SUBSTRATE PROCESSING APPARATUS, TEMPERATURE CONTROL PROGRAM,
METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE, AND TEMPERATURE

CONTROL METHOD

TECHNICAL FIELD
[0001] The present disclosure relates to a substrate processing apparatus, a temperature control
program, a method of manufacturing a semiconductor device, and a temperature control method.

[0002]

BACKGROUND
[0003] It is known that an example of a substrate processing apparatus is a semiconductor
manufacturing apparatus and an example of the semiconductor manufacturing apparatus is a
vertical apparatus. In the vertical apparatus, a boat as a substrate holder that holds a plurality of
substrates (hereinafter also referred to as wafers) in multiple stages is loaded into a process
chamber inside a reaction tube while holding the substrates, and the substrates are processed at a
predetermined temperature while performing temperature control in a plurality of zones. So
far, in the related art, when a temperature of a heater is controlled, the heater is turned off while
the temperature is being lowered. However, in recent years, attempts are made to actively
improve temperature lowering characteristics after substrate processing.
[0004] For example, in Patent Document 1, a semiconductor manufacturing apparatus is
disclosed in which heating by a heater unit and cooling by a cooling unit are performed in
parallel to follow a predetermined temperature increase rate and a predetermined temperature
decrease rate. Further, in Patent Document 2, a semiconductor manufacturing apparatus is
disclosed in which temperature characteristics are automatically acquired in advance and is then
used to control the temperature to prevent variations in control performance due to coordinators.

[0005] Here, when a flow rate of a cooling gas is controlled in the cooling unit configuration

described above, during rapid cooling, a change in temperature decrease rate for each zone may
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differ, causing a difference in temperature history among the zones. Further, in feedback control
by PID operation, an appropriate parameter may be determined in advance, but an optimization of
this PID parameter may take a procedure of searching for an optimum value through trial and error,

and the result thereof is highly dependent on intuition and experience of the coordinators.

Prior Art Documents
Patent Documents
[0006] Patent Document 1: Pamphlet of International Publication No. 2018/100826

Patent Document 2: Japanese laid-open publication No. 2019-145730

SUMMARY
[0007] The present disclosure provides a technique capable of improving a temperature
deviation among zones by using optimum parameters.
[0008] According to some embodiments of the present disclosure, there is provided a technique
that includes: a reaction tube in which a process chamber configured to process a substrate is
formed; a heater structure that is installed outside the reaction tube and includes a heater
configured to heat the substrate; a cooler including a cooling valve configured to supply a
cooling medium to a space between the heater structure and the reaction tube; an exhaust fan
configured to supply the cooling medium to the cooler; and a cooling controller configured to:
acquire a prediction model that includes information of the exhaust fan, a final target temperature
that 1s a future target, and an opening state of the cooling valve and estimates a predicted
temperature that predicts at least one selected from the group of a temperature of the heater and a
temperature of the process chamber; acquire the at least one selected from the group of the
temperature of the heater and the temperature of the process chamber, the opening state of the
cooling valve, and the information of the exhaust fan; and regulate the opening state of the
cooling valve to minimize an error between a predicted temperature column calculated according

to the prediction model and a target temperature column calculated from a rate of change from a



present target temperature to the final target temperature when the change occurs.
[0009] According to the present disclosure, it is possible to improve a temperature deviation

among zones by using optimal parameters.

BRIEF DESCRIPTION OF DRAWINGS

[0010] The accompanying drawings, which are incorporated in and constitute a portion of the
specification, illustrate embodiments of the present disclosure.

FIG. 1 is a partial cross-sectional front view showing a substrate processing apparatus
according to some embodiments of the present disclosure.

FIG. 2 is a cross-sectional front view of a substrate processing apparatus according to
some embodiments of the present disclosure.

FIG. 3 is a view that explains a temperature controller according to some embodiments of
the present disclosure.

FIG. 4 is a diagram showing a hardware structure of a computer in a substrate processing
apparatus according to some embodiments of the present disclosure.

FIG. 5 is an internal control block diagram of a cooling controller according to some
embodiments of the present disclosure.

FIG. 6 is a flowchart that explains a first effective constraint method used in the present
disclosure.

FIG. 7 is a flowchart that explains a second effective constraint method used in the
present disclosure.

FIG. 8 is an internal control block diagram of a cooling controller according to other
embodiments of the present disclosure.

FIG. 9 is an internal control block diagram of the cooling controller when generating a
rapid cooling prediction model of the present disclosure.

FIG. 10 is a control block diagram showing an example of an automatic acquisition

process of a rapid cooling prediction model of the present disclosure.
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FIG. 11 is a flowchart showing an example of a temperature-related process in a film-
forming process according to some embodiments of the present disclosure.

FIG. 12 is a diagram showing an in-furnace temperature change in the flowchart shown in
FIG. 11.

FIG. 13 is a view that explains operations of a controller 200, a temperature controller 64,
and a cooling controller 300 in the flowchart shown in FIG. 11.

FIG. 14A is a diagram showing an in-furnace temperature of each zone and an inter-zone
temperature deviation when a temperature control is performed by using a cooling controller
according to a comparative example. FIG. 14B is a diagram showing an in-furnace temperature
of each zone and an inter-zone temperature deviation when a temperature control is performed
by using a cooling controller according to the embodiments of the present disclosure.

FIG. 15A is a diagram showing an actual measured value of an in-furnace temperature, a
predicted temperature, and an error therebetween when a temperature control is performed
without using information of an exhaust fan in a cooling controller according to the
embodiments of the present disclosure. FIG. 15B is a diagram showing an actual measured
value of an in-furnace temperature, a predicted temperature, and an error therebetween when a
temperature control is performed by using a cooling controller according to the embodiments of

the present disclosure.

DETAILED DESCRIPTION
<Embodiments of the Present Disclosure>
[0011] Some embodiments of the present disclosure will now be described with reference to the
drawings. The drawings used in the following description are schematic, and dimensional
relationships, ratios, and the like of various components shown in figures may not match actual
ones. Further, dimensional relationships, ratios, and the like of various components among
plural figures may not match one another.

[0012] In the embodiments of the present disclosure, as shown in FIGS. 1 to 3, a substrate
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processing apparatus 10 according to the present disclosure is constituted as a processing
apparatus 10 configured to perform processing steps in a method of manufacturing a
semiconductor device.

[0013] The substrate processing apparatus 10 shown in FIG. 1 includes a process tube 11 as a
supported vertical reaction tube, and the process tube 11 includes an outer tube 12 and an inner
tube 13 which are arranged to be concentric with each other. The outer tube 12 is made of
quartz (SiO2) and is integrally formed in a cylindrical shape with its upper end closed and its
lower end opened. The inner tube 13 is formed in a cylindrical shape with both upper and
lower ends opened. An interior of a cylindrical hollow area of the inner tube 13 forms a
process chamber 14 into which a boat to be described later is loaded, and a lower end opening of
the inner tube 13 constitutes a furnace opening 15 via which the boat is loaded or unloaded. As
will be described later, the boat 31 is configured to hold a plurality of wafers as substrates such
that the wafers are aligned in a long array. Therefore, an inner diameter of the inner tube 13 is
set to be larger than a maximum outer diameter (for example, 300mm in diameter) of the wafer 1
to be handled.

[0014] A lower end side between the outer tube 12 and the inner tube 13 is hermetically sealed
by a manifold 16 constructed in substantially a cylindrical shape. The manifold 16 is installed
such that the manifold 16 may be attached to or detached from the outer tube 12 and the inner
tube 13 respectively for replacement of the outer tube 12 and the inner tube 13. The process
tube 11 is vertically installed by supporting the manifold 16 on a housing 2 of a CVD apparatus.
Hereinafter, in some cases, the outer tube 12 may be shown as the process tube 11 in the
drawings.

[0015] A gap between the outer tube 12 and the inner tube 13 forms an exhaust passage 17 in a
circular ring shape with a constant width in cross section. ~As shown in FIG. 1, one end of an
exhaust pipe 18 is connected to an upper side of a sidewall of the manifold 16, and the exhaust
pipe 18 communicates with the lowest end of the exhaust passage 17. An exhaust apparatus 19

controlled by a pressure controller 21 is connected to the other end of the exhaust pipe 18, and a
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pressure sensor 20 is connected in the middle of the exhaust pipe 18. The pressure controller
21 is configured to feedback-control the exhaust apparatus 19 based on a measurement result
from the pressure sensor 20.

[0016] A gas introduction pipe 22 is disposed below the manifold 16 such that the gas
introduction pipe 22 communicates with the furnace opening 15 of the inner tube 13, and a
precursor gas supplier and an inert gas supplier (hereinafter, referred to as a gas supplier) 23 are
connected to the gas introduction pipe 22. The gas supplier 23 is configured to be controlled by
a gas flow rate controller 24. A gas introduced into the furnace opening 15 via the gas
introduction pipe 22 flows through the process chamber 14 of the inner tube 13 and is exhausted
from the exhaust pipe 18 via the exhaust passage 17.

[0017] A seal cap 25 configured to close a lower end opening of the manifold 16 is in contact
with the manifold 16 from below in the vertical direction. The seal cap 25 is constructed in a
disc shape with substantially the same outer diameter as the manifold 16 and is configured to be
lifted vertically by a boat elevator 26 installed at a waiting room 3 of the housing 2. The boat
elevator 26 includes a motor-driven feed screw shaft apparatus, bellows, etc., and a motor 27 of
the boat elevator 26 is configured to be controlled by a drive controller 28. A rotary shaft 30 is
arranged and rotatably supported on the center line of the seal cap 25 and is configured to be
rotated by a rotator 29 as a motor, which is controlled by the drive controller 28. The boat 31 is
vertically supported on the upper end of the rotary shaft 30.

[0018] The boat 31 includes a pair of upper and lower end plates 32 and 33 and three holders 34
vertically installed between the upper and lower end plates 32 and 33, and a large number of
holding grooves 35 are engraved in the three holders 34 at an equal interval in the longitudinal
direction. The holding grooves 35 engraved in the same stage in the three holders 34 are
opened to face each other. By inserting a wafer 1 among the holding grooves 35 of the same
stage of the three holders 34, the boat 31 holds a plurality of wafers 1 horizontally and with their
centers aligned with another. A heat insulation cap 36 is arranged between the boat 31 and the

rotary shaft 30. The rotary shaft 30 supports the boat 31 while lifting the boat 31 from the
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upper surface of the seal cap 25 such that the lower end of the boat 31 is separated by an
appropriate distance from a position of the furnace opening 15. The heat insulation cap 36 is
designed to insulate the vicinity of the furnace opening 15.

[0019] A heater structure 40 as a vertically-arranged heater is concentrically arranged outside the
process tube 11 and is installed in a state of being supported by the housing 2. The heater
structure 40 includes a case 41. The case 41 is made of stainless steel (SUS) and is formed in a
tubular shape, specifically a cylindrical shape, with its upper end closed and its lower end
opened. The inner diameter and overall length of the case 41 are set to be larger than the outer
diameter and overall length of the outer tube 12. In the embodiments of the present disclosure,
the heater structure 40 is divided into seven control zones U1, U2, CU, C, CL, L1, and L2, as a
plurality of control zones, from the upper end to the lower end of the heater structure 40.

[0020] A heat insulation structure 42 is installed inside the case 41. The heat insulation
structure 42 according to the embodiments of the present disclosure is formed in a tubular shape,
specifically a shape of a cylinder, and a sidewall 43 of the cylinder is formed in a multi-layer
structure.  Further, the heat insulation structure 42 includes a partition 105 that vertically
separates the sidewall 43 into a plurality of zones (regions), and a heat generator 56 that is
installed inside the sidewall 43 and serves as a heater configured to heat the wafer 1 in the
process chamber 14.

[0021] The heater structure 40 is configured to be controlled by a temperature controller 64, as
shown in FIG. 3. The heater structure 40 is also provided with a pair of thermocouple 65 and
thermocouple 66 corresponding to each of the control zones U1, U2, CU, C, CL, L1, and L2.
[0022] The thermocouple 65 is a heater thermocouple and is configured to detect a temperature
between the outer tube 12 and the heater structure 40 in each control zone. Thermocouple 65 is
configured to measure the ambient temperature near heat generator 56 in each control zone.

The temperature detected by the thermocouple 65 is hereinafter referred to as a heater
temperature. Further, the temperature of the heat generator 56 may be used as the heater

temperature.



[0023] The thermocouple 66 is a cascade thermocouple and detects a temperature between the
outer tube 12 and the inner tube 13 in each control zone. Thermocouple 66 is configured to
measure an in-furnace temperature, which is the temperature of the process chamber 14 in each
control zone. The temperature detected by the thermocouple 66 is hereinafter referred to as the
in-furnace temperature.

[0024] Based on the temperature information detected by the thermocouples 65 and 66 in each
control zone, the temperature controller 64 is configured to regulate a state of supply an electric
power to the heat generator 56 in each control zone and control the temperature of the process
chamber 14 at a desired timing to reach a processing temperature set by a controller 200.

[0025] Further, in the case 41, a check damper 104 as a back-diffusion preventer is installed at
each zone. A cooling gas 90 as a cooling medium is supplied to an internal space 75 via a gas
flow path 107 by opening/closing the check damper 104. When the cooling gas 90 is not
supplied from a gas source (not shown), the check damper 104 is closed so that the atmosphere
of the internal space 75 does not flow back. The opening pressure of the check damper 104
may be changed depending on the zone. Further, a heat insulation cloth as a blanket is provided
between an outer peripheral surface of the sidewall 43 and an inner peripheral surface of the case
41 to absorb a thermal expansion of metal.

[0026] As shown in FIG. 1, a ceiling wall 80 as a ceiling covers the upper end of the sidewall 43
of the heat insulation structure 42 to close the internal space 75. The ceiling wall 80 is formed
with an annular exhaust hole 81 as a portion of an exhaust path configured to exhaust the
atmosphere of the internal space 75, and a lower end, which is the upstream side end of the
exhaust hole 81, communicates with the internal space 75. The downstream side end of the
exhaust hole 81 is connected to an exhaust duct 82. The exhaust duct 82 is connected to an
exhaust fan 84. The exhaust fan 84 is configured to supply the cooling gas 90 as the cooling
medium to a cooling structure as a cooler, which will be described later, and discharge the
cooling gas 90 via the exhaust duct 82.

[0027] Each of the pressure controller 21, the gas flow rate controller 24, the drive controller 28,
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the temperature controller 64, and a cooling controller 300 is configured to be electrically
connected to the controller 200 and be capable of communicating with the controller 200. The
pressure controller 21, the gas flow rate controller 24, the drive controller 28, the temperature
controller 64, and the cooling controller 300, which will be described later, are configured to be

controlled according to instructions from the controller 200, respectively.

[Configuration of Cooler 301]

[0028] Next, a cooler 301 in the embodiments of the present disclosure will be described in
detail with reference to FIG. 2.

[0029] The cooler 301 in the embodiments of the present disclosure is configured such that the
cooler 301 is divided into a plurality of cooling zones U1, U2, CU, C, CL, L1, and L2
corresponding to a plurality of control zones, and each of the cooling zone is provided with an
intake pipe 101 configured to supply the cooling gas 90, a cooling valve 102 installed at the
intake pipe 101 and serving as a conductance valve configured to regulate the flow rate of the
gas, and a plurality of opening holes (rapid cooling holes) 110 configured to eject the cooling gas
toward the process tube 11. The cooling valve 102 supplies the cooling gas 90 as the cooling
medium to the internal space 75 between the heater structure 40 and the process tube 11.

[0030] By opening/closing the cooling valve 102, the flow rate of the cooling gas 90 introduced
into the intake pipe 101 is set according to a zone length ratio of each cooling zone, and the flow
rate and flow velocity of the gas ejected from the opening holes 110 toward the process tube 11
are regulated. That is, the cooling controller 300 may regulate an opening state of the cooling
valve 102 according to components in the intake pipe 101, thereby changing the flow rate and
flow velocity of the cooling gas 90, which is introduced into each cooling zone. That is, the
cooling valve 102 is configured to be controllable to different opening state in each cooling zone.
The cooling valve 102 is configured to be capable of being controlled by the cooling controller
300.

[0031] Further, the check damper 104 is installed at the downstream side of the cooling valve
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102 of the intake pipe 101 to prevent back-diffusion of the atmosphere from the process chamber
14. The cooling gas 90 is exhausted from the exhaust hole 81 installed above the internal space
75. Therefore, the check damper 104 is installed at each zone to efficiently store the cooling
gas 90 and prevents convection between the intake pipe 101 and the heat insulation structure 42
when rapid cooling is not used.

[0032] Further, the opening holes 110 are provided such that the flow rate and flow velocity of
the cooling gas 90 ejected to each cooling zone (for example, U2, CU, C, CL, and L1 in FIG. 2)
from approximately the same height as the top of a region where the wafers 1 placed on the boat
31 are held to the bottom of the region where the wafers 1 are held are uniform. Specifically,
the opening holes 110 are provided at equal intervals in the circumferential direction and the
vertical direction within the cooling zone and are configured to be ejected into the internal space
75 via the gas flow path 107.

[0033] The heat insulation structure 42 used in the above-described heater structure 40 is also
used as the cooler 301. As described above, the heat insulation structure 42 includes the
sidewall 43 formed in a cylindrical shape, and the sidewall 43 is formed in a multi-layer
structure. In this case, the sidewall 43 is configured to be divided into the plurality of cooling
zones U1, U2, CU, C, CL, L1, and L2 in the vertical direction. For example, the partition may
be configured to separate the sidewall 43 into the plurality of cooling zones U1, U2, CU, C, CL,
L1, and L2 in the vertical direction, and a space may be provided between the partition 105 and
the sidewall 43.  The gas flow path 107 is configured to cause the intake pipe 101 and the
internal space 75 to be in fluid communication with each other, and eject the cooling gas 90 into
the internal space 75 via the opening holes 110 for each cooling zone.

[0034] Further, the opening holes 110 are arranged such that the ejected cooling gas 90 avoids
the heat generator 56.

[0035] Further, in the embodiments of the present disclosure, the partition 105 is disposed such
that the number of control zones is equal to the number of cooling zones. Without being

limited to this form, the number of control zones and the number of cooling zones are arbitrarily
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set.

[0036] The exhaust duct 82 is connected to an exhaust fan 84 and is configured to discharge the
cooling gas 90 by a discharge function of the exhaust fan 84.

[0037] Further, the cooling controller 300 is electrically connected to the cooling valve 102 and
is configured to instruct the opening state of the cooling valve 102. Further, the cooling
controller 300 is electrically connected to the exhaust fan 84 and is configured to instruct on/off
operation of the exhaust fan 84.

[0038] The cooler 301 in the embodiments of the present disclosure regulates the opening state
of the cooling valve 102 for each cooling zone by the cooling controller 300 and at the same
time, turns on activation of the exhaust fan 84, such that the flow rate of the supplied cooling gas
may be regulated for each cooling zone. As a result, a cooling capacity may be regulated for

each cooling zone.

[Structure of Controller]

[0039] Next, a structure of the controller 200 will be illustrated.

[0040] As shown in FIG. 4, the controller 200 includes a computer frame 203 including a CPU
(Central Processing Unit) 201, a memory 202, etc., a communication interface (IF) 204 as a
communicator, a storage 205 as a storage part, and a display/input device 206 as an operation
part. That is, the controller 200 includes a constituent component as a general computer.

[0041] The CPU 201 constitutes a core of the operation part, executes control programs stored in
the storage 205, and executes process recipes (for example, recipes for process) recorded in the
storage 205 according to instructions from the display/input device 206.

[0042] Further, as a recording medium 207 configured to store an operation program of the CPU
201, a ROM (Read Only Memory), an EEPROM (Electrically Erasable Programmable Read
Only Memory), a flash memory, a hard disk, or the like is used. Here, a RAM (Random Access
Memory) functions as a work area for the CPU.

[0043] The communicator 204 is electrically connected to the pressure controller 21, the gas
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flow rate controller 24, the drive controller 28, the temperature controller 64, and the cooling
controller 300 (these may be collectively referred to as sub-controllers) and may exchange data
about operations of the respective components.

[0044] The storage 205 includes a program storage area that stores files of the above-described
process recipe and the like. This program storage area is configured to store a program that
causes the substrate processing apparatus to control a heater supply power such that a predicted
temperature column calculated according to an in-furnace temperature prediction model, which
is stored in advance, approaches a future target temperature column, and a program that causes
the substrate processing apparatus to regulate the opening state of the cooling valve 102 to
minimize an error between a predicted temperature column and a target temperature column
calculated from a rate of change from the present target temperature to the final target
temperature when the change occurs, according to a rapid cooling prediction model that includes
information of the exhaust fan 84, a final target temperature that is a future target, and the
opening state of the cooling valve 102, which will be described below in the embodiments, and
estimates a predicted temperature that predicts at least one selected from the group of the heater
temperature and the in-furnace temperature. Further, at least the above-described prediction
model and various parameters for realizing the above-described prediction model are stored in a
parameter storage area (not shown). Further, at least each prediction model in a predetermined
temperature zone is stored.

[0045] In the embodiments of the present disclosure, the controller 200 is described as an
example, but the present disclosure is not limited thereto and may be implemented by using a
normal computer system. For example, the above-described processes may be executed by
installing a program that executes the above-described processes in a general-purpose computer
from the recording medium 207 such as a CD-ROM, a USB, or the like storing the program.
Further, the communicator 204 such as a communication line, a communication network, or a
communication system may be used. In this case, for example, the program may be posted on a

bulletin board of the communication network and may be provided by being superimposed on a
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carrier wave via a network. By activating the program provided in this way and executing the
program in the same manner as other application programs under the control of an OS

(Operating System), the above-described processes may be executed.

[Configuration of Cooling Controller]

[0046] Next, a control configuration of the cooling controller 300 will be described with
reference to FIG. 5.

[0047] The cooling controller 300 includes an in-furnace temperature acquirer 351, a
temperature history storage 353, an exhaust history storage 355, a valve opening state history
storage 357, an individual characteristics creator 359, a target temperature column creator 361,
an integrated characteristics creator 363, a constrained optimization calculator 365, and an
opening state signal supplier 367.

[0048] A target temperature from the controller 200 is input to an input terminal S.  The in-
furnace temperature from the thermocouple 66 is input to an input terminal F.  Information on
the on/off signal of the exhaust fan 84 from the controller 200 is input to an input terminal L.
Although there are as many target temperatures, input terminals S, and input terminals F as
thermocouples 66, the respective ones thereof are shown in FIG. 4 because of the same
configuration.

[0049] The intake pipe 101 and the cooling valve 102 are installed for each cooling zone as
described above, but the respective ones thereof are shown in FIG. 5 for explanation. That is,
the opening state of the cooling valve 102 may be different in each zone, and the cooling gas is
supplied to the intake pipe 101 for each zone.

[0050] The same number of thermocouples 66 as cooling zones are arranged at positions
corresponding to the cooling zones in the inner space of the inner tube 13 and convert the
temperature in the vicinity of the wafer 1 into a minute voltage and output the same.

[0051] The cooling controller 300 is configured to acquire input signals from the input terminal

S, the input terminal F, and the input terminal L every minute time, and update and output an
13



output signal every minute time, according to a preset control cycle.

[0052] The in-furnace temperature acquirer 351 acquires minute power of the thermocouple 66,
smoothes the acquired minute power for noise removal, and converts the same into a detection
temperature according to its physical characteristics. That is, the in-furnace temperature
acquirer 351 acquires the in-furnace temperature detected by the thermocouple 66. The in-
furnace temperature acquirer 351 is present for the number of thermocouples 66.

[0053] The temperature history storage 353 receives the in-furnace temperatures or heater
temperatures of zones from the in-furnace temperature acquirer 351 and stores data thereof in a
temperature history storage area for a certain period of time. The temperature history storage
353 sequentially writes the temperatures in the temperature history storage area at predetermined
intervals from the first acquired temperature. ~ After the temperature history storage area is filled
with data, the oldest data is discarded and new data is written in that position. In this way, the
temperature history storage 353 is configured to be capable of storing past temperatures for a
certain period of time from the present.

[0054] A temperature written in a process at a certain time t is treated as a temperature of one
time before the present time (for example, displayed as y(t—1) in Equation 1) to unify display
related to time. The received temperature is a temperature calculated from an average
electromotive force of the thermocouple 66 up to the writing time.

[0055] The exhaust history storage 355 receives an on/off signal of the exhaust fan 84 from the
controller 200 and stores data regarding the on/off signal of the exhaust fan 84 input to an
exhaust history storage area for a certain period of time.

[0056] The valve opening state history storage 357 receives opening state information output to
the cooling valves 102 of the zones and stores data thereof in a valve opening state history
storage for a certain period of time. The valve opening state history storage 357 sequentially
writes the opening states in the valve opening state history storage area at predetermined
intervals from the first acquired opening state. ~ After the valve opening state history storage

area is filled with data, the oldest data is discarded and new data is written in that position. In
14



this way, the valve opening state history storage 357 is configured to be capable of storing past
opening states for a certain period from the present.

[0057] An opening state written in a process at a certain time t is treated as a temperature of one
time before the present time (for example, displayed as Va(t—1) in Equation 1) to unify display
related to time. The received opening state is an opening state calculated in the previous
process and is continuously output until the present time.

[0058] The individual characteristics creator 359 acquires from the storage 205 a rapid cooling
prediction model as a prediction model of a certain cooling zone, which will be described later in
detail, acquires predetermined past temperature data of the in-furnace temperature or heater
temperature from the temperature history storage 353, acquires data related to predetermined
past on/off of the exhaust fan 84 from the exhaust history storage 355, acquires predetermined
past opening state data of the cooling valve 102 from the valve opening state history storage 357,
and calculates an individual input response characteristics matrix S and an individual zero
response characteristics vector S, to be described below in Equations 2 and 3. The individual
input response characteristics matrix Ssr and the individual zero response characteristics vector
Sz are calculated by the number of in-furnace temperatures to be controlled (=the number of
zone divisions). As described above, the rapid cooling prediction model is described as being
acquired from the controller 200, but, for example, a rapid cooling prediction model storage may

be installed in the cooling controller 300. The above-described structure is just an example.

[Rapid Cooling Prediction Model]

[0059] The rapid cooling prediction model is an equation that calculates a predicted temperature
which predicts at least one selected from the group of the heater temperature and the in-furnace
temperature, and uses the following equation 1.

[Formula 1]
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[Formula 2]

where, ¥(t) isa predicted temperature at time t, and y(t—1) is a temperature at one time
before the present time,

Valt = 1),Vu(t = 2., Vo (t =) are opening states of relevant cooling zones at one time,
two times, ---, and n times before the present time,

Vplt = 1), Vy(t = 2),-,Vp(t =n) are opening states of zones adjacent to one side of the
relevant cooling zones at one time, two times, ---, and n times before the present time,

Vet = 1),Ve(t = 2), . Ve(t = n) are opening states of zones adjacent to the other side of the
relevant cooling zones at one time, two times, -+, and n times before the present time, and

[t =1),f(t = 2), . f{t =m) are on (=1)/off (=0) data of the exhaust fan 84 at one time,
two times, ---, and m times before the present time.
[0060] yO is a reference temperature, which is assumed to be around room temperature, for
example. The reference temperature y0 is a temperature within a range of 20 degrees C or
higher and 30 degrees C or lower, aj, -, an, b1, -+, b, C1, -+, Cn, and d are predetermined
coefficients, and values of n and m are preset values and indicate the number of demanded past
data. The prediction model may be stored for each cooling zone and used in control operation.
That is, the rapid cooling prediction model corresponds to the respective temperature zones.
[0061] According to Equation 1, when the temperature at one time before the present time is the
reference temperature y0, "y(t—1)—y0" becomes zero, and as a result,
[Formula 3]

§&) =yt —1)

[0062] Therefore, the predicted temperature = the temperature at one time before the present
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time = the reference temperature y0. In a case where the in-furnace temperature is room
temperature, the in-furnace temperature will not change even when the opening state of the
cooling valve 102 is fully opened to supply the maximum flow rate of the cooling gas (=room
temperature). That shows that Equation 1 is valid at the reference temperature.

[0063] Further, according to Equation 1, for example, in a case where the prediction model is a
rapid cooling prediction model regarding the temperature of the C zone, depending on each
coefficient, the opening states of the cooling valve 102 in the adjacent CU zone and CL zone as
well as the opening state of the cooling valve 102 in the C zone influence the predicted
temperature. This makes it possible to express mutual interference between zones depending
on each coefficient. Further, in the rapid cooling prediction model of Equation 1, by using the
data of on (=1)/off (=0) of the exhaust fan 84 as a constant term, it is possible to improve a
temperature error between zones at the start of rapid cooling. Here, even when the exhaust fan
84 is driven, since the cooling valves 102 are entirely closed until immediately before the start of
rapid cooling, although it may be thought that the in-furnace temperature will not be influenced,
by considering an influence of exhausting the in-furnace atmosphere by the operation of the
exhaust fan 84 for a minute time at the start of rapid cooling, a temperature error between zones
at the start of rapid cooling is improved, thereby improving a temperature controllability.

[0064] Here, the adjacent zones are set in advance in consideration of cooling characteristics.
For example, two adjacent zones may be demanded depending on a state of mutual interference.
Further, due to characteristics of the cooler, the cooling gas flows upward in the internal space
75, so, for example, two adjacent zones on the vertically lower side may be set.

[0065] Further, according to Equation 1, even in a case where the opening states of the cooling
valves 102 in the relevant zone and adjacent zones are zero (=fully closed), the predicted
temperature changes due to the term related to d.  This makes it possible to express cooling
other than the cooling by the cooling gas 90 from the intake pipe 101, for example, natural
cooling or cooling by unintended draft.

[0066] The above-described Equation 1 is represented by a state space model as shown in the
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following Equation 2.

[Formula 4]

[X(t +1)=Ax(t) + B-u(t) == = (Equation 2)

y(t) = Cx(t)

[0067] Here, matrices A, B, and C are as follows. It should be noted that n=4 and m=3 were
used for simplicity of notation.

[Formula 5]

]
]

cooorooo o
cooroocoocof
coocoocoocoool
- E-E-E=R=E=R=R=F

coocooocoooR
cocoococ ool
coocococorkool
coocoocococoocof
orRrOoOOoOCO o oo,
cooococooocool!

[Formula 6]

b

-

coroocooo o
CoOCCCoOOoOooOD DR

= SocococoocooRr R

0
0
0
1
0
0
0
0
0
0

C=[1 0 0 00 0 0 0]

[0068] Further, vectors x(t) and u(t) and output y(t) are as follows.

[Formula 7]
y(t)
Y-Vp(t—1)
YoV (t—2)
YV (t—3)
_|Y Vet —1)
XO =y .y -2)
Y- Vy(t —3)
Y-V(t—1)
Y-Ve(t—2)
Y- Vu(t — 3)
[Formula 8]
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Y V(L)
wrl oy
Ve +fe-1+f(t—-2)}/3

y(t) = §(t)

where, Y = {y(t) — y0}.
[0069] In Equation 2, when u(t) is input at time t, and then is continuously input as it is, the

predicted temperature after t+1 is as shown in the following Equation 3.

[Formula 9]
C-B
1
F(t+1) y(t +1) C- A2 C-A-B Zc-af B
e+ _ |yt +2)| _|C A 1y 4 |CAT Bl ) 4| D cult
D N s B T | B ue
5 5 5 : Ycatp
i=0

¥(t) =S, + S, - u(t) - -+ (Equation 3)

[Formula 10]

where,
y(t+1) C-A? C-A'B
_ | Pt +2) C-A? C-A%.B
t)y = —_ B —
- C-B
1
Zc-#-B
Ssr: i:zu
C-A"B
i=0

¥ isa predicted temperature vector.

[0070] In Equation 2, n=4 and m=3 are exemplified for simplicity of notation, but Equation 3 is
not limited thereto. Further, in Equation 3, S, is an individual zero response characteristics
vector, and S is an individual input response characteristics matrix.

[0071] The number of rows is calculated as permissible depending on the control cycle and the
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operation processing performance of a CPU used by a controller.
[0072] The individual zero response characteristics vector S, indicates an amount of change in
the predicted temperature vector that changes under the influence by the past temperature and
past opening state of the cooling valve 102.  Further, the individual input response
characteristics matrix Sy indicates an amount of change in the predicted temperature vector that
changes under the influence by the opening state of the cooling valve 102 calculated at the
present time.
[0073] Hereinafter, when the individual input response characteristics matrix Sy, the individual
zero response characteristics vector Sz, and the predicted temperature vector are distinguished by
the corresponding zones, an individual input response characteristics matrix corresponding to
zone a is denoted as Sqr.a, and an individual zero response characteristics vector corresponding to
zone b is denoted as S,r-b, and so on.
[Formula 11]

Further, a predicted temperature vector corresponding to zone e is denoted as ¥«(t) and
SO on.
[0074] The target temperature column creator 361 receives a target temperature, a present target
temperature, and a ramp rate from the controller 200 at the timing when a set temperature is
updated, and calculates an individual target temperature column vector Stg. The ramp rate
indicates a rate of change from the present target temperature to the final target temperature that
will be the future target when the change occurs. For example, in a case where the ramp rate is
set to 1 degree C/min, it is an indication of change at a rate of 1 degree C for one minute. For
example, when the present target temperature is 100 degrees C, an updated set temperature is
200 degrees C, and the ramp rate is 10 degrees C/min, information received from the controller
200 is that the target temperature=200 degrees C, the present target temperature=100 degrees C,
and the ramp rate=10 degrees C/min. Then, before the present target temperature reaches 200
degrees C, for example, when it is 150 degrees C, and when the set temperature is updated to 300

degrees C and the ramp rate is updated to 1 degrees C/min, the target temperature is 300 degrees
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C, the present target temperature is 150 degrees C, and the ramp rate is 1 degree C/min.
[0075] Then, the target temperature column creator 361 switches the individual target
temperature column vector Sy created when the ramp rate is zero and when the ramp rate is other
than zero.
[0076] First, when the ramp rate is zero, the target temperature column creator 361 calculates the
individual target temperature column vector Sg according to a reference set value of:

(1) Ramping temperature deviation = target temperature — present target temperature

(2) Ramping time = absolute value (ramping temperature deviation) / reference ramp
rate

(3) Reference set value = present target temperature + ramping temperature deviation x
(1—exp (elapsed time + (ramping time + time constant))

For example, 1.0 is set as the time constant.
[0077] Next, when the ramp rate is other than zero, the target temperature column creator 361
calculates the individual target temperature column vector Stg according to a reference set value
of:

(1) Ramping temperature deviation = target temperature — present target temperature

(2) Ramping time = absolute value (ramping temperature deviation)+ramp rate

(3) Reference set value = present target temperature + ramping temperature deviation x
(elapsed time<ramping time)
[0078] The individual target temperature column vector S¢g is expressed as in Equation 4 for the
following explanation.

[Formula 12]

Seg(t+1)
Seg(t +2)
Seg(t +3)

Stg(;) = = » « (Equation 4)
[0079] The time and the number of rows in Equation 4 correspond to those in Equation 3 and the

like. The target temperature column creator 361 exist in the same number as the temperatures
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to be controlled, that is, in the same number as the thermocouples 66.

[0080] Hereinafter, when the individual target temperature column vector S is distinguished by
the corresponding zones, an individual target temperature column vector corresponding to zone a
is denoted as Ste-a, an individual target temperature column vector corresponding to zone € is
denoted as S¢g.e, and so on.

[0081] The integrated characteristics creator 363 receives the individual input response
characteristics matrix Ss; and the individual zero response characteristic vector Sz from multiple
individual characteristics creators 359, receives the individual target temperature column vector
Stg from multiple target temperature column creators 361, and creates an integrated
characteristics equation.

[0082] First, the individual input response characteristics matrix Sy is transformed. The
individual input response characteristics matrix Ss; indicates the amount of change in the
predicted temperature when u(t) is input at time t and then is continuously input as itis. Ina
case where u(t) is not held and different values u(t) to u(t+Np—1) are input at the entirety of
control timings, the second term on the right side of Equation 3 is as follows. Note that the
number of rows in Equation 3 is Np.

[Formula 13]

C-B 0 0 e 0 u(t)
C-A-B CB 0 e 0 u(t + 1)
C-A*'B C-A'B C-B e 0o u(t+2)
C-A¥"1.B C-AM2.B C:A"3.B - C-B) lu(t+Np—1)

[0083] In well-known model predictive control, it is assumed that different values u(t) to
u(t+Np—1) are input at the entirety of timings of operation processing, and these are obtained by
calculation. However, since the operation processing performance of the CPU of the cooling
controller 300 is not sufficient, in the present disclosure, by fixing an input pattern, the second
term on the right side of Equation 3 is transformed as follows.

[Formula 14]
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u(t) is held

A
4 A
cC-B 0 1] 0 u(t}
C-A-B C'B 0 0 u(t + 1)
C-A*-B C-A'B C'B 0 u(t + 2) u(t) is held
C.AY-1.B C.AM-2.B ¢.A3.B .. c.Bl lut+Np—1)

[Formula 15]

=3 u(0)]

[0084] By transforming the individual input response characteristic matrix Ssr as described
above, the following Equation 5 is obtained from Equation 3.

[Formula 16]

$(t) = S, + Syer - u(t) - - - (Equation 5)
Jlt+1) C-AZ C-AB
y - A3 LAZ .,
}F{t'l'z) ) Szr: C :.l"!. fo\r_l)_{_ C A B

$(t + Np) C- ANPH1 C-AVFP.B

y(t) = cu(t—1)

[Formula 17]

C-B
C-A-BE+C-B
2
C-AlB
Sasr =| =0

[0085] In Equation 5, Sqs: is set to the individual input response characteristics matrix again.
When distinguishing by the corresponding zones, an individual input response matrix
corresponding to zone a is denoted as Sgsr-a and the like

[0086] Next, with respect to the above-described Equations 5 and 4, cooling zones to be

controlled are arranged.
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[Formula 18]

?ﬂ(t) ZT' i 5{157'—
?h:"(t) zr b Sdn b | u(o)
?e[t} Sdsr e

= U,y + Ugg, - u(t) --- (Equation 6)

ZT’E‘

[Formula 19]

Stg-alt)

Uy = S[ﬂ':b{t} - -+ (Equation 7)

Seg-e(t)
[0087] As described above, the integrated characteristics creator 363 calculates and outputs an
integrated input response characteristics matrix Ugs, an integrated zero response characteristics
vector Uz, and an integrated target temperature vector Uy shown in Equations 6 and 7.
[0088] The constrained optimization calculator 365 receives the integrated input response
characteristics matrix Ugsr, the integrated zero response characteristics vector Uy, and the
integrated target temperature vector Uy, from the integrated characteristics creator 363 and
calculates an optimal opening state for the present time by a method called an effective
constraint method which will be described later.
[0089] The number of the opening state signal suppliers 367 is the same as the number of
divided cooling zones, that is, the number of connected cooling valves 102. The opening state
signal supplier 367 acquires the corresponding opening state from the constrained optimization
calculator 365 in a predetermined control cycle, and updates the opening state indication to the

cooling valve 102.

[First Effective Constraint Method]
[0090] A first effective constraint method used in the present disclosure will be described. The
effective constraint method obtains a solution vector x that maximizes an evaluation function

f(x) given by the following Equation 8 under a constraint condition of the following Equation 9.
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[Formula 20]

f@) =€ x—2x"Q x - (Equation 8)

b=A-x - (Equation 9)

[0091] In Equations 8 and 9, ¢, Q, b, and A are given constant matrices or vectors. Also, a
symbol T represents transposition. At this time, the effective constraint method may obtain the
solution vector x by executing a flow shown in FIG. 6.
[0092] In S201, a solution xkx within a range in which the equality sign in Equation 9 is not valid
is selected. Then, A and be are set to sets of rows in which the equality sign is valid among the
rows in Equation 9. In S201, both A and be are empty sets.  Also, let Ag and bq are set to sets
of rows in which the equality sign is not valid among the rows of Equation 9. In S201, A¢=A
and bg =b.
[0093] In S203, the following simultaneous equation is solved, and the solutions thereof are
defined as x and A. In a case where x=xx, the flow proceeds to S205. In a case where x#xx,
the flow proceeds to S207.

[Formula 21]
Q AZ].M-(C

e GBI = s,
[0094] In S205, it is determined whether or not the entirety of elements of A are 0 or more. Ina
case where the entirety of elements of A are 0 or more, the flow proceeds to S213. In a case
where the entirety of elements of A are not 0 or more, the flow proceeds to S211.
[0095] In S207, a is obtained according to the following Equation 10, and b; and a; are rows
extracted from Ag and bg, respectively. In a case where a=1, the flow proceeds to S205. Ina

case where a<I, the flow proceeds to step S209.

[Formula 22]
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o = min

mna;- (X —Xp)

b —a, -
Hﬁf—-::’——xk— (0 < denominatar)
1 ( denominator = 0)

:{a 0<a<1) -+ + (Equation 11)

1(1<@)

[0096] In S209, the constraint [b;, ai} used to obtain o (<1) according to Equation 10 is deleted
from A4 and bg and added to A. and be, and the flow proceeds to S203.

[0097] In S211, an element of A that is the smallest negative value is selected, the corresponding
constraint [b;, ai} of the constraints included in A and be is deleted from A. and be and added to
Ag and bg, and the flow proceeds to S203.

[0098] In S213, the solution x obtained in S203 is taken as the optimum solution, and the flow
ends.

[0099] The effective constraint method shown in FIG. 6 may obtain a solution that satisfies
Equation 9 and maximizes Equation 8 by searching for combinations of rows in which the

equality sign is valid among the rows of Equation 9 by using an incidental multiplier A.

[Application to Control of Effective Constraint Method]

[0100] Next, a method of applying the effective constraint method in the present disclosure will
be described.

[0101] In the integrated characteristics creator 363, the predicted temperature column (predicted
temperature vector) of the in-furnace temperature may be obtained from Equation 6, and the
target temperature column (integrated target temperature vector) may be obtained from Equation
7. Therefore, the constrained optimization calculator 365 uses a square of an error between the
target temperature column and the predicted temperature column, as an evaluation function.

The evaluation function V(u(t)) is given by the following Equation 11.

[Formula 23]
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V(“(f}) = IUrg - (Uzr + Uggy * u(E}JJT ' [Utg - (Uzr + Uy - u(f))]
= [“‘.‘3’ — Upr " [Ut.g - UZT] - 2[”69 - uﬂ']T Uger () +u () Uy, " Ugyr

“u(r)

1
= (constant term) -2 ([Utg - Uzr]T “Uger - ult) — EuI () Ugey” - Ugyr - u(t))
= (constant term) -2 ([UdsrT [Ueg - Uzr]]r “u(t) - %u*‘(t) [Ugsr™ - Uagr]

. u(z)) +++(Equation 11)

[0102] Comparing the inside of the outer parenthesis of the second term of Equation 11 with
Equation 8, ¢ and Q in Equation 8 may be replaced with the following equations.

[Formula 24]
= Udsr-r ' |_Uty - uerJ Q= Ud.ﬁ'rT "Ugsr

[0103] As aresult, a solution that maximizes the inside of the outer parenthesis of the second
term of Equation 11 may be obtained by the above-described effective constraint method.
Therefore, a solution that minimizes the evaluation function V(u(t)) may be obtained, the
evaluation function V(u(t)) that minimizes the square of the error between the target temperature
column and the predicted temperature column is created, and the simultaneous equation is
calculated to minimize this evaluation function V(u(t)). Then, by solving the simultaneous
equation, the opening state of the cooling valve 102 included in the solution of the predicted
temperature column may be acquired, and the cooling controller 300 regulates the opening state
of the cooling valve 102.

[0104] Next, with respect to Equation 9 regarding the constraints, exemplifying the opening
states of zones a to ¢ for simplicity of notation, as shown in the following Equation 12, when the
upper and lower limits on the left side of an arrow are given to power supply values ka, ko, and k¢
of the respective zones, Equation 9 may be applied by setting the inequality as shown on the
right side of the arrow. In the following Equation 12, LL, and UL, are the upper and lower
limits of the power supply value for zone a, respectively, and similarly, LLy, ULy, LLc, and ULc

are the upper and lower limits of the power supply values for zone b and zone c, respectively.
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For example, LL, and UL, are set to 0% and 100%, respectively.

[Formula 25]
ULq 1 0 0
LL, < V,(t) < UL, f}?ﬂ -1 ‘1} g v, (6)
L V() SUL, = |[%]2 g . o |"[»®] -+ (Equation 12)
, _
LL, < V.(t) < UL, il 1o o 1| Le®
) Lo o -1

[0105] [Second Effective Constraint Method]

[0106] Next, a second effective constraint method that may be used in the present disclosure will
be described. In the above-described effective constraint method shown in FIG. 6, in a case
where an operation processing capability of the CPU is not sufficient, calculation may not end
within a predetermined control cycle. Therefore, instead of the flow of FIG. 6, a flow of FIG. 7
is used to obtain the solution vector x.

[0107] The differences from the first effective constraint method in FIG. 6 are to add S215
immediately after the start, change S201 to S217, proceed with the flow from S209 and S211 to
an added S219, and proceed with the flow to S203 or S213 depending on a determination in
S219. In the following, differences from the first effective constraint method will be described.
[0108] In S215, the number of loops is initialized.

[0109] Then, in S217, a solution xx within a range in which the equality sign of Equation 9 is not
valid is selected. In preparation for a case where the optimization calculation ends halfway in
S219 which will be described later, in particular, the selected solution is the upper limit value of
a range over which the equality sign of Equation 9 is not valid. For example, when the opening
state of zone a is 0 < Va(t) < 100, the selected solution is Va(t)=99.9 and the like. By making
such a selection, the constraint added in S209 gives priority to the upper limit constraint, so even
in a case where the optimization calculation ends halfway, a safe calculation result may be
obtained.

[0110] In S219, the number of loops is counted up, and in a case where it is within a

predetermined number, the flow proceeds to S203. When it exceeds the predetermined number,
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the flow proceeds to S213 and ends with the solution x obtained in the previous S203 as the
optimum solution.

[0111] By making the flow as shown in FIG. 7, since the calculation of the optimum solution
may end with the minimum demanded process, the calculation may end within the

predetermined control cycle.

<Second Embodiment of the Present Disclosure>

[0112] Next, a second embodiment of the present disclosure will be described. In the cooling
controller 300 according to the second embodiment of the present disclosure, a temperature
detected by the thermocouple 65 instead of the thermocouple 66 is input to the in-furnace
temperature acquirer 351. That is, the in-furnace temperature acquirer 351 acquires the heater
temperature detected by the thermocouple 65 and controls the heater temperature according to
the target temperature. Thus, even in a structure without the thermocouple 66, by using the
temperature detected by the thermocouple 65, it is possible to obtain the same effects as in the

above-described embodiments of the present disclosure.

<Third Embodiment of the Present Disclosure>

[0113] Next, a third embodiment of the present disclosure will be described.

[0114] FIG. 8 is an internal control block diagram of the cooling controller 300 according to the
third embodiment of the present disclosure. In the third embodiment, an integrated
characteristics creator 369 is used instead of the integrated characteristics creator 363 and an
optimization calculator 371 is used instead of the constrained optimization calculator 365 in the
control block diagram shown in FIG. 5. In the following, portions different from the above-
described control block shown in FIG. 5 will be described, and detailed description of the same
portions will not be performed.

[0115] The integrated characteristics creator 369 receives the individual input response

characteristics matrix S and the individual zero response characteristics vector S, from the
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same number of individual characteristics creators 359 as zone divisions, receives the target
temperature column vector Sy from the same number of target temperature column creators 361
as zone divisions, and creates an integrated characteristic equation.

[0116] The integrated characteristics equation is created by a method shown in the following
Equations 13 and 14 instead of Equations 6 and 7.

[Formula 26]

J"a(t) zr :.': Sd':'r' a
?h(t) f?a(t}‘ I zr—-b — za a s:7151— b~ . Sdsr a u(rJ
?e(tj - ?u(t] Szr—e — Szr-a Sasr—e — Sdsr-a

= U, + Ugsr -u(t) ***(Equation 13)

[Formula 27]
Stg-a
Uy = Stg-b N Stg-a -+~ (Equation 14)
Stg-e - Stg—a
[0117] In Equations 13 and 14, differences from zone a are arranged in the second and
subsequent rows, respectively. Using the zone a as a reference for the differences makes it
possible to set a parameter or the like in advance. Although the zone a is herein used as the
reference for the differences, a zone other than the zone a may be used as the reference. Also,
the times and the number of rows in Equations 13 and 14 correspond to Equations 6 and 7.
[0118] Then, the integrated characteristics creator 369 calculates and outputs the integrated input
response characteristics matrix Uqgsr, the integrated zero response characteristics vector Uy, and
the integrated target temperature vector Uy shown in Equations 13 and 14.
[0119] The constrained optimization calculator 371 receives the integrated input response
characteristics matrix Ugs, the integrated zero response characteristics vector Uz, and the
integrated target temperature vector Uy, from the integrated characteristics creator 369, and
calculates the optimal opening state for the present time by the above-described effective
constraint method.

[0120] The optimization calculator 371 uses, as an evaluation function, the square of an error
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between the target temperature column and the predicted temperature column for the reference
zone and the sum of the squares of differences between the predicted temperature columns for
the other zones and the predicted temperature column for the reference zone. In this case, a
weighting matrix Z is taken into consideration for the sum of the squares of the differences
between the predicted temperature columns for the other zones and the predicted temperature
column for the reference zone. The evaluation function V(u(t)) is then given by Equation 15.

[Formula. 28]

V(u(®) = [Upy = (Ugr + Uggr - u(@)]” -2 [Upy = (Usr + Uggr - u(®))]
= lUIQ - UerT 'z lUm ~Ug|— Z[Un} - Uzr]T 2 Uggr - u(t) + u?l(t) ’ UdsrT
. Z . Uasr " u[f)

. 1
= (constant term) -2 ([Um - uzr]r cZ- Uy -u(t) — E1:‘"(;)- Uysr” -2+ Uyyr - u(z})
1
= (constant term) -2 ([Udsf L [Upg — Un]]T ‘u(t) — 3 u’ () (U - Z- Uyer]

- u(t)) ---(Equation 15)

[0121] That is, when replacement is executed with the following:
[Formula 29]

T T
c=Uyy - Z- [Utg - Uzr]a Q=Ugs "Z Uys

the above-described effective constraint method may be applied.

Here, the weighting matrix Z is a diagonal matrix in which 1 is assigned to the weight of
the evaluation on the deviation of the reference zone and Z is assigned to the weight of the
evaluation on the differences of the other zones from the reference zone. Z takes values of, for

example, 1 to 10.

[Formula 30]
E 0 0 0
o z-E o 0 : . .
I = 0 0 Z-E o | E is a unit matrix
0 0 0 Z-El ..-(Equation 16)

[0122] According to the control method of the cooling controller 300 shown in FIG. 8, when
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controlling the temperature, it is possible to control the temperature in consideration of the inter-
zone temperature deviation of the temperature assigned to each zone, and it is possible to control
the temperature drop of the temperature assigned to each zone at about the same time with the

same temperature history.

[0123] [Configuration of Rapid Cooling Prediction Model Updating Process]

[0124] An automatic acquisition procedure for the rapid cooling prediction model exemplified in
Equation 1 will be described. The coefficients of the rapid cooling prediction model (ai, -, an,
b1, -+, bn, C1, -+, Cn, and d in Equation 1) are determined according to this procedure.

[0125] FIG. 9 is a block diagram of process performed by the cooling controller 300 when
generating the rapid cooling prediction model.

[0126] A random opening state signal supplier 373 instructs the corresponding cooling valve 102
with an opening state randomly selected (hereinafter, referred to as a random opening state) from
three discrete values according to a command from the controller 200. There are as many
random opening state signal suppliers 373 as cooling zones, that is, cooling valves 102.

Possible values of the random opening state and duration until change may be received from the
controller 200 or may be set in advance by parameters or the like.

[0127] A rapid cooling prediction model updater 375 acquires the rapid cooling prediction
model from the storage 205, acquires demanded past temperature data from the temperature
history storage 353, acquire demanded past information on on/off of the exhaust fan 84 from the
exhaust history storage 355, acquires demanded past information on the opening state from the
valve opening state history storage 357, and calculates, updates, and rerecords the latest rapid
cooling prediction model obtained at that time, according to a command from the controller 200.
After starting, the rapid cooling prediction model is updated at a predetermined cycle, and the
operation thereof is performed for a predetermined period of time before ending.

[0128] There are as many rapid cooling prediction model updaters 375 as cooling zones, that is,

cooling valves 102. The number of terms of the rapid cooling prediction model (the values of n
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and m in Equation 1), the state of mutual interference (Equation 1), and the like may be received

from the controller 200 or may be set in advance by parameters or the like.

[Rapid Cooling Prediction Model Updating Method]

[0129] Next, a method of updating the rapid cooling prediction model performed by the rapid
cooling prediction model updater 375 will be described. The updating method in the present
disclosure uses a method called an iterative least square method. The following Equation 17 is
a notation of Equation 1 using a matrix and a vector.

[Formula 31]

A predicted value Ay(t) of a difference between the predicted temperature and the

temperature one time before the present time is represented as the following Equation 17.

Ay(t) = x7(t) -0(¢t) * - (Equstion 17)

Y-V, (t—1) ray (6]

Y- V(e = n) an(t)

Y-V (t—1) b, (t)

x(t) = YV, (t —n) w0 =1y
Y-W(t—1) cy(t)

V-Vt —n) en(t)

Y {f(t— 1)+ + f(E —m)}/m L d(t) ]

[0130] where, Y = y(t—1)-y0

Here, the time t represents a process for the present time, and the reason the latest data
among the elements of x(t) is Va(t—1) is that, as described above, the time of the opening state,
etc. obtained in the process for the present time is set to t—1.
[0131] The latest coefficient 0(t) of the prediction model is calculated according to the following
Equation 18.

[Formula 32]
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B(t) =0(t— 1) +n(t)-k(t) ---(Equation 18)

P(t—=1)-x(t=1)
p+HXTt-1-Plt—-1)-x(t—-1)

k(t) =
nt)=Aav(t—-1)—-x"(t-1)-08(t—1)

P(t) = %(P{r - 1) =k -x"(t=1)-P(t = 1))

[0132] Here, Ay(t-1) is a difference between a temperature acquired at the present time and the
temperature acquired at the last time (=y(t—1)—y(t-2)). p is a parameter called a forgetting
factor and is set in advance as a parameter. P(t) is a coefficient error correlation matrix and is
recorded with the rapid cooling prediction model whenever being updated. A unit matrix with,
for example, 100 to 1,000 elements, is set as an initial value.

[0133] The coefficient 0(t) of the rapid cooling prediction model is recorded in a predetermined

storage area within the cooling controller 300 after a preset time elapses.

[Automatic Acquisition Procedure of Rapid Cooling Prediction Model]

[0134] Next, a procedure for automatically acquiring the rapid cooling prediction model
performed by the cooling controller 300 will be described with reference to FIG. 10.

[0135] In S300, according to an instruction from the controller 200, the in-furnace temperature is
controlled to a target temperature T1. At this time, it is controlled by a feedback loop of the
heater structure 40, the temperature controller 64, and the thermocouple 66.

[0136] In S304, the drive of the exhaust fan 84 is started (turned on) according to an instruction
from the controller 200, and at the same time, the update of the rapid cooling prediction model is
started in the cooling controller 300 according to an instruction from the controller 200 with a
configuration shown in FIG. 9.  As described with reference to FIG. 9, the cooling controller
300, on the one hand, independently instructs the cooling valve 102 of each cooling zone with a
random opening state, and on the other hand, updates the rapid cooling prediction model

(Equation 18). When a preset time elapses from the start time of this step, the instruction of the
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random opening state is stopped, and the rapid cooling prediction model is determined and
recorded in a predetermined storage area in the cooling controller 300. At the end of this step,
the controller 200 stops (turns off) the drive of the exhaust fan 84.

[0137] At S306, it is determined whether or not the rapid cooling prediction model determined at
S304 is valid. The condition for determination adopts the number of times of execution of
S304, a convergence state of the prediction model during execution of S304, or a combination
thereof.

[Formula 33]

The convergence state of the prediction model is determined by whether the amount of
change in the coefficient of the cooling prediction model (= 18(t) = 8(t = 1l ; the norm of
coefficient change) is larger than or smaller than a threshold value.

[0138] When the result of determination is not valid (="No"), the procedure returns to S300.
When the result of determination is valid (="Yes"), the procedure for automatically acquiring the
rapid cooling prediction model is ended. The determined valid rapid cooling prediction model
is read out and used by the individual characteristics creator 359 when the temperature control of
the present disclosure is performed in a temperature lowering step S5 which will be described

later.

[Second Rapid Cooling Prediction Model of the Present Disclosure]

[0139] Next, a second rapid cooling prediction model of the present disclosure will be described.
In the rapid cooling prediction model of the above-described Equation 1, a preset value n of
Equation 1 may be set to a sufficiently large value to ensure sufficient accuracy of the predicted
temperature. However, since the operation processing performance of the CPU of the cooling
controller 300 is not sufficient, when the value n is increased, the control operation may not be
ended in a predetermined control cycle. Therefore, the present disclosers found that a rapid
cooling prediction model of the following Equation 19 may be used instead of the rapid cooling

prediction model of the above-described Equation 1.
35



[Formula 34]

y(t) = yl(t = k) + ay - {y(t — k) — y0} - Vot — k) + az - {v(t = k) — yO} - V(¢ — 2k) + -~
+ay, - (e — k) = y0} - ¥5(t — nk)
+by - {y(t = k) = y0} - Vp(t = k) + b, - {y(t = k) — y0)} - Vp (t — 2k) + - + by,
{y(t = k) = y0} - Vi(t — nk)
+oy (¥t = k) = y0} - Ve (e = k) + - [yt = k) = y0} - Ve (€ = 2K) + - + ¢
“{y(t = k) = y0} - V.(t = nk)
td - {y(t — k) = y0}- {f (e = k) + -+ f(t = mk)}/m --- (Equation 19)
[0140] Here, for example, a natural number such as k=2 or k=10 is used,
y(t=k) is the deviation of a temperature k times before the present time from the
reference temperature,
Va(t=k), Va(t=2k), ---, Va(t—nk) are opening states of the relevant cooling zone k times,
2k times, ---, nk times before the present time,
Vu(t=k), Vu(t—2k), -+, Vp(t—nk) are opening states of the zone adjacent to one side of the
relevant cooling zone k times, 2k times, ---, nk times before the present time,
V(t—k), Ve(t—2k), ---, Vc(t—nk) are opening states of the zone adjacent to the other side
of the relevant cooling zone before k times, 2k times, -, nk times before the present time,
f(t—k), f(t—2k), -, f(t—mk) are information about on (=1)/off (=0) of the exhaust fan 84 k
times, 2k times, ---, nk times before the present time, and the other elements are the same as those
in the above-described Equation 1.
[0141] Then, Equation 19 matches the above-described Equation 1 when k=1. That is,
Equation 19 uses data up to nk times before the present time when estimating the predicted
temperature, but uses data for every k samples to suppress the amount of operation.
[0142] In a case where the data for every k samples is used, since outliers may be used due to
noise or the like, the following Equation 20 may be used, which uses data for every k samples

after low-pass filter processing, for example, simple moving average is performed.

[Formula 35]
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F() = Yave(t — k) + ay - {y(t — k) — ¥0} - Vope—a(t — k) +az - {y(t — k) — y0}
Vave-a(t — 2k) + -+ + ap * Vape-alt — nk)

by - (y(t = k) = YO} Vayep(t = k) + by~ {y(t = k) = YO} Vaye-p(t = 2) + v+ by
{y(t — k) — y0} - Vgpe—p(t — nk)

+ey -t — k) = y0} - Vae—c(t — k) + €2~ {y(t = k) = Y0} - Vayee(t = 2k) + -+ &
Ayt = k) = y0} + Vaye—c(t — nk)

+d - {y(t = k) = y0} - {fave(t — KD+ + fape(t — mk)}/m  --- (Equation 20)

[Formula 36]

Here, for example,

EJ:::ll—k}"(t — i)
J’ave{:t}_ 21’(_1

or

TRVt —1)
k

KL f(t—=1)
k

Vave-a(t) =
fave(t) =

[0143] By using the above-described Equation 19 or Equation 20 as the rapid cooling prediction
model, it is possible to acquire the predicted temperature with high accuracy even when the
frequency component included in the characteristics is relatively small, and to reduce the amount
of control operation.

[0144] Next, an example of temperature sequence performed in the substrate processing
apparatus 10 will be described with reference to FIGS. 11 to 13.  Symbols S1 to S6 shown in
FIG. 12 indicate that steps S1 to S6 of FIG. 11 are performed.

[0145] In step S1, the in-furnace temperature is maintained at a target temperature TO which is
lower than the processing temperature T1. The controller 200 inputs the target temperature to
the temperature controller 64. The temperature controller 64 feeds back a temperature detected
by the thermocouple 66 or the thermocouple 65 and, based on the target temperature input from
the controller 200, controls a power supply value to a power supply circuit 63 such that the in-

furnace temperature is controlled to maintain the target temperature TO. At this time, the wafer
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1 is not loaded into the process chamber 14. From step S1 to step S4 to be described later, the
controller 200 turns off the drive of the exhaust fan 84 and notifies the exhaust history storage
355 of the cooling controller 300 of information regarding an off signal of the exhaust fan 84.
Further, from step S1 to step S4 to be described later, the temperature control by the cooling
controller 300 is not performed, and the cooling valve 102 is closed.

[0146] In step S2, when a predetermined number of wafers 1 are charged in the boat 31, the boat
31 holding the group of wafers 1 is loaded into the process chamber 14 of the inner tube 13 (boat
loading) as the seal cap 25 is lifted by the boat elevator 26. The seal cap 25 reaching its upper
limit presses against the manifold 16 to seal the interior of the process tube 11. The boat 31
remains in the process chamber 14 while being supported by the seal cap 25. At this time, the
temperatures of the boat 31 and the wafers 1 are lower than the in-furnace temperature TO, and
as a result of inserting the wafers 1 held by the boat 31 into the furnace, an atmosphere (room
temperature) outside the furnace is introduced into the furnace. Therefore, the in-furnace
temperature temporarily becomes lower than TO, but is stabilized at TO again after a short period
of time due to the control by the temperature controller 64.

[0147] In step S3, the interior of the process tube 11 is exhausted via the exhaust pipe 18.
Further, the temperature controller 64 performs sequence control to gradually raise the in-furnace
temperature from the temperature TO to the target temperature T1 at which a predetermined
process is performed on the wafers 1. An error between the actual rising temperature of the
interior of the process tube 11 and the target temperature of the sequence control of the
temperature controller 64 is corrected by feedback control based on the measurement results of
the thermocouples 65 and 66. Further, the boat 31 is rotated by a motor 29.

[0148] In step S4, when the internal pressure and temperature of the process tube 11 and the
rotation of the boat 31 reach a constant and stable state as a whole, a precursor gas is introduced
into the process chamber 14 of the process tube 11 from the gas introduction pipe 22 by the gas
supplier 23. That is, the temperature controller 64 acquires the heater temperature or the in-

furnace temperature and the power supply value at a predetermined control cycle and regulates
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the power supply value output to the heat generator 56 such that the in-furnace temperature is
maintained and stabilized at the target temperature T1. The precursor gas introduced via the
gas introduction pipe 22 flows through the interior of the process chamber 14 of the inner tube
13 and is exhausted via the exhaust pipe 18 via the exhaust passage 17. A predetermined film
is formed on the wafer 1 by a thermal CVD reaction caused by contact of the precursor gas with
the wafer 1 heated to a predetermined processing temperature while flowing through the process
chamber 14.

[0149] After a predetermined processing time elapses, in step S5, after the introduction of the
process gas is stopped, a purge gas such as a nitrogen gas is introduced into the process tube 11
via the gas introduction pipe 22. At the same time, a cooling gas 90 is supplied from the intake
pipe 101 to the gas flow path 107 via the check damper 104. Then, the cooling gas 90 is
ejected into the internal space 75 from the opening holes 110 as a plurality of cooling gas supply
ports. Then, the cooling gas 90 ejected into the internal space 75 from the opening holes 110 is
exhausted via the exhaust hole 81, the exhaust duct 82, and the exhaust fan 84.

[0150] In step S5, after the substrate processing is completed, the in-furnace temperature is
quickly lowered (dropped) from the temperature T1 to the relatively low temperature TO again.
At this time, the controller 200 starts (turns on) driving the exhaust fan 84 and notifies the
exhaust history storage 355 of the cooling controller 300 of information regarding an on signal of
the exhaust fan 84. Then, the cooling controller 300 controls the opening state of the cooling
valve 102 to obtain a desired temperature trajectory. At this time, the temperature control by
the temperature controller 64 is not performed, and the supply power output to the heater
structure 40 is set to zero. That is, the temperature controller 64 is configured to set the power
supply value output to the heat generator 56 in each control zone to zero.

[0151] Since the entirety of heater structure 40 is forcibly cooled by the flow of the cooling gas
90 as described above, the heat insulation structure 42 is rapidly cooled at a high rate (speed)
together with the process tube 11.  Further, since the interior space 75 is isolated from the

process chamber 14, the cooling gas 90 may be used. However, an inert gas such as a nitrogen
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gas may be used as the cooling gas to further enhance the cooling effect and to prevent the heat
generator 56 from corroding under a high temperature due to impurities in the gas.

[0152] When the temperature of the process chamber 14 drops to the target temperature TO, in
step S6, the boat 31 supported by the seal cap 25 is lowered by the boat elevator 26 to be
unloaded from the process chamber 14 (boat unloading). At this time, the controller 200 turns
off the drive of the exhaust fan 84 and notifies the exhaust history storage 355 of the cooling
controller 300 of information regarding an off signal of the exhaust fan 84. Further, at this
time, the temperature control by the cooling controller 300 is not performed, and the cooling
valve 102 is closed.

[0153] Then, in a case where unprocessed wafers 1 to be processed remain, the processed wafers
1 on the boat 31 are replaced with the unprocessed wafers 1, and the series of steps S1 to S6 are
performed.

[0154] The process of the above-described steps S1 to S6 obtains a stable state in which the in-
furnace temperature is within a predetermined minute temperature range with respect to the
target temperature and that condition continues for a predetermined time or longer, and then
proceeds to the next step. Therefore, for example, quickly converging the in-furnace
temperature to the target temperature T1 in the temperature raising step of step S3 is a control
performance index.

[0155] Further, the in-furnace temperatures of a plurality of control zones may follow
substantially the same temperature trajectory in these steps such that the same process is
performed on the plurality of wafers 1 held in the boat 31. Therefore, reducing a value obtained
by subtracting the minimum value from the maximum value of the in-furnace temperatures of
the plurality of control zones (hereinafter, referred to as an inter-zone temperature deviation) is
an control performance index.

[0156] With the cooling controller 300 according to the present disclosure, the inter-zone
temperature deviation may be reduced. Further, even when there is a large variation in the

individual temperature characteristics of heaters, or even when an engineer in charge does not
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obtain enough time, the thermal characteristics may be automatically acquired, and the optimal
control method may be obtained without parameter regulation or with easy parameter regulation.
Therefore, the expected performance of the apparatus may be easily obtained. Further, with the
cooling controller 300 according to the present disclosure, an inter-zone temperature error at the
start of rapid cooling is improved by considering the influence of the exhaust of the in-furnace
atmosphere due to the operation of the exhaust fan 84 for a minute time at the start of rapid

cooling, thereby improving the temperature controllability.

[First Example]

[0157] Next, a first example when the cooling controller 300 of the present disclosure is applied
to the above-described temperature lowering step (step S5) will be described with reference to
FIGS. 14A and 14B.

[0158] FIG. 14A is a diagram showing a in-furnace temperature trajectory of each zone when a
cooling controller 300 according to a comparative example is applied to the above-described step
S51in FIG. 11. FIG. 14B is a diagram showing a in-furnace temperature trajectory of each zone
when the cooling controller 300 according to the present example is applied to the above-
described step S5 in FIG. 11.  The cooling controller according to the comparative example
controls the opening state of the cooling valve 102 such that a difference between a temperature
detected by a thermocouple in a zone other than the reference zone and a temperature detected
by a thermocouple in the reference zone becomes zero.

[0159] Comparing the inter-zone temperature deviation by the temperature control according to
the comparative example shown in FIG. 14A and the inter-zone temperature deviation by the
temperature control according to the present example shown in FIG. 14B, it is confirmed that the
intern-zone temperature deviation may be reduced by performing the temperature control
according to the present example. Further, in FIGS. 14A and 14B, the in-furnace temperatures

of the L2 to Ul zones shown in FIG. 3 are actually compared.
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[Second Example]

[0160] Next, a second example when the cooling controller 300 of the present disclosure is
applied to the above-described temperature lowering step (step S5) in FIG. 11 will be described
with reference to FIGS. 15A and 15B.

[0161] FIG. 15A a diagram showing an actual measured value of the in-furnace temperature, a
predicted temperature, and a predicted model error as an error between the actual measured value
and the predicted temperature when the temperature control, which uses the rapid cooling
prediction model, is performed without using information of the exhaust fan 84 in the cooling
controller 300 according to the present example. FIG. 15B is a diagram showing an actual
measured value of the in-furnace temperature, a predicted temperature, and a predicted model
error as an error between the actual measured value and the predicted temperature, when the
temperature control is performed by using the cooling controller according to the present
example.

[0162] As shown in FIGS. 15A and 15B, by performing the temperature control which uses the
rapid cooling prediction model in which the information of the exhaust fan 84 is used, it is
confirmed that the error between the actual measured value of rapid cooling and the predicted
temperature is reduced and a predicted model error is reduced, as compared to the case where the
temperature control is performed by using the rapid cooling prediction model without using the
information of the exhaust fan 84. Specifically, it is confirmed that the predicted model error at
the start of rapid cooling may be reduced, thereby improving the temperature controllability.
[0163] Although the embodiments of the present disclosure are specifically described above, the
present disclosure is not limited to the above-described embodiments and examples, and may be
modified in various forms without departing from the gist thereof.

[0164] Further, in the above-described embodiments, the temperature control, which uses the
rapid cooling prediction model, is performed in step S5, but the temperature control in which the
prediction model is used may be similarly performed in other steps. For example, in step S4,

the temperature controller 64 may acquire the heater temperature or the in-furnace temperature
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and the power supply value at a predetermined control cycle, use the prediction model stored in
the storage 205, and regulate the power supply value output to the heat generator 56 such that the
deviation between the final target temperature and the predicted temperature is minimized,
thereby maintaining and stabilizing the in-furnace temperature at the target temperature T1.
[0165] Further, in the above-described embodiments, the example in which the temperature
controller 64 and the cooling controller 300 are separately provided is described, but the present
disclosure is not limited thereto, and the temperature controller 64 and the cooling controller 300
may be combined into a single controller.

[0166] Further, in the above-described embodiments, the example in which a predetermined film
is formed on the wafer 1 is described, but the film type is not particularly limited in the present
disclosure. For example, the present disclosure may be suitably applied to a case of forming
various types of films such as a nitride film (SiN film) and a metal oxide film on the wafer 1.
[0167] Further, the present disclosure may be applied to a LCD (Liquid Crystal Display)
manufacturing apparatus configured to process a glass substrate, as well as a semiconductor
manufacturing apparatus configured to process a semiconductor wafer, such as the substrate

processing apparatus according to the above-described embodiments.

EXPLANATION OF REFERENCE NUMERALS
[0168] 1: wafer (substrate)

40: heater structure

84: exhaust fan

300: cooling controller

301: cooler
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WHAT IS CLAIMED IS:

l. A substrate processing apparatus comprising:

a reaction tube in which a process chamber configured to process a substrate is formed;

a heater structure that is installed outside the reaction tube and includes a heater
configured to heat the substrate;

a cooler including a cooling valve configured to supply a cooling medium to a space
between the heater structure and the reaction tube;

an exhaust fan configured to supply the cooling medium to the cooler; and

a cooling controller configured to: acquire a prediction model that includes information
of the exhaust fan, a final target temperature that is a future target, and an opening state of the
cooling valve and estimates a predicted temperature that predicts at least one selected from the
group of a temperature of the heater and a temperature of the process chamber; acquire the at
least one selected from the group of the temperature of the heater and the temperature of the
process chamber, the opening state of the cooling valve, and the information of the exhaust fan;
and regulate the opening state of the cooling valve to minimize an error between a predicted
temperature column calculated according to the prediction model and a target temperature
column calculated from a rate of change from a present target temperature to the final target

temperature when the change occurs.

2. The substrate processing apparatus of Claim 1, wherein the cooling controller includes a
temperature history storage configured to store the at least one selected from the group of the
temperature of the heater and the temperature of the process chamber, an exhaust history storage
configured to store an on/off signal of the exhaust fan, and a valve opening state history storage
configured to store opening state information to be output to the cooling valve, and

wherein the temperature history storage, the exhaust history storage, and the valve

opening state history storage are configured to store data for a certain period of time respectively.
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3. The substrate processing apparatus of Claim 1, wherein the cooling controller further
includes a creator configured to acquire the prediction model and acquire past temperature data
of the at least one selected from the group of the temperature of the heater and the temperature of
the process chamber, past on/off data of the exhaust fan, and past opening state data of the
cooling valve, and calculate an individual input response characteristics matrix and an individual

zero response characteristics vector.

4. The substrate processing apparatus of Claim 1, wherein the prediction model is an
equation that calculates the predicted temperature and is expressed by the following Equation 1:

[Formula 1]

Fley =yt — 1) 4 ay {y(t — 1) — yOh- Vot — 1) + ap - {y{t — 1) — w0} Vot — 2) + -
+ @y - {y( = 1) = y0} - Vot = n)

+hy{y(t=1) =0} - Vp(t = 1) + by (y(t = 1) = y0} V(£ = 2) + -+ by,
{y(t = 1) = y03 - Vp(t — m)

o e —1) —y0h V(e -1+ {ple = 1) = y0}- (e - 2) + -+ o
y(e=1) = y0} - Wt —n)

+d-{y(t=1) =0} - {f(t=1) + -+ f(t —m)}/m --- (Equation 1]

[Formula 2]

wherein () is the predicted temperature at time t, and y(t—1) is a temperature at one
time before a present time,

Valt = 1), V(£ = 2., Va(t =1} are opening states of relevant cooling zones at one time,
two times, ---, and n times before the present time,

Vplt = 1),Vy(t = 2).--, Vyp(t =n) are opening states of zones adjacent to one side of the
relevant cooling zones at one time, two times, ---, n times before the present time,

Vet = 1),Ve(t = 2), . Ve(t = n) are opening states of zones adjacent to the other side of the
relevant cooling zones at one time, two times, ---, and n times before the present time,

f(t=1),f(t=2),, flt =m) are on/off data of the exhaust fan at one time, two times, -,

and n times before the present time, and
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y0 is a reference temperature, values n and m are arbitrary preset values, and ai, -, an,

b1, -+, bn, C1, -+, Cn, and d are predetermined coefficients.

5. The substrate processing apparatus of Claim 4, wherein the reference temperature y0 is
a temperature within a range of 20 degrees C or higher and 30 degrees C or lower, and

wherein the values n and m are the number of demanded past data.

6. The substrate processing apparatus of Claim 3, wherein the creator is configured to

create an equation expressed by the following Equation 3:

[Formula 3]
¥(t) = Sz + Sg-u(t) - - - (Equation 3)
[Formula 4]
yle+1) C: A? C-A'B
. A3 . AZ.
30 =T8T 0] S = e pe| XD+ | R p| w1
C-B
1
ZE-A’-B
5. =5

, and

wherein S, in Equation 3 is an individual zero response characteristics vector, Sy is an

individual input response characteristics matrix, and ¥ isa predicted temperature vector.

7. The substrate processing apparatus of Claim 6, wherein the individual zero response
characteristics vector S, indicates an amount of change in the predicted temperature vector that
changes under an influence by the past temperature and past opening state, and the individual

input response characteristics matrix S indicates an amount of change in the predicted
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temperature vector that changes under an influence by the opening state calculated at a present

time.

8. The substrate processing apparatus of Claim 6, wherein the cooling controller further
includes a target temperature column creator configured to calculate an individual target
temperature column vector Sig shown by the following Equation 4,

wherein the target temperature column creator is configured to calculate the individual
target temperature column vector S¢; from a target temperature, the present target temperature,
and the rate of change from the present target temperature to the final target temperature when
the change occurs:
[Formula 5]

Seglt+1)
Seglt +2)

+ + « (Equation 4)
Seglt +3)

Seglt) =

, and
wherein time t and the number of rows in Equation 4 correspond to the time (t) and the

number of rows in Equation 3.

9. The substrate processing apparatus of Claim 8, wherein the target temperature column
creator calculates a ramping temperature deviation between the target temperature and the
present target temperature and divides an absolute value of the ramping temperature deviation by
the rate of change,

wherein when the rate of change is zero, the target temperature column creator
calculates a reference set value by the following formula:

Reference set value = present target temperature + ramping temperature deviation x
(1—-exp(elapsed time + (ramping time + time constant))),

wherein when the rate of change is other than zero, the target temperature column

creator calculates the reference set value by the following formula:
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Reference set value = present target temperature + ramping temperature deviation x
(1—exp(elapsed time + ramping time)), and
wherein the target temperature column creator calculate the individual target

temperature column vector Sy according to the reference set value.

10. The substrate processing apparatus of Claim 8, wherein the cooling controller further
includes an integrated characteristics creator configured to create a predetermined equation from
the individual input response characteristics matrix S, the individual zero response
characteristics vector Sz, and the individual target temperature column vector St, and

wherein the integrated characteristics creator is configured to transform the individual
input response characteristics matrix S into an individual input response characteristics matrix

Sasr expressed by the following equation:

[Formula 6]
C-B
C-A-B+C'B
F
Z. C-A""B
Sier = =0 .

Np-1 |

Z C-AB

=0
11. The substrate processing apparatus of Claim 10, wherein the integrated characteristics

creator is configured to arrange the individual zero response characteristics vector S, the
individual input response characteristics matrix Sqsr, and the individual target temperature
column vector S in an entirety of cooling zones to be controlled, respectively, and create a
predicted temperature column including an integrated input response characteristics matrix Ugsr
and an integrated zero response characteristics vector U, and a target temperature column

including an integrated target temperature vector Uy, respectively.
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12. The substrate processing apparatus of Claim 11, wherein the cooling controller further
includes a calculator configured to create an evaluation function indicating a square of the error
between the target temperature column and the predicted temperature column, and calculate a
predetermined simultaneous equation to minimize the evaluation function, and

wherein the calculator is configured to acquire the opening state of the cooling valve
included in a solution of the predicted temperature column by solving the predetermined

simultaneous equation.

13. The substrate processing apparatus of Claim 12, wherein the cooling controller is
configured to include an opening state signal supplier configured to update the opening state of

the cooling valve, which is acquired from the calculator, in a predetermined control cycle.

14. The substrate processing apparatus of Claim 1, wherein the heater structure is divided
into a plurality of control zones, and is provided with a temperature sensor configured to detect a
temperature of each of the control zones, and

wherein the cooler is divided into a plurality of cooling zones, each of which being

provided with the cooling valve.

15. The substrate processing apparatus of Claim 14, wherein the prediction model is
configured to predict a predicted temperature of the at least one selected from the group of the
temperature of the heater in each of the cooling zones and the temperature of the process

chamber and corresponds to each temperature zone.

16. A temperature control program that is executed in a substrate processing apparatus
including:

a reaction tube in which a process chamber configured to process a substrate is formed;
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a heater structure that is installed outside the reaction tube and includes a heater
configured to heat the substrate;
a cooler including a cooling valve configured to supply a cooling medium to a space
between the heater structure and the reaction tube; and
an exhaust fan configured to supply the cooling medium to the cooler,
wherein the temperature control program that causes, by a computer, the substrate
processing apparatus to perform a process comprising:
acquiring a prediction model that includes information of the exhaust fan, a
final target temperature that is a future target, and an opening state of the cooling valve
and estimates a predicted temperature that predicts at least one selected from the group
of a temperature of the heater and a temperature of the process chamber;
acquiring the at least one selected from the group of the temperature of the
heater and the temperature of the process chamber, a temperature ratio, the opening state
of the cooling valve, and the information of the exhaust fan; and
regulating the opening state of the cooling valve to minimize an error between a
predicted temperature column calculated according to the prediction model and a target
temperature column calculated from a rate of change from a present target temperature

to the final target temperature when the change occurs.

17. A method of manufacturing a semiconductor device, comprising:

raising a temperature of a process chamber configured to process a substrate, from a
predetermined temperature to a processing temperature;

processing the substrate while maintaining the processing temperature; and

lowering the temperature of the process chamber from the processing temperature after
processing the substrate,

wherein the act of lowering the temperature of the process chamber includes:
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acquiring at least one selected from the group of a temperature of a heater and
the temperature of the process chamber, an opening state of a cooling valve, and
information of an exhaust fan; and

regulating the opening state of the cooling valve to minimize an error between a
predicted temperature column calculated according to a prediction model that includes
the information of the exhaust fan, a final target temperature that is a future target, and
the opening state of the cooling valve and estimates a predicted temperature that predicts
the at least one selected from the group of the temperature of the heater and the
temperature of the process chamber, and a target temperature column calculated from a
rate of change from a present target temperature to the final target temperature when the

change occurs.

18. The method of Claim 17, wherein the act of lowering the temperature of the process

chamber includes setting a power supply value output from the heater to zero.

19. A temperature control method comprising:

acquiring at least one selected from the group of a temperature of a heater and the
temperature of the process chamber, an opening state of a cooling valve, and information of an
exhaust fan; and

regulating the opening state of the cooling valve to minimize an error between a
predicted temperature column calculated according to a prediction model that includes the
information of the exhaust fan, a final target temperature that is a future target, and the opening
state of the cooling valve and estimates a predicted temperature that predicts the at least one
selected from the group of the temperature of the heater and the temperature of the process
chamber, and a target temperature column calculated from a rate of change from a present target

temperature to the final target temperature when the change occurs.
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