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furnace, and based upon an intended  temperature profile and the measured
temperature of the  workpiece, moving the workpiece through the furnace  to
heat process the workpiece generally according to the  intended temperature
profile. 24 March 2005  WO 02/27059 PCT/GB01/03806  -1 SYSTEM AND METHOD
FOR CONTROLLING MOVEMENT OF A  WORKPIECE IN A THERMAL PROCESSING SYSTEM
Background of the Invention 5 The present invention relates to a system and
method for processing a  workpiece, such as a semiconductor workpiece, and
more particularly relates to a  system and method for controlling the
temperature of the workpiece in a thermal  processing system. 10' Thermal
processing systems or furnaces have been widely known and  used for many
years to perform a variety of semiconductor fabrication processes,  



including annealing, diffusion, oxidation, and chemical vapor deposition.
As a  result, these processes are well understood, especially with regard
to the impact of 15 process variables on the quality and uniformity of
resulting products. Thermal  processing furnaces typically employ either a
horizontal-type furnace or a vertical- type furnace. For some applications,
vertical-type furnaces are preferred because  they create less particles
during use, thus decreasing the incidence of contamination  and workpiece
waste, they can be easily automated, and they require less floor space  20
because of their relatively small footprint. Both conventional types of
furnaces are designed to heat  semiconductor wafers to desired temperatures
to promote either diffusion of  implanted dopants to a desired depth or to
perform other conventional processing 25 techniques, such as the
application of an oxide layer to the wafer or deposition of a  chemical
vapor layer to the wafer. The heating requirements of the wafer are
generally important and thus are closely monitored. Conventional
vertical-type thermal processing furnaces, such as tube  30 furnaces, are
designed to support the processing tube within the furnace in the vertical
position. The thermal furnace also typically employs a wafer boat assembly
which is mounted to appropriate translation mechanisms for moving the wafer
boat  into and out of the processing tube. A wafer-handling assembly is
deployed  adjacent and parallel to the wafer-boat assembly to transfer the
semiconductor 35 wafers from wafer cassettes to the wafer-boat assembly.
The wafers are then raised  into a quartz or silicon heating tube. The tube
is then slowly raised to the desired  temperature and maintained at that
temperature for some pre-determined period of 24 March 2005 -2 time.
Afterwards, the tube is slowly cooled, and the wafers removed from the tube
to complete  the processing. A drawback of this processing technique is
that it places constraints on the  time-at-temperature to which a wafer can
be subjected. Conventional vertical furnaces of these  and other types are
shown and described in U.S. Patent No. 5,217,501 of Fuse et at and in U.S.
Patent No. 5,387,265 of Kakizaki et al. US 5,678,989 discloses a method and
apparatus for treating a wafer in a vertical-type  thermal processing
system which involves preheating the wafer at a middle stop position and
then heat treating the wafer at an upper stop position, higher than the
middle stop position. Another problem with conventional thermal processing
systems is that the heating or  processing regimen to which the water is
subjected does not closely match a standard pre- established heating
profile due to system constraints. For example, prior systems employ  



multiple pyrometers to measure temperature at various furnace locations,
and then use the  multiple signals generated by the pyrometers to control
operation of multiple heating units,  such as lamps. The system cycles the
lamps on and off according to the system's heating  requirements. This
heating control arrangement introduces unwanted noise in the system and
generally makes it difficult to process a wafer in accordance with the
pre-established heating  profile. There thus exists a need in the art for a
thermal processing systems that accurately  controls wafer heating in
accordance with a temperature or heating profile. Summary of the Invention
According to a first aspect, the present invention provides a method for
processing a  workpiece in a thermal processing furnace according to an
intended temperature profile, said  method comprising the steps of
measuring the temperature of the workpiece in the thermal  processing
furnace, and based upon the intended temperature profile and the measured
temperature of the workpiece, regulating a position and a speed of the
workpiece through the  f mace to heat process the workpiece generally
according to the intended temperature profile. According to a second
aspect, the present invention provides a system for processing a
workpiece, comprising a thermal processing furnace having a process
chamber, a feedback 24 March 2005 -2a subsystem coupled to the thermal
processing furnace for detecting a parameter of the workpiece  when
disposed in the processing chamber, a control facility for generating a
control signal  based upon an intended temperature profile of the workpiece
and the parameter of the  workpiece, and an elevator subsystem in
communication with the control facility for regulating  a position and a
speed of the workpiece through the process chamber in response to the
control  signal to heat process the workpiece generally according to the
intended temperature profile. Embodiments of the present invention achieve
the foregoing with a system and method  for processing a workpiece in a
thermal processing furnace. According to embodiments of the  present
invention, the method includes the steps of measuring the temperature of
the workpiece  in the thermal processing furnace, and based upon the
intended temperature profile and the  measured temperature of the
workpiece, regulating a position and a speed of the workpiece  through the
furnace to heat process the workpiece generally according to the intended
temperature profile. Embodiments also include the step of providing an
intended temperature profile of the  workpiece to be generally achieved
during processing in the thermal processing furnace.  Embodiments also
allow a user to 24 March 2005  



WO 02/27059 PCT/GB01/03806 -3- determine one or more selected set points of
the thermal processing furnace, which are  then used to construct the
intended temperature profile. Embodiments of the invention employ the 5
step of moving the workpiece through the furnace based upon the furnace set
points, the  intended temperature profile and the measured temperature of
the workpiece.  Embodiments also include the steps of providing a wafer
processing recipe, generating from said recipe the intended temperature
profile, and  controlling movement of the workpiece in the furnace to heat
the workpiece generally  10 . according to the temperature profile. The
workpiece is moved by using an elevator subsystem in response to the
measured temperature of the workpiece. The recipe can  include one or more
of a temperature ramp-up rate, a temperature ramp-down rate, and a  soak
temperature. 15 Embodiments further include the steps of determining the
emissivity of the workpiece, and based upon the emissivity of the
workpiece, determining the temperature of the workpiece. The temperature
can be  measured by providing an emissivity compensated pyrometry system.
20 In embodiments of the invention, the workpiece temperature is
determined with a feedback subsystem for detecting and measuring the wafer
temperature. According to one practice, the temperature is measured by
determining the  emissivity of the wafer, generating an output signal with
a pyrometer indicative of the  wafer temperature, filtering the output
signal, and based on the wafer emissivity and the 25 output signal,
determining the wafer temperature. A control facility is provided for
controlling movement of the wafer within the thermal processing. furnace in
response to  the measured wafer temperature. The control facility performs
this function by  determining the difference between the measured
temperature and the temperature  profile to form an error signal, and
moving the wafer within. the furnace with an elevator 30 subsystem. 'The
control facility can also optionally perform the steps of scaling the error
value, sampling the temperature profile at one or more points, determining
the boundary  conditions of the elevator subsystem, and moving the wafer at
a selected speed within  the chamber. 35 Embodiments of the present
invention also provide a system for processing a workpiece.  The system
includes a thermal processing furnace having a process chamber, a feedback
subsystem coupled to the thermal processing furnace for detecting a
parameter of the 



24 March 2005  WO 02/27059 PCT/GBO1/03806  -4 workpiece when disposed in
the processing chamber, a control facility for generating a  control signal
based upon an intended temperature profile of the workpiece and the
parameter of the workpiece, and an elevator subsystem in communication with
the control facility  for regulating a speed and position of the workpiece
through the process chamber in response to 5 the control signal to heat
process the workpiece generally according to the intended  temperature
profile. The control facility is adapted to control the elevator subsystem
to  move the workpiece along an intended path through the processing
chamber as a  function of the intended temperature profile. 10. The system
can also include a user interface for providing a wafer  processing recipe
that includes a temperature. ramp-up rate, a temperature ramp-down  rate,
and/or a soak temperature. The system can also employ a trajectory
generator for  generating the intended temperature profile in response to.
the recipe. 15 According to further embodiments, the control facility
generates the control signal  to move the workpiece through the furnace
based upon the furnace set points, the  intended temperature profile, and
the measured temperature of the workpiece.  According to one practice, the
measured temperature of the workpiece is determined  using the wafer
thermal properties. 20 According to further embodiments, the feedback
subsystem includes a pyrometer for measuring the temperature of the
workpiece, an emissivity measurement  stage for measuring the emissivity of
the wafer, and a filtering stage. for filtering one of  the measured
temperature and emissivity, wherein the feedback subsystem generates a  25
signal corresponding to the filtered temperature of the workpiece.
According to further embodiments, the system can also include a plurality
of  thermocouples for measuring. the temperature of the furnace at one or
more locations. A  furnace modeling stage generates an output signal
corresponding to the actual measured 30, temperature of the thermocouples
in response to an input signal generated by the  thermocouples, which is
representative of the thermal properties of the furnace. An  optional wafer
temperature modeling stage for generating one or more signals indicative
of one or more parameters (such as the raw emissivity and temperature
values) of the workpiece in response to a workpiece position signal
generated by the elevator  35. subsystem and the output signal of the
furnace thermal modeling stage. 24 March 2005  



WO 02/27059 PCT/GBO1/03806 -5 Brief Description of the Drawings 5 The
foregoing and other features and advantages of embodiments of the invention
will be apparent from the following description and apparent from the
accompanying  drawings, in which like reference characters refer to the
same parts throughout the  different views. The drawings illustrate
principles of the invention and, although not to  10 ' scale, show relative
dimensions. FIG. 1 is a perspective view of a wafer processing system
employing a  control system for controlling movement of a wafer in thermal
processing furnace  according to embodiments of the present invention. 15
FIG. 2 is a schematic block diagram representing the operational aspects
of the wafer processing system of FIG. 1. FIG. 3 is a detailed schematic
diagram illustrating the signal processing  20 features of the control
facility of FIG. 1. FIG. 4 is a schematic flow chart diagram illustrating
the method for  heating a wafer to achieve a desired wafer temperature by
the system of FIG. I in accord  with embodiments of the present invention.
FIG. 5 is a graphically representation-of a tamp rate and corresponding
temperature profile employed by the wafer processing system of embodiments
of the present invention. FIG. 6 is a graphical-representation of the
temperature profile of the  30 process tube 18 of the system 10 of FIG. 1.
FIG. 7 is a graphical representation of the temperature profile of
different  wafer types and emissivities.  .35 FIG. 8A is a graphical
representation of the use of the feedback  linearization Equation 14B. when
tracking a desired trajectoryemploying a gain of 2. 24 March 2005 WO
02/27059 PCT/GB01/03806  -6 FIG. 813 is a graphical representation of the
tracking errors according to gain. 5 FIG 9. is a schematic representation
of the control domain of the wafer  processing system of embodiments of the
invention when operating in a saturated and an  



unsaturated mode. FIG. 10 is a schematic graphical illustration of the
results of processing a  silicon wafer according to a selected processing
recipe with the wafer processing system  10 of embodiments of the present
invention. FIG. 11 is a schematic graphical illustration of the tracking
error present  when processing a selected silicon wafer according to a
selected processing recipe with  the wafer processing system of embodiments
of the present invention. 15 FIG. 12A is a schematic graphical illustration
of the wafer processing  system of embodiments of the present invention
operating in a saturation mode. FIG. 12B is a schematic graphical
illustration of the tracking error present  20 when processing a selected
silicon wafer according to a selected processing recipe with  the wafer
processing system of embodiments of the present invention. 25 FIG. 13A is a
schematic graphical illustration of a selected workpiece  processing
regimen using the wafer processing system of embodiments of the present
invention. FIG. 13B is a schematic graphical illustration of the tracking.
error present  when processing a selected silicon wafer according to a
selected processing recipe with  the wafer processing system of embodiments
of the present invention. 30 Description of Illustrated Embodiments
Embodiments of the present invention provide a wafer processing system that
employs a  control facility for controlling the temperature of the wafer by
moving the wafer within a  thermal processing furnace in response to a
single control input, such as the measured 35 wafer temperature. The wafer
processing system further provides for generating an  intended temperature
profile based on a given wafer processing recipe, and controlling  movement
of the wafer with the control facility to achieve the intended temperature
24 March 2005  WO 02/27059 PCT/GBO1/03806 -7 profile. Embodiments of the
present invention therefore relate to an adaptive processing system  that
predicts wafer temperature during processing and then controls the wafer
position based on the  actual measured temperature. 5 FIG 1. illustrates a
wafer processing system 10 in accord with an embodiment of the  present
invention. The illustrated wafer processing system 10 includes a wafer
handling system 12 that is adapted to load a wafer into, and conversely
remove a  



wafer from, a thermal processing system 14, in accord with known
techniques. The  illustrated thermal processing system 14 includes a main
outer housing 16 that encloses 10 a vertical furnace having a cylindrical
process tube 18 that has a closed end 18A and an  opposed open end 18B. The
cylindrical tube 18 defines a heating or process chamber  20. The process
tube 18 can be used as a constant or continuous heat source. As used
herein, the word "continuous" is intended to include continuous both in
temperature and  heating surface area. The process tube 18 can be formed of
any high temperature 15 material such as alumina, silicon carbide, and
other suitable ceramic materials. The process tube 18 can be surrounded by
a three zone resistive heating  module comprising three suitable heating
element 22A, 22B, and 22C that use  resistance-heated elements or RF heated
black body cavity susceptors as the primary 20 heat source. This particular
type of heat source is simple to implement; well  characterized and widely
accepted as a reliable technique for stable and uniform control  of the
furnace temperature. According to one embodiment, the heating elements
forms  part of a heater module that is a vertically oriented, three zone
resistive heating unit.  The heating elements can be composed of low mass,
high temperature metallic wires. 25 The insulation surrounding the heating
element can be composed of ceramic fibers of  high insulation value and low
thermal mass. All are designed for fast responses to  temperature changes.
The module can also include an air cooling system to help cool  the
processing chamber 20. The process tube 18 diameter and thus the size of
the  vertical furnace can be easily scaled to accommodate wafers of varying
sizes. 30 The illustrated thermal processing system 14 can be any suitable
thermal  processing furnace that is adapted for the thermal processing of
silicon wafers at  selected temperatures. According to a preferred
practice, the illustrated thermal  processing system 14 incorporates a
rapid thermal processing furnace sold under the 35 trade names of Summit or
Reliance by Eaton Thermal Processing Systems Division,  USA. The Summit
design system is particularly advantageous since it is a single wafer
furnace that achieves high repeatability and uniform results with
relatively low 24 March 2005  WO 02/27059 PCT/GB01/03806  -8 maintenance
requirements. The thermal processing furnace develops a temperature
gradient by using a `hot wall' vertical processing chamber 20 for single
wafer  processing instead of multiple lamp banks. This hot wall chamber is
developed by  disposing the heater module at the top of the furnace and a
cooling system (not shown) 



5 at the bottom 18B of the chamber, thereby creating a temperature gradient
from the top  of the process chamber to the bottom. A smooth temperature
gradient from top to  bottom of the process chamber 74 is formed, with the
top of the bell jar substantially  approaching a black body radiator. With
the temperature profile of the heating chamber  or furnace fixed, the
desired temperature is achieved by simply adjusting the position of 10' the
wafer W within the processing chamber 20. The wafer temperature ramp up and
ramp down rates are controlled by the velocity with which the wafer is
vertically moved  through the temperature gradient within the chamber.
Those of ordinary skill will also  recognize that one or more heating or
cooling stages can be provided, in addition to the  illustrated single
system 14. The selected ramp rates and elevator speeds determine the  15
overall heating and cooling rates of the wafer. The illustrated wafer
processing system 10 employs a series of  thermocouples, such as
thermocouples 36A-36E, that are distributed about the furnace  to measure
the furnace temperature. The thermocouples measure temperature at 20
selected locations for subsequent use by the control facility 30. The
control facility can  establish a selected thermal gradient along the
process tubes, and the output signals  (e.g., spike settings) generated by
the thermocouples can be sampled to. ensure that the  desired temperature
gradient is maintained. The temperature measurements from the
thermocouples can be used to assist the system in determining certain
selected furnace 25 set points prior to processing each wafer. For example,
before wafer processing begins,  a thermal gradient along the process tube
18 is established by adjusting the heating  elements 22A-22C until the
required thermocouple set points are reached. Typically,  the thermocouple
set points are adjusted so that the top of the belljar is disposed at a
temperature, such as 200 C, higher than the desired wafer processing
temperature. The 30 heating elements continue to be actively controlled
through thie thermocouple  measurements during wafer processing to maintain
a stable thermal environment. The heating elements 22A, 22B, and 22C are
arranged about the process  tube 18 to heat the processing chamber 20 to a
predetermined temperature, e.g., 400C 35 to 1200C in the case of chemical
vapor deposition, or 800C to 1200C in the case of  oxidation or.diffusion.
The control facility 30 can be used to regulate the temperature of  the
process tube 18 according to the exigencies of the processing technique.
For WO 02/27059 -9 24 March 2005  PCT/GB01/03806 example, according to one
practice, a temperature sensor, such as an optical pyrometer,  



can be used to sense the chamber temperature and can be coupled to the
control facility  30 for providing a signal that can be correlated to wafer
temperature. The heating unit  preferably forms an isothermal heating zone
within the processing chamber 20, as is 5 known in the art. The illustrated
wafer handling system 12 can include any suitable wafer  transport
assemblies for loading and unloading a wafer on the elevator subsystem 24.
An example of one type of wafer handling system is described in U.S. patent
No. 10 5,820,366, the contents of which are herein incorporated by
reference. The elevator  subsystem 24 can include a quartz wafer holder 36
that sits on a wafer elevator tube 26  that slidably engages a guide rod
28. A suitable servo motor (not shown) can be coupled  to the guide rod or
elevator for selectively moving the elevator vertically along the guide
rod into and out of the processing chamber 20. The servo motor can be
controlled by the 15 control facility 30, which can include if desired a
motion controller. The control facility  can also include a data
acquisition stage for accumulating selected processing data  associated
with the thermal processing operation of the illustrated furnace, and a
user  interface 32 for allowing selected information to be inputted to the
system 10 or  exchanged between the system and a user. The user interface
can be any suitable input 20 device, such as a keyboard, monitor and/or
mouse, and touchscreen.  With further reference to FIG. 1, the illustrated
wafer processing system  10 includes a feedback subsystem 34 for detecting,
measuring and/or determining the  temperature of the wafer within the
thermal processing system 14, and in particular, 25 within the process
chamber 20. The feedback subsystem can employ a pyrometer, and  preferably
a single pyrometer, for detecting one or more parameters of the wafer W,
such as temperature. For example, the pyrometer can detect the amount of
light  reflected from the wafer, and then generates a signal that is
received by the control  facility 30. The control facility, based upon this
data, can determine the emissivity and 30 then temperature of the wafer W.
One example of a suitable feedback subsystem is  disclosed and described in
copending U.S. patent number 6,183,127, entitled SYSTEM AND  METHOD FOR THE
REAL TIME DETERMINATION OF THE IN SITU EMISSIVITY OF A  WORKPIECE DURING
PROCESSING, filed March 29, 1999. The pyrometer can also be used to
directly, non-invasively measure the wafer temperature.  The pyrometer can
then generate an output signal that can be correlated to the wafer
temperature. The pyrometer signal is then coupled to the control facility
30. 24 March 2005  WO 02/27059 PCT/GB01/03806  -10 



The illustrated control facility 30 can be any suitable computing
apparatus, such as a computer or data processor, having suitable storage
and processing  elements. The control facility 30 preferably stores a
suitable temperature control 5 program that controls operation of the wafer
processing system 10 to heat a wafer  according to an intended wafer
temperature profile or trajectory. The control program  preferably employs
the data provided by the feedback subsystem 34 and the intended
temperature profile to determine the appropriate speed of the elevator
subsystem as well  as the position of the wafer within the chamber. 10 The
control facility 30 actuates the elevator subsystem, which in turn  moves
the wafer in the processing chamber 20 so as to generally achieve, attain,
follow  or match as closely as possible the intended temperature profile.
The elevator subsystem  24 moves the wafer W in the process chamber 20 in a
selected manner so as to heat the 15 wafer temperature in a selected
manner. The wafer W can be heated according to a  desired recipe that
comprises among other processing parameters the temperature ramp- up rate,
ramp-down rate, and soak time or temperature. As used herein, soak time is
intended to include the time or duration of beating of the wafer when
resident within the  process chamber when the temperature reaches or
attains for a period of time a steady 20 state condition. The soak time is
generally illustrated in a graph of an actual or intended  temperature
profile as a relatively horizontal region between the ramp-up and ramp-
down times. According to one practice, the soak time generally occurs at
wafer  temperatures at or about 1050 C. 25 FIG. 2 is a schematic block
diagram illustrating the integration and  operation of the wafer processing
system 10 of FIG. 1. The illustrated wafer processing  system 10 employs
the control facili ty 30 for receiving and processing selected data
signals generated by the system. In particular, the control facility 30
receives a  temperature trajectory signal 68 that is generated by a
trajectory generator 74, FIG. 3, 30 that forms part of the wafer processing
system 10. The trajectory generator 74 generates  an intended temperature
profile or trajectory, also referred to as a desired temperature,  which
can also be supplied from the user interface 32. The trajectory generator
74  generates the intended temperature profile based on a user defined
wafer processing  recipe, which can include certain selected wafer
processing parameters, such as ramp-up 35 time, ramp-down time, and soak or
hold time/temperature. Those of ordinary skill will  readily recognize that
other, certain selected parameters can also form part of the recipe 24
March 2005  WO 02/27059 PCT/GBO1/03806  



-11 which is input to the wafer processing system 10 through the user
interface 32. The  thermocouples 36A-36E measure the temperature profile of
the process tube 18. In the illustrated system 10, the control facility 30
regulates the 5 temperature gradient formed along the process tube 18, and
employs the thermocouples  to ensure that the proper temperature gradient
is attained. The thermocouples generate a  signal 42 which is inputted to
the control facility 30 for further processing. The signal  44 generally
corresponds to the spike settings of the thermocouples. Likewise, the
thermocouple signal, designated as signal 44, is input to a furnace thermal
properties 10 stage 46. The illustrated furnace thermal properties stage 46
can be a mathematical  model that represents the dynamics of the furnace to
determine or establish the thermal  properties of the thermal processing
system 14. Based on the signals generated by the  thermocouples, the
illustrated wafer processing system 10 can determine whether the  desired
thermal model is achieved within the process chamber 20. The furnace
thermal  15 properties stage generates an output signal 47 representative
of the actual raw measurements of the thermocouples. The signal 47 is
introduced or input to a wafer  thermal properties stage 48. The wafer
thermal properties stage 48 can be a predictive  or adaptive mathematical
stage for modeling how a wafer is heat processed within the  process
chamber 20. Once the processing system 14 attains a thermal state, the
wafer 20 physical properties dictate the thermal response of the wafer. The
wafer thermal  properties stage 48 for example generates an output
temperature signal 50 that represents  the actual raw temperature of the
wafer during processing. The illustrated wafer thermal  properties stage 48
also generates an output emissivity signal 52 that is representative of
the actual raw emissivity of the wafer during processing. The output
signals 50 and 52  25 generated by the stage 48 are introduced to the
feedback subsystem 34. The illustrated feedback subsystem 34 is described
in further detail  below. The feedback subsystem 34 can employ a pyrometer
54 that communicates with  (e.g., provides input to) a temperature
correction and filtering stage 62. The feedback 30 subsystem 34 can also
include an emissivity measurement stage 56 that is disposed in
communication with the temperature correction and filtering stage 62. The
actual  temperature signal 50 generated by the wafer thermal properties
stage 48 is sensed by  the pyrometer 54, which generates an output signal
58 that can be subsequently  correlated to the temperature of the wafer.
The output emissivity signal 52 generated by 35 the stage 48 is input to
the emissivity measurement stage 56. The emissivity  measurement stage
processes the signal 52 and generates an output signal 60  representative
of the actual measured emissivity of the wafer. The output signals 58 and 



24 March 2005  WO 02/27059 PCT/GB01/03806  -12 60 are introduced to the
temperature correction and filtering stage 62 for performing any
appropriate emissivity compensation while concomitantly filtering any noise
introduced  to the raw signals generated by the pyrometer 54 or other
system components. Those of  ordinary skill will readily recognize that
other functions can be performed by the 5 filtering stage 62, such as any
appropriate scaling or biasing of the signal as determined  appropriate by
the system 10. The feedback subsystem 34 generates an output signal 64
that is representative of the filtered measured temperature of the wafer.
The filtered  temperature signal 64 is introduced to the control facility
30. 10 The illustrated control facility 30 processes one or more of the
thermocouple signal 42, the intended temperature profile signal 68, and the
filtered  temperature signal 64 to generate an output signal 70 that is
introduced to the elevator  subsystem. 24. The output signal 70 is
representative of the appropriate speed Zc that the  elevator tube 26 is
moved in the axial direction. The elevator subsystem 24 hence 15 moves at a
speed determined by the control facility 30 based on one or more of the
foregoing appropriate input parameters. The elevator subsystem 24 moves the
elevator  to a position ZR represented by the elevator output signal 72.
This signal is disposed in  feedback communication via feedback loop 66
with the control facility 30. Hence, the  control facility 30 determines
the appropriate elevator speed based on the wafer position 20 within the
process chamber 20. The elevator output signal 72 is also introduced to the
wafer thermal properties stage 48, where it is processed along with the
furnace  properties represented by output signal 47 to determine the actual
raw temperature and  emissivity of the wafer during processing.
Specifically, the elevator position in the  process chamber determines the
thermal energy to which the wafer is subjected. This, 25 together with the
wafer physical properties, determines the resulting actual wafer
temperature and emissivity during processing. Those of ordinary skill will
readily  recognize that the illustrated stages 46 and 48 are depicted as
separate stages for  purposes of simplicity and clarity. The stages 46 and
48 can be easily integrated into the  control facility 30, and need not be
implemented as separate stages. In an alternate 30 embodiment, the stages
46 and 48 can be implemented in appropriate software that is  stored in any
suitable storage medium disposed within the wafer processing system 10,
such as in the control facility 30. A significant advantage of embodiments
of the present invention is that the control facility  35 30 processes the
filtered temperature signal 64 to determine how to position the. wafer 



within the process tube 18. Specifically, the control facility 30 processes
the estimated  temperature signal 64 to generate :in appropriate elevator
speed to determine the wafer WO 02/27059 -13 24 March 2005  PCTIGBOI/03806
speed within the chamber 20 during processing. Another significant
advantage of embodiments of the  present invention is that the control
facility 30 controls or regulates the position arid  speed of the wafer
within the process chamber 20 based on one or more signal inputs,  such as
described above. Hence, the control facility 30 need not control operation
of 5 other system components that could introduce or affect the processing
of the wafer. FIG. 3 is a schematic diagram illustrating the operational
and functional  aspects of the control facility 30 in connection with the
feedback subsystem 34 of embodiments of tile  present invention. As
illustrated, the trajectory generator 74 generates an intended 10
temperature profile that the system attempts to attain when controlling the
temperature  of the wafer in the process chamber 20. The trajectory
generator 74 generates an output  signal 68 that is introduced to a summer
element 76. Moreover, as set forth above, the  actual wafer temperature
signal 50 generated by the wafer thermal properties stage 48 is  sensed by
a pyrometer 54, which in turn generates a pyrometer output signal 58. The
15 output signal 58 is introduced to a temperature correction and filtering
stage 62 which  compensates for the emissivity or temperature of the wafer,
while concomitantly  filtering unwanted noise. The filtering stage 62
generates an output signal 64 which is  introduced to the summer 76. The
output signal 64 is representative of the filtered  measured temperature of
the wafer within the process chamber 20. The illustrated 20 summer 76
subtracts the value associated with the output signal 64 from the value
associated with the signal 68 to generate an error signal 78. The error
signal 78 is  introduced to a scaling stage 80, which scales the signal 78
by a selected scale factor.  The scaling stage 90 attempts to optimize the
wafer heating performed by the illustrated  wafer processing system -10.
The particular recipe desired by the end user impacts the 25 particular
scaling factor employed by the scaling stage 90. For example, the recipe
can  be determined by the end user in accordance with particular processing
parameters, such  as the ramp rates and the rollover portions of the
temperature trajectory. According to  one practice, when processing a
relatively pure silicon wafer, the scaling stage 80  employs a scale factor
of 1.2. Those of ordinary skill will readily recognize that the 30 scaling
stage 80 can also provide a menu of choices from which the user can select
a  particular scale factor according to the particular wafer processing
recipe. The scaling  



stage 80 generates an output signal 82 that is introduced to a summer 86. A
trajectory  sampler 88 samples the intended temperature profile at a
particular time and generates a  signal that is also introduced to the
summer 86. In response, the summer 86 generates 35 an output signal 90 that
corresponds to the sum of the values of the two input signals.  Similarly,
the scaling stage 80 generates output signal 84 that is introduced to a
summer  100. A second trajectory sampler 102 samples the intended
temperature profile at a time 24 March 2005  WO 02/27059 PCT/GB01/03806
-14 different than the trajectory sampler 88 and generates an output signal
that is introduced  to the summer 100. The summer 100 also generates an
output signal 104. that  corresponds to the sum of the values of the two
input signals. 5 The output signal 90 of summer 86 is introduced to a
position generator  92. The position generator 92 analyzes the slope of the
intended temperature profile to  determine a particular change, and then
generates an output signal 94 representative of a  particular wafer
position. The output signal 94 is introduced to a summer 96. Likewise,  the
summer output signal 104 is introduced to a position generator 106, which
in turn 10 generates an output signal 108 for subsequent introduction to a
summer 110. The  summers 96 and 110 also receive an offset signal
indicative of a particular offset value,  and which can be, according to
one practice, a constant value. The illustrated summer  96 generates an
output signal 98, and the illustrated summer 110 generates an output
signal 111, each output signal being representative of the sum of the
values of the two 15 input signals. The output signals 98 and 111 are each
introduced to a boundary  determination stage 120 for determining the upper
and lower bounds of values that are  acceptable by the control facility 30
of embodiments of the present invention. For example, the  boundary
determination subsystems 112 and 116 determine the valid range of wafer
positions that can be  employed within the process tube in accordance with
embodiments of the present invention. The 20 boundary determination
subsystems 114 and 118 determine the allowable range of wafer  positions
within the process chamber 20. The boundary determination stage 120
generates output signals 119 and 121 which are introduced to summers 122
and 124.  The summer 122 adds the output signals to generate a summer
output signal .128. The  illustrated summer 124 subtracts the value
associated with signal 121 from signal 119 to  25 generate summer output
signal 130. The illustrated summer output signal 128 is introduced to a
scaling stage  134, which can employ any particular scaling factor. As
illustrated, and merely by way  of illustration and is not to be
interpreted in a limiting sense, the scaling stage 134 



30 employs a scaling factor of 0.5. The illustrated scaling stage 134
scales the summer  output signal 128 to attain a signal indicative of a
desired vertical position. This signal is introduced to summer 138, which
also receives a vertical axis signal 139. The vertical  axis signal 139 is
subtracted from the output signal 135 to. attain an output vertical
position signal 141. This output signal 141 is introduced to a gain stage
140 for 35 applying an amplifying gain to the signal 141. The illustrated
gain stage. 140 generates  output signal 142 which is introduced to a
summer 146. 24 March 2005  WO 02/27059 PCT/GB01/03806 -15 The illustrated
summer 124 subtracts the value associated with signal 121  from signal 119
to generate an output signal 130. The summer output signal 130 is
introduced to a derivative stage 132 for taking the derivative of the value
of the output  signal 130. The derivative stage generates an output signal
which is introduced to a 5 scaling stage 136. The scaling stage 136 can be
identical to the scaling stage 134. The  illustrated scaling stage 136
generates an output signal 144 which is indicative of the  derivative of
the desired wafer position. This output signal 144 is also introduced to a
summer 146, which combines the signal with the signal 142. The summer 146
generates  a summer output signal 148 which is introduced to another
boundary determination 10 subsystem 150 for determining the upper and lower
wafer velocity limits. As illustrated,  the boundary determination stage
120 and the boundary subsystem 150 ensure that the  elevator subsystem 124
does not become saturated or receive signals outside of any  particular
operable range. The boundary determination stage 120 determines particular
positions that are within an allowable range, while the boundary
determination 15 subsystem 150 determines the upper and lower elevator
speeds that are realizable by embodiments of the  present invention. The
illustrated boundary determination subsystem 150 generates an  output
signal that is introduced to a scale factor stage 152. The illustrated
scale factor  stage 152 determines the distance that the elevator is to
move and scales the value of the  output signal of stage 150 by a
preselected amount. The illustrated scale factor stage 20 152 also converts
the output signal generated by the boundary determination subsystem  150,
which is representative of elevator speed, into an output signal compatible
with an  encoder value, such as counts per second. The illustrated scale
factor stage 152 generates an output signal that is  25 introduced to a
counting stage 154. The counting stage 154 determines how many particular
counts the elevator subsystem is to move the wafer based on a particular
input  signal. For example, the counting stage 154 identifies how much the
wafer is to be  



moved within the process chamber to achieve the temperature defined by the
intended  temperature profile 68. The counting stage 154 generates output
signal 70, FIG. 2, that 30 is then introduced to the elevator subsystem 24.
In operation, the wafer processing system 10 moves the position of the
wafer within the process chamber 20 in response to the measured temperature
of the  wafer during processing. The wafer is moved in order to achieve a
selected temperature 35 profile. With reference to FIG. 4, the system 10
actuates the heating elements 22a-22c  disposed about the process tube in
order to achieve a selected temperature gradient. The  thermocouples
36a-36e are disposed about the process tube 18 in order to measure the 24
March 2005  WO 02/27059 PCT/GBO1/03806  -16 temperature at selected
locations. The thermocouples produce output signals that are  introduced to
the control facility 30, and to a furnace thermal properties stage 46
(e.g.,  the thermal processing system 14) to determine the thermal
properties thereof (step 160).  The system user then determines a selected
wafer processing recipe and inputs the recipe 5 to the system through the
user interface 32 (step 162). The trajectory generator 74  generates a
selected temperature profile (step 164) that indicates the desired
temperature  heating scheme for the wafer. The temperature profile includes
a selected ramp-up rate,  ramp-down rate, and soak temperature or time. 10
The wafer processing system 10 then determines the raw actual wafer
temperature and emissivity, represented by signals 50 and 52, FIG. 2, which
are input to  the feedback subsystem 34. The feedback subsystem measures
the temperature and  emissivity of the wafer in the process chamber (step
168) and corrects for any unwanted  noise with the filtering stage 62. The
feedback subsystem then generates a signal 15 representative of the
filtered measured wafer temperature. The wafer temperature signal  64 is
then introduced to the control facility 30. If desired, the control
facility 30 can also  receive the temperature profile and the output
signals from the thermocouples. The  control facility performs a number of
selected system functions. One function is to  determine whether the
measured temperature is the same or within some selected 20 variation from
the desired temperature defined by the temperature profile (step 170). If
it is, then the system determines the wafer emissivity and temperature, and
again verifies  or checks whether the wafer temperature is properly
correlated with the desired wafer  temperature. If the wafer temperature is
different than the desired temperature by more  than a selected amount,
then the system adjusts the position of the wafer in the process 25 chamber
20 by actuating the elevator subsystem 24 (step 172). As illustrated in
FIG. 2,  



the control facility 30 generates a an elevator speed signal 70 that
actuates the elevator  to move the wafer at a selected speed to a selected
position. The position the wafer is  placed corresponds to the position
sufficient to heat the wafer to or close to the desired  temperature. 30
The control facility 30 also performs a number of other functions as
illustrated in FIG. 3. For example, the control facility determines the
amount of error in  the system , scales the error by a selected amount, and
then determines the desired wafer  position. The control facility 30 also
determines the acceptable operational bounds or 35 range of the wafer
processing system based, at least in part, on the error signal. The
control facility 30 also converts the information received thereby into
suitable wafer WO 02/27059 -17 24 March 2005  PCT/GB01/03806 speed and/or
position data for moving the wafer within the process chamber to achieve
or track the desired temperature profile. The control program employed by
the control facility 30 of embodiments of the present  5 invention for
determining movement of the wafer W within the process chamber 20 is
described below. Initially, it is helpful to first analyze and understand
the general two- dimensional heat conduction equations. In cylindrical
coordinates, the two-dimensional 10' heat conduction equations for the
wafer is given by: PC at az lx az )+I d (rxT)  ar (1) where we have assumed
axi-symmetry in the 0 -direction, and Z represents the local  15 coordinate
system of the wafer (i.e. i = 0 defines the lower surface of the wafer, and
i = hw  is at the top surface of the wafer). For silicon, the specific heat
and thermal  conductivity are given by C = C(7) and x = x(7), respectively.
The appropriate  boundary conditions for Equation (1) are given by 20 aT _
IV -E'L'-ai4t  aZ s=A _xaT =_(eycT'I -abgb)  



Z z~ . _0  -xaTLO ar _xaT EcT'I-a~4, Dr r-a raw (1a) 25 24 March 2005 WO
02/27059 -18 PCT/GBO1/03806 where E and a are the emnusivity and
absorptivity of the wafer, and the subscripts t, b,  and e are used to
denote the top surface, bottom surface, and the edge of the wafer,
respectively. The various heat source terms are defined as follows:
(=Ebi6F., r,z (a+  5 q H=/ \  Eb/6J dFd(ode)(r,z ,zy. )TS4 (z') z
qb-EbiCFw-b(r,z)Tb + (2a) 10 (2b)  Ebi6o dF, d(side) (r, z', z)Tr4 (Z) rKni
qe=Ebi(7 lo dF(edge_d(side)(r,z',z)74(Z) 15 (2c) Here, Fw, (r, z)
represents the view factor between the wafer, at a given  radial location
(r) and height (z), to the top of the bell jar which is at temperature T.
Similarly, Fr (r, z) represents the view factor to the bottom of the
chamber, and d F.  d(side) (r, z, z), is the view factor to a ring at
height z' on the. side wall of the bell jar (T5(z) 20 denotes the bell jar
temperature along the z-direction, and Hb) is the height of the  chamber).
Observe that the integrals in Equations (2) are over z'. Furthermore, the
boundary condition at the edge [Equation (2c)] is determined by the view.
factor from  the edge of the wafer to the bell jar. Again, note that the
variable z is used to denote the  wafer position as measured from the
bottom of the chamber. 



25 The boundary conditions given by Equation(la) and the heat source  terms
given by Equations(2a-2c) are typical in a system where a body of fixed
temperature (the bell jar) is heating a smaller object (the wafer in this
case) by radiation.  Furthermore, Equation (1) is as set forth above until
we consider the following: 30 a) The wafer temperature during processing
covets a very large temperature range,  (e.g. between about 30 and about
1100 C), over which the non-linear. boundary  conditions vary
substantially. b) The wafer thickness to diameter ratio is very small,
making the implementation  of numerical techniques such as finite element
or finite difference very "stiff" in  35 nature. _ I 24 March 2005 WO
02/27059 PCT/GBO1/03806 -19 c) The temperature variations across the wafer
thickness and along its radius are of  the order of about I C. At typical
processing temperature of 1000 C, this  corresponds to about 0.1 %. Thus,
to resolve the details of the temperature  distribution, the numerical
scheme has to be accurate to about 0.01 % or less. 5 This requires
prohibitive number of mesh points to be analyzed. As a result, the brute
force method of directly solving Equation (1) does  not work if simply
implemented by the control facility 30 of the system 10. Hence,  according
to one practice, the control facility can employ perturbation techniques,
as  10 ' discussed below. Perturbation Analysis To proceed, we take
advantage of the small thickness (h".) to diameter  15 (2Rw) ratio of the
wafer. Specifically, we introduce the following perturbation  expansion for
the temperature variable: T(r,Z,t) =T. (r,t)+T2(r, F, t) 20 (3) where T2/T
- 52 "1, and S = h JRK,. Here, S is the usual perturbation parameter. The
leading order perturbation equation now becomes: 25 PC(T) aT _ a c(T) aTz+
1 a a (rx(T) aT )  Tr az I\ az) r ar -Dr 



(4) Note that, for ease of notation we have dropped the 0-subscript on  30
temperature (i.e. T= T0(r,t)). 24 March 2005 WO 02/27059 -20 PCT/GB01/03806
Equation (4) is now integrated across the wafer thickness in order to
obtain the desired one dimensional radial equation: -fie,+a)oT+aq,(r,z)+  5
h pC(T) at ab46(r,z)+,r - rx(T) ar ) (5) Where we have used some of the
boundary conditions given by Equation(1 a), Equation  10 (5) is the 1-D
heat conduction equation for the wafer. Next, by resorting back to Equation
(4) we can solve for T2, and  furthermore obtain the temperature difference
across the thickness of the wafer _ important in thermal stress and
IIT-TzIr_b,, -TzI This temperature difference is r o~ 15 warping
calculations, and is given by: AT+ZK[(Eb-e )OT4+a1g1 -abgb 20 (6) We next
show below that the value of T that can be used in Equation (6)  is that of
the wafer average (in radius) temperature. 24 March 2005 WO 02/27059
PCT/GB01103806  -21 The 0-D Equation for Wafer Temperature In order to
further simplify Equation (5), again we take advantage of the  inherent
thermal uniformity in the system. The following expansion is used for the 5
wafer temperature: T(r, t) = T(t) +T, (r, t) (7) 10 . with 



T(t)_ 2 JRT(r,t)rdr (7a) Rwo 15 and T, representing the temperature
variation in the radial direction (T,1T <<1). Using  this expansion in
Equation (5) followed by an integration over the wafer radius results in
the desired 0-D equation for the average temperature: 20 h",pC -dt T
=-(E,+Eb)O'la+a,4~(z)+aa4b(Z) where the over-bars on the heat source terms
indicate averaging over radius, thac is, 25 2 (R RZ Jo q(r,t~dr (8) (9)
Equation (8) merely statesthat the rate of temperature change for the
wafer is governed by the heat input from the top and bottontsurfaces,as
well as the  30 radiant thermal properties of the wafer. The 1-D Radial
Equation The first order (perturbed) equation governing T, can be obtained
after  35 some algebraic manipulations. The result is a linear heat
conduction equation that 24 March 2005 WO 02/27059 PCT/GB01/03806 -22
governs T1. That is, it describes the radial dependence of the wafer
temperature during  processing. There are three heat transfer mechanisms
that determine the rate of change  for TI: a) Regions of high temperature
loose heat more rapidly as the wafer tends to  5 equilibrate with its
surrounding. b) Non-uniform view factors from the bell jar to the wafer can
cause temperature  non-uniformity on the wafer. c) Any edge heating (or
cooling) of the wafer, as given by the boundary condition  will propagate
inward through conduction. 10~ It is important to emphasize that the
resulting equation for Ti is linear  with some of the coefficients being
functions of F, where f is calculated  independently and a priori by
solving Equation (8). That is, we have reduced the  



problem of solving the 2-D heat conduction equation for the wafer into
solving a 0-D 15 equation for T , a linear heat conduction equation for Ti,
a linear heat conduction  equation for Ti, and an analytic relation for A T
Without this procedure, computationally obtaining the solution of the
general Equation (1) is extremely difficult, since as we describe below,
the radial 20 temperature variations are sub 0.1% in nature. Available
numerical techniques, or  existing radiation heat transfer software, are
not robust enough to readily produce results  with such accuracy. We do not
encounter any such problems in solving the equation for  TI, since the
primary variable there is the perturbed temperature and not the total wafer
temperature. That is, a 0.1% numerical inaccuracy in the solution of the
equation for Ti 25 results in an equivalent level of uncertainty in
T1(r,t). However, a O.1% inaccuracy in  solving Equation (1) results in a
100% uncertainty in the value of Ti(r,t). To solve the  radial temperature
distribution, to within 0.1%, the solution of Equation (1) has to be
accurate to within 0.001%. 30 With reference to FIGS 1-3, to begin
processing, the wafer is placed on a  quartz wafer holder 38 which sits on
a quartz elevator tube 28. The wafer temperature is  then changed by moving
the wafer up or down in the process chamber 20. That is,  wafer temperature
trajectory is governed by the position. trajectory in the belIjar, as well
as by its radiative properties. Wafer temperatures up to 1200 C and ramp
rates of up to 35 220 C /sec can be achieved in the wafer processing system
10. During processing, the 24 March 2005  WO 02/27059 PCT/GBOI/03806 -23
temperature at the center of the wafer is measured using an emissivity
compensated  pyrometry system. The measured wafer temperature is then used
in conjunction with a  control algorithm stored in the control facility 30
to determine the elevator position that  is required to produce the desired
temperature trajectory. As shown in FIG. 5, the 5 temperature trajectory or
profile generated by the trajectory generator 74 according to a  selected
recipe can be as follows: a) start the closed loop control at a user
specified  temperature, b) ramp the temperature at a fixed rate (user
specified), c) hold steady at a  specified soak temperature for a period of
time, and d) ramp down at a given rate until  wafer is unloaded. Each
portion of the temperature trajectory as defined above is 10 defined
according to the input recipe, and has a waveform that is similar to that
shown  in FIG. 5. For example, the ramp rate graph 174 can be defined as a
series of discrete  ramp rates, and the temperature trajectory 176 is has a
start rate, soak temperature, and  then ramp down rate. The trajectory 174
is the derivative of the ramp rate graph 176. 



15 The generic requirements of the control facility 30 of embodiments of
the present  invention can be as follows: a) Trajectory tracking during
temperature ramp-up can be if desired  within approximately 5% of the
specified rate. Other percentages can also be used.  b) The temperature
over/undershoot remains below 1.5 C (for a 1000 20 C soak time or
temperature this corresponds to 0.15%). Other values can also be  employed.
c) The temperature error rapidly approaches zero as steady state is
reached. d) The control facility 30 is robust against variations in wafer
radiative 25 properties. The wafer processing system 10 is robust against
motion saturation of the  elevator at the top of process tube 18. In
certain cases the requested ramp rate may be  excessive, and hence the
wafer can be placed at the maximum allowable travel height. 30 In such
cases, as the soak (steady state) temperature is reached the elevator
rapidly  moves from the saturation position. Using large rains in the
system to correct for this  can result in unwanted temperature over and
undershoots. Before processing, the wafer, a detailed general model of the
wafer 35 temperature is set forth. The processing model consists of a
single non-linear ordinary  differential equation (ODE) for the wafer
temperature. The main underlying  assumptions in deriving the model are as
follows: 24 March 2005 WO 02/27059 PCT/GB01/03806 -24 a) The presence of
the wafer does not affect the temperature distribution  of the process tube
18. This assumption allows us to separate the dynamics of the wafer  and
that of the thermal processing furnace. Thus, for a given furnace set
point, the  process tube temperature is first measured using the
thermocouples 36A-36E, and is 5 then treated as a known heat source to the
wafer. This is well justified since the thermal  mass of the process tube
is orders of magnitude larger than that of the wafer.  Furthermore, slow
temperature drifts on the process tube are compensated for through a
closed loop temperature control system that is triggered by the three top
thermocouples  36C-36E. 10 b) To a good approximation, multiple reflections
can be ignored in  determining the wafer temperature. This is justified
since the process tube is made of  silicon-carbide which has a low
reflectivity of about 0.05 



In general, the above simplifications create a model which is relatively
15 simple and contains all of the relevant physics, and is therefore used
in developing the  control algorithm implemented by the control facility.
The general heat conduction equation of Equation (1) assumes axi- symmetry
in the 0-direction, where z represents the local coordinate system of the
20 wafer (i.e. I` = 0 defines the lower surface of the wafer, and z = hw is
at the top surface  of the wafer). For silicon, the specific heat and
thermal conductivity are given by C = C(T) and ic = K (T), respectively.
The appropriate boundary conditions for  Equation (1) are set forth in
Equation (la). 25 As described above, it is shown how the general two
dimensional heat  conduction equation for the wafer can be integrated
(averaged) over its volume to obtain  an equation for the average wafer
temperature. Since the wafer temperature in the wafer  processing system 10
is highly uniform across the thickness and in the radial direction,  the
average and center temperatures are nearly the same. We can thus devise a
single 30 equation for the wafer temperature: hpC(T) dI -(Ft+Eb)aT4+atgt(z)
+abgb(z) (10) where T is the wafer average temperature, h is the wafer
thickness, p is it's density, and  35 C(T) is the specific heat. Also,
Edenotes total emissivity and astands for absorptivity. Furthermore, the
subscripts t and b denote the top and bottom surfaces of the wafer, t WO
02/27059 -25 24 March 2005  PCT/GB01/03806 respectively. In general,
emissivity and absorptivity are strong functions of temperature  up to
approximately 600 C, above which they remain approximately constant (this
depends on the coating that resides on the wafer surface). The heat source
terms are  given by: qt(z)=EbjCFw_t(Z)Tt4+E6jCjHbt dew-d(side)(Z',z)Ty4(z')
(11) qb(z)=EbjCFw_b(z)Tb4+EbjCj0 dFw-d(side)(z',z)Ts (z') (12) 10 Here
F,,,-, (z) represents the view factor between the wafer, at a given height
(z), to the  top of the belljar which is at temperature T,. Similarly,
F,,..,, (z) represents the view  factor to the bottom of the chamber which
is at Tj, , dF,qs d.) (z', z) is the view factor to  a ring at height z' on
the side wall of the belijar, T,(z) denotes the belljar temperature  along
the z-direction, Hy/ is the height of the chamber, and 6b is about 0.95 is
the belljar 



15 emissivity. Observe that the integrals in Equations (2a and 2b) are over
z', and the  control variable z denotes wafer position as measured from the
bottom of the chamber. In FIG. 6 we illustrate one example of a temperature
profile along the  belljar [T,(z)], together with the quantities Qt = A"qt
and Oy = Awgb The unit watts is 20 shown in the figure and is attained by
multiplying both sides of Equations (2a and 2b)  by the surface area of the
wafer A. The belijar temperature T,(z) is constructed by  fitting a smooth
curve to the data obtained from the thermocouples 36A-36E of FIG. 1.  Below
the process tube 18 is a water cooled stainless steel ring that remains at
approximately 100 C. Observe the temperature discontinuity at the
belljar/cooling-ring  25 interface. Equation (10) sets forth in a similar
manner that the rate of temperature  change for the wafer is governed by
the heat input through the top and bottom surfaces,  as well as the heat
loss by radiation. Both heat transfer terms are governed by the 30
radiative properties of the wafer (top and bottom surface emissivity and
absorptivity)  which vary substantially depending on the type of the film
that has been deposited on  the wafer. Typically, the emissivity (and
absorptivity) of the wafer surface can vary  from 0.2 to 0.9. This is a
substantial variation. To further quantify how these variations  can cause
uncertainties in the accuracy of the temperature control algorithm of
embodiments of the 35 invention we consider two types of wafers with
different top surface emissivities.  Specifically; we define the type 1
wafer with st = 0.4, 4 = 0.68, and type 2 wafer as pure 24 March 2005 WO
02/27059 PCT/GBOl/03806 -26 silicon with e = e6 = 0.68. Note that in both
cases we assume e= a which in general is  a well justified approximation,
since the wafer in the wafer processing system 10 is in  near thermal
equilibrium with the surroundings. Furthermore, for simplicity, we neglect
the temperature dependence of the emissivity. This assumption is a good
approximation 5 to make when employing temperatures above 600 C, which is
the temperature range of  interest. FIG. 7 illustrates the wafer
temperature as a function of time for both types of  wafers. As
illustrated, a typical open loop recipe is used for the wafer position
trajectory in the belljar. The furnace set point can be the same as what is
presented in  FIG. 6.) Of interest is the difference in the rate of change,
as well as the steady state 10 temperature value (T,,.), of the wafer
temperature. These results clearly emphasize the  importance of developing
the control algorithm employed by the control facility 30 to be  robust to
this type of variation in the wafer surface properties. Referring again to
Equation (1), there are three factors that can introduce  



15 limitations on a requested value of z, including physical limits on the
travel distance in the vertical direction, acceleration limit on the motor
that drives the wafer assembly, and  maximum motor velocity limit. That is,
the control variable must satisfy the following  differential equation and
the accompanying inequalities: z  20 d z =a; la) < amax;  dt2 dz dt < vmax;
Zmin < Z < Zmax (13) In the wafer processing system 10, a. ,is the maximum
allowable acceleration, can be  about 1000 mm/s2 and v. at about 400 mm/s
is the maximum limit on the elevator  speed. The quantities z a, and z,,,aL
denote the lower and upper travel limits of the 25 elevator, respectively.
In the event that any of the above inequalities is present (e.g. a =  a. or
z = zmaz) the elevator subsystem 24 can be placed in a saturated mode, and
therefore may no longer be under system control. During normal operation,
the motor  velocity limitation is never reached. The acceleration limit,
however, can easily be  exceeded if certain "smoothness" criteria for the
temperatriladtrajectory are not met. As 30 we discuss below, an important
function of the control facility 30. is to assure that the  requested
temperature trajectory does not saturate the elevator. Hence, the
temperature  trajectory has to be sufficiently smooth. Also, in order to
avoid the situation in which z z~, a furnace set point, such as the belljar
temperature profile, has to be sufficiently  high. That is, the heating
power delivered to the wafer has to be large enough in the  35 region z<
z,,,,, to achieve the requested ramp rate. 24 March 2005  WO 02/27059
PCT/G801/03806 -27 The control algorithm implemented by the control
facility 30 of embodiments of the  present invention is further described
below. One parameter input to the control facility  is the temperature
trajectory or profile generated by the trajectory generator 74. Since  the
wafer position signal is fed back to the control facility, we apply
standard feedback 5 linearization techniques to obtain sufficient
trajectory tracking of the wafer temperature.  Consider the situation in
which e= aand also assume e,= eb (this corresponds to a  silicon wafer with
no coating on it's surfaces). For this case, we define q = 0.5 (q, + qb),
and e = F,= eb . Next, the control term q(z) in Equation (1) can be
expressed as follows: 10 



15 C  2 +Tt -T  T (T(14a) 4  h +  sc t  t l Tcc JI tical term: p mal
mathema 2eq(z) =  or written in a more for Tt +Tt -T T(14b) z = fI  t  l
Tcc where T,(t) is the specified temperature trajectory, and T.o is the
closed loop time  constant (gain) that is adjusted to obtain the desired
tracking performance. This  formulation forces the wafer temperature to
track the trajectory through the following  relation: 20 T 1 (Tr4-T4)  



zcc TT T(3 (15) where T =Tt - T, and TT = hpC 1(2et>Ti3) is the radiation
thermal time constant for the  wafer. Expanding T (about Tr) in the last
term on the right had side of Equation (15), we  25 find: 30 where (16) 1 1
1 (17)  'r 'rcc TT 24 March 2005  WO 02/27059 PCT/GB01/03806  _28_ Thus,
for an exact model, T(t) approaches T,(t) exponentially with a time
constant of r. Note, however, that when model inaccuracies are present the
use of  Equation (14b) to drive the elevator subsystem 24 may be affected
by steady state  errors. In FIG. 8A, we present a graph of a typical T,(t),
the required control variable z 5 as obtained from Equation (14b), and the
resulting T(t). At approximately 580 C,  closed loop control begins with a
requested ramp rate of 70 C/s and Ts, = 1000 C. In  this example, an error
of 10% is introduced in the belljar thermal profile in the solution  of
Equation (14b). The gain used here is 2 (e.g., z" = 0.5 s). As illustrated,
the  trajectory of FIG. 8A includes a steady state error. Moreover, the
system 10 exhibits 10' good tracking of the ramp rate in accord with system
requirements. In FIG. 8B, the  tracking error for various values of the
gain is illustrated. In principle, as r,,-* 0, all  transient and steady
state errors will vanish. However, the smallest practical value of arc
that can be used in this system is -0:3 s. The reason for this is the
limited sampling  frequency and the magnitude of the noise that is part of
the current temperature 15 measurement system. In order to further
understand the correlation between the steady state  error and ZCOi
consider simplifying the function q(z) such that q(z)=q0 z1H (i.e. linear
z- dependence for the heat flux). Here, H is the full travel length of the
elevator and q0 is a 20 constant representing the particular furnace
settings. Furthermore, we assume that the  wafer under consideration is
silicon with known properties. Hence, the only error  introduced by using
Equations (14a and 14b) are in the heat flux. That is, when using  Equation
(10) to solve for T(t) we use q(z)=g0z/H, while in solving for z from
Equation  



(14b) we assume an error in the heat flux due to model and measurement
uncertainties, 25 such that q(z)= qo z/H (4, is the model approximation to
q0). In steady state, from Equation (10) we find: 4 30 From Equation (14b),
on the other hand, we find:  4oz/H=oTs+( hpC ~T,,-T) 2~cc (19) 24 March
2005  WO 02/27059 PCT/GBOI/03806  -29 where T,, is the steady state (soak)
temperature (see FIG. 5). By eliminating z from the  above equations we
find: 5 4  LO4 hpC (T (20) T  - T _  JS  SS q02eaTcc In the common case
where T is nearly equal to T" we have: T5S-T = 1-(go1g0)(21) Tss 4(q0 / q0)
+ (hpC l 2edT szcc ) 10 This is the desired result that shows how the
steady state temperature  deviates from that of the trajectory as a
function of any error in the model (q 0 / q 0 )  and T, Observe that in the
limit where T"--0, the error vanishes. In the more practical  limit where
roc is about is, and q 0 / q 0 is about 1.1, we find that T,r T is about
-8.6 C  for Trs = 1000 C. In this example, typical silicon properties of p
= 2200 kg/m3, h = 0.75 15 mm, C = 1000 J/kg-K and e= 0.68 are used. In
general, Equation (21) is in good  



agreement with the graphs shown in FIG. 8B. Further, the trajectory
illustrated in FIGS. 5 and 8A is "rounded" as the  soak temperature is
reached. As discussed above, this is done to avoid the saturation 20
problem with the elevator acceleration (i.e. the smoothness requirement for
the  trajectory has to be satisfied). The following analysis quantifies the
trajectory  smoothness requirements that is needed to avoid this type of
saturation. Specifically,  consider the following temperature trajectory
function after the rollover is initiated: 25 Tt(t)=TSS-(1/4)RtRexp(-4t/2R)
(22)  Note that time has been shifted such that at t=0, rollover begins.
Also, Equation (22) smoothly connects to the linear temperature ramp
function (with a ramp  rate of R) for t<0. The goal of the control facility
30 is to track this function. If one  30 assumes that the control algorithm
is accomplishing this task, the system determines at what point the motor
acceleration limit is reached. That is, the system determines the  smallest
value of tip, that allows the system to meet the criteria 2 < amax. The
system  attains this by differentiating Equation (14a) twice with respect
to time to obtain: 35 eagz+sa-gi2=24edTt2Tt2+8eoTt3Tt+hpCTt (23)  az az2 24
March 2005  WO 02/27059 PCT/GB01/03806  -30 In this equation, T has been
replaced with T,, in accord with the  assumption that the control algorithm
is achieving sufficient tracking. Also, observe  that for typical
applications and the particular trajectory under consideration, the second
5 term on the left hand side and the last term on the right hand side of
Equation (19) are  the dominant quantities. By keeping only the dominant
terms, using Equation (22), and  replacing i by the maximum allowable motor
acceleration a., we now solve for the  limiting value of 'tR as a function
of a. to obtain the following closed relation: 10 hpCR l1/2  TR
_4[e(aq/az)amax J (24) This algebraic manipulation eliminates time from
this relation by  maximizing 'tR with respect to time. For a rollover time
less than what is predicted by  the above equation, the elevator subsystem
24 falls into an acceleration-limited 15 saturation mode. Equation (24)
also states that in the case of an infinitely powerful  elevator motor
(l/a,,,.-a0), or a wafer with almost zero thermal mass, the rollover time  



can be zero. Furthermore, observe how increasing the vertical
thermal.gradients on the  belljar (aq/az) reduces the limiting value of -tR
for applications where R is about 70  C/s, aq/az is about 2x106 W/m3, and
a,,. is set to 1 m/s2. Using these values together 20 with the appropriate
physical properties for silicon we find rR is about 1.2 s. This value
agrees well with both simulations and experimental data. That is, for a,,,
set to a value  below 1 m/s2 we observe overshoot in wafer temperature,
when the requested value of  the rollover time is 1.2 s., According to one
practice, the system 10 employs the value of  'tR=1.5 s. Equation (24) is
an important correlation that is now used to upgrade the 25 elevator
subsystem 24 in order to substantially reduce 'tR for "spike-anneal"
applications  where minimizing the rollover time is essential. Further, in
the present wafer processing system 10, large gains (small -i&,)  can cause
undesired overshoots in cases where the maximuM-elevator travel height has
30 been reached. In FIG. 9 is a schematic graphical illustration of ramp
rate versus soak  temperature in the system 10 of embodiments of the
present invention. The dotted line in the graph  separates two possible and
different operating regimes of the system. In situations i  where the
requested trajectory lies entirely to the left of the dashed curve, such as
illustrated. by trajectory 1, the system 10 is under full control. However,
in cases where 35 the requested ramp rate is too high for the system (e.g.
trajectory 2), at a certain point in  time the elevator travels to a
maximum z-position and is held there until the soak 24 March 2005 WO
02/27059 PCT/G001/03806 -31 temperature is nearly reached: During this
period the system 10 is no longer under  control and ramp rates may not
track that of the trajectory. For this type of scenario, as  the elevator
comes out of saturation, overshoots result if the gain is high. Using even
moderately large gains (z"<0.3) is prohibitive in such cases. Those of
ordinary skill 5 will recognize that lowering the ramp rate is not an
attractive option, since for a given  furnace set point and when running a
number of different wafer types, the system may  not know a priori which
wafers follow trajectory 1 as opposed to trajectory 2  (depending on the
coating that exists on the wafer surface). As described below, the  best
approach to such cases is the use of low gains, together with the addition
of the 10 ' proposed adaptation technique to the control algorithm of the
control facility 30. The control algorithm employed by the control facility
30 can be used in  conjunction with the scheme presented above in order to
obtain a more robust control  system. Specifically, recall that unless the
value of z" is very large (prohibitively large 15 due to the noise and
sampling frequency of the system) the steady state error in the  



wafer temperature will not be zero. In order to achieve the correct value
of steady state  temperature, which is critical to the success of the
algorithm, the control law given by  Equation (14b) can be expressed in the
following time-discrete format: 20 z" = f (Ttn ,Ttn) + Az"-1 (25) where
superscripts (n-1) and (n) are used to denote quantities evaluated at times
t and t - At, respectively. Here, At is one over the sampling frequency of
the filtered temperature  data. Note that for simplicity of the present
analysis rr, is set to infinity. In the 25 description that follows the
system can employ finite gains. The quantitydz is added to  the value of z,
mainly in order to zero-out the steady state error, and is given by:
4Zn-1=Z"-1-f(Tn-i Tn-1) (26) 30 Observe that in steady state where T=O, TT
= T,r, T(n) = T(n-1), and z(n) = z(n-1),  Equation (26) forces T to equal
T,,: Z"-Zn-1=f(Tn)-f(T"-1)=f(Tss)-f(Tn)=0 27) 35 That is, by adding Az the
system 10 ensures that in steady state T-iT:,s. 24 March 2005 WO 02/27059
PCT/GBO1/03506 -32 Next, standard analysis is used to show the dynamic
behavior of the control algorithm.  Again, assume q = goz/H, and expand all
quantities evaluated at time step it in Equations  (25) and (26) as
follows: 5 F" =Ft 1+(Fl At+...  11 dt )"_1 In all practical situations the
sampling frequency is large enough such that At/zr"l.  Thus, terms of the
order of At/Tr can be neglected. The final result is given by: 10 T = I (T4
-Tt4  TT (28), where, as before, T =Tt -T and TT = hpC/(2ecTc3) . Equations
(27) and (28) indicate  that the effect of adding the Az term is to obtain
better trajectory tracking (on the thermal  time scale), and more
importantly to achieve the correct steady state value. For 15 example, if
gains of 0, 1 and 2 are employed, and the heat input used in the model is
assumed to be offset by 10% (just as in the case presented in FIG. SA), the
tracking  response of the control facility can be expressed by Equation
(25). In this case, the  steady state error tends to zero for the foregoing
gains, specially as the gain (1Iz ) is  increased. Furthermore, when the
gain is larger than one, the tracking error everywhere  



20 remains within about 1 C. One important factor in using Equation (28) is
the need to have time  derivatives of the temperature. During operation,
the value of the wafer temperature is  given by the pyrometer 54, where
both white (un-correlat&d) and correlated noise are  25 present. Finally,
the control facility 30 when employing Equations (25) and (26)  is adaptive
in nature, since the control algorithm employed thereby corrects for the
predicted value of z based on differences between the predicted (T,) from
the 30 temperature profile and the actual (T) of temperature and associated
time derivatives.  However, this algorithm differs from conventional
techniques where the value of key,  parameters in a model are constantly
updated based on the difference between model  predictions and
measurements. The approach presented herein simultaneously corrects  for
all parameter uncertainties in the model, and is therefore more robust and
easier to  35 implement. 24 March 2005 WO 02/27059 -33 Control Algorithm
Implementation The control algorithm employed by the control facility 30 of
the wafer  5 processing system 10 uses the notation TP to represent the
pyrometer reading. The combination of the algorithms given by Equations
(14b) and (25) can be expressed as  follows: Z n f Ttn + T n-I -r1 P n
+Azn-1  , T = -t  TCC 10 where, just as before &n-1 = zn-1 - f(Tn-1 T n-11
l P P ) PCT/GBOI/03806 (29) (30) 15 Note that in Equation (30) the term Tp
is used as opposed to TP in order to avoid all the  difficulties that arise
when trying to obtain a smooth time derivative of the pyrometer  



data. The quantity T. is given by the following equation: + e[qt (z) + qb
(z)] + hpC (T PT P )  hpC dTP = -2e6T p 4 TM 20 25 (31) where the last term
on the right hand side is the usual forcing term used to get a better
agreement between the model and the measurement. Also, all the material
properties  used in Equation (31) are that of pure silicon. Typical values
used for Tm are about  0.2-0.3 s. In order to investigate the effectiveness
of the "model-gain" term  involving ;" consider another set of simulation
results, such as a wafer with top  emissivity of 0.9. The tracking error
for various values of gain (1/T") varies as the  model-gain is varied.
According to the algorithm, Tm influences the tracking error, and 30 in
order to comply with standard operational conditions of the wafer
processing system  10, the model-gain can be higher than six. Those of
ordinary skill will recognize that  using substantially higher values of ,,
can create instabilities in the system due to the  sampling frequency and
the noise associated with the pyrometer 54. 24 March 2005 WO 02/27059
PCT/GBO1/03806 -34 Thus, the control algorithm of the control facility 30
contains feedback  linearization together with an adaptive capability that
allows for good trajectory tracking  (sub 1.5 C) with nominal or zero
steady state errors. Specifically, this is done by using  Equations
(29)-(31) with the following gains: 1/a,=1-2 s"1, and 1/r,"? 5 s''. 5 By
way of example, the control facility 30 can be employed to ensure  accurate
tracking of the temperature during use. In FIG. 10, the system operation is
shown for a pure silicon wafer with the same furnace setting as presented
in FIG. 6. In  this example, the ramp-up rate is 70 C/s, and the ramp-down
rate is -50 C/s. 10 Furthermore, T.s, = 1050 C, ZR = 1.5 s, a"= 1.0 s, and
,, = 0.2 s. As shown, the wafer  temperature ramp rate accurately follows
the requested values. Hence, the control  facility 30 accurately controls
the processing of the wafer. In FIG. 11, the tracking error  for both the
silicon wafer as well as a wafer with a low top-emissivity is shown. The
tracking error drops rapidly after the closed loop control begins. Then,
the error value 15 peaks at approximately 3-4 C until the rollover in the
temperature trajectory begins,  



after which it decreases to within about  1 C. The steady state error is
zero. In general, the tracking error is consistent with the predictions
from the  examples and simulations described above. The reason for the high
value of the 20 tracking error at the start of the closed loop control is
the mismatch between the actual  pyrometer time derivative and the
requested value of the ramp rate (70 C/s). That is,  the system 10
accurately and adaptively moves the position of the wafer W to achieve  the
requested ramp rate, during which the tracking error increases. This
phenomenon  can be reduced by "blending in" the requested temperature
trajectory. This is done by 25 starting the temperature profile or
trajectory at the same rate as that of the pyrometer,  and then rapidly
transition to the required rate. Those of ordinary skill will recognize
that the tracking error does not fall  below the 1 C level as predicted by
the foregoing equations and models during the 30 linear temperature ramp
region, since the low sampling frequency together with the  noise present
in the pyrometer 54 prevents this from occurring. Both of these issues are
resolved by upgrading the temperature measurement system to perform
sampling at a  higher rate, with less noise. 35 In FIG. 12A, the
performance of the system for a wafer with a very low  top emissivity is
shown. The trajectory and the furnace settings are the same as in FIG.  10.
Observe how, at a certain time during the "recipe", the elevator travels to
the 24 March 2005  WO 02/27059 PCT/GB01/03806 -35 maximum allowable Limit
and stays there. The furnace settings in this case are not high  enough to
achieve the requested ramp rate, and as a result the elevator motion falls
into a  saturation mode. During the saturation period the ramp rate is no
longer tracking the  requested 70 C/s, and furthermore the tracking error
increases substantially. This is 5 clearly illustrated in FIG- 12B, where
the tracking error is plotted as function of time.  As the elevator comes
out of saturation the tracking error rapidly approaches zero, with  a
maximum overshoot of 2 C. As discussed earlier, using higher gains (1/)
results in  higher overshoots. The results presented in FIG. 12B clearly
indicate the robustness of  the control facility and hence the system 10
against this type of scenario. 10 Additional examples for a silicon wafer
are shown in FIGS. 13A and  13B. Here, all the parameters are the same as
the cases presented in FIGS. 10-12, with  the exception of the ramp-up rate
which is 90 C/s (with ramp-down rate of -50 C/s),  and the rollover time is
2.2 seconds. The figures, again, indicate highly effective 



15 trajectory tracking with an overshoot of less than 1 C. Those of
ordinary skill will recognize that various ramp rates and different gain
parameters can be used while concomitantly achieving similar tracking
capabilities. The  illustrated wafer processing system 10 exhibits reliable
trajectory tracking and minimal 20 over/undershoots (<_ 2 C) under a
variety of different operating conditions and using  wafers with varying
surface characteristics. Furthermore, an important correlation has  been
presented that relates the elevator mechanical limitations to temperature
overshoots. This correlation is used to draw-out the temperature trajectory
(or redesign  the motor) in order to optimize the system's performance
while avoiding overshoots. 25 I Since certain  changes may be made in the
above constructions without departing from the scope of the  invention, it
is intended that all matter contained in the above description or shown in
30 the accompanying drawings be interpreted as illustrative and not in a
limiting sense. 24 March 2005 36 CLAIMS 1. A method for processing a
workpiece in a thermal processing furnace  according to an intended
temperature profile, said method comprising the steps of 5 measuring the
temperature of the workpiece in the thermal processing  furnace, and based
upon the intended temperature profile and the measured temperature  of the
workpiece, regulating a position and a speed of the workpiece through the
furnace to heat process the workpiece generally according to the intended
10 temperature profile. 2. The method of claim 1, further comprising the
step of providing an  intended temperature profile of the workpiece to be
generally achieved during  processing in the thermal processing furnace. 15
3. The method of claim 1 or claim 2, further comprising the step of
determining one or more selected set points of the thermal processing
furnace, and  then employing the set points to determine a target
temperature of the workpiece. 20 4. The method of claim 3, further
comprising the step of moving the  workpiece through the furnace based upon
the furnace set points, the intended  temperature profile and the measured
temperature of the workpiece. 5. The method of any preceding claim, further
comprising the steps of  



25 providing a workpiece processing recipe, generating from said recipe the
intended temperature profile, and  controlling movement of the workpiece in
the furnace to heat the  workpiece generally according to the temperature
profile. 24 March 2005 37 6. The method of claim 5, wherein the step of
providing the recipe comprises  the step of selecting at least one of a
temperature ramp-up rate, a temperature  ramp-down rate, and a soak
temperature. 5 7. The method of claim 6, further comprising the step of
providing a  relatively smooth transition between at least one of the
temperature ramp-up rate  and the soak temperature, and the temperature
ramp-down rate and the soak  temperature. 10 8. The method of any preceding
claim, wherein the step of measuring  comprises the steps of determining
the emissivity of the workpiece, and based upon the emissivity of the
workpiece, determining the temperature  of the workpiece. 15 9. The method
of any preceding claim, wherein the step of measuring the  temperature
comprises the step of providing an emissivity compensated pyrometry  system
to measure a parameter of the workpiece. 20 10. The method of any preceding
claim, wherein the step of moving the  workpiece comprises the step of
providing an elevator for moving the workpiece  through a process chamber.
11. The method of claim 10, further comprising the step of moving the  25
elevator in response to the measured temperature of the workpiece. 12. The
method of claim 1, wherein the step of measuring comprises the step  of
determining the temperature of the workpiece according to the following
equation: 30 hpC(T) d1 - Of + ey)(7' + W9,(z) + an98(z) , 24 March 2005 38
wherein T is the workpiece average temperature, h is the workpiece
thickness, p is the workpiece density, C(T) is the specific heat, c, is the
total  emissivity of the top surface of the workpiece, Ep is the total
emissivity of the  



bottom layer of the workpiece, a, is the absorbtivity of the top layer of
the 5 workpiece and ab is the absorbtivity of the bottom layer of the
workpiece. 13. The method of any preceding claim, wherein the measuring
step further  comprises the step of providing a feedback subsystem for
sensing and measuring  the temperature of the workpiece. 10 14. The method
of claim 13, further comprising the steps of  determining the emissivity of
the workpiece, generating an output signal with a pyrometer indicative of
the workpiece  temperature, 15 filtering the output signal, and based on
the workpiece emissivity and the output signal, determining the  workpiece
temperature. 15. The method of any preceding claim, further comprising the
steps of 20 providing a control facility for controlling movement of the
workpiece within the  thermal processing furnace in response to the
measured workpiece temperature. 16. The method of any preceding claim,
further comprising the steps of  determining the difference between the
measured temperature and an 25 intended temperature from the temperature
profile to form an error signal, and  based on the error signal, moving the
workpiece within the thermal  processing furnace with an elevator
subsystem.  17. The method of claim 16, further comprising the step of
scaling the error  30 signal by a pre-determined value. 24 March 2005 39
18. The method of claim 17, further comprising the step of sampling the
intended temperature profile at one or more points, and  determining one or
more boundary conditions of the elevator subsystem  based on the sampled
points. 5 19. The method of claim 18, further comprising the step of
determining one or  more boundary conditions of the elevator subsystem
based on the boundary  condition. 10 20. The method of claim 19, further
comprising the step of moving the  workpiece at a selected speed within the
chamber and within the boundary  condition. 



21. The method of any claims 17 to 20, further comprising the step of  15
sampling the intended temperature profile at one or more different points.
22. A system for processing a workpiece, comprising a thermal processing
furnace having a process chamber, a feedback subsystem coupled to the
thermal processing furnace for 20 detecting a parameter of the workpiece
when disposed in the processing chamber,  a control facility for generating
a control signal based upon an intended  temperature profile of the
workpiece and the parameter of the workpiece, and an elevator subsystem in
communication with the control facility for  regulating a position and a
speed of the workpiece through the process chamber in  25 response to the
control signal to heat process the workpiece generally according to  the
intended temperature profile. 23. The system of claim 22, wherein said
control facility is adapted to control  the elevator subsystem to move the
workpiece along an intended path through the  30 processing chamber as a
function of the intended temperature profile. 24 March 2005 40 24. The
system of claim 22 or claim 23, further comprising means for  acquiring one
or more selected set points of the thermal processing furnace. 25. The
system of any one of claims 22 to 24, further comprising a user  5
interface for providing a workpiece processing recipe, wherein said recipe
includes at least one of a temperature ramp-up rate, a temperature
ramp-down  rate, and a soak temperature. 26. The system of claim 24 or
claim 25, wherein said control facility generates  10 the control signal to
move the workpiece through the furnace based upon the furnace set points,
the intended temperature profile, and, the measured temperature  of the
workpiece. 27. The system of claim 25 or claim 26, further comprising a
trajectory 15 generator for generating the intended temperature profile in
response to the recipe. 28. The system of claim 22, wherein the control
facility is adapted to  determine the temperature of the workpiece
according to the following equation: h p C (T) d t- (61 + E b) o T 4 + a 4
q, (z) + a b g b (z)  20 wherein T is the workpiece average temperature, h
is the workpiece  thickness, p is the workpiece density, C(T) is the
specific heat, e, is the total  emissivity of the top surface of the
workpiece, cb is the total emissivity of the  bottom layer of the
workpiece, a4 is the absorbtivity of the top layer of the  



workpiece and ab is the absorbtivity of the bottom layer of the workpiece.
25 29. The system of any one of claims 22 to 28, wherein said feedback
subsystem comprises a pyrometer for measuring the temperature of the
workpiece, an emissivity measurement stage for measuring the emissivity of
the  30 workpiece, and 24 March 2005 41 a filtering stage for filtering one
if the measured temperature and  emissivity, wherein said feedback
subsystem generates a signal corresponding to the  measured temperature of
the workpiece. 5 30. The system of any one of claims 22 to 29, further
comprising a plurality of  thermocouples for measuring the temperature of
the furnace at one or more  locations. 10 31. The system of claim 30,
wherein said controller further comprises a  furnace thermal properties
stage for generating an output signal in response to a  signal generated by
the one or more thermocouples representative of the thermal  properties of
the thermal processing furnace. 15 32. The system of claim 31, wherein the
controller further comprises a  workpiece thermal properties stage for
generating one or more signals indicative  of one or more parameters of the
workpiece in response to a workpiece position  signal generated by the
elevator subsystem and the output signal of the furnace  thermal properties
stage. 20 33. The system of any one of claims 30 to 32, wherein the
workpiece  parameter comprises one of temperature and emissivity. 34. The
system of any one of claims 22 to 33, wherein the elevator subsystem  25
generates an output signal indicative of a position of the workpiece, said
system further comprising feedback means for inputting the output signal to
the control  facility. 35. The system of claim 30 or any one of claims 31
to 34 when dependent on  30 claim 30, wherein the one or more thermocouples
generate an output signal that is  input to the control facility. 



24 March 2005 42 36. The system of any one of claims 22 to 35, further
comprising a trajectory  generator for generating the intended temperature
profile and for inputting the  profile to the control facility. 5 37. The
system of claim 36, further comprising means for determining the
difference between the measured temperature of the workpiece and an
intended  temperature from the temperature profile to form an error signal,
wherein said  elevator subsystem moves the workpiece within the thermal
processing furnace  10 based on the error signal. 38. The system of claim
37, further comprising scaling means for scaling the  error signal by a
pre-determined value. 15 39. The system of claim 38, further comprising
sampling means for sampling  the intended temperature profile at one or
more points, and determination means  for determining one or more boundary
conditions of the elevator subsystem based  on the sampled points. 20 40.
The system of claim 39, further comprising means for determining one or
more boundary conditions of the elevator subsystem based on the boundary
condition. 41. The system of claim 40, further comprising means for moving
the 25 workpiece at a selected speed within the process chamber and within
the boundary  condition. 42. The system of claim 22, further comprising
determination means for  determining the difference between the measured
temperature of the workpiece 30 and an intended temperature from the
temperature profile to form an error signal,  scaling means for scaling the
error signal by a pre-determined value, 24 March 2005 43 sampling means for
sampling the intended temperature profile at one or  more points, and
determination means for determining one or more boundary conditions of  the
elevator subsystem based on the sampled points. 5 






