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Together, we reinvent your processes with our
Microwave and Radio Frequency solutions since 1978

LOW-PRESSURE MICROWAVE
 PLASMA TECHNOLOGY GUIDE
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INTRODUCTION TO THE TECHNOLOGY

Plasma	is	the	4th	state	of	matter.	It’s	an	ionized	gas,	electrically	neutral:	a	gas	iwith	sufficient	energy	to	
allow ions and electrons to coexist. A plasma is a mixture of neutral species, ions (positive or negative), 
electrons, free radicals and metastable species.
There are various reactions in a plasma : 

4 Hi-Wave plasma sources in a pressured cavity, 200 W per source, O2.

Elastic collision

e- + A → e- + A

Inelastic collisions :

Ionization 
e- + A → 2e- + A+

Excitation of atoms or molecules in quantum, 

rotationel, vibrational or electronic states

e- + A → e- + A*

Radiative deexcitation (decay)
A* → A + hv

Dissociation
e- + AB → A + B + e-

What is a plasma ?
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We	can	define	a	plasma	as	a	function	of	electron	temperature	and	plasma	density	(e-.m-3). We can 
distinguish	between	natural	plasma	and	artificial	plasma	:

• Natural plasma : Aurora borealis, nebula, solar corona, solar wind etc…

• Artificial	plasma		:

 – Discharge (lamp, screen, torch, Xray production)

 – « Process plasma » : etching, deposition, surface activation, ionic implantation...

 – Plasma propulsion

 – Nuclear fusion (Tokamak)

 – Other application : syngas, COV treatment, sterilization, etc…

For	 this	guide	we	will	 focus	on	 the	process	plasma.	Currently,	 it	 is	one	of	 the	most	developed	field	
from an industrial point of view. Plasmas are used for deposition and etching of microprocessors and 
nanoscale	components.	But	it	is	also	used	in	technologies	related	to	thin	films	deposition,	in	other	fields	
such	as	optics	or	for	the	addition	of	protective	layer	in	metallurgy	(mirror,	etc.)	or	fields	related	to	surface	
treatment.

Different types of plasma
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The degree of ionization is small (typically ~10-4), so the neutral gas species predominate. 

n
i
 is the ion density

n
e
 is the electron density

Because of their charge and low mass, electrons in the plasma acquire energy from the applied electric 
field.	Average	electron	energies	in	a	plasma	are	1-10	eV.		Some	electrons	will	have	even	higher	energies,	
and this high energy tail is responsible for many of the reactions that occur in the plasma. 

f(E) is the electron energy distribution.

In a cold plasma, electrons have a much higher temperature than neutral gas (T=300K ~ 0.025 eV). 
Thus, the plasma is a non-equilibrium environment. This allows some chemical reactions to occur which 
would require much higher gas temperatures in the absence of  the plasma.

Collisions with energetic electrons can also cause dissociation of molecules into highly reactive species 
known as radicals.  Radical concentrations can be much higher than the concentration of charged species.

Dissociation:  e* + AB → A + B + e

Ionization
 Atomic :        e* +  A  → A+ + e + e
 Molecular :     e* +  AB  → AB+ + e + e

Excitation
 Atomic :  e* +  A → A* + e
 Molecular: e* +  AB → AB* + e
* Represent high energy species.

Main reactions in a plasma

DC

RF

MW

107 1013

Recombination
 Atomic :  e +  A+ → A
 Molecular: e +  AB+ → AB

Relaxation
 Atomic :  A* →  A + hν
 Molecular: AB* → AB + hν
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Criteria to choose a plasma

EXCITATION FREQUENCY
SAIREM’s expertise

MW : 2,45GHz

CHEMICAL NATURE 
OF THE SURFACE

ELECTRICAL POTENTIAL 
OF THE SURFACE

SURFACE TEMPERATURESURFACE GEOMETRY

PLASMA PARAMETERS
Ne, f(E), N, ...

MAGNETIC FIELD

PRESSURE

REACTOR GEOMETRYCHEMICAL NATURE 
OF GAS

GAS FLOW RATE
EXCITATION POWER

EFFECT ON THE 
PLASMA-SURFACE 

INTERACTION
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Example of standard patterning

Substrate for plasma process Plasma Enhanced Chemical 
Vapor Depisition (PECVD)

LithographyReactive-Ion Etching (RIE)

Dry cleaning

Dry cleaning

Inductively Coupled Plasma 
(ICP) Etching

Si
Si

SiO
2

Si

RESINE

SiO
2

Si

RESINE

SiO
2

Si

SiO
2

Si

SiO
2
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Time and frequency

Microwave plasma specification

Advantages and limits

What is a microwave plasma ?

For low frequency excitation in a non-collisional plasma, electrons and ions are lost mainly to the walls. 
For a chamber a few centimeters long, electrons cross it in 20 to 100 µs.
In general for:
•  f < 10 kHz (quasi static): the plasma is extinguished between cycles.
•  f > 100 kHz (AC): the plasma is continuous.

As for the ions, they move at their thermal speed (few 100 m/s). For a non-collisional cladding thickness 
of 0.5 to 2.5 mm, the ions pass through it in 0.5 to 2.5 µs. So for :
• f < 1 MHz, ions pass through the cladding in less than one RF cycle and instantly follow the cladding 

potential.
•  f > 10 MHz, the ions take several RF cycles to pass through the cladding and “see” a potential 

averaged over time.

Neither	the	electrons	or	the	ions	can	follow	the	variations	of	the	E	field.	The	exciter	wave	does	not	
generate	a	significant	temporal	variation	in	space	charge;	we	have	a	quasi-continuous	discharge	behavior.

Due to the higher excitation frequency, electrons travel a shorter distance (compared to RF excitation) 
before changing direction. This implies that few electrons reach the surface during a MW cycle, minimizing 
charge effects.

The surface potential is close to 0 V.

There is no unwanted ion bombardment from the surface. In fact, there are no phenomena of sputtering 
or contamination of surfaces.

Microwave plasmas do not require electrodes (no metal part is in contact with the plasma).

Microwave plasmas are therefore «isotropic» by nature and are ideal for microelectronic applications 
(chip, MEMS, etc.) which are very sensitive to surface defects induced by ion bombardment (eg: gate 
oxide of transistors).

They are used for the production of active species («remote plasma»), surface cleaning, surface 
passivation	and	functionalization	processes,	stripping,	etching,	thin	film	deposition,	etc.

Plasma sources are generally compact and make it possible to obtain high plasma densities. However, it 
is	difficult	to	obtain	homogeneous	plasmas	or	large	dimensions,	using	microwave	excitation.
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Main element of a standard microwave plasma setup

Microwave generator 
(coaxial or waveguide output)

Impedance tuning system

Cavity

Sliding Short circuit 

Dielectric window

Circulator

Lenght : 150 cm
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Lenght : 150 cm

ECR technology (Aura-Wave)

The standard technology uses a power distribution system to supply microwave power to all the sources 
from a single microwave generator. However, the microwave power has to be equally distributed between 
the sources and the use of a matching impedance device is mandatory. Since the integration of such 
system is not easy in an industrial process and requires solid microwave knowledge by the operator, its 
use is more suitable for laboratory applications. 

To overcome this problem, we have developed a new ECR coaxial microwave plasma source, the Aura-
Wave. The innovative design of the source prevents power loss within the source and allows to be quite 
self-matched over wide operating conditions without need of any impedance matching system. The 
source works with a 2.45 GHz microwave solid state generator with adjustable power between 1 and 
450 W, in 1 W increments, and frequency can be adjusted automatically between 2.4 and 2.5 GHz to 
compensate low mismatching. 

Thus, each plasma source could deliver to the plasma a transmitted microwave power regulated with 1 
W step. The coaxial ECR source Aura-Wave consists of an encapsulated cylindrical permanent magnets 
mounted in opposition within the coaxial structure. It sustains plasmas from 10-2 Pa up to a few Pa with 
densities up to a few 1011 cm-3 in	multisource	configuration.	See	below	a	schematic	cut	away	view	of	the	
Aura-wave	source	showing	the	magnetic	field	line.	The	ECR	effect	took	place	very	close	to	the	source’s	
head,	in	the	region	delimited	by	the	field	line	B=0.0875	T	shown	in	figure,	where	the	magnetic	field	is	
very	high	(0.16	Tesla	at	20	mm),	creating	a	confinement	zone	in	the	direction	of	the	center	of	the	plasma	
chamber,	which	limits	losses	on	the	walls.	This	effect	is	very	localized	since	the	magnetic	field	decreases	
abruptly with the distance (0.0027 Tesla at 50 mm). The electrons are trapped in mirrored magnetic 
field	 lines	and	accelerated	to	the	ECR	frequency	when	they	cross	 the	ECR	area.	Plasma	 is	produced	
locally and diffused outwards thanks to fast electrons.

Downsizing with solid-state technology
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Collisional technology (Hi-Wave)

A second collisional source, the Hi-Wave, has been developed for a working pressure range between 1 
and a few 10 Pa for processes requiring high concentration of reactive species such Plasma-Enhanced 
Chemical Vapor Deposition (PECVD) with high deposition rates or isotropic etching. At this pressure 
range, the energy gained by the electrons is mainly 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	efficiency	is	obtained	for	ν=ω0, when an electron has the highest 
chance	to	gain	maximum	energy	of	the	electric	field	while	having	maximum	probability	to	enter	in	collision	
on the period of the wave. At low pressure, when ν<<ω0, the duration between two collisions is high, 
meaning	that	the	probability	of	gaining	maximum	energy	of	the	electric	field	is	high	but	the	probability	
of having a collision is low. At high pressure, when ν>>ω0, the probability of gaining maximum energy 
of	the	electric	field	is	low	due	to	high	collision	frequency	but	the	probability	of	having		a	collision	during	
a period of the wave is high. 

In practice, the ideal condition is obtained at mbar pressures, 0.1–10 mbar (10–1000 Pa), depending on 
the gas but it is generally preferable to work at slightly lower pressure to favor the diffusion of plasma 
species and increase the penetration depth of the electromagnetic wave in the plasma. The obtained 
plasmas	are	generally	very	dense	(n	>	nc);	it	can	be	assumed	that	plasma	is	produced	by	the	microwave	
electric	field	delivered	to	the	plasma	at	the	dielectric–gas	interface	and	thus	imposed	on	the	plasma.	The	
electric	field	can	be	assumed	strongly	attenuated	over	a	characteristic	length	equal	to	the	skin	depth:

where µ
0
  is the vacuum permeability and σ is the conductivity

The	skin	depth	is	about	few	millimeters	in	these	conditions;	typically,	ẟ ~ 1.5–5 mm for plasma density 
around 1012 – 1013 cm-3 at the interface with the dielectric and f

0
 = 2.45 GHz. The complete absence 

of radiative power outside the reactor, particularly through the Pyrex window, supports this hypothesis.

ω
pe
 ε

0
 σ =  

ν+iω

   2 
 ẟ = 

√ σωµ
0
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OUR PLASMA TECHNOLOGIES

Microwave generators

Solid-state technology

Our 2540 MHz solid state generator provides a continuous wave and pulse output (option) at frequencies 
ranging between 2400 MHz and 2500 MHz.The pinpoint power, pulse length and frequency control 
offers	flexibility	for	the	process	but	also	the	possibility	to	use	it	with	a	compact	plasma	source.

These solid state generators, thanks to semiconductor technology, offer a longer lifetime and no high 
voltage, along with a very good frequency spectrum even at low power. They can provide stable 
operation from 1 W and adjust the power in 1 W steps.

There	is	an	integrated	internal	protection	against	mismatching,	a	reflected	power	interlock	and	also	a	
built-in isolator with automatic power reduction or switch off.

SAIREM has also developed two advanced technology functions for these generators :
• Scan	function	which	makes	a	frequency	sweep	to	find	the	optimum	matching	frequency.	Up	to	two	

minima can be found and displayed on the front panel. All measured data are then available through 
remote control and can be displayed on a PLC screen if necessary.

• SAIREM’s auto-tune algorithm (patent WO/2012/146870) which controls the frequency automatically 
to	minimize	the	reflected	power.	

The graph a is a high quality magnetron generator spectrum. The graph b is a solid-state generator 
spectrum. We can see a big difference between the two graphs on the frequency operated and on the 
quality of the spectrum, which is way better with a solid-state generator.

(a) (b)
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Aura-Wave

Aura-Wave is an Electron Cyclotron Resonance coaxial plasma source. It has been designed to be self-
adapted	once	the	plasma	is	ignited.	A	magnetic	field	combined	with	the	electromagnetic	wave	allows	
the creation of plasma at low pressure due to Electron Cyclotron Resonance. The Aura-Wave source has 
been designed to sustain microwave plasma over several decades of pressure, i.e. from 10-4 mbar to a 
few 10-2 mbar and from a few watts whatever the gas. Equally, the coaxial plasma source was designed 
to	avoid	internal	power-losses	and	has	proved	to	be	matched,	i.e.	no	reflected	power	with	no	additional	
impedance matching system over 2 to 3 pressure decades, depending on the plasma gas. 

Plasma density up to a few 1011 cm-3	could	be	easily	obtained	in	multisource	configuration	in	different	
gases like argon, oxygen, nitrogen. When combined with SAIREM solid state microwave generator, it 
is possible to control the power transmitted to the plasma Watt by Watt. Low mismatching that may 
appear can be balanced due to the variable frequency of the solid-state generator and thus extend the 
operating condition range of Aura-Wave.

The next graph shows the plasma density of a single source as the function of the pressure and the 
microwave power for an oxygen plasma. The distance between the source and the probe is 10 cm.
1010cm-3 range is obtained. 

Our low-pressure plasma sources are patented advanced technology. They both work 
under different pressure range, which allow various applications for each of them. 
  
A major difference between our sources and the competition is their ability to work in Matrix arrangement, 
to create large, virtually unlimited plasma surfaces. As each plasma source is working independently, 
with its very own microwave solid-state generator, our technology is able to deliver large, homogeneous 
and dense microwave plasma.

Measurements

Plasma sources
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Applications
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The Hi-Wave collisional coaxial plasma source was designed to avoid internal power-losses and has 
proved	to	be	matched,	i.e.	no	reflected	power,	with	no	additional	impedance	matching	system	over	1	
pressure decade, depending on the plasma gas. Moreover, plasma density greater than 1012 cm-3 can be 
easily	obtained	in	multisource	configuration	at	a	few	cm	from	the	sources.	

When combined with our solid-state microwave generator, it is possible to control the power transmitted 
to the plasma Watt by Watt. Low mismatching that may appear in the operating conditions can be 
balanced due to the variable frequency of the solid-state generator and thus extend the operating 
condition range of the Hi-Wave. It is designed to be used equally in R&D laboratories and industry for a 
very large range of applications.

Hi-Wave

The graph above represents the plasma density for a single Hi-Wave plasma source as a function of the 
pressure and the micro-wave power for an oxygen plasma. The distance between the source and the 
probe (substrate) is 10 cm. 1011cm-3 is the density range.

The working pressure range is higher for the Hi-Wave than the Aura-wave. In most case, the plasma 
density is 3 times higher.

Measurements



17

200 W solid-state generator

Hi-Wave plasma source

Length : 20 cm

N coaxial cable

Applications

Compact system design

SAIREM’s low pressure plasma source solution is fed with solidstate generator.

This	 combination	 significantly	 downsizes	 the	 length	 of	 the	 plasma	 set-up	 compared	 to	 a	 standard	
microwave set-up. This allows easy integration of distributed plasma sources on an existing plasma 
process reactor.
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This graph represents the electron temperature as a function of the pressure for :
• 13.56 MHz RF plasma : 500W (Source power only , OW bias bottom power), Ar gas [from literature].
• 2.45 GHz microwave plasma : 400 W in Ar, O2 and N2. Measurement had been done with special 

Langmuir probe at 10 cm distance from the source.

Electron	temperature	 in	microwave	plasma	is	significantly	 lower	compared	to	RF	plasma.	This	allows	
independent	control	of	the	ion	flux	and	the	ion	energy	which	is	very	difficult	in	RF	plasma.	

Technical advantages
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Unlimited plasma surface

Multi-source configuration 

With	Aura-wave	and	Hi-wave	plasma	sources,	the	final	user	can	create	infinite	combination	possibility	:
• In line arrangement.
• Circular arrangement.
• Matrix arrangement.
• 3D arrangement.

This allows to develop processes with high plasma density and excellent uniformity over large scale.

O2 - 400 W per source - 1 Pa
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This	figure	represents	the	simulated	and	
experimental density obtained with 16 
Aura-Wave distributed in a (4x4) matrix 
configuration	with	lattice	constant	a=110	
mm realized at 14 cm from source plane 
for a pure nitrogen plasma at 1 Pa. 
With 400 W/source for the peripherical 
sources, the 4 central sources needed  
150 W/source. We obtain a density 
around around 8×1010 cm-3 at 14 cm.

We shall note that a high uniformity with 
large diameter is achieved.

The	 graph	 shows	 the	 density	 profile	
for	 a	 (3×3)	 matrix	 configuration	 with	
lattice constant a=110mm, realized at  
10 cm from the source plane at 1 Pa for 
a pure oxygen plasma. With external 
sources at 400 W, the simulations have 
shown best uniformity when the central 
source is at 80 W. A good correlation 
between simulation and experimental 
measurements is observed. 

A uniformity of 5% is obtained on a 
diameter around 300 mm. The maximum 
density achieved with oxygen plasma is 
10×1010 cm-3	with	this	configuration.

The graph shows the simulated density 
distribution and the experimental curve 
for	 a	 matrix	 configuration	 of	 25	 Aura-
Wave with lattice constant a=90 mm 
realized at 10 cm from the source plane 
for a pure nitrogen plasma at a pressure of  
1 Pa.

The effect of power optimization is 
clearly seen. The peripherical sources 
were supplied with 400 W/source while 
the 9 central sources were supplied with  
75 W/source. A bigger uniformity diameter 
is achieved (370 mm for 5% uniformity). 
However, even if the maximum density 
records a small decrease, it still has a 
very high value around 20×1010 cm-3.

Aura-Wave matrix distribution
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The effect of increasing the number 
and the compactness of the sources,  
i.e decreasing the lattice parameter, is 
shown	 in	 the	 figure	 on	 the	 right	 for	 a	
pure argon plasma at 2 Pa.

For	 a	 matrix	 configuration	
of 25 Hi-Wave sources and  
a = 90 mm at a distance d = 14 cm from 
the sources plane, the optimized power is  
400 W for the peripherical sources 
and 220 W for the 9 central ones. A 
maximum density around  2×1012 cm-3 is 
recorded for a uniform surface of 400 
mm of diameter.

This	 figure	 shows	 a	 nitrogen	 plasma	
at a pressure of 3 Pa, done at 14 cm 
from the sources plane. For this 3×3 
configuration,	the	best	plasma	uniformity	
was achieved with a power repartition as  
follow : 400 W for the corner sources, 
180 W for the central source and 280 W 
for the other four. 

The experimental density measured 
with this distribution shows a plasma 
uniformity of 5 % on 400 mm of diameter 
with a density around 1.2×1011 cm-3. 

This	 figure	 shows	 the	 simulated	 and	
experimental curve for plasma density 
obtained at 14 cm from the sources 
plane for a nitrogen plasma at 3 Pa, for a 
linear	configuration	of	5	Hi-Wave	sources	
respectively, with a lattice parameter  
b = 90 mm.

For	 this	 sources	 configuration,	 the	
optimal power distribution is 400 W for 
the peripherical sources and 260 W for 
the in-between ones. The maximum 
density is around 1.5×1012 cm-3. Adding 
an additionnal source at a distance b 
will increase the plane length by b with 
keeping same uniformity and density.

Hi-Wave matrix distribution
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Robeko, our partner in Germany has performed trials for in-line PE-CVD process. They set up 4 Aura 
plasma sources in-line. The distance between each source is 16cm.

Test results

Aura-Wave roll to roll linear PE-CVD process

The	left	graph	shows	the	normalized	film	thickness	profile.	The	black	dotted	curve	represents	a	single	
source	thickness	profile	distribution.	The	red	dotted	curve	shows	2	sources	data	and	the	blue	dotted	
curve,	the	superposition.	We	can	see	that	the	densities	profiles	are	perfectly	combined.	There	is	no	
parasitic interaction between 2 sources.

The	graph	on	the	right	represents	the	dynamic	deposition	rate	as	a	function	of	the	HMDSO	flow.	There	is	
linear behavior that means that the deposition rate is limited by the precursor and not by the dissociation 
efficiency.

Malachite, our partner from USA has performed trials of non-hydrogenated DLC (Diamond Like Carbon) 
with Aura wave plasma sources with 2 approaches :
1 - PVD sputter + MW plasma ion assist.
2 - Experimental setup.

• 2” planar carbon target :
 – Ar process gas.
 – Sputter	down	configuration	4	x	200	W	Aura-wave	plasma	source	DC	substrate	bias	(-100	

V) on Si wafer.
• No additional heat.
• Ar plasma etch to remove native oxide.
• ~50nm	nominal	film	thickness	target.

Non hydrogenated diamond like carbon (DLC) deposition
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The	graph	above	shows	the	sp3	content	in	the	DLC	film	as	a	function	of	the	bias	Voltage.	Up	to	65	%	
can	be	reached	with	this	configuration.

This	graph	represents	the	film	density	as	a	function	of	the	DC	bias	voltage.	Film	density	up	to	2.3	g.cm-3 
can be obtained.
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Aura-Wave plasma sources arranged in matrix in a pressured cavity, 200 W, Ar
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SAIREM’s plasma solutions

Solid state microwave generators

Low-pressure microwave plasma sources

Power (W)

Frequency (MHz)

Cooling

Guide

Dim. (LxWxH)

Weight (kg)

Power (W)

Frequency (MHz)

Working pressure 
range (mbar)
(Pa)

Cooling

Guide

Dim. (LxWxH)

200 W

2450 MHz

Air

Coaxial

48.3 x 49 x 13.5 cm

11.8 kg

Max. 450 W

2450 MHz

A few 10-4 to 
a few 10-2 mbar
10-2 Pa to few Pa

Water

Coaxial

44.5 x 111.9 x 44.5 mm

450 W

2450 MHz

Water

Coaxial

44.4 x 32.6 x 13.2 cm

 12 kg

Max. 450 W

2450 MHz

A few 10-2 to 
a few 10-1 mbar
1 Pa to few 10 Pa

Water

Coaxial

44.5 x 120.4 x 44.5 mm

1000 W

2450 MHz

Water

Waveguide

25.9 x 42.1 x 29 cm

25 kg

GMS200

Aura-Wave

GMS450

Hi-Wave

GMS1000
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ABOUT SAIREM

SAIREM is a world leader in industrial microwave and radio-frequency applications, with more than 5000 
references in operation in 70 countries, from the standalone 200 W solid-state generator to the fully 
automated processing line delivering 700 kW.

Today, SAIREM offers the most advanced range of industrial microwave and radio frequency equipment 
for thermal processing and plasma generation.

Key figures

Created in 1978

100% electric

92% export share
Worldwide 

customer service

Fully equiped
test center

Designed and assembled
in France
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welcome@sairem.com
www.sairem.com
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