(b1P
g
þ).

O3 is generated by O þ O2 þ He! O3 þ He. The reactions

between O2(b1P
g
þ) and O3 form the main pathway for the

destruction of both species. O2
� is primarily generated by

O3
� þ O ! O2

� þ O2 and electron attachment (e þ O2 þ
He! O2

� þ He and e þ O3!O2
� þ O), and destructed by

ion transfer. On the whole, there are strong chemistry links

among the ROS which are strongly and sensitively depend-

ent on the oxygen concentration.

IV. CONCLUSIONS

In summation, the additive of oxygen has been shown to

significantly impact on the dynamics and the behaviors of

ROS of He þ O2 CAPs when [O2]� 0.1%. Due to a dramatic

increase of electron attachment with the oxygen concentra-

tion from [O2]¼ 0.1% to 10%, the electron density decreases

by more than one order of magnitude. As a result, the elec-

tron heating drops and in turn the ion joule heating becomes

FIG. 4. The primary chemical processes for ROS and their contribution rates

for the generation & destruction of specific species with respect to oxygen

concentration from 0.01% to 10%. The percentage values near the start of

the arrows represent the contribution rates for destruction, and the percent-

age values near the end of the arrows mean that for generation. The data rep-

resentation like 48%–99% means the contribution rate increases from 48%

to 99% as the increase of oxygen concentration from 0.01% to 10%.
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dominant. The electron temperature decreases in the sheath

but increases in the plasma bulk, resulting in the discharge

transition from the c mode to the a mode. The power dissipa-

tion for the production of O, O*, O2*, O2
� first increases and

then decreases, and this is reflected in the trend of their aver-

age densities that peak in the narrow range of

[O2]¼ 0.4%–0.9%. Normally, the wall flux of a specific spe-

cies can be described by its average density, but this does not

apply to O* and O2
�, because their boundary layers are very

thin of �lm and their production mechanisms are much dif-

ferent in the narrow boundary layer to that in the plasma

bulk. For the whole plasma, the main generation and destruc-

tion processes for ROS are quantified in this paper with

respect to the oxygen concentration from 0.01% to 10%, and

all of the processes are found to be strongly dependent on

the oxygen concentration.
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