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entirety. )LLD OF THE I NVENTION This invention relates to a tenperature
control system and nethod used to change from one setpoint tenperature to
anot her. More specifically, the present 15 invention relates to an

inertial tenperat yNEFCOIAT, TEMPERATURN CONTROIUSESTEM ANBMETHOD i ng
process, such as but not limted to, sem conductor manufacturing processes

and equi pnent. BACKGROUND OF THE | NVENTI ON 20 Tenperature control systens
and nethods play a vital role in many nmanufacturing processes. Current
state of the art nethods of controlling tenperature in manufacturing
process e?rpl oy tenperature control algorithnms such as Proportional,
Integral, Derivative (PID) algorithns or fuzzy |logic. The PID algorithmis
wel | known in control theory, and PRIORAY BAEArence between the current

measur ed tenperatupe. 25 .the desired temmerature 0, o]
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termprovides a contribution to the power proportional to the error val ue.

The intedfal wefenenes mitsgméiredy.contribution to the power proportional to the
integral (sum) of the error value over tinme. The derivative term provides a
30 contribution to the power proportional to the differential (rate of

change of) the error value. W@RIELDOR THE INVENFIONd tenperature, the PID
al gorithmresponds to the _changing set point (desired tgrrptehr %t urdee by
i ncreasi ng the powdpisipyentignelates thp tempgrature control system and method used to
change from one setpoint temperature to another. More specifically, the present
15 invention relates to an inertial temperature control system and method nsed in a
manufacturing process, such as but not limited to, semiconductor manufacturing

processes and equipment.

BACKGROUND OF THE INVENTION

20 Temperature control systems and methods play a vital role in mamny
manufacturing processes. Cutrent state of the art methods of controlling temperature
in manufacturing process employ temperature control algorithms such as Proportional,
Integral, Derivative (PID) algorithms or fuzzy logic. The PID algorithm is well known
in control theory, and uses the difference between the current measured temperature

25 and the desired temperature (the error value) to determine the amount of power to
apply to a heating circuit. As the name suggests, there are three terms in the PID
calculation. The proportional term provides a contribution to the power proportional
to the error value. The integral term provides a contribution to the power proportional
to the integral (sum) of the error value over time. The derivative term provides a

30 contribution to the power proportional to the differential (rate of change of) the error
value, _

‘When changing the desired temperature, the PID algorithm responds to the
changing set point (desired temperature) by increasing the power (if ramping up to a



hi gher set point).or decreasing the power (if ranping down to a |ower set
poi.nt). Typically when ranping to a higher tenperature, the neasured

tenperature will lag behind the set point, and then over shoot the desired
tenperature and oscillate before settlimdin to match it. This is depicted
in Figure 1. 5 O additional inportance is limting the ranp rate to
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setpoint tenperature values, the resultin ranp fate i s_not. conti.puous as
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second derivative of the setpoint is the tenperature acceleration, which
must be 10 nf i niniseabile onleddto ¢aplyi fadure of seumicorsiugtor cips mavwfactured from theawafer. a

non-zero val ue and_hack 20 agai n,. al objects.are in abl.e of the
i nst ant aneous and Vﬁ@ﬁﬁ*&l@%&e@%&s&wﬂ*ﬁmﬂ e 8?5@8?%%% rate that is
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time delay after the start of heating before the object's actual
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infinite in order to instantaneously jurp from 0 ramp rate to a non-zero value and back

20 again. Real objects are incapable of the instantaneous and infinite “acceleration” in
temperature ramp rate that is necessary to heat or cool under this idealized regimen,
The result is a time delay after the start of heating before the object’s actual
temperature ramp rate achieves the desired ramp rate. A similar effect of “heating
inertia” occurs as the temperature of the object approaches the final setpoint. When

25 the furnace shuts off, the temperature ramp “deceleration rate™ must be negative
infinity to bring the ramp rate from a non-zero value back to zero. As aresult, the
object’s temperature overshoots the setpoint and then oscillates above and below it
before finally settling down to a stable temperature as depicted in Figure 1.

The time delay or lag in the beginning of the ramp phase, overshooting of the

30 desired setpoint, and temperature oscillations about the setpoint that are associated

with prior art control methods as shown in Figure 1 are undesirable in many

applications when stable and precise temperature control is required. Accordingly an



with prior art control nmethods as shown in Figure 1 are undesirable in many
appl i cati ons when stable and precise tenperature control is required.
Accordingly an -3- inproved system and net hod of tenperature control is
needed. SUMVARY OF THE | NVENTI ON Accordimygly, it is an object of the
present invention to provide an _inproved 5 system and nethod of

t enper at ur e Eoproved systam andmethiod of tempgrature cprtea sheeededient i on  provi des an

i mproved system and net hod of tenperature control in a nmanufacturing
process, such as but not limted to sem conductor processing and equi pnent.
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one enbodi ment of the present invention a nmethod is provided for chaggi ng
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and one or MnRprTRAGMDULR setSIMais thall RnpepRutichalkity 504 bydy $dclr ithefinite

furnace's heating chanber. A varying tengerature set point is provided to
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In one embodiment of the present invention a method is provided for changing

the temperature of a body housed in a heating chamber in a temperature controlled
20 furnace from a starting to an ending tempetature using a temperature control
algorithm. One or more controllable heating elements and one or more temperature
sensing devices are housed within the fumace’s heating chamber. A varying
temperature set point is provided to the temperature control algorithm. This set point
temperature accelerates from the statting temperature toward an ending temperature at
25 a finite rate until the temperature ramp rate reaches a defined maximum ramp rate.
The maximum ramp rate is substantially maintained until the set point ternperature
approaches the ending temperature. Then the set point temperature decelerates from
the maximuin ramp rate at a finite rate to reach the ending temperature. The
temperature control algorithm substantially maintains the temperature of the body in
30 conformance with the provided set point temperatures.
An additional embodiment of the present invention provides a method of
changing the temperature of a body housed in a heating chamber in a temperature



tenperature control algorithmsubstantially maintains the tenperature of
t he. body in 30 conformance with the provided set point tenperatures. An
addi ti onal enbodi ment of the present invgytion provi des a met hod of
changi ng the tenperature of a body housed in a heating chanber in a
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i ncludes a cha ousi ng one or nore conttollable heating
el ement s and desslerationis carriddoou ér atnanmer sheat sauses the véropesaturemiithe bialyito geaght o

the heating elenents is controlled by t epper at ur ontrqgller configured
to receive atheending sit PoAISENDSTARNE PRI BRI s%@@ﬁ@%??ﬁ’%‘r”@uﬂ%% i nput s

representati af .- . | | housed in the heating
chanber . The%?%%%ééﬁﬁeﬁ%gﬁgﬁg%%%@ %El%heati ng power conmands to
ranp thast enper at kmthdr etibedingeaiy of the oumgént dnveatipeprayidesa samysratutgt i on phase,
a constant ra e phase, .and a_tenperatur ecel grakion phase to
achieve a de@%@iwﬁﬁfﬂﬁm%%@?ﬁ?eéﬁ? {f ﬂ&é’ﬁ%‘l ﬁﬁf‘ﬂ*ﬁ%‘?ﬁq\%@ﬁs a
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temperature sensing devices. Power delivery to the heating elements is controlled by a

temperature controller configured to receive a set point temperature profile and
20 temperature data inputs representative of temperature sensing devices housed in the
heating chamber. The temperature controller provides heating power commands to
ramp the temperature of the body through a temperature acceleration phase, a constant
ramp rate phase, and 2 temperature deceleration phase to achieve a desired temperature
substantially smoothly with minimal oscillation around the desired temnperature.
25
BRIEF DESCRIPTION OF THE DRAWINGS
Other objects and advantages of the present invention will become apparent
upon reading the detailed description of the invention and the appended claims
provided below, and upon reference to the drawings, in which:
30 Figure 1 is a diagram illustrating the temperature control response of prior art
temperature control methods.
Figure 2 is a diagram illustrating the temperature control response of the



BRI EF OESCRIRPTI ON OF THE DRAW NGS O her obj ects and advant ages of the
present invention will becone apparent upon reading the detail ed
description of the invention and the appended cl ainms provided bel ow, and
upon reference to the drawi ngs, in which™" 30 Figure 1 is a diagram
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syst em enpl oyiesmeyoiples iffeidnOfne forilisirepeNt i nvention. Figure 5 is a flow
chart showing the internal structure of tenperature control 10 software in

accordance w th ofiguseéus srhematis disgramsqfa: farnag shavang ealy she ¢angropplemisnts

i nvention. Fi i ' ' embodi nent of the
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time pl@vi dseftweretimacsordanee withoappmpadiment ¢fdhe notemandpgthad of bepressnbr ¢ he
present i nV?!WeLﬁ&l 20 DETAI LED DESCRI PTI ON OF THE | NVENTI ON The i deas
involved in inertral tenperature control of the present invention have to
do with how t he t Figwee atisis foweham ilustrating onereagdhodimdnh ofithe auethod ofttherper at ur e

control methods used ,in the sem conductor industry, an object or a body,
such as a present mvention.

Figure 7 is a graph showing temperature and applied power data over time for a
15 prior art temperature control method.
Figure 8 is a graph showing temperature and applied power data over time
provided by the inertial temperature control method and system of the present

invention.

20 DETAILED DESCRIPTION OF THE INVENTION

The ideas involved in inertial temperature control of the present invention have
to do with how the temperature set point is managed. In prior art temperature contro}
methods used in the semiconductor industry, an object or a body, such as a
semiconductor wafer, is typically temperature ramped in a linear fashion. The actual

25 temperature of the body cannot match the linear ramp rate, so it lags at the start, and
overshoots at the end. In contrast, the present invention provides a temperature set
point vs. time curve that more closely matches the curve that a real object is capable of
following., Thus, the present invention accounts for the “inertial” nature of
temperature changes, and controls the set point to allow the actual temperature of a

30 body to follow the set point more closely and thereby minimize overshoot while
achieving terriperature stability more rapidly than prior art straight linear ramp
methods.



sem conductor, wafer, is typically tenperature ranped in a |inear fashion.
The actual 25 tenperature of the body cannot match the linear ranp rate, so
it lags at the start, and overshoots at jhe end. In contrast, the present
i nvention provides a tenperature set poifit vs. tinme curve that nore

closely matches the curve that a real object is .capable o fqQl | Qw ng.
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physi cs. An object at rest cannqt be instantaneously accelerated to a non
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this commanded input, the result is an early lag in the body’s temperature relative to

the ideal assumption followed by an overshot as the body temperature exceeds the

20 programmed setpoint at the end of the ramp and then oscillates about the setpoint
before finally stabilizing 2t the programmed temperature. To better control the
temnperature, the present invention provides control inputs (set points) that change in a
way that is physically achievable for the body. The temperature is accelerated up to a
given ramp rate, held at that ramp rate until the setpoint temperature is approached,

25 and then decelerated to a zero ramp rate as the body achieves the desired steady state
setpoint temperature. As illustrated in Figure 2, modified control inputs are provided
so that the acceleration commanded by the temperature control algorithm is finite and
physically attainable by the body being heated. By providing set points that can be
followed by the body being heated, the present invention minimizes or, ideally,

30 eliminates the overshoot and oscillation problems of prior art methods.

The invention is further illustrated in Figures 3, 4, and 5. In one embodiment

of the present inventiop, the method may be used in a semiconductor furnace, such as



before finally stabilizing at the progranmed tenperature. To better control
the, tenperature, the present invention provides control inputs (set
points) that change in a way that is physically achievable for the body.
The tenperature is accelerated up to a Tdrven ranp rate, held at that ranp

rate until the setpoint tenperature is approached, 25 and then. decelerated
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but not limtedto a vertical rapid heating furnace ofthe type illustrated
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Referring again to the exemplary embodiment, in Figures 3 and 4, the control

20 system is shown, generally comprised of a process controller 34 having process control
software operationally coupled to a temperature controller 32 having temperature
control software. One or more temperature sensing devices are provided. In the
jllustrative embodiment, these are preferably two sets of thermocouples comprised of |
one or more spike thermocouples 26 and one or more profile thermocouples 30

25 provided for temperature measurement inside the heating chamber 22. The spike
thermocouples 26 are positioned adjacent to the heating elements 12, and thus respond
faster to changes in temperature in the heating chamber 22 in response to temperature
control inputs. The profile thermocouples 30 are closer to the body 20 ~ silicon wafers
in this illustrative example —and thus better represent its femperature. Temperature

30 controller 32 which is programmed with commercially available temperature control
software receives the desired temperature 24 set point from process controller 34 and

reads the measured spike temperatures 36 and profile temperatures 38 from the



tenperature i s also suitable to control a cooling loop, in addition to a
heating | oop. Referring again to the exenplary enbodinent, in Figures 3 and
4, the control 20 systemis shown, generally conprised of a process
controller 34 having process control softfware operationally coupled to a
tenperature controller 32 having tenperature control software. One or nore
t enper at ur e smmfh@wqgesplm%g,épo Emperaturg, st peints 35| fupction; of SmeIgay; nent

these are prefera t sets of t i ; tup®r e
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t her nocoupl es 26 are positioned adjacent to the heating elenents 12, and

t hus respond softwares32 deferatinesdheamennt efpawerito ApPlY to ¢ach zAR% 14 plthe 22 in
response_to ében%gr turte1 control inputs. The profile thernocouples 30 are
closer t8 th&®h ﬁlae%n-s & licon wafers in this illustrative exanple - and

thus better repreggpireistis a flRoNhasshéwing Tepennd domtrcl Goftemerafitheer 32 whi ch
is progranmed with commercially avail agl e ter‘rgerature control software

recei ves t he températue cantrolend2 aesonlingstorong mbedimephoihe presant spvention-| & 34

and reads t asured hke tenmer 36 [ SIPE ures 38
fromthe -8- Qﬁ% 8‘6?‘P98°‘f“ﬁ%?%%%, p';%égﬁ %@gagogsﬁglgnﬁgétg I&%xgp%ret p%llaitr?t s as a
function of tdabRaliedbased 65 SpiRbiN profilertediperanibet 363 Dirbincthorespative cont r ol
software as a set point tenperature rofile, Based on the_ control

al gori t K ( ddbermoasenplesc?® P, In this exsmplars ebedimsnt 9T he present ipveqion, these

det erm nes thg,amgunt  gqf. I : ; Reubiiefiag&e 5

heat er el ener@uegg&’ %@d?%%gisggééﬁ%&x’c%gﬁgg %fmw%“f’ e | nftoer naﬁecont r ol

sof tware of ttheacthAnBapahnreofhevaters. eThedticrmardinsg] tooespond eodifiérantnt  of

the present invention. In the determ ne control tga i%gﬁture function 40, a
|

singl e cont r dempemives wngese The spike thamegouples675sRog 1R POXRLIBPSs i | e

tenperatures @6 ; 'IEJEEBFE ' . s LS
exenpl ary enﬁgﬂﬁbnﬁerfar%w%é&gr esen %*@ﬁ%%t)%ﬁtéﬁgﬁ%m\l/a ungsgwaf@e orrtl)i ned
at a spasi f i aHeriicbsplesdtiagrioset todhakodyd2namt thaetespdmd thectsbowlyeIf fortace t he
actual tenperature of the wafers. The ratios, cgn.,be used to r o)
different t&RpEpkE g‘]?%dﬂi‘kg%%.&e E&%"?W} e&?ﬂltg%ﬁ‘?% SP@%%Y&I y
10 _bower | NPUhbespoisd G &Qﬁ%’itnﬁfsﬁllms? BB ity A ol rafbkand the the
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accuracy are optimized. The best ratio for a given range of fumace, zone, and

temperature conditions js determined empirically as may be readily done by one of

20 ordinary skill in the art, but generally will depend more strongly on profile
temperatures 38 at higher temperatures at which the heat transfer from the coils to the
thermocouples 26, 30 is faster. In one illustrative embodiment of the current invention
performed in a 300 mm atmospheric pressure rapid vertical processor (RVP) furnace
with S zones and electric coils, the ratio of profile temperature to spike teroperature

25 used to calculate the control temperature varies from 50% profile + 50% spike at 400
°C to 60% profile + 40% spike at 600 °C to 90% profile/10% spike at 700 °C to 100%
profile at and above 800 °C, Other ratios may be employed depending on the
composition of the body being heated and the parameters of the fumace being used.

-The calculate set point function 42 calculates the intermediate temperature set

30 point. This function takes as its input the desired set point temperature 24. It will also

maintain its current set point 44. When the current set point 44 is equal to the desired

set point temperature 24, then no processing is done and the current set point is passed



15 thernocouples 30 are closer to the body 22, and thus respond noresl owy.
If furnace control is based only on the profile thernocouple 30, then the
sl-ow speed of the body's 22 response can_ result in oscillations. |ay

specifying a ratio, the response and the ~accuracy are optim zed. The best

ratio for a given range of furnace, zone, and .temeratyre conditio i's
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current set pm ldpptenPhe mbxinmmoraniperisprifatdy sethe rpgenf appropimaiely 2¢C Wien
the cal cul ate se poiqt function 42 receives a desired set I nt, .
t enper at ure 28R o3G0 ‘F‘E‘lrJ‘s Chins h’é{‘lﬁ Gﬁ?séﬂ?lel?:e& PR nf’@ﬁffeqfﬁ%?@.‘ﬂ‘fdlflg
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tenperature 24 a ermned acceleration rate.” The calcul ate set
poi nt f uhtt i oForiteating provesses, aiteraperhforerampaateintheaangetafspprozimately 2 °C min
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tenperature setpoint 44 is 10 close enough to the ending set point so that
decel erat i ng beatedhcFateoeling protesses; theanagimyum ramp sate ispftensopsirainaddye set
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20 ramp rate for cooling is typically less than approximately 3 °C min*,

The acceleration rate, deceleration rate, and maximum ramp rate are
predetermined values that are established for a given furnace. The predetermined
values are based on empirically measuring the capabilities of the element. Different
types of elements exhibit different capabilities. The acceleration and deceleration rates

25 are based on how fast the thermocouples can respond to the power input which is in
turn related to the amount of heat energy the element can supply. Elements with a
higher watt density will be capable of greater set point acceleration. Preferably, the
acceleration rate will be in the range of approximately 2 °C min™ to 40 °C min. More
preferably, the acceleration rate will be in the range of approximately 4 °C min* to 15

30 °C minZ. In the RVP fumace described above, an acceleration rate of approximately 8
°C min is most preferably used. Similarly, elements with little insulation that can

coo) quickly will be capable of greater set point deceleration. Temperature



to happen. The maximumranp rate is preferably in the range of
approximately 2 C mn'' to 30 Cmni'. The exact value chosen depends on a
nunber of factors including the operati ra%Stenperature of the furnace and
whet her heating or cooling is occurring.” For heating processes, a
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tenperature to the desired wafer tenperature .
temperature ramp is currently underway, the program checks whether it is time to

begin decelerating 56. If decelerating is warranted, a deceleration rate is calculated 60

20 to smoothly transition the intermediate set point to the ending set point. Ifthe
program is currently decelerating the ramp rate 62, a revised temperature setpoint 44 is
calculated based on the current deceleration rate 64. If the ramp rate is neither
decelerating nor in need of deceleration, then the program verifies whetber the ramp
rate is currently below the maximum ramp rate 66. For ramp rates below the

25 maximum under these conditions, the program directs an acceleration towards the
maximum ramp rate 70. If the ramp rate is currently at the maximum, the program
maintains the maximum ramp rate 72 until it reaches the point where it needs to

decelerate to smoothly arrive at the final set point.

30 EXPERIMENTAL
Several experiments were petformed in which sensarray semiconductor wafers

were heated in an simulated oxidation process in a vertical rapid heating furnace to



m nus the offset, -thus accurately and precisely controlling to the
estimated wafer 10 tenperature. The PID al gorithm function 46 w ||

determ ne the commanded power 16, based on the control tenperature 41 and
the set point 44. Figure 6 shows a flow thart of one enbodi nent of the
present invention. |t is a detailed description of the |logic contained in
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provided in the current invention was changed. As shown in Figure 8, inertial
termnperature control reduces both the thermal overshoot and the stabilization time. The

20 thermal overshoot is limited to less than 0.5 °C for all zones and the temperature
recovery occurs in less than 5 minutes. Additionally the previously mentioned
improvements in power regulation are seen when comparing the two data plots. Using
the method of the current invention, the power fluctuations are damped both in
amplitude and frequency and overall significantly reduced for the same thermal cycle,

25 This has several positive impacts on furnace operation. Due to the reduced cycling of
the power an improvement in element life can be expected, additionally there will be
less stress on the mechanical assemblies that are in proximity to the furnaces coils, and
this should improve overall fumace reliability.

The foregoing description of specific embodiments and examples of the

30 invention have been presented for the purpose of illustration and description, and
although the invention bas been illustrated by certain of the preceding examples, it is
not to be construed as being limited thereby. They are not intended to be exhaustive or



the inertial tenperature control systemof the present invention. Figure 7
shows the tenperature vs. time (top panel) and applied heater power vs.
tirme response for the five furnace heatﬁg el enent zones. As Figure 7

shows, with conventional PID control 10 t€&nperature recovery after a

tenperature ranp occurs wth approxipatel to 4 f hg tenperature
over shoot ateilimit @EWSWQMP&WPTP@S?%%@F Q&@ﬁ?ﬁ@?@&ﬁ%@@%ﬂg whi ch the

t enper at ures _of..t he var] . a5y ; of thieABocketesabernp,
tenperature gﬁ°§‘$%§°ﬁ%5&‘?’é§‘%§&%r spl ggﬁaﬁgﬁgéﬁ&ni&(}f repeatedly, A
simlar test Wasneedddandtekk seopsof thb nventien éngompass thmﬁemm\ateérﬁléé?’ﬁ‘m e 15
control algorithmaugnented wth the ipertial, tenperature control nethod of
the present diselased,izod by the d@)‘fnstaﬁﬁeftﬁeiigf”ﬁgﬂ angit T}{T?qwéaé?m?'enper ature, and
gas flows fromthe PID-only test were maintained. Only the use of inertial
tenperature control as provided in the current invention was changed. As
shown in Figure 8, inertial tenperature contrel reduces both the thernal
overshoot and the stabilization tine. The 20 thermal overshoot is limted
to less than 0,5 C for all zones and the tenperature recovery occurs in

| ess than 5 mnutes. Additionally the previously nentioned inprovenents in
power regul ation are seen when conparing the two data plots. Using the

nmet hod of the current invention, the power fluctuations are danped both in
anpl i tude and frequency and overall significantly reduced for the same
thermal cycle. 25 This has several positive inpacts on furnace operation.
‘Due to the reduced cycling of the power an inprovenent in elenent |ife can
be expected, additionally there will be 1less stress on the nechani cal
assenblies that are in proximty to the furnaces coils, and this should

i nprove overall furnace reliability. The foregoing description of specific
enbodi nents and exanples of the 30 invention have been presented for the
purpose of illustration and description, and although the invention has
been illustrated by certain of the preceding exanples, it is not to be
construed as being limted thereby. They are not intended to be exhaustive
or -12- tolimt the invention to the precise fornms disclosed, and

obvi ously many nodification, enbodi nents, and variations are possible in

| ight of the above teaching. It is intended that the scope of the

i nventi on enconpass the generic area as herein



di scl osed, and by the clainms appended hereto and thei r*eqm—vﬁ—M
nr s *~ CLAIM5S What is clainmed is: 1. A nethod of cha m%’the t enperat ure

of a body housed in a heating chamnber |nr‘q€ terrperatur 'ﬂﬂlmﬂulﬁﬂnace

froma starting to an ending set point teénperature
control algorithmcharacterized in that; said heati ng chanber “holse’s dne or

nore control |l abl e beating el enents, an r nore tenperature sensing
devices; a sefys dﬁr@ grature is accelerated fromsaid starting
t enperature towar sal endlngterrperature at afinite rate until a

defined maxi mim r adpmethbé of shangingehectdmperhfurs ef aibedythopsédiin atleating ciamber i s

substantial |y naintai ned at maxi gum r am ate unti |l sai.d endi
tenperature .| ingy R’j’rm&mg‘gﬁdq"é@? P2 StaTREto-AN migsseH-’;‘E’étltE’inﬁ?rég‘“f rom

sai d maxigum IFH“ t i ng tenperature; and
sai d terrp€1rJat B?e co@‘i] ﬁacorlﬁg%n s@gﬁﬁeg%djnﬁrﬁa#nt ains the tenperature

of 15 said body i mdthaitﬁrgrmambathbumlmhe&emommollmhemreéem&ts Andret hod
of changing the tenperature of a body housed in a heating chanber in a
tenperature C B PIONPEJCIPRIABELSIFIBEAEYISESar t i ng to an endi ng terrper ature
using a tenperatu I |

provi di ng tenperat %rge%g%ag?gééﬁg%ﬁgg%{rae%%ﬁ?@s grs%#ﬁn%{ ﬁgﬁm ng deV| ces in
sai d heating sdidehding empepatinerip e finite rate antil aphﬂnedmaxunmutmpntsmmchxeved
tenperature control , . algorithmwhich cqntral ower. to one or nor e
control | bl e heatlﬁﬁdé‘l" é’t‘?ﬁ’rﬁl‘?ﬂp‘?"ﬁ“’?&’f'a‘ﬁ’fs %ﬁ)@?‘ r‘i‘é’"}ﬁ
tenmperature sghe Gmgst@rhﬂer%?éﬁ'?ﬁmﬁ&tegpo' nt terrperature 25 at a
finite programe acce eration rate un ef i ned maxi mum t enperature
ranp rate is achi wédetpnmtmmmg is decglesated fromrsaidimaninwat amp rate agai d

maxi mum t enperature ra unti | salg endi ng tenperature i s approached;
and decel eratflﬂ'ée o se ’ﬁtE‘F‘Ee‘?é‘fe’ﬁB nt fromsaid maximumranp rate at

a said temperature control algorithin substantially maintains the temperature of

15 said body in conformance to said set point temperature.

2. A method of changing the temperature of a body housed in a heating chamber
in 2 temperature controlled furnace from a starting to an ending temperature using a
temperature control algorithm comprising the steps oft
20 providing temperature data from one or more temperature sensing devices in
said heating chamber and a temperature set point as inputs to said temperature control
algorithm which controls power delivery to one or more controllable heating elements
in said furnace;
accelerating said temperature set point from said starting set point temperature
25 at a finite programmed acceleration rate until a defined maximum temperature ramp
rate is achieved;
maintaining said set point temperature at said maximum temperature ramp rate
until said ending temperature is approached; and
decelerating said temperature set point from said maximum ramp rate at a
30 finite programmed deceleration rate until said ending set point temperature is reached
such that the temperature of said body reaches said ending set point temperature
smoothly without substantially overshooting or oscillating about said ending set point



30 finite programred deceleration rate until said ending set point
tenperature is reached such that the tenperature o ody reaches said

endi ng set point tenperature snoothly WI out subst Irm ti ng
or oscillating about said ending set poi n 1*CL M}M gﬂm
The method according to clainms 1 or 2 wherein said c e heat i ng

el enents are EPPEEIE,| heati ng coils. 5 4. The nmethod according to clains
1 or 2 wherein said controllable heating elenents are radi ant heat |anps.
5. The method according to clainms 1 or 2 wherein sai-d tenperature sensing
10 devices ar® oneTmmathbdatmmpwclaimsl qrowheteingaidoanivollable hediimgper at ur es
for each of said one or % contrgll able heating elenents. 6. The net hod
according to @F‘&FWFS%%‘F% eAtgRPHDI. tenperature which is a mathemati cal
conbi nation of said one or nore thernocouple tenperatures is an input 15
to said tenperature control algorithm 7. The nethod according to claim®6
wher ei n sai d 4.0nt r Dhe inetlpd nedoudiag tesclhimst ihar2 whetinseid doptrbfiatde hedtingwn of f set
from said t hernocoupl e éﬁe% ures. 20 S. The nethod according to claim?7
further char aFBFRS aFF TPRaRtheat @IPE ( enperature offsets are static offsets
that correct said control tenperature for differences between the
tenperature of said body and said thernocouple tenperatures. 9. The net hod
accordi ng to %l ai nEhelmethod aéaording to clmiasalodred wherelini saidi tmperaturelsdnsidg i s 25 a
sem condyctor ,wafer. 10. A tenperaturge controlled furnace for cg_a t he
Cener atllh o HOViESh 8iRone 05 MATT BGOCaHDI5S RHRE AR RO TSP TBRERUOLohf o
control | abl e heati r nore tenperature sensing

devi ces; and a teﬁ%r@é%ﬁ%%ﬁbr Ife?lﬁfco%‘g?tgured to carry out the nethod of
clains | or 2. 1111111211112112111121211111111

6. The method according to claim 5 wherein a control temperature which is a

mathematical combination of said one or more thermocouple temperatures is an input

15 to said temperature contro] algorithm.

7. The method according to claim 6 wherein said control temperature is further
defined to have a known offset from said thermocouple temperatures.

20 8. The method according to claim 7 further characterized in that said temperature
offsets are static offsets that correct said control temperature for differences between
the temperature of said body and said thermocouple temperatures.

9. The method according to claims 1 or 2 further characterized in that said body is
25 a semiconductor wafer.

10. A temperature controlled furnace for changing the temperature of a2 body
comprising:
a beating chamber housing one or more controllable heating elements, and one
30 or more temperature sensing devices; and
a temperature controller configured to carry out the method of claims 1 or 2.



* 15- CL MS - 11. A tenperature controlled furn ' t he
tenperature of a body conprising: a heating chanamlnm{mmEMIEmlr nor e
control | abl e heating el enments, and one og%m)re t enpekat ur exw Senskng
devices; and 5 a tenperature controller CUNfigured to receive a set point
tenperature profile and tenperature datg input,s represeniati f said

t enper at ure sEnsi nd} terERgTaRIES m&r@hed&mﬁcgg?fo&ﬁwwﬂ&q@ﬂa% e?ﬁ/?gboggnf i gur ed
to vary pomercogxg's\ﬁ%y to said one or nore controllable heating el enents
such that the ré)e ture of said body is ranped through a tenperature
accel erati on phases héatipgthiambér hoasing bAé 6r pheentraliublabdating elesemts cantione
decel erati on phase to achieve a desired tenperature substantially snoothly
with m ni mal otgBeve] teaperareseasing dswres: @di red tenperature. 12. The furnace

according to cl ai i ' '
el ectri c% heat i ng?’g%’?ﬁ%ﬁ{é’?@%@%ﬁf%@éﬁg@{f&ﬁ%% e urr}g gﬁﬂg
accordi ng to gldiempdraturekista hputsieprbsértativerciisaid coragraturegsensing desdcesdwasedne or

nmor e t hernocoupl es provi ding one or_nore tenperatuyres for eéa\ch of said one
or nore cont r & saighhesting shamber and pexfigured to vary power delivery to said one or more

controllable heating elements such that the temperature of said body is ramped through

a temperature acceleration phase, a constant ramp rate phase, and a temperature
10 deceleration phase to achieve a desired temperature substantially smoothly with

minimal os¢illation around said desired temperature,

12.  The furnace according to claim 11 wherein said controllable heating e]lements
are electrical heating coils or radiant heat lamps.

15
13.  The furnace according to claim 11 wherein said temperature sensing devices
are one or more thermocouples providing one or more temperatures for each of said

one or more controliable heating ¢lements,



