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The principle of surface wave plasma discharge in a rectangular cavity is introduced simply based on surface

plasmon polariton theory. The distribution of surface-wave electric field at the interface of the plasma-dielectric slab

is investigated by using the three-dimensional finite-difference time-domain method (3D-FDTD) with different slot-

antenna structures. And the experimental image of discharge with a novel slot antenna array and the simulation of the

electric field with this slot antenna array are both displayed. Combined with the distribution of surface wave excitation

and experimental results, the numerical simulation performed by using 3D-FDTD is shown to be a useful tool in the

computer-aided antenna design for large area planar-type surface-wave plasma sources.
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1. Introduction

A great deal of attention has been paid recently to
surface wave plasma (SWP) extensively used for var-
ious potential applications in modern industry, such
as ultra-large scale integration (ULSI) devices, liquid-
crystal displays (LCD), solar cells and superficial mod-
ification of material. SWP has many merits in com-
parison with other types of plasma sources: (i) opera-
tion without the external magnetic field used in elec-
tron cyclotron resonance (ECR) or inductively cou-
pled plasma (ICP); (ii) no impurity contamination
caused from the electrode insertion in capacitive cou-
pled plasma (CCP); (iii) high density plasma above
the cut-off density with low pressure; (iv) with the
small aperture antenna, the larger-area high-density
planar surface wave plasmas can be realized through
the surface-wave dissemination. Therefore, SWP has
been exhaustively investigated both theoretically and
experimentally.' =9 For example, the significant effect
of the antenna structure on the production of high
density was reported in Ref.[1]; the influence of the in-
cident microwave power, the gaseous component, the

gas pressure and the shape of coupler antenna on the
generation of plasma was investigated in Refs.[10]-
[13]; the plasma wave resonance in the plasma guided
by a vane-type slow wave structure was studied in
Refs.[14] and [15].

To date, significant progress has been made in this
field" 15! and several SWP sources have already been
used in the production of solar cell or liquid crystal
panels. However, some problems, like the antenna-
surface wave (SW) coupling mechanism and the op-
timum design of the slot antenna, have not been sat-
isfactorily resolved yet. Chen et all'®! have analysed
two-dimensional numerical simulations based on the
finite-difference time-domain (FDTD) method in a
cylinder planar-type non-magnetized plasma process-
ing device. Kousaka and Onol'” have performed nu-
merical analysis by using the two-dimensional finite-
difference time-domain method (2D-FDTD) in a mi-
crowave plasma source excited by azimuthally sym-
metric surface waves. Okamura et al'8! have simu-
lated the TMg;-mode microwave propagation for plas-
mas with disk-plate windows by using the 2D-FDTD
method.
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In the present paper, we introduce the FDTD
numerical method and try to investigate these prob-
lems with the aid of a computer. A three-dimensional
model of the SWP source is built numerically based
on the three-dimensional finite-difference time-domain
method (3D-FDTD)!! to study the electromagnetic
fields in the system with different slot-antenna struc-
tures. In order to verify the credibility of this nu-
merical simulation and to find the mechanism of the
surface-wave discharge, the discharge experiment with
a novel slot-antenna array(? is also operated in a rect-
angular planar-type surface-wave plasma source.

2. Principle of surface wave

plasma

In the experimental setup for the study of surface-
wave plasma, the electromagnetic wave excited by
slot-antennas accelerates the electrons and ionizes the
low-pressure gas to form plasma. When the microwave
power is high, the electromagnetic wave reflecting
from the cut-off layer will disseminate along the in-
terface of the dielectric board and plasma, thereby
restricting its energy in the region near the interface,
and decay exponentially with increasing propagation
distance. Based on the theory of surface plasmon po-
laritons, the propagation constant kgp on the planar

dielectric-plasma interface is given byl!:12:20]

EdEp
ksp=koy/——— 1
SP 0 5d+5p’ ()

where ko is the vacuum wave vector and €, and ¢4
are the relative permittivities for the metal and the
dielectric, respectively. And ¢, is given as

W2

Epzl_wig (2)

where w is the angular frequency of microwave and wy,
is the angular frequency of the plasma, expressed as
wp = (e2ne fzome)?.

Figure 1 shows the configuration of the planar
SWP source structure, which is the same as the con-
figuration of the experimental setup under opera-
tion. The SWP source consists of an R22 rectangular
waveguide connected to a metallic rectangular cavity
44 cm long, 20 cm wide and 30 cm high. The top
wall of the cavity is of quartz dielectric with a thick-
ness of 14 mm and relative permittivity ¢4 = 3.78.

The slot antenna in the figure can be replaced easily.
The plasma reaches a high density (greater than the
critical electron density at 2.45 GHz) by injecting mi-
crowave energy at 2.45 GHz from the waveguide into
the cavity.

waveguide

. 4

excitation source
quartz slot antenna) i

Fig.1. A three-dimensional model of the SWP source,
where PML denotes the perfectly matched layer placed at
the other end to avoid any reflection field in the 3D-FDTD
code.

3. Numerical simulation using
the 3D-FDTD code

3.1. The 3D-FDTD code based on Drude
model

The cold non-magnetized electron plasma used in
this work is assumed to have a fixed uniform electron
density. The Maxwell’s equations and plasma electron

fluid equations are given by (Drude model)[?!]

sa—E =VxH-J,
ot
oH
—_— = E
o T VX E
me%l: —eFE — vu,
J = —eneu, (3)

where E and H are the electric and the magnetic
fields, respectively, J is the current density in plasma,
e is the electron charge, m, is the mass of electron, n.
is the plasma electron density, v is the electron-neutral
collision frequency, u is the electron velocity, p and €
are permeability and permittivity in free space or in
quartz dielectric, respectively.

The 3D-FDTD method is employed to simulate
surface wave excitation, and the 3D-FDTD code is
edited in Fortran. The FDTD parameters are cell size
Ah = 2.5 x 107* m and time step At = 0.46 x Ah/c,
where ¢ is the speed of light. The Courant stability
condition can be satisfied. The computational domain
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including the waveguide and the cavity below is sub-
divided into 235 cellsx 110 cellsx57 cells, and the cal-
culations are carried out in at least 20000 time steps
to obtain stable fields in the whole system. A 14 cells
perfectly matched layer (PML) is designed to absorb
the reflected waves. All conducting surfaces are ap-
proximated as lossless, perfect electrical conductors
(PEC), while the plasma and the quartz are assumed
to be homogeneous and isotropic. For the plasma pa-
rameters, the plasma electron density n. and collision
frequency v can be set by the operator according to
the actual experimental conditions.

3.2. Influence of the antenna structures

First of all we should know what sort of slot-
antenna can stimulate the even stable surface elec-
tromagnetic wave. Therefore, the excitation of the
antenna with three different longitudinal or trans-
verse slot structures is simulated. Figure 2 depicts
the schematic diagram of these metallic slot antennas.
Figure 2(a) shows a single slot antenna lying along
the z-direction, with 37.15 cm long and 1 cm wide;
Figure 2(b) displays a 4-slot antenna located along
the y-direction, where the slots are arranged along
the z-direction and their interspaces are all 7.43 cm,
and each slot is 5.6 cm long and 1 cm wide; Fig-
ure 2(c) shows a slot-antenna array with 10 longitu-
dinal slots, each 3.6 cm long and 0.8 cm wide, and
4 transverse slots, each 5.6 cm long and 1 cm wide.
Here, the plasma electron density n. is assumed to be
2.25%10'® m—3 and the collision frequency v is set as
3.0 GHz. The structure of the slot antenna is shifted
as shown in Fig.2 in the simulation model, and the
simulation results can be seen in Figs.3, 4 and 5.

(a)

(b) I

101

(— (— — —— —
of 1 1 |
[——1 [c——1 (E——] — —

Fig.2. A schematic diagram of different metallic slot an-
tennas: single longitudinal slot antenna (a); 4 transverse
slots antenna (b) and a slot-antenna array with longitudi-
nal slots and transverse slots (c).

Figure 3 shows the amplitude of the electric field
excitation at the interface of the plasma-dielectric slab
with the slot antenna shown in Fig.2(a). It can be
found that even surface electric field distributed along
the y-direction and the excitation in the z-direction
are not well proportioned. Figure 4 displays the am-
plitude of the electric field excitation at the inter-
face of the plasma-dielectric slab with the slot an-
tenna shown in Fig.2(b). Even surface electric field
distributed along the z-direction and the excitation
in the y-direction are not obtained as shown in the

figure.

Fig.3. The amplitude of electric field excitation at the in-
terface of the plasma-dielectric slab with the slot antenna

i

Fig.4. The amplitude of electric field excitation at the in-

shown in Fig.2(a).

terface of the plasma-dielectric slab with the slot antenna
shown in Fig.2(b).

Figure 5 shows the amplitude of the electric field
excitation at the interface of the plasma-dielectric slab
with the slot antenna shown in Fig.2(c). Compared
with what is shown in Fig.4, the uniformity of the ex-
citation is improved, but the surface electric fields in
the y-direction are not found immediately in the fig-
ure, which do in fact exist. In comparing Fig.3 with
Fig.4, we find that the relative peak value and the ef-
fective excitation area in Fig.4 are larger than those
in Fig.3. Consequently, the excitation along the y-
direction in Fig.5 has its distribution definitely, but
its peak value is too small compared with the excita-
tion of the transverse slots and cannot be displayed
in the figure. Now we consider an actual discharge
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process. When discharge starts, no larger area even
plasma exists; if the distribution of the excitation is
non-uniform, the uniformity of the discharge will be
destroyed definitely and the occurrence of this situa-
tion in industrial applications will be disadvantageous.
Therefore, although the peak value of the excitation in

the y-direction is small, it is essential for the formation

and the stability of the large area even surface-wave

Il

plasmas.

Fig.5. The amplitude of the electric field excitation at
the interface of the plasma-dielectric slab with the slot
antenna shown in Fig.2(c).

3.3. A comparison with experiment

In order to check the performance of the new an-
tenna, we have made an aluminum slot-antenna array
with the structure shown in Fig.2(c) and performed
an experiment on our surface-wave plasma system.2%!
Figure 6 shows the image of the discharge under the
following condition: the input microwave power of
600 W, argon gas pressure of 100 Pa and the frequency
of the microwave of 2.45 GHz.

areas along the z-direction and seven bright discharge

Five bright discharge

areas along the y-direction can be found, separately.
In Ref.[20], the electron temperature T, was estimated
to be 2.5 eV, i.e. T, = 2.5 €V and the electron den-
sity ne was measured by using a Langmuir probe to
be 8.1x10'7 m~3 8.1x10* m~3, and the
uniform plasma within 14 cm with a fluctuation level

, le. me =

of 5.5% was achieved. We can infer the collision fre-
quency v ~2.4 GHz (at a 100 Pa gas pressure) and
adopt this parameter to simulate the excitation at
the interface of the plasma-dielectric slab as shown
in Fig.7. Unfortunately, the excitation peak number
only in the y-direction can be compatible with the
discharge image, for which the reason is that this dis-
crepancy is caused possibly by the inaccurate value
of the electron density obtained from the probe mea-
When we assume that the electron den-
sity ne = 1.1 x 10'® m™2 and the collision frequency
v = 2.4 GHz in our 3D-FDTD model, we can obtain

surements.

a simulation result identical with the discharge image
as shown in Fig.8.

Fig.6. The discharge image under the condition: mi-
crowave power of 600 W and argon gas pressure of 100 Pa.

‘ﬁil
t@t"

Fig.7. The excitation of the electric field at the interface
of plasma-dielectric slab under the parameter condition:
the electron density ne = 8.1 x 1017 m—

3 and the collision
frequency v = 2.4 GHaz.

Fig.8. The excitation of the electric field at the interface
of the plasma-dielectric slab under parameter condition:
the electron density ne = 1.1 x 1018 m—
frequency v = 2.4 GHz.

3 and the collision

3.4. The computation of energy flow

The computation of energy flow is one of the im-
portant items in the 3D simulation of the SWP source,
and it can show the energy absorbed by the plasma.
The energy flow S is calculated by[22—24

S:/(EXH)-dA, (4)
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where E and H are the electric and the magnetic
fields in the waveguide, respectively, and dA is the
area unit selected in the waveguide.

The SW propagates along the z-direction which
is perpendicular to the direction of opening the slots.
This is practically significant to the optimization of
the antenna design which has to meet the challenge
of increasing the absorbed energy by plasma as much
as possible, with a simple and stable SW mode main-
tained at the same time. Figure 9 presents the en-
ergy flow versus time step with the antenna shown in
Fig.2(c).'”) The sampling plane is placed at 5 cells in
front of the PML. We prescribe that the energy flow
along the z-direction is positive, thus the energy flow
shown in Fig.9 is negative. The time step number is
limited to 1400, so the electromagnetic fields in the
system are far from being stable. However, we can
also roughly see the proportion of energy absorbed by
the plasma. The calculations of energy flow or re-
flection power provide us with a tool to compare the
radiation efficiencies of different slot antennas.

—— waveguide
---o- waveguide-cavity
- - - waveguide+cavity+plasma

800 1000 1200 1400

Time step

Fig.9. Energy flow versus time step, where the sampling
plane is located at 5 cells in front of PML.

3.5. Result analysis

Generally, in our experimental setup for the study
of surface-wave plasma, firstly, the electromagnetic

wave excited by slot-antennas enters into the vacuum
cavity, thereby forming the distribution of the electro-
magnetic wave and accelerating electrons to ionize the
low-pressure Ar gas into the plasma. Secondly, with
plasma density increasing, the electromagnetic wave
will be reflected from the cut-off layer and will dissem-
inate along the interface between the dielectric board
and plasma, thereby restricting its energy in the re-
gion near the interface, and decays exponentially with
propagation distance increasing. And then the elec-
tromagnetic surface-wave and surface plasmon polari-
tons are formed at the dielectric-plasma interface as
shown in Fig.4. Finally, the electrons accelerated by
the surface-wave electrical field collide with the neu-
tral Ar atoms and so the density of the Ar excited state
atoms increases simultaneously. When a large number
of particles in a higher energy Ar excited state turn
into particles in a lower energy state, we can observe
the bright image of this discharge, as shown in Fig.6.

4. Conclusion

The theory of surface-wave plasma is recalled sim-
ply at first. The numerical simulation code 3D-FDTD
is introduced to simulate the electromagnetic waves
in a surface-wave plasma system, and the amplitudes
of the electric field excitation at the interface of the
plasma-dielectric slab are numerically displayed with
different structure slot antennas. A microwave dis-
charge experiment is operated by using the novel slot-
antenna array. According to the plasma parameters
obtained from experimental measurements, the results
of the numerical simulation are compatible with the-
ory and experiment. It is found that numerical sim-
ulation using the 3D-FDTD is a useful tool in the
computer-aided antenna design for large area planar-

type surface-wave plasma sources.
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