
PLASMA REACTOR The present invention relates to a plasma reactor. The
apparatus finds particular use in a plasma abatement system, although the
invention is not limited to such systems. A primary step in the fabrication
of semiconductor devices is the formation of a thin film on a semiconductor
substrate by chemical reaction of vapour precursors. One known technique
for depositing a thin film on a substrate is chemical vapour deposition
(CVD). In this technique, process gases are supplied to a process chamber
housing the substrate and react to form a thin film over the surface of the
substrate. Examples of gases supplied to the process chamber to form a thin
film include, but are not restricted to:  Silane and ammonia for the
formation of 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; and  AI(CH3)3 and water vapour for the
formation of an aluminium oxide film. Plasma etching processes are
typically also performed in the process chamber to . etch circuit features.
Etching gases are typically perfluorocompound gases such as CF4, C2F6,
CHF3, NF3 and SF6. 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 C2F6 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 chambers at any given time may have various 



different compositions. During these processes, there is typically a
residualamount of the gas supplied to the process chamber contained in the
gas exhaust from the process chamber. Gases such as silane, and ammonia are
highly dangerous if exhausted to the atmosphere, and perfluoro-compounds
are greenhouse gases. In view of this, before the exhaust gas is vented to
the atmosphere abatement apparatus is often provided to treat the exhaust
gas. The abatement apparatus converts the more hazardous or undesirable
components of the exhaust gas into species that can be readily removed from
the exhaust gas, for example by conventional scrubbing, and/or can be
safely exhausted to the atmosphere. Silane, ammonia and perfluorocompounds
(PFCs) such as NF3 and C2F6 can be removed from the gas stream with high
efficiency using a microwave plasma abatement device. An example of a
microwave plasma reactor is described in UK Patent no. GB 2,273,027. In
that device, a waveguide conveys microwave rauiauon trom a microwave
generator into a resonant cavity housing two electrodes in a closely
opposed relationship. A gas to be treated flows into the 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 to impact
with energetic electrons causing dissociation into reactive species that
can combine with oxygen or hydrogen to produce relatively stable
by-products. For example, C2F6 can be converted into CO, CO2 and HF, which
can be removed in a further treatment step, and SiH 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 berelatively high, typically between 3 and 6 kW.
Therefore, the costs associated with the microwave plasma abatement device
tend to be relatively high. As an alternative to using microwave plasma
abatement devices, a dc plasma torch abatement device may be used to treat
each gas stream exhaust from the process tool. As is known, a dc plasma
torch creates a plasma flame from an inert, ionisable gas such as argon
conveyed between the electrodes of the torch. The gas stream and a suitable
source of hydrogen and oxygen can be conveyed into the plasma flame to
react to form the relatively stable by-products mentioned above. Plasma
torch abatement devices are relatively cheap in comparison to microwave
plasma abatement devices, and are relatively cheap to operate, for example
as a plurality of torches may be operated from a single dc power supply.
However, the abatement performance for cleaning gases such as fluorocarbons
and NF tends to be relatively low in comparison to that of microwave plasma
abatement devices. 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 plasma 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 thislevel can be less than 1 kW for a gas stream
exhaust from a chamber of a process tool, and the microwaves can be
generated using a relatively low cost microwave generator. In one preferred
embodiment, the plasma torch comprises means for generating the plasma
stream from a plasma source gas, and means for conveying to the plasma
stream a source of said ions for impinging upon the plasma stream to form
said ions. The ions may comprise heated OH and/or H+ ions. By forming
heated OH and/or H+ ions from a suitable source thereof, such as water or
an alcohol, for subsequent reaction with the gas flowing through the
resonant cavity, it has been found that the energy required to cause the
destruction of the gas can be reduced, and the efficiency of that
destruction can be radically improved. A relatively cheap and readily
available fluid, such as water vapour or a fuel, for example hydrogen,
hydrocarbon or an alcohol, can be used to generate H+ and/or OH ions, and
that the reaction can take 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.The resonant
cavity may be a multimode or a mono-mode resonant cavity. If the cavity is
a mono-mode cavity, the reactor is provided with means for forming an
electromagnetic standing wave within the resonant cavity. The or each
plasma torch is preferably located such that the plasma stream is injected
into the cavity at a location at which the intensity of the electric field
within the cavity is at a peak, thereby maximising the enhancement of the
reactivity of the plasma stream. If the cavity is a multi-mode cavity, in
which the intensity of the electric field is roughly uniform within the
cavity, the plasma torch can be located at any convenient position. The
present invention also provides apparatus for treating a gas stream exhaust
from a process tool, the apparatus comprising a plasma reactor as
aforementioned. The present invention further provides a plasma abatement
device 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. 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
monomode resonant cavity, operating in TEOi mode. One end of the resonant
cavity 12is connected to a waveguide 14 for conveying microwave radiation
from a microwave generator (not shown) into the resonant cavity 12. The
other 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
embodiment, are both arranged orthogonal to the direction of propagation of
the microwaves through the resonant cavity 12, as indicated by arrow 22 in
Figure 1. The short circuit 16 provides an extension of the waveguide 14 on
the opposite side of the resonant cavity 12. The short circuit 16 comprises
a chamber 24 defined in part by an end plate 26 that is distanced from the
end of the waveguide 14 so that the incident microwave radiation is
reflected by the end plate 26 to form an electromagnetic standing wave
within the resonant cavity 12. The position of the end plate 26 relative to
the end of the waveguide 14 may be adjustable. The resonant cavity 12
houses two dielectric plate members 28, 30, preferably formed from PTFE or
other suitable material for retaining adequate corrosion resistance 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.The
reactor 10 further comprises a dc plasma torch 40 for injecting into the
resonant cavity 12 a plasma stream containing ions or radicals for reacting
with a gas flowing between the gas inlet 18 and the gas outlet 20. The
plasma torch 40 comprises a tubular cathode, or electron emitter, 42 having
a first open end 44 and a second open end 46. A water coolant is conveyed
about the electron emitter 42. The bore 48 of the electron emitter 42 is
aligned with a nozzle 50 formed in a start anode or electrode 52
surrounding the second open 46 of the electron emitter 42. The start
electrode 52 is mounted in an insulating block 54 surrounding the electron
emitter 42, in which coolant inlets and outlets are formed for supplying a
water coolant to and from the electron emitter 42 and the start electrode
52. The plasma torch 40 has a first gas inlet 56 for receiving a stream of
an ionisable plasma source gas, for example argon or nitrogen, which enters
a cavity 57 located between the electron emitter 42 and the start electrode
52. In use, a pilot arc is first generated between the electron emitter 42
and the start electrode 52 by supplying a high frequency, high voltage
signal to a hafnium insert 58. The pilot arc thus formed between the
electrode emitter 42 and the start electrode 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 60 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 emitter42 and start electrode
52 to convey the gas into the bore 48 of the electrode emitter 42 through
the first open end 44 of the electrode emitter 42. The gas passes from the
second open end 46 of the electrode emitter 42 into the plasma region 62 so
that the gas mixes with the plasma source gas within the cavity 57 and is
emitted from the plasma torch 40 with the plasma stream through the gas
inlet 18 into the resonant cavity 12. The standing wave formed within the
resonant cavity 12 by the microwave radiation enhances the reaction of the
gas to be treated with the ions within the plasma stream so that the gas is
destroyed with high destruction and removal efficiency (DRE). The reactor
10 may be used as an abatement device to treat a gas stream exhaust from a
process chamber of a process tool, for example for the manufacture of
semiconductors or flat panel display devices. Such a process tool mav have
a plurality of process chambers, and in this case a plurality of plasma
reactors 10 may be provided, each for treating gas exhaust from a
respective process chamber. However, costs may be reduced by providing a
plasma reactor 10 that is configured to simultaneously treat 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 through 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 ion source may be conveyed to the third gas inlet 64 to
form ions that become entrained within the plasma stream.In the third
embodiment illustrated in Figure 3, the plasma reactor 10 comprises a
plurality of plasma torches 40a, 40b. Each of these plasma torches is
similar to the plasma torch 40 of the first embodiment, so that each of the
plasma torches 40a, 40b has a first gas inlet for receiving a stream of an
ionisable plasma source gas, a second gas inlet for receiving a stream of
an ion source, and a third gas inlet 64 for receiving a respective gas
stream to be treated. The torches 40a, 40b are arranged such that the
plasma streams, with gas and reactive ions entrained therein, enter the
resonant cavity 12 through a respective gas inlet (not shown) substantially
at a maximum of the electric field of the standing wave generated within
the resonant cavity. The resonant cavity 12 may have a single gas outlet,
or a plurality of gas outlets, each located beneath a respective gas inlet
of the resonant cavity 12. In another embodiment, the plasma reactor 10 of
the third embodiment may be provided with further gas inlets similar to the
gas 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 TEOi 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 resonant cavity 12,
there is 



greater freedom of choice for the location of one or more plasma torches
relative to the resonant cavity 12.CLAIMS 1. 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.
2. A reactor according to Claim 1, wherein the plasma torch comprises means
for generating the plasma stream from a plasma source gas, and means 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 is arranged to inject the ions into the
resonant cavity through the gas inlet. 4. A reactor according to Claim 3,
wherein the plasma torch comprises means for receiving the gas, and means
for conveying the gas to the plasma stream for injection into the resonant
cavity with the ions. 5. A reactor according to Claim 1 or Claim 2, wherein
the resonant cavity comprises a further inlet through which the plasma
stream is injected into the resonant cavity. 6. A reactor according to
Claim 5 , wherein the resonant cavity comprises a plurality of said further
inlets, the reactor comprising a plurality of said plasma torches each
arranged to inject a plasma stream into the resonant cavity through a
respective further inlet.7. A reactor according to any preceding claim,
wherein the resonant cavity comprises a plurality of said gas inlets
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. Apparatus for treating a gas stream exhaust
from a process tool, the apparatus comprising a plasma reactor according to
any preceding claim. 14. A plasma abatement device 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. 


