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Radio frequency capacitively coupled plasmas (RF CCPs) play a pivotal role in various applications in etching and
deposition processes on a microscopic scale in semiconductor manufacturing. In the discharge process, the plasma series
resonance (PSR) effect is easily observed in electrically asymmetric and geometrically asymmetric discharges, which could
largely influence the power absorption, ionization rate, etc. In this work, the PSR effect arising from geometrically and
electrically asymmetric discharge in argon—oxygen mixture gas is mainly investigated by using a plasma equivalent circuit
model coupled with a global model. At relatively low pressures, as Ar content (&) increases, the inductance of the bulk
is weakened, which leads to a more obvious PSR phenomenon and a higher resonance frequency (@psr). When the Ar
content is fixed, varying the pressure and gap distance could also have different effects on the PSR effect. With the increase
of the pressure, the PSR frequency shifts towards the higher order, but in the case of much higher pressure, the PSR
oscillation would be strongly damped by frequent electron—neutral collisions. With the increase of the gap distance, the PSR
frequency becomes lower. In addition, electrically asymmetric waveforms applied to a geometrically asymmetric chamber
may weaken or enhance the asymmetry of the discharge and regulate the PSR effect. In this work, the Ar/O, electronegative
mixture gas is introduced in a capacitive discharge to study the PSR effect under geometric asymmetry effect and electrical
asymmetry effect, which can provide necessary guidance in laboratory research and current applications.

Keywords: capacitively coupled Ar/O, plasma, PSR effect, plasma equivalent circuit model, global model
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1. Introduction

Radio frequency capacitively coupled plasmas (RF
CCPs) have been widely used in plasma etching and

deposition!!!

in microelectronics industry in the last decades,
because of their simple geometry and large-area processing
structure with chemically active species, radicals, and ener-
getical ions. The capacitively coupled plasmas (CCPs) are of-
ten geometrically asymmetric, and have unequal surface areas
of the driving electrodes and grounded electrodes, especially
when considering that the grounded surface usually includes
the chamber wall. The geometric asymmetry effect (GAE) can
significantly affect the power absorption dynamics and the dis-
tributions of charged particles, and thus influencing the quality
and efficiency of etching or deposition. Moreover, for the elec-
trical asymmetry effect (EAE), it was first proposed by driving
a fundamental frequency and its second harmonic in a geo-
metrically symmetric chamber,®! and then was extended by
applying peaks/valleys, sawtooth-up/-down, or Gaussian-type
driving voltage waveforms even in geometrically asymmetric
CCPs,[®7] to have higher possibility of controlling not only
ion properties but also electron power absorption and plasma
density. At low-pressure CCPs, the RF sheath exhibits a sim-
ilar charge—voltage characteristic of strong nonlinearity to an
capacitance, while the bulk plasma has inductive and resistive
properties, when taking into account the electron inertia and

fCorresponding author. E-mail: songyh@dlut.edu.cn
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the power dissipation caused by collisions of electrons with
neutrals and momentum transfer from the oscillating sheath
edge, respectively.[®! The resonance between the two capac-
itive sheaths and the inductive bulk plasma comes into play
owing to the GAE or EAE, and excites high harmonics of the
discharge current,”!1% which will affect the electron power
absorption during rapid sheath expansion and generate mul-
tiple high-energy electron beams. In addition, the harmonics
generated by the nonlinear PSR can significantly affect the lo-
cal characteristics (electron or ion energy distribution) and the
plasma uniformity. ']

In recent years, particle-in-cell (PIC) simulations and
electrical circuit models have been widely used to study the
PSR effect.
lations that high-frequency PSR oscillation can be excited

Donké et al.!"?! demonstrated by PIC simu-

in a geometrically symmetric discharge if the driving volt-
age waveform makes the discharge electrically asymmetric.
Mussenbrock et al.!'3 and Lieberman ef al.!'* used a plasma
equivalent circuit model and found that under geometrically
asymmetric conditions, the nonlinear interaction between the
plasma bulk and sheath will bring about the PSR effect and ex-
cite several harmonics of the fundamental frequency. In turn,
the self-excitation of the PSR effect will enhance the electron
heating mechanism in low pressure CCPs. In addition, using
a plasma equivalent circuit model, Hei et al."®! and Bora et
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al.'®! found that although the chamber structure is symmetric,
the electrically asymmetric waveforms applied to the driving
electrode will also excite the high-order harmonics of voltage
and current, and thus significantly changing the plasma heat-
ing process. They also found that the PSR effect can be sup-
pressed or enhanced by changing the phase angle of the elec-
trically asymmetric waveforms. But, in their work, the elec-
tron density and temperature, as input values to the equiva-
lent circuit model, are fixed. To achieve a more self-consistent
study, Schmidt ez al.l'>!] used an equivalent circuit/global
model, by taking into consideration an external electric circuit
composed of lumped elements in their study of capacitive Ar
discharge, in which the plasma density and electron tempera-
ture are obtained somewhat self-consistently. Compared with
the equivalent circuit and PIC/MCC models, the circuit/global
model achieves a very self-consistent study and saves compu-
tational costs, which is beneficial to the understanding of the
observed PSR phenomenon.

Most of previous studies mentioned above focused on
Ar plasmas, but in many plasma applications, especially in
etching and deposition processes, electronegative gases or
reactive mixture gases are more widely used. For exam-
ple, Xu et al. deposited SiO; films in their SiH4/N,O dis-
charges experiment.!!”! Generally, gas properties can signif-
icantly affect the space—time dynamics of the high-energy
electrons, ion flux/energy distribution function, and plasma
heating mechanism.!'® Rare gas Ar is often used as the di-
lution gas in electronegative gases. Capacitively coupled
Ar/O, discharge possesses essential advantages in the sput-
tering deposition of aluminum, etch photoresist and poly-
mer films, tungsten, high-temperature superconducting films,
and growth of silica dielectric films.['>?°! Gudmundsson and
Thorsteinsson>!] found that the electron density decreases
with the augment of volume ratio of O, molecule in their
global studies of dissociation processes in a low-pressure high-
density Ar/O, discharge. They observed a growing electroneg-
ativity and attributed it to the intensification of the negative ion
generation source, such as the dissociative electron attachment
to O,. Hong et al.!*?! also found that the addition of elec-
tronegative Oy reduces the electron density and increases the
electronegativity in their capacitive Ar/O, experiments. How-
ever, the PSR effect in Ar/O, mixture plasmas has not yet been
understood very clearly. Therefore, corresponding research ef-
forts are of great significance.

In this work, the PSR effect in an Ar/O, mixture plasma
caused by geometrical and electrical asymmetry is investi-
gated, based on an equivalent circuit/global model. The rest
of this paper is organized as follows. The simulation methods
are described in Section 2, while the simulation results are pre-
sented and discussed in Section 3. A short summary is given
in Section 4.

2. Methods

The schematic diagram of the plasma equivalent circuit
model used in this study is shown in Fig. 1, in which the
plasma may be equivalently regarded as a series of LCR el-
ements, in order to provide explicit explanations for the PSR
effect. As indicated in previous studies,!'>?*! the RF sheath
is modeled as a parallel connection of a constant current
source, a diode, and a nonlinear capacitor. For the driving
sheath, the ion current flowing onto the surface is described as
I; g = eAgniup, with the driving electrode areas Aq, the positive
ion density n; and the Bohm speed ug. Assuming that the elec-
trons obey a Boltzmann distribution in the sheath, the electron
current can then be expressed as g = eAgnevee <Va/kBTe,
in which n, is the electron density, V. is the mean thermal
speed of the electron, V; 4 is the driving sheath voltage, T
is the electron temperature, and kp is the Boltzmann con-
stant. Meanwhile, according to the homogeneous model of
Liberman,[!*13] the sheath capacitance is modeled as a non-
linear capacitor Cs g = (enisoAﬁ / 2VS)d)1/ 2. Accordingly, for
the grounded sheath, the ion current, the electron current, and
the sheath capacitance can be expressed as [, = eAgnjus,
g = eAgneveeVse/MTe and Gy, = (enieoAé/ZVs,g)l/z, re-
spectively. Owing to the electron inertia and the electron
power dissipation, the bulk plasma behaves like an induc-
tance and a resistance, which can be represented as L, =
me(L—1y)/e*neAq and Ry = VegrLy, in which me is the electron
mass, I is the sheath width, L is the electrode gap, and Vg is
the effective collision frequency involving with the effect of
ohmic and stochastic heating.!'>->*! Therefore, the resonance
frequency can be expressed as

1 I, 1/2
LpCs - <L_IS> Boe;

in which @y, is the electron plasma frequency. By apply-
ing the Kirchhoff’s law to the model,!'>?4 a set of four dif-
ferential equations can be obtained, which describe the two
sheath voltages, the DC self-bias, and the RF current, and
the above-mentioned fundamental plasma parameters can be
finally achieved.

(Opsr =

T
1
1
1
—_ =
I ! E
+ : ]
_ Vey | @
_ 1
1
1 =
1 =]
1 Q
+ 1 g
1 o
- 1
1
1
- 5
1 ®
1 =
1 n
1
'

Fig. 1. Schematic picture of equivalent circuit network.
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The global (volume-averaged) model in this paper is
based on the model used by Schmidt et al.!">! and Liu et al. >3]
Specific chemical reactions are shown in Table 1. In this ta-
ble, only the important reactions of Ar/O; plasma are consid-
ered, and the reactions between ozone O3z and negative O, ,
and between ozone O3 and O3 are ignored because O is domi-
nant in the discharge compared with O, and O3 .1>> The main
charged particles, like Ar, Ar*, Ar", O,, O3, O3, O, O*, O5,
07T, O7, and e, are traced in this work.

A flowchart of the simulation is shown in Fig. 2. First, the
estimated values of all circuit elements are given for a transient
simulation of the entire system of interest. Then, a transient
simulation of the circuit determines all currents and voltages
at each branch and node. Therefore, the absorbed power of
the plasma and the averaged voltages across the sheaths can
be calculated from the circuit model (see Fig. 1). The global
model is then used to calculate the electron density, ion den-
sity, and electron temperature from these values, and the el-

ements of the plasma model can be updated to obtain new
values of all the circuit elements in Fig. 1. Thus, the simu-
lation is iterated until a steady state of the particle density and
power has been reached. At this stage, for a specific circuit, the
consistent values of the electron and ion density, the plasma
absorbed power, and any other current, voltage, or power of
interest are obtained.

1
! i
1 Pabs ‘/s I
. e — .
1

1 Circuit model Global model :
i i Me Te I
i i
L 4

ni ne Tp Convergence?

Pabs ‘/;. Temi ne

Fig. 2. Algorithm flowchart of simulation.

Table 1. Chemical reactions considered in global model.

No. Reaction Rate coefficient (m3-s~!) Threshold (eV) References
1 e+Ar —e+Ar A? 3me T, /MP [25]
2 e+ Ar— e+ Ar* 9.73 x 10710 x 7,007 x exp (—11.69/T;.) 11.56 [25]
3 e-+Ar— Art +2e 2.39 x 10714 x 7957 x exp (—17.43/T;) 15.76 [25]
4 e+ Ar* — Art 4 2e 2.05 x 10713 x exp (—4.95/T.) 4.43 [25]
5 e+Ar* — Arte 2.0x10713 11.56 [25]
6 Ar* +Ar* — Ar+Art +e 6.2x10716 [25]

—30.7683 +0.3531 x In(T,)
’ et02 et 0, exp < £0.2068 % (In (T2))? — 0.0406 x (In(7y))? 3mele/M (23]
8 e+0; >0+0+e 4.23 x 1071 x exp (—5.56/T;) 6.0 [25]
9 e+0, > 0+0"te 5.0x 10714 x exp (—8.4/T) 8.4 [25]
10 e+0, > 0+0~ 1.07 x 10715 x T,7139 x exp (—6.26/T..) 42 [25]
11 e+0, —0F +2e 234 x 10715 x T)-03 x exp (—12.9/T;) 12.06 [25]
—30.9463 4+-0.9484 x In (T..)
12 etO0=0+e (—0.14158><(ln(Te))2—0‘0154><(ln(Te))3 3mele/M (23]
13 e+0— 0" +te 4.47 x 1071 x exp (—2.286/T) 1.96 [25]
14 e+0— 0" +2e 9.0 x 1071 x 197 x exp (—13.6/T;) 13.61 [25]
15 e+0* — 0" +2e 9.0x 1071 x T97 x exp (—11.6/T,) 11.6 [25]
16 e+0" = 0+2 1.73x 10713 xexp ( —5.76/T. +7.3/T2> —3.84/T3) [25]
17 0, +0* = 0+0, 4.1x107" [25]
18 0+0* -0+0 8.1x10718 [25]
19 0; +0~ 50,40 1.5 % 10713 x (300/7;)* [25]
20 0" +0~ - 0+0 2.7% 10713 % (300/7,)*° 25]
21 0f +e—0*+0 22x 10714 x (1) 7% [25]
22 e+0, » 0} +e 1.7x 1071 x exp (=3.1/T) 0.98 [25]
23 e+0; -0+0" 2.28 x 10716 x exp (—2.29/T.) 322 [25]
24 e+05 —OF +2e 9.0 x 1071 x exp (—11.6/T;) 11.08 [25]
25 e+0; —20+e 42x 10715 x exp(—4.6/T;) 5.023 [25]
26 e+0; =0y +e 5.6 x 10715 x exp (—2.2/T) 0.98 [25]
27 0+0~ -0y +e 1.4x10716 [25]
28 0~ +03 > 03+e 1.0x10716 [25]
29 e+03 =0, +0+e 1.4x10714 6.0 [25]
30 e+03 >0, +0" 2.12x 1071 x exp(—0.93/T¢) 42 [25]
31 0y +Ar* — Oy + Ar 1.12x1071 [25]
32 Oy +Art — Of +Ar 1.2x107" [25]
33 0y +Ar* — O+0+ Ar 5.8x10717 [25]
34 O+Ar* — O+Ar 8.1x10718 [25]
35 O+Ar" — 0" +Ar 1.21x1077 [25]
36 O~ +Art - O+Ar 2.7x10713 [25]

2 Letter A refers to that the coefficient is the integral of electron impact cross sections under Maxwellian distribution.

b T:. denotes the electron temperature, m, the mass of the electron, and M the mass of the ion.
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3. Result and discussion

Before running the code to simulate the capacitively cou-
pled Ar/O, discharge, a number of tests are conducted to re-
peat some of the results in Ref. [26] and the test results are in
good agreement with the results in the literature. Generally,
the side walls of the discharge chamber are usually grounded,
resulting in a geometrically asymmetric discharge chamber
with different driving and grounded electrode areas. There-
fore, to more closely match the laboratory discharge with ge-
ometry asymmetry, firstly in the following discussion, a nor-
mal RF input voltage V = 100cos(2xft) is applied, where
f = 13.56 MHz (see Fig. 3(c)). We explore the Ar con-
tent on the PSR effect excited by the geometrically asymmet-
ric discharges, with the gap distance L = 3 cm and pressure
p = 15 mTorr (1 Torr=1.33322x10? Pa), while the driving
and grounded electrode areas are 100 cm? and 300 cm?, re-

spectively.
1 . .
T~ (a) — a=30%
R — a=50%
g —a=70%
s 0
-
=
Wz
-1 . . \
0 0.5 1.0 1.5 2.0
. RF circle
wn
‘é 1.0 . . :
5 (b) Bl o =30%
e Bl o =50%
= il a=70%
~ 0.5} 1
Q
e
: H
2 ol el .
< 0 5 10 15
Harmonics
w1 . ' .
= (c)
=
2
& o} 1
)
o0
@
=
o
1 . . .
> 0 0.5 1.0 1.5 2.0
RF circle

Fig. 3. Time evolution of (a) plasma current and (b) its fast Fourier trans-
form (FFT) analysis (the fundamental frequency is not included in this plot)
at different values of Ar content ¢, and (c) sinusoidal voltage waveform,
under discharge conditions: V = 100cos(27ft), L =3 cm, Ag = 100 cm?,
Ag =300 cm?, and p = 15 mTorr.

As expected, the distortions of the current are mainly due
to the generation of the PSR effect, as shown in Fig. 3. In
the cases of o = 30%, 50%, and 70%, @y, is 6@y, 7@y, and
8y, corresponding to the 6th, 7th, and 8th harmonics of the
current, suggesting that the PSR frequency @y = 1/1/LyCs
gradually shifts towards the higher order in the discharge with
more electropositive Ar and less electronegative O in the dis-
charge. Actually, with the increase of the Ar content, as shown

in Fig. 4, the electron density increases monotonically, lead-
ing to the monotonical decrease of the bulk inductance, while
the effects of the Ar content on the sheath capacitance can be
approximately neglected, resulting in the increase of the PSR
frequency. Thus, in an electropositive discharge, the PSR fre-
quency becomes larger than that in an electronegativity dis-

charge.

T T® T

E a fﬁ (b) —— L, (10-% H)

S 4 Z 6 e~ C, (10710 F)

~ g

& <

= T 4

g B=

° 2 =

: 52

= © oo es

2 0 0

B Y0 20 40 60 80 100 0 20 40 60 80 100
o (%) o (%)

Fig. 4. Variations of (a) electron density, (b) bulk inductance L, and sheath
capacitance Cs with Ar content ¢ under the same discharge conditions as
those in Fig. 3.

In addition, figure 5 shows the harmonic amplitudes of
the plasma current at pressures of 4 mTorr, 15 mTorr, and
60 mTorr, respectively, with o = 30%, 50%, and 70%. It is
easily seen that in the case of lower pressure, @, gradually
shifts towards the higher order with the pressure increasing
owing to the increased electron density in a relatively elec-
tropositive discharge, except the case of @ = 30%. When Ar
content is & = 30% with the discharge more electronegative,
@psr 18 observed at 6y at pressures of 4 mTorr and 15 mTorr,
suggesting that the PSR effect becomes weaker in an elec-
tronegativity discharge, and the FFT analyses do not show the
variations of the resonance frequency with pressure clearly. At
higher pressure of about 60 mTorr, these series resonances are
all strongly damped by the more frequent collisions of elec-
trons with the neutral particles in the background, so the PSR
frequency can hardly be calculated and the PSR effect cannot
be observed.

For different gap distances, it can be observed from Fig. 6
that for each of argon content & = 30%, 50%, and 70%, the
degree of RF plasma current distortion mainly depends on the
gap distance. The FFT analyses, which are conducted to ob-
tain the harmonic components of the plasma current in Fig. 6
show that in each of the cases of L =3 c¢cm, 4 cm, and 7 cm, the
PSR frequency gradually shifts towards the lower order with
the increase of gap distance at fixed Ar content, specifically,
for o« = 30% it shifts from 6@, to 4y, for a = 50% from
T to 5ays, and for a = 70%, @y corresponds to the 8th,
7th, and 6th harmonics of the current. As shown in Fig. 7,
with the increase of the gap distance, the inductance and the
power deposition of the plasma are significantly enhanced be-
cause of larger valid discharge space, leading to the decrease
of @y, while the effect of the gap distance increase on the

sheath capacitance is negligible.
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Fig. 5. FFTs of plasma current (the fundamental frequency is not included in this plot) at (al) 4 mTorr and & = 30%, (a2) 15 mTorr and & = 30%, (a3)
60 mTorr and & = 30%, (b1) 4 mTorr and & = 50%, (b2) 15 mTorr and o = 50%, (b3) 60 mTorr and @ = 50%, (c1) 4 mTorr and & = 70%, (c2) 15 mTorr
and o = 70%, (c3) 60 mTorr and o0 = 70%, with discharge conditions: RF voltage waveform V = 100cos(2xft), Ag = 100 cm?, Ag =300 cm?, and

L=3cm.
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Fig. 6. Time evolution of plasma current and its FFT analysis (with no fundamental frequency included in this plot) at three different gap distances (3 cm,
4 cm, and 7 cm) and @ = 30% (a), 50% (b), and 70% (c), with discharge conditions: RF voltage waveform identical to that in Fig. 3(c), Ag = 100 cm?,
Ay =300 cm?, and p = 15 mTorr.

25

201

Circuit elements

15|

101

—— Lpu:BD% (1078 H)
= Cya=30% (10710 F)
—A— Lpo:SU”/n (10_8 H)
- Csa:S()% (10710 F)
—— Lo —70% (1078 H)
— Csa=10% (10710 F)

Gap (cm)

Fig. 7. Variations of ciucuit elements (bulk inductance L, and sheath
capacitance Cs) with gap distance, under the same discharge conditions

as those in Fig. 6.

As is well known, the EAE is introduced for realizing
the separate control of the mean ion energy and flux at the
electrodes in radio-frequency capacitive discharges with iden-
tical electrode areas driven, while the PSR effect is also ex-
pected to be observed. To clarify more details of the PSR
effect excited by electrically asymmetric waveforms in a ge-
ometrically symmetric chamber in the following discussion,
the voltage waveform applied is adopted as a Gaussian-type
voltage V = Vpexp(—fB(t — 1)) with a repetition frequency of
13.56 MHz (see Fig. 8(c)), where Vj is the voltage amplitude,
In2/B is

the full width at half-maximum of the Gaussian-type voltage

to is the time of the pulse maximum, and AT =2
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waveform.

First of all, our model has been verified by the follow-
ing simulation results to some extent, which lays a founda-
tion for further studying the physical mechanisms. For the
discharge conditions presented here, the voltage amplitude is
Vo = 250 V, pulse width AT = 5 ns, gap distance L =2 cm,
pressure p = 35 mTorr, and Ar content & = 25%. And the
driving area and the grounded electrode area are both 400 cm?
in the circuit/global model. Based on the equivalent cir-
cuit/global model and the PIC/MCC model, the time evolution
of the plasma current and its FFTs are shown in Figs. 8(a) and
8(b), in which it can be easily seen that the plasma current
density presents an evident PSR oscillation under an applied

Gaussian-type voltage waveform. The FFTs show that there
exist high-order harmonics in the current waveform, which
further indicates that there is PSR in this geometrically sym-
metric CCP. Since the Gaussian-type voltage with a pulse
width of 5 ns exhibits a similar behavior to the waveform com-
posed of 10 harmonics, it is easily approximated that the first
10 harmonic components are dominantly generated by the fun-
damental Gaussian frequency, while the other higher harmonic
components are excited by the PSR effect due to the EAE. 2]
In both models, we see a significant harmonic content for the
current density, with the largest harmonics at 16, which corre-

sponds to the resonance frequency Oy
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Fig. 8. Time evolution of current density and its FFT analysis obtained from (a) circuit/global model and (b) PIC/MCC model, and (c) Gaussian-
type voltage waveform under discharge conditions: AT =5 ns, L =2 cm, p = 35 mTorr, and & = 25%.

We also explored the effect of Ar content o on PSR,
which is excited by the Gaussian-type voltage waveform in
a geometrically symmetric chamber. As shown in Fig. 9, in
the cases of ¢ = 30%, 50%, and 70%, the values of PSR fre-
quency @y are 13y, 15ay¢, and 17 oy, respectively. Like the
scenario of geometric asymmetry, in a relatively electroposi-
tive discharge, the PSR frequency becomes larger than that in
a more electronegative discharge, which is also because the
electron density increases and the bulk inductance decreases
(see Fig. 10).
in this Gaussian-type voltage driven discharge, the PSR fre-

However, it is also important to note that,

quency becomes larger than that in the geometrically asym-
metric discharge, with the plasma current oscillating violently
(see Figs. 3(a) and 9(a)).

The coupling of the EAE and GAE and its effect on the

PSR effect are also interesting and worth investigating, in this
Ar/O; capacitive discharge. In the following, by driving and
modulating the Gaussian-type voltage waveform with positive
amplitude and negative amplitude, the PSR effect will be stud-
ied in a geometrically asymmetric discharge with Ag < Ag, in
which the driving electrode area A4 is varied to modulate the
geometrical asymmetry of the discharge.

As shown in Fig. 11, the extent of the plasma current dis-
tortion mainly depends on the driving electrode area. With the
Gaussian waveform V = 250exp(—f (¢ — o)) driven here, val-
ues of @, are easily observed to be 14wy, 15, and 16¢
in the cases of Ag = 400 cm?, 300 cm?, and 200 cm?, respec-
tively. So, @, gradually shifts towards the higher order with
the increase of geometric asymmetry extent. Thus, with the

superposition effects of the increasing difference between the
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two electrode areas and the Gaussian waveform with a posi-
tive amplitude, the asymmetry of the discharge increases with
the formation of a higher negative DC self bias. Wang et
al. found from their particle simulation results that a thicker
sheath would be formed at the powered electrode due to the
strong negative DC self-bias, which can lead to fast sheath ex-
pansion and excitation of strong PSR oscillations. From our
results, with the enhancement of the superposition of electri-
cal and geometrical asymmetry, the absolute value of the neg-
ative DC self-bias voltage really becomes larger, as shown in
Fig. 12(a), which can result in the excitation of stronger PSR
oscillation and the increase of @yg. In this case, the signifi-
cant decrease of the sheath capacitance with the driving elec-
trode area lessening plays a major role in determining the PSR
frequency shift, compared with that of the bulk inductance as
shown in Fig. 12(b). To further understand the PSR effect by
imposing both EAE and GAE, we now set the voltage source
amplitude to —200 V, but keep other discharge parameters un-
changed. As shown in Fig. 13, by changing the sign of the
applied voltage amplitude, the capacitive plasma still keeps
asymmetric with high-order harmonics observed in the plasma
current waveform, but the PSR frequency @y gradually shifts
towards the lower order with the decrease of the driving elec-

trode area, specifically, from 13 to 10@;y.
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Fig. 9. (a) Time evolution of plasma current and (b) its FFT analysis at
different values of Ar content & under discharge conditions: Gaussian-
type voltage waveform V = 250exp(—f3(t —1p)), AT =6ns, L= 3 cm,
Ag=Ag =400 cm?, and p =15 mTorr.
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As shown in Fig. 14(a), owing to the destructive super-
position between the electrical asymmetry and geometrical
asymmetry, the DC self bias is positive!’! and decreases as Aq
decreases, so the sheath becomes thinner and expands slowly,
leading to the weakening of PSR oscillation and the decreas-
ing of the resonance frequency. Figure 14(b) shows that with
the decrease of the driving electrode area, the sheath capaci-
tance lessens very slightly, but the bulk inductance increases
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a lot and gradually becomes the main reason for the reso-
nance frequency decreasing, while the electrical asymmetry
and geometrical asymmetry suppress each other. Therefore,
we demonstrate that by tuning the positive amplitude and neg-
ative amplitude of the Gaussian-type voltage waveform, the
asymmetry generated by the reactor geometry can be enhanced
or suppressed by the electrical asymmetry.
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Fig. 14. (a) DC self-bias versus Aq, and (b) bulk inductance L, sheath ca-
pacitance Cs, and CsL,, versus Ay under the same discharge conditions as
those in Fig. 13.

Aq (cm?)

4. Conclusions

In the present work, we have studied the PSR effect of
a CCP in Ar/O; mixed gas, under EAE and GAE, based on
a plasma equivalent circuit/global model. By varying the Ar
content & and the gap distance, the bulk inductance mainly
determines the variation of resonance frequency. The PSR
frequency gradually shifts towards the higher order in more
electropositive Ar and less electronegative O, owing to the
decrease of the bulk inductance. And because of the larger
effective discharge space, the bulk inductance is significantly
enhanced by increasing the gap distance, resulting in the de-
crease of @yg,. It is also observed that the resonance frequency
gradually shifts towards the higher order, which is attributed
to the significant enhancement of the electron density with the
increase of the pressure. And meanwhile, the PSR oscillation
can be strongly damped by the electron—neutral collisions at
higher pressure. In addition, the geometrical asymmetry can
be enhanced or suppressed by tuning the positive amplitude or
negative amplitude of the Gaussian-type voltage waveform, re-
spectively. We believe that regarding the Ar/O, capacitive dis-
charge, specifically, the influence of Ar content on the plasma
absorb power and heating mechanisms, there remains much
room to be explored.
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