10

15

20

25

30

WO 2021/089993 PCT/GB2020/052779

-1-

OPTIMISING OPERATING CONDITIONS IN AN ABATEMENT APPARATUS

FIELD OF THE INVENTION

The field of the invention relates to a method of optimising operating conditions in

an abatement apparatus configured to treat an effluent stream from a processing

tool and an abatement apparatus.

BACKGROUND

Abatement apparatus are known and are typically used for treating an effluent

gas stream from a manufacturing process tool used in, for example, the
semiconductor or flat panel display manufacturing industry. During such
manufacturing, residual hazardous and/or global warming gases remain in the
effluent gas stream pumped from the process tool. These should be removed
from the effluent gas before it is released into the atmosphere due to their nature
and may also be undesirable because they are known to have adverse effects on

the environment.

Known abatement apparatus such as radiant burners use combustion to remove
the undesirable compounds from the effluent gas stream to meet a target
concentration in the exhaust stream from the abatement apparatus. Typically,
the effluent gas stream is a nitrogen stream containing residual gases such as
hydrogen, ammonia, tetraethoxysilane (TEOS) and/or nitrous oxide and other
compounds dependant on the processing step taking place in the process tool. A
fuel gas and/or oxidant gas is mixed with the effluent gas stream and that gas
stream mixture is conveyed into a combustion chamber that is laterally
surrounded by the exit surface of a foraminous gas burner. Fuel gas and air are
simultaneously supplied to the foraminous burner to affect flameless combustion
at the exit surface, with the amount of air passing through the foraminous burner
being enough to consume not only the fuel gas supplied to the burner, but also
contribute towards the destruction of combustibles in the gas stream mixture

injected into the combustion chamber.
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Hydrogen, ammonia and TEOS are oxidizable gases and are typically at
significant concentrations in the effluent gas stream but require additional oxidant
(such as air or oxygen) to be added to the effluent stream in order to achieve the
required level of abatement. US8647111 discloses that ammonia/hydrogen
mixtures may be combusted by adding an appropriate amount of air. US5938422
discloses that TEOS can be destroyed by mixing it with oxygen prior to

combustion within a combustion zone.

Nitrous oxide is an oxidising gas and it is desirable that it is ultimately reduced to
nitrogen by adding a fuel gas at the point it is injected into the combustion
chamber. Incomplete reduction of nitrous oxide leads to the formation of nitric
oxide and nitrogen dioxide (collectively known as NOx) which are unwanted by-

products since they contribute to acid rain and other environmental problems.

Although techniques exist for processing the effluent gas stream, they each have
their own shortcomings. Accordingly, it is desired to provide an improved

technique for processing an effluent gas stream.

SUMMARY

According to a first aspect, there is provided a method of optimising operating
conditions in an abatement apparatus configured to treat an effluent stream from
a processing tool, the method comprising: determining a concentration of carbon
monoxide produced by the abatement apparatus when treating the effluent
stream; and adjusting an operating parameter of the abatement apparatus in

response to the concentration of carbon monoxide.

The first aspect recognizes that a problem with existing approaches to treating
effluent streams is that it can be difficult to set the operating conditions of the
abatement apparatus to treat the effluent stream effectively. Also, some
operating conditions which might be suited to treating the effluent stream may
lead to the production of undesirable by-products. Furthermore, existing

approaches can be complex and/or require advance knowledge of the
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composition of the effluent stream being treated. However, the first aspect
recognises that is possible to optimize the operating conditions for the removal of
gases within an effluent stream being treated and reduce undesirable by-
products by monitoring the carbon dioxide present when treating the effluent
stream. Accordingly, a method is provided. The method may be for optimizing or
adjusting the operation of an abatement apparatus which treats an effluent
stream from a processing tool. The method may comprise determining or
identifying a concentration of carbon monoxide produced or present when the
abatement apparatus treats the effluent stream. The method may comprise
adjusting or changing an operating parameter or the operation of the abatement
apparatus in response to the carbon monoxide produced or present. Adjusting
the operating parameter adjusts the operation of the of the abatement apparatus.
In this way, the performance or operation of the abatement device can be
controlled by simply adjusting the operating parameters of the abatement device
in response to the amount of carbon monoxide being produced to create
conditions within the abatement apparatus which improve the removal of
compounds being treated within the abatement device compared with the
conditions prior to the adjustments being made, while reducing undesirable by-
products and without requiring advanced knowledge of the content of the effluent

stream.

In one embodiment, the determining comprises measuring the concentration of
carbon monoxide present in an exhaust of the abatement apparatus.
Accordingly, the amount of carbon monoxide present in the exhaust of the

abatement device which contains the treated effluent stream may be measured.

In one embodiment, the determining comprises measuring the concentration of

carbon monoxide with an infrared spectrometer. Accordingly, carbon monoxide
may be measured by infrared spectrometry which is less prone to contamination
or deterioration and highly specific to the target analyte. Infrared sensors are

highly responsive and recover quickly if saturated with analyte.
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In one embodiment, the operating parameter comprises a fuel/oxidant ratio.
Accordingly, the amount of fuel to oxidant supplied to the abatement apparatus

may be adjusted in response to the concentration of carbon monoxide.

In one embodiment, the adjusting comprises changing the fuel/oxidant ratio to
decrease the concentration of carbon monoxide. Accordingly, the amount of fuel

to oxidant may be changed in order to decrease the amount of carbon monoxide.

In one embodiment, the adjusting comprises determining whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide and, if so,
retaining that change. Accordingly, should a change to the amount of fuel to
oxidant cause the amount of carbon monoxide to decrease, then that change in

the amount of fuel to oxidant is kept.

In one embodiment, the adjusting comprises determining whether changing the
fuel/oxidant ratio increases the concentration of carbon monoxide and, if so,
reversing that change. Accordingly, should the change in the amount of fuel to
oxidant cause the amount of carbon monoxide to be increased, then the change

that was made to the amount of fuel to oxidant is discarded.

In one embodiment, the adjusting comprises varying a supply of the oxidant.
Accordingly, the fuel to air ratio may be changed by changing the amount of the
oxidant which is supplied to the abatement apparatus. This may allow the
amount of fuel supply to be kept constant and so allow the adjustment to be

made by varying just one component.

In one embodiment, the adjusting comprises increasing the supply of oxidant,
determining whether the concentration of carbon monoxide increases and, if so,
decreasing the supply of oxidant. Accordingly, the amount of oxidant may be
increased and should the concentration of carbon monoxide increase as a

consequence then the increase in the amount of oxidant may be reversed.
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In one embodiment, the adjusting comprises decreasing the supply of oxidant,
determining whether the concentration of carbon monoxide increases and, if so,
increasing the supply of oxidant. Accordingly, the amount of oxidant may be
decreased and if the amount of carbon monoxide increases as a consequence,

then the decrease in the amount of oxidant may be reversed.

It will be appreciated that the approach set out above helps to identify a minima in
the amount of carbon monoxide produced, such as will be experienced when

processing an effluent stream with an excess of hydrogen.

In one embodiment, the adjusting comprises determining whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide towards a
threshold amount and, if so, retaining that change. Accordingly, should a change
to the amount of fuel to oxidant cause the amount of carbon monoxide produced
move closer to a threshold amount of carbon monoxide than before the change

was made, then that change may be kept.

In one embodiment, the adjusting comprises determining whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide below a
threshold amount and, if so, reversing that change. Accordingly, should a
change in the amount of fuel to oxidant cause the amount of carbon monoxide to
drop below a threshold amount of carbon monoxide, then the change made to the

amount of fuel to oxidant may be discarded.

In one embodiment, the adjusting comprises varying a supply of the fuel.
Accordingly, the amount of fuel supplied to the abatement apparatus may be
changed. This may allow the amount of oxidant supply to the abatement

apparatus to remain constant.

In one embodiment, the adjusting comprises determining whether the
concentration of carbon monoxide is above the threshold amount and, if so,

decreasing the supply of the fuel. Accordingly, should it be determined that the
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amount of carbon monoxide is exceeds a threshold amount of carbon monoxide

then the amount of fuel supplied may be reduced.

In one embodiment, the adjusting comprises determining whether the
concentration of carbon monoxide is below the threshold amount and, if so,
increasing the supply of the fuel. Accordingly, should it be determined that the
amount of carbon monoxide fails to achieve a threshold amount of carbon
monoxide then the amount of fuel supply to the abatement apparatus may be

increased.

It will be appreciated that the above approach helps to identify an acceptable
target amount of carbon monoxide produced, such as will be experienced when

processing an effluent stream with an excess of nitrous oxide.

In one embodiment, the adjusting comprises varying a supply of the oxidant.
Accordingly, the amount of oxidant supplied to the abatement apparatus may be
changed. This may allow the amount of fuel supply to the abatement apparatus

to remain constant.

In one embodiment, the adjusting comprises determining whether the
concentration of carbon monoxide is above the threshold amount and, if so,
decreasing the supply of the oxidant. Accordingly, should it be determined that
the amount of carbon monoxide is exceeds a threshold amount of carbon

monoxide then the amount of oxidant supplied may be reduced.

In one embodiment, the adjusting comprises determining whether the
concentration of carbon monoxide is below the threshold amount and, if so,
increasing the supply of the oxidant. Accordingly, should it be determined that
the amount of carbon monoxide fails to achieve a threshold amount of carbon
monoxide then the amount of oxidant supply to the abatement apparatus may be

increased.
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It will be appreciated that the above approach helps to identify an acceptable
target amount of carbon monoxide produced, such as will be experienced when

processing an effluent stream with an excess of TEOS.

According to a second aspect, there is provided an apparatus for adjusting
operating conditions in an abatement apparatus configured to treat an effluent
stream from a processing tool, the apparatus comprising: a sensor configured to
determine a concentration of carbon monoxide produced by the abatement
apparatus when treating the effluent stream; and a controller operable to adjust
an operating parameter of the abatement apparatus in response to the

concentration of carbon monoxide.

In one embodiment, the sensor is configured to measure the concentration of

carbon monoxide present in an exhaust of the abatement apparatus.

In one embodiment, the sensor is an infrared spectrometer.

In one embodiment, the operating parameter comprises a fuel/oxidant ratio.

In one embodiment, the controller is operable to change the fuel/oxidant ratio to

decrease the concentration of carbon monoxide.

In one embodiment, the controller is operable determine whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide and, if so,

retaining that change.
In one embodiment, the controller is operable determine whether changing the
fuel/oxidant ratio increases the concentration of carbon monoxide and, if so, to

reverse that change.

In one embodiment, the controller is operable to vary a supply of the oxidant.
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In one embodiment, the controller is operable increase the supply of oxidant,
determine whether the concentration of carbon monoxide increases and, if so, to

decrease the supply of oxidant.

In one embodiment, the controller is operable to decrease the supply of oxidant,
determine whether the concentration of carbon monoxide increases and, if so, to

increase the supply of oxidant.

In one embodiment, the controller is operable to determine whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide towards a

threshold amount and, if so, to retain that change.

In one embodiment, the controller is operable to determine whether changing the
fuel/oxidant ratio decreases the concentration of carbon monoxide below a

threshold amount and, if so, to reverse that change.

In one embodiment, the controller is operable to vary a supply of the fuel.

In one embodiment, the controller is operable determine whether the
concentration of carbon monoxide is above the threshold amount and, if so, to

decrease the supply of the fuel.

In one embodiment, the controller is operable to determine whether the
concentration of carbon monoxide is below the threshold amount and, if so, to

increase the supply of the fuel.

In one embodiment, the controller is operable to vary a supply of the oxidant.

In one embodiment, the controller is operable to determine whether the

concentration of carbon monoxide is above the threshold amount and, if so, to

decrease the supply of the oxidant.
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In one embodiment, the controller is operable to determine whether the
concentration of carbon monoxide is below the threshold amount and, if so, to

increase the supply of the oxidant.

Further particular and preferred aspects are set out in the accompanying
independent and dependent claims. Features of the dependent claims may be
combined with features of the independent claims as appropriate, and in

combinations other than those explicitly set out in the claims.

Where an apparatus feature is described as being operable to provide a function,
it will be appreciated that this includes an apparatus feature which provides that

function or which is adapted or configured to provide that function.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described further, with

reference to the accompanying drawings, in which:

Figure 1 illustrates an inwardly fired combustion abatement apparatus according
to one embodiment;

Figure 2 is a graph showing CO, Hz2 (multiplied by 10 to fit the same scale as O2)
and Oz content of the exhaust vs. Hz flow in 200 sim of N2 with 500 of air via the
coaxial concentric air inlets and 40 sIm of air via each central lance addition port;
Figure 3 is a graph showing CO in the exhaust for different amounts of air via
coaxial concentric air inlets and the central lance addition ports for mixtures of
NH3 and Ha;

Figure 4 is a graph showing CO, H2 (multiplied by 10 to fit the same scale as O2)
and Oz content of the exhaust vs. Hz flow in 200 sim of N2 with air addition via the
coaxial concentric air inlets controlled to minimise CO in the exhaust;

Figure 5 is a graph showing the air flow required to minimise CO in exhaust for
different operating conditions;

Figure 6 is a schematic flow chart for optimised air flow control for the abatement

of H2/NH3 mixtures by monitoring of CO emissions;
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Figure 7 is a graph showing the CO in the exhaust vs N20 (diluted with 200 sim
of N2) in effluent stream inlets for different amounts of CH4 added via the central
lance addition ports;

Figure 8 is a graph showing the percentage conversion of N2O converted to NOx
(NO + NOg2) for the conditions shown in Figure 6 — the dashed line indicates the
region where the CO in the exhaust is 200 ppm;

Figure 9 is a graph showing the destruction rate efficiency (DRE) of N20 for the
conditions shown in Figure 6 — the dashed line indicates region where the CO in
the exhaust is 200 ppm;

Figure 10 is a graph showing the amount of CHa4 required to achieve 200 ppm of
CO in the exhaust and the corresponding DRE of N20 vs amount of N2O
supplied,;

Figure 11 is a schematic flow chart for optimised fuel inject control for the
abatement of N20 by monitoring of CO emissions;

Figure 12 is a graph showing methane and nitric oxide emissions as a function of
concentric methane flow and oxygen injects for a nitrogen loading on the nozzle
of 300 sIm;

Figure 13 is a graph showing minimum CHa4 inject flows vs. nitrogen load,

Figure 14 is a graph showing carbon monoxide and carbon dioxide concentration
in exhaust as a function of TEOS flow for 600 sIm N2, 34 sim CH4 and 80-120 sim
02

Figure 15 is a graph showing limiting oxygen inject required to produce 100 ppm
of CO in the exhaust from TEOS at 200 and 300 slm of N2 to the nozzle; and
Figure 16 is a schematic flow chart for optimised fuel inject control for the

abatement of TEOS by monitoring of CO emissions.

DESCRIPTION OF THE EMBODIMENTS

Before discussing the embodiments in any more detail, first an overview will be

provided. Embodiments provide a technique where the operating conditions
within an abatement apparatus are controlled to provide for improved treatment
of gases present in an effluent stream from a processing tool without causing

adverse amounts of undesirable by-products being generated by measuring the
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amount of carbon monoxide generated by the abatement apparatus during the
treatment of the effluent stream. This enables the performance of the abatement
apparatus to be improved without requiring advanced knowledge of the
compounds present in the effluent stream. In particular, the performance of an
abatement apparatus for the controlled combustion of flammable gases such as
hydrogen and hydrogen/ammonia mixtures or the destruction of oxidising gases
such as nitrous oxide or TEOS is monitored using a gas sensor specific to the
concentration carbon monoxide in the apparatus’ exhaust. The response of the
concentration of carbon monoxide to the addition of auxiliary oxidant (e.g. air or
oxygen) or fuel (e.g. hydrogen, methane or propane) is used to derive optimum
conditions for the removal of the gases being treated with the attendant
minimisation of undesirable by-products (such as nitric oxide and nitrogen
dioxide). This method does not require a priori knowledge of the amount of target
gas to be destroyed but instead relies on adjusting the operating parameters of

the abatement apparatus.

Existing combustion abatement apparatus are well-known for the destruction of a
variety of gases used in the manufacture of semiconductor devices. The
abatement of flammable gases such as hydrogen and hydrogen/ammonia
mixtures require the provision of an oxygen source such as air for full combustion
to occur. Likewise, an oxidant gas such as nitrous oxide requires the provision of
a fuel such as methane to reduce (in this example) the nitrous oxide to nitrogen.
In the case of nitrous oxide, incorrect addition of fuel gas can lead to unwanted
production of nitric oxide and nitrogen dioxide (collectively known as NOx). The
permitted level of unabated target gas in the exhaust may be limited to an
absolute concentration in the exhaust (i.e. to be below its flammable limit), an
emission rate (in mass per unit time) or a relative destruction rate efficiency
(DRE). By-product emissions may also be required to be below a certain level.
It is the intent of an abatement device to meet or exceed these limits while using

the minimum amount of resources.
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In some cases it is possible to communicate via digital or analogue means to the
abatement device the concentration of gas to be abated. In this way the
operation of the abatement can be optimised in terms of resources used. In other
circumstances it may not be possible to do this because of expense, site
infrastructure or other commercial reasons. Embodiments seek to monitor

performance and adjust operating parameters in isolation.

Abatement Apparatus

Figure 1 shows an inwardly fired combustion abatement apparatus 10 according
to one embodiment. The abatement apparatus 10 comprises an inwardly fired
foraminous burner 20 which is supplied with a hydrocarbon fuel (typically
methane or propane)/air mixture that provides a hot zone and ignition source for
chemical destruction of target compounds within an effluent stream which is
introduced into a combustion chamber 30 at the core of the burner by means of
inlet pipework 40 ending at a nozzle 50. Typically, fuel is supplied to a plenum 90
from a fuel inlet 100 to supply the foraminous burner 20 under the control of a

controller 120.

The nozzles 50 are provided with ancillary ports located as a central lance 60 or
coaxial annulus 70 (supplied from a shared plenum 80) which are used for the
introduction of fuel gases or oxidants supplied under the control of the controller
120 in order to aid the destruction of these compounds to be treated. Typically, a
fuel/oxidant mixture is supplied via the central lance 60 and a fuel/oxidant inlet
110 to the plenum 90 to supply the coaxial annulus 70 under the control of the

controller 120.

An infrared spectrometer 130 is provided which measures the concentration of

CO in the exhaust from the combustion chamber 30.

A water weir and quench section (not shown) is provided downstream from the
combustion chamber 30 for the cooling of the exhaust, as well as a packed tower

(not shown) for the absorption of water-soluble gases.
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Abatement — Hydrogen or Hydrogen/Ammonia mixtures

The abatement of inflammable gases such as hydrogen or hydrogen/ammonia
mixtures can be facilitated by adding air around the nozzle 50 so as to provide
enough oxygen for the complete combustion of these materials. In the event of
insufficient air, the combustion chamber 30 becomes starved of oxygen and the
exhaust of the abatement apparatus 10 contains products of incomplete
combustion of the fuel. In the event of an excess of air, the foraminous burner 20
is cooled to a point when combustion of the fuel is quenched and again the
products of incomplete combustion of the fuel are seen in the exhaust. The
extreme cases of under- or over-supply of air, unburnt hydrogen is detected in
the exhaust. For ammonia, unburned gas will mostly be dissolved in the water-
washed packed tower downstream of the burner assembly although some will

also escape into the exhaust.

An example of this is shown in Figure 2 where 500 sim of air was supplied
around the nozzles 70 while the flow of hydrogen (diluted with 200 slm of
nitrogen) was increased up to 400 slm. An additional 40 slm of compressed dried
air was supplied to the lance 60 located in the centre of each nozzle 70. The
concentration of carbon monoxide (CO), hydrogen and oxygen in the exhaust
stream are shown. The concentration of oxygen falls monotonously with
hydrogen added but the concentration of CO exhibits a U-shaped curve with the
lowest levels of CO corresponding to the region of air flow where the hydrogen is
destroyed completely. The concentration of hydrogen and oxygen were
measured by electrochemical cells whereas the concentration of CO was
measured by infrared spectrometry using the infrared spectrometer 130.
Electrochemical cells are prone to contamination, cross sensitivity and
deterioration whereas infrared spectrometry can be made very selective and
protected against contamination or deterioration. Although CO can be measured
by pellistor sensors, these are cross sensitive to the presence of other flammable

gases and not reliably in environments where there is limited availability of
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oxygen. Infrared sensors also have rapid response times and not prone to

saturation problems.

The same trend is shown in Figure 3 where the concentration of CO in the
exhaust is plotted relative to the amount of air added around the inlet nozzles for
different mixtures of hydrogen and increasing amounts of ammonia in 200 sim of
nitrogen. Again, the CO emissions follow a U-shaped profile with the minima

coinciding with the optimum abatement performance.

Figure 4 shows the emissions for increasing amounts of hydrogen added
whereby the amount of air added is controlled to minimise CO concentration in
the exhaust by means of a feedback loop between the infrared spectrometer 130
and an air flow controller controlling the amount of air supplied to the combustion
chamber 30 under the control of the controller 120. Note that below 200 sIlm of
hydrogen the amount of air was uncontrolled at a base level of 400 sim.
Minimising CO has the auxiliary effect of maintaining a constant level of oxygen
in the exhaust. For the reasons disclosed above, it is much easier to monitor CO
than Oa.

Figure 5 shows the air flow added for different amounts of hydrogen or hydrogen
and ammonia (for the purposes of accounting for oxygen required for combustion
one molecule of ammonia is treated as 17 molecules of hydrogen) for figures 3-
5. Above the lower limit of 400 sIm of air the points lie on a similar trend of air
added to minimise CO emissions and demonstrate that this is a viable means of

feedback control for the optimum destruction of these gas mixtures.

Abatement Optimisation — Hydrogen or Hydrogen/Ammonia Mixtures

Figure 6 is a schematic flow chart outlining the main steps performed by the
controller 120 when optimising operating conditions within the combustion
chamber 30 to treat effluent streams containing hydrogen or hydrogen/ammonia

mixtures.
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At step S1, the effluent stream is treated within the combustion chamber 30, with
the controller 30 providing default or preset amounts of fuel and oxidant (in this

example air). Processing proceeds to step S2.

At step S2, the amount of CO in the exhaust is determined by the infrared

spectrometer 130. Processing proceeds to step S3.

At step S3, the controller 130 increases the ratio of oxidant to fuel/H2/NHs. In this
example, this is done by increasing the amount of air supplied to the combustion

chamber 30. Processing proceeds to step S4.

At step S4, the controller 130 determines whether the amount of CO in the
exhaust measured by the infrared spectrometer 130 increases or not. If the
amount of CO decreases, then processing returns to step S3. If the amount of

CO increases, then processing proceeds to step S5.

At step S5, the controller 130 decreases the ratio of oxidant to fuel/H2/NHs. In
this example, this is done by decreasing the amount of air supplied to the

combustion chamber 30. Processing proceeds to step S6.

At step S8, the controller 130 determines whether the amount of CO in the
exhaust measured by the infrared spectrometer 130 decreases or not. If the
amount of CO decreases, then processing returns to step S3. If the amount of

CO increases, then processing proceeds to step S5.

As mentioned above and as can be seen from Figure 3, through this approach
the operating conditions of the combustion chamber 30 can be adjusted to follow
the curves illustrated to minimise the amount of CO present in the exhaust, which
optimises the abatement of H2/NH3s mixtures and reduces the amount of Hz
present in the exhaust. It will be appreciated that in other embodiments, an

adaptive algorithm may be used.
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Abatement — Nitrous Oxide

Another embodiment of this approach is demonstrated in Figure 7 for the
destruction of nitrous oxide (N20) diluted with 200 sim of nitrogen. N20 can be
reduced to nitrogen by reaction with a fuel such as methane (CHa4) which is
added to the inlet flow via the lance 60 in the centre of the nozzle 50.

Undesirable side reactions can also produce oxides of nitrogen (nitric oxide (NO)
and nitrogen dioxide (NO2) grouped together under the umbrella term “NOx”) as a
by-product. The graph shows the decrease in CO at different amounts of CH4
added to the lance 60. Excess CH4 relative to N2O again results in its incomplete
oxidation and yields CO. A dashed line is drawn across the graph at a desired
level of 200 ppm of CO in the exhaust. By employing the infrared spectrometer
120 in the exhaust with a feedback loop using the controller 120 to control a
methane flow controller (not shown) it is possible to select a level of CO to be
present in the exhaust so as to optimise the formation of NOx and maximise the

destruction of N20.

The yield of NOx resulting from the destruction of N2O for different amounts of
added CHj4 is shown in Figure 8 The yield of this unwanted by-product varies
with N20 flow and inject flow and the dashed line on the graph indicates the NOx

yield when the CO concentration in the exhaust is 200 ppm.

Figure 9 shows the destruction rate efficiency (DRE) for N2O for different
amounts of added fuel. The dashed line shows the DRE resulting from adding
enough CH4 to achieve 200 ppm of CO in the exhaust. Thus conditions can be
found which are a good compromise between effective destruction of N2O and
NOx production. Other target concentrations of CO in the exhaust may be
selected depending on the relative importance of these parameters (e.g low NOx
vs low CO).

Figure 10 shows the variation in added CH4 required to achieve 200 ppm of CO

in the exhaust and also the DRE of N20O. Like the previous embodiment this
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demonstrates the viability of using a CO sensor for feedback control of added

reagent gases in order to optimise abatement.

Abatement Optimisation — Nitrous Oxide

Figure 11 is a schematic flow chart outlining the main steps performed by the
controller 120 when optimising operating conditions within the combustion

chamber 30 to treat effluent streams containing nitrous oxide mixtures.

At step S10, the effluent stream is treated within the combustion chamber 30,
with the controller 30 providing default or preset amounts of fuel and oxidant (in

this example air). Processing proceeds to step S11.

At step S11, the amount of CO in the exhaust is determined by the infrared

spectrometer 130. Processing proceeds to step S12.

At step S12, the controller 120 determines whether the amount of CO in the
exhaust measured by the infrared spectrometer 130 exceeds a threshold. In this
example, the threshold is 200ppm, but it will be appreciated that other thresholds
may be used. If the amount of CO in the exhaust is higher than the threshold, the
processing proceeds to step S13. If the amount of CO in the exhaust is not

higher than the threshold, the processing proceeds to step S14.

At step S13, the controller 120 decreases the ratio of fuel to oxidant, in this
example N20. In this example, this is done by decreasing the amount of fuel

supplied to the combustion chamber 30. Processing returns to step $12.

At step S14, the controller 120 increases the ratio of fuel to oxidant, in this
example N20. In this example, this is done by increasing the amount of fuel

supplied to the combustion chamber 30. Processing returns to step S12.

As mentioned above and as can be seen from Figure 7, through this approach

the operating conditions of the combustion chamber 30 can be adjusted to follow
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the curves illustrated to reduce the amount of CO present in the exhaust to below
the threshold amount, which optimises the abatement of N2O mixtures. It will be

appreciated that in other embodiments, an adaptive algorithm may be used.

Abatement — TEOS

One embodiment provides a method to optimise tetraethyl orthosilicate

abatement using an exhaust gas sensor. A leading indicator of incomplete
abatement of TEOS is the formation of carbon monoxide. The concentration of
CO in the exhaust is monitored using a suitable sensor (e.g. by infra-red
spectrometry using the infrared spectrometer 130) and the oxygen added

adjusted accordingly to achieve a desired amount.

Many semiconductor fabricators extract oxygen from the air using a pressure
swing adsorber and the resulting purity is typically 90-95%. Ideally this could be
monitored and used to adjust the inject flow accordingly. This is difficult to do
accurately and in a timely fashion; thus, the strategy of adjusting the inject flow to

achieve a limiting value of CO in the exhaust accommodates oxygen of unknown

purity.

Tetraethyl orthosilicate, formally named tetraethoxysilane and abbreviated TEOS,
is the chemical compound with the formula Si(OC2Hs)s. TEOS is a colourless
volatile liquid that degrades in water. TEOS is the ethyl ester of orthosilicic acid,
Si(OH)4. It is the most prevalent alkoxide of silicon widely used in semiconductor

manufacture for the deposition of silicon dioxide coatings on wafer.

Whilst TEOS is of low toxicity compared to the methyl-ester analogue Si(OCHs)4
its release to the environment is undesirable. TEOS is readily hydrolysed by
water to hydrated silica and ethanol but this tends to produce a foam and

therefore wet scrubbing of TEOS is not recommended.

TEOS is flammable according to the equation:
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Si(C2H50)4 + 12 O2 = Si02 + 8 CO2 + 10 H20

In practice TEOS is difficult to ignite and requires an ignition source such as a
flame and is typically mixed with oxygen before combustion. Insufficient oxygen
will cause incomplete combustion and lead to foaming in the drain tank of the
combustor. Excess oxygen is wasteful of resources. Often the purity of oxygen
supplied to the abatement apparatus is of unknown purity, so it is not enough to
have foreknowledge of the incoming TEOS flow to set an appropriate oxygen
flow. Embodiments provide a method of deducing the optimum oxygen addition

rate.

Figure 12 is a plot of methane (CH4) and NOx emissions as a function concentric
methane fuel surrounding the nozzle 50. No TEOS is used at this stage and the
point at which NOx appears in the exhaust is used to establish the minimum
methane surrounding the nozzle 50 enough to establish a stable flame under
these conditions. This is a function of nozzle nitrogen loading as shown in Figure
13. Alinear relationship is implied with a negative intercept, although it is likely
that the fuel required plateaus at a low level. By this means it is possible to

establish a concentric methane flow to suit the operating parameters

Having established the methane required to stabilise a flame around the nozzle
50 it is possible to consider the amount of oxygen required to abate TEOS.
Taking the data presented in Figure 14 (for 600 slm Nz and increasing TEOS) an
arbitrary (target threshold) level of CO in the exhaust of 100 ppm can be used to
define a limiting capacity for abatement at three different amounts of O2. These

limits for different nozzle nitrogen loadings are shown in Figure 15

Although there are only 3 points per flow rate both the 300 slm and 600 slm
results appear to lie on a straight line — the slopes in each case being 1.19 and
1.11 litres O2 per gram of TEOS. The stoichiometric formula for the complete
combustion of TEOS is as given earlier. Therefore 1 mol of TEOs requires 12 mol
of O2. Since the molecular weight of TEOS is 208.33 g/mol then 1 g of TEOs
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requires 12 x 22.4 / 208.33 litres of oxygen. This is 1.29 litres per gram of TEOS

- close to the slopes of the lines in Figure 15.

Thus it is possible to define a set of parameters for the abatement of TEOS in

nitrogen:
CHa(concentric in sim) = 0.064 nozzle N2 in sim — 5.2
Oz(lance in sIm) =1.15 TEOS in g/min + (nozzle Nz in sIm)/10 - 15

In practice, although the nitrogen flow is known and stable, the TEOS flow is
often not known and furthermore the oxygen available to the abatement
apparatus of less than 100% purity. In order to overcome this, a carbon
monoxide sensor (such as the infrared spectrometer 130) is used to derive the
appropriate level of oxygen flow by simply adjusting its set point until the CO in

the exhaust reaches a desired threshold amount.

Abatement Optimisation — TEOS

Figure 16 is a schematic flow chart outlining the main steps performed by the

controller 120 when optimising operating conditions within the combustion

chamber 30 to treat effluent streams containing TEOS mixtures.

At step S20, the effluent stream is treated within the combustion chamber 30,
with the controller 30 providing default or preset amounts of fuel and oxidant (in

this example oxgyen). Processing proceeds to step S21.

At step S21, the amount of CO in the exhaust is determined by the infrared

spectrometer 130. Processing proceeds to step S22.

At step S22, the controller 120 determines whether the amount of CO in the
exhaust measured by the infrared spectrometer 130 exceeds a threshold. In this
example, the threshold is 100ppm, but it will be appreciated that other thresholds

may be used. If the amount of CO in the exhaust is higher than the threshold, the
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processing proceeds to step S23. If the amount of CO in the exhaust is not

higher than the threshold, the processing proceeds to step S24.

At step S23, the controller 120 increases the ratio of oxidant to fuel. In this
example, this is done by increasing the amount of oxygen or supplied to the

combustion chamber 30. Processing returns to step S22.

At step S24, the controller 130 decreases the ratio of oxidant to fuel. In this
example, this is done by decreasing the amount of oxygen supplied to the

combustion chamber 30. Processing returns to step S22.

As mentioned above and as can be seen from Figure 14, through this approach
the operating conditions of the combustion chamber 30 can be adjusted to follow
the curves illustrated to reduce the amount of CO present in the exhaust to below
the threshold amount, which optimises the abatement of TEOS mixtures. It will

be appreciated that in other embodiments, an adaptive algorithm may be used.

Hence, it can be seen that embodiments use a sensor specific to CO for the
control of oxidant added or fuel added, CO being a byproduct of incomplete
combustion. In the case of N20 abatement embodiments use the CO level to

strike a compromise between DRE and NOx yield.

Although illustrative embodiments of the invention have been disclosed in detail
herein, with reference to the accompanying drawings, it is understood that the
invention is not limited to the precise embodiment and that various changes and
modifications can be effected therein by one skilled in the art without departing
from the scope of the invention as defined by the appended claims and their

equivalents.
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REFERENCE SIGNS

abatement apparatus 10

foraminous burner 20
combustion chamber 30
inlet pipework 40

nozzle 50

central lance 60

coaxial annulus 70
plenum 80, 90

fuel inlet 100
fuel/oxidant inlet 110
controller 120

infrared spectrometer 130
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