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Abstract 

Microwaves are frequently used to produce high density plasmas for industrial and laboratory 
applications, because they present several advantages when compared to radio-frequency discharges 
and discharges created using electrodes. Stable and reliable microwave plasma equipment based on 
magnetrons, and designed for automatic control of the operating parameters has already proved its 
efficiency in low temperature diamond deposition, exhaust gas abatement, thin-film deposition, etc. 
However, larger-scale processing with high density and uniform plasma is mandatory for surface 
treatments to get uniform etching or deposition rates. To meet these industrial requirements Aura-
Wave, an ECR microwave plasma source operating in the 10-2–1 Pa pressure range, and Hi-Wave, a 
collisional plasma source for higher pressure gas processing (i.e. 1 – 100 Pa) have been designed. 
Furthermore, because each plasma source is powered by its own microwave solid-state generator, 
multiple sources operating in different conditions (gas type, microwave power) can be distributed 
together in the same reactor. In this design, the solid-state microwave generator can produce a 
forward wave with variable frequency (2.4–2.5 GHz) which enables an automatic adjustment loop 
of the reflected power, created occasionally by a change in the operating conditions. A Langmuir 
probe has been used for the measurement of plasma density, uniformity, and electron temperature in 
argon, oxygen, nitrogen and air. 
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Introduction 

Microwaves combined with a static magnetic 
field at low pressure can result in a highly 
efficient electron-heating mechanism, the 
Electron Cyclotron Resonance (ECR). The 
resonance occurs when the frequency of the 
electric field equals the gyration frequency of 
the electrons in the magnetic field, and results in 
a conical spiral motion of the electrons. At 2.45-
GHz microwave frequency, the resonant 
condition is reached when B = 0.0875 T. As 
such, the electrons gain considerable energy that 
allows the ionization of neutral particles in the 
gas, and breakdown the plasma due to cascade 
reactions1. 

ECR phenomenon is well-matched when 
the electron collision frequency ν is small 
compared to the angular frequency of the 
applied electric field ω0 so that ν/ω0 = 10-2–10-4. 
This way, the electrons accumulate high energy 
between two collisions leading to low-pressure 

plasma generation, typically in the range 10-2 – 
1 Pa (10-4 – 10-2 mbar). Unlike ECR, the energy 
gained by the electrons in the collisional regime 
is the one imparted during collisions. Without 
magnetic field, the work of an electron on a full 
period of the applied microwave field is zero. 
Consequently, the maximum transfer efficiency2 
is obtained for ν = ω0, i.e. when an electron has 
the highest chance to gain maximum energy of 
the electric field while having maximum 
probability to have a collision on the period of 
the wave. 

To overcome the limitations of the critical 
plasma density, and increase the penetration 
depth of the electromagnetic wave in the 
plasma, new plasma sources based on solid-
state microwave technology were developed: 
Aura-Wave (ECR coaxial plasma source) and 
Hi-Wave (magnet free, elementary collisional 
plasma source).  
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Both sources were designed to avoid 
power-loss within their own structures, and to 
be easily matched over wide operating 
conditions3,4 without any additional tuning 
system. Each source is connected to its own 
200-W, 2.45-GHz microwave solid-state 
(transistor-based) generator, which has very 
good power stability and allows the frequency 
of the emitted wave to be adjusted in the range 
2.4–2.5 GHz for automatic impedance tuning5, 
making it possible to control precisely the 
power transmitted to the plasma. The low 
mismatching created by changes in the 
operating conditions can be compensated 
automatically by the variation of the forward-
wave frequency, which leads to a significant 
extension of the operating-condition range of 
the plasma sources. 

 

Experimental 

The coaxial antenna using the electron cyclotron 
resonance (Aura-Wave in Figure 1a) consists of 
encapsulated cylindrical permanent magnets, 
mounted in opposition within the coaxial 
structure6. This arrangement enables to generate 
a magnetic field in the direction of the center of 
the plasma chamber and hence, limiting losses 
on the walls. The source was designed to sustain 
plasmas from 10-2 to 10 Pa, and to reach plasma 
densities up to a few 1011 cm-3 in multisource 
configuration (Fig. 1b) at 10 cm from the 
source. The coaxial antenna based on collisional 
heating called (Hi-Wave in Figure 1c) was 
designed to sustain plasmas from 1 to 100 Pa 
and to reach plasma densities of 1011 - 1012 cm-3 

at 10 cm from the source, depending on the gas, 
in multisource configuration (Figure 1d). 

 

 

Figure 1. (a) Aura-Wave ECR microwave plasma source. (b) Multisource reactor consisting of 8 Aura-Wave 
units (shown in argon for a total microwave power of 160 W at 1 Pa). (c) Hi-Wave collisional microwave 
plasma source. (d) Multisource reactor consisting of 8 Hi-Wave units (shown in nitrogen for a total 
microwave power of 1600 W at 10 Pa). 
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The experimental setup used to perform the 
experiments consists of a multisource plasma 
reactor within which up to 9 Aura-Wave or Hi-
Wave plasma sources were installed (see Figure 
2). Each plasma source was connected to its 
own microwave solid-state generator (200-W 
maximum power), which produces a wave with 
variable frequency from 2.4 to 2.5 GHz (in 100 
MHz steps). This setup allows control of both 
the transmitted microwave power to each 
plasma source by 1-W increments, and the 
process parameters. 

The solid-state microwave generators were 
chosen due to the spectral quality, which is 
considerably superior to that of a magnetron 

generator, whose frequency is dependent on the 
magnetron geometry. During operation, the 
frequency of the magnetron shifts due to metal 
dilatation and therefore can depend on the 
temperature and on the output microwave 
power. The change of the output power of a 
magnetron also impacts the quality of the 
frequency spectrum. Magnetrons are known to 
produce an acceptable spectrum between 10% 
of their nominal power, up to full power. Due to 
the fact that solid-state generators act like 
amplifiers, they are able to produce an excellent 
frequency spectrum over the full range of power 
from the very first watts7.  

 

 

Figure 2.  The multisource plasma reactor with Langmuir-probe and Optical Emission Spectroscopy (OES) diagnostics.  

Microwave plasma parameters were 
measured with a Langmuir probe placed at two 
heights, 85 mmd =  and 160 mm, from the 
plasma sources. A step motor moves the probe 
linearly in direction z from 0 to 500 mm 
position, to enable the evaluation of spatial 
resolved plasma parameters, i.e. the plasma 
density, electronic temperature and uniformity. 
For the evaluation of the plasma density and 
uniformity in a circular network, 8 Hi-Wave 
plasma sources were tested (see the source 
positions in the inset of Figure 3). The 
microwave power supplied to each source is 
200-W at 5-Pa pressure. The circular 
configuration diameter is 247 mm. The resulted 
plasma density profiles are plotted in Figure 3 

for oxygen. Uniformity of 1.65% at 85 mmd = , 
and 1.8% at  160 mmd = , was measured over 
250-mm diameter plasma.  

Table 1 summarizes the comparison results 
for Aura-Wave and Hi-Wave sources (8 sources 
in circular network configuration) in different 
gases. The Aura-Wave plasma source attains 
densities >1011 cm-3 at 85 mmd =  for each of 
the gases tested (Ar, O2, N2, air), while the Hi-
Wave plasma source attains densities >1012 cm-3 
in argon and densities >1011 cm-3 in molecular 
gases (O2, N2, H2 and air). The plasma density 
and the measured line intensity are both higher 
with the Hi-Wave plasma source than those 
measured with the Aura-Wave. 
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Figure 3.  Oxygen plasma density vs. distance and diameter at d = 85 mm and d = 160 mm from the Hi-wave source. 

 

Table 1. Comparative results of Aura-Wave and Hi-Wave plasma sources 

Plasma 
source 
type 

Operating 
pressure 
range [Pa] 

Min. MW power 
to sustain 
plasma [W] 

Max. plasma density x 1010 cm-3 

9 sources, 1800 W, d = 85 mm 
Electron 
temp.  
[eV] 

Plasma uniformity, 
8 sources in circular 
network Ar O2 N2 Air 

Aura-
Wave 

 
~ 0.1 - 5 

 
1 - 5 

 
28 

 
21 

 
17 

 
17 

 
2.5 – 3.5 

<4%, 200mm area 
diameter, d=85mm 
and d=160mm 

 
 
Hi-
Wave 

 
 

~ 1 - 50 

 
 

>10 

 
 

207 

 
 

28 

 
 

30 

 
 

22 

 
 

1.5 - 2 

<3%, 240mm area 
diameter, d=85mm 
and d=160mm 
<1%, 200mm area 
diameter, d=160mm 

 
Recent results8,9 show that uniform 

deposition of nanocrystalline diamond on 4” 
diameter can be obtained in H2–CH4 at 

50 mmd =  from source plane using solely 4 Hi-
Wave units in a matrix configuration (with a 
lattice mesh of 8 cma = ). However, the Aura-
Wave plasma source is more flexible in 
operation, especially given that Aura-Wave 
plasmas can be sustained with solely a few 
watts, and they are easier to breakdown. 
Moreover, an Aura-Wave can be used at lower 
pressure, with higher electronic temperature, 
meaning higher particle energy and, in case of 
deposition processes, better layer adherence to 
the substrate. Even if Hi-Wave shows good 
tuning for wide operating conditions, Aura-
Wave is more efficient on the whole pressure 
and power range. 

It has been proved that multiple Aura-Wave 
or Hi-Wave microwave plasma sources can be 
distributed together in the same reactor in 
connection with industrial plasma scaling-up 
requirements in order to obtain high uniformity 
plasma over wide processing areas. The current 
projects include the development of a reactor 
which can host from 16 to 25 plasma sources in 
various configurations. It is controlled by a 
compact rack of solid-state microwave 
generators with a touch screen and a user-
friendly interface. At the moment, such a rack is 
available for the control of 4 plasma sources, 
individually or simultaneously upon user’s 
choice. 
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