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Abstract
High-density reactive species plasmas uniformly covering large surface areas are required for semi-
conductor processing. Novel, self-matched plasma sources usingmicrowave solid state generators
have been developed for this purpose. The technology applied, based on automatic frequency tuning,
allowed to eliminate the impedancematching system. Large surface plasmas have been achieved by
using a distribution of elementary sources. A big campaign of plasma densitymeasurement using a
Langmuir probe has allowed to create a database for different plasma conditions for a single source.
Thanks to an internally developed software, the density obtainedwith several sources in various
distribution configurations has been simulated. The position and the power of each source have been
optimized and the calculations have been validated by experimentalmeasurements. High plasma
densities>1011 cm−3 over large areas>400mm in diameter with only 13 plasma sources have been
achievedwith all tested gases. An increase of compactness i.e., increasing the sources number over the
same area, allows to have the same plasma surfacewhile increasing the plasma density up to
5×1011 cm−3.

Introduction

Nowadays, large-scale plasma processes with great uniformity and high ion density, aremore thanmandatory
for the industry of surface treatment, such as PECVD (Plasma EnhancedChemical VaporDeposition) or deep
etching, which are always seeking faster deposition or etching rates. These needs have been the key to develop
novel plasma sources allowing the creation of uniformplasmawith high density and capability to generate high
concentration of reactive species.

Even if they are well reputed for their elevated plasma density,microwave plasmas suffer from the difficulty
of their integration in an industrial process due to their need for an impedancematching control systemwhich is
very difficult to automate. In addition, the critical density limiting the propagation of thewavesmakes it
complex to extend the plasma volume by using several plasma sources. Besides, to cover large areas, several
sourcesmust be used. The geometrical distribution of the sources has to bemastered and the power needed by
every source has to be optimizedwhich adds another constraint to the process.

Scaling up plasma applications starts by controlling the distribution and the uniformity of the electric field
over large processing surfaces. Distributed electron cyclotron resonance (DECR) plasmas, combining
multipolarmagnetic field confinement andmicrowave excitation at ElectronCyclotron Resonance (ECR), have
shown their potential to produce large area plasmas by using linearmicrowave applicators (antenna) [1–4]. Due
to the necessity of themicrowaves to propagate along the antenna, theDECRplasma density cannot exceed the
critical electron density nc, defined by w w= ,pe calculated as below [2]
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where, w is themicrowave angular frequency, wpe is the electron plasma angular frequency, e0 the vacuum
permittivity, me themass of the electron and e the electron charge. At themicrowave frequency

/w p= =f 2 2.45 GHz, equation (1) gives nc=7.5×1010 cm−3. Different approaches have been studied to
overcome this problem. Petasch et al have proposed a linear antennawhere themicrowaves propagate along
metal rods surrounded by dielectric tubes allowing the generation of a surfacewave plasma at the interface
between the tube and the plasma [5]. In this technic, the plasma density decreases in the direction of thewave
propagation and does not exceed significantly the critical value. The lowhomogeneity of this plasma could be
improved by using several antennas placed in opposite directions. However, themicrowave powermost be
evenly split between the antennaswhich complicated the process as the plasma sources are notmatched to the
microwave generators. An impedancematching system is thus required. To surmount some of this limitations,
two or tri-dimensional network of several elementary ECR sources have been used [6–8]. The elementary plasma
source consists of a cylindricalmagnet fedwithmicrowave via a coaxial cable and can produce plasma densities
between 1011 and 1012 cm−3.

Themultipolarmagnetic confinement is provided by permanentmagnets allowing the creation of the
magnetic field for ECR coupling. At lowpressure, by combining themicrowaves with the staticmagnetic field at
a frequency of electromagnetic waves equal to the gyration frequency of the electrons, the electrons are subject to
an efficient heatingmechanism and theywill have a helicalmotionwith the electron cyclotron angular
frequency:

( )w =
eB

m
2ce

e

where, wce is the electron cyclotron angular frequency, B is themagneticfield strength. Superimposedwith a
perpendicular electricfield, the electronswill sustain additional forces at the frequency w of the applied electric
field. The resonance occurs at w w= ce and results in a conical spiralmotion of the electrons. Atmicrowave
frequency of 2.45 GHz, the resonant condition is reachedwhen =B 0, 0875 T.Hence, the electrons gain
considerable energy that allows to ionize neutral particles of the gas and breakdown the plasma due to cascade
reactions. For the ECRphenomenon to be efficient, the electron elastic collision frequencymust bemuch
smaller than the angular frequency of the applied electric field (ν/ω=10−2

–10−4)which allows the electrons to
accumulate high energy between two collisions allowing the plasma ignition at low pressure, typically between
10−2 and 1 Pa. At lower pressure the electronswith high energy start to lose their energy by collisionswith the
reactorwalls rather than via collisions with gas particles which reduce the ionization processes preventing the
plasma ignition.

This technic uses a power distribution system to supply themicrowave power to all the sources from a single
microwave generator. However, themicrowave power has to be equally distributed between the sources and the
use of amatching impedance device ismandatory. Since the integration of such system is not easy in an
industrial process and requires to have a solidmicrowave knowledge by the operator, thus their use ismore
suitable for laboratory applications.

To overcome this problem,we have developed a newECR coaxialmicrowave plasma source, the ‘Aura-
Wave’ [9]. The innovative design of the source prevents power loss within the source and allows to be quite self-
matched over wide operating conditionswithout need of any impedancematching system [9, 10]. The source
workswith a 2.45 GHzmicrowave solid state generator with a variable power between 1 and 450Wwith 1W
increment, and the frequency could be adjusted automatically between 2.4 and 2.5 GHz to compensate low
mismatching [11]. Thus, each plasma source could deliver to the plasma a transmittedmicrowave power
regulatedwith 1W step.

The coaxial ECR source Aura-Wave consists of an encapsulate cylindrical permanentmagnetsmounted in
oppositionwithin the coaxial structure [12]. It sustains plasmas from10−2 Pa up to a few Pawith densities up to
a few 1011 cm−3 inmultisource configuration [13].

Figure 1(a) presents a schematic cut view of theAura-wave source showing themagnetic field line. The ECR
effect took place very close to the source’s head, in the region delimited by thefield line B=0.0875 T shown in
figure 1(b), where themagnetic field is very high as shown infigure 1(c) (0.16 Tesla at 20 mm), creating a
confinement zone in the direction of the center of the plasma chamber, which limits losses on thewalls. This
effect is very localized in a tiny region since themagnetic field decreases abruptly with the distance (0.0027Tesla
at 50 mm). The electrons are trapped inmirrormagnetic field lines and accelerated to the ECR frequencywhen
they cross the ECR area. Plasma is produces locally and diffused outside thanks to fast electrons.

The aimof this study is to achieve large plasma surfaces with high uniformity and high density by using
different networks of several Aura-Wave sources. Plasma density wasmeasured by a Langmuir probe. A
prediction of the experimental results was realized thanks to an inhouse developed simulation software and
compared to themeasurements.
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Experimental

The experiments were conducted in amulti-source plasma reactor of 700 mmof diameter equippedwith a
systemof pumps allowing to reach a background pressure of 10−7mbar. The reactor showed infigure 2 permits
the integration of 25 SAIREMAura-Wave plasma sources giving the flexibility to test a lot of different
configurations. Every source is connected to its ownmicrowavemodule solid state generator (SAIREM
MMS450)which can deliver amaximumpower of 450W. This gives the possibility to control the power sent to
each source independently. The plasma density wasmeasured by a Langmuir probe from Impedans©.
Figure 3(a) shows a top view of the reactor and the Langmuir probe. The plasma gaseswere injected through 8
points in order to ensure a homogenous repartition inside the chamber. The Langmuir probe is equippedwith a
vacuum translation systemof 600 mm in length. It allows the acquisition of plasma properties all along the
translation axis parallel to the source plane as shown infigure 3(b). The reactor is equippedwith several ports
allowing the installation of the Langmuir probe at different distances ‘d’ from the source plane, between 6 and
14 cm each 2 cm.

The strategy followed in this work starts by the acquisition of the density profile of one source for a plasma of
pure oxygen, nitrogen and argon as a function of the transmittedmicrowave power at different pressures
(between 0.1 and 4 Pa) and different distances from the source plane. In a second time, the relation between the
density and the transmitted powerwas determined bymeasuring themaximumdensity in front of the plasma
sourcewhile varying the transmitted power. The density profile was integrated in the simulation software and
projected in the 2Dplan at the distance of acquisition, assuming the circular symmetry of the density centered
on the source, at afixed distance d. In the simulation software, the number and the repartition of the sources was

Figure 1. (a) Schematic view of the Aura-Wave source showing the permanentmagnets, (b) simulation of themagnetic field and the
dotted field line B=0.0875 T corresponding to the ECR condition at 2.45 GHz and (c) logarithmic variation of themagnetic field as
function of the distance from the source planemeasuredwith aKoshava 5magnetometer.

Figure 2. (a)Picture of the plasma reactorwith 25Aura-Wave sources used in this study, (b) picture of the Aura-Wave source and an
oxygen plasma generated by 25 sourceswith 10KW totalmicrowave power.
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defined. The resulting density profile was calculated and optimized by varying the density coefficient for every
source until obtaining the largest plasma surface for a given uniformity percentage (5%which is the tolerated
density uniformity inmost applications). The power corresponding to the optimized density coefficient was
determined from the power-density relation already found. The simulated configurationwas tested
experimentally and the correlation between the simulations and the experimental results was discussed.

Results and discussion

Single source study
In this part, wewere concerned by studying the influence of all plasma parameters on the plasma density
obtainedwith one Aura-Wave. The following results represent the variation of the ion density as a function of
the pressure and the power at different distances from the sourcewith nitrogen, oxygen and argon pure plasmas.

Nitrogen plasma
Figure 4 shows the variation of the ion density for pure nitrogen plasma. The density increases with the
microwave power and decreases with the distance.While the optimal pressure, at which themaximal density is
obtained, depends on the distance. The highest density at a distance of 6 cm is around 27×1010 cm−3 and
obtained at 3 Pa, while at 14 cm, the highest density is obtained at 1 Pa and records a value of 4×1010 cm−3. In
fact, when the pressure increases, themean free path of electrons decreases. So, the ionization ismore localized
closer to the plasma source. In addition, the optimal pressure depends both on the balance between creation/
losses close to the plasma source, which increase with pressure, and on the species diffusionwhich expandswhen
the pressure decreases.

Figure 3. Schematic view of (a) top view of the reactorwith 25 Aura-Wave sources, (b) the translation axis of the Langmuir probe
inside the reactor, each source is connected to its ownMicrowaveModule Solid state generator (MMS).

Figure 4. 3D graphs of the evolution of the plasma density as a function of power and pressure at (a) 6 cm, (b) 8 cm, (c) 10 cm, (d)
12 cm and (e) 14 cm in front of the center of the Aura-Wave plasma source for a pure nitrogen plasma.
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Oxygen plasma
Graphs offigure 5 show the variation of the density in pure oxygen plasma. The results are quite similar to the
previous ones obtainedwith nitrogen plasma. At 6 cm, amaximal density of 36×1010 cm−3 is obtained at a
pressure of 4 Pa. By increasing the distance from the source, the density decreases to reach, at 14 cm, around
4×1010 cm−3 as highest value at 2 Pa.

Argon plasma
Atfirst look, one can notice that the graphs obtained in argon plasma exhibit a different behavior thanwith the
other gases. However, in this case, the pressure was limited to 2 Pa because of the augmentation of the reflected
power due to themuch higher densities obtained compared tomolecular gases at equivalent power and pressure.
A further increase of the pressure should lead to the same evolution aswith nitrogen and oxygen plasmas. As
shown infigure 6, whatever the distance from the source, themaximal density is obtained at 2 Pa. A high density
near 50×1010 cm−3 is obtained at 6 cm. It decreases when the distance increases to reach a value around
8×1010 cm−3 at 14 cm.

The comparison of the ion density obtainedwith the three gases shows that, for same plasma parameters
(same distance, power and pressure), the density for argon plasma is higher than that of oxygen and nitrogen. In

Figure 5. 3D graphs of the evolution of the plasma density as a function of power and pressure at (a) 6 cm, (b) 8 cm, (c) 10 cm, (d)
12 cm and (e) 14 cm in front of the center of the Aura-Wave plasma source for a pure oxygen plasma.

Figure 6. 3D graphs of the evolution of the plasma density as a function of power and pressure at (a) 6 cm, (b) 8 cm, (c) 10 cm, (d)
12 cm and (e) 14 cm in front of the center of the Aura-Wave plasma source for a pure argon plasma.
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fact, withmolecular gases, an amount of the injected energy, corresponding to the binding energy shown in
figure 7(a), is used in the dissociation of themolecules which reduces the energy amount used for ionization.
This could also be correlatedwith the electron temperature shown infigure 7(b) as a function of themicrowave
power at 10 cm from the source plane and a pressure of 1 Pa. As the electron temperature increases, the
probability of ionization increases. The highest values obtainedwith argon around 2.2 eV are translated by
higher ion densities thanOxygen and nitrogenwith electron temperatures around 1.2 and 0.5 respectively. The
electron temperature remains quite constantwith increasing power for each gaz.

Multi-source configuration

The density profiles obtainedwith a single sourcewere used as a database for the simulation software to calculate
the density generated by several plasma sources. The distance between the sources and themicrowave power
applied to each source could be optimized in order to have the highest plasma uniformity on a given diameter.
Plasma sources could be used in a linear, circular ormatrix configuration. Following, five examples of different
configurationswith different plasma parameters are presented. In each example, the impact of a different
parameter on the plasma density and uniformity was discussed.

13Aura-Wave, distribution optimization effect
Figure 8 shows the simulated andmeasured plasma densities at 14 cm from the source plane, for 13Aura-Wave
sources for an argon plasma at 0.5 Pa sustained bymicrowave power of 400W/source. Infigure 8(a), the sources
were disposed in a quasi-matrix configurationwith a distance of 90 mmbetween sources. A very high density
around 50×1010 cm−3 is reachedwith 5%uniformity over 160 mmof diameter. In the configuration of

Figure 7. (a)Variation of the electron temperature as function of power and for the three plasma gasesmeasured at 1 Pa (at 10 cm
from the source plane). (b)necessary energies to dissociate or ionizemolecularO2 andN2 and atomic Argon gas.

Figure 8. Simulated andmeasured density profiles for argon plasma at 0.5 Pa, 400 W/source (5.2 kW total power) obtained at 14 cm
with 13Aura-Wave sources distributed in(a) quasimatrix configuration and (b) optimized configuration.
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figure 8(b), the distribution of the sources was optimized through simulations. It could be noticed the perfect
correlation between experimental and simulation results. Experimentalmeasurements show a decrease of the
density (12×1010 cm−3) in favor to a huge gain of the plasma uniformity where 5%uniformity are achieved on
a diameter around 400 mm.

Matrix distribution ( ´5 5)Aura-Wave, power optimization effect
Figure 9 shows the simulated density distribution and the experimental curve for amatrix configuration of 25
Aura-Wavewith lattice constant a=90 mmrealized at 10 cm from the source plane for a nitrogen plasma at a
pressure of 1 Pa. Infigure 9(a), all the sources were equally supplied by 400W.A very highmaximumdensity of
35×1010 cm−3 is achieved. 5%plasma uniformity was found on 240 mmof diameter. The effect of power
optimization is clearly seen infigure 9(b). The peripherical sources were supplied by 400W/sourcewhile the 9
central sources were supplied by 75W/source. A bigger uniformity diameter is achieved (370 mm for 5%
uniformity). However, even if themaximumdensity records a small decrease, it still has a very high value around
20×1010 cm−3.

Figure 10 shows the translation axis of the Langmuir probe for themeasurements realized at 10 cm from the
source plane. The trajectory is tilted around the diagonal axis because of the position of the port. This allows to
have a profile corresponding to the diameter of the uniformity disk and not to the diagonal of thematrix.

Figure 9. (a) Simulated andmeasured density profiles for amatrix of 25Aura-Wave, a=90 mm, d=10 cm,N2, 1 Pa, (a) 400 W/
peripherical sources and 400 W/central sources (10 kW total power) and (b) 400 W/peripherical source and 75 W/central sources
(7.075 kW total power).

Figure 10. Schematic view of the translation axis of the Langmuir probe formeasurements done at 10 cm from the source plane.
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Matrix distribution ( ´3 3)Aura-Wave, N2 versusO2

Figures 11(a) and (b) show the density profile for a (3×3)matrix configuration (lattice constant a=110 mm)
realized at 10 cm from the source plane at 1 Pa for a plasma of nitrogen and oxygen respectively.With external
sources at 400W, the simulations have shown best uniformity when the central source is at 110Wand 80W for
nitrogen and oxygen, respectively. A good correlation between simulation and experimentalmeasurements is
observed. A uniformity of 5% is obtained on a diameter around 300 mm for both gases. Themaximumdensity
achievedwith nitrogen plasma (∼14×1010 cm−3) is slightly higher than that obtainedwith oxygen plasma
(∼10×1010 cm−3). However, the density profiles obtainedwith the two plasma gases are very similar.

Matrix distribution ( ´4 4)Aura-Wave, 10 cmversus 14 cm
In this example, we investigated the evolution of the plasma density as function of the distance. Figure 12
represents the simulated and experimental density obtainedwith 16Aura-Wave distributed in a ( )´4 4 matrix
configurationwith lattice constant a=110 mm realized at 10 cm (figure 12(a)) and 14 cm (figure 12(b)) from
source plane for a nitrogen plasma at 1 Pa. The optimal power distribution allowing best uniformity was
determined through simulations.With 400W/source for the peripherical sources, the four central sources
needed 150W/source at both distances. Atfirst, as described in part 1, as the distance increases themaximum
density decreases. It passes from around 12×1010 cm−3 at 10 cm to around 8×1010 cm−3 at 14 cm.However,

Figure 11. Simulation and experimental density obtainedwith amatrix configuration of (3×3)Aura-Wavewith lattice parameter
a=110 mm, at 10 cm from source plane at 1 Pa for (a)Nitrogen plasma (3.31 kW total power) and (b)Oxygen plasma (3.28KW
total power).

Figure 12. 2D simulation and Langmuirmeasurements of the plasma density distribution for amatrix configuration of 16Aura-
Wave, a=110 mm, for nitrogen plasma at 1 Pa, 400 W/peripherical sources, 150 W/central sources (5.4 kW total power) (a) at
10 cm, (b) at 14 cm from the source plane.
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due to the increase of the diffusion the diameter of 5%of uniformity is slightly larger at 14 cm.We shall note that
at both distances a high uniformity with large diameter is achieved.

Matrix dimension: ( ´3 3) versus ( ´4 4)
The effect of thematrix dimensions on the density could be clearly seen by comparing figures 11(a) and 12(a).
For the same plasma parameters and lattice constant a, as the dimension of thematrix increases, themaximum
density remains almost constant (∼13–14×1010 cm−3)while the uniformity diameter increases by almost ‘a’
(from310 to 410 mm).

Linear configuration
Figure 13(a) shows the plasma density calculated at 14 cm from the source plane for a nitrogen plasma sustained
by 6Aura-Wave at 1 Pa distributed in a linear configuration as shown infigure 13(b). The distance separating
two adjacent sources is b=90 mm.At thisfixed position, the density needed by each sourcewas optimized and
the corresponding coefficient is presented infigure 13(a). The corresponding powerwas calculated from the
optimized coefficient using the curve of power versusmaximumdensity. As result, the uniformdensity was
achievedwhen the peripherical sources were powered by 400Wwhile the in-between sources by 200W.The
experimental curve obtainedwith the same configuration is presented infigure 13(c). Atfirst, we notice a good
correlation between the experiment and the simulation. Themaximumdensity obtained is around
7×1010 cm−3 in both curves. A uniformity of 5% is found on 440 mm length. This value is a little smaller than
the simulated one (470 mm). Thismay be due to thewall effect affecting the first source situated at only 100 mm
from the reactor wall. In fact, at a close distance from thewall, the electronswill lose their energy by collisions
with thewall rather thanwith gas atomswhich reduce the ionization degree.We have proved that if we add an
additional source at the distance b, the plasma lengthwith 5%uniformity is extended by ‘b’. Thus, the length
with 5%uniformity corresponds to the distance separating the extreme sources.

Conclusion

The performances of themicrowave plasma source, ‘Aura-wave’, have been investigated in terms of plasma
density in theworking pressure range between 0.1 and 4 Pa. Langmuir probemeasurements have shown the
high densities achieved by this source in different plasma conditions. It has been shown that the optimal
pressure, at which the highest density is obtained, depends on the distance from the plasma source, due to the
balance between ionization/losses close to the plasma source and diffusion phenomenon. A complete database
of the variation of the plasma density as function of plasma parameters has been created. Thanks to an in-house
developed software, using the created database, the plasma density ofmulti-source configurations has been
calculated. Five examples of different configurations have been presented in this paper. Comparison between
simulation and experimental results have shown perfect correlation. A linear configurationwith 6 sources with
inter-sources distance b=90 mmallows to have a plasma columnwith 5%uniformity at a length of 440 mm.
Every additional source addedwith the optimized powerwill increase the plasma column length by b.

Multi sources configurations, especiallymatrix configurations, have shown a greatmalleability in terms of
plasma density and plasma uniformity over large surfaces able to be extendedwithout scale limitation. To know:

• Addingmore sources while conserving the compactness will increase the uniformity surfacewhile keeping the
density constant.

Figure 13.Plasma density of a linear configuration of 6 Aura-Wavewith b=90 mmat 14 cm from the source plane (a) Simulated
curve showing the position of the sources and the relative coefficient of optimized density of each source, (b) schematic view of the
translation axis for the Langmuirmeasurements and (c) experimental curve of the plasma density and the correspondingmicrowave
power for each source (1.6 kW total power).
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• Increasing the compactness (i.e., decreasing the lattice constant), with keeping the same number of sources,
will increase the density and reduce the uniformity surface.

• Decreasing the compactness (i.e., increasing the lattice constant), while keeping the same number of sources,
will decrease the density and increase the uniformity area.

• Increasing the compactness and the sources numberwill increase both the density and the uniformity surface.

The uniformity over large surfacesmore than 400 mmachievedwith 16 sources is very promising for semi-
conductor industry for 400 mmwafers treatment. The high-density reaching values up to 50×1010 cm−3

makes of this source very suitable for plasma assisted processes such as PECVD, PEALD,Deep etching, RIEK
Toprevent the pollution of the source and to increase its life time, an anti-pollution treatment is being under

investigation. It consists on a sapphire window to protect the ceramic part and an alumina thin film deposited on
themetallic parts exposed to the plasma.

Thanks to these results, the integration of the Aura-Wave sources in the cited processes, will allow an
advanced optimization of the process with increasing its efficiency over large treatment surfaces.
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