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TITLE OF THE INVENTION

TEMPERATURE CONTROL SYSTEM FOR A THERMAL REACTOR

STATEMENT REGARDING FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

" Not Applicable

BACKGROUND OF THE INVENTION

The processing of .semiconductor wafers and other microelectronic components
has become of great economic significance due to the large volume of such circuits and
components being produced and the significant value associated with them, Competitive
pressures have driven dramatic changes in production. Among the most dramatic changes
is the reduction in size of the various features of the circuits and components which make
up the transistors and other dévice’s being formed. This reduction in feature size has been
driven by the need to achieve greater levels of integration, more sophisticated and
complex circuits, and reduction in production costs by, for exampie, obtaining more
circuits on each semiconductor wafer or other substrate being processed.

Even though feature sizes used in integrated circuits and o'ther. microelectronic
components have decreased dramatically, additional reductions are continuously being

pursued. As feature size decreases, the importance of accurate temperature control during
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processmg mcreases to even a greater degree The mnperature at which semiconductor
wafers and other substrates are processed has a first order eﬁ‘eet on the dlﬁ'uston of dopants,
deposition of materials or other thermal processes being performed. Thus it is important to
haveproceesmgeqmpmentwluchcanachxeveacwmtetempemture control to meet desired
thermal processing specnﬁcatlons |
Temperature control feedback problems encountered in thermal processing of
semiconductor devices canbe thought of in several different ways. One control problem - |
involves mat:ching the workpxece temperature to the processing "recipe” set by the user.
The "recipe” comprises the set-point temperatures, temperature process durations,
temperature ramp rates, etc., that define the overall thermal process to which the wafer or -
other substrate is to besubjected This recipe is generally programmed by the user and is
dependent on the partwu!ar thermal processing requirements needed to produce the end
product. Each portion of a recipe can conveniently be thought of in. terms of three
different phases. One phase isa ramp-up phase wherein the operatlng temperature
increases or ramps from a lower level set-point temperature to. a higher. level set-point.
temperature. A further phgée is a ramp-down phase where_in the operating temperature
decreases from a higher level set-poiltt temperature to a lower level set-point temperature.
The temperature ramp_-up tpt_' ramp-down phase is thereafter typically followed by a period
during which a desired constant set-point processing temperature is maintained. Such a

constant temperature phnse includes a stabilization period during which the changing
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temperature ramp ends and a constant or near constant temperature is achieved. Constant
temperature, ramo-up, and ramp-down phases may occur one or more times in a
processing cycle Ultimately, the temperature control problem involves both achlevmg
the desired reclpe temperatures and achlevmg relatwely consistent temperatures ﬁ'om one
producnon tun to another.

Whether simple or more complex temperature rempes are used, each phase of the
process may further be complicated by the introduction of one or more supplementary
processing gases or vapor phase processing constituents which affect teniperme ad
thermal response. Such supplementary processing gases are typxcally gases. eontaxmng
dopants, deposmon matenals or steam. |

Vanous tempemture control problems must be mddxessed by a thennal pmcess
control system if it is to meet the increasingly strmgent requxrements of the mlcroelectromc g
circuit manufach:nng industry. For example, each wafer in a batch should be mbject to the
same temperatu:e conditions over the enure thermal processmg cycle Leﬁ uncontrolled,
temperature variations occur between the wafers positioned near the ends of an array of
wafersheldthluntheprooessmgﬁxmaoewhen comparedtothewafers disposed at mld-
poxuons of the fumace There may also be other less predictable variations from wafer to
wafer such as along the array of wafers contamed wnthm the processing array.

A still further temperature ooutrol problem is associated with temperauue variations

ﬂmtoomracrossthevndthofanmdmdualwaferorotherwoﬂqnecebemgprocessed Heat

SUBSTITUTE S_H_EET.(RULE 26)



WO 99/59196 PCT/US99/10329

ﬁomheanngdemenmdsposedaboﬂpmphaﬂedgcsofthewakpxecesmmdmmmg
theprocessmgvessel meonscnnccmrwlthregardtothehcatgamexpmencedbythe

pmpheraledgesofthewaferascomparedtothcmtenorareasofﬂ:ew&r Vanatronsm
thedegreeofmdnamheatmfaandndm&adcwmgwhwhocwﬂ'omwafermmfa
further exacerbates this lmra-wafer problem.
| Mnummon oftheoverallthcrmal processmgtlme is a]so a conccrnthat athcrmal
prccesslng controller should addrccs Mimrmzmg the processmg tune wnll typxcally increase
the ramp-up phase tempcrature change rate. -Conversely, time concerns wrll also increase
.theramp-downphasetanpemture changerate. Incrcasedratcsoftemperamrechangecause
greater difficulties in maintaining recipe temperamres dunng the processes of tmnsmonmg'
' betweenramp—up and stablllzatmnphases, andbetween stabletempcraﬂnesandrelatwely
rapld temperamre ramp-down phases
Tradmonally, senuconductor thermal reactors have used Propomonal-lntegml-
Dcnvatwe (PID) controllers to control tempcramre. Recently, a more accurate tempcrature
control model based on H-oo control the has been dwcnbed and xmplemented ina furnace
for use in mlcroelech'omc cxrcurt manufacumng. Such control is dxsclosed and described in
International Publication WO98/38531, tiled "MODEL BASED mmamum'
CONI'ROLLER FOR SEMICONDUCTOR 'I'HERMAL PROCESSORS wlnch is hereby

mcorporated byreference
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The latter control system includes a preferred mode of - operation in which a
dynamic model formulated through empirical testing is used to control the thermal
processing cycle based on a recipe that is, for example, entered by the user. The dynamic
model is usually based on empirical testing that takes place over a predetermined
temperature range. This predetermined temperature range is typically chosen to be
centered about the temperatures at which the furnace is to operate most frequently. Other
manners of selecting the predetermined temperature about which the dynamic model is
formulated may also be employed.

The present inventors have found that the accuracy of a single controller design
decreases as the actual furnace temperature or set-point temperatures of the recipe deviate -
beyond the predetermined temperature range. The use of a single controller design about
a single predetermined temperature range may thus limit the use of the furnace. to
processing recipes in which the set-points are within this temperature range. As the
thermal processing steps performed on semiconductor wafers and other substrates
become more complex, a need arises for accurate thermal processing control across a
wide dynamic range of processing temperatures.

~ Another temperature control problem involves the handling of hardware failures
during execution of a processing recipe set by the user. Traditionally, temperature control
systems used for temperature control of thermal reactors drive the reactor to the desired

set-point temperature in accordance with a linear ramp function. A graph of the reactor
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temperature-vs.-time when the reactor temperature is driven in this manner is illustrated
in Fig. 1. As shown, the temperature of the reactor overshoots the set-point temperature
before the temperature oo_nﬁoller it is ultimately able to regulate the reactor temperature
at the set-point. Such overshoot may significantly alter the thermal processing of the
semiconductor wafers, or other workpieces, in an undesirable manner. Overshoot
becomes particularly problematic given the ever inéreasing_” demands placed on thermal
reactor systems by the advanced processing techniques used in manufacturing sub-micron
semiconductor devices.

Another temperature control problem invoives the handling of hardware failures - -

during execution of the procassmg recipe set by the user. During ekec’ution of the recipe,

the temperature controller generally relies on one or more sensed temperature inputs to
gmemte the requisite control oufpi:t signals used to ébntrol the power supply to the
hentmg elements and, ulti__m'ately,:to control the temperature of the reactor. When one or
more of the sensed temperature inputs is inaccurate due to, for example, a hardware
failure of the temperature sensing element, the resulting control output signals are
likewise inaccurate.

‘Temperature control systems used for temperature control of thermal reactors may
shut down the reactor operations and, thus, discontinue execution of the recipe upon
detection of a hardware failure of ‘a temperature sensing element. This results in a

complete shutdown of t_he. reactor and interruption of the thermal processing of the
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workpieces. Given the strict thermal processing requirements for semiconductor
integrated circuits, this interruption may result in the complete loss of the semiconductor
wafers under process. Such losses may be very costly, particularly when the
semiconductor wafers are in a late-stage of their processing. Similarly, such losses may
be very costly when the semiconductor wafers are large (e.g., 300 mm).

A still further probblem is the problem of heating element failure detection and
handling. The present inventors have recognized that heating element failures may occur -
due to various temporary conditions and that the he#ting element may again operate
nqrmally after 'the temporary condition ceases to exist or is otherwise rectiﬁed. In such
instances, the heating element may be driven in an improper manner to the desired
temperature and thereby damage the workpieces that are being processed or result in a
further feilure of the heating element (e.g., over-temperature condition),

The present inventors have recognized each of the foregoing problems and have
set forth herein a temperature control system for a thermal reactor that addresses each

such problem in a unique and efficient manner.
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BRIEF SUMMARY OF THE INVENTION
A temperature control system foreontrollmg the terhperamre of a thermal reactor
is set forth. The temperature eontml system comprises a first temperature controller that
applies a first dynamic modelto a'plixral.ity of measured input parameters to generate a
first set of control values. The ﬁrsr dyn_emm ‘model is designed so that it is optimized

over a first temperature range to provnde 'geherany optimal values for the first set of

control values over the first temperature range. The temperature control system also

includes a second temperature controller that applies ‘a second dynamic model to a = -

‘phirality of measured input parameters to generate a second set of control values. The - .

second. dynamic model is designed to be optumzed over a second ternperature'rahge o
provide generally optimal values "i.’o_r: the seeond set of control values over the second
temperature range. The first temperature range is different than the second temperature
range. Control output selection swireh 'logie'is provided for determining which of the first
or second set of control values is used to eontrol the temperature of the thermal reactor.

An observer gain feedback the system is used for driving the first set of control values

‘toward the second set of _control values when the second set of control values is used to

control the temperature of the reactor. Similarly, the observer gain feedback system is
used to drive the second set of control values toward the first set of control values when
the first set of control values is used to control the temperature of the reactor. Such

observer gain fwdbaek facilitates optimal control of the temperature of the reactor when
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the control output selection switch logic switches control of the reactor temperature
between the first and second temperature controllers. Further temperature controllers may
also be ad_ded to cover further temperature ranges, and the observer gain feedback may be

In accordance with another aspect of the control system, the control system employs
a virtual temperature sensor in the event of a hardware failure of the corresponding non-
virtual temperature sensor. Upon the detection of a failure of the non-virtual temperature
sensor, the temperature control system automatically substitutes a virtual temperature sensor
in its place he has a control system input. The virtual temperature sensor logic melves one
or more measured input variables and applies these input variables to a dynamic model that
correlates the measured input variables to a virtual temperature sensor output value that
approximates the value of the non-virtual temperature sensor under the conditions indicated
by the measured input variables. In this manner, execution of the processing recipe may
continue and thereby limit the number of workpieces that are ultimately ruined as a resuit of
the hardware failure.

In accordance with a still further aspect of the temperature control system, the
control system is provided with enhanced ramp trajectory logic. Such logic assists in
providing overshoot control and, further assists in stabilizing the overal operation of the

reactor.
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In accordance with a still further aspect of the temperature control system, the
control system is provided with control logic that switches the control mode of the system in
thie event of a failure of a heating eledent. Again, this lessens the likelihood of loss of the

entire batch of workpieces in the event of the failure of one or more heating elements.
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BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

Fig. 1 is a graph of reactor tanpqamre-verms-time_ ilustrating the temperature
cnnushocmthatqomﬁnunﬂygxxnuslnﬁng;nio;artuunpennurecxnn:olswﬁenu;

Fig. IA is a side elevational view, partially in section, of a thermal reactor system
that may be controlled using the temperature control system of the present invention.

Fig. 1B is a side elevational view, partially in section, of the thermal reactor system
oflﬁg;11\thndnglnndeﬁng1uuichanunedzaﬁon\nﬁngthannocouphahuﬂrununuediwa@bnm

Fig. 2 is a block diagram illustrating a preferred architecture for an overall control
system that includes the temperature control system of the present invention,

Fig. 3. is a schematic block diagram illustrating one embodiment of a process
sequencing system and gas interface that may be used in conjunction with the control
system of Fig. 2. |

Fig. 4 is a logic flow diagram illustrating operation of a temperature control system
constructed in accordance with one embodiment of the present invention.

Fig. S is allogic flow diagram illustrating operation of a controller employing Hoo
control logic wherein the controller may be used to construct the system of Fig. 4.

Fig. 6 is a logic ﬂcwv_dﬁuyaun illustrating operation of one embodiment of a
temperature control system having temperature overshoot.
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Fig. 7isayﬁphﬂl@%goﬁeembédiﬂ@ntéfamddiﬁedmpﬁmcﬁonthatmy
be applied to the input ;‘_’f the controller of the temperéwre control system to limit
temperauneovetshbotdtrﬁngarampuptemperatnréphasé -

Fig. 8 is agraph 1llustratmg a ﬁ.xrtherembodlment ofa modxﬁed ramp f\mcuonthat
may be applied to the mput of the controller of the temperature control system to limit
temperature overshoot dunng a ramp-up temperature phase.

Fig, 9 is a graph illustrating a still further embodimeat of a modified ramp finction

that may be applied to the mput of the controller of the temperature control system to Timit

‘temperature overshoot dunng a ramp-up temperamre phase.

Fig. 10 is a graph illustrating the effects of minimum ramp values on the shape of tlre
curve shown in Fig. 9. | | |

Fig. 11 is a logic flow dlagram illustrating operation of one emb"odiment..of a
temperature control system having virtual thermocouple logic.

Fig. 12 is a logic flow diagram illustrating one embodiment of the virtual
thermocouple logic st:itaﬁle for use in the overall system. illustrated in Fig. 11.

Fig. 13 is  cantrol diagram illustrating one embodiment of an element control mode
logic circuit, which employs a spike controller.

. Fig Misa control diagram illustrating one embodiment of a base control mode

logic circuit, which empld_ys a profile controller and the spike controller of Fig. 13.
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Fig. 15 is a control diagram illustrating one embodiment of a dynamic control mode
. logic circuit, which employ# a wafer controller, the profile c_ontroller of Fig. 14, and the
spike controller of Fig. 13. _ o |

Fig. 16 is aoonh‘oldiagramilhxs&at?ngone embodiment of a Dt control mode logic
circuit, which employs a Dt non-lin_ear controller, the profile controllér of Fig. 14, and the
spﬁ:e comrpﬂer of Fig. 15. | |
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DETAILED DESCRIPTION OF THE INVENTION
A temperature control system for a thermal reector is dlsclosed that addresses the
problems noted above. In accordance wnth one aspect ofthe disclosed comrol system, a
plurality of temperamre controllers are employcd Each temperature controller employs one
. or more dynamic models that are optimized for a given temperature range. The temperature -
range over which a particular controller is optimized is preferably generally exclusive of the

" _temperature ranges over which other controllers of the plurality of temperature controllers -

are optimized. As such, multiple controllers are available for control of the reactor -
temperature. Which of the multiple controllers is used to control the reactor temperature -
~ may be dependent on one or more input parameters to the temperaturc control system. Each
of the controllers includes observer gain to the foedback logic that couples the multipe
controllers to one another. The observer gain feedback logic causes the controller ootput to
track the output of the controller that is then being used to control the reactor temperature.

In accordance with another aspect of the control system, the control system employs
a virtual temperature sensor in the event of a hardware failure of the corresponding non-
virtual temperature sensor. Upon the detection of a failure of the non-virtual temperamre
sensor, the temperature control system automatically substitutes a virtual temperature sensor
in its place as a control system input. The virtual temperature sensor logic receives one or

more measured input variables and applies these input variables to a dynamic model that
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correlates the measured input variables to a virtual temperature sensor output value that
approximates the value .of the non-virtual temperature sensor under the conditions indicated
by the measured input variables. In this manner, execution of thg pt_‘ocessing recipe may
continueandtherebylimitthenumberoprrkpiecsthat areultimatelymineda# a result of
the hardware failure. _ | |
In accordance with a still further aspect of the temperature control system, the

comrol system is provided with virtual thermocouple logic. The virtual thermocouple logic,
upéx_: detection of the failure of one or more thermocouple devices, is effectively substituted
for the failed component. This lessens the likelihood of loss of the entire batch of
wo;kpiecsinthgeveﬁofa_faﬂureofoneormomtemperaﬂresensingcimuit& ‘

_ Inaccol_'dancewithastill further aspect of the temperature control system, the
control system is provided with control logic that switches the control mode of the system in
the event of a failure of 2 heating element. Again, this lessens the likelihood of loss of the
entire batch of workpieces in the event of the failure of one or more heating elements.

. All of the foregoing aspect of the present invention may be combined into a single
t_empemh;re_conﬁ‘oller. Alternatively, these temperature control system improvements may
be incorporated as individual elements, without reliance on the other inventive aspects
disclosed herein.

EXEMPLARY TEMPERATURE CONTROLLER
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Fig. 1A illustrates one embodiment of a thermal reactor system 10 that may be
controlled. using the temperature conirol system of the present invention. The thermal
reactor system 10 includes athermalreactor 12. Althoughthe reactorofFig 1A is shown in
a vertical orientation, the thermal reactor 12 can be oriented horizontally orverttcally |

The thermal reactor 12 includes a process tube 14 de_ﬁningaredctorchmnber. .The
process tube 14 is preferably made of quartz, or silicon carbide. - In the illustrated

embodiment, the process tube is in the general shape of a hollow cylinder having an open -
" end 16 and has a length which extends along and mbmmg defines a longitudinal axis. -
The thermal reactor system 10 further includes a boat loader or paddle 18 which inserts or
removes a wafer load 20 into or from the process tbe 14. More particularly, the boat loader
18 inchudes & support portion 22, and a door portion 24 which is movable with the support
portion and which closes the open end of the process tube 14 when the support portion 22 is -
inserted into the process tube. The door portion 24 seals and insulates the process tube to

" prevent heat loss after the wafer load 20 has been inserted into the chamber of the process
tube 14, | |

The wafer load 20 preferably includes a plurality of boats 26 that, for example, are

formed of quartz or silicon carbide. The Wafer load 20 further includes plurality of silicon
wafers 26, and each boat 24 supports a plurality of the wafers 26. In the illustrated
embodiment, wafers on each boat 24 are equally spaced and the boats of wafers 26 generally

form a wafer or other semiconductor workplece processmg array.
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The thermal reactor 12 also includes one or more heating elements 30 that surround
the process tube 14. In the illustrated embodiment, the heating element 30 is an electrical
resistance hegting coil or coils extending along the length of the procw_sing chamber paraliel
to the length of the process tube 14. The heating element 30 is prefetab!y subdivided into a
plurality of separately controllable heating zones 32 by, for example, providing connections
along th? coil to divide the coil or coils into separately controllable zones. The zones are
then sepmly controllable by supplying power to lopposite ends of each zone associated
coil or portion ofg larger coil. More particularly, as shown in Fig. 4, the thermal reactor
sys.t'e,ml_lo includes high current voltage transformers 33 and silicon comrolléd_ rectifiers
(SCRs) 34 for eomrollably applying power to each of thg heating zones 32. L

| . Ceramic insulation 35 encases the heating element 30. The insulation serves to
reﬂect andotha'wxse direct heat toward the wafer array and, further, . serves to prwide a
m_oré uniform layer to minimize heat ﬂux__ variations away from the processing array. _

Temperature feedback and/or inputs for use in controlling the processing
temperatures are derived from at least two sources: a plurality of spike thermocouples 36
and a plurality of profile thermocouples 42. Thermocouples as the term is used herein
encompasses a variety of temperature Sensors, including the more specific meaning of
thmowuple& Alternattve temperature sensor cmshuctiqns are also intgnd_o;d by tl;e_ use of
the term thermocouples.
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The spike thermocouples 36 are placed at a suitable location, such as betweea the
heating element 30 and the process tube 14, to measure the temperature of the heating
elememnareSpectivemne. TheSPikefhmOoouples 36 are thus spaced apart along the
length of the heating element 30, a least one spike thermocouple 36 being located in each of
the heating zones 32, The spike 'ﬂiamoobuplu 36 provide the iﬁbst spééi'ﬁc' and responsive
indications of the temperature at or of the heating elements in each of the heating zofes.

The profile thermocouples 42 are disposed along an elongated profile rod 40 and are
supported in a sheath 38 that extends ﬁ.sidemepmeeumbe-14;' The sheath 38 is preferably
forim of quartz or silicon c&bide. The proﬂlerod40 has a length parallel to the length of the
process tube 14. At least one thermocouple 42 is located in each of the heating zones 32. -
The profile thermbeouples 42, however, ‘are not necessarily aligned with the spike
thermocouples 36. The profile thermoeouples 42 measure temperature inside the process
tube 14 and provide an indication of the temperature of the wafer load 20 in each of the
reshective heating zones. , |

“A plurality of thermocouple instrumented wafrs 44 are optionally employed during
modeling of the thermal reactor. Fig. 1B shows the thermal reactor 12 of Fig. 1A receiving
the thermocouple instrumented wafets 44 during modeling. These thermocouple
instrumented wafers 44 are uniformly spaced across the wafer load 16 to provide an
accurate measurement of the actual temperature of the wafers 28. Each of the exemplary
thermocouple instrumented wafers 44 includes a silicon wafer, and two thermocouples 46
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bonded to the silioonwafer: oneontheedgeofthewgfer, and one on the center of the
wafer. The thermocouples 46 of each instrumented wafer 44 are bonded to the silicon
wafer, such as with a ceramic adhesive, to provide accurate temperature measurements.

The basic structure of the thermal reactor system 10 may be enhanced to expand its
applicability to a wide range of microelectronic circuit manufacturing processes. For
example, the thermal reactor system 10 may include a gas delivery system or gas panel 48
for controliably injecting process gases from selectable gas supplies 50 into the process tube
l4to_g;_'ow, diffuse, ordeposi_t matu'ial.onthe surface of the sili_con w_afers 28. Thegas
panel 48, 2s shown in Fig 3, includes valves 52 and mass flow controllers 54. The mass

ﬂpw_ controllers 52 are used to measure and control flows of process gasses into the process

 tube 14. The thermal reactor 12 may further include a torch 62 interal or external to the -

process tube 14. The torch 62 is used for wet oxidation processes by burning a ratio of
hydrogen and oxygen to produce steam in the process tube 14.

In accordance with another mhamement,theprocesstube 14 maybepressunzed for
low_ pressure chemical vapor deposition (LPCVD) processes. As shown in Fig. 3, such a
thermal reactor system 10 preferably includes a pressure controller 56 and a baratron or
other suitable pressure sensing device 58 which measures the.pressnre in the process tube
and communicates the measured pressure to the pressure controller S6.. Further, in these

embodiments, the thermal reactor system 10 may include pumps and valves 60, in
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eommumeanonwrthﬂrepresau'eeonuoller% thatareusedtoaehlevethedwredpressure
mtheproeesstube l4fortheLPCVDprocess. |

Control of the operation of the hardware described above is preferably achieved by
interfacing the hardware with & programmable control system that s suitable for entering

.and executing a user programmed recrpe. With reference to Fig. 2, the thermal reactor

system 10 includes a control system 64 for controllmgthe temperature and other processes
in the thermal reactor 12. The control system 64 is preferably divided irtto two subsystems:
aprocess sequencmg subsystemGGforacceptmg andexecutmgaprocess sequence, anda
temperature subsystem 68 for temperature eonirol in accordance with the process sequenee. |
Both the process sequencmgsubsystem 66 andtemperamre control subsystem 68 follow
user defined processrempesthnt, fore:mmple, areenteredthronghusermterfaeesz

" In the illustrated ernbodnment, the process sequenemg ‘subsystem ‘includes a
microprocessor that interfaces with random access memory 72, a programmable EPROM 74
that stores controller logic, 2 plurality of digital input and output channels 76, a phurlity of
analog input and output channels 78, and a user intecface 82. A plurality of serialinput and
output channels 80 for external (remote) communication may be included, if external
commmmnication is desired. While other user interfaces can be employed, the user inteface
82 of the disclosed embodiment comprises a touch screen terminal interface with which a’
usercanenterauser defined proeess recipe. In the process recipe, the user can define, on a

per step basis, step time, gas flows, chamber pressure, temperature setpoints, and ramp rates.
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Parameters necessary for temperature control are communicated to the temperature control
Qxbsystem 68 as input parameters that are used by the temperature control subsystem to
implement the temperature control aspects of the recipe. This communication cupablllty is
illustrated by line 87. In the disclosed embodiment, such parameters comprise at least the
temperature setpomts entered by the user for the recipe.

As noted above, the thermal reactor system 10 may include enhancements, such as a
gas delivery system and/or pressure control system, that may be used for film deposition or
the light. Such a system may include the control system interface illustrated in Fig. 3 that '
provides an interface between the process se;luencing subsystem 66 and the hardware of the
. 888 delivery system gndl_or pressure control system. As shown in Fig. 3, a gas panel-
mterface lMismectedbetweenthegaspmd%andtheprocesssequengingsqbsystgm
68 Thegaspanelmte:ﬁcelm providesthecontrolsystem&withanintgrfacetb
commumcate with the.mass flow controllers 54, the gas valves 52, the internal or external
torch 62, the pressure controller 56, the boat loader 18, etc. Further, the gas pa.ﬁel interface
10{ may include 2 a plurality of hardﬁare safety interlocks for the thermal reactor (e.g., to
ensure hydrogen flow with a proper oxygen to hydrogen ratio, to detect a flame from the
o). | - |

The temperature control system 68 controls the temperature within the thermal
reactor 12 in accordance with a user programmed recipe. Temperature oonttol is preferably
based on dynamic modeling of the thermal reactor 12 in which desired temperature states
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are modeled based on measm'able sysl:em parameuers In operatlon, the recipe comprises
temperamre set-pomt values that are used by one or more dynarmc models to dnve the

thermal reactor 12 to the dwred temperature state.

THERMAL REACTOR HAVING MULTIPLE  TEMPERATURE

CONTROLLERS | o

With reference again o Fig. 4, the temperature control subsystem 68 receives at least
two input signals for each predefined heating zone: a profile thermocouple input from which
the temperature at the profile ._thel'ni(.').couple for the respective heating zone may be-
determined, and a spike thermocouple input from which the femperature at the spike
thermocouple for thempemve heating zone may be determmed These profile and spike
temperatures are pr'oVided through a thermocouple interface 130 as illustrated by line 215
and are used in conjunction with the temperature set-point input at line 135 to provide one or
more heating element oustput control values at lines 140. The output control values at lines
140 are supplied to the input of a heating elements controf interface 145 and are used to

cantrol the electrical power that is supplied at lines 150 to mpéct:i\}e heatmg zone elements.
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Fig. 4 illustrates one manner of implementing the temperature control subsystem 68.
As shown, a plurality of multivariable controllers 96, 98, and 100 are employed. Each ofthe
controllers 96, 98, and 100, is designed, preferably based on one or more dynamic models
derived from emperical test data, for optimum cont_rol_ accuracy over a _predetermined
temperature range that is generally exclusive of the temperature range of the other
controllers. To this end, controller 96 is designed for optimal temperature control over 2
low-level temperature range, controller 98 is designed for optimal temperature control over
a mid-level temperature range, and controller 100 is designed for optimal temperature
control over a high-level temperature range. Although the temperature ranges for which the
controllers are designed are generally unique, it will be recognized that some overlap of the
lmpu'aunemngesmaybedesued Inaccordaneewnhoneembodxmauofthesystem,the
low level temperature range may be centered about 500 degrees Celsius, the m1d-level .
temperature range may be oentered about 800 deg_rees Celsius, and the lnghfley_el
temperature range may be centm‘ed about 1050 degrees Celsius. The range over which each
controller operates thus extends roughly +/- 150 degrees about the center range temperature,

Each of the controllers 96, 98, and 100 is constructed using robust optlmal cqnn_'ol
theory with empirically desived modeis of the furnace and workpieces that are to be heated.
Mpre particularly, in the illustrated embodiment, the multivariable controllers 96, 98, and
100 are preferably constructed using H-Inﬂnit_y co_ntrol theory. One manner of deriving tlge

models used in the controllers 96, 98, and 100 is set forth in WO98/35531 cited above. As
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disclosed in that apphcatton, each controller desxgn ‘preferably employs two dynamxe
models Oneofthedynamrc modelsrelatespowermputsto sprkeoutputsandthe seoond
modelrelatesspxkemputstoproﬁleoutputs However;rtwﬂlbereoogmzedthatothermlu-
variable control logic designs may also beused.

“The control logio flow illustrated in Fig. 4is generally independent of the particular
control theory used to design the controllers 96, 98, and 100, The ouly general requirement

1sthateachcomroller96 98, and 100 1soapableofgeneraunganaemrateooun'olompm S

based on one or more measured variable mputs. |

Inthe illustrated system, the variable inputs to each controller comprise the set-point
input and one or more of the tempecature data inputs indicative of the temperature detected
by the thennooouples 36 and 42. The set-pomt input, shown generally in logic block form
at 155 holds the set-pomt temperature value that is to be attained. This value is determined

by the particular recipe that is being implemented by the system 10, and is concurrently

supplied to the input of each of the controllers 96, 98, and 100. Similarly, each of the

controllers 96, 98, and 100 concurrently receives a plurality of data values indicative of the
temperature values sensed by the thermocouples 36 and 42. The set-point temperature value
and the tber'mOOoliple:ddta values are applied toa dynamic model respeetively associated
with each of the controllers 96, 98, and 100 to generate respective output control values,

generally illustrated at lines 160, 165, and 170
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As noted above, the dynamic model used by each controller is optimized for use
over a temperature range that is generally exclusive of the temperature range for which the
dynamic models of the other controllers are designed. As such, the output control valm at
lines 160, 165, And 170 provide three potential solutions that may be used to drive the
reactor 12 to the desired set-point temperature. Only one of the three potential solutions,
however, may be optimal for a given reactor condition because the models used by the
controllers differ from one another and are optimized only over a predetermined temperature
range. The temperature subsystem 68 must therefore select which set of control values is to
be provided to the heating element firing interface 145 o control the heating elements and,
 thus, the reactor temperature.

In the illustrated system, the selection of which set of control values is provided to
the mterfaee 145 is executed by contrpl output selection switch logic, shown generally in
lpgic_ blo_ck__ form at 1_75. As shown, the control values at lines 160, 165, and 170 are
provided to the input of the control output selection switch 175 which, in turn, switches one
set of control values to a control value output, shown generally by line 140, based on
predetermmed selection criteria. The selection critesia are preferably based on measurable
input values that indicate which of the dynamic models used in deriving the controllers 96,
98, and 100, is optimal under the given conditions,

One of the criterion that may be used by the control output selection switch 175 as &
basis for selecting which of the control values is to be provided to the heating element firing
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interfuce 145 is the set-point input value at 135. As shown by line 135, the set-point input
value may be provided as an input to the control output selection switch 175. Which set of
control values illustrated at lises 160, 165, and 170 lsprowded at the output of the control
output selection switch 1"75 thus depends on the particular temperature set-point input value
provided at line 135. B |
n accordance with one mode of operation, switching logic dependent on the vahe
of the temperature set-point input valiie may involve allocating upper andlor lower set-point
temperature threshold values to each of the controllers 96,98, and 100. For example, the
output value 160 of the low-level temperatirre controller 96 may be switched to the output = -
140 whenever the set-point temperature value is below a given threshold value, Tuow. When
the set-point temperatare valise is above Tuom, but below a further thréshold vaiue, Tisg the
set of control valites at 165 of the mid-level temperature controller 98 may be switched to
the output 140.  Similarly, when the set-point téﬁiperaturé'value is above de., the set of -
control values at 170 of the high-level temperature controller 100 may be switched to the
output 140. In this example, the valiie of Teow is preferably chosen to be close to the upper
temperature value for which the dynamic model used by the low-level temperature
controller 96 is accurate and/or o'ptinial. ' Alta'nati\)ely (orin addition), Trow may be chosen
to be close to the lower temperature value for which the dynamic model used by the mid-
level temperature controller 98 is accurate and/or optimal. The value of Tmg is preferably
chosen to be close to the upper temperature value for which the dynamic model used by the
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mid-level temperature controller 98 is accurate and/or optimal. Alternatively (or in
addition), Tign may be chosen to be close to the lower temperature value for which the
dynamic model used by the high-level temperature controller 100 is accurate and/or optimal.
Another criterion that may be used by the control output selection switch 175 as a
basis for selecting which set of control values is to be provided to the heating element firing
interface 145 is a thermocouple temperature input value as detected by one or more of the
thermocouples 36 and 42. As shown by line 180, the thermocouple temperature input value
- may be pmvided as an input to the control output selection switch 175. Which set of control
values illustrated at lines 160, 165, and 170 is provided at the output of the control output
selection switch 175 thus depends on the particular thermocouple temperature input value’
provjd_ed at line 180. Preferably, a thermocouple, such as a spike thermocouple 36a of Fig.
2, disposed proximate a mid-portion of the reactor chamber is used to provide the
thermocouple temperature input value. Thermocouples disposed proximate the mid-portion
of the reactor chamber tend to provide temperature input values that are more indicative of
the average témperature across the entire chamber. | _
~ In operation, switching logic dependent on the value of the thermocouple
temperature input value may involve allocating temperature ranges over which each of the
controllers 96, 98, and 100 is to be selected for output. If the thermocouple input value
indicates a temperature lying in a range below a given threshold value, Trow, the set of

control values available at 160 of the low-level temperature controller 96 may be switched
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to the cutput 140, Whenever the thermiocouple input value indicates a temperature lying in

a range above Tiow but .lllalje'lbw a further threshold value, Tisgs, the set of control ‘values
illustrated at line 165 of the mid-level temperature coniroller 98 may be switched o the

output 140. Similarly, when the thermocouple input value indicates a temperature that is in

" a range sbove Tig, the set of control values illustrated at line 170 of the high-level
temperature controlier 100 may be switched to the output 140, In this examplé, the value of

Trow is again preferably chosen to be close to the upper temperature value for which the

- dynamic model used by the low-level temperature controller 96 is accurate and/or optimal,
but may alternatively (or inaddition) be chosen to be close to the lower temperature value
for which the dynamic model used by the mid-level temperatire controller 98 is'accurate -
and/or optimal. Similarly, the value of Tisign i preferably chosen to be close to the upper .
temperature value for which the dynamic model used by the mid-level temperature

controller 98 is accurate and/or optimal, but may alternatively (or in addition) be chosen to

be close to the lower temperature value for which the dynamic model used by the high-level
temperature controller 100 is accurate and/or optimal. |

The present inventors have found that it is desirable to have all of the controllers 96,
98, and 100, calculating control values based on their respective dynamic model even when

the control value of a particular controller is not used at output line 140, However, they

have also recognized that switching to a control value output of a previously unused

controller once the switching criterion for the unused controller have been met in the control
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output selection swntch logic 175 may result in the control system 68 driving the reactor 12
tolthe desired_;et-_poim temperature value in a sub-optimal manner Thns is due to the fact
that the dynamic model used in the unusedconn'onerdiﬁ‘ers from the dynamic model of the
controller that is used prior to the control value switch. The different dynamic mndels result
in subsmmiaﬁy different control value solutions available for output at line 140.

. To reduce sub-optimal driving of the reactor 12 when switching between sets of
control values, each controller 96, 98, and 100, is logically divided into a respective
cbserver gain feedback logic utit 185,190, and 195, and a respective temperatre contrl
logic nnit zoo_,'zos, and 210. Each temperature control logic unit 200, 205, and 210,
implements the respective dynamic model based on the set-point input value _155, the
plm'ahty _nf thermocouple data values indicated by line 215, and an observer gain feedback
mm value nmvidgn from the respective observer gain feedback logic unit‘ as shown at
lines 220, 225, and 230. Each observer gain feedback logic unit 185, 190, and 195, receives
one or more input values that are used to generate the observer gain feedback output value to
the mpectivn temperature control logic unit 185, 190, and 195. In the illu_strated
embodiment, each observer gain feedback logic unit 185, 190, and _195, regn_ives one or
more controlier output values calculated by the respective temperature control lo_gk_: unit
200, 205, and 210, as shown at lines 235, 240, and 245, and feedback values provided from
thn control output selection switch logic 175 as shown at lines 250, 255, and 260. The

- controller output values shown by lines 235, 240, and 245, are preferably data values

SUBSTITUTE SHEET (RULE 26)




WO 99/59196 PCT/US99/10329

30-

calculated within the respective temperature control logic unit that are used in observer

| feedback paths within the temperature control logic unit to ulti'tnately' calculate the control

values at the controller output. The observer feedback values provlded ﬁ'om the eontrol

output select:on switch logrc 175 mdlcate cormam the contml output of the parucular

‘controller that has been selected for output at line 140 |

In operatton, the observer gam feedback value at hnes 220 225, and 230 for a

particular controller drﬁ‘ers for a given set of controller output values at lmes 235, 240,

. and 245, dependmg on whether or not the control value output of the partrcular controller :

-is being supplred at output line 140 for provnsron to the heatmg element ﬁrmg mterface :

145. For example, a gwen set of low temperature controller output values at line 235

* resultsina set of control values X, at line 160 when the value mput at lme 250 mdrcates

that the output of the controller 96 at line 160 is provrded at output 140 Thrs same glven
set of low temperature eontroller output values at line 235 results in a drﬁ’erent set of
control values, Y, at line l60 when the value mput at hne 250 mdlcates that the output of
the controller 96 at line 160 is not provided at output 140. To this end, the controller
output model at lines 235, 240, and 245 minus analogous observer feedback values at
lines 250, 255 and 260 are preferably subject to a first control matrix calculation by the
respective observer gain feedback logic unit 185, 190, and 195, when the control value
output of the particular controller is supplied at output line 140, and are preferably

subject to a second control matrix calculation by the respective observer gain feedback
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logic unit when the control value output of the particular controller is not supplied at
output line 140. These values are then provided to the rg_spective temperature control

logic unit at the output line 220, 225, or 230, of the respective observer gain feedback

logic unit 185, 190, and 195. Gain control matrix constants of the first gain control

matrix calculation are preferably selected so that the particular controller operates in an

optimal fashiqn within the temperature range for which its dynamic model is designed. A

different gain matrix constant is used for the second gain matrix calculation. This second
gain matrix is preferably selected so that the control value output of the particular

controller generally tracks the control value output of the controller _seleéted_ by thcl

control output selection switch 175. As such, each controller provides an optimal control -

value at its_outpt_xt when the control output selection switch provid_es__ its control yalue at
output line 140, and provides a control value that generally tracks the control value
output of one or more of the other controllers when the control value,of one _of_' the other
wmllérs is provnded at output line 140. The constants for the first and second gain
matrix calculation for a given temperature controller 96, 98, and 100 may differ (and,
generally, do differ) from the corresponding constants ug_ed in the other temperature
controllers. _ o

) As noted above, the embodiment illustrated in Fig. 4 is generally mdependent of
theparncular multi-,variab_le controller used by the temperature controllers 96, 98, and

100. Fig. 5, however, illustrates one manner of implementing a temperature controller
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using two dynamic models: one model i'elati_tig power in.pt_lts' to spike outputs, and the
other model relating spike ih;iixts to pfoﬁle outputs. The djnaitlic models are specifically
designed for using the ‘temperature values provided by the profile and spike
thermocouples. The céhfrollef logic archltecturels Sﬁitable for use in the temperature

control subsystem set forthm Fig. 4. The architecture of Fig. 5, although desxgnated with

" the label 96 of the low-level temperature controller, is suitable for use in the design of

- each of the temperature controllers 96, 98, and 100.

As illustrated, the controller, 'shqiwn generally at 96, includes a plioﬁle error signal -

generator 290 that ‘generates profile error values at line 295 based on a comparison - -

. between the tempei‘atﬁié:_ set-point - value als' désignatéd at line 135 and profile

thermocouple values received at line 300. S'imilarly, a spike error sngnal generator 305

generates spike error values at line 310, The profile error values at line 205 are provided

~ to the i'nput' 315 of the profile controller 320 while the spike error values at line 310 are’

provided to the input 325 of the spike controller 330. Such a design is set forth in WO
98/35531 and the spéciﬁc' details thereof are ormtted for the sake of simplicity. |
Unlike the basic temperature controller of the parent appﬁcatiom the controller 96
implements observer gain feedback logic in acdordance with the system architecture of
Fig. 4 and the corresponding disclosure above. To this end, an anti-windup gain
computation matrix 335, a gainéschedule computation matrix 340, and an observer mode

switch 345 are used to compute the values of the parameters provided at input 315. The
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anti-windup gain c_:omputation matrix 335 provides output values at 355 that are
computed using a first set of gain parameters. The gain-schedule computation ma_trix 340
provides output valu_es at 360 that are éom’p_uted using a second set of gain parameters.
The output values at 355 and 360 are provided to the input of the observer mode swntch
345. The observer mode switch 345 seiects which of the values at 355 or 360 are
provided to the injmt 315 of the profile controller 320. The observer mode switch 345
provides the output values at 355 of the anti-windup gain computation matrix 335 when
- the value of the signal illustrated_ at 250 indicates that the control values at output 160 of
- the controller 96 are being provided to the heating element firing mterface 145,

Simjlarly, the observer mode switch 345 p_rovides the output va_lues at 360 of_ the observer
gain oompu_taﬁon matrix 335 when the value of the signal illustrated at 250 indicates that
the control values at output 160 of thé controller 96 are not being provided to the heating
element ﬁ_ring mterface 145.

A similgr logic architecture is as;ociated with the spike controller 330. As
illustrated, an anti-windup gain computation matrix 370, a gain-schedule computation
matrix 375, and an observer mode switch 380 are used to compute the values of the
parameters provided at input 325. The anti-windup gain computation matrix 370
prowdes output values at 385 that are computed using a first set of gain parameters. The
gain-schedule computation matrix 375 providgs output values at 390 that are computed

using a second set of gain parameters. The output values at 385 and 390 are provided to

SUBSTITUTE SHEET (RULE 26)



L e e AT A e ARG 30 s

WO 99/59196 PCT/US99/10329

-34-

‘the input of the observer mode switéh 380, The observer ﬁode switch 380 selects Whlch
of the values at 385 or 39(_}. are pmvidéd'to the input 325 ..of th_é spike controller 330. The
_'oliéewer mode 'switch'38'0 _provfdefs' the output values at'3:»'85 of the anﬁ-ﬁvindup gain -
computation matrix 370 when the value of the signal illustrated at 250 indicates that the
control vah.ié at output':' 160 of the controller 96 are being provided to the l'watin'glelement
firing interface 145. Similarly, the observer mode switch 380 provides the output values
at 390 of the ob’servéf gain co"mimtati'on matrix 375 when the value of the 'signa:l
iflustrated at 250 indicates that the ‘control values at output 160 of the controller 96 are
- not being provided to thé heating element firing interface 145. S
' A de-coupled observer feedback system can also be impleixxehtéd usmgthe logic
 architecture of Fig. 5. in".such a system, the gains associated with the input values
- desighatédwithcircle'sar?set'to o, o o
Tt should be noted that a wide range of system logic architectures are suitable for
implementing a tempérénne control system that utilizeé both the proﬁie and spike .
thermocouple data values to calculate control values that are selectively provided to the
" heating element firing interface 145 and which include the disclosed observer gain
feedback logic. For example, rather than using a controller in which the spike and profile
controllers are designed for the same temperature range, the temperature control system
may be designed so that a set of 'outp'uf values from one of a .p'lurality of profile

controllers designed for different temperature ranges are séiecti\}ely supplied to the input
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of a single, common spike controller. In such a system, the disclosed observer mode

feedback logic would be applied solely to each profile controller.

TEMPERATURE CONTROL SYSTEM HAVING ENHANCED RAMP
TRAJECTORY LOGIC |

-Fig. 6 illustrates one manner of implementing the temperature control system 68 -

with enhanced ramp trajectory logic. As shown, a controlier 1140 is connected to receive a

plurality of data values represented by line 1135 that correspond to the temperature values as

 measured by the thermocouples 36, 42. Additionally, the controller 1140 receives
temperature output values, Toupu, from a ramp-up/ramp-down temperature value generator - -
1145, As will be'explained in further detail below, the temperature value generator 1145
provides the temperature output values, Touu, to the controller 1140 in response to at least
the temperature set-point input value, shown logically at 1150, that, for example, is entered
by the user as part of the process recipe. It is the logical operations performed by the ramp-
up/ramp-down temperature value generator to generate the temperature output values,

Toupw, that assist in preventing temperature overshoot in the thermal reactor 12.

The controller 1140 is constructed using robust optimal control theory with
empirically derived models of the furnace and workpieces that are to be heated. More
particularly, in the illustrated embodiment, the controller 1140 is a multi-variable controller

that uses a dynamic model constructed using H-infinity control theory. One manner of
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deriving the dynamic model used in the controller 1140 is set forth in WO98/35531, titled
"MODEL BASED TEMPERATURE CONTROLLER FOR SEMICONDUCTOR

THERMAL PROCESSORS", which is hereby incorporated by reference. However, it will

" be recogmzed that other ,m'ﬁlti-vaﬁéble control logic designs may éltériiativél'y be used. The

control logic flow illustrated in Fig. 6 is thus generally independen"t of the 'pdrticulér control

. theory used to design the controller. The only general requirement is that the controller 1140

is capable of exemtmg a dynamic model based on one or more measured variable inputs.

The controller 1140 applies the temperature output value provided at 1155 and the
thermocouple data values at 1135 to its dynamic model. The controller 1140 uses the
input values to generate an output that comptises a plurality of control values that are

provided, for example, at the output represented by line -1166 to the input of a heating

~ element firing interface 1165. The firing interface 1165 applies controlled power to the

heating element zones at lines 1170 based on the values of the control values to thereby
adjust the amount of heat provided in each zone and thus regulating the reactor
temperature.

Notably, the controller 1140’ does not receive the set-point input value for direct
input to its dynamic model. Rather, the temperature set-point input vatue is provided to
the 'temﬁél"ature' value géﬁe’rator 1145 which, in turn, provides the controller 1140 with
incremental témpefam-_e output values, Toupw, that the | controller 1140 uses for

temperature control of the thermal reactor 12. The temperature output values, Toupa,
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forl_n a modified ramp function over time. The temperature output values forming the
modified ramp function drive the controller 1140 at or close to a maximum ramp rate
toward the temperature set-point input value, Ty, during a portion of the ramp-up phase.
The ramp rate of the modified ramp function, however, may be reduced as it approaches
the températu_re set-point value in order to improve temperature control, avoid wafer slip,
et_c. |

There are several novel manners for implementing the modified ramp function of
the temperature value generator 1145. Fig. 7 illustrates one such implementation.

With reference to Fig. 7, the goal of the temperature value generato:; 1145 is to
provide a sequence of temperature output values, Toup, that drive the §<_>n_troller 1140°
gnd, thu:, the reactor temperature, frorﬁ an initial temperature, Tiniias, to the temperature
' s_ét-point input value, Ts. In doing this, the temperature value generator 1145 provides
temperature output values, Toupw, that form a modified ramp function over time. One
particular form of such a modified ramp function is designated by line 1178.

As illustrated by line 1178, the temperature value generator 1145 receives a new
temperature set-point input value at time t) and proceeds to provide the controfler 1140
with incremental temperature output values, Toup, that correspond to a maximum ramp
rate, Ruax. The value of the maximum ramp rate, R, may be based on a value input by

the user or may be a predetermined system constant.
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As the value of the temperature output value, Tougst, @pproaches the temperature
set-point input value, Tsp, the temperature vahie generator 1145 begins to provide the
controller 1140 with temperature output values, Touye, that correspond to a minimum -

ramp rate, Rpin. This minimum ramp rﬁjte is used until the temperatﬁre output value, -

~ Toupun, provided by the temperature value generator 1145 equals the temperature set-point

input value, Tgp. The value of the minimum ramp rate, Rmin, may be. based on a value

input by the user or may be a predetermined system constant. It is preferably set to the

minimum ramp rate thiat generates the maximum tolerable temperature overshoot in the -
thermal reactor 12 that does not impair the thermal processing of the workpieces beyond
process tolerances.

The point at which the temperature value generator 1145 switches from the
maximum ramp rate, Ry, to the inimuin ramp rate, R, may be set in a number of -
ways. For example, the temperahire value 'genérator' 145 may switch to the minimum

ramp rate when the temperature value is equal to or exceeds a threshold value. This

" threshold value may be based on the percentage, X, of the temperature set-point input

value, To. The value of X may be part of the recipe entered by the user, or it may be a
predetermined system constant. Similarly, the temperature value generator 1145 may
switch to the minimum ramp rate at a predetermined time in the ramp-up phase. This -
predetermined time value may be based on the predetermined percentage, Z, of the total

ramp time, (t; —t;).
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Fig. 8 illustrates a further modified ramp function that may be implemented by the
temperature value generator 1145. As shown by function line 1182, the temperature
value generator 1145 generates temperature output values, Toupa, that drive the controller
1140 at the minimum ramp rate, Reus, at a beginning portion of the ramp-up phase. Ata
predetermined point, such as at a percentage, Y, of the temperature set-point input value,
Tw, or of the initial temperature value, Tisit, the temperature value generator 1145
generates temperature output values, Touwps, that drive the controlier 1140 at the
maximum ramp rate, Rpux. At a further predetermined point, such as at a percentage, X,
of the temperatures set-point value, Ty, or of the initiai temperature value, Tiaitiat, the
temperature value generator 1145 again generates temperature output values, Toupe, that
drive the controller 1140 at the minimum ramp rate, Ruia, until the temperature output
value reach_es.the temperature set-point input value, Ty,. As gbove, ramp rate switching
may alternative_ly be based on total ramp-up tlme, user programmed recipe values,
predetermined system constants, etc.

A further m_odiﬂed ramp-up function that may be implemented by the temperature
value generator 1145 is shown in Fig. 9. In this example, the ramp rate, Reurremt, used by
the controller 1140 varies over the ramp-up phase, but is in no event less than the
minimum ramp rate, Ruin.  To this end, the ramp rate, Rourenst, at @ given temperature

output value, Toupw, may be described as follows:
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: _ . 3 Toutpa
Ry = Trwet = Toupn Rmeu =—
where: tisatime constant (user pmgrammed or system constant) and

AT

Tinitiat +..Rm*t f t<——-
T 21 : or Rm .
B AT

Ts ~ forts—

where: Tsp is the temperature set-point value; and
AT =Ty - T-nml '

The ramp trajectory is obtained by solvmg the followmg system for T,p

i gmax (i M)]

%‘f" = s.cm (N)

—l—‘;H - Rmax ‘)_' 3 '& £ ] RMG!
TENF_V{ = ) . . . .A.T—
7'"‘“ y + > | Rrnay
Definitions,

Ty = Time dependent set point value that defines the ramp trajectory
[ T < Typ < Typ™™ forall t ]

Te " =New target set point
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Ty ™ = Old target set point

AT =Tgy™ - Tp™

t = Time variable as measured from start of ramp

1 = Ramp time constant

Tinput = Input ramp trajectory that is subsequently filtered
If the ramp rate calculation above results in a value that is less than the minimum ramp
rate, Rmin, then Reurere = Rmin S0 that a ramp rate used by the temperature value generator
is never less than the minimum ramp rate. |

As shown in Fig. 9, temperature output values, Toup, generated in the foregoing
manner provide a smoother transition between the minimum and maximum ramp rates |
"used over the duration of the ramp-up phase. Such smooth transitions allow the
controller 1140 to more accurately control the temperature of the thermal reactor 12.

Fig. 10 illustrates the effect of the value of given minimum ramp fate values, Ruyin,
on the temperature output value, Toups. In the illustration, line 1210 is a graph of the
temperature output values, Toupu, Where a large minimum ramp rate, Rmin, is used. Line
1215 is a graph of the temperature output values, Toupu, Wherein a minimum ramp rate,
Rumin, is used that is less than the minimum ramp rate used to obtain the temperature
output values illustrated by line 1210, Similarly, lines 1218 and 1220 represent
temperature output values in which even lower minimum ramp rates are used. As can be

seen from Fig. 10, a lower minimum ramp rate lengthens the time that it takes to
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ultimately reach the temperature set-point value, Ty, but provides for a smoother
transition toward that valué. thereby reducing and/or eliminating temperature overshoot in

the thermal reactor 12. A similar effect results when the Me'ooﬁstant, T, is varied.

- Larger time constants result in smoother transitions between the minimum and maximum

ramp rates and, further, pfovide for smoother transition as the temperature output value
reaches the temperature set-point value; Tp.
In addition to terﬂ_perature overshoot avoidance other: advantages of using a
nonlinear ramp trajectory i_nclude:
1. . Better overall control behavior and 'zon'e-to-zone'matching; -
2. Specification of a ﬁngle trajectory with ramp rates that fall below wafer
plastic deformation limits. The alternative may be a cumbersome set of
~ linear ramp segments that are pieced together. .- |
Typically, there is a tradeoff between different control-objectives. " In a preferred
embodiment high bandwidth controllers w/aggressive distu'rbﬁnce rejection properties are
chosen (SP changes can be viewed as a disturbance). A linear ramp -therefore, can
represent a large disturbance that cause aggressive controller response. Nonlinear ramps
smooth the disturbance, an_d also the controller response, |
Although the modiﬂed, ramp functions illustrated in the foregoing e_nvironinents
are directed toward application in a temperature ramp-up phase; it will be recognized that

such modified ramp techniques may also be used in a temperature ramp-down phase.
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When used in a ramp-down phase, one of the goals of the modified ramp operation is to
prevent the temperature of the- reactor from falling below its newly applied set-point
tempesature. R L

TEMPERATURE CONTROL SYSTEM HAVING VIRTUAL

TEMPERATURE SENSOR |

Fig. 11 illustrates one manner of implementing the temperature control system 68
with a virtual temperature sensor. As shown, a wnmlla 2160 is connected to receive a
plurality of‘ input datavalues The controller 2160 is constructed using robust optimal
control theory with _efnpirically derived models of the farnace and workpieces that are to be
+ heated. More particularly, in the illustrated embodiment, the controller 2160 is preferably a8
@ﬁ-vaﬁaiﬂg controller that uses a dynamic model constructed using H-infinity control
tﬁeory. One manner of deriving the dynamic model used in the controller 140 is set forth in
WOQB__BSS_M,_ tiled "MODEL BASED TEMPERATURE CONTROLLER FOR
SEMICONDUCTOR THERMAL PROCESSORS", which is hereby incorporated by
reference. However, it will be recogmzed that other multi-vgxiable_ control logic designs
may altemanvely be used. The control logic flow illustrated in Fig. 1 is thus generally
iﬁﬁependeﬂ of thg particular control theory used to design the controller. The only general
rgquﬁemeqt is that the controller 2160 is capable of executing a dynamic model based on

one or more measured variable inputs.
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" The controller 2160 receives data values represented by line 2165 that correspond o
the temperature values as measured by the thermocouples 36, 42. These values are through-
connected from the thermocouple interface 2130 through thermocouple switch logic 2170.
Additionally, the controller 2160 receives the temperamre set—pomt value at hne 2135 from
the temperature set-point mput, shown loglcally at 2175, that, for example, is entered by the
user as part of the process recipe. |

" The controller 2160 applics the temperature set-point value provided at 2135 and
the thermocouple data values at 2165 to its dynamic model. The controller 2160 uses the
inpuit values to generate an output that comprises a phurality of control values that are
provided, for example, at the output represented by line 2140 to the input of the heating
élement firing interface 2145. The ﬁﬁng' interface 2145 applies controlled power to the
heating element zones at lines 2150 based on the values of the.c'o:ntrol values to thefebj
adjust the ‘amount of heat provided in each zone and thus regulating the reactor

As i readily apparent, 2 hardware failure that results in an inaccurate reading
from a thermocouple will causé the dynamic model of the controller 2160 to. amive at
improper solutions for 't_he control output values that are shown logically at line 2140, In
conventional practice, the temperature control system is immediately shut down when
such failure conditions are detected. In contrast to this conventional practice, the

temperature control system of the present invention substitutes a virtual temperature
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sensor in place of the failed input value to facilitate either continued operation of the
reactor in accordance with the programmed rgcipe or an orderly system shutdown that
may minimize the risk of damage to the workpieces. .

The embodiment of the control system of Fig. 11 employs at least three logic
components to execute the substitution of the virtual temperature sensor in place of the
failed input ﬂue. To this end, the profile and spike thermocouple values are provided at
the output 2180 of the thermocouple interface 2130. These values, in turn, are provided
to the .in.put of thermocouple failure detection .logic 2185, virtual thermocouple logic
2190, and the thermocouple switch logic 2170. ' |

. The thermocouple failure detection logic 2185 monitors the thermocouple data’
values to de;ect_.a change in one or more of the values which is indicative of a hardware
failure.  Generally, the hardware failure corresponds to a failure of one or more
components charged with providing the input value ﬁofn a particular thermocouple and is
not necessarily linnited_to a failure of the thermocouple itself. Various state changes may
indicate such a failure. _For example, the thermocouple failure detection logic 2185 may
monitor the input values of each thermocouple to determine whether the value exceeds a
predetermined upper threshold value or falls below a predetermined lower threshold
value. Such limits may indicate an open circuit condition or short circuit condition of the
thermocouple or related components. Further, the rate of temperature change indicated

by thg input values of each thermocouple may be c_ompa_red to an upper or lower rate
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threshold value to detect a failure c’bndiﬁo_n of the thermocouple or related components.
When a failure of one or more of the thermocouple 'input"i}élﬁe; is detected, the detection
logic 2185 provides a failure output signal, shown in logii; form at 2105 that indicate a
failure condition and idéntiﬂ‘es’ one or more of the thermocoixéle inputs that have failed.

" The virtual thermocouple logic 2190 also receives the thermocouple data values

and uses these values as inputs to a plurality of dynamic tiien"nocouplé' models, at least

" one model respectively associated with each thérmocoﬁpie data value input that is 1o be

provided to the controller 2160 at line 2165. Each dynamic thermocouple model is
designed to provide a virtual thermocouple output that acwrately tracks what the

thermocouple data input to the controller 2140 for a partichlaf thermocouple input would

have been if the particular thermocouple input had not been subject to & hardware failure.

In the disclosed embodiment,lthe dynamic model for a particular thermocouple input.
preferably relates the the'r'ﬁxocouple input values for which the model is designed to

thermocouple input values from one or more of the other thermocouples used in the

control system. In a preferred embodiment in which both spike and profile

thermocouples are used by the dynamic model(s) of the oot}troller'2160; éhly the proﬁlé

thermocouples are modeléd.' The virtual 'theﬁhocouple outpuf values are providéd to the
input of the thermocouple switch logic 2170, as shown logically by line 2200.

The thermocouple 'inpuf values shown logically at line 2135 are dependent on the

state of the failure output 2195 of the thermocouple faiture detection ldgic 2185. Under
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normal operating conditions ip which the thermocouple input values at line 2180
accu_rat_ely reflect the temperatures of the thermocouples 36, 42, the thermocouple switch
logic 2170 effectively through-connects these values for input to the controller 2160 at
line 2165. When a profile thermocouple or a corresponding component fails, this fgilure
is detected by the thermocouple failure detection logic 2185 that, in tumn, provides the
failure output at line 2195 to at least the thermocouple switch logic 2170. In response to
the failure output at line 2195, the thermocouple switch logic 2170 inhibits the through-
~ connection of the failed thermocouple input and substitutes the virtual thermocouple
input that corresponds to the failed thermocouple input to line 2165 for use by the
controller 2160. Preferably, the failure output at line 2195 is also provided to the
_ controller 2160 thereby making the controller 2160 aware of the failure condition so that
it may take the appropriate action. Such appropriate action may include an orderly
shutdown of the reactor system, continued execution of the recipe, or modified execution
of the recipe. Whlch action the controller logic pursues may be dependent upon, for
example, which of the thermocouple inputs has failed.

A virtual temperature sensor such as the one disclosed above may be used in the
foregoin_g temperature control system. Moreover, the principal of optimizing one or more
dynamic models for use over predetemined, generally non-overlapping temperature
ranges may alse be applied in the design of a virtual temperature sensor. Such a system

is shown in Fig. 12.

-SUBSTITUTE SHEET (RULE 26)



WO 99/59196 PCT/US99/10329

-48-

" As illustrated, the virtual thé;mocouples logic, shown generally at 2190, receives
the spike tempetature input-iralues as shown logically by line 2180a to generate virtual
profile thermocouple values. The spike temperature input values are provided to the
inputs of at least two predicted préﬂ_ldvalue'mbdels 2210 and 2215. Predicted profile
value model 2210 is opﬁmiied fora iempgritbre' réhge that is higher than the temperamre
range for which the predicted profile value model 2215 is optimized. The predicted

profile thermocouple values of each model 2210 and 2215 are provided to the input of a

. predicted proﬁle' selector 2220. The_ p_redic_:te’d profile selector 2220 is responsive to one

or more input signals indicative of the temperamre cange in which the thermal reactor s

- operating or is to operate'at_id selects the '-#pp'r’optiate predicféd i)fbﬁle values at lines 2225

or 2230 for output at line 2200'.' Ina pieferfed embodiment, the predicted pféﬁle selector

- 2220 is responsive to a,#pike temperature input value at line 2180b that is indicative of -

‘the temperature sensed by a spike thermocouple _th#t'is dispéséd at a central portion of the

thermal reactor 12. If the sensed temperature falls within the optimized range of the
high-temperature predicted profile vﬁltxe miodel 2210, then the prediéted proﬁle values at
line 2225 are sélected for output at 2200. Similarly, if the sensed temperature falls within
the optimized range of the low-temperature predicted profils value model 2215, then the
predicted profile values at line '2230 are selected for output at 2200. The value of the
temperature set-point input at line 2135 (see Fig. 11) may alternatively be provided to the
predicted profile selector 2220 and used as a basis for selecting which of the predicted
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profile value models 2210 or 2215 are qptimal under the given conditions. If the value of
the temperature set-point input fall; within the optimized range of the hlgh-temperature
predicted profile value model 2210, then the predicted profile values at line 2225 are
selected for output at 2200. Similarly, if the value of the temperature set-point input falls
within the optimized range of the low-temperature predicted profile value model 2215,
then the predicted profile values at line 2230 are selecte_'d for output at 2200,

It will be recognized that a wide range of logic architectures other than those set
forth in Fiﬁs. 11 and 12 may be used to implement the disc_lose_d._yirmal temperature
sensor substitution system. It is therefore contemplated that all such systems 'fall within

the ambit of the present invention.

. - HEATING ELEMENT FAILURE CONTROL o

- The temperature control syste@ 68 controls the temperature within the thermal
reactor 12 in gccordance with a user programmed recipe. Temperature control is__
preferably_'based -on dynamic modeling of the thermal reactor 12 in which desired
temperature states are modeled based on measurable system parameters. In operation, the-
recipe comprises temperature set-point values that are used by one or more dynamic

quglg to drive the thermal reactor 12 to the desired temperature state
With tqfe:ence‘ to Fig. 13, the temperature control subsystem 68 receives at least

two input signals for. each predefined heating zone: a profile thermocouple input from
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which the tetnperaﬁxré at the profile thermocouple for the respectwe heating zone may be
determined, and a spike thermoi:oﬁple input from which the témperdtﬁre at the spike
thermocbuple for the respective heating zone may be detérmined. These proﬁle and
spike temperature are piovided through &, thermocouple interface 3130 as illustrated by

line 3215 and are used in conjunction with the temperature set-point input at line 3135 to

- provide one or more heaﬁng element output control values at lines 3140, The outpuf :

control values at lines 3140 are supplied to the input of a heating elements control -

 interface 3145 and are used to control the electrical power that is supplied at lines 3150 to

respective heating zone eléihents.

A process of designing the controllers 96, 98, 100, and 102 is described in detail
in WO098/35531, or titled "MODEL BASED TEMPERATURE CONTROLLER FOR:
SEMICONDUCTOR THERMAL PROCESSORS®, which is hereby incorporated by -
reference. In the embodiment of the thermal processor disclosed in that application, two
types of models are created: off-line and on-line. By “off-line model,” what is meant is 8
miodel that i created for control system design. By “on-line model,” what is meant is a
model that is active during the operation of the thermal reactor 12, such as to process
actual semiconductor waf‘ers 28, | | |

In the embodinie'n.t disclosed in the foregoing application, three off-line models
are developed: a power set-point vs. spike thermocouple model; a spiké ther'mdoouple vs,

profile thermbcouple model; and a profile and spike thermocouple vs. thermocouple
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in§Uumented wafer model. Each off-line model is used to design the controllers 96, 98,
100, and 102 in the temperature subsystem. _

‘A single on-line model is developed to estimate wafer temperature during
operation of the thermal rea_ctor. 12. The on-line model predicts the actual temperature of
th;a. wafers 28 using real temperature measurements from the spike and profile
thermocouples 36 and 42. Because modeling of the entire thermal reactor 12 is
complicated and 'very susceptible to variations and maintenance operations over time,
simple modeling of the relationship betwegn the wafer temperatures and the measured
profile and spike temperatures is performed to provide an accurate indication 6f_ the wafer
temperatures du_rigg_dynamic changes in temperature. Further, it is assumed that under
Sto;_qdy-stgte mndiﬁons the profile temperatures are indicative of the actual temperatures
of the waers 28. | |

o . After modeling, the three off-line models are used to create three separate and
unique wmoﬁ&s: the spike controller 96, the profile controller 98, and the wafer
controlier 100. The spike controller 96 uses the difference between the spike set-points
am_i spike the_rmoooﬁple measurements as inputs, and then outputs the power set-points to
the firing interface 108. The profile controller 98 uses the difference between the profile
set-points and t_he profile measurements as inputs and then outputs spike set-points to the
spike controller 96. The wafer controller 100 uses the difference between the wafer set-

points and predictions of the on-line wafer temperature model as inputs and then outputs
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profile set-points to the profile controller 98. In the illustrated embbdimem,. each
controller 96, 98, and 100 is designed using H-Inﬁﬁty robust opﬁmal éontrol theorj.
More particularly, in the illustrated embodiment, each of these controllers are
multivarisble, in which the interaction between heating zones is taken into consideration

to provide improved temperature response to the desired ramp or séi-pdint. 1t will be

 readily recognized, however, that other control'thebries'may be used to '.implément.the' :

controllers.
In the illustrated etmbodiment, a control mode logic circuit is selectable from among
differeat available control mode logic cirauits including an element control mode logic

circuit (Fig; 13) defining an element cortrol mode, a base control mode logic circuit (Fig.

- 14) defining a base control mode, a dynamic control mode bgic circuit (Fig. 15) defining i :
 dynamic control mode, and a Dt control mode logic circuit (Fig. 16) defining a Dt control
. mode. Each of these control mode logic circuits are defined by a 'Qixigle' one or a

- combination of the controllers 96, 98, and 100. |

More particularly, the temperature subsystem 68 érhploys the spxke controller 96 for
the clement control mode (Fig. 13). The temperature subsystem 68 etnploys & combination
of the profile controller 98 and the spike controller 96 for the base control mode (Fig. 14)
The temperature subsystem 68 employs a combination of the wafer controller 100, the

profile controller 98, and the spike controller 96 for the dynamic control mode (Fig. 15).
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Finally, the temperature subsystem 68 employs the non-linéaf Dt controller 102 with the
i)rqﬁle controller 98, aﬁd the spike controller 96 to provide the Dt control mode (Fig. 16) )

A user can provide a recipe c;omprising multipl_e steps and which uses any one of the
control modes in each step. For example, a user can provide a recipe that switches from one
control mode to another at a given stage of semiconductor processing. One suggested
Wh isto efnplﬁy the b;ase coﬁtrol mode during a furnace check and push in of the boat
lﬁ, ériorto aramp up in temperature, to employ the wafer control mode during temperature
ramp up and temperature stabilization, to employ the Dt control mode dt_uing wafer
procasmg steps, and to -employ the base control mode during boat push out, Another
suggested approach is to use the base oontroi mode during all processing steps.

The element control mode is typically a maintenance mode (e.g., to burn in
elements) In the element control mode, the spike controller controls__on the basis of spike
ﬂmméoouplg temperatures. The mode is not used in normal processing of wafers

The basé control mode (Fig. 14) is the default mode of operation, and is the mode
with which there is a concern With respect to heating element failure. In the base control
mode, the profile controller 98 provides a spike set-point control signal based on a profile
error. The pr§ﬁle error is based on the difference between profile temperature set-point, and
profile temperature measurements by the profile thermocouples 42. The spike controller 98
controls power to the thermal reactor based on spike error. Thg spike etror is based on the

difference between spike set-point and spike temperature measurements by the spike
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thermocouples 36. The base control mode provides accurate control resulting in improved

process uriformity and cycle time reduction attributed to faster stabilization times. The base
control mode logic circuit u.{eé the prdﬁie and spike controllers slmultaneously by cascading

- Asillustrated in Figs. 2, one or more heating element failure signals are provided to
the controller 68 from heating element failure logic, shown generally at 101. The heating

element failure signals, illustrated in logic form at line 103 are indicative of a failure of a

 particular heating element in one of the predefined heating zones. Such failures can bé

detected in any number of manners. For exampie, the derivative of the measured spike

theérmocouple values that are provided for a particular heuﬁng zone over time may be

monitored to detect a failure. When the absolute value of the derivative exceeds a
predetermined threshold vaiﬁe for & particiiler spike the'tmeeoup‘le,' it may indicate  failure
of the corresponding hea_ting element for the zone. A heatmg element failure signal"may
then be generated to the controller 68 in'dicating. a failure of the corresponding heating

Another manner of detecting a heating element failure is to measure the differene
between the spike set-point value and the temperature as measured by the spike
thermocouples. If the difference exceeds a predetermined threshold value in a pamcular

zone, it may be used to indicate a failure of the compending heiﬁng element for that zone.
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A still Mu manner of detecting a heating element failure is to measure the current
flowing through the heating element or the voltage across the heating element for a
particular heating zone. If the current falls below a predetermined threshold value for a
particular heating element, it may indicate a failure of the heating element. Similarly, if the
voltage across the particular heating element exceeds a predetemnned threshold value, it
may indicate a failure of the heating element.

When the controller 68 detects a heating element failure in one or more zones, the
* controller 68 gwitches to the element control mode shown in Fig. 13. Further, while in this
element control mode, the spike set point is lowered for the heating zone m which the
heating element failure occurred. Preferably, the spike set point for the failed zone is
dropped with the measured value of the spike thermocouple 36.

- Handlmg of the heating element failure in this manner has several advantages. For
example, such failure handling prevents erratically high temperatures from occurring when
the heating element recovers from the failure and power is restored. This assists in
preventing wafer slip that may otherwise occur through temperature overshoot if the heating
clement is immediately driven to the set point value upon recovery from the failure
eondiﬁon. Further, such failure handling prevents the re-occurrence of an over-temperature
condition that may otherwise occur through temperature overshoot. Still further, such
failure handling makes salvaging do workpieces 28 possible despite the heating element
failure.
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Profile thermocouples do not match temperatiires at the edge of a load. Users prefer
not to change their recipes to compensate for this. One solution to this pfoblém is to shorten
profile thermocouples which results in readings gerier'a_ted by the profile thermocouples
more accurately matching temperatures at the edge of a load. 'The dynamic or wafer control
mode (Fig. 15) provides a solution to the problem without requiring modification of the
profile thermocouples or adjustment of the user's recipe. o

In the dynamic control mode, the wafer controller 100 'pro\'ride's'. predwtlon or
estimation of the temperan’ifés of wafers 28 and control to achlevetemperatures for the.
wafers 28 which approach the desired or recipe wafer temperatures. The dynamic control
mode may be most advantageously employed during temperature ramping and stabilization -
steps. The dynamic control mode involves the prior use of the thermocouple instramented
wafers 44 during modeling, as discussed above. After ﬂidddihé, ‘while the control system is
in use, the dynamic control mo&e controls the thermal reactor 12 based on predicted wafer
temperature using the on-line wafer temperatufé estimating model 114. ‘The on-line wafer
temperature estimation model 114 predicts wafer temperature based on measurements from
the spike énd'proﬁle thérmocouplés 36 and 42. More particularly, wafer temperature is
predicted based on measurements from the spike and profile thermocouples 36 and 42 and
the relationship between measurements taken by the tllﬁ'ﬂ'l'O@]ih instrumented wafers 44
(repraentmg wafer temperature) and measurements taken by the profile and spike

thermocouples 36 and 42 during modeling.
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In the dynamic control mode, the wafer controller 100 provides a profile set-point
based on a wafer eor. The wafer emror is based on the difference between profile

temperature set-point, and profile temperature measurements by the profile thermocouples

42. The profile controller provides a spike set-point control signal based on profile error.

The profile error is based on the difference between profile temperature set-point produced
by the wafer controller 100, and profile temperature measurements by the. profile
thermocouples. The spike controller controls power to the thermal reactor based on spike
error.  The spike error is based on the difference between spike- set-point and spike
temperature measurements by the spike thermocouples 36. The dynamic control mode uses
the spike controller 96, the profile controller 98, and the wafer controller 100 cascaded
together

- In the Dt or thermal budget mode, the Dt controller 102 measures temperature

exposure or applied thermal energy and con;trols energy with respect to set-point or desired

energy. Thermal budget is controlled, using measurements from profile thermocouples 42
and taking the integral of e**? where k is Boltzmann’s constant and T is temperature
measured using the profile thermocouples 42, to maintain Dt values in accordance with
desired energy. A calculation is made of energy sent into the thermal reactor, and energy
sent into the thermal reactor is controlied. The thermal budget mode is advantageously used
to control thermal budget during critical processing steps to maintain consistent Dt values

both down the load and run-to-run.
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In the Dt conirol mode (Fig. 8), the Dt controlier 102 provides a profile set-point
based on an energy error. The energy error is based on the difference between an energy set-
point, and measured energy. The profile controller 98 provides a spike set-point control
sigrial based on a j:roﬁle error. The prbﬂie error i.sf based on the difference between profile

 temperature set-point produced by'the Dt controller, and profile temperature measurements
by the'_ profile thermocouples 42. The spike controller 96 controls power to the thermal -
 reactor based on spike error. The spike error is based on the difference between spike set-

~_point and spike temperature measurement by the spike thermodbuples 36.

" Numerous mddiﬁcatié'nS may be made to the foregoing ';systen"n' without departing |
from the basic teachings thereof. Although the present invention has been described in

substantial detail with reference to one or more specific embodiments, those of skill in

the art will recognize that changes may be made thereto without departing from the scope

and spirit of the invention as set forth in the appended claims.
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CLAIMS
1. A temperature control'system for controlling the temperature of a thermal reactor, the
temperature eontrol system eompnsmg | )

a first temperature controller that is optmnzed for computmg a first set of control
output valuee over a first temperature range;

a second temperature controller that is optimized for computing a seeqnd set of
control output values over a second temperature range, the first
temperature range being dxﬁ‘erent than the seeond temperature range; and

- control output selection logic for determining which of the first or seeond set of

control values is used to control the temperature of the thermal reactor.

2 | A.texrxperature control system for cqntrolling the temperature of a thermal "reactor, the
: temperature control s&stem comprising: N _
a first temperature controller that is optimized for .comput_ing control output
values over a first temperature range; |
a seeond temperature controller that is optimized for computmg control output
values over a second temperature range, the first temperature range being
different than the second temperature range; and
an observer gain feedback system for driving the control values of the first

temperature controller toward the control values of the second temperature
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controller when the second set of control values is used to control the
temperature of :ﬁe' reactor, and for drrvmg the control values of the second
tempel‘atlll'e oontroller toward.the' control .va.luee.- of the first tperature
controller when the ﬁrst,.set of oontrolvaluesrs used to control the

temperature of the reactor.

3. A temperature control-'syetem for cou:trollirlg.the' te'nrp'erat‘ure of a thermal reactor, the
" temperature control .system co'mprisingt - .

' a first temperature controller apblying a first dynamlc model to a plurality. of
measured input parameters to generate a first set of control values, the first
dynanric'model beiné optu'mzed over a first temperature range to provide

" generally optimal values for the first set. of control values over the first
temperature range; o .

a second tempero.ture controller applying a second dynenﬁc'niodel to a phurality of

" measured input parameters to generate a second set of control values, the

second d'yriami'c model beiug optimized over a second temperature range

to provide g'enerélly optimal values for the second set of control values

over the second teniperature raxige, the ﬁrst ternperatm'e range being

different than the second ternperature range; and |
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control output selection switch logic for determining which of the first or second
set of control values is used to control the temperature of the thermal

reactor.

| 4. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising: |

a first temperature controller applying a first dynamic model to a plurality of
measured input parameters to generate a first set of control values, the first
dynamic model being optimized over a first temperature range to provide
generally optimal values for the first set of control values over the first
temperature range;

a second temperature controller applying a second dynamic model to a plurality of
measured input parameters to generate a second set of control values, the
second dynamic model being optimized over a second temperature range
to provide generally optimal values for the second set of control values
over the s_ecc.and temperature range, the first temperature range being
different than the second temperature range; and

an observer gain feedback system for driving the first set of control values toward
the second set of control values when the second set of control values is

used to control the temperature of the reactor, and for driving the second
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set of control values toward the first set of control values when the first set

of control values is used to control the temperature of the reactor.

5. A temperature control system for controlling the temperature of  thermal reactor, the
temperature control system comprising:
a controller responsive to one or more temperature input value to control one or
more heaﬁng elements of the thermal reactor; - |
a temperature set-point input logic that provides a set-point for a ramping
temperature tr'rtnsition correspbndihg"to' a thermal recipe; '
a temperature value generator responsive to the set-point input logic to provide

one or more temperature mput values to the controller.

6. A temperature control system as claimed in claim 5 wherein the temperature value
- ‘generator determines the one or more temperature input values to the controller based

*at least on a maximum ramp-up value. -
7. A temperature control system as claimed in claim 5 wherein the temperature value

". generator determines the one or more temperature input values to the controller based

at least on a minimum ramp-up value.
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8. A temperature control system as claimed in claim 5 wherein the temperature value
generator determines the one or more temperature value inputs to the controller based

at least on a maximum ramp-down value.

9. A temperature control system as claimed in claim S wherein the temperature value
generator determines the one or more temperature value inputs to the controller based

at least on a minimum ramp-down value.

lo A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system comprising: B

a controller resprmsive to one or more temperature input valu_es to control one or
more heating elements of the thgtmal reactor;

a temperature set-point input logic that provides a. setfpoix\t for a ramping

| temperature transition corresponding to a thermal recipe;

a temperamré value generator responsive to the set-point input logic to provide
one or more temperature input values to the controller, the one or more
terrnperature input values being defined by a maximum ramp lumt during a
mid-portion of a thermal ramp cycle and being,defﬁned by a minimum

‘ra.mp ﬁmit at one or both of an énd-portion or a beginning-portion of the

thermal ramp cycle.
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11.A temperature control system as clarmed in clarm 10 wherein the maximum ramp

limit is programmable through entry of a thermal reerpe

12. A temperature control system as claimed in claim 10 wherein the minimum ramp

limit is programmable through entry of a thermal recipe.

13. A temperature control system for controlling the temperature of a thermal reactor, the
temperature control system compnsmg | .
a plurality temperature sensors- drsposed to measure temperature assoclated wrth

the thermal reactor; " " | |

temperature sensor fatlure loglc drsposed to detect a farlure of at least one of the
plurahty of temperature sensors; o

a virtual temperature sensor 'model circuit having at least one output tracking at
least one of the plureiity of temperature sensors based on inputs received
from other selected ones of the plurolity of temperature sensors;

a controller responsive to the plurahty of temperature sensors;

substitution logic crrcurt responsrve to the detection of a failure of the at least one
of the plurahty of temperature sensors by the temperature sensor failure

logic for substituting the at least one output of the virtual temperature
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sensor model circuit for the failed temperature sensor for input to the
controller.

14. A temperature control system as set forth in claim 13 wherein the plurality of

temperature sensors comprises thermocouples.

15. A temperature control system as set forth in claim 13 wherein the plurality of

temperature sensors comprises profile sensors and spike sensors.

16. A temperature control system as set forth in claim 15 wherein the virtual temperature

- sensor mode! circuit models the profile sensors.

17. A temperature control system as set forth in claim 15 wherein the virtual temperature
sensor model circuit models the profile sensors based on inputs from the spike

sensors.
18. A temperature control system for controlling the temperature of a thermal reactor, the

temperature control system comprising:

a controller having a base control mode and an element control mode;
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a heating element failure detector disposed to detect a failure of one or more
heating elements of the thermal reactor, the controller beihg responsive to
the heating element failure detector to operate in accordance with the
clement control mode upon the detection of a failure of one or more

heating elements..

'19. A temperature control system as set forth in claim 18 wherein the heetmgelement

failure detector detects a faxlure of a heatmg element by momtonng one or more

sxgnals indicative of the power supphed to the heatmg element.

20, A temperature control System as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by calculating the derivative of
measured spike temperature sensor values that are provided for a particular heating
zone within the thermal reactor that includes the heatmg element and comparing the

absolute value of the calculated derivative to a predetermined threshold value. |

21. A tempeiature control system as set forth in claim 18 wherein the heating element
failure detector detects a failure of a heating element by calculating the difference
between a Spike set-point value and a temperature as measured by a spike temperature

sensor and comparing the difference to a predetermined threshold value.
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