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TITLE OF THE INVENTION 

TEMPERATURE CONTROL SYSTEM FOR A THERMAL REACTOR 

STATEMENT REGARl>ING 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. Am~ng 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 devices 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 example, obtaining more 

circuits on each semiconductor wafer or other substrate being processed. 

Even though feature sizes used in integrated circuits ind other 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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processing increases to ~ a greater degree. The temperature at which semiconductor 

wafers and other substrate~-IJ"eprocessed has a :first order effect on the ditlbsion of dopants, 

deposition of materials or other thermal processes being petformed. Thus it is important to 

have processing equipment which can ·acmi~ accurate·temperatw'e control to meet desired 

1hennal processing specifications. 

Temperature controt feedback proble~ .·encountered in thermal processing of 

semiconductor devices can be thought of in several different ways. One control problem 

involves matching the wo~i~ temperature to the processing "recipe" set by the user. 

The "recipe" . compri~ · the •-point temperatures, temperature process durations, 

temperature ramp rates, etc., that define the overall thermal process to which the wafer or 

other substrate is to be su~j~ed. This recipe is generally programmed by the user and is 

dependent on the )>al'tiQllaJ' thermal proceSsing requirements needed to produce the end 

product. Each portion of~ recipe can conveniently be thought of in. terms of three 

different phases. Qne ~ is a ramp-up phase wh.erein the operating temperature 

increases or ramps fi"om a lower level set-point teniperatlJl'.e ~ a higher .level set-point 

temperature. A further p~e is a ramp-down phase wherein the operating temperature 

decreases from a higher •evel set-point temperature to a lower level set-point temperature. 

The temperature ramp-up or ramp-down phase is thereafter typically followed by a period 

during which a desired ~nstant set-point processing temperature is maintained. Such a 

constant temperature p~ 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, ramp-up, and ramp-down phases may occur one or more times in a 

processing cycle. Ultimately, the temperature control problem involves both achieving 

the desired recipe temperatures and achieving relatively consistent temperatures ftom one 

production run to another. 

Whether simple or more complex temperature recipes are u~ 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 afFeet temperature and 

thermal response. Such supplementary processing gases are typically gases· containing 

dopants. deposition materials or steam. 

Various temperature control problems must be addressed by a thermal process 

control system. if it is to meet the increasingly stringent requirements of the mim>electronic . 

circuit manufacturing industry. For example, each wafer in a batch should be subject to the 

same temperature conditions over the entire thermal processing cycle. Left uncontrolled, 

temperature variations occur between the wafers positioned near the ends of an may of 

wafers held within the processing furnace when compared to the wafers disposed at mid­

portions of the furnace. There may also be other less predictable variations ftom wafer to 

wafer, such as along the array of wafers contained within the processing array. 

A still further temperature control problem is associated with temperature variations 

that occur across the width of an individual wafer or other workpiece being processed. Heat 
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from heating elements disposed about peripheral edges of the workpieces is radiated through 

the processing vessel. v~ can occur with regard to the heat gain experienced by the 

peripheral edges of the wafer as compared to the interior areas of the wafer. Variations in 

the degree of radiant heat ~ and radi:ant shadowing which occur &om wafer to wafer 

further exacerbates this intra-wafer problem. 

Minimization of the· overall thermal processing time is also a concern that a thermal 
: : .. · .. ,. ·. ··. . . 

processilig controller should address. Minimizing the processing time will typically increase 

the ramp-up phase tempel'Jture change rate. Conversely, time concerns will also increase 

the ramp-down phase temperature change rate. Increased rates of temperature change cause 

greater difficulties in maiJltaining recipe temperatures during the processes of transitioning· 

between ramp-up and stabilmtion phaSes, and between. stable temperatures and relatively 

rapid temperature ramp-down phases. 

TraditiOnally, semiconductor thermal reactors have used Proportional-Integral-

Derivative (PID) controllers to control temperatme. Recently, a more accurate temperature 

control model based on H-oo control the has been described· and implemented in a furnace 
.. 

for use in microelectronic circuit manufacturing. Such control is disclosed and described in 

International Publication W098/3S53 I, titled "MODEL BASED TEMPERATURE 

CONTROLLER. FOR SEMICONDUCTOR TIIERMAL PROCESSORS", which is hereby 

incorporated by reference. 
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The latter control system includes a preferred mode of operation in which a 

dynamic model formulated through empirical testiJig 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 •ins that takes place over a predetermined 

temperature range. This predetermined temperature range is typically chosen to be 

centered about the temperatures at which the fiunace is to operate most frequently. Other 

Dl8JU181'S of selecting the predetermined temperature about which the dynamic model is 

formulated may also be employed. 

The present inventors have found that the accuraey of a single controller design 

decreases as the actual tbmace temperature or set-point teniperatures of the recipe deviate. · 

beyond the predetermined temperature range. The use of a single controller design about 

a single predetennined 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 seiniconductor 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 fiLiJures 

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 bi this manner is illustrated 

in Fig. 1. As showD, the temperature of the reactor overshoots the set-point telilperature 

befOre the temperature controller it is ultiniately able to regulate the re8ctor 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 evf:r inCreasing demands placed on thermal 

reactor systems by the advanced processing techniques uSed in manufactiiring sub-micron. 

semiconductor devices. 

·Another temperature eontrol .problem invoives the handling of hardWe failures 

during execution of the prc>ceSSing recipe set by the user. During execution of the recipe, 

the temperatUre controller gUerally relies. On. one or more sensed temperature inputs to 

generate the requisite c0ntrol output signals used to control the power supply to the 

he8ting elements and. ultimately, 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 oontrol output signals are 

likewise inaccurate. 

Temperature control systems used for ~perature control of thermal reactors may 

shut down the reactor operations and, tlius, discontinue execution of the recipe upon 

deteCtion of a hardWare fililure t>f ·a temperature sensing eiement. This results in a 

complete ·shutdown of the 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 heating element may again operate 

normally 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 

~erature and thereby damage the workpieces 1hat are being processed . or result in a 

further failure 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 SQMMA.ltY OF nm INVENTION 
.. . 

A temperature control system for controlling the temperature of a thermal reactor 

is set forth. The temperature contrOl system comprises a first temperature controller that 

applies a· first dynamic model to a pfuraµty of measured input parameters to. generate a 

first set of control values.· The first dyruunic model is designed so that it· is optimi:red 

oVel' a first temperature range to provide pnerally optimal values for the fil'Bt set of 

c0ntrol values over the first temperature range. The temperature control system also 

includes a second temperature cotitr<>iler that applies ·a second dy11amic model .to a 

· pJurality of measured input parameters tO generate a ·secom1 set of control values. The 

second dynamic medel is designed to be optimized over a second temperature range to 

provide generally optimal values :for the secand Set of c0ntrol values over the secolid 

temperature range. The first temperature range is ·different than the sec0nd temperature 

range. Control output selection switch logic· is provided for detennining which of the first 

or second set of control valuei is uSed to coiltrol 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 vaJues 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 feedback 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 added to cover further temperature ranges, and the observer gain feedback may be 

expanded accordingly. 

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 bas 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 · 

correlates the measured input variables to a vir1ual 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 work.pieces that are ultimately ruined as a result 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. finthec assists in stabilizing the overal operation of the 

reactor. 
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In accordance with a still further 8spect of the· temperature control system, the 

coritrol system is provided With control logic that switches the control mode of the system in 

the event of a failure oi a ~ .elelnent. Again, this lessens the likelihood of loss of the 

entire batch of workpieces in the event of~ fililure of one or more heating elements. 
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BRlEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

PCT/US99/10329 

Fig. 1 is a graph of reactor temperature-versus-time illustrating the tempemture 

overshoot that commonly occurs using pri~ art temperature control systems. 

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. lB is a side elevational view. partially in section, of the thermal reactor system 

ofFig. lA during modeling and characterimion using thermocouple instrumented wafers. 

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 a logic flow diagram illustrating operation of a controller employing Hao 

control logic wherein the controller may be used to construct the system of Fig. 4. 

Fig. 6 is a logic flow diagram illustrating operation of one embodiment of a 

temperature control system having temperature overshoot. . 

t;JUBSTrruTE Sl:IEET (flU~ 26) 



W099/59196 PCT/US99/10329 

-12-

Fig. 7 is a graph ilM,st:nitfng one embodiment of a modified ramp function that may 

be applied to the input of the. controller of the temperature control system to limit 

temperature overshoot d~ a ramp-up temperaiure phase. 
. . 

Fig. 8 is a graph illustrating a ~ embodiment of a modified ramp function that 

may be api)lied to the input of the controller of the temperatUre control system to limit · 

temperature overshoot during a ramp-up temperature phase. 

Fig. 9 is a graph illustratmg a still further embOdiment. of a modified ramp function 

that may be applied to the input of the controller of the temperature control system to limit 

temperature overshoot during.a ramp-up temperature phase. 

Fig. 10 is a graph illuitrating the effects of mhiimum ramp values. on the shape of the 

curve shown in Fig. 9. 

Fig. 11 is a logic flow diagram illustrating operation of one embodiment of a 

temperature control system having virtual thermocouple logic. 

Fig. 12 is a logic flow diagram .illustrating one embodiment of the virtual 

thermocouple logic suitable for use in the overall system. illustrated in Fig. 11. 

Fig. 13 is a control diagram illustratirig one embodiment of an· element control mode 

logic circuit, which eoiploys a spike conttoller. 

Fig. 14 is a conttol diagram iJlustrating one embodiment of a base control mode 

logic circuit, which employs a profile controller and the spike oontroller of Fig. 13. 
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Fig. 15 is a control diagram illustrating one embodiment of a dynamic control mode 

logic circuit, which employs a wafer controller, the profile controller of Fig. 14, and the 

spike controller of Fig. 13. 

Fig. 16 is a control diagram~ one embodiment of a Dt control mode logic 

circuit, which employs a Dt non-linear controller, the profile controller of Fig. 14, and the 

spike controller ofFig. IS. 
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DETAILED DESCRIPTION OF THE INVENTION 

A temperature control system for a thermal reactor is disclosed that addresses the 

problems noted above. In accordance with_ one aspect of the disclosed control system, a 

plurality of temperature controllers iri ~ployed. Each ·temperature co~ller 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 controllen are awilable 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 temperature control system. Each 

of the controllers includes observer gain to the feedback logic that couples the multiple 

controllers to one another. The observer gain feedback logic causes the controller output 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 systein 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 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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coneJates 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 ~ieces that are ultimately ruined as a result of 

the hardware failure. 

In accordance with a still further aspect of the temperature control system, the 

control system is provided with virtual thermocouple logic. The virtual thermocouple logic, 

upon detection of the fililure of one or more thermocouple devices, is effectively substituted 

for the failed component. This lessens the likelihood of loss of the entire batch of 

woricpieces in the event of a.failure of one or more temperature sensing circuits. 

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 

the event of a &ilure of a heating element. Again, this lessens the likelihood of loss of the 

entire batch of workpieces in the event of the fililure of one or more heating elements. 

All of the foregoing aspect of the present invention may be combined into a single 

temperature. controller. 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. IA illustrates one embodiment of a thermal reactor system 10 that may be 

c:Ontrolled using the temperatW'e control system of the present invention. The thermal 

reactor system 10 includes a thermal reactor 12. Although the reactor of Fig. IA is shown· in 

a vertical orientation, the therDla1 reaCtor 1~ can~be oriented hori7.ontally or Vertically. 

The thermal reactor 12 includes a process tube 14 defining a reactor chamber. 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 whim extelids along and substantially defines a longitudillal ms. 

The thermal reactor system 10 further includes a boat loader or paddle 18 whiclt inserts or 

removes a wafer load 2o into odrom the process tube 14. ~ particulirly, the boat loader· 

18 includes a support portion·22, and a door portion 24 which is movable with the support 

p(>rtion 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 exampl~ are 

formed of quartz or silicon carbide. The wafer load 20 further includes ·a pluiality 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 workpiece processing array. 
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The thermal reactor 12 also includes one or more beating elements 30 that SUITOUDd 

the process tube 14. In the illustrated embodiment, the heating element 30 is an electrical 

resistance heating coil or coils extending along the length of the processing chamber parallel 

to the length of the process tube 14. The~ element 30 is preferably subdivided into a 

plurality of separately controllable heating zones 32 by, for exampl~ providing .connections . . 

along the coil to divide the coil or coils into separately controllable zones. The zones are 

then separately controllable by supplying power to opposite ends of each zone associated 

coil. or portion of a 1~ coil. More particularly, as shown in Fig. 4, the thermal reactor 

system 10 includes high current voltage transformers 33 and silicon controlled rectifiers 

(SCRs) 34 for controllably applying power to each of the heating mnes 32. 

Ceramic insulation 35 encases the heating dement 30. The insulation serves to 

reflect and otherwise direct beat toward the wafer may and, further, serves to provide a 

more unifonn layer to minimize heat flux variations away from the processing array. 

Temperatme 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 phuality of profile thermocouples 42. Thermocouples as the term is used herein 

encompasses a variety of temperature sensors, including the more specific meaning of 

thermocouples. Ahemative temperature sensor constructions are. also intended by the use of 

the term thermocouples. 
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· The spike therm0couples 36 are placed at a suitable location, such· as between the 

heating ·element 30 ·and the process ~be · 14, to lneasure ·the temperature of the heating 

element at a Rtipective mne. The spike thermocouples 36 are thus spaced apart along the 

length of the heating element 30, at least 0ne_ spike thermocouple 36 being loc:ated in each of 

the heating zones 32. The spike thermocouples 36 provide the most specific and responsive 

indications of the iempeiature at or of tlte liming elements in each of the heating zones. 

The profile thermocouples 42 are disposed along mi elongated profile rod 40 and are 

sUpported in a sheath 38 that extends inSide the process tube 14. The sheath 38 is preferably 

fbrin of quartz or silicon carbide. The profile rod 40 has a length par8llel to the tengtb of the 

process tube 14 .. At least one.thermocouple 42 is located in each of the beating z.ones 32. · 

The profile thermocouples 42. however, are not necessarily ·aligned with the spike 

thermocouples 36. The profile thenn<>coupl~ 42 measure temperature inside the. process 

tube 14 and provide an indication of the temperature of the wafer load 20 in each of the 

respective heating zones. 

·.A plurality of tliennocouple instrumented w8fers 44 are optionally employed during 

modeling of the thei-mal reactor. Fig. lB Shows the thennal reactor 12 of Fig. lA m:eiVing 

the thermocouple initrumented wafers 44 cluring modeling. These thermocouple 

instrumented wafers 44 are uniformly spaced across the wafer load 16 to ptovide an 

accurate measurement of the actual temperature of the wafers 28. Each of the exemplary 

thermocouple instrumented wafers 44 includes a silicon wafer, ~ two thermocouples 46 
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bonded to the silicon wafer: one on the edge of the wafer, 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 ~r system 10 may be enhanced to expand its 

applicability to a wide range of microelectronic circuit manufacturing processes. For 

example. the thermal reactor system IO may include a gas delivery system or gas panel 48 

for r.ontrollably injecting process gases from selectable gas supplies 50 into the process tube 

14 to grow, diffuse, or deposit material on the surface of the silicon wafers 28. The gas 

panel 4' as shown in Fig. 3, includes valves S~ and mass flow controllers 54. The mass 

flow controllers 52 are used 10 measure and control flows of process gasses into the process · 

· tube 14. The thennal_reactor 12 may further include a torch.62 internal 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 enhancement, the process tube 14 may be pressmized for 

low pressure chemical vapor deposition (LPCVD) processes. As. shown in Fig. 3, such a 

thermal re.actor system 10 preferably includes a pressure r.ontroller 56. and a baratron or 

other suitable pressure sensing_ device 58 which measures the .Pressure in the process tube 

and communicates the measured pressure to the pressure controller 56. : Further, in these 

embodiments, the thermal . reactor system 10 may include pumps and valves 60, . in 
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communication with the pressure contrOller S6, that are used to achieve the desired pressure 

in the process tube 14 for the LPCvD process. 
. . . 

Control of the operation of the hardware described above is preferably achieved ·by 

intedacing the hardware with a proSrammeble control system that is suitable tor entering 
. . 

. and executing a user programmed reape. With reference to Fig. Z the thermal reactor 

system 10 includes a control system 64 for controlling the temperature and other processes 

in the thermal reactor 12. The control system 64 is preferably divided into two dsystems: 

a process sequencing subsystem 66 for accepting and executing a process sequence, and a 

temperature subsystem 68· for temperature control in accordance with the ~ sequence_ 

Both. the process ·sequencing· subsystem 66 and· temperature control subsystem 68 lbllow · 

user defined process recipes that, for example, are entered through user interface 82. 
. . 

In the illustrated embodiment, the process sequencing subSystem includes a 

microproc:essor that interfaces with random access inemory n,· a progralllmable EPROM 74 

that stores controUer logic, a plurality of digital input and output channels 76, a plurality of 

atlalog input and output channels 78, and a user interface 82. A plurality of serial mput and 
.· .. .. . 

output channds 80 for external (remote) coinmunication may be included. if external 

communication is desired. While other user intertices can be employed, the user intedice 

82 of the disclosed embodiment· comprises a touch screen terminal interface with which a 

U8el" can enter a user defined process 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 eontrol 

subsystem 68 as input parameters that are used by the temperature control subsystem to 

implement the temperature control aspects of the recipe. This communication capability is 

illustrated by line 87. In the disclosed em~dimen~ such parameters comprise at least the 

temperature setpoints 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 eontrol system interface illustrated in Fig. 3 that 

provides an interface between the process sequencing subsystem 66 and the hardware of the 

. gas delivery system and/or pressure eontrol system. As shown in Fig. 3, a gas panel· 

intert8ce 104 is connected between the gas panel 48 and the proc.ess sequencing subsystem 

68. The. gas panel interface 104 provides the control system 64 with an interface to 

communicate with the mass flow controllers 54, the gas valves 52, the internal or ~ 

torch 62, the pressure controller 56, the boat loader 18, etc. Further, the gas panel interface 

104 may include a a plurality of hardware safety interlocks for the thermal reactor (e.g., to 

ensure hydrogen flow with a proper oxygen to hydrogen ratio, to detect a flame &om the 

torch 62, etc.). 

The temperature control system 68 controls the temperature within the thermal 

reactor 12 in accordance with a user programmed recipe. Temperature control is preferably 

based on dynamic modeling of the thermal reactor 12 in which desired temperature states 
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Bre mOdeled based OD measurable system parameters. In operation, the recipe Comprises 

temperature set-point values that are used by one or more dynamic models to drive the 

thUmal reaCtor 12 to the desired tempeniture state. 

THERMAL REACTOR HAVING MULTIPLE TEMPERATURE 

CONTROLLERS 
. . . 

W1th reference again to Fig. 4, the temperature control· subsystem 68 receives at lem · 
tWo input signals for each predefined heating mne: a profile thermocouple input ftom which 

the temperatuie at the profile thermocouple for the respective heating zone may be· 

detmnmed, and a spike thermocouple input from which the· temperatuI'e ~ the spike 

thermocouple for the respective heatmg 7.0De may be determined. These profile and spike 

temperatures are pri>vided through a therinooouple interface 130 as illustrlted by line 215 

and are used in conjunction With the temperature set-point input at lme 135 to provide one or 

more heating element output control values at lines 140. The output control values at lines 

140 are supplied to the input of a heating elenients control intertace 145 and are used to 
. . 

control the electrical power that is supplied at lines ISO ·to respective heating 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 of the 

controllers 96, 98, uid 100, is designed,. preferably based on one or more dynamic· models 

derived from emperical test data, for optimum co~I 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 a 

low-level temperature range. controller 98 is designed for optimal temperature control over 

a mid-level temperature range, and controller 100 is ciesigned 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 

temperature ranges may be desired. In accordance with one embodiment of the system, the 

low l~~ temperature range may be centered about SOO degrees Celsius, the. mid-level 

temperature range may be centered about 800 . degrees Celsius, and the high-level 

temperature range may be centered about IOSO degrees Celsius. The ranp over which each 

controller operates thus extends iougbly +/- 1 SO degrees about the center range temperature. 

Each of.the controllers 96, 98, and 100 is constructed using robust optimal control 

theory with empirically derived models of the furnace uid workpieces that are to be heated. 

More particularly, in the illustrated embodiment, the muJtivariable controllers 96, 98, and 

100 are preferably constructed using H-lntinity control theory. One manner of deriving ~e 

models used in the controllers 96, 98, and 100 is set forth in W098/35S31 cited above. As 
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disclosed in that application, each controller design preferably employs two dynamic 
. .. . 

models. One of the dynamic modelS relates Power inputs tO spike outputs and the second 

model relates spike inputs to profile ·outputs. However, it will be recognized tb8t other multi­

variable control logic desips may abo be~-

The control logic tiow illusinited in Fig. 4 is generally independent of the pmucular 

' . . . . . . . . . . . 

control theory used to design the controllers 96, 98, and 100. The only general requirement 

is th8t each eontroller 96, 98, and 100 is capable of generating an accurate cantrol output 

based on one or more measured vmiable inputs. 

In the illuitrated system, the vari&ble inputs to each controller comprise the set-point 

input and one or more of the temperature data inputs indicative of the telnperature detected 

by the tbermocoupla 36 and 42. The set-point input, shown generally in logic block ~ 

at lSS, holds the set-point temperarure value that is to be attained. This value is determined 

by the particular recipe that is being implemented by the syitem· 10, and is r.oncurrently 

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 thermOcouple ·data values are applied to a dynamic model respectively Usociated 

with each of the controllerl 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 fur which the 

dynamic models of the other controllers are designed. As such, the output control values at 

lines 160, 16S, and 170 provide three~ 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 fur 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 intertace 145 to 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 intrice 145 is executed by control output selection switch logic, shown generally in 

logic block form at 175. As shown, the control values at lines 160, 165, and 170 are 

provided to the input ofthe control output selection switch 175 which,. in tum, switches one 

set of control values to a control value output, shown generally by line 140, based on 

predetermined selection aiteria. The selection aiteria 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 a 

basis for selecting which of the control values is to be provided to the beating element firing 
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. . 

interface 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 Imes 160, 165, and 170 is. provided at the output of the control 

output selection sWiteh 175 thus depends oci the particular temperatUre set-point inj>ut value 

provided at line 135. 

In accordance with one mode of operation, switching logic deperulent on the value 

of the temperature Set-point input value may involve allOcatlng upper and/or lower Set-point 

tempefature thfeshold values to ~ of the controllers 96, · 98. and 100. For example, the 

output value 160 of the low-level temperature Controller 96 n1af be switched U, the output · 

140 whenever the set-point temperature value is below a given tlnshold value, T1.0w. When . 

the. set-point teinperatme valUe is above·Ti.0w, but below a further threshold ·value, ·THiaia, the 

set of control vahles at 165 of the· mid-level· temperature controller 98 may be switched to 

the output 140.·· Similarl% when the set-point tenlperature·value is above Tmp, 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 value of Ti.ow 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 andlor optimal. Alternatively (or in addition), Tr.aw may be chosen 

to be close to the lower temperature value for which the dynamic· model used by the mid­

level temperature controllei' 98 is accurate andfor optimal. The value ofTmg1a is preferably 

chosen to be close to the upper temperature value fur which the dynaniic model used by the 
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mid-level temperature controller 98 is accurate and/or optimal. Alternatively. (or in 

addition). T Miah 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 tiring 

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 provided 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. tlws depends on the particular thermocouple temperature input value· 

provided 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 t~d to provide temperature input values that are more indicative of 

the average temperature 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 

indi~ a temperature lying in a range below a given threshold value, T1.ow. tile set of 

control.values available at 160 of the low-level temperature controller 96 may be switched 
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to the output 140. Whenever the thermocouple input value indicates a temi>erature lying in·. 

a range above T1.aw but below a further threshold value, Tffi&lb the set of control values 

illustrated at line 165 of the mid-level temperature controller· 98 may be switched to the. 

output 140. Similarly, when the th~le input value iridicaies a temperature that is in 

a range above THiglb the set of control values illustrated at line 170 of the high4evet 

temperature controller 100 may be switched to the output 140. In this example, the value of 

T1.ow 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·inay alternatively (or in addition) be chOsen to be dose to the lower temperBrure value 

fur which the dynamic model used. by the mid-level temperature controller 98 is accurate · · 

and/or optimal. Similarly, the value ofTmp ls preferably ~sen 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 alterriatively (or m addition) be chOsen to 

be close to the lower temper8ture 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 partirular controller is nOt used at output line 140. HoweVer, they· 

haw 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 switch logic 175 may result in the control system 68 driving the reactor 12 

to the desired set-:point temperature value in a sub-optimal manner. This is due to the tact 

that the dynamic model used in the unused controller differs from the dynamic model of the 

controller that is used prior to the control ~ue switch. The different dynamic models result 

in substantially 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 

observer gain feedback logic unit 185,190, and 195, and a respective temperature control 

logic unit 200, 205, and 210. Each temperature control logic unit 200, 20S, and 21~, 

i1DJ>lements the respeetive dynamic model based on the set-point input value 15S, the· 

plurality of thermocouple data values indicated by line 215, and an observer gain ~back 

output value provided from the respective observer gain feedback logic unit. as ~ ~ 

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~ 

the respective temperature control logic unit 185, 190, and 195. In the iJlustrated 

embodiment, each observer gain feedback logic unit 185, 190, and 195, receives one or 

more controller output values calculated by the respective temperature control logic unit 

200, 205, and 210, is shown at lines 235, 240, and 245, and feedback values provided ftom - . . . . . 

the control output selection switch logic 175 as shown at lines 250, 255, and 260. The 

controller output values shown by lines 235, 240, and 24S, are preferably data values 
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calculated within the respectiw temperature control logic unit that are used in observer 
. . ·, 

feedback paths within the temperature control logic unit to ultimately calcul&te the control 

values at the controller output The observer feedback values provided ftom the control 
. . . 

output ·selection switch logic 175 indie&t;e contain the control output of the particular 

·controller that has been selected for output at line 140. 

In operation, the observer gain feedback value at lines 220, 225, and 230 for a 

particular controller differs for a given set of controller output values at Jines 235, 240, 

and 245, depending on whether or not the control value output of the particular controller 
. . . 

· is being supplied at output line 140 for provision to the he~ting element ti~g interface 

145. For mmple, a given set of low temperature controller output vilues at line 235 · 

results in a set of control values, X, at. line 160 when the value input at line 250 indicates 

that the output of the controller 96 at line 160 is provided at output 140. This same given 

Set of low temperature controller output values at line 235 results in a different set of 

control vilues, Y, at line 160 when the value input at line 250 indicates that the output of 

the controller 96 at line 160 is not provided at output 140. To this end, the controller 

output inodel 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 respective temperature control 

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

logic unit 18S,. 190, and 195. Gain co~I matrix constants of the first . gain control. 

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

optimal fashion 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 v~ue output of the controller selected. by the 

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

value at its output when the control output selection switch provides its control value at 

output line 140, and provides a control value that generally tracb the control val~ 
. . 

output of one or more of the other controllers when the control value. of one of the otn~ 

controllers is provided at output line 140. . The constants for the first and second ~ 

matrix calculation for a given temperature controller 96, 98, and 100 may differ (and, 

generally, do differ) from the correspo~ing constants used in the . other temperature 

controllers. 

. As noted above, the embodiment illustrated in Fig. 4 is generally independent of 

the particular multi"'.variable controller used by the temperature controllers 96, 98, and 

100. Fig. s. however •. illustrates one . manner of implementing a temperature co~llel'. 
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uSing two dynamic models: one model relatirig power inputs to spike 'outputs, and the 

other model relating spike inputs to profile OtJtputs. The dynalnic models are specifically 

designed for using the teiilperatUre values provided by the profile and spike 

thermocoupleS. The controller logic arch:itecture ·is suitable for use in the temperature 

Control subsystem· set forth in Fig. 4. The architecture of Fig~ 5, although ~gnated with 

the label 96 of the low-l~el temperature controller, is sUitable for use in the design of 

each'ofthe temperature controllers 96, 98, and 100. 

As illustrated, the controller, ·shown genmuy at 96, includes a profile error signal· 

generator 290 that generates profiJe error values at line 295 based on a tomparlsOn 

between the temperature set-point value as designated at line 13.S and profile · 

thermocouple values received at line 306. Similarly, a spike error signal generator 305 

generates spike error values at line 310. The profile error values at line 295 are provided 

to the input 3 lS 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 

98/3SS31 and the specific details thereof are omitted for the Sake of simplicity. 

Unlike the basic temperature controller of the parent application, the controller 96 

implements observer gain feedback logic in accordance with the. system architecture of 

Fig. 4 and the corresponding disclosure above. To this end, an anti-windUp gain 

computation matrix 335, a gain-schedule computation matrix 340, and an observer mode 

switch 345 are used to compute the values of the parameters provided at input 3 IS. The 
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anti-windup gain computation matrix 335 provides output values at 355 that are 

computed using a first set of gain parameters. The gain-schedule computation matrix 340 

provides output values at 360 that are computed using a second set of gain parameters. 

The output values at 355 and 360 are proyided to the input of the observer mode switch 

345. The observer mode switch 345 selects which of the values at 355 or 360 are 

provided to the input 31 S 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 inter£ace 145. 

Similarly, the observer mode switch 34S provides the 0':1'J>ut values at 360 of~e observer· 

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 not being provided to the beating 

elem~ firing interface 145. 

A similar logic architecture is associated 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 

provides output values at 385 that are computed using a first set of gain parameters.. The. 

gain-schedule computation matrix 375 provides output values at 390 that. are computed 

using a second set of gain parameters. The output values at 385 and 390 are provided to 
. . . . . . 
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·the input of the observer mode switch 380. The obserVer mode switch 380 selects which 

of the values·~ 385 or 390 are provided to the input 325 of the spike controller 330. Th~ 

observer mode switch 3$0 provides the output values at 385 of the anti-windup gain 

coml>utauon matrix 370 when the value qf the signal illustrated at 250 indicates that the 

ci>ntrol values at output 160 of the controller 96 are being provided to the heating element 

firing interface 145. Similarly, the observer mode switch 380 provides the outp1it values 

at 390 of the· observer gain computation matrix 375 when the value of the signal 

·illustrated at 250 indicates that the: oontrol .values at oUtput 160 of the controller 96 are 

noi being provided to the heating element firing interface I4S. 

A de-coupled observer feedback system can also be implemented using the logi~· 

architecture of Fig. S. In such a' system. the gains associated with the input values 

designated with circles are set to zero. 

It should be noted that a wide range of system logic architectures are suitable fo~ 

implementiDg a temperature control system that utilizes both the profile 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 output ~alues from one of a plurality of profile 

controllers designed for different temperature ranges are selectively 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 ~YSTEM HAVING ENHANCED RAMP 

TRAJECTORY LOGIC 

Fig. 6 illustrates one manner of implementing the temperature ~ntrol system 68 

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

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

measured by the thermocouples 36, 42. Additionally, the controller 1140 receives 

temperature output values, TOUlpllto from a ramp-up/ramp-down temperature ·vatue generator: 

1145. As will be explained in further detail below, the temperature value gene.ratoi' 1145 

provides the temperature output values, TOlllpllt. to the controller 1140 in response to at least 

the temperature set-p>int 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

uplramp.down temp~ value generator to generate the temperature output values, 

Tautput. that assist in preventing temperature overshoot in the thermal reactor 12. 

The controller 1140 is constructed using robust optimal control theory with 

emp~cally 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 conttoller 1140 is set (orth in W09813SS31, titled 

''MODEL BASED TEMPERATURE CONTROLLER. FOil SEMICONDUCTOR. 

THERMAL PROCESSORS1
', which is hereby incorporated by reference. However; it will 

. . 

be recognized that other multi-variable control logic designs may alternatively be uSed. The 

control logic flow illustrated in Fig. 6 is thus generally independcmt of the particular control 

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

is capable of executing 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 113 s to its dynamic model. Tue controller 1140 uses the 

iDPut values to generate an output that composes a plurality of c<>ntrol values that· are · 

provided, for example, at the output represented by ·line 1160 to the· input of a heating 

element firing interface 1165. The firing interface ·1165 applies coiitrolled 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 aiid 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 value is provided to 

the temperature value generator 1145 which, in tum, provides the controller 1140 with 

incremental temperature output values, T C1UtpUt> that the ·controller 1140 uses for· 

temperature control of the thermal reactor 12. The temperature output values, Toutpat, 
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form a modified ramp function over time. The temPtniure 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, T..,, during a portion of the ramp-up phase. 

The ramp rate of the modified ramp funct~on, however, may be reduced as it approaches 

the temperature set-point value in order to improve temperature control, avoid wafer slip, 

etc. 

There are several novel manners for implementing the modified ramp function of 

the temperature value generator 1145. Fig. 7 iJlustrates one such implementati~. 

With reference to Fig. 7, the goal of the temperature value generator 1145 is to 

provide a sequence of temperature output values, TOlllpll, that drive the controller 1140 · 

~ thus, the reactor temperature, from an initial temperature, Tinitiab to the t~erature 

set-point input value, T111• In doing this, the temperature value generator 1145 provides 

temperature output values, Toutput, 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 ti and proceeds to provide the ~ntmller 1140 

with incremental temperature output values, T output, that correspond to a maximum ramp 

rate, :a_. The value of the maximum ramp rate, ~ may be based on a value input by 

the user or may be a ~redetermined system constant. 
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AS the value of the temperature output value, TaulpUI. approaches the temperature 

set-point input value,. T.,, the temperature vahie generator 1145 begins to provide the 

controller 1140 with temperature output values, Tou1p11&o that correspond to a minimum 

ramp rate, Ram. This minimum ramp n1:ie iS used until the temperature output value, 

Taulplll. provided by the temperature value generator 1145 equals the temperature set-point 

input value, T.,. The value of the minimum ramp rate, Rmm. may be. based on a. value 

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

minimum ramp rate that generates the maximum tolerable temperature overshoot in the 

thennal reactor 12 that does not hnpair the thermal processing of the workpieces beyond 

process· tolerances. 

The point at which the temperature value generator 1145 switchei from the 

•mum ramp rate, ~ to the minimum ramp rate, R.am,"" may be set in a number of . 

ways. For mmple, the temperatlire value generator 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, T.,. The value ofX 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, (t2 -ti). 
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Fig. 8 illustrates a fbrther 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. TOUlplll. that drive the controller 

1140 at the minimum ramp rate, R-. at ~ beginning portion of the ramp-up phase. At a 

predetermined point, such as at a percentage, Y, of the temperature set-point input value, 

T.,. or of the initial temperature value, Tinitial, the temperature value generator 1145 

generates temperature output values, Tcimput, that drive the controller 1140 at the 

maximum ramp rate, Rau. At a further predetermined point, such as at a percentage, X. 

of the temperatures set-point value, T.,_ or of the initial temperature value, Tillilial, the 

temperature value generator 1145 again generates temperature output values, T ou1p11t, that· 

drive the controller 1140 at the minimum ramp rate, Rmu.. until the temperature output 

value reaches the temperature set-point input value, T 'P· As above, ramp rate. switching 

may alternatively be based on total ramp-up time, user programmed recipe valu~ 

predetennined system constants, etc. 

A further modified ramp-up function that may be implemented by the temperature 

value generator 1145 is shown in Fig. 9. In this example, the ramp rate, ~ used by 

the controller 1140 varies over the ramp-up phase, but is in no event less than the 

minimum ramp rate, Rmm. To this end, the ramp rate, Rcum.. ai a given temperature 

output value, Toutputo may be described as follows: 
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. .lT ... 
Rmmm=----

J'r 
where: 't is a time constant (user programmed or system constant); and 

Tinitill + R- • t 
Tlalpt = 

. AT 
fort<-·­

. Rn-

'fort~ .&T ' ' R-

where: T 111 is the temperature set-point value; and 

AT= I Tap -Tinitial 1-

PCT/US99/10329 

The ramp trajectory is obtained by solving the following system for Tap: 

dLp -cl! -

( ( I T;r11p..!; T&p I) J 
~;a_l\I {&1) l r'lc.i R,..;""' :> 

...: 

t L 
-~· 

R""c:.x j 

-l: > 
.!JI_ 
llwit.'i! 

.) 

Definitions, 

Tap= Time dependent set point value that defines the ramp trajectory 

[ Tap old :S: T •P :S: T .,uw for allt ]. 

Tsp,_= New target set point 
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t • Time variable as measured from start of ramp 

't =Ramp time constant 

Timpat I!! Input ramp trajectory that is subsequently filtered 
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If the ramp rate calculation above results in a value that is less than the minimum ramp 

rate, Rmm, then Rau... = R.nin so 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 valu~ Tautput, 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 rate values, Rmm, 

on the temperature output value, ToulpUl· In the illustration, line 1210 is a graph of the 

temperature output values, Toutput, where a large minimum ramp rate, Rnun. is used. Line 

121S is a graph of the temperature output values, Toutpit, wherein a minimum ramp rate, 

Rmm. is used that is less than the minimum rainp 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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uhimately reach the temperature set-point value, T.,, but provides for a smoother 

transition toward that value thereby reducing and/or eliminating temperature overshoot in 

the thermal reactor 12. A similar effect· results· when ·the tiJD.e constant, 't, is varied. 

Larger time constants result in smoother ti:ansitions between tb.e·minililum and maximum 

ramp rates and, further, provide for smoother transition as the temperature output value 

reaches the temperature set-point value; T..,. 

In addition to temperature overshoot avoidance . other advantages of using a 

nonlinear ramp trajectory include: 

1. · Better ov~l control ·behavior and zone-to-zone matching; 

2. Specification of a single 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 i$ a tradeoff between different control· objectives. In a preferred 

embodiment high bandwidth controllers·w/aggressive disturbance rejection properties are 

chosen (SP changes can be viewed as a disturbance). A linear ramp therefore; can 

repfCSent a large disturbance that cause aggressive controller response. Nonlinear ramps 

sDK>Oth the disturbance, and also the controller response. · 

Although the modified ramp functions illustrated in the foregoing environments 

are directed toward .application in a temperature ramp-up p~ 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 pha~ 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 

temperature~ 

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 controller 2160 is ~nnected to receive a 

plurality of input data . values. The controller 2160 is constructed . using robust optimal 

control theory with empirically derived models of the furnace and workpieces that are to be 

~eated. More particularly, in the illustrated embodiment. the controller 2160 is preferably a· 

multi-variable controller that uses a dynamic model constructed using H-intinity control 

theory. One manner of deriving the dynamic model used in the controller 140 is set :f.brth in 

W098/355_31,_ titled "MODEL BASED TEMPERATURE CONTROLLER. FOR 

SEMICONDUCTOR mERMAL PROCESSORS", which is hereby incorporated by 

reference.. However, it will be recognized that other multi-variable control logic designs 

may alternatively be used. The control logic flow illustrated in Fig. _ 11 is thus generally 

independent of the particular control theory used to design the controller. The only general 

requirement is that the controller 2160 is capable of executing a dynamic model based on 

01_1e or_ more measured variable input~. 
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The controller 2160 reCeives ci8t.a values repreSented by line 2165 that correspond to 

the temperatUre Values ·as measured by the thermocOuples 36, 42. These values are~ 

connected from the thermocouple interface 2130 through thermocouple switch logic 2170. 

Additionally, the controller 2160 receives the temperature set .. point value at line 2135 from 

the temperature set...point input, shown logically at 2175, that, for example, is entered by the 

user as part of the process recipe. 

The controller 2160 applies the temperature set-poirit value provided at 2135 and 

the thermoeouple data values· at 2165 to its dynamic model. The controller 2160·uses the 

inpUt vBlues to generate an OUtpUt that cODlprises a plurality Of control values that are 

provided, for example, ·It the output represented by line 2140 to the input of the. heatini · · 

element firing interface 2145. The firing interface 2145 applies controlled power to the 

heating element zones at lines 2150 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. 

As is readily apparent, a hardware failure that results in an inaccurate reading 

ftom a thermocouple Will cause the dynamic mOdel of the controller 2160 to anive at 

improper solutions for the control output values that are shown logically at line 2140. In 

conventional practice, · ihe teniperature control system is immediatety shut down when 

such failure conditions are detected. In contrast to this conventional practice, the 

temperature control system of the present invention substitutes a vUtual temperature 
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sensor in place of the failed input value to tacilitate either continued operation. of the 
. . . . 

reactor in accordance with the programmed recipe 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 value. To this end, the profile and spike thermocouple values are provided at· 

the output 2180 of the thermocouple interface 2130. These value'7 ~turn, are provided 

to the input of thermocouple failure detection logic 2185, virtual thermocouple logic 

2190, and the thermocouple switch logic 2170. 

The thennocouple failure detection logic 2185 monitors the thermocouple d• · 

values to detect 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 from a particular thermocouple and i~ 

not necessarily limited to a failure of the thermocouple itself. Various state changes may 

indicate such a wlure. 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 the input values of each thermocouple may be compared to an upper or lower rate 
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threshold value to detect a failure c0ndition of the thermocouple or related components. 

When a failure of one or more of the thermocouple input v81ues is detected, the detection 

logic 2185 provides a failu~e output signal, shoWn in logic form at 2195 that indicate a 

failme condition and identities one or mor~ of the thermocouple inputs ~t have failed. 

The. virtual thermocouple logic 2190 also reeeives. the thermocouple data values 

and uses these values as inputs to a plurality of dyJiamic thermocouple models, at least . 

one model respectively associated· with each thermocouple data value input that is to be 

provided to the controller 2160 at line 2165. Each dynamic thermocouple model is 

designed to provide a virtual thermocouple output that · accurateJy tracb what the 

thermocouple data input to the controller 2140 for a particular thermocouple input would ·. 

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

In the disclosed embodiment. the dynamic model for a particular thermocouple input . 

preferably relates ·the thermocouple input v8lues . 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 spilce. and profile 

thermocouples are used by the dynamic model(s) of the coDtroller 2160, only the profile 

thermocouples are modeled. The virtual thermocouple output values are provided to the 

input of the thermocouple sWitch logic 2170. as shown logically by line 2200. 

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

state of the failure output 2195 of the thermocouple failure· detection logic 2185. Under 
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normal operating conditions in which the thermocouple input values at line 2180 

accurately 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 tailure 

is detected by the thermocouple failure detection logic 2185 that, in turn, provides the 

failure output at line 2195 to at least the thermocouple switch logic 2170. In response to 

the fililure 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 

~er 2160 thereby making the controller 2160 aware of the fililure 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 ex:ecu~on 

of the recipe. Which action the controller logic pursues may be dependent upon. for 

example, which of the thennocouple inputs has failed. 

A virtual temperature sensor such as the one disclosed above may be used in the 

foregoing temperature control system. Moreover, the principal of optimizing one or more 

dynamic models for use over predetermined, generally non-overlapping temperature 

ranges may also be applied in the design of a virtual temperature sensor. Such a system 

is shown in Fig. 12. 
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··As illustrated, the virtUat ~ocouples logic, shon generally at 2190, receives 

the spike temperature input·values ·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 profile ~ue DU>dels 2210 ancl 2215. ~cted profile 

value model 2210 is optimized for a temp~ature range that is higher than the temperature 

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 predicted profile selector 2220 is responsive to one ·. ' · 

or more inpUt sigilals indiCative ·of the temperature range· in which the thenna1 reactods 

operating or is to operate and selects the appropriate predicted Profile values at lines 2225 

or 2230 for output at line 2200~ In a preferred embodiment; the predicted profile Selector 

2220 is responsive to a. spike temperature input value at line 2180b that is indicative of 

the temperature sensed by a spike thermocouple that is disposed at a central portion of the 

thermal reactor 12. If the sensed ·temperature falls within the optimized range .of the 

high.;temperature predicted profile value model 2210, then the predicted profile values at 

line 2225 are selected for output at 2200. Similarly, if the sensed temperature tails within 

the optimized nuige of the low-.temperature predicted profile value model 2215, then the 

predicted profile values at tine 2230 are selected for output at 2200. The value of the 

temperature set-.pc)int inplit 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 221 S are optimal under the given conditions. If the value of 

the temperature set-point input falls within the optimized range of the high-temperature 

predicted profile value model 2210, then the predicted profile values at line 2225 are 

selected for output at 2200. Similarly, if tile 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 va)ues at line 2230 are selected for output at 2200. 

It will be recognized that a wide range of logic architectures other than those set 

forth. in Figs. 11 and 12 may be used to implement the disclosed virtual temperature 

sensor substitution system. It is therefore contemplated that all such systems fall within 

the _ambit of the present invention. 

· . HEATING ELEMENT FAILURE CONTROL 

The temperature control system 68 controls the temperature within the thermal, 

reactor 12 in accordance 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 

m~dels to drive the thermal reactor 12 to the desired temperature state. 

With reference to Fig. 13, the temperature control subsystem 68 receives atl8'lst 

two input signals for each predefined heating zone: a profile thermocouple input :&om. 
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which the temperature at the profile thermocouple for the respective heating zone may be 

determined, and a spike tb..ermo~ouple input froin which the ~er&ture at. the spike 

thermocouple for the respective heating zone may be determined. These· profile and 

spike temperature are provided through a. thennocouple interface 3130' as illustrated by 

line 321 S and are used in conjunction with the temperature set-point input at line 3135 to 

provide one or more heating element output control values at lines 3140. The output 

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 3 lSO to 

respective heating zone elements. 

A process of designing the controllers 96, 98, 100, and 102 is described·in detail.· 

in W098/35531, or titled. "MODEL BASED.TEMPERATURE CONTROLLER. FOR· 

SEMICONDUCTOR THERMAL PROCESSORS", which is hereby incor.,orated by; 

reference. In the embodiment of the thermal processor disclosed in that application, two 

types of models ate created: off-line arid on-line. By "off-line model/' what is meant is a 

model that is 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 wafers 28, 

In the embodiment disclosed in the foregoing application, three off-line models 

ate developed: a power set-point vs. spike thermocouple model; a spike thermocouple vs. 

protile thermocouple mc>del; and a profile and spike thermocouple vs. thermocouple 
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instrumented wafer model. Each off-:line model is used to design the controllers 96, 98, 

l 00, and 102 in the temperature subsystem. 

A single on-line model is developed to estimate wafer temperature during 

operation of the thermal reactor 12. The Qn-line model predicts the actual temperature of 

the 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 between the wafer temperatures and the measured 

profile and spike temperatures is performed to provide an accurate indication of the wafer 

temperatures during dynamic changes in temperature. Further, it is assumed that under· 

steady-state conditions the profile temperatures are indicative of the actual. temperatures 

of the wafers 28. 

After modelin& the three off-line models are used to create .. ~ separa~ an4 

unique controllers: the spike controller 96, the profile controller 98, and the wafer 

controller 100. The spike controller 96 uses.the difference between the spike set-points 

and spike thermocouple measurements as inputs, and then outputs the power set-points to 

the tiring interface 108. The profile controller 98 uses the ditrerence between the profile 

set-points and the 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 

$UBSTITUTE _SHEET (RULE 26) 



W099/!9196 PCT/US99/10329 

..;s2-

pi-ofile set~ints to the profile controller 98. In the illustfated embodim- eam 
controller 96, 98, and 100 is designed using H-lnfinity robust optimal control theory. 

. . . 

More particularly, in ~e illustrated embodiment, each of these . controllers are 

multiWriable, in which the. interaction bef;ween heating zones is taken' into consideration 

to provide improved temperature response to the desired ramp or set-point. It will be 

readily recognized, ho'WeVer, that other control theories may be uSed to implement the· 

controllers. 

In the illustrated elD.bodiment, a control mode logic circuit is selectable ftom among· 

dift"ereDt available contrQl ·mode lOgic circuits including an element colltro1 mode lOgic 

circliit (Fig; 13) defining an element control mode, a base control mode logic cirCuit .(Yig. · 

14) defining a base control mode, a dynamic control mode logic circuit (Fig. 15) defining a. 

·· dynamic control mode, and a Dt control mode logic circuit (Fig. 16) defining a Dt control 

mode. Each of these control mode iogic circuits are defined by a single one or a 

combination of the controllers 96, 98, and I 00. 

More particularly, the temperature subsystem 68 employs the 'spike controller 96 for 

the element control mode (Fig. 13). The temperature subsystem 68 employs a 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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Fmally. the temperature subsystem 68 employs the non-linear Dt controller 102 with the 

profile controller 98, and the spike controller 96 to provide the Dt control mode (Fig. 16) .. · 

A user can provide a recipe comprising multiple steps and which uses any one of the 

control modes in each step. For example, a. user can provide a recipe that switches ftom one 

control mode to another at a given stage of semiconductor processing. One suggested 

approach is to employ the base control mode during a furnace check and push in of the boat 

18, prior to a ramp up in temperature, to employ the wafer control mode during tem~ 

ramp up and temperature stabilization, to employ the Dt control mode during wafer 

processing steps, and to employ the base control mode during boat push out. Another 

suggested approach is to use the base control mode during all processing steps. 

The element control mode is typically a. maintenance mode (e.g., to bum in 

elements). In the element control mode, the spike controller controls. on the· basis of spike 

~pie temperatures. The mode is not used in normal processing of wafers. 

The base 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 profile error is based on the difference between profile temperature set-point, and 

profile temperature measurements by the profile thermocouples 42. The spike controller 98 

comrols ,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 
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therlllocouples 36. The base: control mode provides accurate control resulting in improved 

process unifonnity and c}rcle time reduction attributed to faster stabilization times. The base 

control mode logic circuit uses the prc;file and spike controllers simultaneously by casedng 

them together. 

As illustrated In Figs. 2, one or more heating element failure signits are provided to 

the controller 6S from heating element failure logic, shown generally at 101. The heating 

element ·faihn signals, illustrated in logic· form at line 103 are indicative of a tailure of a 

particular heating element in one of the predefined heating %.ones. Such failures can be 

detected in any number of 'manners. For example, the derivative of the measured spb 

-thermocouple values that are provided for a particular heating zone· over time may be 

monitored to detect a failure. When the absolute value of the derivative · .. exceeds a 

predetermined threshold val~e for a· partiwlar spike thermocouple, it may indicate a' failure 

of the corresponding heating element for the zone. A heating element failure signal may 

then be generated to the controller 68 indicating a failure of the corresponding heating 

elelileDt 

Another manner of detecting a heating element fililure is to measure the di1ferenCe 

between the Spike · set-point· value and the temperature as measllred by the spike 

thermocouples. If the difference exceeds a predetenniiled threshold value in a particular 

zone, it may be used to indicate a failure of the corresponding heating element for that mne. 
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A still further manner of detecting a heating element failure is to measure the cummt 

~owing through the heating element or the voltage across the heating element tbr a 

particular h.eating zone.. If the current falls below a predetermined threshold. value for a 

particular heating element, it may indicate a failure of the beating element. Similarly, if the 

voltage across the particular heating element exceeds a predetermined 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 switches to the element control mod~ shown in Fig. 13. Further, while in this 

element control mode, the spike set point is lowered for the heating mne in which the 

heating element failure oecurred. Preferably, the spike set point for the failed mne is 

dropped with the measured value of the spike thermocouple 36. 

HandHng of the heating element failure in this manner has several advantages. For 

example, such failure handling prevents erratically high temperatures ~m occuning 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 

element is immediately driven to the set point value upon recovery· ftom the tailure 

comlition. 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 thennocouples do not match temperatllres at the edge of a load. Users prefer 

not to change their recipes to compensate for this. One solution to this problem is to shorten 

profile thermocoliples which results in readings generated by the profile thermocouples 

more accurately matching temperatures at~ edge of a load. The dynamic 0r 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. 

In the dynamic control mode, the wafer controller 100 provides prediction or 

' ' 

estimation of the tempera~s of wafers 28 and control to achieve.temperatures· for the. 

wafers 28 which apprC>ach the desired or recipe wafer temperature&· The dynamic control 

mode may be most advantageously employed during temperature ramping mid stabilization · 

steps. The dynamic control mode involves the prior use of the thermocouple instrumented 

wafers 44 during modeling. as discussed above. After modeling while the control system is 

in use, the dynamic control mode controls the thermal reactor 12 based on predicted wafer 

temperature using the on-line wafer temperature estimating model 114. The on-line Wafer 

temperature estimation model 114 predicts wafer temperature based on measurements from · 

the spilce and. profile thermocouples 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 thermocouple instrumented wafers 44 

(representing wafer temperature) and. measurements taken by the profile aiid 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 error. The wafer error is based on the difference. between profi~ 

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

42. The profile controller provides a spik'! set-point control signal based on profile error. 

The profile error is based on the difference between profile temperature et-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 col¢rol mode µses 

the spike. controller 96, the profile controller 98, and the wafer controller 100 cascaded 

to~. 

In the Dt or thermal budget mode, the Dt controller 102 measures temper.ature 

exposure or applied thermal energy and controls energy with respect to set-point· or ~ed. 

energy. Thermal budget is controlled, using measurements from profile thermocouples 42 

and taking the integral of e<·21k.T> where k is Boltzmam'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 eneigy 

sent into the thermal reactor is controlled. The thennal 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 control mode· (Fig. 8), the Dt controller 102 provides a profile set-point 
. . 

based on an energy error. Tile energy error is based on the difference between an energy set-

point, and measured energy. The profile controller 98 provides a· spilc:e set-pohit control 

signal basCd on a profile error. The profile .error is based on the. difference between. profile 

temperature set-point produced by the Dt controller, and profile temperature measurements 

. by the profile thermocouples 42. The splke controller 96 controls power to the thermal 

reactor based on spike ertor. The spike error is based on the ditfenmi:e between spike set­

pointand spilc:e temperature measurement by the spike thermocouples 36. 

Numerous modifications may be made to the foregolng system withOut departing 

ftom the basic teachings thereof. Although the present invention bas been described in 

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

the an 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 control system comprising: 

a first temperature controller that i~ optimized for computing a first set of control 

output values over a first temperature range; 

a second temperature controller that is optimized for computing a second set of 

control output values over a second temperature range, the first 

temperature range being different than the second temperature range; and 

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

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

2. A temperature control system for controlling the temperature of a thermal ·reactor, the 

· temperature control system comprising: 

a first temperature controller that is optimized for computing control output 

values over a first temperature range; 

a second temperature controller that is optimized for computing 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 

tempefatur~ of the reactor.· and for driving the oontrol vatlJ.es of the second 

temperature controller toward the control values of the first temperature 
: ·. . . : .· . 

controller when the first . set of control values is used to control the 

temperature of the reactor. 

3. A temperature control. system for controlling the temperature of a therlnaI 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 opti11lized 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 dyriamic model being optimized over a second temperature range 

to provide generally optimal values for the second set of control values 

over the second temperature range, the first temperature range being 

different than the second temperature 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 second temperature range, the first temperature range being 

ditFerent 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 

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

S. A temperature control system for co~lling the temperature of a thermal reactor, the 

temperature control system comprising: 

a controller responsive to one or more temperatUre input value to control one or 

more heating elements of the thermal reactor; 

a temperature set-point input logic that provides a set-point for a ramping 

temperature transition corr~pondihg to a thermal recipe; 

a temperatilre value generator responsive to the set-point iDput logic to provide 

one or more temperature input values to the controller. 

6; A temperature control system as claimed in claim S wherein the temperature value 

generator determines the one or more temperature •nput values to the controller based 

at least on a maximum ram~up value~ 

7. A temperature control system as claimed in claim 5 wherein the temperature value 

generator determines the one or more temperature inplit vahies 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 S wherein the temperature value 

generator detennines 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 5 wherein the temperature value 

generator detennines the one or more temperature value inputs to the c::ontroller based 

at least on a minimum ramp-down value. 

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

. temperature. control system comprising: 

a controller responsive to one or more temperature input values to control one or 

more heating elements of the thermal reactor; 

a temperature set-point input logic that provides a set-point for a ramping 

temperature transition corresponding to a thermal recipe~ 

a temperature value generator responsive to the set-point input logic to provide 

one or more temperature input values to the controller, the one or more 

temperature input values being defined by a maximum ramp limit during a 

mid-portion of a thermal ramp cycle and being. defined by a minimum 

ramp limit at one or both of an end-portion or a beginning-portion of the 

thermal ramp cycle. 
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11. A temperature control system as claimc:d in claim 1 O wherein the maximum ramp 

limit is programmable through entry of a thermal recipe. 

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

limit is programmable through entry of a thennal recipe. 

13. A temperature control system for controlling the temperature of a thermal reactor, the · · 

temperature control system comprising: 

a plurality temperature sensors. disposed to measure temperature· associated with 

the thermal reactor; · 

temperature sensor failure logic disposed to detect a failure of at least one of the 

plurality of temperature sensors; 
. . 

a virtual temperature sensor model circuit having at least one output tracking at 

least one of the plurality of temperature sensors based on inputs received 

from other selected ones of the plurality of temperature sensors; 

a controller responsive to the plurality of temperature sensors; 

substitution logic circuit responsive to the detection of a failure of the at least one 
. . . . 

of the plurality 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 ~ 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 model circuit models the profile sensors. 

17. A temperature control system as set forth in claim 1 S wherein the virtual temperature 

sensor model circuit models the profile sensors based on inputs ftom the spike 

sensors. 

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

tem)Jel'&tUre 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 being responsive to 

the heating element failure detector to operate in accordance with the 

element control mode upo~ ·the . detection of a fiilure of one or more 

heating elements .. 

i9. A temperature oontrol. system a8 set forth in· claim 18 wherein the heating· element 

failure detector detects a failure of a heating element by monitoring one or more 

signals indicative of the power supplied to the heating 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 puticular heating 

·zone within the thermal reactor that includes the heating element and comparing the 

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

21. A temperature control system as set forth in claim IS wherein the heating element 

fiilure detector detects a failure of a heating element by calculating the difference 

between a spike set-point value and a t~perature as measured by a spike temperature 

sensor and comparing the difference to a predetermined threshold value. 

. ' . . 
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