WD 20071048994 PCT/ GB2006/ 003578 PLASMA REACTOR The present
invention relates to a plasnma reactor. The apparatus finds particul ar

use in a plagyReARggreENt system although the inventi Onpéﬁcﬁl@ha/oossv's
limted to such systens. A prinmary step in the fabrication o

sem conductor devices is the formation of a thin filmon a
sem conductor substrate by chem cal reaction of vapour precursors.
One known techni que for depositing a thin filmon a substrate is

chem cal vapour deposition (CVD)pLhSMAREACEDRI que, process gases
are supplied to a process chanber housing the substrate and react to
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C2F6 to react with the unwanted deposition material. A process tool
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processes, Ihefgnl 80k YRIHEN L Yortnk §5HtRh df a silicon nitride film;
» Silane, ammonia and nitrous oxide for the formation of a SiON film;
+ TEOS and one of oxygen and ozone for the formation of a silicon oxide film;
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« Al{CHs)s and water vapour for the formation of an aluminium oxide film.

Plasma etching processes are typically also performed in the process chamber fo .
etch circuit features. Etching gases are typically perfluorocompound gases such
as CF4, CzFB, CHFg, NF3 and SF@.

The inside surface of the process chamber is also regularly cleaned to remove the
unwanted deposition material from the chamber. One method of cleaning the
chamber is to supply a perfluorocompound cleaning gas such as NF3 or CoFg to

react with the unwanted deposition material.

A process tool typically has a plurality of process chambers, each of which may be
at respective different stage in a deposition, etching or cleaning process, and so
the gas being exhaust from the cﬁambers at any given time may have various
different compositions. During these processes, there is typically a residual



WO 2007/ 048994 PCT/ GB2006/ 003578 anount of the gas supplied to the
process chanber contained in the gas exhaust fromthe process

chanber. Gaggssuabvoas sil ane, and anmoni a are hi ghly dan@ecussdobss
exhausted to the atnosphere, and perfluoro-conpounds are greenhouse

gases. In view of this, before the exhaust gas is vented to the
at nosphere abatenent apparatus is often provided to treat the exhaust
gas. The abatenent apparatus converts the nore hazardous or
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pl asma i gxa:m!pta tate@wwnﬂomjwwhbmg lathive ean thiessafelp ezhactted tlethef rom t he
gas flow g_ﬂ %)EH[ en the el ectrodes. One of the el ectrodes has an

axi al hoPE"? \gg'ovi de a gas outlet fromthe resonant cavity. Under
the i nten5| ve conditions wthin the plasm, speci es within the gas

stream arg subjected to,inpact with n ticC ons si ng
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exhaust from each process chanber of the tool to treat the gas
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cavity through a gas inlet, and passes between the electrodes, so that a
microwave plasma is initiated and sustained between the two electrodes from the
gas flowing between the electrodes. One of the electrodes has an axial hole to
provide a gas outlet from the resonant cavity. Under the intensive conditions
within the plasma, species within the gas stream are subjected fo impact with
energetic electrons causing dissociation into reactive species that can combine
with oxygen or hydrogen to produce relatively stable by-products. For example,
CzFg can be converted into CO, CO2 and HF, which can be removed in a further

treatment step, and SiH4 can be converted into SiO.,

A microwave plasma abatement device may therefore be connected to the
exhaust from each process chamber of the tool to treat the gas streams exhaust
from the process tool, each device having its own microwave generator, However,
as the gas streams exhausted from the process chambers typically have a
relatively high flow rate, the microwave power required to both initiate the plasma

and maintain an acceptable destruction and removal efficiency (DRE) tends to be



relatively high flowrate, the m crowave power required to both
initiate the plasma and maintain an acceptabl e destruction and
renoval eff W ﬁ@ﬁMsb@RE) tends to be 2 WD 2007/ 048994 PCT/GRB2006/003578
PCT/ GB2006/ 003578 rel atively high, typically between 3 and 6 kW
Therefore, the costs associated with the mcrowave pl asna abat enent
device tend to be relatively high. As an alternative to using

m crowave pl asma abat enent devices, a do plasna torch abatenent
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flowi ng fromthe gas e gas out
m cr onavedagemenicigyicesma streaminjected into the cavity by the
pl asma torch can significantly enhance the reactivity of the plasm
stream
It is an aim of at least the preferred embodiments of the present invention to

provide a plasma reactor that can combine the relatively high destruction efficiency
of a microwave plasma abatement device with the low cost associated with a

plasma torch abatement device.

The present invention provides a plasma reactor comprising a microwave resonant
cavity having a gas inlet and a gas outlet, a waveguide for conveying microwave
radiation to the resonant cavity, and a plasma torch for injecting into the resonant
cavity a plasma stream containing ions for reacting with a gas flowing from the gas
inlet to the gas outlet.

The action of the microwaves on the plasma stream injected into the cavity by the
plasima torch can significantly enhance the reactivity of the plasma stream
produced by the plasma torch, such that the DRE of perfluorocompounds is
comparable to that of a microwave abatement device. We have found that the
microwave power required enhance the reactivity of the plasma stream to this



produced by the plasma torch, such that the DRE of perfl uoroconpounds
is conparable to that of a m crowave abatenent device. W have found

that the mxgyQuRMEpOwer required enhance the reacti vi tpeodpdohGoossrs
pl asma streamto this 3 WO 2007/ 048994 PCT/ GB2006/ 003578 | evel can

be less than I kWfor a gas stream exhaust from a chanber of a
process tool, and the m crowaves can be generated using a relatively
| ow cost mi crowave generator. In one preferred enbodi nent, the
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OHR' ions, and that the reactidn can fake place at any ¢convenient pressure, for
example, around or below atmospheric pressure. Examples of a suitable alcohol
include methanol, ethanol, propanol, propan-2-ol and butanol. Other examples of

a source of H' ions include hydrogen, a hydrocarbon, ammonia and a paraffin.

In one embodiment, the plasma torch is arranged to inject the ions into the
resonant cavity through the gas inlet. In this embodiment, the plasma torch may
comprise means for receiving the gas, and means for conveying the gas to the
plasma stream for injection into the resonant cavity with the ions.

The plasma stream may be injected into the resonant cavity separately from the
gas, and so in another embodiment the resonant cavity comprises a further inlet
through which' the plasma stream is injected into the resonant cavity. The
resonant cavity may be provided with multiple inlets for receiving respective gases,
for example from respective process chambers, and/or for receiving a plasma

stream from a respective plasma torch.



resonant cavity nmay be provided with multiple inlets for receiving
respective gases, for exanple fromrespective process chanbers,

and/ or for wecsbvdig@gsa plasma streamfrom a respective RIB&HRbRESR.
4 WD 2007/ 048994 PCT/ GB2006/ 003578 The resonant cavity nmay be a

mul ti mode or a nono-node resonant cavity. if the cavity is a
nono- node cavity, the reactor is provided with neans for form ng an
el ectromagnetic standing wave within the resonant cavity. The or each
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The present invention further provides a plasna abatenment device

conprising a mcrowave resonant cavity having a gas inlet and a gas
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the gas i, gas outlet. Preferred features of the present
i nventi onam@%q[éﬂﬁggg descri bed, .by way of exanple only, with

reference to the acconpanyi ng dr awi ngs, in which:. Figure 1 is a
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Figure 2 Cr 0ss-section a“secon
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a plasm eacto refere o Fi t
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enbodi meakyict empeisippanticawaty ressnant@andty having a gas inlet and a gas
outlet, a waveguide for conveying microwave radiation to the resonant cavity, and
a plasma torch for injecting into the resonant cavity a plasma stream containing

ions for.reacting with a gas flowing from the gas inlet fo the gas outlet.

Preferred features of the present invention will now be described, by way of
example only, with reference to the accompanying drawings, in which:

Figure 1 is a cross-section side view of a first embodiment of a plasma reactor;

Figure 2 is a cross-section side view of a second embodiment of a plasma reactor;

and
Figure 3 is a top view of a third embodiment of a plasma reactor.
With reference to Figure 1, a plasma reactor 10 comprises an electrically

conducting resonant cavity 12. In this embodiment, the resonant cavity is a mono-
mode resonant cavity, operating in TEqs mode. One end of the resonant cavity 12



node resonant cavity, operating in TEO1 node. One end of the resonant
cavity 12 5 WD 2007/ 048994 PCT/ GB2006/ 003578 is connected to a

wavegui de 1&d Bh@gnveyi ng mcrowave radi ation froma meroRRYSI03578
generator (not shown) into the resonant cavity 12. The ot her end of

the resonant cavity 12 is connected to a short circuit 16. The
resonant cavity has a gas inlet 18 and a gas outlet 20, which, in
this enbodi nent, are both arranged orthogonal to the direction of
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the end @hyithe2 vivingishael Bhlamdy 2D6n #jurstiabl e. The resonant cavity 12
houses two dielectric pl ate nmenbers 28, 30, preferably formed from

PTFE or ot her suitable material for retaining adequate corrosion
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generator by the wavegui de 14. The generator generates nicrowave
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cavity 12.5aMhB8 whilst being substantially transparent to the microwave radiation
conveyed through the resonant cavity 12. Each plate member 28, 30 preferably
has a first sidewall portion 32 extending orthogonally to the direction of
propagation of the microwave radiation through the resonant cavity 12, and a
second sidewall portion 34 which defines in part a gas chamber 36 within the
resonant cavity 12. The gas chamber 36 may have any desired cross-section.

in use, microwave radiation is fed into the resonant cavity 12, and thus into the
gas chamber 36, from a microwave generator by the waveguide 14. The
generator generates microwave radiation with a relatively low power, preferably
less than 2 KW, more preferably less than 1 kW. The end plate 26 of the short
circuit 16 reflects the microwaves to form a standing wave within the resonant
cavity 12, the electromagnetic field within the resonant cavity 12 having a

maximum located between the gas inlet 18 and the gas outlet 20.



maxi mum | ocat ed between the gas inlet 18 and the gas outlet 20. 6 WD
2007/ 048994 PCT/ GB2006/ 003578 The reactor 10 further conprises a dc
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stream containing ions or radicals for reacting with a gas flow ng

between the gas inlet 18 and the gas outlet 20. The plasma torch 40
conprises a tubular cathode, or electron emtter, 42 having a first
open end 44 and a second open end 46. A water coolant is conveyed
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56 to produce hi gh monentum plasma fl ane or stream of ionised
source gas fromthe tip of the nozzle 50. The plasnma torch 40
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arc thus formed between the electrode emitter 42 and the start elecirode 52
ionises the plasma source gas entering the cavity 57 from the first gas inlet 56 to
produce a high momentum plasma flame or stream of ionised source gas from the

tip of the nozzle 50.

The plasma torch 40 further includes a second gas inlet 80 for receiving a stream
of an ion source, for example water vapour. The water is conveyed from the
second gas inlet 60 to a plasma region 62 located beneath the nozzle 50, so that
the water is decomposed by the plasma stream to form H" and OH" ions that

become entrained within the plasma stream.

In this embodiment, the plasma torch 40 is arranged to inject the plasma stream
into the resonant cavity 12 through the gas inlet 18 of the resonant cavity 12. The
plasma torch 40 includes a third gas inlet 64 for receiving the gas to be treated
within the reactor 10 by reaction with the ions entrained within the plasma stream.
The third gas inlet 64 is located substantially co-axially with the electrode emitter



pl asma torch 40 includes a third gas inlet 64 for receiving the gas
to be treated wthin the reactor 10 by reaction with the ions
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2007/ 048994 PCT/ GB2006/ 003578 42 and start electrode 52 to convey
the gas into the bore 48 of the electrode emtter 42 through the
first open end 44 of the electrode emtter 42. The gas passes from
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10 that is configured to simultaneously ireat two or more gas streams. Examples

of such a plasma reactor will now be described.

In the second embodiment illustrated in Figure 2, the plasma reactor 10 is
configured to treat at least two gas streams, for example, from respective process
chambers. Two gas streams are each conveyed into the resonant cavity 12
throug‘h a respective gas inlet 70a, 70b. As illustrated in figure 2, these gas inlets
70a, 70b are arranged so that the gas streams converge at a point 72 located
directly below a further inlet 74 through which a plasma stream is injected into the
resonant cavity 12. As in the first embodiment described above, a third gas
stream may be conveyed to the third gas inlet 64 of the plasma torch 40 for
injection into the resonant cavity 12 with the plasma stream. Alternatively, the jon
source may be conveyed to the third gas inlet 64 to form ions that become

entrained within the plasma stream.



stream may be conveyed to the third gas inlet 64 of the plasm torch
40 for injection into the resonant cavity 12 with the plasm stream

Al t er nati velyy,2067Rsde®n source may be conveyed to the thidgceasdor et
64 to formions that becone entrained within the plasma stream 8 WO

2007/ 048994 PCTI GB2006/003 78 1In the third enbodinent illustrated in
Figure 3, the plasma reactor 10 conprises a plurality of plasm
torches 40a, 40b. Each of these plasma torches is simlar to the
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cavity 1 he above erbodi ment s esonant cavity oper at es
in TEO1 mqﬁera![twf\mewﬂetshea@famoa;edmen@w aéewaw@@aswew‘éhgte in
an alter 5’%& a%tgg\ﬂ ~fpde or in a nulti-nmode manner. By arranging the
cavity 1 &opera i'n a nulti-node nmanner, rather |ike a m crowave
oven so that the intensity of the mcrowave electric field is

substantial | y,unif t hr.o.
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torches rpﬁi\ad&d/anthﬁ‘tm’thdﬁ@aserslemmi!aam thy ga@ inlets 70a, 70b of the second
embodiment each for conveying gas into one of the plasma streams entering the

resonant cavity 12,

In the above embodiments, the resonant cavity 12 operates in TEp+ mode.
However, the cavity 12 may be arranged to operate in an alternative mono-mode
or in a multi-mode manner. By arranging the cavity 12 to operate in a multi-mode
manner, rather like a microwave oven so that the intensity of the microwave
electric field is substantially uniform throughout the rgsonant cavity 12, there is
greater freedom of choice for the location of one or more plasma forches relative

to the resonant cavity 12.



9 CLAIMS 1 A plasna reactor (10) conprising a m crowave resonant
cavity (12) having a gas inlet (18) and a gas outlet (20), a

wavegui de (14) for conveying mcrowave radiation to the resonant
cavity (12), and characterised in that the reactor (10) al so
conprises a DC plasma torch (40) for injecting into the resonant
cavity (12) a plasma stream containing ions for reacting wwth a gas
flowi ng fromaiwe gas inlet (18) to the gas outlet (20). 2. A reactor
according to aim1l, wherein the plasma torch (40) conprises neans
for generating the plasma streamfroma plasma source gas, and neans

(60, 62) for co i : r f i gh 4vons
for i npt ngrng. cbrerharssbid 1f0Redtifking b e BN 6 R cal® (DTS, o,
according to Clhaawmglagas@hlai {h82 andtzegasi outkeh Q)| awmtegmdeHMXf«w) is
arranged to inject the ions into the resonant c ) Lhrough
the gas inlet (TFYEYRI ”ACF%’%Fc"teof@dE’é'é?B4‘&%"%58“@1%‘3@% 11%%@ din the
pl asma torch (%ra@t@ﬂﬁd isuetﬁanm@rréa&t%ms@nsd@ﬂﬁpme@,@a Dlreplgiama and
means for convey| ng gas to the plasma streamfor injection into

t he resonant ca@quy(‘i@mr '“iﬁPtt'rIQ 't”FFé“iedﬁ§°”55‘t CAVie Bl GrPlaeeasieay t o
d 1 d
aim 1 or O aldtain Ouﬁ}fbr?@%ﬁh@%ﬂ?ﬁgas?l@%‘ir{g\’fr&ﬁ%eﬁgmiétsﬁg a

further inlet (60 streamis’injecte
the resonant caveitby gag2ytletli@05. A reactor according to C aimb5,
wherein the resonant cavity (12) conprises a plurality of said
further inlets (70a, 70b), the reactor conprising a plurality of
sai d plasni torkhesct¢rdmordifp)o Shim ’ar\rﬂwﬂgaﬁdhe fotasintg Reth e4Q)| asma
streaminto the resonant cav ty throu Ir ectl ve

comprises means or genera m8 the plasma stream from a

plasma source gas, and means (60, 62) for conveying to the plasma

stream a source of said ions for impinging upon the plasma stream to

form said ions.

3. A reactor according to Claim 1 or Claim 2, wherein the plasma torch
(40} is arranged to inject the ions into the resonant cavity (12) through
the gas inlet (18).

4. A reactor according to Claim 3, wherein the plasma torch (40)
comprises means (56) for receiving the gas, and means for conveying
the gas to the plasma stream for injection into the resonant cavity (12}
with the ions.

5. A reactor according to Claim 1 or Claim 2, wherein the resonant
cavity (12) comprises a further inlet (60) through which the plasma
stream is injected into the resonant cavity (12).



further inlet. 7. A reactor according to any preceding claim wherein
the resonant cavity (12) conprises a plurality of said gas inlets
(70a, 70b) through which respective gas streans enter the resonant
cavity. 8. A reactor according to any preceding claim wherein the
resonant cavity is a nono-node resonant cavity, the reactor
conprising neans for formng an el ectromagnetic standi ng wave w thin

the resongnt cAvéddter Secofdingds UMInAS GHEHEMhE feddrRinitBvitp1@f €i n t he
or each plasnma torch is ositioned such that the plasm 'streamis

i nj ect ed t her ef ¢6ARNISASHA PhEality af/saig futhesdniatsi @Ppry7@Y), Ben@REWIM of t he
lectric field : ' i .
OO SmpASpELeRlERTRANEI fashandhns (BKE aohPeadh BRBGAEL

mul ti - node r esowdnjectayplasya dtieanintedind rsoaencaitydghivaghmyreppectadi ng
claim wherein ftgﬁ m'g;rowaves have a power of less than 2 kW 12. A
reactor accordinf to" erjiy preceding claim wherein the m crowaves
have a power of less than 1 kW 13. A reactor according to any

preceding claimfor treating a gas stream exhaust from a process
tool. 11 - A reactor according to any preceding claim, wherein the resonant

cavity (12) comprises a plurality of said gas inlets (70a, 70b) through
which respective gas streams enter the resonant cavity.

8. A reactor according to any preceding claim, wherein the resonant
cavity is a mono-mode resonant cavity, the reactor comprising
means for forming an electromagnetic standing wave within the

resonant cavity.

9. A reactor according to Claim 8, wherein the or each plasma torch is
positioned such that the plasma stream is injected therefrom into the
cavity substantially at a maximum of the electric field of the

electromagnetic standing wave.

10. A reactor according to any of Claims 1 to 7, wherein the resonant

cavity is a multi-mode resonant cavity.

11. A reactor according to any preceding claim, wherein the microwaves

have a power of less than 2 kW.

12. A reactor according to any preceding claim, wherein the microwaves
have a power of less than 1 kW,

13.  Areactor according to any preceding claim for treating a gas stream

exhaust from a process tool.



