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Abstract

®

CrossMark

This work presents a concept of using acoustic standing waves to modulate plasmas. A

1D self-consistent fluid model combined with an acoustic standing wave model has been
established to investigate the strong coupling effects between acoustic standing waves and
capacitively coupled argon plasmas. The modulation effects are revealed by comparing the
spatiotemporal distributions of electron density and excited species number density with
and without the acoustic standing waves in one acoustic period, as well as the electric field,
the electron temperature, the ionization and excitation rates, and the power density in one
radio-frequency period. Under the nonlinear acoustic standing waves, the plasmas oscillate
in between the electrodes, which indicates a strong modulation effect beyond conventional
regimes. This modulation effect is primarily attributed to the neutral flux friction to the plasma
species and secondarily to the variation of the neutral gas density. A pulsed excited species
flux with a maximum value up to twice of the minimum can be achieved at the electrodes

as a result of the acoustic standing wave modulation. The distributions of the ionization and
excitation rates in one RF period are significantly influenced by the acoustic standing waves,
due to the variation of the neutral gas density and electron temperature. This study initiates
the effort to understand the mechanisms and characteristics of plasma discharges in a high-
intensity acoustic standing wave field. Using acoustic waves to modulate plasmas has the
potential to create many new applications and promote plasma-materials interactions.

Keywords: capacitively coupled plasma, acoustic standing wave, plasma simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Low-temperature plasmas play critical roles in materials pro-
cessing and nanotechnologies [1]. The efficiency of plasma-
materials interactions strongly depends on the transport
rates of the reactive species to the working surfaces and the
plasma distribution. In conventional discharges, the plasmas
reach steady state rapidly. The strong charge neutrality and a
shielding effect tightly hold the bulk plasma in the discharge
region. Hence, the electric field in the bulk plasma region is
very low; the electric potential is only ~7,/2 (a few volts)

1361-6463/18/285201+11$33.00

in the plasma and zero at the sheath edge. As a result, the
drift velocity of the charged particles in the bulk plasma is
almost negligible until they enter the narrow sheath region.
Consequently, the excited species follow the distribution of
the charged particles and undergo random Brownian motion.
In general, the distributions of plasma species (ion and excited
species) are determined by the discharge characteristics and
are stable over time.

Modulating the distributions of plasmas is scientifically
interesting and practically attractive as it could result in unu-
sual effects that promote the efficiency of plasma processing.

© 2018 IOP Publishing Ltd  Printed in the UK
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Multiple benefits have been demonstrated with pulsed plasmas
driven by time-modulated bias applied to the working elec-
trodes and/or substrates [2]. Some favorable effects include
enhanced plasma uniformity [3, 4], controlled ion energy
[5], tunable chemical composition [6], improved density and
smoothness of deposited films [7], and increased deposition
rate [8]. However, the variations in the spatiotemporal distribu-
tions of the plasmas under pulsed modulations are in fact very
limited due to the ‘collective behavior’ of plasmas that resist
the external influences [9]. In other words, the movement of
charged particles in a plasma generates local net charges and
currents, giving rise to long-range electromagnetic forces that
restrict the plasmas’ response to the external electric fields,
the bulk plasma remains nearly unaffected. In addition, the
excited chemical species produced by the plasmas are of
great importance in interacting with materials. The electro-
hydrodynamic flows generated by corona [10, 11] and surface
dielectric barrier discharges [12] have been used to modulate
the spatial distribution of the chemical species and control the
neutral flows of the plasmas. However, the maximum speed of
an electrohydrodynamic flow is only a few meters per second
[13], which can very much affect the long-lived species but
have little effect on the excited species [11]. Therefore, if the
plasma distribution could be modulated over a large scale, it
would create new effects and process regimes that lead to sig-
nificantly enhanced gas-phase reactions and plasma-materials
interactions.

This work presents a new concept of using acoustic standing
waves to modulate plasmas. The purpose is to realize large-
scale modulation of the reactive species (ions and excited
particles) in plasmas beyond the conventional regimes. Under
an acoustic field, neutral gas particles undergo periodic direc-
tional movements, creating strong neutral flows and friction
forces [14, 15]. The local collisions between the background
neutral gases and the ions/active species could efficiently
modulate the plasma distributions if the acoustic field is suf-
ficiently strong. It has been reported that high-intensity, non-
linear acoustic standing waves with peak acoustic pressures
up to 3—4 times of the background pressure can be excited
[16]. Under such high-amplitude acoustic standing waves,
the fluxes of active species to the substrate could be strongly
modulated due to the collision friction effect of the neutral
gases driven by the acoustic waves.

This work initiates the effort to understand the strong cou-
pling effects between the acoustic standing waves and capaci-
tively coupled plasmas (CCP) that are most widely used for
materials processing. A force field induced by the high-inten-
sity acoustic standing waves is integrated into a plasma dis-
charge model. Numerical simulation is performed to correlate
the plasma properties with the acoustic standing waves. The
studies particularly focus on revealing the spatiotemporal dis-
tributions of the plasmas under the modulation of nonlinear
acoustic standing waves. The periodically increased transport
rates of plasma species are predicted to possess sharp pulses
that could not be achieved with conventional methods. Some
potential applications of acoustic wave modulated plasmas are
indicated with the aim to stimulate further studies in this new
research area.

2. Model description

This section describes a 1D fluid model that combines CCP
discharge with a high-intensity acoustic standing wave
field. This model is subsequently used to investigate the
influence of acoustic standing waves on the plasma dis-
charge dynamics. Since the research focuses on the cou-
pling between the plasma and acoustic waves, argon gas is
selected as the working gas to simplify the simulation and
the complex gas mixtures used in a variety of applications
will be investigated in further studies. In argon discharges,
the primary species include neutral argon atoms (Ar), singly
charged argon ions (Ar"), metastable argon species (Ar™)
and electrons (e). At a typical CCP working pressure of 1
Torr, the background Ar gas and the generated plasmas can
be regarded as continuous media and described by fluid
approach. The nonuniform acoustic pressure would influ-
ence the ionization and excitation processes, which are pro-
portional to the neutral gas density, and the particle velocities
in the acoustic field could produce a significant friction force
to the ionized and activated species. Since the typical fre-
quency (13.56 MHz) for a CCP discharge is much higher
than the acoustic frequency (typically in the range of kHz),
the neutral gas distribution can be assumed to be steady for
the discharge process. Therefore, the acoustic field is one-
way coupled to the plasma discharge, which means that the
nonuniform acoustic pressure and particle velocity obtained
from an acoustic standing wave model will be used as the
input parameters for the plasma discharge model. The
acoustic standing wave model and the plasma discharge
model are described below.

2.1 The acoustic standing wave model

The wave pressure created by low-amplitude acoustic
standing waves is small compared to the background pressure.
Therefore, a linearization approximation can be used to obtain
a sinusoidal distribution of the acoustic pressure and particle
velocity. However, the acoustic waves with sufficiently large
amplitudes will be distorted as they travel, and the nonlinearity
effects cannot be ignored. A 1D wave equation is derived from
the mass conservation equation, the momentum conservation
equation, and the state equation. This wave equation, which
contains up to the third-order terms [17, 18], is used here to
describe the motion of neutral gases as well as the high-ampl-
itude acoustic field in a constant cross sectioned chamber as
follows:

Pp Py Py da Oy
VA S _ “r
o or Voaa T at T r
Po | 0p P dp P
O e 2 e PO Vo
1 (90 9P
- _r 1
T <3x> Ox2’ W

where ¢ is the velocity potential, x is the spatial axis along the
wave propagating direction, ¢ is the time, c is the small signal
propagation speed, 6 = ({ +4n/3)/po is the attenuation
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constant, pg is the ambient fluid density, ¢ and 7 are the bulk
and shear viscosities, respectively, a = agsin(f,t) is the
acceleration of the acoustic source, ay and f, are the ampl-
itude and frequency of the acoustic source, and + is the heat
capacity ratio of the background gas. The first two terms on
the left-hand side of equation (1) are the linear lossless wave
equation and the third term describes the viscous volume
attenuation. The first three terms on the right-hand side are the
acceleration terms, the fourth and fifth terms are the second-
ordered nonlinear terms and the last one is a third-ordered
nonlinear term. The boundary conditions for equation (1) are
%—f 0= % =0, where [ is the distance between the
two parallel electrode plates. By setting the initial conditions
as <p‘ — = %—f —o = 0, a periodically steady state could be
achieved after several acoustic periods. Once equation (1) is
numerically solved and the velocity potential ¢ is obtained,
the acoustic pressure p and the particle velocity u, can be cal-

culated as
(o 1aey e\
p="ro c? o 2\ 0x = Ox?
dp
th = -, )

where p is the background pressure. Using the above equa-
tions, the nonlinear acoustic standing waves in a symmetric
chamber can be described, whose validity has been exper-
imentally verified [16]. The acoustic pressure and particle
velocity obtained from equation (2) are set as the input param-
eters of the plasma discharge model.

2.2. The plasma discharge model

The built-in plasma module of the commercial software
COMSOL [19] is used to establish the plasma discharge model
and some of the embedded equations are modified to incor-
porate the influence of the nonuniform acoustic pressure and
particle velocity. The species considered in the argon plasmas
are electrons, Ar™ and Ar™. The electrons can be described by
the continuity equation and the energy conservation equation.
Since the neutral gas has a velocity distribution u, induced by
the acoustic standing waves, the mass balance of electrons can
be described by the continuity equation as

one
ot

where . is the electron density, I'. is the drift-diffusion flux
of electrons, neu, is the advection flux induced by the neu-
tral gas friction and R, is the ionization rate. The velocity
in the advection flux term is contributed by the bulk fluid
motion, that is, the velocity of the background neutral gas
that the particles are moving with, which is u,. In the case of
electrons, the advection flux term can usually be neglected,
since the electron velocity contributed by the drift-diffusion
term is much greater than u,. Substituting the drift-diffusion
approximation I'; = —pcEn. — V(Den,) into the electron

+ V- (Fe + neun) = Res (3)

continuity equation and expanding the advection term, the

above equation becomes

One
ot

+V- (_:U'eEne - V(Dene)) + (”n : v) ne + nev “Up = Re,
4)
where R, = Zj kiz jnjne, ki, is the ionization rate coefficient
of electron collisions with species j, n; is the number density
of species j, E is the electric field, D. = p.T. is the diffusion
coefficient of electrons calculated from Einstein’s relation-
ship, and piep = 30 (m?> V~! . s) Torr is the reduced electron
mobility [20].
The energy balance equation of electrons has a similar
form to equation (3),

8(;1; +v'(re+neun)+E'Fe:Q7 (5)

where n. = %neTe is the electron energy density,
I'c = —pcEn. — V(Den.) is the electron energy flux,
Lhe = % e and D, = %De are the electron energy mobility
and diffusion coefficient, n.u, is the advection flux of elec-
tron energy, E - I, represents heating by the electric field, and

0o=>" i kinjn.A¢; is the energy variation due to polarization
scattering and inelastic collisions. k; and Ag; are the rate coef-
ficient and the energy variation of elastic and inelastic col-
lisions between electron and species j. By substituting these
terms into equation (5), we have

0 (3 5 5 3
ar (EneTe> +V- (ETeFe - EneDeVTe + EneTeun> +E-Te=0.
(6)
Similar to the electrons, the continuity equations of heavy
species « can be derived as
ong

W + V- (Fa + naun) = Ra, (7)

where @ = Ar™, Art, ny and Ty, = zopta Eng — V(Dong,) are
the number density and the diffusion flux of «, z is the charge
number, n,u, is the neutral-gas-friction-induced advection
flux of heavy species, R, is the rate expression for species a.

The diffusion coefficient of Ar™ is adopted as D+ = keriAf
[1], kg is the Boltzmann constant, m; is the mass of Ar ion,
the Ar ion temperature 75+ is set as equal to the gas temper-
ature, and v; = 0j0ina; is the ion-neutral collision frequency,

where o; is considered as a constant of 5 x 10! m? [21]

and 7; = \/8kpT .+ /mm; is the ion thermal velocity. The
corresponding ion mobility is calculated from Einstein’s
relation. The reduced diffusion coefficient for Ar™ is set as
Damnay = 2.42 x 102 m~! s7! [22]. In this study, the drift-
diffusion approximation is adopted to solve the fluxes instead
of the equation of motion to simplify the model. For RF dis-
charges, the drift-diffusion approximation is acceptable when
the working pressure is greater than about 500 mTorr [20].

The electric field E = 0¢/0x is obtained by solving the
Poisson’s equation,

e
Vi = %(na —ne), (8)
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Table 1. Principal rate coefficients for the Ar plasma.

Reaction Rate coefficient (m?® s~!) Threshold (eV) Reference
e+ Ar—e+Ar 2.336 x 107147169 » exp(0.0618(In T.)?> — 0.1171(In Te.)?) (1]
e+ Ar— 2e + Ar" 2.34 x 10714795 exp(—17.44/T.) 15.76 [23]
e+ Ar— e+ Ar" 2.5 x 10779 exp(—11.56/T.) 11.56 [24]
e+ Ar" — e+ Ar 4.3 x 10107074 —11.56 (25]
e+ Ar™ — 2e + Art 6.8 x 107157967 exp(—4.2/Te) 42 [26]
where ¢ is the electric potential and ¢y is the permittivity of Acoustic source
free space. The rate coefﬁcients us.ed in the model are shown l ] Electrodes ]
in table 1. For plasmas with a relatively high pressure plasma
used in this model, the electron energy distribution function Cylindrical axis
(EEDF) is assumed as Maxwellian. E(] ———————————————————

The boundary conditions for the plasma discharge model
are as follows: one of the electrodes is set to be grounded /=254 cm
as ¢|X:0 = 0, and another electrode is connected to a RF L ~ L
source with voltage amplitude Vip and frequency frr as = N

RF source

(b’x: ;= Ve sin(27fret). The electron flux at the electrodes is
I'. = %ne\ /8T, /mm., and the corresponding electron energy
flux is %TeI‘e. The flux of heavy species at the electrodes is
calculated from [27]

Ve 1 8kBTa
Foz = “Na altaEng,
l—ya/24n V' 7mg, +Zaftalin ©)

where v, = 1 is the sticking coefficient, \/8kg T, /mm,, is the
averaged thermal velocity of heavy species a.

3. Results and discussion

Using the acoustic standing wave model and the plasma
discharge model described above, CCP discharges modu-
lated by acoustic standing waves are numerically studied.
The schematic diagram of the CCP discharge reactor with
an acoustic source applied to the left electrode plate is illus-
trated in figure 1. To simplify the simulation of the acoustic
standing wave, the chamber is assumed to have a plane cross
section in the direction perpendicular to the electrodes. The
background pressure and the gap length between the electrode
plates are set as po = 1 Torr and [ = 2.54cm, respectively,
corresponding to the typical CCP discharge conditions. The
parameters adopted in the acoustic standing wave model and
the plasma discharge model are as follows. The small signal

propagation speed is ¢ = \/vkgTar/mar, Where the heat
capacity ratio  for monatomic Ar is 5/3 and the gas temper-
ature of heavy species Ta; is kept as 400 K. The bulk and
shear viscosities of Ar are set as ( = 0 (for dilute monatomic
gases) [28, 29] and n = 22.9 pPa - s [30, 31], respectively. To
achieve the largest acoustic wave amplitude with a given input
power, the angular frequency of the acoustic source w, = 27f,
is set to the lowest mode angular frequency w, = mc¢/l [17]
of a cylindrical resonator of length /. In this case, an acoustic
standing wave with a frequency of f, ~ 7.9 kHz and a wave-
length of 2/ could be produced in the chamber, with one pres-
sure node at the center point x = /2, and two antinodes at the

Figure 1. Schematic diagram of the CCP discharge reactor with an
acoustic source.

electrode plate boundaries x = 0 and x = . The acceleration
amplitude is ag = dow?, where dy is the vibration amplitude
of the acoustic source and is set as 200 pum in the simulation
of plasma discharge processes. The RF source frequency and
voltage are frp = 13.56 MHz and Vgp = 200 V, respectively.
The following discussion is based on the simulation results
after the calculation of 100 acoustic periods (or 172500 RF
periods), approximately 13 ms. Albeit the time may not be suf-
ficient for the discharge system to achieve perfect steady state,
it is believed that the simulation results provided below are
close to the final state and the primary physics has been suf-
ficiently incorporated in the model.

The spatiotemporal variation profiles of the acoustic pres-
sures and the particle velocities are simulated by the acoustic
standing wave model at the above conditions. The simula-
tion results are illustrated within one acoustic standing wave
period at different vibration amplitudes of the acoustic source,
as shown in figure 2. At low intensity of the acoustic standing
waves (figure 2(a)), the variations of the acoustic pressure and
the particle velocity are relatively small, less than 1% and 2 m
s~ !, respectively, and both have a sinusoidal-like profile. Since
the acoustic field is at its lowest mode, one pressure node is
formed at the center of the chamber and two antinodes at the
electrode boundaries. For the particle velocity, two nodes are
formed at the boundaries and one antinode is formed at the
center of the chamber. However, as the vibration amplitude d
increases from 1 to 200 um, a nonlinear effect begins to play
an important role and the wave profiles deviate from the sinu-
soidal form (figures 2(b)—(d)). The cumulative effect of the
wave distortion leads to highly nonlinear variation of the prop-
agation velocity [32], the peaks of the wave travel faster than
the troughs. The eventual self-distorted waves have a sawtooth
profile (figure 2(d)). At a vibration amplitude of 200 pm, the
variation range of the pressure is from 74.3 to 210 Pa, about
57% of the base pressure of 133 Pa, and the maximal particle
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Acoustic pressure (Pa)
AT N

Gap length (cm)

Particle velocity (m/s)
A

Gap length (cm)

Figure 2. The spatiotemporal variation profiles of the acoustic pressures and the particle velocities within one acoustic standing wave
period at different vibration amplitudes dy of (a) 1 pm, (b) 10 pm, (c) 20 pm, and (d) 200 pm.

velocity is more than 120 m s~'. These values are expected
to be beneficial to the transport of the heavy species and the
reactions in the plasma discharges. Therefore, the vibration
amplitude dy is set as 200 pm in the following calculations.
Figures 3 and 4 illustrate the spatiotemporal variation
profiles of the electron density n. and the Ar™ number den-
sity nam without and with an acoustic standing wave modu-
lation in one acoustic period. Without the acoustic standing
waves, the number density profiles show little fluctuation in an
acoustic period, the maximums of 6.5 x 10'® m~3 for n, and
1.4 x 10" m~3 for nam are achieved at the center of the

chamber (figures 3(a) and 4(a)). However, with an acoustic
field of figure 2(d), the plasma discharge behavior is signifi-
cantly influenced (figures 3(b) and 4(b)) and a periodically
steady state similar to the nonlinear acoustic pressure variation
of figure 2(d) is achieved. To indicate the origin of the plasma
modulation effect, the influences of the acoustic pressure vari-
ation or the particle velocity are numerically ‘switched off”, i.e.
setting p = 1 Torr or u, = 0 m s~ in the calculation with an
acoustic standing wave, respectively (results not shown here).
It is found that the plasma modulation effect could be pri-
marily attributed to the particle velocity field, which produces
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Figure 3. The spatiotemporal variation profiles of the electron density 7. (a) without and (b) with an acoustic standing wave modulation in

one acoustic period, at the acoustic field of figure 2(d).
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Figure 4. The spatiotemporal variation profiles of the Ar'™ number density (a) without and (b) with an acoustic standing wave modulation

in one acoustic period, at the acoustic field of figure 2(d).

a neutral flux friction to the plasma species, and secondarily
to the variation of the neutral gas density, which contributes
to a nonuniform ionization and excitation rate proportional to
the gas density na,. The transient maximums of n, and nam
shift with time, as indicated by the white dotted arrows in
figure 3(b). By identifying the u, > 0 region with a white
dotted triangle according to figure 2(d), while other regions
are u, < 0 (figure 3(b)), it can be clearly seen that the move-
ment direction of the maximal n, and n,~ is controlled by the
particle velocity direction. The charged and activated species
in the u, > 0 region move to the right electrode since they are
exerted by a neutral gas friction to the right, and vice versa.
Figure 4(b) indicates the regions where the pressure variation
Ap >0 and Ap < 0, according to figure 2(d). The number
densities of n, and nsm increase as the profiles evolve from the
Ap < 0 region into the Ap > 0 region, in which the neutral

N
o

—Left plate with acoustic field
. —Right plate with acoustic field
—Without acoustic field

S S

T
Acoustic period w,t

- A A
N A O

Ar"™ fluxes at the
electrode plates (10'%/m?s)

N
o

(o
o

277

Figure 5. The Ar™ flux at the electrodes with and without the
acoustic standing wave field in one acoustic period, blue: at the left
electrode plate, red: at the right electrode plate, black: without an
acoustic field.
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Figure 6. The spatiotemporal variation profiles of the electric field in one RF period with an acoustic standing wave modulation at different
acoustic-period time moments of (a) w,t = 0, (b) wyt = 7/2, (€) wyt = 7, (d) wyt = 37/2, and (e) without the acoustic modulation.
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Figure 7. The spatiotemporal variation profiles of the electron temperature in one RF period with an acoustic standing wave modulation at
different acoustic-period time moments of (a) w,t = 0, (b) wat = 7/2, (¢) wyt = 7, (d) wyat = 37/2, and (e) without the acoustic modulation.
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Figure 8. The spatiotemporal variation profiles of the ionization rate in one RF period with an acoustic standing wave modulation at
different acoustic-period time moments of (a) w,t = 0, (b) wat = /2, (¢) wat = 7, (d) wyt = 37/2, and (e) without the acoustic modulation.

gas density na, is dramatically increased. The maximum of .
is barely changed with an acoustic modulation, however, the
maximal 724, in one acoustic period is nearly 1.7 x 10 m~3,
about 21% higher than the maximum without an acoustic
field. These maximums appear at x = lcm, w,f = 7/2 and
x=1.5cm, w,t = 37/2, i.e. the turning points of the move-
ment direction, where the maximal acoustic pressure meets
the maximal number densities.

The modulation effect is also reflected in the excited spe-
cies fluxes impinging onto the electrodes/substrates. Figure 5
shows the Ar™ flux at the electrodes with and without the
acoustic standing wave field in one acoustic period. Without
the acoustic field, a steady flux of about 11.3 x 10'® m=2 s~
is obtained at both the electrode plates. However, with the
acoustic field, the fluxes vary periodically, whose peak reaches
up to twice of the minimum value, and there is a phase differ-
ence of 7 between the fluxes at the left and the right elec-
trode plates. Compared with figures 4(b) and 2(d), one can
see that the fluxes are proportional to the number density of
Ar™ and the acoustic pressure at the electrode plates, which
is natural. The time-averaged fluxes over one acoustic period
are basically the same as the fluxes without an acoustic field.
However, the pulse nature of the acoustic-wave-modulated
fluxes could be beneficial to the plasma processes that need
transient high fluxes. In addition, a higher uniformity could be
achieved in the propagation direction of the acoustic standing
wave. The ion flux at the electrodes are not strongly influenced
by the acoustic field (not shown here). However, an effective

modulation could be achieved by coupling with other modu-
lation methods. For example, in the etching processes with a
pulsed plasma source, an enhanced negative ion flux to the
substrate by diffusion during the pulse-off time [2] could be
expected with a synchronized acoustic standing wave, since
both the pulsing and the acoustic wave periods could be in the
same time scale of tens to hundreds of ys.

Since the RF source frequency frr is much higher than the
acoustic frequency f,, the acoustic pressure and the particle
velocity remain nearly unchanged over one RF period. That
means the discharge characteristics vary from one RF period
to another, depending on the time moment at which the RF
periods are in an acoustic period. To further investigate the
influence of an acoustic standing wave on plasma discharges,
the modeling results in RF time scales are given and described
below. Figures 6 and 7 illustrate the spatiotemporal variation
profiles of the electric field and the electron temperature in
one RF period with an acoustic standing wave modulation
at different acoustic-period time moments of w,r =0, 7/2,
7 and 37/2, as well as without the acoustic modulation. As
shown in figure 6, the electric fields remain around zero in the
bulk plasma, and change rapidly in the presheath and sheath
regions. At w,! = 7/2, the plasma density is higher near the
left electrode and lower near the right electrode, resulting in
the sheath and presheath to be narrower on the left and wider
on the right (figure 6(b)). At w,r = 37/2, the plasma density
variation is opposite, as well as the sheath dynamics (figure
6(d)). As shown in figure 7, the electrons are accelerated by
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Figure 9. The spatiotemporal variation profiles of the excitation rate in one RF period with an acoustic standing wave modulation at
different acoustic-period time moments of (a) w,t = 0, (b) wyt = /2, (¢) wyt = 7, (d) wyt = 37/2, and (e) without the acoustic modulation.

the strong electric fields in the sheath and achieve a high elec-
tron temperature, especially in the wider sheaths, where the
electrons are more fully accelerated. Besides the maximums
of T, in the sheaths, there are several local T, extremums
at wrpt = 0 and wgpt = 37/2 on the left electrode, and at
wrr! = /2 and wgpt = 7 on the right electrode. These extre-
mums are enhanced with the sheath width as well. The local
T, extremums at wrpf = 7/2 and wrpt = 37 /2 are induced by
the local minimum electric field region near the right electrode
at wrpt = 7/2 and the local maximum electric field region
near the left electrode at wrpt = 37/2 (figure 6). The local
T. extremums at wgrrt = 0 on the left side and at wgpt = 7
on the right side are due to the electron heating at the sheath
boundaries caused by the sheath expansion. The profiles of the
electric field and the electric temperature without an acoustic
modulation (figures 6(e) and 7(e)) are between the above
extremes.

Figures 8 and 9 illustrate the spatiotemporal variation pro-
files of the ionization and excitation rates in one RF period at
different time moments in an acoustic period. From figure 8,
one can see that several ionization sources appear in the regions
corresponding to the local T, extremums. Recalling that the
ionization rate R, = Zj ki, jnjn. and the ionization rate coef-
ficient k;, are strongly influenced by T, the striped ionization
rate maximums on the left side at wrpt = 0 and on the right side
at wgrpt = 7 can be attributed to the positions where the elec-
tron temperatures are sufficiently high and the electrons have
not been ruled out completely. While the ionization sources

opposite to the sheaths, i.e. on the right side at wrpt = 7/2
and on the left side at wrps = 37 /2, are attributed to the local
electron temperature maximums as shown in figure 7. For the
acoustic period times at w,t = 0 and w,t = 7 (figures 8(a) and
(c)), the acoustic pressure is close to uniform and higher ioniz-
ation rate appear in the center of the bulk plasma, where the
electron density is higher, resulting in a distribution similar to
the ionization rate without an acoustic modulation (figure 8(e)).
However, the acoustic pressure on the left side of the simulation
region is much higher at w, = 7/2 and lower at w,t = 37 /2,
resulting in a weak ionization rate between 8 x 102 m=3 s~!
and 16 x 102 m~3 s~! on the center-left position at w,t = 7/2
(figure 8(b)) and on the center-right position at w,r = 37/2
(figure 8(d)). Similar characteristics can be observed for the
excitation rate as shown in figure 9. However, since the excita-
tion rate coefficient ke is less sensitive to the electron temper-
ature compared with k;,, the excitation rate distribution is less
nonuniform than the ionization rate.

The spatiotemporal variation profiles of the power density
in one RF period at different time moments of an acoustic
period are presented in figure 10. The power density distribu-
tions and magnitudes at different time moments are similar
to the ionization (figure 8) and excitation (figure 9) rates,
demonstrating that the power deposition is modulated by the
variation of the background pressure, e.g. the power density
is enhanced at w,t = /2 on the left side and at w,r = 37/2
on the right side, which is one of the origins of the acoustic
modulation effect to the plasmas.
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Figure 10. The spatiotemporal variation profiles of the power density in one RF period with an acoustic standing wave modulation at
different acoustic period time moments of (a) w,t = 0, (b) wyt = 7/2, (¢) wyt = 7, (d) wyt = 37/2, and (e) without the acoustic modulation.

4. Conclusions

A 1D self-consistent fluid model has been combined with
an acoustic standing wave model to investigate the transient
discharge behaviors in a capacitively coupled argon plasma.
The acoustic modulation effects have been illustrated by com-
paring the spatiotemporal distributions of number densities of
plasma species with and without the acoustic standing waves
in one acoustic period, as well as the spatiotemporal distribu-
tions of the electric field, the electron temperature, the ioniz-
ation and excitation rates, and the power density in one RF
period at different time moments in an acoustic period.

The acoustic standing waves have significant influences on
the discharge behaviors. When there are no acoustic standing
waves in the discharge region, a steady state argon plasma is
established with maximal number densities of the electron
and the metastable Ar atom at the center of the discharge
region. However, by applying an acoustic standing wave, the
plasma achieves a periodical steady state similar to the non-
linear acoustic pressure variation, primarily due to the neutral
flux friction to the plasma species and secondarily due to the
variation of neutral gas density. With the modulation of the
acoustic standing waves, a pulsed excited species flux can
be obtained at the electrodes, whose maximum value is up
to twice of the minimum value. The ion flux at the electrodes
are not strongly influenced by the acoustic field. The plasma
modulation effect by acoustic standing waves has also been
investigated in the RF timescale at different time moments in

10

an acoustic period. The ionization and excitation rate distri-
butions in one RF period are significantly influenced by the
acoustic standing waves, due to the variation of the neutral gas
density and the electron temperature.

The different discharge behaviors obtained with and
without the acoustic standing waves indicate an obvious mod-
ulation effect. In addition, a pulsed excited species flux can
be obtained at the substrates. These results contribute to the
understand of the mechanism and characteristics of plasma
discharges coupled with a high-intensity acoustic standing
wave field, as well as the development of plasma modula-
tion methods by acoustic principles. These effects have some
implications for the ion extraction, the plasma uniformity
and the plasma chemical reactions, which are important for
modulating and optimizing the plasmas for plasma etching
and plasma enhanced chemical vapor deposition applications.
These potential applications will be investigated in the future
work.
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