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Abstract. A self-consistent kinetic model was developed in order to study the production of active species

in Ar-O2 surface-wave microwave plasmas with a relatively small N2 addition. It is shown that the Ar-O2-

N2 mixture produces efficiently the same active species as an Ar-O2 discharge, including oxygen atoms,

metastable O2(a 1∆g) molecules and the VUV emitting Ar(4s) states. Furthermore, active N-containing

species are additionally produced, in particular N atoms and NO ground-state and excited molecules, which

makes the ternary mixture very interesting for numerous plasma applications.

1 Introduction

Low-pressure Ar-O2 surface-wave microwave discharges

and their afterglows are very efficient sources of active

species, such as O(3P) atoms, O2(a 1∆g) and O2(b 1Σ+
g )

metastables, ozone, metastable Ar(3P2, 3P0) and resonant

Ar(3P1, 1P1) argon atoms, as well as a variety of ions.

They are thus interesting for several applications, for in-

stance plasma sterilization [1–5], synthesis of nanowires

[6,7], wool treatment [8], different surface treatment pro-

cesses [9–15], damaging of cancer cells [16,17] or the iodine-

oxygen laser excitation [18–21]. We have recently con-

ducted a thorough theoretical investigation on the forma-

tion of active species in these discharges [22,23], discussing

in detail their main creation and destruction mechanisms

and the conditions where they can be efficiently produced.

However, nitrogen impurities are often present in Ar, O2

or Ar-O2 discharges, as confirmed by the frequent experi-

mental detection of the emission of N-containing species.

The purpose of this work is to address this issue, by ex-

tending our previous models to the case of Ar-O2-N2 mix-

tures and by studying the influence of a small addition of
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nitrogen into an Ar-O2 discharge. Our analysis is twofold.

On the one hand, we want to verify up to what point a

small addition of nitrogen may affect the existing Ar-O2

active species which are important for the various appli-

cations. On the other hand, we want to determine if the

presence of nitrogen may lead to the significant produc-

tion of other active species, namely N(4S) atoms, N2(A)

metastables and NO excited molecules, which may have a

role in processing.

The system under analysis consists of a surface-wave

discharge created by a microwave field at f = 2.45 GHz

in a 5 mm inner diameter cylindrical quartz tube at p = 4

mbar. The working gas mixture is 10%O2–90%Ar, into

which nitrogen is added. Therefore, the initial Ar to O2

ratio is always kept at 9:1, and the notation %N2 refers

to the initial nitrogen concentration in the mixture. These

operating conditions correspond to the ones used in [24,11]

in surface contamination cleaning and sterilization experi-

ments. The delivered microwave power in the experiments

from [11] was 100 W.

The remaining of the paper is organized as follows.

Section 2 shortly describes the kinetic model developed in

this study. The results and their discussion are presented

in section 3. Finally, the results are briefly summarized in

section 4.

2 Theoretical model

The structure of the model was described in detail in pre-

vious publications. Basically, the homogeneous electron

Boltzmann equation is solved in the two-term expansion

in spherical harmonics, coupled with a set of rate balance

equations describing the creation and loss of the most im-

portant neutral and ionic species, including the molecu-

lar excited states O2(a 1∆g, b 1Σ+
g ), N2(A 3Σ+

u , B 3Πg,

C 3Πu, a′ 1Σ−u , a 1Πg, w 1∆u) and NO(A, B), ground-

state Ar(1S0), O(3P ) and N(4S) atoms, excited Ar(3P2,

3P1, 3P0, 1P1), O(1D) and N(2D, 2P ) atoms, NO(X) and

O3 molecules, the manifold of vibrational N2(X 1Σ+
g , v)

levels, and Ar+, Ar +
2 , O+, O +

2 , N +
2 , N +

4 , NO+ and O−

ions. The full set of reactions considered in the Ar-O2 sys-

tem is detailed in [22,23]. Information related to the N2-Ar

reactions can be found in [25–27], to the N2-O2 kinetics in

[28–30], and to the vibration kinetics and the calculation

of the vibration levels in [31,32]. The system of equations

is solved in stationary discharge conditions, considering

an electron density corresponding to the critical density

for surface-wave propagation, ne = 3.74× 1011 cm−3 [22],

describing approximately the conditions at the end of the

plasma column. All the calculations in the discharge were

performed assuming a gas temperature Tg = 500 K [33,

23], but the sensitivity of the model to the value used for

the gas temperature is briefly evaluated in the end of the

next section. The concentrations obtained from the sta-

tionary model can then be used as initial values for the

time relaxation in the afterglow, where the same system

of rate balance equations is solved for the heavy-particles

together with the continuity equation for the electron den-

sity, neglecting all electron impact excitation, dissociation

and ionization processes. Notice, however, that electron-

ion recombination is included in the system of rate balance



Vasco Guerra et al.: Influence of nitrogen impurities on the formation of active species in Ar-O2 plasmas 3

equations in the post-discharge [23]. The gas temperature

in the afterglow was assumed to be Tg = 300 K. The

time-dependent calculated profiles can be converted into

spacial-dependent profiles by knowing the gas flow.

A relevant phenomenon can be the modification of the

oxygen atomic wall recombination probability, γO, with

the presence of small amounts of nitrogen. Indeed, a pro-

nounced decrease of this recombination probability was

found and discussed in [34–36]. A review on literature data

and further discussion of this topic can be found in [37].

A correct treatment of this question involves the coupling

of the present model to a system of equations describing

the surface kinetics, such as the ones presented in [36,38].

However, the uncertainties surrounding the data of the

elementary surface processes recommend the use of sur-

face models only if accompanied by a comparison with a

consistent set of measurements for the particular condi-

tions under study. As such measurements are currently

unavailable, the present results were obtained considering

a constant value for γO, equal to 8 × 10−3 [39]. A more

detailed analysis of the modifications in γO as a result of

the presence of impurities, as well as the impact in the

overall composition of the plasma, will be performed in

future.

3 Results and discussion

Our models have been validated in previous publications

by a systematic comparison with very complete sets of

measurements in various operating conditions, both in

pure gases and in Ar-N2 and N2-O2 mixtures. The com-
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Fig. 1. O(3P ) concentration as a function of pressure: the full

curves are the model results, the experimental points with error

bars are the measurements reported in [11] for the afterglow.

The delivered microwave power was 100 W.

plete list of references would be too long to include here, so

references [40–43] should merely be seen as supplementary

examples. However, despite the importance of Ar-O2-N2

surface-wave discharges and their afterglows for many ap-

plications, the experimental characterization of the active

species for the conditions of this study is relatively poor.

A comparison of our calculations with most of the few

available data for the Ar-O2 mixture is presented in [22,

23]. An additional comparison between the model predic-

tions and the experimental measurements is now shown in

figure 1. The experimental points with error bars are taken

from [11] and correspond to a position of 45 cm from the

plasma gap. We estimate this corresponds to an afterglow

time of about 2 ms. Nevertheless, it must be noted that

there are large uncertainties on the time-space conversion,

mostly related to the determination of the plasma column
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end and the gas temperature, both values being modified

with pressure and affecting the afterglow time correspond-

ing to a certain position. Still, the agreement between the

calculations and the measurements is remarkably good. As

pointed out in [22], in discharges containing 90% argon,

O(3P ) atoms are formed both by electron impact dissocia-

tion of O2(X, a, b) molecules and dissociation in collisions

with the Ar(4s) states,

Ar(4s) +O2(X)→ Ar(1S0) +O(3P ) +O(3P,1D) , (1)

the two channels giving comparable contributions to the

formation of atomic oxygen, whereas they are essentially

destroyed by recombination at the wall. Anyhow, the be-

havior of the dissociation with pressure is in general rather

complex and, together with a more accurate afterglow

space-time conversion, will be investigated in detail in a

future publication.

The influence of nitrogen addition into a 90%Ar-10%O2

discharge can be evaluated in figures 2-7. Figure 2 shows

the concentration of the Ar(4s) states as a function of

the nitrogen concentration in the mixture. As it can be

seen, the absolute concentration of excited argon atoms

remains practically constant. Notice that the addition of

nitrogen does not modify the kinetics of the Ar(4s) states,

whereas the sustaining reduced field slightly increases with

the nitrogen concentration in the mixture as a result of

the higher electron-impact cross sections in nitrogen. As a

matter of fact, these higher cross sections lead to a more

effective depopulation of the high-energy tail of the Elec-

tron Energy Distribution Function (EEDF), so that the
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Fig. 2. Concentration of the Ar(4s) states at the end of the

plasma column as a function of the nitrogen content in the

mixture, for p = 4 mbar and an initial Ar to O2 ratio of 9:1.

reduced maintenance electric field has to increase in order

to keep the same ionization degree [28,22].

The effect of the nitrogen content on the oxygen species

can be verified in figure 3. As in the previous case, the

introduction of up to 10% of nitrogen in the mixture has a

negligible effect in the concentration of the active species.

Most of the new reactions taking place contribute less than

one percent to the formation or destruction of the oxygen

species. Still, at 10% N2 in the mixture, dissociation of O2

by N2(B) molecules,

O2 +N2(B)→ O +O +N2(X) , (2)

gives ∼ 3% to the formation of atomic oxygen.

Figure 4 depicts the concentration of the nitrogen con-

taining species, allowing to evaluate up to which point

they can be used in plasma processing. Nitrogen atoms are

particularly important, their population increasing more
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Fig. 3. Concentration of the oxygen species at the end of the

plasma column as a function of the nitrogen content in the

mixture, for p = 4 mbar and an initial Ar to O2 ratio of 9:1.
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Fig. 4. Concentration of N-containing species at the end of

the plasma column as a function of the nitrogen content in the

mixture, for p = 4 mbar and an initial Ar to O2 ratio of 9:1.

than one order of magnitude when the nitrogen fraction

raises from 1 to 10%. The contribution of different pro-

cesses to the formation of atomic nitrogen is represented in

figure 5. At low N2 percentages, nitrogen atoms are mainly

formed by electron impact dissociation, charge transfer

from N +
2 to NO+,

N +
2 +O(3P )→ NO+ +N(4S) , (3)

and total quenching (volume quenching by heavy-particles

and electrons and surface quenching) of the metastable

atomic state N(2D). At this low concentrations of N2,

electron-ion recombination

e+NO+ → N +O , (4)

with a rate of the order of 2× 10−8 cm3/s for an electron

temperature ∼ 1 eV, gives also a non-negligible contri-

bution close to 10%; however, its importance quickly de-

creases with N2 addition. At 10% N2 in the mixture, the

dominant N(4S) creation mechanism becomes the reaction

of NO production

N2(X, v ≥ 13) +O(3P )→ N(4S) +NO(X) . (5)

The strong increase of the importance of this process is the

most striking feature revealed by figure 5. Other important

contributions come from electron impact dissociation and

the aforementioned charge transfer process.

Another relevant species is NO. Its formation channels

are also modified when the N2 content increases, as it can

be seen in figure 6. Thus, for low N2 concentrations it is

essentially created by NO+ neutralization at the wall and
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Fig. 5. Contribution of different mechanisms to the formation

of N atoms, for p = 4 mbar and an initial Ar to O2 ratio

of 9:1: (�) electron impact dissociation; (•) N2(X, v ≥ 13) +

O(3P ) → N(4S) + NO(X); (N) N2(a′) + NO → N + O; (H)

N +
2 + O(3P ) → NO+ + N(4S); (�) e + NO+ → N + O; (?)

wall and volume quenching of N(2D) atoms.

by the formation reaction involving N2(A) molecules

N2(A) +O(3P )→ NO(X) +N(2D) . (6)

In contrast, at higher N2 fractions it is dominantly formed

by the reaction involving vibrationally excited nitrogen

molecules (5), the other two mechanisms just referred to

giving as well non-negligible contributions. Further discus-

sion on the competition between processes (5) and (6) can

be found in [44,45]. The raise in importance of reaction (5)

with the nitrogen content previously noted in figure (5) is

clearly visible. It is a consequence of the strong enhance-

ment of the fraction of vibrationally excited ground-state

N2(X, v) nitrogen molecules in levels v ≥ 13, which in-

creases almost two orders of magnitude, from 4.7 × 10−4

to 3.5×10−2, when the nitrogen percentage in the mixture

goes from 1 to 10%.

Fig. 6. Contribution of different mechanisms to the formation

of NO molecules, for p = 4 mbar and an initial Ar to O2 ratio

of 9:1: (�) N2(X, v ≥ 13) + O(3P ) → N(4S) + NO(X); (•)

N(2D)+O2 → NO+N(4S); (N) N2(A)+O(3P )→ NO(X)+

N(2D); (?) wall neutralization of NO+ ions.

It is also worth noting that UV emitting NO(A) mole-

cules reach densities of the order of 109 cm−3. Such pop-

ulation already provides a reasonable emission intensity,

of special interest in biomedical applications and surface

treatments. The kinetics of NO(A) is relatively simple, as

this state is produced by the collisional energy transfer

N2(A) +NO(X)→ N2(X, v = 0) +NO(A) , (7)

being destroyed by radiative decay and, in a smaller ex-

tent, by quenching with O2 molecules.

Figure 7 exhibits the ionic composition of the mix-

ture. As it could be concluded from the discussion of the

previous results, NO+ quickly becomes the dominant ion,

therefore playing a relevant role in the kinetics of several

species. This is fundamentally a consequence of the very

efficient charge transfer from O +
2 and N +

2 ions into NO+

[46].
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Fig. 7. Ionic populations at the end of the plasma column as

a function of the nitrogen content in the mixture, for p = 4

mbar and an initial Ar to O2 ratio of 9:1.

As the calculations have been made at constant gas

temperature, Tg = 500 K, it is important to estimate

the influence of the gas temperature on the calculations.

To this purpose, we have made the calculations using

Tg = 700 K, for the cases of 1% and 5% N2 in the mix-

ture. The profiles of the different species are not modified,

and the changes in the concentrations are rather small.

For instance, for 1% N2 in the mixture the relative con-

centration of atomic nitrogen (oxygen) is changed from

2.6 × 10−5 (6.0 × 10−2) to 3.1 × 10−5 (5.5 × 10−2) when

the gas temperature increases from 500 K to 700 K, re-

spectively, while it goes from 1.4 × 10−4 (6.3 × 10−2) to

1.7× 10−4 (5.9× 10−2) in the 5% N2 mixture.

4 Conclusion

In this work we have extended our previous models [22,23]

to study the influence of nitrogen addition in Ar-O2 dis-

charges. The conditions of this investigation were the same

as in the experiments from [24,11], namely a microwave

surface-wave discharge at p = 4 mbar, with field frequency

f = 2.45 GHz and nitrogen introduction into a 90%Ar-

10%O2 mixture. It was shown that the concentration of

argon and oxygen active species is not significantly modi-

fied by the introduction of up to 10% N2 in the mixture.

Moreover, other species with potential interest in tech-

nological applications, such as NO(X, A, B) molecules,

N(4S) atoms and NO+ ions, are additionally produced.

Therefore, the ternary mixture Ar-O2-N2 can indeed be

advantageously used in several plasma processes, as sug-

gested in [47–49] and pointed out in [22,23].

Future work shall concentrate in finding the optimal

conditions for the production of specific species required

for a particular application and in investigating their time-

evolution and survival time in the afterglow. The role of

surface processes in the formation of molecules is also a

pressing topic to be addressed [36,50].
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