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Simulations are conducted on capacitively coupled Ar/O2 mixed gas discharges employing a one-dimensional fluid
coupled with an electron Monte Carlo (MC) model. The research explores the impact of different O2 ratio and pressures on
the discharge characteristics of Ar/O2 plasma. At a fixed Ar/O2 gas ratio, with the increasing pressure, higher ion densities,
as well as a slight increase in electron density in the bulk region can be observed. The discharge remains dominated
by the drift–ambipolar (DA) mode, and the flux of O(3P) at the electrode increases with the increasing pressure due to
higher background gas density, while the fluxes of O(1D) and Ar∗ decrease due to the pronounced loss rate. With the
increasing proportion of O2, a change in the dominant discharge mode from α mode to DA mode can be detected, and the
O2-associated charged particle densities are significantly increased. However, Ar+ density shows a trend of increasing and
then decreasing, while for neutral fluxes at the electrode, Ar∗ flux decreases, and O(3P) flux increases with the reduced Ar
gas proportion, while trends in O(1D) flux show slight differences. The evolution of the densities of the charged particle
and the neutral fluxes under different discharge parameters are discussed in detail using the ionization characteristics as
well as the transport properties. Hopefully, more comprehensive understanding of Ar/O2 discharge characteristics in this
work will provide a valuable reference for the industry.

Keywords: Ar/O2 mixed gas discharges, electron dynamics, transport of charged and neutral particles
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1. Introduction
Radio frequency capacitively coupled plasmas (RF

CCPs) play a vital role in large scale integrated circuit (LSIC)
processes, such as plasma etching and plasma-enhanced chem-
ical vapor deposition (PECVD).[1–3] When the plasma dis-
charge occurs, electrons, ions, and neutral radicals are gener-
ated, and these particles can be utilized to interact with the sur-
face materials for etching or surface material deposition.[3–7]

This is due to the production of radicals, such as oxygen
atoms, which oxidize polymers in high aspect ratio etching,
reduce polymer barriers to ions, and accelerate ion etching
of target materials. Meanwhile, the generated oxygen-related
ions can also accelerate the etching process.[8,9] In the depo-
sition process, these neutral radicals can serve as a source of
oxygen-related precursors for depositing dielectric materials,
such as SiO2.[10,11]

A significant amount of research has been carried out
in both industry and academics on the discharge of oxy-
gen and its gas mixtures.[12–20] In academics, many stud-
ies have focused on the heating mechanism,[18–20] the dis-
charge mode,[21,22] and the independent control of ion flux and
energy.[20] Based on the particle-in-cell Monte Carlo collision
(PIC/MCC) simulation, Wang et al.[22] found that there is a
stronger reversal electric field near the sheath collapse phase
in magnetized capacitively coupled radio frequency oxygen

discharges. This field is caused by the reduction of the elec-
tron flux to the electrodes due to their trapping by the mag-
netic field and may be expected to affect the applications of
such discharges in etching, deposition, and other semiconduc-
tor processing technologies. Moreover, in the oxygen dis-
charge driven by tailored waveforms, a transition of the dis-
charge mode from the drift-ambipolar (DA) mode to the α-
mode is induced as a function of the consecutive harmonic
number.[20] They also investigated neutral radical O2(a1∆g),
and their simulations are compared with the experimental re-
sults, which further determines the quenching probability of
O2(a1∆g) used in their study. Gudmundsson et al.[18] explored
the electronegativity, and the electron heating mechanism in a
single frequency capacitively coupled oxygen discharge using
a one-dimensional PIC/MCC code. They found that electron
heating within the plasma bulk (the electronegative core) dom-
inates at 10 mTorr (1 Torr = 1.33322×102 Pa), but at 50 mTorr,
sheath heating dominates. Based on the discharge parameter
used in their paper, the electronegativity in the O2 discharge
is weakened as the pressure increases. On the other hand, in
industry, the primary attention is typically given to the dis-
charge characteristics which may have a direct impact on the
performance of etching or deposition processes.[23–30] In the
etching processes, it was found that the change in the Ar/O2

ratio could effectively regulate the etching rate.[23,24] This is
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because a change in the gas ratio effectively adjusts the ratio
of reactive radicals and ions, which further changes the syn-
ergistic effect of the ions with the neutral radicals, and thus
changes the etching rate. In addition, in the study of plasma
treatment of silicon dioxide films,[25] O2 equally plays an es-
sential role. It was found that the concentration of O2 controls
the active species, reduces the impurity concentration, as well
as enhances the effective working depth of the plasma. More-
over, during the deposition processes, studies have focused on
O and metastable O atoms and have attempted to explore the
possible effects of different oxygen atoms on the process. Ki-
tajima et al.[26,27] found metastable O(1D) atoms are believed
to be one of the key factors of high quality SiO2 film forma-
tion at low substrate temperatures because it has the potential
to enhance the oxidation process. Therefore, they carried out
a series of studies on O(1D) in the Ar diluted O2 plasma. And
it is found that the O(1D) atomic density does not increase
linearly with the increase of O2 ratio, and shows a trend of
increasing and then decreasing, but the physical mechanisms
in this phenomenon are not well understood. Oxidation of sil-
icon with neutral atomic oxygen species generated in a rare
gas plasma has recently been shown to produce high-quality
thin oxides.[30] Therefore, it is necessary to carry out a series
of studies on O2 or its gas mixtures to understand the evolu-
tions of ions, neutrals, and other particles as the discharge pa-
rameters change, which to some extent can provide parameter
guidance for industry.

In this study, we investigate the electron dynamics and
transport parameters of charged and neutral particles, in a sin-
gle frequency capacitive discharge operated in Ar/O2 gas mix-
tures, by using a one-dimensional (1D) fluid/electron MC hy-
brid model which can self-consistently consider both kinetic
effects and more ions as well as neutrals in the reactive and
electronegative gas mixtures. The article structure is as fol-
lows: Section 2 provides a concise overview of the simulation
model. Section 3 delves into the results analysis, and conclud-
ing remarks are presented in the final section.

2. Model description
Discharges driven by single-frequency CCPs operated in

Ar/O2 gas mixtures at different pressures and different O2 ra-
tios are investigated using a 1D fluid model coupled with an
electron MC model. In the fluid model, the continuity equa-
tion is used for electrons and ions, as shown in below:

∂n j

∂ t
+∇ ·𝛤 j = S j, (1)

where n j is the density of species j, and S j = ∑a ka jnan j is the
source term in which ka j is the rate coefficient for collisions
between a and j. And, since the electron mass me is small and
its inertial term can be neglected, the electron drift-diffusion

approximation is adopted as

𝛤e =−
1

meνen
[ene𝐸+∇(neTe)] , (2)

where e, Te, and 𝐸 are the elementary charge, electron temper-
ature, and the electric field. The electron–neutral collision fre-
quency is expressed by νen = kel−ArnAr+kel−O2nO2 , where nAr

and nO2 are the Ar and O2 densities, and kel−Ar and kel−O2 ob-
tained from the electron MC model are the momentum transfer
coefficients between electrons and the background gas.

The ion temperature is kept at room temperature (about
400 K) for the cold fluid assumption, while their transport
could be described by the momentum balance equation, as fol-
lows:

∂ (n±m±𝑢±)
∂ t

+∇ · (n±m±𝑢±𝑢±)

= −∇p+Z±en±𝐸+M±, (3)

where 𝛤±, m±, Z±e, and p represent the ion flux, ion mass,
ion charge, as well as the pressure. The two items on the
left side are the acceleration term and advection flux term.
On the right side, we see the pressure gradient term, drift
flux term due to the electric field force, and the source term
due to the friction force (the specific equations are as follows:
M± =− n±m±

m±+mn
Γ±νi,n, where mn, νi,n represent the ion–neutral

momentum transfer frequency, the neutral mass).
The combination of the neutral continuity and diffusion

equation yields Eq. (4), which can be used to describe the neu-
tral density and transport, as

∂nn

∂ t
+∇ · (−Dn∇nn) = Sn, (4)

where Dn and Sn are the diffusion coefficient and source term.
Here, based on the Blanc law, the diffusion coefficient Dn of
neutral species n is determined by the corresponding coeffi-
cients in the background gas Ar and O2. The detailed expres-
sion of Dn can be found in Ref. [31], in which the binary colli-
sion diameters (σi) and potential energies (εi/kb) are given in
Table 1.

Table 1. Lennard–Jones parameters and viscosity coefficient of neutral par-
ticles.

Neutrals σi (Å) εi/kb (K) ηi

Ar∗ 3.542 93.3 0.8[32]

O(3P) 3.05 106.7 0.1[33,34]

O(1D) 3.05 106.7 0.1[35]

O2(a
1
∆g) 2.44 113.0 0.007[36]

For each time step, the charged particle density is trans-
ferred to Poisson’s equation to obtain the instantaneous elec-
tric potential and electric field distributions. After 5 RF cycles
running in the fluid model, the stored instantaneous electric
field information is transferred to the electron MC model. In
the electron MC model, the electron motion with electric field
will be tracked, and meanwhile the collision processes be-
tween the electron and the neutrals are included. And further,
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the electron energy distribution function (EEDF) f (ε,x, t) in
space and time evolutions is statistically counted. The electron
temperature Te(x, t) and the collision reaction rate coefficients
ke, j(x, t) can be calculated using EEDF.[37,38]

Ee (x, t) =
∫

∞

0
f (ε,x, t)ε dε, (5)

Te(x, t) =
2
3

(
Ee (x, t)−

1
2

meu(x, t)u(x, t)
)
, (6)

ke, j(x, t) =
∫

∞

0
f (ε,x, t)σe, j (ε)

(
2ε

me

)1/2

dε. (7)

Equation (6) clarifies that the kinetic energy contributed by the
directional velocity u(x, t) should be subtracted from the total
energy Ee (x, t) to calculate the electron temperature Te(x, t).
Equation (7) defines the reaction rate coefficient for the j-th
collisional reaction between electrons and the corresponding
neutral particles, where σe, j and (2ε/me)

1/2 represent the j-th
collision cross section and the electron velocity, respectively.

And then, these values are transferred to the fluid model.
This process is repeated until the calculation reaches 3× 104

RF cycles and each physical quantity converges to a definite
value. At this stage, the calculation is finished and the particle
density, electric field, and other relevant physical parameters
are stored and exported. In this paper, the role of the secondary
electron emission effect is not considered. These cases in this
work utilize a single frequency source V (t) = V0 cos(2π f t),
with a voltage V of 150 V and a frequency f of 13.56 MHz.
The distance L between the two electrodes is fixed at 3 cm.
The discharge pressures are 200, 300, and 500 mTorr and the
oxygen ratios in the Ar/O2 gas mixture range from 1% to
90%. More detailed information on the hybrid model, such
as boundary conditions, electron reflection probability, etc.,
can be referred to our previous works.[37–39] In this paper, un-
der the pressure of 200 mTorr–500 mTorr and the voltage of
150 V,[22,31] the role of the secondary electron emission effect
is not taken into account since its limit effect.

In this work, there are 56 collision reactions consid-
ered in the reaction set of Ar/O2 mixed gas, including elas-
tic collisions, ionization collisions, excitation collisions, dis-
sociative attachment collisions, as well as ion–ion collisions,
ion–neutral collisions, neutral–neutral collisions, etc. Ta-
bles 2 and 3 show the specific information on the collision
reactions, reaction thresholds, reaction rate coefficients, and
references.[40–45] Five charged particles and four neutrals, in-
cluding electron, Ar+, O+

2 , O+, O−, Ar∗, O(3P), O(1D),
O2(a1∆g), are taken into consideration. And the sticking co-
efficients for Ar∗, O(3P), O(1D), O2(a1∆g) are 0.8, 0.1, 0.1,
0.007,[32–36] respectively. Moreover, our calculation results
are validated with the results of experiment under the same
discharge conditions. The trends observed in the experimental
and simulated results as a function of the gas ratio are almost
consistent. This provides some indication of the reliability of
the hybrid model and its reaction set.

Table 2. Electron–impact reactions considered in the model. By means
of the cross-sections in the references, the corresponding rate coeffi-
cients are obtained on the basis of the MC method.

No. Reactions Threshold (eV) Reference

R1 e + Ar→ Ar + e 0 [40]
R2 e + Ar→ Ar++ 2e 15.6 [41]
R3 e+Ar→ Ar∗+ e 11.56 [41]
R4 e+Ar∗→ Ar++ 2e 4.14 [41]
R5 e+Ar∗→ Ar + e –11.56 [41]
R6 e + O2→ O2+ e 0 [42]
R7 e + O2→ O2 (r > 0) + e 0.02 [42]
R8 e + O2→ O2 (v = 1) + e 0.19 [42]
R9 e + O2→ O2 (v = 2) + e 0.38 [42]
R10 e + O2→ O2 (v = 3) + e 0.57 [42]
R11 e + O2→ O2 (v = 4) + e 0.75 [42]
R12 e + O2→ O+

2 + 2e 12.06 [42]
R13 e + O2→ O(3P) + O− 4.2 [42]
R14 e + O2→ O2 (a1∆g)+ e 0.977 [42]
R15 e + O2→ O2 (b1

∑
+
g ) + e 1.63 [42]

R16 e + O2→ O2 (A3
∑
+
u , A3∆u, c1

∑
−
u ) + e 4.5 [42]

R17 e + O2→ O(3P) + O(3P) + e 6.0 [42]
R18 e + O2→ O(3P) + O(1D) + e 8.4 [42]
R19 e + O2→ O(1D) + O(1D) + e 9.97 [42]
R20 e + O2→ O(3P) + O(3p3P) + e 14.7 [42]
R21 e + O2→ O++ O(3P) + 2e 18.7 [43]
R22 e + O(3P)→ O(1D) + e 1.96 [42]
R23 e + O(3P)→ O++ 2e 13.61 [42]
R24 e + O(1D)→ O++ 2e 11.6 [42]
R25 e + O(1D)→ O(3P) + e –1.96 [42]
R26 e + O2(a1∆g)→ O+

2 + 2e 11.08 [44]
R27 e + O2 (a1∆g)→ O2+ e –0.98 [44]
R28 e + O2(a1

g)→ O(3P) + O− [44]
R29 e + O2(a1∆g)→ O(3P) + O(3P) + e 5.14 [44]
R30 e + O2(a1∆g)→ O(3P) +O(1D) + e 7.42 [44]
R31 e + O2(a1∆g)→ O(1D) +O(1D) + e 8.99 [44]

Note: O2(r) denotes the rotationally excited state of O2. O2(v1),
O2(v2), O2(v3), O2(v4) denote the vibrationally excited states of O2

with different excitation energy. O2(a
1
∆g), O2(b

1
∑
+
g ), O2(A3

∑
+
u ,

A3∆u, c1
∑
−
u ) indicate the products of O2–electron excitation reactions.

O(1D) is the excited state of atomic oxygen.

Table 3. Electron–ion, ion–ion, ion–neutral, and neutral–neutral reactions and
their corresponding rate coefficients.

No. Reactions Reaction rate coefficient (cm3/s) Reference

R32 e + O+
2 →O(3P)+O(3P) 1.20 ×10−8T−0.7

e [45]
R33 e + O+

2 →O(3P) + O(1D) 8.88 ×10−9T−0.7
eZ [45]

R34 e + O+→O(1D) 5.30×10−13T−0.5
e [45]

R35 e + O→O(3P) + 2e 1.95×10−12T−0.5
e exp(−3.4/Te) [45]

R36 Ar++ O2→O+
2 + Ar 5.10×10−11 [45]

R37 Ar++ O(3P)→O++ Ar 6.40×10−12 [45]
R38 O++ O(3P)→O(3P) + O+ 1.0×10−9 [45]
R39 O+

2 + O2→O2+ O+
2 1.0×10−9 [44]

R40 O++ O2→O(3P)+ O+
2 1.0×10−11 [44]

R41 O + O(3P)→O2+ e 2.0×10−10 [44]
R42 O+

2 + O−→O(3P) + O2 2.0×10−7 [45]
R43 O+

2 + O−→O(3P) + O(3P) + O(3P) 1.0×10−7 [45]
R44 O + Ar+→O(3P) + Ar 3.0×10−7 [45]
R45 O−+ O2→O3+ e 5.0×10−15 [45]
R46 O−+ O2(a1∆g)→ O3+ e 3.0×10−10 [45]
R47 O2+ Ar∗→O(3P) + O(3P) + Ar 2.1×10−10 [45]
R48 O(3P) + Ar∗→O(1D) + Ar 4.1×10−11 [45]
R49 O(1D) + Ar→O(3P) + Ar 5.0×10−13 [45]
R50 O2(a1∆g)+ Ar→O2+ Ar 1.0×10−19 [45]
R51 O(1D) + O2→O(3P) + O2(a1∆g) 1.6×10−12 [45]
R52 O(1D) + O(3P)→O(3P) + O(3P) 8.0×10−12 [45]
R53 O(1D) + O2→O(3P) + O2 4.8×10−12 [45]
R54 O2(a1∆g) + O(3P)→O2+ O(3P) 2.0×10−16 [45]
R55 O2(a1∆g) + O2→O2+ O2 3.0×10−18 [45]
R56 O2(a1∆g) + O2(a1∆g)→O2+ O2 9.0×10−17 [45]
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3. Results and discussion
In this section, electron dynamics, and transport of

charged and neutral particles will be studied in a capacitive
RF plasma operated in Ar/O2 (99/1∼10/90) at 200, 300, and
500 mTorr. The cosine voltage waveforms are employed at
a frequency of 13.56 MHz and a voltage of 150 V. The elec-
trodes are parallel to each other with a gap of 3 cm.

3.1. Effects of pressures on the electron dynamics

In this part, the gas ratio of the Ar/O2 gas mixtures is
fixed at 50/50 to investigate the effect of pressures on the dis-
charge characteristics. Figure 1 illustrates the spatio-temporal
evolutions of electron density (den.) and O− density at 200,
300, and 500 mTorr. In electronegative discharges, negative
ion tends to accumulate in the bulk region, while the electron
density peaks appear at the sheath edges to maintain quasineu-
trality in the electropositive edge region of the discharge. The
density distributions of electron and O negative ion in Fig. 1
closely are similar to those of typical electronegative gases

with a 50/50 Ar/O2 gas ratio. As the pressure increases from
200 mTorr to 300 mTorr and 500 mTorr, both the electron den-
sity and O− density enhance. It is worth noting that the elec-
tron density at 500 mTorr is higher in the bulk region compared
to those in the cases of 200 mTorr and 300 mTorr. Meanwhile,
a slight change in the space–time averaged electronegativity
can be observed, which shifts from 8.53 to 8.16 and 7.55, ac-
cordingly. This is mainly because with the increasing pressure,
the density of background gas and the collision frequency in-
crease, resulting in a higher probability of ionization and an in-
crease in the electron density. The significant increase in elec-
tron density is the main reason for the decrease in electroneg-
ativity. It should be mentioned that the space–time averaged
electronegativity of the discharge is defined as the ratio of the
total number of negative ions (specifically O− in this study)
to electrons, calculated between the powered and grounded
electrodes over one RF period. Besides, the electronegative
behavior is similar to Gudmundsson et al.’s results.[18]
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Fig. 1. Spatiotemporal evolutions of (a1)–(a3) electron density (den.), and (b1)–(b3) O− density at 200, 300, and 500 mTorr. Discharge
conditions: Ar/O2 (50/50) mixed gases with an electrode gap of 3 cm, sustained by 13.56 MHz with 150 V voltage amplitude.

In Fig. 2, the spatial and temporal evolutions of the elec-
tric field, electron power absorption rate, and total ionization
rate at 200, 300, and 500 mTorr are depicted. The electron
power absorption rate is given by −e𝛤e𝐸, where e is the elec-
tron charge, 𝛤e is the electron flux, and 𝐸 is the electric field.
The total ionization rate encompasses the rates of reactions
R2, R4, R12, R23, R24, R26, and R35 in the reaction set. Fig-
ure 3 displays the RF period-averaged EEDF as a function of
pressure. From Fig. 2(a), there is a significant enhancement of
the electric field in the bulk region. Taking the electric field
at the phase of 0.75TRF, and the position of 1.5 cm as an ex-
ample, its value enhances from 12.8 V/cm to 14.6 V/cm and
17.4 V/cm as the pressure increases. Besides, from the elec-
tron power absorption rate (Fig. 2(b)), the discharge operates
at 200 mTorr, in which the sheath heating dominates. How-
ever, at pressures of 300 mTorr and 500 mTorr, the electron

heating within the plasma bulk and sheath heating become al-
most comparable. Moreover, the electron heating of the bulk
region is significantly enhanced at higher pressures. In gen-
eral, stronger electron heating may lead to an enhancement in
the ionization rate. But, with the increasing pressure, the dis-
charges always show a DA mode since the electronegative gas
O2 is fixed at a higher proportion 50%, and the electronegativ-
ity is maintained at about 8. Meanwhile, there is a decrease in
the ionization rate peaks, as shown in Fig. 2(c). From Fig. 3,
as the pressure increases, there is a significant decrease in the
number of high-energy electrons involved in ionization, which
may be one of the reasons for the decrease in the peak ioniza-
tion rate. Furthermore, another reason may be able to be dis-
covered from the electron heating path. In electronegative gas
discharges, electrons can be accelerated by the sheath expan-
sion field, drift field in the bulk region, and ambipolar field at
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the sheath collapse, obtaining sufficient energy. Consequently,
intense ionization occurs in the vicinity of the sheath collapse.
During this process, if the heating in the bulk region is strong
enough, some of the electrons can gain enough energy in the
bulk region to ionize. As depicted in Fig. 2(c), there is an
increase in ionization in the bulk region at 300 mTorr and
500 mTorr compared to the case 200 mTorr. The depletion

of high-energy electrons in the bulk region may also lead to a

weakening of the ionization peak at the sheath collapse, which

may be another reason. Although the peaks of the ionization

rate decrease with the increasing pressure, the spatial and tem-

poral distribution of the ionization rate expands significantly,

potentially leading to an increase in electron density.
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3.2. Effects of O2 ratio on the electron dynamics

Figure 4 depicts the spatiotemporal evolutions of electron
density and O− density at a fixed pressure (200 mTorr), with
O2 ratio at 1%, 5%, 20%, and 50%. From Figs. 4(a1)–4(a4),
there is a gradual transition in electron density from a pre-
dominantly concentrated in the bulk region to the sheath edge,
which indicates a change in discharge characteristics from an
electropositive-like mode to an electronegative mode, as the
ratio of O2 increases. Simultaneously, the density of O− ions
steadily rises and remains consistently distributed in the bulk
region. Based on the above results, an increase of the space–
time averaged electronegativity from 0.82 to 2.65, 5.47, and
8.53 can be obtained as the proportion of the electronegative
gas O2 rises from 1% to 5%, 20%, and 50%, respectively. Ad-
ditionally, based on the simulation results, the threshold for
the transition of discharge characteristics is determined to be
approximately 2% O2 ratio at a fixed pressure of 200 mTorr.
At this gas ratio, the density of negative ions begins to ex-
ceed that of electrons, and the electron density near the sheath
becomes higher than that in the bulk region. Moreover, if the
pressure increases, the electronegativity will be declined. Con-
sequently, the ratio of O2 needs to be increased to find this
threshold.
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In Fig. 5, spatiotemporal evolutions of the electric field,
electron power absorption rate, and total ionization rate are
presented as a function of O2 gas ratio. The total ionization
rate is similar to that demonstrated in Fig. 2(c), including the
rates of reactions R2, R4, R12, R23, R24, R26, and R35.
Figure 6 shows the RF period-averaged EEDF under differ-
ent Ar/O2 gas ratios of 99/1, 95/5, 80/20, and 50/50. From
Fig. 5(a), the drift field and ambipolar field in the bulk region
are observable gradually due to an enhancement in electroneg-
ativity and lower conductivity as the proportion of electroneg-
ative gas O2 increases. The strength of the electric field will
significantly affect the electron heating process. Figure 5(b)
demonstrates that, at lower ratios of electronegative gas O2

(1%–5%), electron heating in the sheath edge is dominant.
However, at the Ar/O2 gas ratio of 80/20, and 50/50, elec-

tron heating in the bulk region becomes significant enough to
be comparable to that at the sheath edge. This will lead to
an increase in the proportion of energetic electrons, as shown
in Fig. 6. Further, the electron heating characteristics will af-
fect the discharge mode as well as the ionization process. In
Fig. 5(c1), at lower O2 ratio, as the electron power absorp-
tion mode is mainly characterized by sheath heating, the α

discharge mode is presented. When the oxygen proportion in-
creases to 5%, the peaks of the ionization near the sheath col-
lapse, and the sheath expansion phase becomes nearly equal.
However, there is a slight decrease in the peak value of the ion-
ization rate. This may be because, during the increase in the
proportion of Ar from 99% to 95%, ionization occurs at both
the sheath expansion and sheath collapse phase. Although the
peaks of the ionization rate are smaller at an Ar/O2 gas ratio
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of 95/5, the space–time averaged ionization rate for an oxygen
ratio of 5% is much larger than for that of 1%. As the propor-
tion of O2 increased to 20%, the discharge is operated in an
electronegative mode. Despite the presence of weak ioniza-
tion during the sheath expansion phase, the ionization is dom-
inated by the DA mode, which is predominantly located near
the sheath collapse and within the bulk region. At an Ar/O2

gas ratio of 50/50, the ionization at the sheath expansion phase
could not be observable, and only stronger ionization can be
found in the bulk region and the vicinity of the sheath collapse
phase. Besides, when the electronegative O2 ratio increases
further, the discharge mode remains essentially the same as
shown in Fig. 5(c4), so the results are not shown here.
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3.3. Charged particle densities and neutral fluxes at differ-
ent pressures and O2 ratio

To investigate the effects of changes in pressure and elec-
tronegative O2 proportions on macroscopic physical parame-

ters, such as the density of charged particles, figure 7 shows the

space–time averaged electron density, total positive ions den-

sity (the sum of Ar+ density, O+ density, and O+
2 density), O−

density, Ar+ density, and electronegativity at different pres-

sures and Ar/O2 gas ratios. From Fig. 7, with the increasing

pressure, densities of charged particles increase, while elec-

tronegativity (as discussed in Subsection 3.1) experiences a

slight decrease at the same O2 ratio. Simultaneously, the den-

sity of the background gas increases, which mean a reduction

of the mean free path of electrons and an increase in collisions

between electrons and neutrals, further leading to a substan-

tial enhancement in both electron and ion densities. More-

over, as the proportion of electronegative O2 gas increases, the

trend of the results presented for the different pressure scenar-

ios is almost the same. It shows that the electron density de-

creases, the O− density and the total positive ion density first

rise sharply and then in a slow increasing channel, and mean-

while the electronegativity enhances. Also, with the increase

in electronegativity, the electric field in the bulk region is en-

hanced, the proportion of high-energy electrons increases, and

the spatial and temporal distribution region of the ionization

rate is enhanced, all of which leads to an increase in total pos-

itive ions density. Additionally, as the ratio of Ar decreases,

the Ar+ ion density shows an increasing and then decreasing

trend, and reaches a maximum value at the O2 ratio of 5% and

a minimum value at the O2 ratio of 90%. The trend in Ar+

density is not as we expected. From Fig. 5(c), it can be seen

that the peak of the ionization rate is slightly weakened, but the

effective acting time and space of ionization has significantly

increased accompanied by a shift in discharge mode from α to

α-DA mode as the proportion of Ar is reduced from 99% to

95%. This may be the key factor contributing to the increase

in Ar+ density. Further, from Figs. 6(c) and 7, although the

proportion of energetic electrons increases as the O2 ratio in-

creases from 5% to 50%, the Ar+ density will decrease due to

the continuous reduction of the Ar source and little variation

in the effective acting time and space of ionization.
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In addition to the densities of charged particles, the fluxes
of neutral particles near the powered electrode are concerned
as well. Figure 8 presents the RF period-averaged fluxes of
O(1D), O(3P), and Ar∗ near the powered electrode at vari-
ous pressures and gas ratios. As the pressure increases from
200 mTorr to 300 mTorr, and 500 mTorr, the flux of O(3P) in-
creases, while the fluxes of O(1D) and Ar∗ show a tendency of
reduction. Changes in particle fluxes are generally associated
with variations in the generation term or the loss term. Based
on our computational results, R3 is the most dominant reac-
tion for the generation of the Ar∗, the production of O(1D) is
mainly related to the R18 reaction due to its larger reaction
cross section, and the generation of O(3P) is dominated by re-
actions R18, R47. Besides, from Table 1, it can be observed

that the thresholds of the above reactions (R3, R18) are ba-
sically maintained around 10 eV. From Fig. 3, the proportion
of the electron in this energy range does not change signifi-
cantly as the pressure increases. And further, with increasing
pressure, their source term and neutral fluxes are supposed to
increase because of the addition of more background gas. Ex-
cept for O(3P) fluxes, the results of O(1D) and Ar∗ in Fig. 9
are different from our expectations. This is mainly due to the
fact that the increase in the densities of background gas (O2

or Ar) with increasing pressure leads to an enhancement in the
loss reaction source terms for O(1D) (such as R49, R53) and
Ar∗ (R47), which further results in a decline in the O(1D) and
Ar∗ densities.
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Fig. 9. Spatiotemporal evolutions of (a1)–(a4) O(3P) generation rate (the sum of the reaction rates of R13, R17, R18, R20, R21, R25, R28, R29, R30,
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and R48) as a function of Ar/O2 gas ratio (99/1, 95/5, 80/20, 50/50). Discharge conditions: Ar/O2 mixed gases at 200 mTorr with an electrode gap of
3 cm, sustained by 13.56 MHz with 150-V voltage amplitude.

In addition, with an increase in the proportion of O2

gas, there is a corresponding increase in the O(3P) flux and
a decrease in the flux of Ar∗. This shift in gas composi-
tion leads to a higher flux of O2-related particles and a lower
flux of Ar-related particles. However, the O(1D) fluxes ex-
hibit a trend of increasing and then decreasing, as shown
in Fig. 8(a). To further investigate this phenomenon, tak-

ing the cases of 200 mTorr as an example, figures 9 and 10
show the space and time evolutions of O(3P) and O(1D) gen-
eration rate and loss rate at Ar/O2 gas ratios of 99/1, 95/5,
80/20, and 50/50. From Fig. 9, it is evident that the peak
values of the O(3P) generation rate significantly rise as the
O2 ratio increases from 1% to 5%, 20%, and 50%. The
variation in the loss term of O(3P) is not pronounced com-
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pared to the generation rate, leading to an increase in the
flux of O(3P) with higher proportions of O2. From Fig. 10,
the peak of the O(1D) generation rate shows a substantial
increase from 1.7×1014 cm−3·s−1 to 8.1×1014 cm−3·s−1,
31.3×1014 cm−3·s−1, and 77.0×1014 cm−3·s−1 as the O2 ra-
tio increases from 1% to 5%, 20%, and 50%. Meanwhile, the
loss term of O(1D) also changes significantly compared to that
of O(3P), with its peak increasing from 9.6×1013 cm−3·s−1

to 5.2×1014 cm−3·s−1, 18.2×1014 cm−3·s−1, and even
33.7×1014 cm−3·s−1. It can be observed that the magnitude

of the generation rate is always greater than that of the loss
term, and this may explain the increase in O(1D) flux as the
O2 ratio increases from 1% to 20%. Nevertheless, at the O2

ratio of 50%, the effective acting time and space of the O(1D)
generation rate (Fig. 10(a4)) is significantly reduced compared
to the case at a lower O2 ratio. Therefore, although the peaks
of the O(1D) generation rate are large, a larger loss rate and a
smaller effective acting time and space of the generation term
may contribute to a lower O(1D) flux compared to cases with
a high ratio of Ar.
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Fig. 10. Spatiotemporal evolutions of (a1)–(a4) O(1D) generation rate (including the reaction rates of R18, R19, R22, R30, R31, R33, R34, and
R48), and (b1)–(b4) O(1D) loss rate (incorporating the reaction rates of R24, R25, R49, R51, R52, and R53) as a function of Ar/O2 gas ratio
(99/1, 95/5, 80/20, 50/50). Discharge conditions: Ar/O2 mixed gases at 200 mTorr with an electrode gap of 3 cm, sustained by 13.56 MHz with
150-V voltage amplitude.

4. Conclusions

The discharges of CCPs operated in Ar/O2 gas mixtures at
200 mTorr–500 mTorr are investigated using a 1D fluid model
coupled with an electron MC model. This investigation fo-
cuses on exploring discharge properties, electron dynamics,
and the effects of varying physical parameters, including ion
densities and neutral fluxes, at different pressures and Ar/O2

gas ratios.
As the pressure increases, the ion density increases and

there is a slight increase in the electron density in the bulk re-
gion for a fixed Ar/O2 gas ratio of 50/50, leading to a slight
decrease in the electronegativity, while the discharge mode is
always dominated by the DA mode. It is because the discharge
exhibits comparatively high electronegativity at an O2 ratio of
50% under different pressures. Therefore, the drift and am-
bipolar electric fields are significantly enhanced due to the low
electron density and low conductivity in the bulk region, and
thus the ionization is dominated by a peak at the sheath col-
lapse edge. Moreover, the O(3P) flux enhances as the pressure
increases, which can be easily explained by the increase in
density of the background gas. However, the fluxes of O(1D)

and Ar∗ decrease due to the larger loss source terms associated
with background gases with the increasing pressure.

With the increase in the proportion of O2 from 1% to
50%, there is a shift from electropositive to electronegative
discharge due to the decrease in electron density and the en-
hancement of the electronegativity. More specifically, at lower
electronegative O2 ratios, a majority of electrons concentrate
in the bulk region, where the electric field is weaker, sheath
heating is pronounced, and α mode is dominant. On the con-
trary, electrons tend to be concentrated at the sheath edge with
lower conductivity in the bulk, resulting in a significantly en-
hanced electric field in the bulk region. Simultaneously, elec-
tron heating in the bulk region is enhanced and even compa-
rable to sheath heating. Further, the dominant discharge mode
would change from α mode to DA mode. Moreover, O2-
related charged particle densities and O(3P) flux all increase
with the increasing O2 ratio. During the decrease in Ar ratio
from 99% to 95%, there is an increase in Ar+ density due to
the enhancement in high-energy electrons involved in ioniza-
tion. As the Ar ratio continues to decrease, the Ar+ density
will gradually decrease. Ar∗ flux declines with an increasing
proportion of O2 gas. However, the trends in O(1D) flux show
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a slight difference. Taking the result at 200 mTorr as an ex-
ample, at O2 ratio below 20%, the rate of O(1D) production
increases due to the addition of O2 ratio, which further leads
to an increase in O(1D) flux. When the ratio of O2 exceeds
20%, there is a significant decrease in the effective acting time
and space of the O(1D) production rate, accompanied by a no-
table increase in the O(1D) loss rate, both contributing to the
reduction in the O(1D) flux.

In this study, we explored capacitively coupled Ar/O2

mixed gas discharges powered by a single frequency source.
The ion densities and neutral fluxes observed in these dis-
charges can be correlated, to some extent, with electron dy-
namics and discharge characteristics. In our future work, we
plan to investigate a wider range of discharge conditions to
establish a comprehensive relationship between discharge pa-
rameters, electron dynamics, and transport of the charged as
well as neutral particles. Additionally, we aim to combine the
etching or deposition profile evolution models to predict the
results of the etching or deposition, with the objective of of-
fering valuable guidance to the industry.

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant Nos. 12020101005, 11975067, and
12347131) and the Fundamental Research Funds for the Cen-
tral Universities (Grant No. DUT24BS069).

References
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