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METHOD FOR THE TREATMENT OF GASES USING

HIGH-FREQUENCY DISCHARGES TECHNICAL FIELD AND PRIOR

ART 5 The invention relates to the field of gas treatment, particularly at
atmospheric pressure by plasma techniques. 10 High density electrical
discharges are very advantageous for carrying out industrial gas

purification and pollution control treatments. The principle consists in
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present in a carrier gas, in the discharge, to obtain new compounds

Wbﬂg@ Cﬁ%ﬁgg&ﬁg&%ﬁ%@ﬁs stream, for example by

convéntional post-tre as reactive adsorption. 20 The field of
use of these discharges corresponds to higher typical concentrations
(from a féwethousamrd tpars peealtiers by volunté£ppnivylahd lower gas.
throughpiis, than fhose bsed farcorgaa discharges-and 25 digleglic vy
baﬁﬁ@%@%@%@@ﬁ%%ﬁé?)’ which are more often mentioned for gas -
pollution contral applications. The applicant has developed such
methods, particularly by microwave discharges at atmospheric 30 -
pressureiiiiich denmintaineddyisurfade wavesPiresse meathods asry
useditarewesdhe resigual CF4andyGH4 coneantrationdnstheildyptongand
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ppmv. Another application relates to the removal of 35 perfluorinated

gases (PFC) or hydrofluorocarbon compounds (HFC), which are

greenhoSeg @3S (EPASC2ABS SEG, ciCAFB SIS, R8s Terdcatonl

effents reloaseddty semicdnduciorrmanufactuing eguipment: dhesein

effluents, result paglicularly from plasma; learing. operalionsii s ney
cempounds which can then be removed from the gas
stream, for example by conveniional post-treatment,
such as reactive adsorption.

The field of use of these discharges corresponds
to higher typical concentrations {from a few thousand
parts per million by volume (ppmv)) and lower
throughputs than. those used £or corona discharges and
dielectric barrier discharges (DBD), which are more

often mentioned for gas peollutiod control applications.

The applicant has developed  such methods,
particularly by microwave discharges at atmospheric
pressure, which are maintained by surface waves. These
methods are used to lower the residual CF, and CHs
concentration in the krypton and xenon extracted from
the air by cryogenic concentration, to below 1 ppmv.
Another application relates to the removal of
perflucrinated gases {PFC) or hydroflucroecarbon
compounds (HFC), which are greenhouse gases (CFy, CuFs,
SFs, ©-CsFe, C3Fe, NF3, CHF3;, etc.}, effluents released by
semiconductor manufacturing eguipment. These effluents

result particularly from plasma cleaning operations on



2 thin layer deposition reactors and plasma etching operat.ions on the
same thin layers. The very high electron density of these microwave 5.
discharges (1012-1015 cm-3) is particularly suitable for the concentration
(a few thousand ppmv) and dilution nitrogen throughput (a few tens of
standard liters per minute (slm)) condftions prevailing at the'exha_u_st of
(he RERANL MR BRS Of semicQudeia thig gyer, 10 deposition And
etcg' e%uigment. Indt}he case of .P_FC, the |gh_energ electrons

avalg & sérve to calise fraguent indlastid &5ffisions of electrons on the
PFC molecules and thereby largely 15 dissociate them. At the same time,

these collieny prevent ¢the abfarmationdftbe RFG befaredbel fragments

shavgi serstedswith 0)ielizing spaeies toyield ﬁ%@@ﬂé‘ﬁ&%@ff’%ﬂ% or
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icul ive. flugrine compounds (COF2, S02 F2, HF, etc.
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poSttré&HENt SR B edantisl¥, reabfive AdSSipdRzer nérakzation
on &hratkalinesdalutiors 258! Midrmoveaveramiosphesic ptasmas arehaakt of
gerrallyini tacal thermogynamie equilibriyahiletz)nbut shey:are,not . very
far semovediisamstiis copdition. Jheselectran energy distribution is

centered on relatively low 30 valués (2 to 3 eV) giving rise to a large

~ number of elastic collisions on the heavy particles, which has the effect
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of effectivily HEHtinG 87 gl THES thetfempeiaturesofthevheaty species
of thearbelirn, seuwmalsandons: iseidowet thareabeut 3/16:0fthe; 35 <

elector lempesaiiraor sill severakiousand K qnaverage,vince, L s ,
degirablgdoJpaintain,the gas

At the same time, these collisions prevent the
reformation of the PFC before their fragments have
reacted with oxidizing species to yield stable final
products, particularly corrosive fluorine compounds
(COFy, SC.F,, F;, HF, etc.) which can be removed eagily
from the gas stream by conventional post-treatment such
as, for example, reactive adsorption or néutralization
orr an alkaline solution.

Microwave atmospheric plasmas are not generally in
local thermedynamic equilibrium (LTE), but they are not
very far removed from this condition. The electron
energy distribution is centered on relatively low
values (2 to 3 eV) giving rise to a large number of
elastic collisions on the heavy particles, which has
the effect of effectively heating the gas. Thus, the
temperature of the heavy species of the medium,
neutrals and ions, is not lower than about 1/10 of the
e¢lectron temperature, or still several thousand X on
average. Since it is desirable to maintain the gas
close to the tube wall at a temperature compatible with
the physical integrity of the wall, a fairly high
radial temperature gradient exists. This 1is in turn



close to the tube wall at a temperature compatible with the physical
integrity of the wall, a fairly high radial temperature gradient exists. This is
in turn 3 reflected by an increase in the gas density from the axis toward
the periphery. As the density rises, it is known that the ionization yield
decreases and the recombination of the charged particles is promoted, 5
causing a drop in electron density from the axis toward the tube wall. This
mechanismtseven fairy pronosmneed because, o5 relativaly Jov tabe the
diametets {3-fewmendheplagma: 40 no,longes fils ihe entire luhe crass

sectlgﬂ)m1 cetrgaé! cases. The discharge is said to be contracted, and the
process can evo%eatt}v?ardltﬂ%lf%?%% ion &ls,eegv%rafjeﬁ%rﬁl%ﬁ?ﬁa fitdifients e

(filarhentAton Aedianiei) iManddRT ARN erR@AtirdRSUBE crogemoted,
BectivH ST, 2 Zo1Re always. existoat thekbeyperipheryhwheré thegascd
is muth colder aad the electron density 20 lower, hence where the
dissociation of the PFC molecules is less probable and their reformation
promoted.TThhli% ramdia contraction is accentuated with the 25 increase in
molecular weight 0f the gas, it§ $p&&d’df iFasshfe Pt aREtffbrPecause:
freqd@icy: rith e kibelirigide tiafictae Fevthetmofewwhile atberfade sma
1Wave plasmragealumnt B0slengtkenswhien: the: mierowave: powes stpplied n
to thee: appligatey ds increased, on the other hand, this increase in power
has practically no effect on the shape of the radial plasma density
distribution, Thus . increasing the power cannot ensure that the plasma will

35 fill the tdBE cfosSCECHRDR nidre torfipldtelyPe contracted, and the

process can evolve toward the formation of several
15  plasma filaments (filamentation mechanism) in random
movement in the tube cross section.

Thus, a zone always exists at the tube periphery
where the gas is much colder and the electron density
20 lower, hence where the dissociation of the PFC

molecules 1is less probable and their reformation
promoted,

This radial contraction is accentuated with the
25 increase in molecular weight of the gas, its speed of

passage, the excitation frequency, and the tube inside
diameter.

Furthermore, while a surface wave plasma column

30 lengthens when the microwave power supplied to the
applicator 1is increased, on the other hand, this
increase 1in power has practically no effect on <the
shape of the radial plasma density distribution. Thus
increasing the power cannot ensure that the plasma will

35 fill the tube cross section more completely.

As a result, the useful diameter of the discharge
tube is in any case limited and it is illusory to hope
thereby to increase the treatment capacity.



As a result, the useful diameter of the discharge tube is in any case
limited and it is illusory to hope thereby to increase the treatment
capacity. 4 Multitube surface wave plasma sources have been
developed to overcome this intrinsic limitation. Yet the scaling-up
possibilities are again limited by the .5 gnicrowave power that can be
caused to circulate in a single waveguide. Furthermore, the radial
electron density gradient limits the conversion rate if the throughput is
high 10. and the plasmasedlamn isrshert. SThisds thescase:w pasticulaseihn

the Q@@&@&QQ@ of PG ipnitrpgen with ﬁpéu_l%@mim%ra%abowget
150,mm. On the contrar dln r/)&e Qurlflcatlon theglas a 15 co

measures over 500 mnt on average and a PESnveTaioh yies T?ilﬁﬁgveg 39 598
ScanBé FOXENED RoP s, %ﬁBug}?’fheb%la%ﬁﬁ’a?%dh@ﬁly‘ébﬁf‘r‘a%?é@ ang 2
filarhéntary. Thisiza tde to the fact that the PFC molecules, along their
path, then have more time to migrate from the cold 20 zones toward the

not zonesryfiale ey Dave peen B8R ned dut dsial, copyeqfion ot o

turbylen%e Tt is is also due to the act that unlike disch ar%?'s in “nitrogen

or ariother mofecular gas” sdt?&wcﬁ?nge ot TextifGtion Fsatd 1étaré"?/erkﬂ/“:’m
LimifRf 25h& sPRFFNitR OhE®r tho tehestean dBal withsgdgepusase in
effluents fromhagnedr twe: mddtichambeéenplatfora®; ahd offermafar, with

techinicaband £sonDBAg advanRiages i thisseonfiguration over more
conventional 30 solutions such as burners. However, operating situations
also exist in which much higher capacn Is necessary. 35 This is the

case, for ¥ampfe, oP g frEitméht 6f /% purification, the plasma

15 column measures over 500 mm on average and a conversion
yield above 99.9% can be reached for CFs, although the
plasma is highly contracted and filamentary. Thig is
due to the fact that the PFC molecules, alcong their
path, then have more time to migrate from the cold

20 zones toward the hot =zones, where they have been

~entrained by diffusion, convection or turbulence. This
is also due to the fact that unlike discharges in
nitrogen or another molecular gas, “quenching” or
extinction reactions are very limited.

25

A system with one or .two tubes can deal with
gaseous effluents from one or twe multichamber
platforms, and offer major technical and economic

advantages in this configuration over more conventiocnal
30 solutions such as burners.

_ However, operating situations also exist in which
much higher capacity is necessary.

35 This is the case, for example, of the treatment of
gaseous effluents from the fabrication of liquid
crystal display screens (TFT-LCD).



gaseous effluents from the fabrication of liquid crystal display screens
(TFT-LCD). - 5 These also make use of methods for depositing and
etching thin layers based on silicon. However, due to the unit size of the
substrates (up to 1.00 m sides, compared with the 300 mm maximum
diameter of a slice of 5 monocrystalli_ne?)sil_icon) the volumes of gaseous
effluents released by a chamber of the method are many times higher

than thoseTtenventionally dreatersin sHciRslecimNies Paltisularlyifey the.q
maneifagturg of LEMQ S ar dipele compopents on monogrystalline silicon,

10 Btegzau%lle1 &f t%% anitgg sggltiengé%% due tg radial contractign, ,

atmospheric microwave plasia canto fﬁro‘?ﬁdefﬁﬁ apBropriate Solgtéi s
for thE&eapificktiohs M5 THY rdiBe &t PrdblErrBrlifdingta Rovélice of
methodcand stgaseogs efffadnttreatmentdevicestampatible fvith athescus
highdhraughputs-efitbeseeffiients. Anatber prablentis,te fincka povelany
methanend a.:80 fovel gageoys.ellient iealmentgevice, oo ooq <o
substantially atmos heric pressure, corgf ementary to known treatments.

particurany microwave plashf treaients mafftaified by SurERe Wafeso
25 Ad€ording OlaRthetadpeee e furtitemproblemsisaid find asiiethod and
1@ device not subject, or less subject than known methods, to the
Ili,iln\i/tations@@@@@sQ Q»ftragi@é pl@?.ﬁﬁ.ﬁ: %%ntf@&_%iQDP&%%U MMARY, OF Ll
invention uses a hi ensity electron plasma
mairllét%égd%ggg?édiofr%q%%sn%eg}ee%(??rom%jb%éféaﬁfeﬁd at I{eaésslf‘%artiﬁﬁ%f’t
mairity §5 1idu G & BBABRITG Hiae 35t videly el ebh tiau el ©diisied -
Plasma" or abbreviated to ICP.
15 This raises the problem of finding a novel method
and a gaseous effluent treatment device compatible with

the high thrcocughputs of these effluents.

Another problem is to find a novel method and a
20  novel gaseous effiuvent treatment device, at
substantially atmospheric pressure, complementary to
known treatments, particularly microwave plasma
treatments maintained by surface waves.

25 According to another aspect, a further problem is
te find a method and a.device not subject, or less
subject than known methods, to the limitations imposed
by radial plasma contraction.

3C  SUMMARY OF THE INVENTION

The invention uses a high density electron plasma
maintained by a radiofregquency electromagnetic field at
least partially or mainly in inductive coupling mode,
35  widely called “Inductively Coupled Plasma” or
abbreviated to ICP. |

A primary object of the invention is a method for

treating gases, comprising impurities, in which the gas



A primary object of the invention is a method for treating gases,
comprising impurities, in which the gas 6 at substantially atmospheric
pressure is subjected to a radiofrequency inductively coupled plasma
(RF-ICP) discharge. 5 The invention also relates to a system for treating
gases by plasma, comprising means far producing a gas to be treated at
a pressure substantially equal to atmospheric pressure and means for
producisgea tadiofeequencyripgpatively couplad: A0 plasma AR RITIGR a
Plasmassarvesda-each anighaleeton density.Rartigulary.in coaison
y

Wlt%ggégxam le, corona or dielectric barrier discharges, or with main

15 capamﬁ\l;g coupling radiofrequency plasmas. Furthermore, the electron
density in RF-ICP plasmas is generally higher than that which can be
Sobtained ifban atmesphéric miefowaverplasma; 2@ particulans exeitedrhy

a sifaee wave. fhedehayior ofan Riindudlively coupled plasma iseor
furtg%gugg@%utlalgy diffgrent frgm t%%t of .atmaspheric microwave

. . = .,od ressure
discharges with ]ltlrface waves. 25 This beﬁav_lor makes it an alfernative
or c%?npl%?ﬁlé:ﬁtaafy Ym&diti 1o S SPREPR HhktTobases PrEmA TS 1RatiRg
gaskRr paRiafiamya6r their pardficaiioncarsd pollutiohictritrellhy plaensa,ed

10andrpadicularly at atmospheric pressure. 30 Among other factors, RF-ICP
plasmas are not restricted to the same scaling-up limitations.

Radiofregyen )é,i_r}@.%ctiv ly_coupled discharges, 35 close to local
thermodynaml%: equilib E%S arlilsjfe“e‘f%%ti\%(i/ LeR o obtaif differeht 37
Coﬁ%ﬁ%ﬁﬁgﬁanpartlcularly in comparison with, for example,

corona or dielectric barrier discharges, or with mainly

15 capacitive coupling radiofrequency plasmas.

Furthermore, the electron density in RF-ICP
plasmas is generally higher <than that which can be
obtained. in an atmospheric microwave plasma,

20 particularly excited by a surface wave.

The behavior of an RF inductively coupled plasma
is further substantially different from that of
atmospheric microwave discharges with surface waves.

25 This behavior makes it an alternative or complementary
medium to atmospheric microwave plasma for treating
gases, particularly for their purification and
pollution control by plasma, and particularly at
atmospheric pressure.

30

Among other factors, RF-ICP plasmas are not
restricted to the same scaling-up limitations.

Radiofreguency inductively coupled discharges,

35 close to local thermodynamic eguilibrium (LTE},
effectively serve to obtain different and complementary
physicochemical conversions +to these that can be
accomplished by other techniques, and particularly by
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physicochemical conversions to those that can be accomplished by other
techniques, and particularly by 7 microwave discharges which, even at
atmospheric pressure, are relatively outside LTE. The invention serves in
particular to maintain RF- 5 ICP discharges, in inductive mode with a
transverse electric or TE or type H _fie;d structure, or in mixed modes
coupled with the transverse magnetic or TM or type E field mode, which
bothifilradarge patticitherfidke crass sactioneThe diageterofgighheric

torghes may. 10-he:between 8.and 460 maLat agmospheric pressure, and
may even be higher at reduced pressure. The frequencies vary according

to the size of the torch and the power, from 200 MHz at low power, up to
100 kHz, OFCevery SOKITF aBESithAg G tHEGEREHIBE techriBldgyE s TRE
serveB toitreahhighes thraughputrariges: complementary to those treated

by slierwvave technalogy. Agserding ta-0ae embodiment, the dischargeq
uses,a20 silica glass toreh, f%@“ﬂ@%s‘é’&@&d‘%#r%%é"@!:fo%rc'r%at@

of %ﬁgoolirﬁg Iéc}!té dbetw en the two walls. It may also use a refractory
o

torcH Yor éxample atetamic torch drftithofe parttutdiy?a standardradg
25 BRARinaTteREh. Ttotding to BfartHéevari, e dischargesess anay
metal torebhwaecording taithe«bldwcagetsegmentation: techpigue: 30, and
Acegrgingste.another vagiagk.the discharge;comprisgsaldgastone 7y
teraperatutezane aboye 2000 K, fan additinal teatment for example.. 4
usm% a 35 reactive element, can bé provi ed, in‘order to cause the

compouRaeFBsuttingramtnbifiada'tféatiidiftto uo to 100 kHz, or

even 50 kHz according to the generator technology.

This serves to treat higher throughput ranges
complementary to those treated by microwave technology.

According to cne embodiment, the discharge uses a
silica glass torch, for example, with a double wall for

circulation of a cooling liqguid between the two walls.

It may also use a refractory torch, for example a

ceramic torch and more particularly a standard grade
alumina torch.

According to a further variant, the discharge uses
a metal torch according to the cold cage segmentation
tachnique.

According to another wvariant, the discharge
comprises at least one temperature zone above 5000 K.

An additional treatment, for example, using =a
reactive element, can be provided, in order to cause
the compounds resulting from the plasma treatment to
react and thereby destroy them.



react and thereby destroy them. 8 According to one variant, the treated
gas throughput is between 0.2 and 25 m3/h. The treated gas contains a
perfluorinated (PFC) or 5 hydrocarbon or hydrofluorocarbon (HFC) gas as
species to be treated by plasma. This gas is, for example, a rare gas or a
gas issuing from a reaction chamber, particularly in the field of
semiconductor production. 10 The method and the device according to the
invention &fCAFEDYer particutarty suitableafot, treatimg gasesaormprisgag
gasebusweffipentsiissuiagw &am @. display sereefymanufacturing process,
in which the effluent throughputs may be as high as several 15 liters per
minute (slm) (under standard temperature and pressure conditionsﬁ) for
examplo btNeoh o e oG Tt oS el S o 2080 MERGy o=
countifig ArE TRAfitiIGH of MiRARIH HitFGeh & the EXRAUSITTIhe rifkagtes
punips. 2o Theegasdo be treatedanay alsd hew gas spmprising: gasenusa
effluents isguing Fom=a ethod derpraduciRgor grovdngnaierialsenior,
etching or Gleaning ar trepling,flaf scrgens gt semiconductors ot s, o,
semiconducting or conducting or dielectric thin layers or substrates, for
example comprising gaseous effluents issuing from a method for
1Sroducing BrgroWiig  tHatetiafs oftfet etchivg of cleaping dineating  the
siliconthin:layers. 30<Themeastaremay alsothe-areattor farshrinkieg for
photosensitive reains ssedder Mistegreult ithagraphy 9ra4eactarfor ; ny
dep9§®Q9Q“%k@g%gyd%yyzQEBQE%QEQQEEking process, in which
the effluent throughputs may be as high as several
15 liters per minute (slm) (under standard temperature and
pressure conditicns), for example between 1 slm and 20
slm, or a total of 100 to 2000 slm not counting the

addition of dilution nitrogen at the exhaust of the
primary pumps.

(%]

20

The gas to be treated may also be a gas comprising
gasecus effluents issuing £from a method for producing
or growing materials or for etching or cleaning or
Creating flat screens or semiconductors or

25 semiconducting or conducting or dielectric thin layers
or substrates, for example comprising gaseous effluents
issuing from a method for producing or growing

materials or for etching or cleaning or treating
silicon thin layers.

30
The reactor may also be a reactor for shrinking
photosensitive resins used - for microcircult
lithography, or a reactor for depositing thin layers
during plasma cleaning.
35

BRIEF DESCRIPTION OF THE FIGURES

Figures 1, 2, and 4 show torches which can be used
in the context of the present invention.
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35 BRIEF DESCRIPTION OF THE FIGURES Figures 1, 2, and 4 show
torches which can be used in the context of the present invention. 9
Figure 3 shows a system for analyzing gases after plasma treatment. 5
Figure 5 shows a diagram of a unit for producing semiconductors and
treatment means according to the invention. DESCRIPTION OF
EMBODIMENTS OF THE INVENTION 10 As shown in Figure 1, a
radiofrequency inductively coupled plasma (RF-ICP) is obtained in a gas
confined Higuube 2. ibckhe excitatiormeans enRIpFiSman dductoedrer
surgaunging the tube 2; and which is traversed by a radiofrequency (RF)
current. This inductor is connected to radiofrequency power generating
means, not, shown in the figure. 20 it is thereby possible to maintain an

RF discharde ParticufSRy By ndiietive Bbupiing: befwéert the HidGoF 29
whieREppRtitinesahe pramary ofes tremsformerrand de praisma 6whicthe
constitites o025 single turn secondary. The tube 2 serves to confine the

plasma and to prevent direct contact between the two conductors, which

areégg d %&1%[@ %rg,d %ﬁgﬁ%%% EhElS tube 30 may further be equipped

with cooﬁng means, ngtt own "in"Figure i thidF &%\]1 the numeral
10 denotes a plasma generating gas, for example nitrogen, the gas to be
35 converted byptasma BEiogthe Dasal 4 Aniatixitianegag inductively

coupled plasma (RF-ICP} is obtained in a gas confined
in a tube 2.

The excitation means comprise an inductor 4,
surrcunding the tube 2, and which is traversed by a
radiofrequency {RF) current. This inductor is

connected to radiofrequency power generating means, not
shown in the figure.

It 1s thereby possible to maintain an RF

- discharge, particularly by inductive coupling, between

the inductor 4, which constitutes the primary of a

. transformer, and the plasma 6 which constitutes a
single turn secondary.

The tube 2 serves to confine the plasma and to
prevent direct contact between the two conductors,
which are the inductor 4 and the plasma 6. This tube

may further be equipped with cooling means, not shown
in Figure 1. '

In this Figure 1, the numeral 10 denotes a plasma
generating gas, for example nitrogen, the gas to be
converted by 'plasma being the gas 14. An auxiliary gas
12 can be introduced to adjust the properties of the
plasma or to carry out particular chemical reactions

(for example, an oxidizing gas such as oxygen, steam,
etc.).



12 can be introduced to ad-just the properties of the plasma or to carry
out particular chemical reactions (for example, an oxidizing gas such as
oxygen, steam, etc.). 10 Itis also possible to introduce a plasma .
generating gas 10 already mixed-with a gas to be treated. 5 According to
another variant, and for reasons of_ dﬁxf‘harge stability and for greater
operating flexibility, use can be made of assemblies of several concentric
tubes for introducing various gas streams 10 into the inductor zone. This

assemblyref tubes is, geperally calledea togch onapplicator The g acna
fre%%%%(ijg,g sed for the Fe>-(L |tat| n field range frc from 50 kHz, or 100

kHz or 200 kH% to 100 zor m(%re %r example 0 50091\?”942 tﬁwe
pow&F&hpflied may, for example, vary from 100 or a few hundred watts to
Sa few megawatts, for example from 100 w or 300 w to 1 MW or 5 MW.

The currext genetating:means ae selectad racCodingly 020 ACEOring &g
thejnventio.an RE-1GP dischargg s generated gl pressures, o ¢ 5 5o

sub tantj%llyiagtl ospherlc ra |ngb etween a few pascals an Bevera

bar of examp Ebehngerr 00 Sarmc?r 1 Bhr 8?5%5?%%‘1 2 585 dr
1.5BRGES b ot HRRT. e ptéssndimifie olrlet ot a pigcesstiseams
19 insdfficient be lowed for cexample, thantd har pismping meanswpaisbel s

usefkte: reach the desired prassure At the plasma.nlet. 30 Close to
atmospheric pressure, or in the pressure ranges indicated above, and if

the frequency does not exceed around 10 megahertz (and is therefore
lower tha frequencies used for RF excitation field

range from 50 kHz, or 100 kEz or 200 kEz to 100 MHz or

15 - more, for example to 200 MHz. The power supplied mnay,
for example, vary from 100 or a few hundred watts to a
few megawatts, for example from 100 w or 300 w to 1 MW
or 5 MW. The current generating means are selected
accordingly.

20

According to the invention, an RF-ICP discharge is

generated at pressures, substantially atmospheric,
ranging between a few pascals and several bar, for
examnple between 0.05 bar or 0.1 bar or 0.5 bar and 1.2

25 bar or 1.5 bar or 2 bar or 5 bar. If the pregsure at
the outlet of a process is insufficient or lower, for
example, than 0.1 bar, pumping means can be used to
reach the desired pressure at the plasma inlet.

30 Close to 4dtmospheric pressure, or in the pressure
ranges indicated above, and if the frequency does not
exceed around 10 megahertz (and is therefore lower than
10 MHz or 20 MHz), such a plasma discharge, contrary to
atmespheric microwave discharges, 1is considered as

35 Dbeing in local thermodynamic equilibrium (LTE}. As the
frequency rises or the pressure decreases, it deviates
progressively from LTE.



10 MHz or 20 MHz), such a plasma discharge, contrary to atmospheric
microwave discharges, is considered as 35 being in local thermodynamic
equilibrium (LTE). As the frequency rises or the pressure decreases, it
deviates progressively from LTE. - 11 The gas treatment methods
developed using such discharges argl therefore different from those used
with plasmas which are more or less outside equilibrium, such as surface

wave micrewave=dischaeges:dn thusroval possibilities ase available fary
de@i@l&&@%@%%%eféwg@é%@ﬁm&ﬁ%&éﬁﬁfgﬁ Jumber of pracéfca'

industrial case 1 This type of plasma, without electro es “further

s a hlgﬁ purlt?] ediifantFcan SRarigEotsly TEapphad 16
met?ﬂfd’s for iRBESATRE gaR ollttiorecontroll Apdhsurification treatment. 15
St is the thermal effect of the plasma used that dissociates the pollutant

moleculegHRuring.theq00ling o the gases after,| Q%Ssa%aibi%% thee,,
plagina, f@k‘?ﬂ'e?fo%'ggg% Eerv%ﬁf%ci refoEm go dlgerenct chemlc

combinations, havin Sicochemical properties diatinct fiom thosa of 1he
initiAFHRGfeHe8 “Ff %c&%héﬂ‘ﬁ‘é%réﬁe]ué:?%am without any 25

disadvantage and definitively as such in the gas stream, or they are
1oremoved therefragply eamplemeniary. ireatmentgneanso&be outlet ofthe

plaw@s@p&;@egaa bﬁ;&ﬁ{“}ﬁﬁefé 304 mepns,ar @&?XH@@HQ@%@&%@JQ
collgctln % %tream In a sea ?d Jmanner t to conyey it to suc

complem %tar redtment means. These teatment eaﬁéf‘naﬁ% tution
parﬁ{?ﬁﬁf@,loﬁfp% purification treatment.

15 It is the thermal effect of the plasma used that
dissociates the pollutant molecules.

During the cooling of the gases aiter passage
through the plasma, this dissociation serves to reform
20 different chemical combinations, having physicochemical

properties distinct from those of the initial
molecules.

Thus, either these species remain without any
25 disadvantage and definitively as such in the gas
stream, or they are removed therefrom by complementary
treatment means.

The outlet of the plasma reactor can be connected
30 to means or an extraction system for collecting the gas
stream in a sealed manner to convey it to such

complementary treatment means.

These treatment means may be particularly of the

35 type Dbased on an irreversible reaction with an

appropriate solid or liguid medium. Thermal or
thermocatalytic treatment means, or adsorption or
cryogenic means, may also be used. One example is a

reactive alkaline adsorbent used to remove the



35 type based on an irreversible reaction with an appropriate solid or
liquid medium. Thermal or thermocatalytic treatment means, or
adsorption or cryogenic means, may also be used. One example is a

- reactive alkaline adsorbent used to remove the 12 corrosive fluorinated
gases resulting from the conversian pfthe PFC. Various types of torch
can be used, the choice 5 thereof depending on the planned application
and the ggéwer eniployednAtfist pogsiblsstypereftorchig a silicaglass:he
torelxntRisanatertal isaseddfor, its thermomechanical 10 strength
properties. This type of torch is intended for low power applications, for
example from 1 to 5 kW, according to size and throughput. As the power

increases. 1orches having a double B warEriurd T8 be e Shotce
> defififg i infsfial i seacefordifcuktingre ocii fuidtnkieh aray Bée

waterw by faetp tomtrary to what occurs in the 20 hyperfrequency range,

water does not substantially absorb the electromagnetic power in the

radiofreqyency, domain 3{59 hence there.is no ngec:iL fo resort.to a

! . T L torct a silic lass
dielectric heat transfer liquid, of whic the c%m e is not always an easy

qui . . ;
matter 25 With' s6ciab6fig- poeriadéls ot abbbf 5616 "B R rame
10reathed: Mrotireraype o possibl@orch igte refrattory30itorchy fended
exaiplelawesamie targh 1 Onerdravdack-ef eoclegsilicartarchesis thein,
britdeness.: agddheir short.servige life nihe case of a corrosive |

fluorinated environment. On the
As the power increases, torches having a double

15 wall structure can be used, defining an interstitial

space for circulating a cooling fluid which may be
water.

In fact, contrary to what occurs in  the

20  hyperfrequency range, water does not substantially
absorb the electromagnetic power in the radiofregquency
domain and hence there is no need *to resort to a
dielectric heat transfer liquid, of which the choice is

not always an easy matier.
25

With such cooling, power levels of about 50 to
80 kW can be reached.

Another type of possible torch is the refractory
30 torch, for example a ceramic torch.

Cne drawback c¢f cooled silica torches is their
brittleness, and their short service l1ife in the
case of a corrosive fluorinated environment. On the

35 contrary, ceramic torches permit operation without a
cocling liguid, up to power levels of about 50 to
100 kW. They are much less delicate than glass

toxrches, both from the thermal and mechanical
standpoint.



35 contrary, ceramic torches permit operation without a cooling liquid, up
to power levels of about 50 to 100 kW. They are much less delicate than
glass torches, both from the thermal and mechanical standpoint. - 13
Contrary to microwave discharges, relatively common ceramics can be
used in standard purity grades, such gs,commercial alumina. For
example, a 98% pure 5 alumina, conventionally available in tubes of
various sizes in catalogues of technical material suppliers, is suitable. In
fact, there @csam@gpblems Ofﬂ@E%W%@SS%%MQQ%%_Wghrelafr:]ive1y _
temperaure, - urjties (residues of sintering binders) whic

10 outsi %gt?hg %gagi%f%;%u%%%y%%m%sﬁ ,dablorilesziﬁfél %aﬁarﬁgﬁ)ic%fgﬁ?/égf

2.45°CGHz, &8n CRIEE Taihires By tenfial ruRdivaf HBER&niss, 184diRG 16
Ihe GHoIEE for rARErEMEVECaPAdsphetie tlsdharge tubesbefa specific iant
costyimaterial stictras ahaminein oidde with vesr 45 Bighpwityiers, is

spegffications In ggneral,the forchovall lemperature can be: increased by,

using g refractary that does not require cooling. The cold peripheral layer
is thereby reduced. 20 A third K/Jp%hof pOSSiBle foTehts thegr%eetal ttoorch,t%e

congiBENg bf 5°Set of gt S8 mefis (of HiiGersy coblgtisy faterhich,
1@ircatienSTheberrems indueark by cthe fghuctor arecclosediattheisurface:
of eaelrfingeLa2byA current sccarlinglydlows Qe the inside O ®aChhe rmal
fingefu G pace:oL e eupent floplag i fhe inductog.and gausing the,

appearance of an induced current |n the plasma. 30
ppmlcrowave atmosphergc dischag

ge tubes, of a specific
and costly material such as aluminum nitride with very

15 high purity specifications.

In general, the torch wall temperature can be
increased by using a refractory that does not require
cocling. The cold peripheral layer is thereby reduced.

20

A third type of possible torch is the metal torch,
consisting of a set of metal segments (or “fingers”)
cocled by water circulation. The currents induced by
the inductor are closed at the surface of each finger.

25

A current accordingly flows on the inside of each
finger, the image of the current flowing in the
inductor, and causing the appearance of an induced
current in the plasma.

30

Everything proceeds as if the metal wall, due to
its segmentation, had become transparent to  the
electromagnetic field.

35 This type of torch can withstand power levels of
~about one megawatt, and can be used from 5 kW. Its
drawback is the direct losses in the segments
themselves by the Joule effect. These losses are about

10%, and depend on the frequency and power.
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Everything proceeds as if the metal wall, due to its segmentation, had
become transparent to the electromagnetic field. 35 This type of torch can
withstand power levels of about one megawatt, and can be used from 5
kW. Its drawback is the direct losses in the segments themselves by the
Joule effect. These losses are about 10%, and depend on the frequency
and power. 14 These metal torches are suitable for the pollution control
treatment of very high gas throughputs, particularly between 20 and 400

1/min. 5 Suefsa metal Torchy coetedhby wWatertand opesatingsatdtighut ion
powe, €ambe used {pdacrease the‘@@ryeteafghtheg%lesm@mffﬁog%@s@
ap rgg}grj] éﬂ‘i é/\}/:?LII. 'Eh% xﬁr:gle% o) |pahr§a al Zone | mthereby reduced.

Several types 0 disc arge can be obtained, acn’ ‘having specific
characteristics. The "H" or TE type discharge is the specifically 15

inductive 8isehargendhathisttypetof disohaege, the indeced: currept inesng
close anddarmdhesecendans ob.a franstormer Jhe-disghatgetherer o

assm&emesma@gcpf&@@ﬂx@%_ﬂg&gg%%m%f&amgﬁflam@ ‘e’V'@:g&d
INncreases, 10r example f?om to

at constant pressure, the power a}g lie
60 RW i a 3510 50 Mm “dianEtertort R theXblume of the discharge

Cincreases 25 in diameter and length and progressively fills the entire tube

15

20

25

30

35

cross sectiemshreéonsgguencé, eliesrtos high tobe insiderdiameters (arh
exataplersevaraken Jorgxample Af least-30 2 cm and up to 10 cm or 15

cm) , it is possible, by
The “H” or TE type discharge is the specifically
inductive discharge.

In this type of discharge, the induced current
lines close and form the secondary of a transformer.
The discharge then assumes the shape of a  highly
luminous oblong candle flame.

- When, at constant pressure, the power applied
increases, for example from 5 to 60 kW in a 35 to 50 rm
diameter torch, the volume of <the discharge increases
in diameter and length and progressively fills the
entire tube cross section.

In consequence, even for high tube inside
diameters (for example several cm, for example at least
2 ¢cm and up to 10 cm or 15 cm), it is possible, by
applying a sufficient power, to maintain RF inductively
coupled'plasmas having a significant action on all the
gas molecules passing through the tube section.

This is a major advantage for certain applications
compared with surface wave microwave discharges which

are affected by the radial contraction and
filamentation.



applying a sufficient power, to maintain RF inductively coupled plasmas
having a significant action on all the gas molecules passing through the
tube section. 35 This is a major advantage for certain applications
compared with surface wave microwave discharges which are affected by
the radial contraction and filamentgtig%. 15 This property serves to treat
much higher throughputs, up to 400 1/min, without increasing the
number ofplasmarmodeles: 5 Whendke diseharge approachss thé iighe r
walts, the ofgating ofdbe twhegdnsreases. CoolingHneans then make; iteye
possible 10 o&grg&ea%@b%(%#g% _highest power levels. 10 The "E" or TM
type discharge is in the form of single or multiple filaments, longitudinal,
or in the form of a luminous needle along the tube axis. This type of
‘Sdischarge'is @tteAtsurrbuiided; 9 ¢5 paptictdaihe in [ahge tidrmetertibes, the
a lessatuminous diffese zoae: ixthis case, theuriegt iRes AreHet make
closed, gpdfhe dischargg iesults from i@%l%?pggt'\ﬁ%gﬁ%gt?%§@n%owex
betvj\éegglﬂswe turns of an inductor. Since the currents are not closed, they
are 20 mitich lower than in the case of the H discharge, and the power is
lower. This type of discharge is hence not truly of the inductive type, but
10rather of tReecapetitive tyjre. 25p&n E typerdisgharge is oftehobsemedox
fleesingly 41pe ignitien just befose dhe switch fyindugtiver made. As t@ne
the mixed disgharge, it-occursyhen.,in g, 3Q long. iube, from 20 cm to
more than 1 m after the inductor, the power applied to an H type
discharge is
This type of discharge 1s often surrounded,
15  particularly in large diameter tubes, by a less
luminous diffuse zone. In this case, the current lines
are not closed, and the discharge results £from the

capacitive effect existing between the turns of an

inductor. Since the currents are not closed, they are
20 much lower than in the case of the H discharge, and the
powar 1s lower. This type of discharge is hence not

truly of the inductive type, but rather of the
capacitive type.

25 An E type discharge is often cobserved fleetingly

upen  ignition, Just before the switch to inductive
mode.

As to the mixed discharge, it occurs when, in a

30 iong tube, from 20 cm to more than 1 m after the
inductor, the power applied to an H type discharge is
progressively increased, for example above 2 to 5 kW in

a 30 mm tube. Prclongation of the discharge is then
observed outside the applicator zone, in the form of a

35 needle terminating in a very elongated cone shape along
the tube axis,.



progressively increased, for example above 2 to 5 kW in a 30 mm tube.
Prolongation of the discharge is then observed outside the applicator
zone, in the form of a 35 needle terminating in a very elongated cone
shape along the tube axis. - 16 In voltage controlled generators, this
transition corresponds to a rapid irlcrfgsg in current, and hence in power.
5 In these mixed conditions, increasing the power has the effect of

increasing thevdengiyef thenslendesadoywistiean part ehihe diseharge:.dh
(e {Bnahpsita 2raRoLtog Jigh, Tep example S0 KhLIBINL I 3,99 ke

tube, the mixed conditions serve to develop compromise solutions also
takifg ddvartage of an increase in residence time to reinforce the
conversion efficiency, without the need to favor the radial expansion of
Sthe discharge, tanebtherebyemaintaitits thesthermaldeadsmn theavaticatear
reaggRablgdevel FEpE acgévgrwg@g@lq&etxg %}%qu&iﬁgl@ftlyé@ H e QUhnder
mix | rges, an.increase in,electric power results in an increase in
plasgngl%%sﬁgg,%p%nrt'c%eﬁlyoéa& edi%l}fﬁé:te?,ré)ﬁd hence a reduction of the cold
boundary layer. E type discharges mainly react to a power increase by
an increase inteagtht: 2SUANE Bpeadischarge, dike the Blenderr example
10dowristigamnpak of nixethdisaharges, bas the dotewingradvantager=by o

incrgasing.the fepidencedime of the species.dhey exparienss.a higher .

probabilit%/hgggggetheir. travel in, 30 the dis%har e, gf movin %om the %%Icei

perﬁ)?wera zone othe}ﬁgt creensfﬁﬁez%%ee, undéi‘the etfect 6f diffision, |
conGBRHERA DF trbGlehte 6rRe flof eloseto tHeewaped to favor the

radial expansion of the discharge, and therebv maintain
15 the thermal loads on the wall at a reasonable level.

For a given geometry, and particularly in H type
or mixed discharges, an increase in electric power
results in an increase in plasma size, particularly its

20 diameter, and hence a reduction of the cold boundary
layer.

E type discharges mainly react to a power increase
by an increase in length.
25
An E type discharge, 1like the slender downstream
part of mixed discharges, has the following advantage:
by increasing the residence time of the species, they
experience a higher probability, during their travel in
30 the discharge, of moving from the cold peripheral zone
to the hot central zone, under the effect of diffusion,

convection or turbulence of the flow close to the wall.

When the pressure drops, particularly t¢ pressures

35 cleose to 100 pascals, all the types of discharge tend
to increase in velume and progressively f£ill the entire
confinement tube. At low pressure, all the discharges
obtained in a chamber surrounded by an inductor are

mainly coupled capacitively: since the carrier density



When the pressure drops, particularly to pressures 35 close to 100
pascals, all the types of discharge tend to increase in volume and
progressively fill the entire confinement tube. At low pressure, all the
discharges obtained in a chamber surrounded by an inductor are mainly
coupled capacitively: since the carrier density 17 is low, the current .
density remains low and the axial electric field between the turns leads
mainly -k type discharges. 3Assthenressurg incieases,and Mader; o1
couplipg.and pawer.canditions leading,at aimospheric pressure .20,
type discharge, the transition is observed to inductive mo ,ata
pregéﬁlgg‘%FgBﬁut 50 to 300 hPa. 10 The discharge then rapidly becomes
highly luminous. This type of plasma is accordingly at local
Sthermodyhamic: equilibewin; ©r vety etosesto Lakk. Theiredustiomobtheanas

plagmpadioundaryJayerclose 413 o the wall of the torch plays ap important

rolefrom the yield standpoint. |n this zone, the plasma is cooled by said
wa(laf_.{ Th%yggsesfﬁggéﬁa ﬁfoug%hﬁwis otd éz%% Ate Hehce ho Forn‘@eeér te
heat8di6High RAAferatire tRESRSRIES ardAbt effirely 22 diskBeiated,
their reformation is favored, and conversion is incomplete. It is not
1omateriallmgssib@@cmg@@ verﬁ(ﬂa’gh m@lﬁgmgerthgcwﬁggqt caysingy
the destruction of25 thigyal Juisthetsfore possible oabjaina oo
u

conversion  yield of exactly 100% through this aggroac,

redlicHiGh of ﬁgméglde%%llﬂxelc 538%0 thE WAIFBlays it 3PimipSrtant role

for approaching this ideal limit. This reduction can be obtained in various
ways: by The choibexsfithe tyge ottorchl tmaterials,géometnayver close

15  to the wall of the torch plays an important role from
the vield standpoint. In this =zone, the plasma 1is
cooled by said wall. The gases passing through this
cold zone are hence no longer heated to high
temperature, the molecules are not entirely

20 dissociated, theilr reformation is favored, and

conversion 1s incomplete.

It is not materially possible to have a very high
wall temperature without causing the destruction of
25 this wall.

It is therefore impossible to obtain a conversion
yield of exactly 100% through this approach, but the
reduction of the “cold” zone close to the wall plays an

30  important role for approaching this ideal limit.

This reduction can be obtained in various ways: by
the choice of the type of torch (materials, geometry,
etc.), by the plasma power, by the choice of the mode

35 for coupling the RF power to the discharge.

One field of application of the invention concerns
purification and pollution control.
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etc.), by the plasma power, by the choice of the mode 35 for coupling the
RF power to the discharge. One field of application of the invention
concerns purification and pollution control. 18 This may, for example,
concern the purification by plasma of krypton/xenon mixtures leaving a
recovery unit added to an air gas separation installation, the
implementation of which is described in application EP 50 847 794. It is
also possibie’ alhilghet TontEAtiRtiEns GRACT Vaiibts Prashia Grehkrating
carriet gases; fo rempre rgassous polutantewhick ave immediatelypvery
dangarousdadtd Ife and hgakh, prhasefukiodhsrenviropmentindhe the
onggb e, 1ese a1 partieularly; iy digearbon, etlofgled A on £z
hyq)ro Iklg?r%arbon or perchlorinated or 15 hydrochlorocarbon
compounds: Unlike other types of treatment of polluted gases based on
plasmas out of equilibrium or at low pressure, the radiofrequency
inductivelytcaupled plasmas20 téehnalagyhises and davenstthetdhermicahd
reactiong dngicated Qémerwpﬁ,ﬂiﬁéh Téﬁmcirg@i@%ts 3?_& 3%%@@@
tor e .one in Figure 1, in which the.gase to be purifie re
intr(ao%j%%%g.g Tﬁgrhgfgrs%rﬁla%ss fo‘ﬁ%ﬁac from ?hel?nuge(()j?llt?/tceagrﬁer%gg e(ﬁfélssmgw

0 generating Yhs i) forexampié ¥ ptorfxeion RivtFe Biaigot of e

15

20

25

30

35

nitrbgesicar &% 80 Before this gas is introduced into the torch, or after it
has been introduced, a reactive gas 12 can be added to this gas, in an

adequaterguantity thatdepands, omthe,concentration ofihe poliwantio. 4
be converterg i
or ydrofliuocrocarbon or perchlorinated or

hydrochlorocarbon compounds.

Unlike other types of treatment of polluted gases
based on plasmas out of equilibrium or at low pressure,
the radiofrequency inductively coupled plasma

technology wuses and favors the chemical reactions
indicated by thermodynamics.

The reactor consists of a plasma torch like the

one in Figure 1, in which the gases 14 to be purified
are introduced.

The plasma is formed from the majority carrier gas

(plasma generating gas 10), for example a krypton/xenon
mixture, or argen, or nitrogen or air.

Before this gas 1s introduced into the torch, or
after it has been introduced, a reactive gas 12 can be
added to this gas, in an adequate guantity that depends
on the concentration of the pcllutant to be converted,
said reactive gas 12 being, for example, oxygen, which
participates in the conversion chemistry.
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35 said reactive gas 12 being, for example, oxygen, which participates in
the conversion chemistry. 19 The invention serves in particular to destroy
perfluorinated pollutants (CF2 and/or GHQ) in a rare gas (argon, krypton
or xenon) to be purified. 5 In order to.-be removed by post-treatment on an
alkaline medium, these gases are converted respectively to HF or H2F2,
or to CO or CO2. Oxygen can be addedl as a reagent gas 12, to form 10

other bypraducts; particuarly anhydeous,and/gr cgemplste IBS_ oxidation of
9*%%‘%%%‘5&%‘{’8&3@001%5%&%' Hfﬁge@@ﬁ//é% CQand, optiopally, .
introduce water if the'quantity of CH4 naturally present is insufficient o

supply Hithe AyRoyRnTeqtiaaitd dshvstt i 15 fidorine to HF.

Consider, for example, a unit throughput per tube of 17 standard liters per
minute (sim), eraboutilomBén, represedtakve ebthe-arcess o magmiuda
encouniered. 2Qin an indysidal unit producing krypiopand xepenThe: v
tor(%hosgkecggfdésEof thgrd%%l-fé%w t)gljﬁasvlth a silica tube 2. The plasma
generator is at 4 fréquency o 27 MHZ?25 The configuration of the system
is shown in Figure 1. As shown in Figure 2, another configuration 30
comprise8xvtige 26:andanzatithtbra tubedengtn20.g#&ppidpriate séalgn
22,c2h are usegbteoelasedhe celigationand samplinggisewitisThe tube 26«
it ipgidle dlamiglerld aup.ad 32 qulside dipeler 16 aupolamingtep.

ab mm e|OV\£3 e coil. Itis centered in the outer tube
ra

20
(insi é?ou%?%‘leame% 18°minf2Ghith) ViR 'sepBRs oG, sph troduce water

1f the guantity of CH, naturally present is insufficient

te supply all the hydrogen required to convert the
fluorine to HF.

Consider, for example, a unit throughput per tube
of 17 standard liters per minute (slm), or about 1 m®/h,
representative of the orders of magnitude encountered

in an industrial unit producing krypton and xenon.

The torch selected is of the dual-flow type with a

silica tube 2. The plasma generator is at a fregquency
of 27 MHz.

The configuration of the systen 1s shown in Filgure

As shown in Figure 2, ancother configuratiocn
comprises a tube 26 and an additional tube length 20.
Appropriate seals 22, 24 are used to close the

collection and sampling circuit.

The tube 26, with inside diamster 14 mm and
cutside diameter 16 mm, terminates about 1 mm below the
coil. It is c¢entered in the outer tube 20
(inside/cuter diameter 18 mm/20 mm) via screws 28, 30,

two of them equipped with springs, arranged around a



two of them equipped with springs, arranged around a - 20 teflon base
32. The outer tube 20 is, for example, 700 mm long or longer. Figure 3
shows the system conveying the treated 5 gas 40 to an analysis
spectrometer 44. The gases 40 issuing from the plasma are cooled by a
water flow 42, to remove the enthalpy, The gas impurity conversion
products are conventionally analyzed by Fourier transform infrared
abserption speetrometrynEhedinumeral 46 denotes-amentjlation-aitlel,
and the pymerals 50, 52 two valves or one 3-way valve for sending, as
required, part of the gases to the analytical cell. The numeral 38 denotes
a cooling air injection around the outlet of the plasma torch. 15 The raw
rare gas MhABFE tedte@ftailtd 2 27 paRSMperanikion by vokenet(ppred
> of GE4, d8intitar £H4 cohgehtratigr anddraces of43F6. 26nA fiesises 40

eXQ@Hﬂ@ﬂI;iSiﬂ;HﬁDrm%d F%’i@s%xﬁa@r?zascoée\"/&_ﬁ] hpgé gf élzzféén%wt%@
per,min a wer o e,95% conversion
yleﬁj%:s #{%ﬁ’lﬁeé ﬁ%e %Hg and Sﬁ%ebaﬁ%s no IoRGar beifig™* o= =+on
deteEesIEAn SR barftP 2765 bhpRatd Yeflething édt S|01P1Yof tHePsilies ™
tuber ByTheEbrrosiverfiusinated byprodusts. Teppetformairojonged The
10 expernimenls, the aircaoted s30 tubevddtwhighiisstrongly beateghds the
replagrd-by a4 water ggoled,ibg, The inside digmetey of the ipner fube 26
is tggn between 10 mm and 3 mm, th toft e OLﬁ[eI‘ tube 20 35 between
14 vormand 16 mm, the Watsr ass&Ge havifiy a Thickn8&SSF abott 1 M.
Acé@ﬂ}ﬂ&%&%e%&ﬂant & tetlometRtingtugénotes a ceooling air

injection around the outlet of the plasma torch.

15
The raw rare gas mixture tested contains 127 parts
per million by volume (ppmv) of CFy, a similar CH,
concentration and traces of SF.
20 A first experiment is performed with a rare gas

throughput ¢f 17 standard liters per minute {slm), at
an RF power of 900 W.

The 95% CFy conversion yield is measured, the CH,
25 and SFs bands no longer being detectable. An S1Fy band
also appears, reflecting corrosion of the silica tube

by the corrosive fluorinated byproducts.

To perform prolonged experiments, the air cooled
30  tube 38, which is strongly heated, 1is replaced by a
water coocled tube.

The inside diameter of the inner tube 26 is then

between 10 mm and 12 mm, that of the outer tube 20

35 Dbetween 14 mm and 16 mm, the water paesage having a
thickness of about 1 mm.

According to cne variant, a teflon insulating tube
section 60 is arranged surrounding the tube at the turn



section 60 is arranged surrounding the tube at the turn 21 (Figure 4) This
teflon tube ensures an accurate centering of the tubes and the plasma
with respect to " the inductor, thereby avoiding even minor variations in the
geometry of the system. 5 In the krypton/xenon mixture, and for a power
level between 1.2 kW and 1.5 kW,"CE4 conversion rates of between 95%
and nearly 100% were_ohserved (Table 1), 10 Table 1 Test Power
TR Dadtucton opl Sy (S 8 oA TRAR 1581 Po6873
17 97 96 A2 s 5aRd 1 Yhroor 6eERa 0T ASPRfGIC  tO
corttributiodis assignetetceEymede idbhtainedifor examplevam@in8imns in
inside-digsneter tybgr 1hthesgesteyction rates are lower than those
indicated above (rates of about 60 to 80% were observed), but not
negligible. Mixed made can therefore offer a real advantage, alongside H
mode, to tHeveldf optiriReay 2 Hhtnient Méfrod$ Fhe TRE of miRBHSE
motieseaffarstities?0 addanthgeef favoriltl cettainceienterstapy: chebtsisap £
prasesseswItiEh reqairedenger texidenca imass Anather applieation is the
destruction of pollutants in nitrogen or air for typical throughputs 25 of

0 effluents of deposition and etchingf%ﬂceslses connected with the

i5

20

25

30

manufacture of semiconductors or |spﬁay screens.

Test Power | Throughput Destruction
displayead {slm) rate (%)
(kW)
1 1.2 17 100
2 1.2 17 92
3 1.2 17 90
4 1.2 17 95
5 1.2 17 108
6 1.2 17 90

If a major contribution is assigned to E mode,
obtained for example in an 8 mm inside diameter tube,
the destruction rates are lower than those indicated
above (rates of about 60 to 80% were observed), but not
negligible. Mixed mode can therefore offer a real
advantage, alongside H mode, to develop optimized gas
treatment methods. The use of mixed modes offers the
advantage of favoring certain elementary chemical

processes which regquire longer residence times.

Anotheér  application is  the destruction of
poliutants in nitrogen or air for typical throughputs
of effluents of deposition and etching processes
connected with the manufacture of semiconductors or
display screens.

In the opersting conditions of 2 =aicrowave

atmospheric plasma, the increase in destruction



In the operating conditions of a microwave 30 atmospheric plasma, the
increase in destruction - 22 efficiency as a function of power is clearly
observed, but in practice, this power is limited, for a tube with an

- optimized inside diameter of about. 8 mm, to about 5 kW, long before the
length of the plasma 5 column becenigs much higher than about 150 to
200 mm. Beyond this power value, the long term behavior of the

diefectriCWiBE S AS 16hget Yikrinterd. TRESdegfadativhmbdels it
by BH exdéssREaLE iemperature apfheesutdrwdl ot theddischargeatulbains

contactwithn thephduridasyl layes Of dietecirie eaelingr fluideThe gubgmnay o
begig 40 polymerize into-2 deposis -af carhon residugs asorbing 11z axa
5m'Céoggvesb@cthérstuI% cIgc Illy @cge%%g%th%gggagg 6er@ge£%t re with a

risk L olp?hermafl}unaway. Hder these eondi ions, frequency o S

preventive maintenance becomes unacceptable. Under these conditions,
the use, dscprdimgtiolther presentddvention, of boragliofeequéntysvior of
indugtively: 20-ceupled plasma insnitipgen, ds perfecth-advartageous. the

Fiocs pahamatealy shows he implementglion gf, the Avenien 148G
context of an installation producing semiconductors. 25 %uch an

HOinstaitateh? ERTfopad With atPéateit -y stdm B otdinGrohe imvéition:
corfipfi§ésta pidductiba résctbasivaniatghing Thachineé €2\ purapinging
systémicompfisingraisecangabepumpted, sulinas 8230 iwrbomolasulas i «
pungp, andEoRrimaLy pUOY 668 -means$H8: fordestraying RFG apdjor HEC
compounds, qf,the RE:ICP plasma generator fyne, 1n operation, the pump
64 maintains the necess ry 5 vactumin the process chafiber and
1sexﬁﬁ%ﬁ¥ﬂﬁ§mal runaway. Under these conditions, freguency

of preventive maintenance becomes unacceptable.

Under these conditions, the use, according to the
present invention, of a radiofrequency inductively

20  coupled plasma in nitxogen, is perfectly advantageous.

Figure 5 schematically shows the implementation of
the invention in the context <¢f an installation
producing semiconductors.

25 ' '

Such an installation, eguipped with a treatment
system according to the invention, comprises  a
production reactor, or an etching machine 62, a pumping

system comprising =z secondary pump 64, such as a

- 30 turbomolecular pump, and a primary pump 66, means 68

for destroying PFC and/or HFC compounds, of the RF-ICP
plasma cenerator type. ‘

In operation, the pump 64 maintains the necessary
35 wvacuum in the ©process chamber and extracts the
discharge gases.

The reactor 62 is supplied with gas for freating
semiconductor products, and particularly PFC and/or



discharge gases. The reactor 62 is supplied with gas for treating
semiconductor products, and particularly PFC and/or 23 HFC. Thus gas
supply means supply the reactor 62 but are not shown in the figure. The
means 68 for carrying out a treatment 5 (dissociation or irreversible
conversion) of these unused PFC and/®r-HFC compounds, may also
similarl proq;ce byproducts, such as F2 and/or WF6 and/or COF2
andll'lorcéOFE PR SF S0 TP R/ FSOR 4 SHRGINO RarF IROFeZndi6E
502218 Tifése hfedhs 88dre rhigansdor dissociating the gas molecules
entering the means 68, yielding smaller fragments which recombine

and/or reag), fogefher(o fopy reagtive compounds, patticularly fluiorinated
5com(ch%LuSnsds(,ji:li.é Ab gleacéiz\:/e eilgmee‘ptrzso.g suitable for reacting the Cin
COMpOUNds Testlting from the Treatmenthy the PEARS 687 with°s ~ these
corrddPdfding Feache &eméEfi(fof @RBRIBIESa SBRY reaktive Ad86ReRtY
in oFdérdiecdeshythéntt20 The gasessreBultiagdrom thie ireatmeént by the
meansi70findaet the casiersgas, ladgn with crippodndsof REEC andior
HFGydype And/ar aiher impurities like those mentioned above) are then
discharged to the 25 surrounding air, but without danger, with proportions
of PFC and/or HFC compatible with environmental conservation
(typically: T&&Sthaficof the #ifiamesnserfiration) srethighiy gelizie and
authorlzed: ipreporions-ahdangerousiampiitiesgthat s,domer30 that ther
legal expasuie limitselypisaliydower €128, 9.5 PRI oL Igyvenhan.d, ppay,
aCCQBH@Q%%é“%éX@%&%dS, particularly fluorinated compounds.

15

‘A reactive element 70 i1s suitable for reacting the
compounds resulting from the treatment by the means 68
with a corresponding reactive element (for example: a

solid reactive adsorbent) in order to destroy them.

20

The gases resulting from the treatment by the
means 70 (in fact: the carrier gas laden with compounds
of PFC and/or HFC type and/or other impurities Llike
those mentioned above) are then discharged %o the
25 surrounding air, but without danger, with proportions
of PFC and/or HFC compatible with environmental
conservation (typically: less than 1% of the initial
‘Concentration) and highly reliable and authorized
proportions of dangerous Jimpurities, that 1is, lower
30  than the legal exposure limits, typically lower <than
0.5 ppmv or lower than 1 ppmv according to the type of

toxic, corrosive, combustible, pyrophoric or explosive
gas concerned,

35 The gas circuit of the overall system treatment.
means 1in Figure 5 further comprises, starting from the
primary pump 66, the line 67 conveying the effluents to
the ©plasma reactive module 68, and the line 69

‘connecting the plasma to the byproduct post-treatment



toxic, corrosive, combustible, pyrophoric or explosive gas concerned. 35
The gas circuit of the overall system treatment means in Figure 5 further
comprises, starting from the primary pump 66, the line 67 conveying the
effluents to the plasma reactive module 68, and the line 69 connecting
the plasma to the byproduct post-treaténent 24 device 70, and finally the
atmospheric discharge line 72 of the &toxified gases which can be

released cwithayt danger: Added thereto arpyasious fluid; raanagement .

componesis (Baassvelyes, pLige AIUL3 INSHiaGN ULeS Jor 1 oae o
maintetr’g;loncte) and safety sensors (throughput, overpressureefauﬁ a]larms )

not ‘Shown in FIGUre S The cirEdt CompomenteardSslected iotse T1uid
confpHtIE MRt the PPEERRELS A Tontaey with shenv Hov esliablepopemtiorand
10 S.mmoﬁLMppingjsMst@@s mayalso he preseakc@ne aghantageity
b oo st SOMBAIAIRAURT ) o
subg igher 15 inside giameter, of 10 mm to 15 mm or to 20 mm,
e g{%g ;Elj'rfaceglv?/a\(/:é %%%o%vé:\%n BiSHA (diahTete? £ 15 %

than in the case 0 i

mmy IR SPRRRAET TSe By inféinra SofficleittRIEOP6 poiwet tie them

plastid t&fds #& Sabseanitlydill- the entire cross section of the tube so
1ghat practically all the pollutant gas molecules passing through said cross

section arg heated ta 2 hig MRerature favaring their dissociati nd
inhibiting their 25 reformaﬁbgfwg. Itis gg‘ésiﬁé to add much%ig%er%pgo%v%e@r'
levels to an inductor, up to 5 MW, than in a waveguide at 2.45 GHz for
example, érdef te ead totaf effit@nt irenghpms bt that the plasma

can be maintained in a tube of substantially higher
15 inside diameter, of 10 mm to 15 mm or to 20 mm, than in

the case of the surface wave microwave plasma (diameter
4 to 8 mm).

In H or mixed mode, by injecting a sufficient RF

20 power, the plasma tends to substantially £ill the
entire cross section of the tube so that practically

all the pollutant gas molecules passing through said
cross section are heated to a high temperature,
favoring their dissociation and inhibiting their

25 reformation. '

It is possible to add much higher power levels to an
inductor, up to 5 MW, than in a waveguide at 2.45 GHz for
example, in order to treat total effluent throughputs of

300 2 to 30 m/h or more at acceptable cost and size.

The presence of residual impurities in the
ceramics used is much less harmful, in the
radiofreguency range in terms of absorption of the RF

35 field, than in the case of the surface wave microwave
discharge. Simple alumina tubes of routine commercial
grade suffice toc guarantee a relatively long service
life against chemical corrosion by corrosive fluorine

compounds. They are not in fact subject to additicnal



30 2 to 30 m3/h or more at acceptable cost and size. The presence of
residual impurities in the ceramics used is much less harmful, in the
radiofrequency range in terms of absorption of the RF 35 field, than in the
case of the surface wave microwave discharge. Simple alumina tubes of
routine commercial grade suffice to guarantee a relatively long service
life-against chemical corrosion by corrdsive fluorine compounds. They are
not indfagksubjectde additionak2adoads dyetedhedesidual;abhserplion ofy
microwayves;hy their material. According to the invention, relatively high 5
pollutant conversion efficiencies can hence be obtained by using a
radiofrequency inductively coupled plasma. - 26 - CLAIMS 1. A method
for treating \Ga$e<! Cofinprihg Shhfpuritis€emiivhith the ghstdtrely  high
Substaitialtyedtmospherie pressifréiisisttbjected tara tadiokegaentytained
induekively coypled plasima discharge: 2«41 he ethpd-as claimed inglaim
1, the coupling 10 to the discharge being of the transverse electric (TE)
inductively coupled or H type. 3. The method as claimed in claim 1, the
coupling to the discharge being of the transverse magnetic or E 15 type.
4. The method as claimed in claim 1, the discharge being of the mixed
E-H type. 20 5. The method as claimed in one of claims 1 to 4, the
discharge being produced at a frequency between 50 kHz and 200 MHz.
6. The method as claimed in one of claims 1 to 5, 25 the discharge taking
place in a tube with an inside



diameter of between 5 mm or 10 mm and 50 mm or 150 mm. 7. The
method as claimed in one of claims 1 to 5, the discharge using a silica
glass torch. 30 8. The method as claimed in claim 7, the torch having a
double wall with circulation of a cooling liquid between the two walls. 35
9. The method as claimed in either_ofzcéaims 7 and 8, the power of the
torch being between 1 and 1000 kW. 10. The method as claimed in one
of claims 1 to 5, the discharge using a refractory torch, 27 11. The
method as claimed in claim 10, thetpggh,oeing a ceramic or alumina

‘torch. 5 12. The method as claimed in one of claims 1 to 5, the discharge

5
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using a metal torch. 13. The method as claimed in one of claims 1 to 12,
thetreated gds beltfgadre dasr contaifineiaglo pEfiasrinatab{PES) iorg
hydroparhioni es ,hydrofluoretarion (HEE) gas:14. Ehe methadas claimed

in claimy3nthe dischasgg comprising:atdeastonetemperature-zang.1ay
ab Vl?d%%%:t%l%?'c-rhe Ergee&hogaass glagneg in either of claims 13 and 14,
in which oxygen and/or water 1s also a&&eé‘.az“(?ie. The method as
claimed in one of the preceding claims, the throughput of treated gas

beiRg betweefi@.2nahti b M8/ 1T raethoiceas claimedan onecdfithe
precedinge 28 taims; dbe trentgd gas epmprising gaseeus effluants (Tr)

issuing fram-a Methodfor praduging.argrowing or etching or cleaning or
treating semiconductors or semiconducting or conducting or dielectric thin

layers or substrates.
3. The method as claimed in claim 1, the coupling

to the discharge being of the transverse magnetic or E
type.

4. The method as claimed in claim 1, the discharge
being of the mixed E-H type.

5. The method as claimed in one of claims 1 to

4, the discharge being produced at a freguency
between 50 kHz and 200 MHz.

a. The method as claimed in one of ¢laims 1 to 5,
the discharge taking place in & tube with an inside
diameter of between 5 mm or 10 mm and 50 mm or 150 mm.

7. The method as claimed in one of claims 1 to 5,

the discharge using a silica glass torch.

B. The method as c¢laimed in claim 7, the torch
having a double wall with circulation of a cooling
liguid between the two walls.

S. The method as claimed in either of claims 7 and
8, the power of the torch being between 1 and 1000 kW.

10. The method as claimed in one of claims 1 to 5,
the discharge using a refractory torch.



30 18. The method as claimed in one of claims 1 to 17, the treated gas
comprising gaseous effluents issuing from a method for producing or
growing or etching or cleaning or treating silicon thin layers. 35 19. The
method as claimed in one of claims 1 to 17, the treated gas comprising
gaseous effluents issuing from a method for producing display screens.
28 20. A system for treating gases b Z)Iaéma, comprising means for
producing a gas to be treated at a pressure substantially equal to
atmpgpheric pressyle. and maans for produsing  radiofieguency plasma

521.The s%stem as, claimed_in claim 20, thé means™ for prdducing a

rad%?r]elh%e §PIEERTR ConiptiEhiga (hBE<Rith an inside diameter of
between 5 mm or 10 mm and 50 mm or 150 mm. 10 22. The system as
Sclaired in claime2ndhesreans doepreducing atadiofrequengy plasma s,

comprising asilica.or tefractory tarch ar a.metal torch. 15 23. The system
as claimed in one of claims 20 to 22, further comprising means for cooling

the means for_producing a radiofrequency plasma. 24. The system as

claifed in ond 8t CIEC3036 56 2508k iearisfoP prédiding &8 to 12,

radigfiequeney prasmaasomprsing meansifargenerating @ct@éniaga a
1ofrequency efetmean 50 kHz:angd 200 MHz 25. Thesystearas glaimeddn

on%%g§@§ggo@ag§oa3,(@§‘cﬁne&§for producing a gas to be treated at
a pressure substantially equal to atmospheric pressure comprising

pumping means of which the outlet is at a
14. The method as claimed in c¢laim 13, the

discharge comprising at least one temperature zone .
15 above 5000 K.

15, The method as claimed in either of claims 13

and 14, in which oxygen and/or water 1s also added.

20 16, The method as claimed in one of the preceding-
claims, the throughput of treated gas being between 0.2
and 25 Hﬁ/h._ '

17. The method as claimed in one of the preceding

25 claims, the treated gas comprising gaseous effluents
izssuing from a method for producing or growing or
etching or cleaning or treating semiconductors or
semiconducting or conducting or dielectric thin lavers
or substrates.

30
18. The method as claimed in one of claims 1 to 17,
the treated gas comprising gaseous effluents issuing
from a method for producing or growing or etching or
cleaning or treating silicon thin layers.

35

19. The method as claimed in one of claims 1 to 17,
the treated gas comprising gaseous effluents issuing

from a method for producing display screens.



pressure substantially equal to atmospheric pressure. 30 26. The system
as claimed in one of claims 20 to 25, comprising a reactive element (70)
for reacting the compounds resulting from the plasma treatment (68) for
their destruction. 35 27. A reactor device comprising a reaction chamber
(62), producing at least one perfluo_[in?éeq (PFC) or hydrofluorocarbon
(HFC) gas, and further comprising a System for treating perfluorinated
(PFZ).gas or 29 hygrelinorogatbon {AEL)gas aslaaed igyonenfclaims
20 226284 Fhe dexice-as-claimed n clajm 27 Jhe regctian 5 champer,
(62gfor5:nérs1 bait osfu%tsmgr[gc Qﬁducé%%oi rowmggor egﬁ:hln%or cleaning
or treating flat screens of semiconducting devicas Br R hyerdoF SSure

serficonBaREing B contREERY S dietkadie finRdagery gr'sustrates, or
Sbeing a reactor for shrinking 10 photosensitive resins used for microcircuit
lithagraphy, orrereagtor éar depositingibin layers 1duringplasmaccleaning.
29. Ui faGBrdNeIng oL Arowing. ALEINIG 9L Clsaning Qldreatng,
flatgfg%e%%or. semécoraductors or semiconducting devices_or
semiconducting thindayerdsr Substratsd; Eotprsifig: A reAcksh @2, fof
pro@licfiig éPgréWing or etching or cleaning or treating flat screens or 20
10semiconductors or semiconducting devices or thin layers or
semizor;ductim_gegr ge)@h@@%tingsqrc@iﬂ%gac %g '@YQE%OrZ%l}bSHﬁéestéx@s
rea 0 [ atosensitive resins used_for microcircuit ,
IithoE E?g h@?%gggm%ggof‘forrﬁéggg‘éﬁi%‘aﬁﬁ% |£/Eear§%rincg°%%%’rﬁé“g 2
c|e§3n1n§?- firdt BAREBAY forBampiriy tiie Fsdddr torch

i5 23, The system as claimed in one of claims 20 to
22, further comprising means for cooling the means for

producing a radiofrequency plasma.

24. The system as claimed in one of claims 20 to

20 23, the means for producing a radiofrequency plasma
comprising means for generating a current at a
frequency of between 50 kHz and 200 MHz.

25, The system as c¢laimed in one of claims 20 to
25 23, the means for producing a gas to be treéted at a
pressure substantially equal to atmospheric pressure
comprising pumping means of which the outlet is at a
pressure substantially equal to atmospheric pressure.

30 26. The system as claimed in one of claims 20 to
25, comprising.a reactive element (70) for reacting the

compounds resulting from the plasma treatment (68) for
thelr destruction.

35 27. A reactor device comprising a reaction chamber
(62}, producing at least one perfluorinated (PFC) or
hydrofluorocarbon (HFC) gas, and further comprising a
system for treating perfluorinated (PFC) gas or
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atmosphere, - a treatment system as claimed in one of claims 20 to 25.
30 30. The use of a radiofrequency inductively coupled plasma for gas
purification and/or pollution control treatments.

- 29 -

hydrofluorocarbon (HFC) gas as claimed in one of claims
20 to 26.

28. . The device as claimed in claim 27, the reaction
chamber (62) forming part of a unit for producing or
growing or etching or cleaning or treating flat screens
ox semiconducting devices or thin layers or
semiconducting or conducting or dielectric thin lavers
or substrates, or being a reactor for shrinking
photosensitive resins used for microcircuit
lithography, or a reactor for depositing thin layers
during plasma cleaning.

29. A unit for producing or growing or etching or
cleaning or treating flat screens or semiconductors or
semiconducting devices or semiconducting thin layers or
substrates, comprising:

- & reactor (62), for producing or growing or
¢tching or cleaning or treating flat screens or
semiconductors or semiconducting devices or thin
layers or semiconducting or conducting or
dielectric thin layers or substrates, or a
reactor for shrinking photosensitive resins used
for microcircuit lithography, or a reactor for
depositing thin layers during plasma cleaning,

- first means (64) for pumping the reactor
atmosphere,

- a treatment system as claimed in one of claims
20 to Z5.

30. The use of a radicfreguency inductively coupled

plasma for gas purification and/or pollution control
treatments.



