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X circuits, and to reduce production
and apparatus. More particularly, the invention relates to

process controllers principally for controlling temperature and
possibly other process variables in thermal reactors and other

processors used in semiconductor processing.

BACKGROUND OF THE INVENTION

The processing. of semiconductor wafers has become of great
economic significance _due to the large volume of integrated
circuits being. produced and the significant wvalue associated
with such circuits. Competitive préssures have driven dramatic
changes in production. Foremost among these is the reduction
in size of the various features of an integrated circuit which
make up the transistors and other devices being formed on the
integrated circuits. This reduction in feature size has been
driven to achieve greater ievels of integration, more
sophisticated and complex circuits,_and to reduce production
costs by obtaining more integrated circuits on each wafer being
pXoduced.

Even though feature sizes used in integrated circuits have
decreased dramatically, additional reductions are continuously
_being pursued. The temperature at which wafers are processed

has a first order effect on the diffusion of dopants,
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12 Traditionally, semiconductor thermal reactors have used
13 Proportional-Integral-Derivative (PID) controllers to control
H temperature. Although such controller have the advantage of

15

16 easier operation and maintenance, they are of limited accuracy

” in controlling temperatures. This limited accuracy imposes
1

limitations on the achievable size and yield of integrated
1 : L

2 "circuits.

2 The more typical PID controller parameters are
2 |

» experimentally tuned by adjusting the gain values or selected
2 using a variety of funing rules (e;g., Ziegler-Nichols). Such
control methods give relatively less accurate control of the
temperature of the thermal reéctor with associated limitations
on production yield and consistency of the resulting integrated
circuits or other semiconductor iéems being produced.

More complex control schemes have been devised, but these

more complex schemes frequently are so complex computationally

that on-line operation is either not possible or not feasible.
More complex contrél schemeé have also in some cases not been
used because of difficulties in achieving required " ¢control
system tuning and maintenance at the production fécility. ihis

has been of somewhat greater concern with regard to controllers
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The temperature control problems encountered in thermal

processing of semiconductor devices can be thought of in

several different ways. One control problem involves matching
the wafer temperature to the _desired overall or average target
or recipe temperature of the processor. The problem involves
both achieving the desired recipe temperature and in achieving
relatively consistent temperatures from one production run to
another.

The desired overall oxr average reéipe temperature of the
processor can conveniently be thought of in terms of three
different phases. The first phase is typically a ramp-up phase
wherein the average operating temperature increases oOr ramps
frém a low level when processing is begun. The temperature
ramp-up phase is thereafter ty.pically followed by a period
during which a desired maximum or other constant processing
temperature is maintained. Such a constant temperature phase

includes a stabilization period during which the changing

temperature ramp ends and a constant or near constant

temperature is achieved. Constant temperature phases may occur
one or more times in a processing cycle. A further phase is

the ramp-down phase wherein the average temperature of the
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-4 12 and thermal response. Such supplementary processing gases are
13 typically gases containing dopants, deposition materials or
H steamn.

I8

16 Another temperature ‘control . problem is to ' achieve

I relatively similar temperature exposures or histories during a

: X
: processing cycle for each of the wafers or other semiconductor

:Z workpieces Dbeing proceséed within a Dbatch. Temperature
2 variations routineiy oécur with  regard, to wafers positioned
z near the ends of the array of wafers held within a processing
2 furnace. There may also be other less predictable variations
from wafer to wafer, such as along the array of wafers
contained within the processing array.

A still further temperature control problem is associated

with temperature variations across an individual wafer or other

semiconductor workpiece being processed. This area of
variability is exemplified by the geometry of most processing
furnaces which have a grouping of multiple electrical heating
elements formed in rings which surround the array of wafers
being processed. Heat from the heating elements is being
radiated through the processing vessel and variations can occur

with regard to the heat gain experienced by the peripheral
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3 the thermal processor. Minimizing the processing time will

H typically increase the ramp-up phase temperature change rate.

15

16 Conversely, time concerns will also increase the ramp-down

- phase temperature change rate. Increased rates of temperature
! " N . . e :
”fl change cause greater difficulties in maintaining recipe
”

20 temperatures during the processes of transitioning between
2 ramp-up and stabilization phases,' and between stable
z temperatures and relatively rapid temperéture ramp—-down phases.
2 Given these complexities and somewhat countervailing
considerations, there is great difficulty in achieving improved
control systems which are both préctical and workable for

improved thermal processing of semiconductor wafers.
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12 characterization using thermocouple instrumented wafers.

3 Fig. 2 is a block diagram illustrating a preferred
H temperature controller according to the invention.
13

16

- process sequencing subsystem and gas interface.
13

" Fig. 4 is a' block diagram illustrating operation of a
P temperature subsystem.

2 Fig. 5 is a waveform diagram illustrating an exemplary
z pseudo-random binary seqilence used to characterize the reactor
2 of Fig. 1A.

Fig. 6 is a control diagram of a characterization control
mode which uses the pseudo-random binary sequence of Fig. 2 to
characterize the reactor of Fig. 1A prior to actual use in
processing semiconductor wafers. .

Fig. 7 is a control diagram of an element control mode

logic circuit, which employs a spike controller.

Fig. 8 is a ‘control diagram of a base control mode logic
circuit, which employs a profile controller and the spike
controller of Fig. 7.

Fig. 9 is a control diagram of a dynamic control mode

logic circuit, which employs a wafer controller, the profile

Fig. 3 is a block diagram illustrating operation of a.
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Fig. 1A'i§ a side elevational view, partially in section, of a
thermal sfpactor system enbodying the invention. . 9 Fig. 1B is a side
el evationfal view, partially in section, of the thermal reactor system
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characterization control . node whi ch uses the pseudo-random bi nary
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control, gi agram of an el ement control node l ogic circuit, which

enpl oys spi ke controller. Fig. 8is a control dlagran1of a
base cdnfrol node | ogic circuit, which enploys a profile controller
and the gpi ke controller of Fig. 7. Fig. 9 is a control
dlagran1 f a dynam c control node Ioglc circuit, which enploys a
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o (Article 1, Section 8).

'

12 The invention provides controllers and methods for

13 controlling a thermal reactor or processor used to process

H semiconductor workpieces. The typical thermal reactor includes

15

I a heating element powered by a power source, and has profile

1~ thermocouples and spike thermocouples. A preferred method
® comprising the following steps: modeling thermal dynamic
19

2 characteristics of the thermal reactor, the modeling step

2 I including providing thermocouple instrumented wafers in the
22 |

2 thermal reactor, perturbing the thermal feactor by controlling
2 the heating element wusing a stimulation sequence, and
developing models based on changes in temperature created by
the perturbations, the models including a model of power versus
spike thermocouple readings, a model of spike thermocouple
readings versus profile thermocoﬁple readings, and a model of

profile and spike thermocouple readings versus thermocouple

instrumented wafer readings.

One aspect of the invention provides a controller unit for
controlling a thermal reactor supporting a heating element
powered by a power source, profile thermocoiiples and spike
thermocouples, and selectively receiving thermocouple

instrumented wafers, the controller unit comprising an input
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device receiving a recipe; and a plurality of selectable
control mode logic circuits communicating with the profile
thermocouples and spike thermocouples, the control mode logic

circuits being used to control the heating element relative to

~the recipe.

Another aspect of the invention provides a method for
controlling a thermal reactor including a thermal reactor
supporting a heating element powered by a power source, profile
thermocouples, and _ spike thermocouples, and selectively
receiving thermocouple instrumented wafers, the method
comprising the following steps: modeling thermal dynamic
characteristics of the thermal reactor wusing the profile
thermocouples, spike thermocoupies, and instrumented wafers;
receiving a recipe including desired temperatures with respect
to time, and the recipe including desired control modes with
respect to time; and switching"from one control mode to another
in accordance with the recipe, aﬁd controlling temperature
differently in the different control modes, using temperature
information obtained from the profile thermocouples and spike
thermocouples. -

Another aspect of the invention provides a controller unit
for controlling a thermal reactor supporting a heating element
powered by a power source, profile thermocouples and spike
thermocouples} the controller unit comprising: an on-line
model which predicts wafer temperature; and a plurality of
selectable control mode logic «circuits which control the

heating element in response to the on-line model, and
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10 (Article 1, Section 8). 11 12 The invention provides
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source, ;gnd has profile 15 thernocoupl €&s*and spi ke thernocouples. A
preferred nethod conprising the follow ng steps: nodel i ng
thermal ? Jdynanmic 19 20 characteristics of the thermal reactor, the,
model i ng || step 21 including providing thernocou instrumented wafers
in the temperatne r eads rﬂﬁ%%%ﬁbln@bﬁﬁénﬁﬁgrnaﬁrpﬁactoﬁhﬁy profile
control g 23 24 the heat enent usin st.i nul ati on . sequence,
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power ed? FHEOMS ciPAF, FHKE'|ﬁbﬁﬁﬁﬁr“¥£%ﬁ&f§1ﬁ%d Sp'ESntrolllng energy
t her noceUpl es, and selectlvely receiving thernocouple
i nstrunernt eprefitien thetheNthelrhal WealbteRd1AIFAtd "iéired energy, by
13 using measurements from profile thermocouples and taking the
H integral of e (-2/kD) where k is Boltzmann's constant and T is
15 .
16 temperature measured using the profile thermocouples.
” Another aspect of the invention provides a controller unit
o for controlling a thermal reactor supporting a heating element
19
2 powered by a power source, profile thermocouples and spike

thermocouples, the controller unit comprising: a thermal

budget controller which controls energy provided to the thermal

reactor relative to desired energy, by using measurements from

(-2/kT)

profile thermocouples and taking the integral of e where k

is Boltzmann's constant and T is temperature measured using the
profile thermocouples.
Another aspect of the invention provides a method for

controlling a thermal reactor including a thermal reactor

supporting a heating element powered by a pbwer source, profile
thérmocouples and spike thermocouples, the method comprising
the following steps: modeling thermal dynamic characteristics
of the thermal reactor; receiving a recipe including desired
temperatures with respect to time, and the recipe including

desired control modes with respect to time; and switching from
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thermal freactor including a thermal reactor supporting a heating

el ement’ OmgﬁgdCQXEQOHO dEﬁ%gcgho€%8£recea%éor%%%t ernDCO é?e rgc1pe§pﬁnd

t her noco vel

i nstrunefit e onty@iggyﬂa.Egmberggﬁﬂgdzﬂﬂ% £ U 'E? Eﬁ@ rea&%

nodel i g er ma racteristic

using e mB&QE' | lell%gzotehﬁ%&%‘&?_@p'.@&fonﬁﬂ:f@n dVlQ:@!P' S? tl‘?é‘d rofJ.le
i nstrunefited wafers; 27T receiving a recipe including desired enpera ures
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modes Wi §h 23 24 respect to time; and switching fromone control nobde to

anot hery definedcbygr dascadeidt kohleolderge, and controlling tenperature

differ%n ly in the different control nodes, using tenperature

i nf or mét {on obt aRnetheromspestprad itihe tivererocioopl psowidespakeontroller unit
t her noeogpl es. Anot her aspect of the invention provides a
control) ¢r f@rt controlildngcht keermal xeaptoralsuppoitdmg ppbeathgga element

heati ng ¢l enent - powered by a power source, profile thernocouples and
spi ke B powered by a power source, profile thermocouples and spike

H thermocouples, the controller unit comprising: an on-line

15

16 model which predicts wafer temperature; and a plurality of

" cascaded selectable .control mode logic circuits which control
18

the heating element in response to one or more of: the profile

Z thermocouples, spike thermocouples, énd the on-line model.
u Another aspect of the invention provides a controller unit
' z for controlling a thermal reactor suppoiting a heating element
2 powered by a power source, profile thermocouples and spike
thermocouples, the controller unit comprising an on-line model
which predicts wafer temperature based on measurements from the
spike and profile thermocouples; and a plurality of selectable
cpntrol mode logic circuits, thé control mode logic circuits
including_ a base control mode logic circuit having a spike

controller which controls power supplied to the heating element

in response to measurements by the spike thermocouples, and a
profile controller which controls the spike controller in
response to measurements by the profile thermocouples; a
thermal budget control mode logic circuit which measures energy

provided to the thermal reactor and controls energy provided to
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control mode logic circuit employing the spike controller, the
profile controller, and the on-line model, the dynamic control
mode logic circuit further including a wafer controller in
communicatioﬁ with the on-line model and controlling the
profile controller.

Fig. 1A shows a thermal reactor system 10 embodying the
invention. The thermal reactor system 10 includes a thermal
reactor 12. The thermal reactor 12 can éither be horizontal or
vertical in orientation.

The thermal reactor 12 includes a process tube 14 defining
a chamber. The process tube 14 is preferably made of quartz,
or silicon carbide. In the illustrated embodiment, the process
tube is in the general shape of a hollow cylinder having an
open end 16. The process tube 14 has a length which extends
along and substantially defines a longitudinal axis. The
thermal reactor system 10 further includes a boat loader or
paddle 18 which inserts or removes a wafer load 20 into or from
"th&€  process tube 14. More particularly, the boat loader 18
includes a support portion 22, and a door portion 24 which is

movable with the support portion and which closes the open end



profile thernocouples and taking the integral of e[err] where k S

Boltzmann's constant and T is tenperature neasured using the rofile
t her mocoupY@98/35531 Anot her - aspect of the invention pr RGHESISPING hod
for controlling a thermal reactor Liysluding a thermal reactor .
supporfilhg a heating el enent powered by a power source, profile

t her nogojpl es and spi ke thernocoupl es, the nmethod conprising t he
foll ow nfy steps: nodeling thermal dynam c characteristics of the
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control. nodes, wusing tenperature information provided by the profile
t her nocopipliess asdes piligeikhedmaavpkhe, pitbeessntiuble mddes being 9  defined
by casdagled controllers. 10 Anot her aspect of the invention provides

a contpo} | er uni Thel#affer choadolli ngcludes mal pleaetldcysuphobbang £26. In
heating I ement :

the illustrated embodiment, the boats 24 are formed of quartz
1"

12 or silicon carbide. The wafer load 20 further includes a
13 plurality of siliccn wafers 26, and each boat 24 supports a
H plurality of the wafers 26. In the illustrated embodiment,
j: wafers on each boat 24 are equally spaced. The boat or boats

1~ " of wafers 26 generally form a wafer or other semiconductor

18 . .
workpiece processing array.

:: The thermal reactor 12 includes a heat'ing element 30
2 surrounding the process tube 14. In the illustrated
Z embodiment, the heating element 30 is an electrical resistance
2 heating coil or coils extending along the length of the
processing chamber parallel to the length of the process tube
14. The heating element 30 is subdivided into a plurality of
separately controllable heating zones 32. The zones 32 are
defined by providing 'connections. along the coil to divide the
H coil or coils into the separately controllable zones. The

zones are then separately controllable by supplying power to

opposite ends of each 2zone associated coil or portion of a
larger coil. More particuiarly, the thermal reactor system 10
further includes (Fig. 4) high current voltage transformers 33
and silicon controlled rectifiers (SCRs) 34 for controllably

applying power to each of the heating zones 32.
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n response to one or nore of: ‘the profile 20 thernocouples,
rmocoupl es, and the on-line nodel. 21 Anot her aspect of the
provi des a controller unit 22 for controlling a thernal
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0189bke thermocouples 36. Thermocouples as the term is used
herein_ encompasses potentially a variety of temperature
sensors, inﬁluding the more specific meaning of thermocouples.
Alternative temperature sensor constructions are intended by
the use of the term thermocouples. The spike thermocouples 36
are placed at a suitable'location, such as between the heating
element 30 and the process tube 14. The spike thermocouples 36
are spaced apart along the length of the.of the heating element
30, and a spike thermocouple 36 is located in each of the
heating zones 32. The spike thermocouples 36 provide the most
specific and responsive indications of the temperature at or of
the heating elements in each of the heating zones.

The thermal reactor 12 further includes a profile
temperature sensor sheath 38 exténding inside the process tube
l4. The process tube 14 has a bottom surface, and the process
tube 14 is supported on the bottom surface of the process tube
14- in an orientation parallel to the length of the process
tube. The sheath 38 extends at least partially across éach of
the heating zones 32.: In the illustrated embodiment, the

sheath 38 is formed of quartz or silicon carbide.

The thermal reactor 12 further includes an elongated
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5 budget_: C | node logic circuit enploying the spike
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t her mal - fleact or system 10 includes a thermal 22 reactor 12. The
thermal feaetjonlly cspaced hapabe [lionzoniled Dend8h’4f VvEHéi e¢ald 14D, and one
ori entatijon. The thermal reactor 12 includes a process tube 14
definingj thermochapier .42 The grwedssl tibeedéhi ofprefier abbhyingdedfes 32.
quartz,, [ or silicon carbide. In the illustrated enbodi ment, the
process Thet fhermodonplies dehars nofaprectssahbly oal tgheddwithatheg spike
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process'tube 14 and provides an indication of the temperature
15 ’

16 of the wafer load 20 in each of the heating zones.

- A plurality of thermocouple instrumented wafers 44 are
w optionally employed during modeling of the thermal reactor.
:: Fig. 1B shows the thermal reactor 12 of Fig. 1A receiving the
A thermocouple instrumented wafers 44 during modeling. These

22 .
thermocouple instrumented wafers 44 are uniformly spaced across

2
24 the wafer load 16 to provide an accurate measurement of the
actual temperature of the wafers 28. The waférs or other
workpieces being formed of silicon or other semiconductor
materials being processed. Each of the exemplary thermocouple
instrumented waferé 44 includeé a silicon wafer, and two

thermocouples 46 bonded to the silicon wafer: one on the edge

of the wafer, and one on the center of the wafer. The

thermocouples 46 of each thermocouple instrumented wafer 44 are
bonded to the silicon wafer, such as with a ceramic adhesive,
to provide accurate temperature measurements.

The thermal reactor system 10 further inciudes a éas

delivery system or gas panel 48 controllably injecting process



t he process tube 14. More particularly, the boat |oader 18

I ncl udes a support portion 22, and a door portion 24 which is rovabl e
with tHe sWASSPorti on and which cl oses the open end PEOUSSBIA0TE 1
PCT/ US98/ 01076 13- 2 3 of the process
tube 14:vfhen the support portion 22 is |ﬁ§erted 4 5 into the process
tube. THe door portion 24 seals and insul ates the process tube to
prevént’ at | oss after the wafer load 20 8 has been inserted into the
processstjube 14. The wafer load 20 includes a plurality of boats
26. In, 9%ﬂ%§|ﬁqQ%t?%}%ﬁt%ﬁ%%dgﬂﬁnFuPPﬁéeﬁoéps%ﬂ@QN§h§cﬁ¥@@F%$ guhet 14
or silic n car bi de. waf er 20 further jncludes a 12 13 plurality
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heating gl enent 30 is an electrical resistance 23 24

coils eftienprodedrg tudie 14d.ength of the processi ng chanber
parall e} to the I ength of the process tube

12 . In some embodiments, the process tube 14 is pressurized

13 for low pressure chemical vapor deﬁosition (LPCVD)-processes.

M In these embodiments, the thermal reactor 12 further includes

j: (Fig. 3) a pressure controller 56. In these embodiments, the
" thermal reactor system 10 further includes a baratron.or other
z suitable pressure sensing device 58 which measures the pressure
20 in‘the.process tube and communicates the measured pressure to
2 the pressure controller 56. Further, in these embodiments, the

22
thermal reactor system 10 further includes pumps and valves 60,

23
2 in communication with the pressure controller 56, to achieve
the desired pressure in the process tube 14.

- In some embodiments, :the thermal reactor 12 further
includes (Fig. 3) a torch 62 internal or external to the
process tube 14. The torch 65_ is used for wet oxidation

processes by burning a ratio of hydrogen and oxygen to produce

steam in the process tube 14.

The thermal reactor system 16 includes (Fig. 2) a control
system 64 controlling the thermal reactor 12. The coﬁtrol
system 64 includes two subsystems: a process sequencing
subsystem 66 for process sequencing, and a temperature

subsystem 68 for temperature control. Each subsystem 64 and 66



14. The heating el enent 30 is subdivided into a plurality of

separatel yccontrollable heating zones 32. The zones 32 are def i ned
by provi &W&’é@ﬁmct ions along the coil to-divide the cPFT/UgI8IgTe o
into the separately controllable zones._17.-The zones are then

separ at’elly controll abl e by supplying power to opposite ends of each
zone assdci ated coil or portion of a ~larger coil. More particularly,
the thernal reactor system 10 further includes (Fig. 4) high current
vol t agé?

for cond

[ PRAERLERE® & hicropAithydd SOMER AL RO AIRAL HHC °1 26675k, S4as,

applyi'ng power to each of the heating zones

WO 98/ 35431pentium, or higher, or clone thereoPCTO¥SMYEYYEa 6800, 68000
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i nsul até gn o4 h2.ghed) SRCTheG Wierpaliddegselrement 30. The insul ation also
serves . 6 to reflect and otherw se direct heat toward the wafer array
and serves Wwhilg ovbdhez mumicropfocessawyer taanm nbel zeubed} flix the
vari atidbgs away fromthe processing array. 10 The thermal reactor 12
furthers ifnciddestxatledr aembpdafment] tRe gpideeshersapriptiosy 3bsystem 66
Thermocodples as the termis used 13 .herein enconpasses potentially a
vari ety Jof empdmysr agur 68094 mieneprecesserudihg t h&heor Praness | camaniciqg
of therhgicoupl es.

12 subsystem includes random access memory 72 and a programmable

13 EPROM 74 that stores controller logic. The process sequencing

H subsystem 66 further includes a plurality of digital input and

15

16 output channels 76 as well as a plurality of analog input and

r output channels 78. The process sequencing subsystem 66

® further includes a plurality of serial input and output
19

2 channels 80 for external (remote) communication, if external
B communication is desired.' The process sequencing subsystem 66
j: follows a user defined process recipe. More particularly, the
2 thermal reactor system 10 further includes a user interface 82
defining an input device. While other user interfaces can be

employed, in the illustrated embodiment the user interface 82
comprises a touch sereen terminal interface with which a user
can enter a user defined procéss recipe. In the process
recipe, the user can define, on a per step basis, step time,

gas flows, chamber pressure, ‘temperature setpoints, and ramp

ratés.

- While other microprocessors can -be employed, in the
illustrated embodiment, the temperature subsystem 68 includes a
486 microprocessor B84. The temperature subsystem 68 further

includes dynamic random access memory 86 for use with the
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Al ternative tenperature sensor constructions are intended by
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Olfgidom Zaccess memory 90,

t he

a sixteen bit analog to digital

converter 92, and a PC/104 bus 94. The temperature subsystem

includes a plurality of multivariable controllers 96, 98, 100,

and 102 constructed using robust optimal control theory with

~empirically derived models of the furnace and wafers. More

particularly, in the illustrated embodiment, the multivariable

controllers 96, 98, 100, and 102 are constructed using H-

Infinity control theory.

In the illustrated embodiment, the control system 64

further includes (Fig. 3) a gas panel interface 104 connected

between the gas panel 48 and the process sequencing subsystem

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

with an interface to communicate with the mass flow controllers

54, the gas valves 52, the internal or external torch 62, the

pressure controller 56, the boat loader 18, etc. Further, the

gas panel interface 104 includes a plurality of hardware safety

interlocks for the thermal reactor

(e.g., to ensure hydrogen

flow with a proper oxygen to hydrogen ratio, to detect a flame

from the torch 62, etc.).

In the illustrated embodiment, the control system 64

further includes (Fig. 4) a temperature interface connected

between the thermocouples 36, 42, and 44 and the temperature



34 profile rod 40 supported in the sheath 38. The profile rod 40 5
has a*length parallel to the length of the process tube 14. 6 The
profileT %kl udes a plurality of thernocouples 42  PCHEMWEO1976
spaced apart along the length of the rogg40, and one t her nocoupl e 42 -
I's lodajled in each of the heating zones 32. 10 The thernocouples 42 are
not necg¢ssarily aligned with the spike 11 12 thernocouples 36 in the
directi n of the length of the process 13 tube 14. The profile rod 40 -
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illustrated embodiment, the control system 64 further includes
15

1 (Fig. 4) an element firing interface 108 connected between the

1~ heating element 30 and the temperature subsystem 68. The
1

element firing interface 108 includes one firing board for each

: of the defined heating zones. 32. These firing boards use a
LA zero-point switching technique to apply or discontinue power at
z zero crossings of the voltage waveform. |
2 A process of designing the controllers 96, 98, 100, and
102 is illustrated in detail in Fig. 11. '

In a characterization control mode (Fig. 6, and step 110
of Fig. 11), the thermal dynamic characteristics of the thermal
reactor are modeled using ;pike, profile, and wafer
temperatures as well as power setpoints during excitation using

a random or other stimulation sequence (Fig. 5). In the

illustrated embodiment, a pseudo-random binary sequence (PRBS)
is employed. More particularly, in the characterization
control "mode (Fig. 6), the thermal reactor is brought up to
operating temperature and then perturbed using the pseudo-

random binary sequence, causing gradual temperature



to provide accurate tenperature neasurenents. The thermal reactor
system 10 further includes a gas " delivery systemor gas panel 48

cont rol'l abWwo 98/3583% | ng process WO 98/ 35531 PCT/US98/01076
PCT/ US98/ 01076 1 2 4 gases fromsele 6ab|e gas supplies 50 into the

process;tjube 14 5 to grow, diffuse, ©

of the
52 and

deposit material on the surface ~
silicon wafers 28. The gas panel 48 includes (Fig. 3) valves

ss flow controllers 54. The mass . flow controllers 52 9 are used

to neasurle and control flows of process gasses into 10 the process tube’
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In the illustrated embodiment, two types of models are
created: off-line aﬁd on-line. By “off-line model,” what is
meant is a model that_'is created for control system design. By
“o_n—line, model,” what is meant is a model that is active during
the operation of the thermal reactor-12, such as to process
actual semiconductor wafers 28.

In the illusfrated embodiment, three off-line models are
developed: a power setpoint vs. spike thermocouple model; a
spike thermocouple vs. profile thermocouple model; and a
profile and spike thémocouple vs. thermocouple instrumented
wafer model. Each off-line model is used to design the
controllers 96, 98, 100, and 102 in the temperature subsystem.

In the illustrated embodiment, a single on-line model 114
is developed to estimate wafer t-emperature during operation of

the thermal reactor 12. The on-line model 110 predicts the

actual temperature of the wafers 28 using real temperature

measurements from the spike and profile thermocouples 36 and
42, Because modeling of the entire thermal reactor 12 is
complicated and very susceptible to Variations and maintenance

operations over time, simple modeling of the relationship

between the wafer temperatures and the measured profile and



the desired pressure in the process tube 14. In sonme enbodi nents,
the thermal *reactor 12 further ~includes (Fig. 3) a torch 62 internal
or ext.er naWQ P55l process tube 14. The torch 62 | PCEHIBOWT6 et
oxi dati on processes by burning a rggip of hydrogen and oxygen to

pr oducer steamin the process tube 14. The. thermal reactor
system i ncludes (Fig. 2) a control system 64 controlling the

t hermal fleactor 12. The control system 64 incl udes two subsystens .a
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12 the three off-line models are used to create three separate and

12 unique controllers: the spike controller 96, the profile

H controller 98, and the wafer controller 100. The spike

15

16 controller 96 uses_the difference between the spike setpoints

r~ and spike thermocouple measurements as'inpUts, and then outputs
“ the power setpoints to the firing iﬁterface 108. The profile
::“ controller 98 uses the difference betﬁeen the profile setpoints
2 and, the profile measurements as inputs and then outputs spike

22
setpoints to the spike controller 96. The wafer controller 100

23
24 uses the difference between the wafer setpoints and predictions
of the on-line wafer temperature model as inputs and then
outputé profile setpoints to the profile controller 98. In the
illustrated embodiment, each controller 96, 98, and 100 is
designed using H-Infinity robust'optimal control theory. More

particularly, in the illustrated embodiment, each of these

controllers are multivariable, in which the interaction between

heating zones is taken into consideration to provide improved
temperature response to the desired ramp or setpoint.

The desigﬁ of the controllers 96, 98, and 100 will now be
described in greater detail. The controllers 96, 98, and 100

are designed using data obtained from an identification
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further includes a user interface 82 defining an input
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System Identification or Characterization

The __system idéntification or characterization step
involves making empirical measurements of the processor
temperature response characteristics in response to known
thermal input. The response 1is measured by the spike
thermocouples 36, profile thermocouples 42 and the temperature

" sensing wafers 46. The measured response data is analyzed
using a suitable analytical technique. to achieve a model or-
models ﬁhich provide predictive indication of wafer
temperatures based upon the spike and profile thermocouple
temperatures which.can be measured during actual processing of
wafers. However, to achieve the needed system thermal response
characterization it is necessary to utilize the temperature
sensing wafers 46 or other measuging techniques which at least
at this time must be doné in a separate characterizing phase

before actual operational processing begins.

One preferred technique for deriving the characterization
information involves using a least-squares parameter estimation
algorithm to obtain estimates of the system parameters which
reflect temperature response characteristics. The main

objectives of this step are the identification of a system
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" 'microprocessor 84,
the . tenperature subsystem 68
megabyt es W9

For exanple, in the illustrated enbodi nent, 5
controller wunit includes four 6
i ¢’ random access memory.  The tenper at ur ECTA$880107¢
oller wunit of the illustratedq. enbodinment 9  further

two negabyte flash disk 88, a dual ported 10 . random access

, a sixteen bit analog to digital 11 12 converter 92, and
us 94. The tenperature subsystem 13 includes a plurality of .
bl e ntrollers 96,..98, ,100, . _ 2 St t usi ng. :
iﬁbﬁ‘fe?:’onfﬁak a8 §F>%bv%8$t s i’é%é‘én%‘?gPégl |°§““ er%#(gd%ségde Pipation

d waf ?fn%erté\iqg&%})&ﬁ%gsé i (Egé?_r l. égsb?i%ge EhEustyRESdeRBROU HBNEne

yari-able ! er and 102 are
m&%}f‘g Hrol9 tals pifrgddey), GRIEShsiderT ¥ descdribdd'®y the
e control system 64 2

ed
ed odi nent, the further includes
agﬁghéggmﬂsﬁg&@m§§§@ejﬁgd§pnnected 23 24 between the gas pane
process sequenci hg subsystem 68. The gas panel interface
les the control system 64 =ax+Bw;tk=a&+Duterface to comunicate
ass flow controllers 54, the gas valves 52, the internal or
orwtiei®, xt hiss the siadesuvectooniral lisy B¢ timpuioavetbadehaking m
her, the gas panel interface 104 includes a plurality of
safremgber of inputseocandf yr ishshehentputr ssiter (having to ryshes of
flowwith a proper oxygen to hydrogen ratio, to detect a
- ytpiERe torMatedx eAc. has dimensiongn R Ry | ustMakeix B has

, the control system64 | ) ,
dimensions n ¥ m. Matrix C has dimensions m x n.

¥s@éms

And matrix D
has dimensions m X m. The coefficients of the matrices are
parameters which are derived and potentially adjusted for the
particulér model being developed to optimize the model's
successful operation. |

Assuming that (A,C) is observable (all modes of the state-
space equation can be observed at the oﬁtput), the above model
can be written as:

= (A-LC)x+ (B-LD)u+Ly; y=Cx+Du

where A-LC is a Hurwitz matrix (see wvarious texts on control
theory, such as Kailath, T., Linear Systems, Prentice-~Hall,
Epglewood Cliffs, NJ, 1980). .

This implies that the above linear system can be described

by:

=Fx+0@1u+0,y; y=qgx+du

where (F,q) is observable, F is the Hurwitz matrix and ©;, ©,,

and d are matrices representing the adjustable parameters of

the model.

By taking a Laplace transform of the previous equation, we



further includes (Fig. 4) a tenperature interface connected bet ween
the thernocoupl es 36, 42, and 44 and the tenperature WO 98/ 35531 -
PCT/ US98/ (WO'P8/355312 3 subsystem 68. More parti culeeT/ysesn1ors t he
illustrated 5 enbodinent, the tenpgpature interface conprises '
t her roedupl e 6 anmplifier interface boards 106. In the illustrated
enbodi t, the tenperature subsystem communicates with up to

t wo t hernmocoupl e anplifier interfaces: one for neasuring spike and
10 préf I%étshe_r nocoupl es 36 and 42, and one for neasuring the 12

t her mogdup¥s’S46 of the thernocouple instrunented wafers 44 (if 13

t her nocqupl e instr nt ed, waf er r& enpl oyed) . I n the 14
i|lustfgfed enbod?#gﬁ?);"f-h‘ﬁa'cfg’ﬁf?ﬁ’r@é‘&@e?ﬁs@azﬁut%&”u%!?ﬁd&u(% (Fig. 4)
an ele t firing_interface 108 connected between the 17 heating elenent
30 and.the "h&Hser dt uré ﬁﬁsy%ﬁ@?ﬁtlﬁg. matgéx and exépbntarerithe i ninktiade
108 incljudes one firin btard for each 19 20 of the defined heating zones
32. THeséNH STil"r’?gf”ljs'()a SRR SRS ver 0- poi nt swit ching technique to apply
or disggntinue 2 . zgro crossings of the vpltage waveform 23
24 I A procgfs)é?l{o'f %d%s!g%]h‘lrl_n%gt 8 c%h?r +?€?§ 3, °8% 1400, and 102
is illliggrated in detail L5 &1 2 [0 (5) 4@y (5) +x(0) ]

n

1 Now solving for the output using the above state equation

13 '
to obtain:
I

15 y(s)=q(.sI-_-Fx)"1 [@iu (s) 4O,y (s) +x(0) 1+du(s)
16 '

Reorganizing into common terms the above equation becomes:
-

13 "

19

y(s)=[q(sI-Fx) '@ +d)u(s) +q(sI-F) '@,y (s)+q(sI-F) 1x(0)

All are scalar transfer functions, therefore they may be
2 transposed to obtain: .

2 Y () =017 (sI-F") "'q™u(s) +O@2n (sI~F") q"y (s) +du(s) +x (0) T (sI-F") "1q"
23

. For single-input, single-output systems, the last equation

can be written in the convenient for parameter estimation
linear model form:

y=0Ty
" where ©® is a vector containing -the adjusfabl_e parameters ©,,

®,, d-as well as the possibly unknown initial conditions x(0),

while w contains the signals (sI-F')7‘q"™u, (sI-FT) "y, u, and
(si—FT)'qu.

L Thus, the basic system identification step comprises the
following sub-steps:

1. Perform an experiment to generate input-output time

sequences.
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is a nodel that is created for control system design. By
system.

These substeps of the system identification step will now
be described in greatef.detail.

The identification or characterization experiment relies
on the generation of an input signal which provides sufficient
excitation to the thermal reactor so as to allow the reliable
identification of its parameters. Seve;al types of excitation
signals have been proposed in the literafure (see, for example,
Ljung, L., System Identification: - Theory for the User,
Prentice-Hall, Englewood Cliffs, NJ, 1980). For reasons of
design simplicity, the illustrated embodiment employs the
pseudo—-random binary sequence (PRBS) to provide the desired
excitation. Furthermere, in - order to avoid extensive
experimentation requirements in selecting the' size of the
excitation, the identification is performed in closed-loop.
That is, prio.r “information 'abou-t the thermal reactor to be
identified is used to design a simple controller (e.g.,
proportional Tor proportional-integral). The pseudo-random
binary sequence excitation is then fed as a reference input

(set-point) to the controller and the resulting control inputs



16 "on-line nodel," what is nmeant is a nodel that is active during 17 the

operation of - the thermal reactor 12, such as to process act ual

sem conduwo9sagssers 28. 19 20 In the illustrated enboRCTES8/010T6r ce
off-line nodels are 21 devel oped: ?¥§ setpoint vs. spike

t her rogoppl e nodel ; a 22 spi ke the couple wvs. profile

thernocopipl e nodel; and a 23 24 profile and spi ke thernocouple vs.

t her moéofipl e i nstrunent ed waf er nodel . Each off-line nodel is
used ttof design the controllers 96, 98, 100, and 102 in the

t enper gt rénﬁbﬂﬁy%¥@#4 reactor outputfeaFe|MREFRFEH- enbodi ment, a singl e
on-line del I s devel oped to estlnate waf er rature duri
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h p | f. th f .
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Because gféﬁgr&eﬁ@e LB 1SS Maleydract ofg y;;ll?cmex . elce%wea&gt ed-and

very SUASyg vari ati ons an I’TB.I nt enance Ions ove t1nme,

sinple, geladgs @k 1{&6 tﬁekasnomd&tor ar@ewaaaam% Vet eEahe R ALY BE
and the freasured profile and WO 98/ 3553

"PCT/ US98 01§ Sived or, as it is often the case?lslmglg controllers have
n
12 been already implemented. Practical experience indicates that

13 the identification results are not too sensitive to the

H controller used as long as its bandwidth and performance are

15

16 reasonable. Of <course, if this is not the case, the

- identification and controller design steps can be iterated

18 N . v ' .
using the new controller in the next identification experiment,
»

20 until adequate performance is obtained.

2 The design of the pseudo-random binary sequence requires
: more attention. This type of excitation is implemented as a
Py sequence of step changes in the reference commands about the

nominal operating condition of the thermal reactor. Pseudo-
;‘andom binary secjuences can be defined by two vectors:

[ti,t2,Ad, [H}umz,/\]
where the first wvector indicates switching times and the second

indicates the deviation from the nominal set-point (f maximum

deviation level). The randomness in the pseudo-random binary
: se;quence enters in the switching times where ti+«1-ti is a random
number. The maximum level and the minimum and maximum duration
of each pulse are the design parameters of a pseudo-random

binary sequence. In general, the 1level should be selected as

large enough to provide a good signal-to-noise ratio (SNR) but
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br oninal waghiop izpughly, ddwg gRRBS usewrglH | Fheniduratginmstof each
control theory. More particularly, in the illustrated

on bet ween heat i zones is taken into consideration to .
npFFeYting SqPIRNRGT AL g‘gé MARPonSE tHEE hPOWEL r RECHRG the desired

closed-loop b d8ak IR’ (HRACORIEGLLS180R0" 2855808100 Lh NOW

where the reactor model should be reliable. Finally, the total
length of the pseudo-random binary sequence is dictated by
memory and experiment-time limitations, but it should be long
enough to allow for noise averaging and the observation of the
plant response at a sufficient number of frequencies. Roughly,
a rule of thumb is to observe the response of the thermal
reactor to 7-10 PRBS pulées whose duration is selected
according to the previous criteria.

For multivariable system identification, multiple PRBS
inputs must be generated, one for each channel. These should
be further restricted to be indépendent of each other, in the

sense that the resulting regressor vector has a well-

conditioned covariance matrix. This requirement does not
present a problem when long sequences are used. In practice,
however, the limited length of the sequence suggests that the
validity of this assumption should be checked and the PRBS
regenerated if the condition fails.

As previously mentioned, a standard least squares



described in greater detail. The controllers 96, 98, and 100 are

designed usi ng data obtained froman identification WO 98/ 35531
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upon the { spike and profile thernocouple tenperatures which can be

measur €l fldukiiegdact egtipaeesssitipof emphasize the fit of the plant
1 :

12 characteristics in a given frequency range (weighted least-

3 squares). The latter is achieved in a straightforward manner

H by filtering the input-output data numerically, with a filter

15

1% that has a desired frequency response. For example, a low-pass

r filter could be used in cases of data corrupted by high-
w ‘ frequency noise, while a band-pass filter could be used to
1

. enhance the reliability of the identified model around the
2 desired closed-loop bandwidth. The success of the
z identification and the possible redesign of these filters are
; judged based on “uncertainty” bounds that are discussed
subsequently. It should be emphasized that although some
i iterations may be required in the parameter estimation step,
these do not necessarily require repetition of the

identification experiment.

Further, and in order to improve the numerical reliability
“ of the estimator, singular value decomposition methods are
employed to compute the least-squares solution. In addition to
this, the estimation step solves, in one embodiment, the

following problem
Min |H®|, subject to: |y - Ow|<(1l+p) Ezs

where H is a weighting matrix, p is a threshold parameter and



waf ers. However, to achi eve the needed systemthermal response

characterization it is necessary to utilize the tenperature sensi ng
waf ers” 46 WO WM neasuring techni ques which at | east PGT/USHR/0L076 e
must be done in a separate characterizingg.phase bef ore actua
oper at i bifal processing -begi ns. One preferred techni que for
deriving |t he characterization - informati on invol ves using a

| east - sqigar es paraneter estimation algorithmto obtain estimtes of

the systgm parapmetegrs which refl ect enperat.ure . response .
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descri be
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: _ e confidence in the - el. For this
pur pose, choRifagr eMet fmriaserd b dandtke t8 baenitHi Sl Y PAGHal11"
nodel : # |9 =Ax+Bu; y=Cx+Du 10 where x is the
state vedtore.q.i,s 0.5 ivhsitquakity dBViig estin@tedupleamotekBprkbasudied by
I's the oyf put vector having n nunber of 13 outputs. Matrix A has _
di nensi’® thex estimdvbion xerBorhaeteld otiatessi imsan contrdidted xf&shasen, by
di mensimorgs mx n. And matrix D 15 ‘has dinensions mx m The
coeffigi gnt atofméée @@t faeesrar (1+p). This allows the flexibility to
13 adjust the estimated parameters so as to reflect more subtle
M
s estimation objectives. For example, by appropriately choosing
16 the weighting matrix H, the solution of the above minimization
= can emphasize coupling and/or stability properties of the
18
19 identified model. This ability has been found to be beneficial
20 in cases of noisy data where the noise may cause the reactor to
. appear as more coupled than it is in “reality.” Alternatively,
22 )
23 it may be desirable for a reactor model to be as decoupled as
2 possible, something that simplifies the controller design and

can possibly improve its fobustness to reactor variations.

The obtained reactor model is then checked for minimality
using standard reduction algorithms, (see Chiang, R. and M.
Safonov, Robust Control Toolbox: User’s Manual (For use with
MATLAB), The Mathworks Inc., Natick, MA, 1992) and references

therein, and the reliability of the model is quantified by

analysis of residuals. This step quantifies confidence in the
model and provides constraints that should be met during the
controller design step. In particular, performing a speéEEEE
analysis on the estimation error provides estimates of the

effective multiplicative and feedback uncertainty (see
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10 that the designed controller will stabilize the actual reactor.
:: It should be pointed out that the computatiops provide only an
13 estimate of these bounds. In a strict sense, closed-loop

H stability cannot be guaranteed. However, there appears to be a

15

16 very strong correlation between these bounds and successful

= controller designs.
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sIx(s)-x(O=Fx(s)+[err]u(s)+[err]y(s); y(s)=gx(s)+du(s) 6
Ps the identity matrix and x(o) are the. initial 8
Next, by solving for th®CRESBHINGE
x(s)=(sl- Fxgﬁerr][[err]u(s)+[err]y(s)+x(0)]
Now sol ving for the output using the above state equation 13
14 15 (s)
rr][[err]u(s)+err]y(s)+x(0)]+du(s) 16 Reorganizing into common

anvE eg;atign becones: 18
| -

-F)[err]y(s)+q (sl-F)[err]x (0) 19
Fa' ar t‘r%%SfSBrL_“”&f' ink% EBREEENE o NEYsTBY BSr8laddre t 1A1SRRRE Uyyeo

j (ag Ega]r 4l PE4d (ehthap!] Gl -deril) batohebsr fﬂdkfé&édé&ﬁz\_fél

glerr] For single-input, “single-output

th%b&%xequaééws Manu&ﬁn Bor Wizbl'et eﬁlthnm;mwcomrsal ¥ thiiOf ks
estimation | i near nodel form where [err] is a

nt ahei.Ng N ] usApbheopyr, ankifientdsd rby controll@el] .rdhds ¥ | and
ssi bly unknown initial conditions x(0), while w contains the
( stveEflepokeidaresisq| ehidaks. (S| Mobd ersderfiefidally, arite uncetGhinty

rrlqglerr]. Thus, the basic systemidentification step
t bounds rdshliimagfsom dthepssystem identifvdatrivn antepxpare nesed
ate input-output tine

to define sensitivity and complementary sensitivity weights.

These, together with the identified reactor, augmented by
integrators, form the so-called super-plant in the format
required by standard H-» computational software. Typically, the

resulting He controller is of high order and contains states
due to the weights that are essentially irrelevant for its

performance and can potentially degrade its reliability,

robustness and discretization properties. the

For this reason,
reduction is performed in three steps.
The first step is to remove states that correspond to very

fast modes, e.g., two orders of magnitude above the closed-loop

bandwidth. Typically, such modes are irrelevant to the

controller stability or performance but they create problems in
digital implementation since their discrete-time approximation

requires high sampling rates. The next step is to remove very

slow modes which again contribute very little to the overall
closed-loop behavior. Such modes are typically associated with
“pole-zero cancellations” near the jw-axis and, if retained,
may cause the appearance of small but slowly decaying errors.in
the tracking performance.

Finally, a standard model oxrder



sequences. WO 98/ 35531

PCT/ US98/ 01076 -25- 2 2. Conpute
the filterWOWE{NY s w 4 5 3. Estimate the paraneters OPCEIUSISOINGAT
nodel y=[err]w. 4. Conpute the _gprresponding st at e- space
represenffation 8 [A B, C D of theidentified system 9 5.
Reduce e order of the identified system if -necessary. 10 6.
Comput é error bounds (uncertai nty) for the identified 11 12
systems {3 ubsteps of the systemidentification step

will ng 1’6ed‘5‘étﬂ‘é§cr“’f?e’c9 "rP r @&t ehOlbt i . performed tqh@%%ﬂtﬁ‘ﬁ c&ther

h t 18 19 t. eneration of an i nput
of gnal “afi CFOBEEREUEE ST fpatodiate: SARIGR L RE { FEPRAFDREACEOr sdbe

2 d I_f. t f it t
of excid tv%%‘g‘?‘éﬁ‘%ﬁa@‘ Bl 351 ad0 s La813£1ga'q%d%° 9 fil?\s%ﬁf?tﬁése stght
I S qy, | 0 € er
g?(:rr]r}[ol ge Ha??ié&aEﬂg evvoo ysF t%gcmd}ggéa%'e -gr%;bg%nééo ade th'yg 8
si npl i Gi |y, redfietibhbuUst aalied ngEbod:gREL eQH§0y351§H§flcant performance

10 deterioration, this verification is relatively straightforward

7] _
12 and can be performed easily with standard computational tools,

13 e.g., (see Chiang, R. and M. Safonov, Robust Control Toolbox:

H User’s Manual (For use with MATLAB), The Mathworks Inc.,

15

16 Natick, MA, 1992, and Zhou, K., J. Doyle and K. Glover, Robust

" and Optimal Control, Prentice-Hall, Englewood Cliffs, NJ,
"1 1996).

19 : .

2 The above procedure computes a controller of reasonable
2 order that exhibits good performance with the linearized model

22

2 of the reactor. That is, the actual system is expected to
2 exhibit similar performance locally around the operating point.
F6r a successful controller implementation, however,
saturation nonlinearities that are invariably present in all
actuators, e.g., heating elements, should be considered. The
main problem caused by such éaﬁurations is the so-called

integrator wind-up. Typical anti-windup modifications include

the use of a stabilizing feedback around the compensator that

is' activated by a dead-zone type nonlinearity when the
controller output (control input) exceeds the saturation level
(see Astrom, K.J. and B. Hagglund, PID Controllers: Theory,
Design and Tuning, ISA Research Triangle Park, NC, 1994).

A simple way to achieve this in the multivariable case, is

e S



pseudo-random bi nary sequence (PRBS) to provide the desired

excitation. Furthernore, in order to avoid extensive

experi mentWOI%8F553equirenents in selecting the size of PEBUSISN1076
excitation, the identification is perfgé_ d in closed-1|oop. That is,
prior imfformati on about the thermal reactior to be ~identified 1is

used to design a sinple controller (e.qg., proportional or-
proporti nal -integral). The pseudo-random " binary sequence .
excitatagn is then fed reference input set - poj s
control ) ¢r B¥d ‘??Féi%%%u?’t‘?cﬁ‘g §8nt?%? "r?ﬁ‘E%%nsat“ (" gB%%X Slgnal v
PCT/ US98401076 -26- 2 3 and t her nal
react or® gut FEFEY 5P8 RSasured. 45 . Al t hough such an approach seens
restricédifve in that it 6 reqU|res a %eLlﬂﬁ&guZ controller design, in
practicefthis requirenent is not too re Typically, elenentary

crude 99 gpdels0f; 4 hend hepaelol eanhak, arde(xﬁvaié 'EcQ afdnded '—'z¥> e hGe -
i |

deriveds ¢r, as 1t is often the case, sinple controllers ave 11 een

already,Irrpgegﬁahed?uanﬂﬁﬂh altiRx Peek@NC et Ndaale iidmt (d%ﬁ)kbe when the
identifidgation results are no too sensitive to the 14 controller used as

long a’ it scbarewidlily ajut pesteraeese ane L5ilk6 a measonabygin subh thAY e
if thiysfl is not the case, the 17 identification and controller
designlzstepiosedﬁlbep | sgstemd of the controller and L is stable. An

13 effective design of L can be obtained as an observer gain (see
H Anderson, B.D.O. and J.B. Moore, _thimal Control: Linear

15
16 ‘Quadratic Methods, P;entice—Hall, Englewood Cliffs, NJ, 1990).

r” In this case, the controller-observer gain system can be

18 . .
n nicely interpreted as the construction of an observer which
1 _

- forces the controller output to track the output of a system
2 that consists of the contfoller composed with the saturation
Z nonlinearity. This, together with the minimality of the
Py controller ensure that its states, and in particular those

associated with the integrators cannot grow unbounded.

Furthermore, in the design of the observer gain, the
directionality properties of the controller can be preserved as
much as possible, so that the centroller saturation does not
completely destroy the output decoupling achieved by the linear

design.

Finally, as a last step in the controller design
procedure, an evaluation step is performed via nonlinear
simulation of the discretized controller and identified
reactor, together with the actuator saturation. This

evaluation has been very useful in exposing possible design



18 using the new controller in the next identification experinent, 19 20
unti| adequate performance is obtained. 21 The desi gn of the
pseudo- r an9sYEssatr y sequence requires 22 nor e attenthic-rmsgﬁMmstype
of excitation is inplenmented as a 23 24 _sequence of step changes in the -
referencq conmands about the noni Tt operating condition of the

t hermal dleactor. Pseudo- random bi nary sequences can be defined by
two vect qrs: [t[err],t[err],[err]],
[r{err]sferr], [err]] where the first vector |nd|cates svmtchlng
times and t hémisasAgns and asdies@iag tthe dwritudldex roapaliel iigsale.g., in
set-poi nt} ( maxi num deviation level). The randommess in the

pseudo-t gndSREBSNRLy. achlev%m ant@ss: | rPrartiorl cexperienee whdieates
tlerr]-fjerr nunher. The maxinmum | evel and the m ni num

and maxi }iﬁFaF?‘Sn SlmuTatﬁF‘ ?&@ﬁvﬁﬁrséfart@et il Rad gler%lr%ih?E%r Zl?)f ipdeed
|, th el shou e
EZFES?&L ggom cod ngﬁgﬁréﬁ%‘?]&%u 8%pF89| Egﬁagggﬂem gﬁal ?;/o noi se ratio

borr sobfloro7e  APrd¥ Wkton, in step 118, thespike, profife, b UgRLEs

as to avdi dcghﬂrgﬁibég' ogip, fgm ¢ NegbNansd Phe YhHAY ngxfrgfgg &r{o%l are

which yj Ifl Introduce interferehce fromthe ever - prese
nonlineadi t ifpleméhied $nPhacHREkE WHEERe temperature subsystem 68.

12

13 In the illustrated embodiment, a control mode logic

H circuit is selectable from among different available control

15

1 mode logic circuits including an element control mode logic

r circuit (Fig. 7) defining an element control mode, a base

" control mode logic circuit (Fig. 8) defining a base control
’9 i

20 mode, a dynamic control mode logic circuit (Fig. 9) defining a
z ‘dynamic control mode, and a Dt control mode logic circuit (Fig.
:j 10) defining a Dt control mode. Each of these control mode
2 logic circuits are defined by a single one or a combination of

the controllers 96, 98, and 100.
More particularly, the temperature subsystem 68 employs
the spike controller 96 for the element control mode (Fig. 7).
The temperature subsystém 68 ext;ploys the spike controller 96
. injected with the 'pseudo—r.l'andom binary sequence for the

characterization control mode (Fig. 6). The temperature

subsystem 68 empioys a combination of the profile controller 98
and the spike controller 96 for the base control mode (Fig. 8).
The temperature subsystem 68 employs a combination of the
wafer controller 100, the profile controller 98, and the spi.ke

controller 96 for the dynamic control mode (Fig. 9).  The



closed-1oop identification has an advantage because even a 9 crude
controller .wWll keep the plant response around the 10 nom nal

Wit hin,’ rowygnhesassithe PRBS | evel . The duration of each 11 12PCpAIS8&oor&ndom
bi nary sequence pul se should be such tha% the 13 resulting sequence has

nmost of ;iffs power around the desired 14 éTosed | oop bandwi dth (and

cl osed-|1 gpp crossover) which is 15 16 where t-he reactor nodel should be
reliabld) Finally, the total 17 length of the pseudo-random bi nary
sequence | s dictated by menory and experinment-tine |imtations, but it

shoul d 2 |d?ﬁglpemt%ugﬁbﬁasaﬁmmﬁ8f ofmpbrEe Aber arg%glﬂarroﬁlr thotF:fé?‘i/%‘?JrJeﬁF
1

of the pl ant response at _a sufficie er equenci es.
22 & rubd] ol Ehurih Sho BESEIE ERREFELhEReSor apﬂetﬁﬁemﬂ SENFIGIART 96

brevi ous br tamipvide £ne B el oy q?ar)rige's?i@ i dent i 11 cation,
Itiplé |PRBS o
gﬁobig f be furt%98¥?§8 |ct§§dgpqﬁe |H§%pen§mé?is¥g§agﬁﬂﬁgﬁ§ -Qh Gand
sense tf) %é@sﬁkébn%{{f%ﬁés%fVEEEOV AL Vblies in egef] té@é&& For
matri oes

covarl anc requi r ement present a obl em

when | oMgl sequaReRs, age wWeee. cahn p¥aefdLea rec:.ﬁ@WEMQE dui:didR t @dom one
| ength pffft he sequence suggests that the validity of this assunption

shoul d bej chagietbBnéddie BBSanothekegeperat gdvieh t Beagendbfi aferhitddrsductor
As pre¥ipusly nentioned, a standard | east squar es

13 -processing. One ' suggested approach is to employ the base

H control mode during a furnace check and push in of the boat 18,

15

16 prior to a ramp up in temperature, to employ the wafer control

s mode during temperature ramp up and temperature stabilization,
” to employ the Dt control mode during wafer processing steps,
:: and to employ the base control mode during boat push out.
z Another suggested approach is to use the base control mode
: during all processing steps.
2 The element control mode is typically a maintenance mode
(e.g., to burn in elements). In the element control modeﬂ,‘the
spike controller controls on the basis of spike thermocouple
temperatures. The mode is not used in normal processing of
wafers. .

The base control m_ode (Fig. 8) is the default mode of

operation. In the base control mode, the profile controller 98

provides a spike setpoint control signal based on a profile
error. The profile error is based on the difference ber_ween
profile temperature = setpoint, and profile temperature
measurements by the profile thermocouples 42. The spike

controller 98 controls power to the thermal reactor based on
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-28- 2 4 algorithmis used to estinmate the paraneters of the linear .5
nodel Wwhi"cWQ8856¥en used to conpute the entries of the statper@sosonsse
matrices according to the equations presepted above. In ~addition to
this, +wh parameter estimation algorithm is 9 nodified in order to
inprove,ifs reliability and its ability to 10 - yield estimates that
enphasife the fit of the plant 12 characteristics |n_a_glxen i
frequeneyf range (weighted least- 13  squares).  The latter is achieved in a
st rai ght,f rvﬁgﬁ‘émrﬁfg?r 14 Egef i PPLERNPEFRE i dput Medssut odat *éhﬁur@*f%?wly?e
with a fifjter 15 16 that has_a desired, freguency response. For exanple, a
| ow pas$ 7ebeW€f?Iér S 5%*‘%3%’&% r‘?ndcaggéﬂeof PR 3T S uPeagusemeRitsn-by

i ' ' - fil ld b to,19 20
enhance. Phend orplise | oo Epded@Blalit ca TihcPS¥s: sRETE BRdtqarouistes
cl osed-1 opp s handiddt Rontrol ré@ﬁitiﬁwcﬁgfiﬂﬁﬁgy%qf?foggss ufgfgfmﬁq&nﬁﬂF

i denti fi#cjpti on and t he possi bl e redesign ers are

based gnf "siersteinty rediedidh dtativies £hSeusted stabili%sc%%et“)ttéiﬁ{es.

It should be enphasized that although sone i terations may
requireld | n titee peaseetEnte61i MBHEONOGEEP circuit AR tHY prd¥lle and spike
necessamrijy require repetition of t he i dentification

experi mgnf . controllers Fsimibtanecdsiy oy desstadingr eNemt BegathBE| cal
reliabiTify

3 Profile thermocouples do not match temperatures at the
H edge of a load. Users prefer not to change their recipes to
Z compensate for this. Oné solution to this problem is to
- shorten profile thermocouples which results in readings

o generated by the profile thermocouples more accurately matching

19
20 temperatures at the edge of a load. The dynamic or wafer
2 control mode (Fig. 9) prévides a solution to the problem

2
without requiring modification of the profile thermocouples or

23
2 adjustment of the user's fecipe.

In the dynamic control mode, the wafer controller 100
provides prediction or estimation of the temperatures of wafers
28 and control to achieve temperatures for the wafers 28 which
approach the desired or-recipe wéfer temperatures. The dynamic

control mode may be -most advantageously employed during

temperature ramping and stabilization steps. The dynamic

control mode involves the prior use of the thermocouple
instrumented wafers 44 during modeling, as discussed above.
R After modeling, while the control system is in use, the dynamic

control mode controls the thermal reactor 12 based on predicted

wafer temperature wusing the on-line wafer temperature



of. the estimator, singular value deconposition nethods are enpl oyed

to compute the Ieast squares solution. In addition to ‘this, the
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19 identified nodel. This ability has been found to be benefici al
esansf nohey deflatilvershiphe betweenBy measitdthtisLactQkehO by the

thermocouple instrumented wafers 44 (representing wafer
temperature) and measurements taken by the profile and spike
thermocouples 36 and 42 during modeling.

In the dynamié control mode, the wafer controller 100
provides a profile setpoint based on a wafer error. The wafer
error is based on the difference between profile temperature
setpoint, and profile temperature measurements by the profile
thermocouples 42. The profile controller provides a spike
setpoint control signal based on profiie error. The profile
error is based on the difference between profile temperature
setpoint produced by the wafer confroller 100, and profile
temperature measurements by the profile thermocouples. The
spike éontroller controls power to the thermal reactor based on
spike .error. The spike error. is based on the difference
between spike setpoint and spike temperature measurements by

the spike thermocouples 36. The dynamic control mode uses the

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

In the Dt or thermal bud§ét mode, the Dt controller 102
measures temperature exposure or applied thermal energy and .

controls energy with respect to setpoint or desired energy.



21 appear as nore coupled than it
It may be desirable for a reactor

reactor:s
algorith

Isin "reality." Alternatively, 22 23
nodel to be as decoupled as 24 possible,

somet hi'ng Wn98/3553p| i fi es the controller design and C aPCIR98/01076
i nprove its robustness to reactor variat%gns. _ The obtained -
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nual (For use with MATLAB), The Mathworks Inc., Natick, MA
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ese estimates present
and energy sent into the thermal reactor

Las Vegas,

is controlled. The thermal budget mode is advantageously used

to control thermal budget -during critical processing steps to
maintain consistent Dt 'values both down the 1load and
run-to-run. .

In the Dt contrbl mode (Fig. 105, the Dt controller 102
provides a profile setpoin; based on an energy error. The
energy error 1is based - on the difference between an energy
and measured energy.

setpoint, "The profile controller 98

provides a spike setpoint control signal based on a profile
error. The profile error-is based on the difference between
profile temperature setpoint produced by the Dt controller, and
profile temperature measurements by.the profile thermocouples
42. The spike controller 96 controls power to the thermal
Tﬁe spike error is based on the
difference between spike setpoint and spike temperature
méasurement by the spike thermocouples 36. |

In compliance with the statute, the invention has been

described in language more or less specific as to structural
and methodical features. It ™ iS5 to be understood, however, that
the invention is not limited to the specific features shown and

described, since the means herein disclosed comprise preferred



9 sensitivity and conplenentary sensitivity should satisfy so 10 that
the designed controller will stabilize the actual reactor. 11 12 It

shoul d ‘be” NP P8RM3buUt that the conputations provide only an RCT/OS98/0A6e Of
t hese bounds. In a strict sense, closgd-loop 14 stability cannot be
guar ant eqd. However, there appears to bé’a 15 16 very strong correl ation
bet ween,tlhese bounds and successful 17 controfler designs. 18 19 20 21 22
23 24 WD 98/ 35531 )
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Herr] controller is of high oifer and contains states 19 20 dué

ghts that are essentially irrelevant-for its 21 performance and
tially degrade its reliability, 22 r obust ness and

tion properties. For this reason, the 23 24 reduction is

i ICRAENS: st eps. The first step is to renpve states
spond to verx ast nodes, two_orders of nagnitude

cl osed-toop methSélndf\ﬂrdtq’PntrmiW%a?I fhermgdhr ifeluding

troller s or performance . but, the

: bili .
ol 3 opesfifng elegpghi BB PRBrChEn L PYE TS St i A f?cveétgeﬁ#%ﬂe
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y “EnermogolBith | Shd, Sl e diiton G he FhER, Sfrising
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yior. Such nodes are typically aSSOCIated
"pole-zero ca tions" near the jwaxis and, if retained,

the appgafansRgOftidmidl balynahew YCI?&Pa'?&'ﬁé‘El@E{@éso'fn the tﬁéﬁnal

er f or mance. Finally, a“standard node
reactor, the modeling step 1ncf§aih§98éﬁﬁﬁﬂﬁhng thermocouple

instrumented wafers in the thermal reactor, perturbing the

thermal reactor by controlling the heating element using a

stimulation sequence, and developing models based on changes in

temperature created by the perturbations, the models including

a model of power versus spike thermocouple readings, a model of

spike thermocouple readings versus profile thermocouple

readings, and a model of profile and spike thermocouple

readings versus thermocouple instrumented wafer readings.

2. A method for controlling a thermal reactor in

accordance with claim 0 and further comprising, after the

modeling step, selecting a control mode from among a plurality

of available control modes.

3. A method for controlling a thermal reactor in

accordance with claim 0 wherein one of the available control
modes is a thermal budget control mode in which energy provided
to the thermal reactor is measured and controlled with respect

to desired energy.
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or that I's activated by a dead-zone type nonlinearity when

5. A method for controlling a thermal reactor in
accordance with claim 0 wherein one of the available control
modes is a dynamic-control mode in which power is controllably
supplied to the heating element based on predicted wafer
temperature, and in which wafer temperature is predicted based

on measurements from the spike and profile thermocouples.

6. A method for controlling a thermal reactor in
accordance with claim 0 wherein one of the available control
modes is a base control mode, in which power is controllably
supplied to the heating element in respoﬁse to profile

thermocouple measurements.
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V = Lud{ ) 8 where u is the control input, d(u) is a scalar,

-like 9 signal quantifying the level of _saturation (d(u)=0
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r those
a plurality of selectable control mode 1logic circuits

communicating with the ©profile thermocouples and spike
thermocouples, the control mode 1ogié circuits being used to

control the heating element relative to the recipe.

8. . A controller unit in accordance with claim 0 wherein

the control mode logic circuits comprise HO controllers.

9. A controller unit in accordance with claim Error!
Reference source not found. wherein the control mode 1logic
circuits include a thermal budget control mode logic circuit
which measures energy provided to the thermal reactor and
controls energy provided to the thermal reactor with respect to

desired energy.
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is perfdrhed via nonli near : simulation of the discretized

controlk and ent | fied react, t oget with .the. actuator
sat ur at i, . 16! g controldey ugpﬁ‘gn s alf%é?f‘%’é? u¥dy  FhadlpErrer!
Eg-sl-/s Iuglgg / igzl%]erence solxrcegséu?;gSS%ound whereasrzl thf 3cgntrpilm- ?‘Sfiﬁon%o‘glc
and asseslpi n p e

achi evagl ?%‘r?tp&ﬁa SO &Beh’{rlgét C%a %&%é?‘l Zdﬁlccgg%dfzggt‘%gl é? h&logtlﬁ:e circuit
si mul at

e gﬁtwfscgaé%ey QRBviRLeRd Stlégd‘ta:ﬁgrmﬁl T rojative

appr oxi actual one esign, I'n ste
spi ke, prpfide, apdivaher diergpntrehl ergsfy 9RaANEndR and etif O%J’:bf‘fle
waf er nodel are 11 12 inplenen ®d in hardwafe in the tenperature subsystem

68. 13 # | tHd¥rmddwupldd Usincat edkiRgbagidrenintegraCOBlr 0f -2/BUE yHeQW Ckx  is

n

12 Boltzmann's constant and T is temperature measured using the

3 profile thermocouples.
14
13

y 11. A controller unit in accordance with claim Errox!

7 Reference source not found. wherein the control mode 1logic

138 . . . . . . . .
circuits include a dynamic control mode logic circuit which
19

2 controllably supplies power to the heating element based on
2z predicted wafer tempei:ature, the .dynamic control mode logic

22 » . 13 [ »
circuit including an on-line wafer model in which wafer

23
2 temperature is predicted based on measurements from the spike

and profile thermocouples.

12. A controller unit in accordance with claim Error!
Reference source not found. wherein the control mode logic

circuits include a base control mode logic circuit . which

controls power supplied  to the heating element in response to

measurements by the profile thermocouples.
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node |ogic circuits including an node logic 1f_ ci rRARLACED

14 circuit is selectable from u&m @ﬁmuaval | abl e cont r oITHIS SHEET HAS BEEN

(Fig. ~7)WQes35%hg an el enent control a base 18 PCTAUSIB0OL076D 0 E
logic circuit (Fig. 8) defining a base control 19 20 node, a dynamc i
cont rols de logic circuit (Fig. 9) def |4r41’ng a 21 dynam c control node,
and a Dtjfcontrol node logic circuit (Fig. 22 - 10) defining a Dt control
node. ? [Fach of these control node 23 24 logic circuits are defined by a
singl esophe or a conbipatio the controllers 96, 98, and 100.

More parficul arl “t R f“@ﬁg‘&dat% M E{%}H‘ﬁ gaefbegyal reaghpr sbﬁlkthdlng
I I f h t t erature

Al g S EEARCE Fkgg?z%ﬁ%ﬁofo&‘éee@%wegr SShifisr ARG 1A 14 BEOTLLe

teri za I on ntr

R e sefueigh "hlfpeceppfbL el L3RR ALY [ Lo Y

the pr 6f leai—‘%é&kd e 98 nstrurditdde vﬁa‘ﬁé&% CORiO! h\%%g%g ffzémébfs%ae the

controlk fpode (F ) 1f“le tenperature subsystem enploys™a

conbi ngt Ol’f&_]f]_dm stepgf er controller 100, the profile controller 98,

and the [fpi ke : control ler 96 for the dynamc control node (Fig. 9).

The 1 WO SBd@eobBldg thermal dynamic characteristics JICTAHS98LRdPHEL
-35-° 2

reactor using the profile thermocouples, spike thermocouples,

12
13 II and instrumented wafers;

M receiving a recipe including desired temperatures with

1s _
16 respect to time, and the recipe including desired control modes
17 with respect to time; and

o switching from one control mode to another in accordance

9 :
» with the recipe, and controlling temperature differently in the

2 different control modes, using the profile thermocouples and

2 spike thermocouples.

23

24

14. A method for coﬁtrolling a thermal reactor in
I accordance with claim 0-wherein one of the available control
modes is a thermal budget mode wherein energy provided to the
thermal reactor is. measured anci controlled with fespect to

desired energy.
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3 tenperature subsystem 68 ermmmﬂ'ﬂ'm ’ near Dt controf TRIS SHEET HAS BEEN
with.the profile controller Wl:n?,uont roller 96 t o REPLAGHE :
the Dt conwoas/3ssatie (Fig. 10). " Asusér can provi de BCT

conprising multiple steps and 9  which uses any one of the control nodes

I n each gtep. For 10 exanple, a user ~#2m provide a recipe that swi t ches
fromonej 12 control node to another at a given stage of sem conductor

13 prdcfssing. One suggested approach is to enploy the base 14 control
node durffng a furnace check and push in of the boat 18, 15 16 prior to a |
ramp up [n tenpet8turd® MeERA oyiPke ®RNEXoddAndol A7 th‘hﬁ‘ﬂélduﬂfﬁﬁ&tor in

tenmperdtfjre ranp up and tenperature stabili zation,
controls %CHBFiiﬁﬁcﬁ/af“‘é‘r r 54848 ?‘@5?11'119’% 9fd the eﬂﬁ?gg ]PK% t%g)é:rol

(e bace[Corpite 7% Ea"?éhQUShlS%H%]ta|m°%$§%a§§ PP RS ASa Rt
| t? II

*n ot ool obh8kpRd el 681 | dof DBl ILg" %%%ﬂ‘?"’ee 2 i es(liroe%ho{ﬂ% 89, " oy
control s Onuébﬁﬁor ﬁﬁsﬁeﬁa&ég F{Tvﬁeuekie thenﬁmféé”%%? ggﬁlﬁgd%e

is not u processing o

contr ok d§n£EH9a18)of s glitrerriefid te MRAE; OF Bolt2maBRRAl EGRs ARt  REIDAGE is
control, e profile controller 98 provides a spike setpoint

cont rof | ghahpb2sedrenmeapigied le:.ng tHY PHofilecH¥@iddsusIé®r is based
on theldjfference between profile tenperature set poi nt, and
profileg § tenperature

B 16. A method for controlling a thermal reactor in
:Z accordance with claim 0 wherein oﬁe of the awvailable control
17 modes is a dynamic control mode in which power is controllably
% supplied to the heating element based on predicted wafer
19

2 temperature, and in which wafer temperature is predicted based
2 on measurements from the spike and profile thermocouples.

» _

23

2 17. A method for controlling a thermal reactor in

accordance with claim 0 wherein one of the available control

modes is a base control mode, wherein a base controller acts in

response to profile thermocouple measurements.

—_—

—
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measurements by the profile l{ ”m | . The spi|KBEHIG SHEET HAS BEEN
controller 98 controls power to l o Lﬁlﬁmumlzor based on REPLACED
08/ 35531 - WO 98/35531 PCT/ US98/ 0107 6pdrosvsmmos————

-36- 234 spi ke error. ‘The spike _error is based on the )
differen 5 bet ween spi ke set poi nt afier spi ke tenperature neasurenents
by 6 tlhe spi ke t hernocoupl es 36. The base control node provides
accurat@ fcontrol resulting in .inproved process uniformty and " bcycl_e
tinme redyction attributed to faster stabilization tines. e base
control ,rpde | ogit@-ci ﬁ‘su??”ﬁ%‘éﬁ?ﬁe“ﬁﬂ-&f ifor apantppkdingo a cehermal elr§|<'=1€t0r
si mul t angpusl y .by..cascadi,ng .them t Qget her. 13 Profil e thernocoupl es
do not ch gtu?esh%tltl}% e %meggtgepgyezaeqioﬂ 2 (BRYST pristiceot ang
change i i pe . 1 C ensate for, this. e solution 'to

t hi sgpr 0 eh"&’iqgl o%rtf%l]lses hgr’r}feerr%g) P9 30 b e&emPEﬂuphE%I t $he
in reaflijng .ed ipQf i I e thernmocoupl es nore accurately
mat chi ng 19%§8trF%%%g?g?h$é§QMl%H%ﬁ@ggdge of a | oad. The dynam ¢ or wafer
21 congrjol nod@n dA-9inedmod¥10¥WHIeh Fed¥tY hRAFed cl‘:ﬁn'yépra%g);l ?9@2

wi t hout rfequiring nodification of the profile thernocouplés or 232

adj ust et of tha upguraliegi P6f selectable! editerdlyNa¥de CABYI¥ BRYGuits

t he waf;er] controller 100

2 which control the heating element in response to the on-line

13 model, the profile thermocouples, and spike thermocouples.
4
15
s 19. A controller unit in accordance with claim 0 wherein
7 the control mode 1logic circuits include a thermal budget
18 .

control mode logic circuit which measures energy provided to

19
» the thermal reactor and controls- energy provided to the thermal

21 reactor with respect to desired energy.
22

23
20. A controller unit in accordance with claim 0 wherein

2
the control mode logic ciréuits include a thermal budget
control mode logic circuit which controls energy provided to
the thermal reactor relative to desired energy, by using
m_éasurements from profile thermoc.ouples and taking the integral
of e " yhere k is Boltzmann's constant and T is temperature

measured using the profile thermocouples.

—_—
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provi des prediction or esti rrationm"‘mﬂm"ﬂmﬂ mures of vvafersTHLJ *‘D I3 BEEN
control_to_achieve tenperatures l whi ch r oaBh /HEE |

desired or @& fer tenperatufest TheMdymantc cont r RCTAGSS/OnGYS b
nost advant ageously enpl oyed during i,frrper ature ranping and

stabi |l i zafli on steps. The dynamc “control node involves the prior’
use of t t her nocoupl e instrumented wafers 44 during nodeling, as

di scussed|labove. After nodeling, while the control systemis in use,

;Pg dld)étne d ¢ wa%g'nt ' %le rf;pnog}q;fﬁq‘jﬁgtrr O\'ﬂfi}.é‘gfnt Qﬁgg‘a‘}};ﬁkﬁgﬁt@ﬁr 1‘\],_\59]2‘:?181!? dO Ovnzhereln
tenper at ufe Ege cont¥B1°%Het}Hogic circuits inclyde a gynamic C%’é??%t mRge
nmodel 114 IBS:LQ”C' f?;%l‘{ﬁf@héﬁ”li’éﬁ@wifa n% gﬁ{)tﬂges pé)%le r\to %%%ﬁ'geagﬁag

PCT/ US987 10

pr edi Cts, fer "tenperature based on neasure

profile {heenemeHp! €pasd8 8RA ptédicted walBi® temperBRRLELCU! @B#e - dypamic
wafer & ¢nperature is predicted based on 9 asur enent s e
spi ke and fipr ebhteolhaiotlec Auyias Sfraitk 42ncludingnNédn WAe1imR atdANShhddel in
bet ween asurenents taken by the 12 thernocouple instrunente

waf ers ’? 44 whichpwefemt itegperstine i3 tpraeictidd Qasead oNBassserEREStE AkKeBm

by the pr¢file and spike

2 the spike and profile thermocouples.
13
N 22. A controller unit in accordance with claim 0 wherein
: the control mode logic circuits include a base control _mode

17 logic circuit which controls power supplied to the heéting

1 element in response to measurements by the profile

19

» thermocouples.

2]

= 23. A method of controlling a thermal reactor including a

23
2 heating element powered by a power source, and having profile

thermocouples and spike thermocouples, the method comprising:
controlling 'energy provided to the thermal reactor
relative to desired energy, by usihg measurements from profile
thermocouples and taking the integral of e"™* yhere k is
Boltzmann's constant and T is temperature measured using the

profile thermocouples.
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contr ol

measur ernje
controlle
profil e
bet ween ;p
100, and

t her nocdu
react or sb
differeqp

by
spi ke cdn
control lge

node, tQ@
t hermal ‘e

energy. o
PCT/ US98/
12
13
4
13
16
17
18
19
20
21
22
23

24

t her nocoupl es 36 and 42 duri
node,
based on -awW@pss5581t r or .
bet ween profile tenperature 19 20

I 6 I'n t HeTHiGrRitRES HAS BEEN
t he wafer cont roI”ﬂ"ﬁ@ﬂ'ﬁM”ﬂlﬁovi des a proffle s&EBb‘?\QﬁD _
The wafer 18 efraor i*s based on the e
setpoint, and profile tenperature ’

t her nrocd¥pl es 42. The profile

set poi nt -control signal based on
ror. The profile 23 24 error is based on the difference .
ofile tenperature _ set poi nt. produced hy, the wafer cqntroller
rofile 24. Atéﬁﬂﬁ%ﬁ%ﬁ%?rﬁﬁ&ﬁréﬁﬁmﬁPQ£FQ4ﬁéﬁﬁo?iF&erméi reactor
| es. ghe s%Lke coPtrolger contr IE power_ to the thermal d
selehuding &, 180Gy of-- SN POUES &r ror PAEHas88Y6R t 2™

. _between.spi ke,se in nd i ke er nt
heP@BiRE tRgpgﬁi%up%@§r§§%°u%%§sdy%§ﬁrc%§;1rcj%¢§£h§§§§E?%%£ the
ro 2 bh . Of.i cQhkLol ler 98, and the wafer
1 égééggéﬁgdﬁPgée%hgﬁFg9955' In the Dt or thernmal budget

Dt cont 30 kh@rmh32 budge TR NS MRAT R CorfbRISI en F g RPPEbRElded
ergy an controls energy with respect to setpoint or desired

10%% thaOcB8hal31lreactor relative t%8de_sired energy, by using

ts by the profile 21
provides a spike 22

measurements from profile thermocouples and taking the integral

(-2/kT)

of e where k is Boltzmann's constant and T is temperature

measured using the profile thermocouples.

25. A method for controlling a thermal reactor including
a thermal reactor including a heating element powered by a
power source, and having profile thermocouples and spike
thermocouples, the method coﬁprising the following steps:

modeling thermal dynamic charactefistics of . the thermal
reactor; |

receiving a recipe including desired temperatures with
respect to time, and'the'recipe including desired control modes
with respect to time; and

switching from one control'mode to another in accordance
with the recipe, and controlling temperature differently in the
different control modes, using the profile thermocouples and

spike thermocouples, the control modes being defined by

cascaded controllers.
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o o AN 5L Serace

Bol t zmann' ¥ i s tenperatur® neasured using t he PCT/USIBPINTH| o
t her nocoupl es 42, to nalntaln Dt va[ues_M? accor dance 9 wth desired
energy. ! calculation is made of energy Sent into - the thernal

reactor? nd energy sent into the thermal reactor 12 is controlled. The
t her mal “bjpdget node i s advant ageously used 13 to control thermal budget
during erfitical prpcessing s t 14 cgns Y S
both dqg t he ?g ian§e§§%?6 ﬁﬁﬁ1tc9é§¥55f&£b % th@ggﬁ<unnﬁ%)@%%§e

(Fig. 10) té]&&%a&@ﬁéf glcgocig%m 0 whe¥&u dﬁ%eatgﬁ\ggkhﬂu%%t 394 hdaghgrlL

an enerdylertor. error TIs based on 't ference

bet ween s fn §§§%g8rzls %%h@%%ﬁ%elyaqgmﬁﬁﬁ§U&ﬁdtoeQ%EQMtlnd”E%mﬂngﬂdﬁé and

controlle provi des a Spi ke "setpoi.nt control signal based on a
profile’2 2¢nefE{Ar the TEEnEFOL | D Oprovid@sehian €ie didasearreecontrol,
betweens |} - profile tenperature setpoint produced by the Dt controller,

and 0 rOiﬁéﬂuaﬁﬂ@eéasuaaeneeﬁﬂr@neafﬁebythéetampérheurbeisncampbesup.
42. The gpi ke controller 96 controls power to the thernal react or
based off §pi ke error. The spike error is based on the di fference

bet ween;, §pi ke setpoint and spike tenperature measur enment by the
spi ke thefinocoupl 83.36A method fam copptiehbingith t Fbemalut eceacter in
i nventi &nfhas been descrihed in | anguage nore or |less specific as to

struct umall accordance with claim 0 wherein one of the available control

M modes is a base control mode in which a spike controller acts

15
16 in response to spike thermocouple measurements, and in which a
1”7 profile controller acts in response to profile thermocouple
o measurements and controls the spike controller..
19 )
20
2 ~ 28. A method for «controlling a thermal reactor in
2

accordance with claim 0 wherein one of the available control
23

2 modes is a thermal budget mode in which a spike controller acts
in response to spike thermocouple measurements, in which a
profile controller acts in response to profile thermocouple
measurements and controls the spike controller, and in which a

Dt controller measures energy provided to the thermal reactor

and controls energy provided to the thermal reactor with

respect to desired energy and controls the profile controller.
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AS BEEN

and net hodi cal features. however, thpTHIG SHEET, E
I nvention i's not limted to th r!ﬂlgﬁ! ‘ﬂ[ﬂ%ﬂiﬂes shown and . RED f\ B%d

since the wemsssssdr ei n di scl ose rred

PCT/ US98/ 01076 - 39- forms of putting the |nvent|on

into effgqct. The invention is, thereﬁ@re clainmed in any of its forns

or nodifijcations within 6 the proper scope of the appended clains

appropridgtely 7 interpreted in accordance with the doctrine of

equi val s. 8 9 10 11 12. 13 14 15 16 17 1 1

g £ 29. meth og for controlllég g thermal reactor in
4
s accordance with claim 0 wherein one of the available control
¢ modes is a thermal budget mode in which a spike controller acts

in response to spike thermocouple measurements, in which a
s | profile controller acts in response to profile thermocouple

1o measurements and controls the spike controller, and in which a

H

. Dt controller controls energy provided to the thermal reactor

13 relative to desired energy, by using measurements from profile

1h (-2/kT)

thermocouples and taking the . integral of e where .k is

15 :

s Boltzmann's constant and T is temperature measured using the
” profile thermocouples, the Dt controller controlling the
. profile controller.
19
20 '
2 30. A method for controlling a thermal reactor in
2 '

accordance with claim 0 wherein one of the available control
23

2 modes is a dynamic control mode in which a spike controller
acts in response to spike thermocouple measurements, in which a
profile controller acts in response to profile thermocouple
measuremenfs and controls the spike controller, an in which a
wafer controller acts in résponse to predicted wafer

temperature using an on-line wafer temperature estimation model

to predict the wafer temperature, the wafer controller

controlling the profile controller.
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A%cen

20 21 22 23 24

|C|n2: HSl ng@%‘%ﬁsi’hg el eman:tA\ et HMH Iﬂm |! l"lL!,"g ESo;[/vg(rar co

ting
a process tube (14), characterized by 5 he steps of: .
nodel i ngjjdynam ¢ thermal characteri stlcs )t the thernal reactor by
providin - thernocoupl e instrunented wafers (44, 46) in the thermal
reactor’ {12): perturbing the thermal reactor by controlling the

e 12 Bt 45,000 Gl SR8 S Bheroning g SHBERHS, Mo

profile, yenperat rreasurl ng spi.

t enper at ireg. n L § ] £
nodel s b seﬁu8§8£ﬁ es |Hr%%fﬂ%ré%re cr at ed g byha powerper;{ﬁllr at :1%?105 ile

the nmodells Q&L@Qbea 3 exrdel Of pavey \t@{e%t%c%%&%é enafeat t&&ﬁurolﬁle@n%ﬁt
nodel of {spl enperatures versus profile terrperatures

The meth d Efamﬁki‘b # characterized in and the step of additionally
devel opi profile and spi ke tenperature readi ngs versus

t her mocp pl e anl Be-14IRN Rstleliviiiclegsitedisct 2vafer temperaBure; Taad

met hod off claim 11, characterized in nmeasuring the profile and spi ke

t enper & yres usi ag plafrialldtyndodpi kasthdedocsepeetabdei ngentand tihade aflegic
t he n || nodeling step, a control node is selected fromanong a plurality
of avail @bl eirontitsl which godtzrol23he heating edementhelmerfgpopsec|tyl nene

3, cha'adterized in that one of the available ‘
13 or more of: the profile thermocouples, spike thermocouples,

i and the on-line model.

13
16 .
17 ~ 32. A controller unit in accordance with claim 0 wherein
8 the control mode logic circuits include a base control mode
19
» logic circuit including a spike controller which controls power

2 supplied to the heating element in response to measurements by
? the spike thermocouples, and a profile controller ‘which
23

2 controls the spike controller in response to measurements by

the profile thermocouples.
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control nodes is a thernal budg i ol in which enef BPSHHERTIAS BGEN
t he thermal reactor is rrejmuﬁwmﬂ,irmﬁﬂmll ed with rspecREPBACED . |
desi red en®w@98/35531 30 5. * Thet ad ‘claim3, cf w26 in

t hat one of the avail able - control nodes is a thermal budget control -
mode whegr i‘ n energy provided to the =52thermal reactor is controlled
relative jo desired energy, by using neasurenents of profile

Ies, and taking the integral of e[err] where k is Boltzmann's

hnd T is_tenperature neasured usjing theq;%ofile,therrmqoupl es. .
-41- , 336. A cratyelAsy &nid) dinmaccerdanee eVitBdclaimf whrrein
t he avai’l fibl e contyol des. |Is, a dynam ¢ confro de in which power
Lot he ot P ol GARRTOTS mo8e - clodt< | HEDEG OHGretl cid SRR Budget
e, and if whi ch fer tenperatur.e, i.s redi ct ed based on

h

easur oropt s SRoRPL ndoEs ESaHG SAGPLLE (Hbl oA cBgpPlces israfBro¥lded to

neasur EITE

e, et ol Tty HABELET LERUCHRLLRAS BRE:R VIR W S cherma

t her nocdu
const ant;

control rdes s a baSe contro

supplied fo [ N{ ol §g}g§1$ of | t bge; u
measur e tsf:g%étor e %gﬂe%?'h{éorrgio 0 %r%% 1, Ighgr ajglt%érgi@gd%ﬁdget
that the fetbodetyit RBte logic®@MBitesstt RAcILBRNG 4 €SBLKENGALTRAIIRE which
i ncl udi pgjdesired tenperatures with respect to time and desired

control npdegomtiblsepphelr tsugplied tdSthe heatithg eldméntreifodedpotsd Mo
8, char&cferized in that the method further conprises the step of

swi t chi pgjlf reasueement s obynoides t spiket drermmadauplemdeai profileaccontiantter
with the fecipe, and controlling tenperature differently in the different
control “mpdeshich26ontrols tbe sphéensonsdodfied dmmiBspmaadiemeasuiements
that the fenperature in_the thermal reactor is selectively ranped Uf.
to oper gt |ngPY efeper Auefllanthameperwpriag, and cunPEolconsded lerovsertFaliing
time cascgde control,_including cascade control after the tenperature

i s ranpddfupthe profile controller.
18
19 .
2 " 34. A controller unit in accordance with claim 0 wherein

21 the control mode 1logic circuits include a thermal budget

- control mode logic circuit which measures energy provided to

23 . .
the thermal reactor and controls energy provided to the thermal

24
reactor with respect to desired energy, the thermal budget
control mode logic circuit including a spike controller which
controls power supplied to the heating element in response to
measurements by the spike thermécouples, é profile controller

which controls the spike controller in response to measurements

by the profile thermocouples, and a non-linear controller

controlling the profile controller.
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25 11. The nethod of c teri zed in tha{ 1alt P rr? H@‘Sbaogy
contr ol - node, a spike con ﬂ“'m"ﬂ‘mk i 'Iesponse to $pi ke REPLACED
t her mocouPV@ 98R@88Yr enent s, and profile contr lusssmoza in
response to profile thernocouple rre*as*trr—gffm_& and controls the spike-
controlid fpr. 30 12.  The mét hod®¥f claim4, characterized in that
during Jtlpe t hermal budget node, a spi ke Controller acts in response to
spi ke th r mocoupl e neasurenents in whi ch a profile controller acts_in

Controli b o And PR-whPol O BORER 1 by SReacepEdanis, g th clain 6 wherein
-42- th d t d

the t her jm Eh8acEEHeEB1 Mokl TRy ec?aﬁiga&?f»eéi’ﬁﬁévaseQ%&gﬁsﬁr°Vh “PheSet

Th h d

on &%Lﬁe oedrerraﬁoglcbucdlgetulr}_bdghir?% al%{:uon ro ggo:h;?}fjs&rézg

profil &
OVtﬂédthethQ QIR RRCIIntrols ré%léildy epf&vi&@d d‘@é' Eﬁ% ERELRN¥L

I n that7

energy ‘p

by usi gllneasurenent from profile thernocoupl es. and t

integrgl jof redetol whHatle kespedd! tonRIysixePNSh&: fk?yﬁnﬁ Td§.1.ng measurements

t enper at fire nmeasured using the profile thernocou he Dt controller

control’l {ngfrom theeppodfileethemmoobuplesl@nd taking the ifiteghaq B ROR/¥P

claim @, jcharacterized in that during the control node, a spi ke

control | §r weeze k risspBadbznans ik eonistamic aupd eT MEES Urenmmst st urddméasured

profile fontroller acts in response to profile thernocouple neasurenents
conBings e 3add leonthermecouphesin e cHhemwfler budgetol tentrol

es onse_to 15 predicted wafer tenperature using an on-line wafer

and 3
edei AREHch TR olnCJ-Ude‘?‘éd?c?PﬂKé RSO reigle, congrols

acts ip

t enper at
troIIer contrall rofile conptrol 15. A
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2 36. A controller unit in accordance with claim 0 wherein

the control mode logic circuits include a dynamic control mode

logic circuit which controllably supplies power to the heating

element based on predicted wafer temperature, and includes an
on-line wafer temperature model in which wafer temperature is

predicted based on measurements from the spike and profile

thermocouples.
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0) wASeAr dhB9shPebNCenergy pAHFfed to the thermal reactor and

controls energy provided to the thermal reactor with respect to

desired energy, the thermal budget control mode logic circuit
employing the spike controller, and the profile controller, and
the thermal budget control mode logic circuit further including
a Dt controller controlling the profile controller; and a
dynamic control mode- logic circuit which controls energy

provided to the thermal reactor based on predicted wafer

temperature,.the dynamic control mode logic circuit employing
the spike controller, the profile controller, and the on-line
model, the dynamic control mode logic circuit further including
a wafer controller in communication with the on-lin& model and

controlling the profile controller.
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39. A controller unit in accordance with claim 0 wherein

the controllers are respectively derived from off-line models.
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