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A self-consistent and three-dimensional (3D) model of argon discharge in a large-scale rectangular surface-wave

plasma (SWP) source is presented in this paper, which is based on the finite-difference time-domain (FDTD) ap-

proximation to Maxwell’s equations self-consistently coupled with a fluid model for plasma evolution. The discharge

characteristics at an input microwave power of 1200 W and a filling gas pressure of 50 Pa in the SWP source are ana-

lyzed. The simulation shows the time evolution of deposited power density at different stages, and the 3D distributions

of electron density and temperature in the chamber at steady state. In addition, the results show that there is a peak

of plasma density approximately at a vertical distance of 3 cm from the quartz window.
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1. Introduction

In recent years, surface wave plasma (SWP)
source has been developed as a competitive process-
ing tool for ultra-large-scale integrated (ULSI) cir-
SWP is sus-
tained by the fields of 2.45 GHz microwaves propa-

cuit devices, flat panel displays, etc.

gating along a plasma-dielectric interface under the
condition of electron density higher than the cutoff
plasma density. Compared with various conventional
plasma sources such as inductively-coupled plasma
(ICP), capacitively-coupled plasma (CCP) and elec-
tron cyclotron resonance (ECR) devices, SWP source
has many advantages,[l_‘l] for example, (i) no need
for the use of static magnetic fields; (ii) no need for
the electrodes, thus completely avoiding electrode pol-
luting; (iii) the possibility to be enlarged to diame-
ters larger than 0.6 m or areas larger than 0.5 m?
(0.5 x 1 m?) so as to maintain the spatial uniformity
and high density (n. ~ 1011-10'* cm~2) of plasma.

In practice, the large-scale spatial uniformity of
plasma is the most important goal but is very difficult
to achieve, only through experience (e.g. cut and try
of slot antennas) may it be carried out. So we urgently

need the assistance by the analysis of the theoretical
model in the design of the SWP device. In this field,
several research works have been done over the past
ten years.®~8 However, these works mainly focused
on the cylindrical configuration of the SWP source and
all the models they built were almost two-dimensional
(2D). For a rectangular-type SWP source, no theo-
retical modeling of the discharge characteristics has
been fully developed for this kind of 3D device. In
Refs.[9] and [10], we built a rectangular SWP source
and developed a 3D simulation code based on the as-
sumption of spatially uniform and time-independent
Although this code has been
used to study the wave propagation and absorption

plasma distribution.

in the whole device, the simulation cannot reproduce
the strong interdependence between the plasma distri-
butions and electromagnetic wave propagation. Ob-
viously, it is necessary to build a self-consistent 3D
model for the rectangular-type SWP source. In this
paper, we present a hybrid simulation employing the
finite-difference time-domain (FDTD)M approxima-
tion to Maxwell’s equations along with a fluid model
for plasma evolution to study the characteristics of

argon discharge in the SWP source. We intend to
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evaluate this model as a practical design tool for the
SWP apparatus by using the simulation results.

2. Model

2.1. Configuration

Figure 1 shows the configuration of the rectangu-
lar SWP source structure, the configuration is simi-
lar to the experimental setup under operation.[®) The

SWP source consists of an R22 rectangular waveguide
connected to a metallic rectangular chamber with a
size of 44 cm length by 22 cm width by 15 cm height.
The top wall of the chamber is a quartz dielectric (a
little smaller than chamber area) with a thickness of
14 mm and a relative permittivity ¢ = 3.78. Slot an-
tennas are placed just at the bottom wall of the waveg-
uide. The plasma is sustained through the injection
of microwave energy at 2.45 GHz from the waveguide
(TE10 mode) into the chamber.
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Fig.1. Three-dimensional model of the SWP source.

2.2. Physical model

The Maxwell’s equations and plasma electron
equations of motion are given by

OFE
EW =V xH — J, (1)
OH
Py = -V X E, (2)
Ju
mea = —eFE — vgyu, (3)
J = —eneu, (4)

where FE and H are the electric and magnetic fields, J
is the plasma current density induced by microwaves, e
is the electron charge, m, is the mass of electron, n, is
the plasma electron density, ve, is the electron-neutral
collision frequency, u is the electron velocity, i and €
are the permeability and permittivity in free space or

in quartz dielectric. Here, ve, = nnoenu is a func-
tion of gas pressure and electron temperature, where
nn = pn/kTy is the background gas density with
the gas pressure p,, temperature T},, and Boltzmann’s
constant kg; o, is the electron-neutral collision cross

section and assumed to be constant 5 x 10729 m?.

The simulations are performed for a single-ionized
argon plasma with the assumption of charge neutral-
ity. Besides the ionization reaction, we also consider
the excited 4s and 4p states of the argon atom. Vol-
ume ion-electron recombination is excluded, so all
charge particles are lost at the walls. Because the
plasma in the present study has a low degree of ion-
ization, the momentum transfer between electrons and
ions is much smaller than that between electrons and
neutrals. Therefore, we neglect the momentum trans-

fer between electrons and ions. In the microwave
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plasma, there may exist some collisionless mechanisms
of energy absorption such as statistical heating and
Landau damping, but we neglect these heating mech-
anisms and only consider the Joule heating by the
microwave. On the basis of these assumptions, the
electron fluid continuity and energy balance equations

in plasma can be written as

One
ot

+V . .TI',=Kineny, (5)

0 (3
v *ek Te ' e:Pas*PCOa
8t<2n B )+V q b 1 (6)

where

kB
me Z/en

Fc == */JcncEamb -

V (neTe) (7)

is the electron flux expression from the electron mo-
mentum balance, and

BnekBTe

2MeVen

g = oTehsT. - VisT.  (8)
is the electron energy flux; pe is the electron mobil-
ity, Paps = J - E is the energy deposited into elec-
trons. The fluid equations (5)—(8) are derived by as-
suming an isotropic electron energy distribution func-
tion (EEDF). We know the possibility of anisotropic
electron energies, but we neglect this effect in this
study. Because we take into account only the ion-
ization and the excitation of the 4s and 4p states of
the argon atom, the power density of energy losses
due to electron-neutral inelastic collisions can thus be
expressed as

Pcoll - nennKiUi + nennK4sU4s + nennK4pU4p7 (9)

where K;, K4, and Ky, denote the rate coeflicients
for ionization and excitation. We use Egs.(10)—(12)
as the rate coefficients as presented by Ashidal?!

K; = 2.3 x 107 MT%Bexp (—U; /Tov) , (10)

Ko = 5.0 x 1077 exp (—Uss /Tov),  (11)

Kyp = 1.4 x 107 T8 exp (—Usp/Tev),  (12)

e

where U; = 15.76 eV, Uys = 11.5 eV and Uy, =

13.2 €V are the respective threshold energies for ion-

ization and excitation of the states 4s and 4p. Toy is

the electron temperature and the unit is electron volt.
The electrostatic field in Eq.(7) is

Di - De Vne 1 kB VT‘e

— 13
Le + 1 Ne Me + [i MeVen ' ( )

Eamb =

which can be derived from the assumption of ambipo-
lar diffusion I'; = I'; with the ion flux

g (iT3) (14)

I's = pini Eapp, —
MiVin

where m;, T; and n; are the mass, temperature and
density of ion respectively; and n; ~ n, due to charge
neutrality. In Eqs.(7), (13) and (14), pa = €¢/MmaVan
(o = e,i) are the electron and ion mobilities, and
D, = kgTo/maVan(a =1, €) are the electron and ion
diffusion constants, where v, = 0;,0;n, is the ion-
neutral momentum transfer collision frequency. Here,
we have oj, = 5 x 10719 m? for the corresponding col-
lision cross section, and T; = 0.05 eV to specify the
ion thermal speed v; = (8kBTi/ﬂ'mi)1/2. The ion tem-
perature are assumed to be spatially uniform, hence
VT; =0.

The plasma electron density and temperature in
Egs.(5) and (6) can be calculated numerically with
a time increment Atguiq, which is usually far greater
than the time increment AtppTp of Egs.(1)—(5) when
using the FDTD method as the solver of Maxwell’s
equations. So within several periods of microwave,
the plasma electron density and temperature can be
viewed as in quasi-steady-state (9/0t = 0) in com-
parison to the time scale of the microwave oscillation.
Then equations (5) and (6) can be reduced to

V. Ty = Kinenny, (15)

\& ge = Fabs — P<30117 (16)

which are solved by finite differences. From Egs.(7),
(8) and (13), the left-hand sides of the above two equa-
tions can be written as

Di iD i
vV.I,= _wv%e M
He + i MeVen

:U/e"'Mi
2wk
= gp, VT, (17)

B ,U/e"'/ii MelVen
o i
Vogo=——2(1+
1 2 ( :ue‘i’:ui
o §,ueDi+4,UfiDe+ﬂeDe
2 He + i

) eDi iDe
_ *kaTeVQTLe
2 e+

5 i k2 e
2 (1 + £ ) Bl g1, . VT,
2 He + i ) Melen

FBne o

) nokp Do V3T,

ksVne - VI,

(18)

The period-averaged electromagnetic deposited power
density in Eq.(16) is given by
t+T

Pops = 1 / J - Edt, (19)

T
t
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where T'(~ 0.408 ns) is the period of 2.45 GHz mi-
crowave.

The Maxwell’s equations (1) and (2) are solved
by using the FDTD method, while the motion equa-
tion (3) is discretized by the auxiliary differential
equation (ADE) method.!*3] For the FDTD boundary
conditions, all conducting surfaces (metal walls) are
assumed to be perfect electrical conductors (PEC),
i.e., the tangential electric-field components on these
planes are forced to be zero. At the right end of waveg-
uide (not shown in Fig.1), 14 cells perfectly matched
layer (PML)™! is designed to absorb the reflected
waves. The boundary conditions for Egs.(15) and (16)

are

Ty = noup = 0.605n0\/kpTe/ms, (20)
Qo = kpTo (2.5 +1In \/m) Fer,  (21)

where [.; and ¢.; are the respective components of
I'. and q. perpendicular to the walls, up is the Bohm
velocity. Here we assume that there is a plasma sheath
at the plasma-wall interface where the plasma contacts
metal wall or quartz window.

2.3. Method for calculation

In the algorithm we use for the FDTD /fluid hy-
brid simulation, as shown in Fig.2, there are two
subloops within the main loop: one is called the
FDTD subloop (left-hand part), and the other is called
the plasma fluid subloop (right-hand part). The two

subloops are head-tail connected as a successive main
loop. At the beginning of one calculation, electron
density and temperature in the whole chamber are
initialized to be constants, i.e., Ty = 2 eV, ng =
10" m=3.

Eqgs.(1)—(4), we obtain the steady-state electromag-

By performing the FDTD simulations of

netic field in 15-25 microwave periods. The first step
can also be seen as a spatially uniform and time-
independent plasma model of SWP, the detailed de-
scription of the simulation of this model can be found
in our other paper.l'9 After the steady state has been
achieved, we calculate Eq.(19) to obtain the spatial
distribution of deposited power, which as an input is
transferred to plasma fluid subloop to solve for the
electron density and temperature. Typically in 1750—
2000 Gauss—Siedel iterations, a converged solution of
the electron density and temperature is reached. Then
we use the electron density and temperature obtained
as the input of the FDTD subloop. By reciprocally it-
erating of these two subloops, the main loop reaches a
converged solution in approximately 10-15 iterations.

The numerical convergence was checked by per-
forming several simulations, and no large time-scale
variations of the plasma parameters were observed
when using simulations with a large number of itera-
tions times. It is further noted that the final converged
state of plasma depends on the input microwave power
P, and the given gas pressure p,, but not on the ini-
tial values or distributions of electron density n, and
electron temperature Ts.

10-15 iterations

[ calculate P,ps ]

new J (15—

25 microwave

calculate E, H

periods)
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Fig.2. Numerical model iteration scheme.
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3. Results and discussion

In the following calculations, the discharge char-
acteristics of the SWP source are simulated at a pres-
sure of 50 Pa. The nominal input microwave power for
this simulation is 1200 W at a frequency of 2.45 GHz.
In the simulation, the time increment for FDTD is
taken to be Atpprp = 3.08 x 10712 s, and the iter-
ation times for FDTD and the Gauss—Siedel method
in every main loop are taken to be 2000 (about 15 pe-
gth

riods of wave) and 1750, respectively. After main
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loop iteration, the plasma parameters in the chamber
and the electromagnetic field in the whole device tend
to become stable. It is noted that a larger number of
main loop iteration times are needed for lower input

microwave powers.

Figures 3(a)-3(f) show the time evolution of the
3D distribution of deposited power density, corre-
sponding to the 2~7'" main loop iterations respec-
tively. These figures can also be viewed as the different
states of surface deposited power density at different
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Fig.3. Time evolution of deposited power density (W/m?) distribution in 3D space, (a)—(f) respectively repre-
sent the 2~7t" main loop iterations (P, = 1200 W, p, = 50 Pa).
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times. At the beginning, because the electron density
is relatively low, the deposited power is concentrated
in a narrow area just at the bottom of the waveguide
as shown in Fig.3(a), leading to a nonuniform distribu-
tion of electron density. The deposited power density
can easily and uniformly spread out in the x direc-
tion, for which there is a precondition: the powers
injected into the chamber through each slot antenna
are high and uniform enough. In order to achieve this,
in Fig.1 we placed the slot antennas periodically along
the x direction just at the positions where the mag-
netic field can reach the wave crest of the standing
wave. Because the length of the chamber is not too
big, here we do not consider the influence of slotting
on the standing waves in the waveguide, which actu-
ally is a main factor that should be taken into account
in the design of a larger SWP device. In Figs.3(b)-
3(d), one can see that with the increase of time, the
surface deposited power density starts to spread out
towards the entire width of the quartz window. In
this process, the fringe-deposited power is much big-
ger than that in the inner region, producing a bigger
electron density in the periphery and forming a den-
sity concavity in the inner part. This distribution of
electron density may be in favor of the absorption of
microwave power and thus in favor of the outspread
of electron density. In Figs.3(e)-3(f), the deposited
power density completely spreads out and covers the
whole quartz window. It is interesting to note that
the whole process is totally spontaneous, and only de-
pends on external conditions such as input power, gas
pressure and the structure of slot antennas.

Figure 4 shows the snapshot of the surface wave
(E, field) pattern near the plasma-quartz interface,
which corresponds to the deposited power density
shown in Fig.3(f).
intense electromagnetic fields. One can see that the

The darker parts represent more

pattern in Fig.4 is not so uniform as the corresponding
deposited power density, but they are not contradic-
tory because figure 4 is just a snapshot, and the mode
in the pattern is not an eigen-mode, thus the actual
pattern is dynamic variable and the dark parts will
keep moving around. On the other hand, the strong
correlation between the surface wave pattern and the
structure of slot antennas can be found in this figure.
Different forms of slot antennas will lead to totally dif-

ferent distributions of fields and plasma parameters.

Fig.4. Snapshot of the surface wave (E, field) pattern
near the plasma-quartz interface. Note that the area of
the quartz window is smaller than that of the chamber.

Figures 5 and 6 show respectively the 3D distribu-
tions of the electron density n. and temperature T, in
the entire chamber. According to the physical model,
on the one hand, plasma absorbs surface power leak-
ing from the slot antennas and carried by the surface
wave propagating along the plasma-quartz interface;
on the other hand, the energy and charged particles
of the plasma are lost at the walls through diffusion.
When these two factors are balanced, the stable distri-
butions of n, and T, can be achieved. From Egs.(15)
and (16), the distribution of deposited power density
directly determines that of T, and thereby determines
that of ne. So it can be clearly seen from Fig.6 that
the upper surface distribution of T, is quite similar to
that shown in Fig.3(f). Because the deposited power is
very uniform under the quartz window, the upper sur-
face distribution of n, and T, are also comparatively
uniform, forming a platform of n, at the top of the
chamber. In fact, the distribution of deposited power
density is not completely uniform under the quartz
window, however, the n. can keep relatively uniform
through diffusion throughout the chamber. In addi-
tion, comparing Fig.5 with Fig.6, one can see that the
Te of bulk plasma is much more uniform than n,., es-
pecially at the positions near the bottom wall and the
corners of the chamber.
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Fig.5. Electron density in 3D distribution.
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Fig.6. Electron temperature in 3D distribution.

Figure 7 shows the n, and T, distributions along
the vertical central axis of the rectangular chamber.
For an injected microwave power P, = 1200 W and a
gas pressure p, = 50 Pa, the maximal values of n, and
T, can reach about 6 x 10'® m~3 and 2 eV respectively.
The distributions of n. and T, are nonuniform in the
z direction due to diffusion, and the distribution of n,
has a peak at around z = 12 c¢m or a vertical distance
of 3 cm from the quartz window. From z = 12 cm to
z = 15 cm, the distribution of Ty is quite different from
that of ne: the former rises monotonously and steeply

Z/2 mm

Fig.7. Electron density and temperature distributions
along the vertical central axis of the chamber.

while the latter drops down rapidly after reaching its
peak. This is the reason that figure 6 looks so bright
while figure 5 looks so dark on the upper surface.

Figure 8 shows the horizontal distributions of n,
and T, the sampled line is located at a vertical dis-
tance of 1.2 cm from the quartz window. The average
derivations of n, and T, in the platform area (x=>5-
40 c¢m) are no more than 1.0 x 10'® m=2 and 0.1 eV,
respectively. With the increase of the distance, the
ripples of ne and T, in the platform area will rapidly
weaken after reaching their respective maximum. It
is necessary to note that the n, curve in Fig.8 does
not exhibit bilateral symmetry, i.e. the values on the
left side are slightly higher than those on the right
side. The reason may be that the slots close to the mi-
crowave source can better radiate powers than those
far from the microwave source.

8
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6 ]
T
12.0
ooE 4 >
— 3
S 1 =
~5 &~
£ 27 {1.6
0. ]
1.2

50 100 150 200
Z/2 mm

(=X

Fig.8. Horizontal distributions of electron density and
temperature, the sampled lines are located at vertical dis-
tances of 1.2 cm and 2 mm from the quartz window.

4. Summary

We have presented a self-consistent and full-scale
three-dimensional FDTD/fluid hybrid model for the
large-scale rectangular surface wave source. The hy-
brid model employs the FDTD method to solve the
electromagnetic equations and at the same time em-
ploys a plasma fluid model to self-consistently obtain
steady-state plasma spatial distributions. A detailed
description of the algorithm has also been presented.
In order to evaluate whether the simulation model is
applicable to reproduce the characteristic spatial pro-
files of the electron density and temperature, we have
simulated the time evolution of the argon surface-wave
discharge at an input microwave power of 1200 W and
a gas pressure of 50 Pa. The results show that the elec-
tron density has such a characteristic profile that the
peak is located several centimeters from the bound-
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ary, while the electron temperature monotonously in-

creases towards the boundary. The tendencies and

the orders of magnitudes of the results obtained are

in good agreement with existing experimental data.

Further investigations are now in progress to validate
the FDTD/fluid hybrid simulation by comparing the
numerical results with experimental investigations.
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