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Abstract 
 
In this research a large-area surface-wave slot antenna microwave plasma source was designed and fabricated. Using 
a slot antenna excitation configuration, the design procedure of such source was based on producing flat uniform 
cylindrical plasma by launching a microwave at fixed frequency of 2.45GHz with a variable power up to 850W on a 
dielectric window. The Large time-stable plasma could be sustained in a relatively large surface (500 ) with an 
approximated plasma density of almost 2 10 . A new tuning system for matching the impedance of the mi-
crowave coupler to the plasma chamber with the impedance of the waveguide was devised and utilized. Further-
more, on the basis of its equivalent circuit the algorithm for impedance matching is obtained. In addition, the va-
cuum (plasma) chamber has a totally uniform gas distribution system with circular symmetry to ensure the uniformi-
ty of the plasma, and also a movable substrate holder with a water cooling system that would make diverse wafer 
processes in plasma processing technology possible. The configuration was simulated with CST Microwave Studio 
and FDTD code. The fabricated mechanical model and results of simulations are presented. 
 

PACs: 52.40.Db; 05.45.Pq; 84.37.+q; 52.40.Fd; 52.40.Fd 
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1.  Introduction 
 
Due to the extremely high ion density and ionization 
rate of microwave plasma in comparison with RF [1-
3], such plasma generators have been excessively re-
garded for either next-generation plasma or ultra-
large-scale integrated (ULSI) processing, and also 
micro-structuring of silicon wafers [4-6]. Large vo-
lume plasma sources spatially long thin cylindrical 
plasma columns have been designed via either axial 
[7-8] or top wall excitation [9-11]. Among the top 
wall excitation models, slot antenna wave coupling 
structures have been proved capable of producing 
highly uniform, over-dense plasma cylinders with 
enlarged diameters [12]. The chief concept and cha-
racteristics of such configurations are both theoretical-
ly and experimentally investigated [13-15]. An effi-
ciently optimized antenna as the microwave launcher 
to the plasma load which is perfectly matched to the 
source is the key part of SLAN microwave sources. 
Numerous types of antennas have been used and de-
veloped, and the transverse slot antenna is introduced 
as the best one [16].  Due to the short wavelength of 
microwaves and their low skin depth in plasmas (The 
2.45GHz wave with a wavelength of 12.6 cm in va-
cuum medium has skin depth of around 1cm in 1Torr 
pressure range that reaches to several millimeter in a 
pressure range of about 10 Torr) designing a micro-

wave plasma source with an efficient coupler and a 
suitable matching structure is complicated.  Even with 
rather large apertures for microwave power coupling 
[17], the sufficient uniformity would not be achieved 
easily, thus this make it useless for many applications 
such as manufacturing advanced electronic devices. 
In this paper a novel microwave plasma source de-
signed for a variety of large surface substrate 
processes would be either theoretically or experimen-
tally investigated. This design is based on microwave 
radiation into the vacuum chamber throughout a circu-
lar dielectric window, and  uniform surface wave dis-
tribution using an appropriate configuration of circular 
metallic rings as slot antenna on a dielectric disk. 
Moreover, the coupler is efficiently matched to the 
source by means of the matching circuit. 
 
2. Experimental set-up 
 
As it can be seen in Fig. 1, the fabricated microwave 
plasma generator consists of a magnetron 2.45 GHz 
microwave power source, a matching circuit, a slot 
antenna (SLAN) microwave power coupler, and also a 
vacuum chamber with either diameter and height of 
300 mm. The vacuum chamber was designed for 
working at pressure of 0.01 Torr to 0.5 Torr. The 
magnetron power supply is a switching mode 0-4 Kv 
DC supply. The exact model of the source was simu-
lated in CST Microwave Studio with Finite Difference 
Time Domain method and its performance was eva-
luated. Since the uniform distribution of power along 
the dielectric surface above the chamber would ensure 
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the formation of uniform plasma, the distribution of E-
field in dielectric waveguide above the chamber was 
investigated in a code that was composed in Finite 
Difference Time Domain (FDTD) method by authors 
and also Ansoft HFSS. The sketch of the fabricated 
SLAN microwave plasma source is depicted in Fig. 6. 
Although due to unavailability of the Langmuir probe 
or other measurement system, the plasma parameters 
could not be measured practically and its density was 
approximated on the basis of surface plasmons (SPs) 
theory. Since in the simulated model the accurate pa-
rameters of microwave structure and plasma load were 
considered and its characteristics were evaluated by 
two distinct numerical methods, the results can be 
considered reliable. 
 
3. Results and Discussion 
 
The design procedure of this generator consisted of 
devising two distinct parts: Microwave coupler and 
Impedance matching circuit. The simulations and op-
timization processes were conducted purposefully in 
the frequency of 2.45 GHz. 
 
3-1. Microwave coupler 
 
The key point in designing the microwave coupler that 
should be dealt with is as follows: The coupler should 
receive the wave reached to it from the source and 
distribute it uniformly on a surface with an area of 
about 500 . Also, sustaining the vacuum condition 
in plasma chamber, the coupler should have the ability 
of freely being matched to the waveguide that trans-
fers the power from magnetron to the microwave 
power coupler.  
With regard to the aforementioned requirements, a 
new idea was applied in designing a microwave coup-
ler that is shown in Fig. 1. As it can be interpreted 
from the two dimensional view of model in Fig. 1, the 

microwave penetrates the dielectric above the vacuum 
chamber throughout a disk antenna. Exactly beneath 
this disk after an air gap, there is a metal ring that 
helps the disk antenna prohibit the straight forward 
propagation of the wave, as could be expected from a 
coaxial cable with open ending [18]. In fact, they act 
as a power divider. By positioning an alumina disk 
with 9.2 under this ring, the uniform distribution 
of microwave power beneath this window was 
achieved that led to uniform plasma formation.  there-
fore, two distinct microwave energy guiding passage 
appeared: 
 1.  Between the alumina disk and the above metallic 
lid an air-gap waveguide is formed out. To study the 
pattern of energy flow in this waveguide around the 
disk antenna and metal ring, the model was simulated 
in a code composed by authors with (FDTD) method. 
Fig. 2 demonstrates the result of this study. These pat-
terns confirm power dividing that occurs in this wave-
guide by this configuration. 
2. A dielectric waveguide is formed out in the alumina 
disk in which the penetrated wave from the air gap 
waveguide propagates radially along this circular di-
electric disk as surface wave [19] and delivers the 
input power uniformly along the whole surface. 
Therefore, it would incline toward the vacuum cham-
ber throughout the alumina disk and penetrates the 
plasma. But, the challenging point is how the wave 
collides with the dielectric disk. Furthermore, it is 
clear that rays of incident wave should make angles 
( ) larger than the critical incidence angle ( ) with 
the normal line of the surface, if they are supposed to 
enter the dielectric [15]. Otherwise, the wave would 
reflect back to the source and makes an unacceptable 
return loss value. The boundary conditions around the 
metallic ring are used for coupling the microwave to 
the dielectric waveguide. Indeed, the radiative disper-
sion around the edges of this ring would make the 
incident angles more than the critical incidence angle. 

 
 

Fig. 1. The diagram of the designed Coupler and Matching Circuit 
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The situation was investigated in FDTD code, and the 
pattern of wave propagation by solving the boundary 
conditions in the defined model is depicted in Fig. 2. 
The results confirm that below the metal ring for the 
angles larger than critical angle, the necessary situa-
tion for energy transference to dielectric waveguide 
would be satisfied. Fig. 3 depicts the energy transfe-
rence in this dielectric waveguide. Hereafter, the 
surface wave propagating in radial direction in dielec-
tric waveguide would penetrate uniformly into the 
vacuum chamber, pose uniform field dissemination 
under the dielectric disk, excite the plasma, and sus-
tain it to make large time-stable plasma. From Fig. 3 it 
can be realized that after the formation of microwave 
plasma, due to its dielectric characteristics and also its 
conductivity  the coupled wave penetrates the plasma 
to its skin depth and then reflects back when reaches 
the over dense plasma. A portion of the wave would 
pass through the over-dense layer and decays expo-
nentially [15]. The incident and reflected wave would 
form a standing wave in the dielectric disk. According 
to Fig. 3, a standing wave with eight maximum nodes 
( 8) is formed out. In accordance with SPN theory 
[20] by calculating the  factor in following equa-
tions the plasma density can be approximated. 
 

/                                                                (1) 

= ⁄                                           (2) 

1 ⁄                                                      (3) 
= ⁄                                                  (4)            

 
 is the wave vector in free space, and l = 330 mm is 

the diameter of the dielectric. While  and   are the 

permittivity of the dielectric and plasma, ,  and  
denote the electric charge, mass and ion density, re-
spectively. For 2⁄ 2.45 GHz the plasma density 
was eventually approximated at   2 10 . 
For further uniformity in the final design, another ring 
was located around the first one in a suitable distance 
( 2⁄ ). 
 

 
Fig. 3. The standing wave distribution with 8 maximum 
noded in dielectric disk simulated by An soft HFSS: The 
colored rings demonstrate the E-field intensity. Since the 
electric component of the incident electromagnetic wave 
would determine the plasma density, the uniform distri-
bution of E-field along the dielectric can guarantee the 
uniform plasma density in the vacuum chamber. 
 
 

 
Fig. 3: The standing wave distribution with 8 maxi-
mum node in dielectric disk simulated by Ansoft 
HFSS: The colored rings demonstrate the E-field 
intensity. Since the electric component of the incident 
electromagnetic wave would determine the plasma 
density, the uniform distribution of E-field along the 
dielectric can guarantee the uniform plasma density 
in vacuum chamber. 

 
Fig. 2: Results from FDTD code. The total field, the field in z and r direction, and the field angle between these direc-
tions are depicted in a, b, c and d, respectively. So it can be interpreted that if the yellow color denotes the critical 
angle, the field components existing in the blue to yellow region can penetrate the dielectric disk and propagate in 
radial directions(you can refer to PDF format of this paper on Iranian Physical Journal website for detail in black-white 
printed copy) . 
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3-2. Impedance Matching circuit 
 
One of the most important parts of a microwave plas-
ma generator is its matching part that may vary in de-
sign and configuration along with the variety in the 
coupler structure. In this system the impedance match-
ing part is to match the coaxial coupler to WR-284 
waveguide, and act as coaxial to waveguide convertor.  
The configuration of the designed matching structure 
is depicted in Fig. 5 that consists of 4 distinct parts.  
1) Coaxial resonance cavity above the coupler with 
movable back short.  
2)  Coaxial cable as a junction between the resonance 
cavity and the waveguide, that due to limitations in 
applying high power cables in the frequency of 2.45 
GHz a coaxial cable with air dielectric was designed. 
Two quarter wavelength stubs are used in order to 
hold the central conductor of the coaxial cable. The 
values of the radius of either the inner or outer con-
ductors are chosen to make a 50 Ω coaxial cable that 
is suitable for power transference, and also the relation 
of the chosen inner and outer radius guarantees the 
excitation of merely the chief TEM mode in the coaxi-
al cable.  
3) The rectangular resonance cavity with movable 
back short for wave coupling to the coaxial cable. 
4) The stairs and stubs for matching the rectangular 
cavity to the waveguide. Either the complete or sim-
plified schematic equivalent circuit [21] of such 
matching configuration is shown in Fig. 4.  In accor-

 
a) 

 
b) 

Fig. 4. a) The schematic equivalent circuit of impedance matching configuration b) The simplified format of (a) 
 

 

 

Fig. 5. The simulated configuration in CST Microwave 
studio and the result; a) The wave port resembles a 
microwave source and the plasma load considers the 
characteristics of microwave plasma in  
plasma frequency; b) Return loss (S11) 
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dance with this equivalent circuit, impedance match-
ing would be achieved just by firstly tuning the match-
ing stubs in the 4th section so that the waveguide is 
perfectly matched to the resonant cavity and then, by 
tuning merely the movable back-shorts in coaxial re-
sonance cavity above the coupler and also the rectan-
gular one, the coupler would become perfectly 
matched to the source.  
Each section was distinctly simulated in CST Micro-
wave Studio for obtaining the optimum dimensions, 
and then the whole structure (Fig. 5-a) with plasma 
load was simulated and following the above men-
tioned matching procedure, the return loss (S11) was 
calculated. The S11 of below -24 db (Fig. 5-b) was 
achieved while the conductance, permittivity and per-
meability of the microwave plasma was defined for 
the software in the frequency of   1 10   Hz. 
 

 
Fig. 6. The Impedance matching circuit and the coupler 
with  plasma chamber 

4. Conclusion  
 
A well-developed configuration of a large volume 
microwave plasma source was designed, simulated 
and also fabricated. Additionally, on the basis of SPs 
theory the density of the produced plasma was approx-
imated ( 2 10 ) which shows the produc-
tion of a highly over-dense plasma. An efficient im-
pedance matching structure was devised, and the 
matching algorithm was determined in accordance 
with its equivalent circuit. Besides computer aided 
simulation, the whole structure was fabricated, as 
well. Because of the production of large time-stable, 
uniform plasma in a large area with relatively high 
density, this design can be considered superior to the 
previous ones.  
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