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DESCRIPTION

TITLE
METHOD FOR CONTROLING PULLING APPARATUS,
CONTROL PROGRAM, CONTROL APPARATUS,
METHOD FOR PRODUCING SINGLE CRYSTAL SILICON INGOT, AND
SINGLE CRYSTAL SILICON INGOT

TECHNICAL FIELD
[0001] This disclosure relates to a method for controlling a pulling apparatus,
a control program, a control apparatus, a method for producing a single crystal

silicon ingot, and a single crystal silicon ingot.

BACKGROUND
[0002] There are known systems for predicting and controlling the oxygen

concentration of a silicon ingot (see, for example, Patent Document 1).

CITATION LIST
Patent Literature
[0003] PTL 1: JP 2005-162558 A1l

SUMMARY

(Technical Problem)
[0004] There is a demand for improving the quality of a single crystal silicon
ingot.
[0005] Therefore, an object of the present disclosure is to provide a method
for controlling a pulling apparatus, a control program, a control apparatus, a
method for producing a single crystal silicon ingot, and a single crystal silicon
ingot, that can improve the quality of a single crystal silicon ingot.
(Solution to Problem)
[0006] One embodiment of the present disclosure that solves the above
problem is as follows.
[1] A method for controlling a pulling apparatus for a single-crystal silicon
ingot, including:

obtaining actual results data that relates a measured value of oxygen

concentration of a single-crystal silicon ingot produced by the pulling
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apparatus and an operation amount of the pulling apparatus during production,

generating an estimation model that estimates the oxygen concentration
of a single-crystal silicon ingot to be produced by the pulling apparatus based
on the actual results data,

adjusting the operation amount to be input to the estimation model so
that an estimated value of the oxygen concentration of the single-crystal silicon
ingot by the estimation model becomes target concentration, and

determining the adjusted operation amount as the operation amount for
producing a single-crystal silicon ingot in the next batch of the pulling
apparatus.
[2] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in [1] above, wherein in generating the estimation model, at
least part of the operation amount of the pulling apparatus are selected, and a
regression equation with influence degree of the selected operation amount as
a coefficient is generated as the estimation model.
[3] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in [2] above, wherein in generating the estimation model,
the operation amount of the pulling apparatus is ranked, and the operation
amount of the pulling apparatus is selected based on the ranking.
[4] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in any one of [1] to [3] above, wherein

in obtaining the actual results data, one or more sets of the actual
results data for each of two batches of the pulling apparatus are obtained,

in generating the estimation model, for at least one set of the actual
results data out of the one or more sets of the actual results data, differential
data between the actual results data of each of the two batches are generated,
and a regression equation, that calculates difference in the operation amount
of the pulling apparatus based on the differential data of the at least one set, is
generated as the estimation model.
[5] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in any one of [1] to [4] above, wherein in obtaining the
actual results data, as the measured value of the oxygen concentration of the
single-crystal silicon ingot, the measured value of the oxygen concentration in
each of a plurality of segments in a crystal axis direction of the single-crystal
silicon ingot is obtained.

[6] The method for controlling a pulling apparatus for a single-crystal silicon
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ingot as described in [5] above, wherein in generating the estimation model, a
segmental estimation model corresponding to each segment in the crystal axis
direction of the single-crystal silicon ingot is generated.

[7] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in [6] above, wherein in adjusting the operation amount, the
operation amount when each segment of the single-crystal silicon ingot is
pulled up is adjusted based on the segmental estimation model.

[8] The method for controlling a pulling apparatus for a single-crystal silicon
ingot as described in any one of [1] to [7] above, wherein in obtaining the
actual results data, first measurement data, which is the oxygen concentration
of the single-crystal silicon ingot measured using a first method, and second
measurement data, which is the oxygen concentration of the single-crystal
silicon ingot measured using the second method, are obtained, and data
obtained by interpolating the first measurement data with the second
measurement data is obtained as the measurement value for the oxygen
concentration of the single-crystal silicon ingot.

[9] A control program that causes a processor to execute the method for
controlling a pulling apparatus described in any one of [1] to [8] above.

[10] A control apparatus comprises a control section that executes the method
for controlling a pulling apparatus described in any one of [1] to [8] above.
[11] A method for producing a single-crystal silicon ingot, including producing
the single-crystal silicon ingot using a pulling apparatus controlled by
executing the method for controlling a pulling apparatus as described in any
one of [1] to [8] above.

[12] A single-crystal silicon ingot produced using a pulling apparatus
controlled by executing the method for controlling a pulling apparatus
described in any one of [1] to [8].

(Advantageous Effect)

[0007] According to the method for controlling a pulling apparatus, the control
program, the control apparatus, the method for producing a single crystal
silicon ingot, and the single crystal silicon ingot, the quality of a single crystal

silicon ingot can be improved.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] In the accompanying drawings:

FIG. 1 is a block diagram illustrating an example of the configuration
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of a production system in accordance with one embodiment of the present
disclosure;

FIG. 2 is a cross-sectional view illustrating an example of the
configuration of a pulling apparatus in a cross-section along the pulling axis;

FIG. 3 is a schematic drawing that explains the parts of a single crystal
silicon ingot;

FIG. 4 is a flowchart illustrating an example of the procedure for the
control method in accordance with one embodiment of the present disclosure;

FIG. 5A provides a histogram of the oxygen concentration in a single
crystal silicon ingot produced by setting conditions in the apparatus to be
evaluated, using the control method in accordance with a comparative example;

FIG. 5B provides an example of a histogram of the oxygen
concentration in a single crystal silicon ingot produced by setting conditions
in the apparatus to be evaluated, using the control method in accordance with
one embodiment of the present disclosure;

FIG. 6A provides a histogram of the oxygen concentration in a single
crystal silicon ingot produced by setting conditions in another apparatus to be
evaluated, using the control method in accordance with a comparative example;

FIG. 6B provides an example of a histogram of the oxygen
concentration in a single crystal silicon ingot produced by setting conditions
in another apparatus to be evaluated, using the control method in accordance
with one embodiment of the present disclosure; and

FIG. 7 is a graph illustrating an example of actual data on the oxygen

concentration at various points on a single crystal silicon ingot.

DETAILED DESCRIPTION
[0009] ( Example of configuration of production system 1 for single crystal
silicon ingot )

As illustrated in Figure 1, a production system 1 for a single crystal
silicon ingot according to one embodiment of the present disclosure comprises
a pulling apparatus for a single crystal silicon ingot, 100, a control apparatus
50, and a data server 60. In the production system 1, the data server 60 stores
past production results data of the pulling apparatus 100. The control apparatus
50 determines an operation amount of the pulling apparatus 100 so that the
oxygen concentration of a single crystal silicon ingot to be produced by the

pulling apparatus 100 is controlled to a target concentration based on the data
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stored in the data server 60. An example of the configuration of the production
system 1 will be described below. The number of the pulling apparatuses 100
in the production system 1 is not limited to three, and may be four or more, or
two or less. The number of the control apparatuses 50 or the data server 60 in
the production system 1 is not limited to one, and may be two or more.
[0010] < Control device 50 >

The control apparatus 50 comprises a control section 52 and a memory
section 54. The control section 52 may be configured to include at least one
processor. The processor can execute programs that realize the various
functions of the control section 52. The processor may be implemented as a
single integrated circuit. The integrated circuit is also referred to as an IC. The
processor may be implemented as a number of communicatively-connected
integrated circuits and discrete circuits. The processor may be implemented
based on various other known technologies.
[0011] The memory section 54 stores various information, such as data
obtained from the pulling apparatus 100 or data to be set in the pulling
apparatus 100, or programs executed in the control section 52, and others. The
memory section 54 may be configured to include an electromagnetic storage
medium such as a magnetic disk, or it may be configured to include a memory
such as a semiconductor memory or a magnetic memory. The memory section
54 may be configured to include a non-temporary computer-readable medium.
The memory section 54 may function as a work memory of the control section
52. At least part of the memory section 54 may be included in the control
section 52. At least part of the memory section 54 may be configured as a
memory device separate from the control apparatus 50.
[0012] The control apparatus 50 may further comprise a communication
section that sends and receives data between the pulling apparatus 100 or the
data server 60, and the control apparatus 50. The communication section is
communicatively connected to the pulling apparatus 100 or the data server 60.
The communication section may be communicatively connected to the pulling
apparatus 100 or the data server 60 via a network. The communication section
may be communicatively connected to the pulling apparatus 100 or the data
server 60 by a wired or wireless communication. The communication section
may comprise a communication module that connects to a network, or to the
pulling apparatus 100 or the data server 60. The communication module may

comprise a communication interface such as a LAN (Local Area Network), and
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others. The communication module may realize communication using various
communication methods such as 4G or 5G. The communication method
implemented by the communication section is not limited to the above example,
and may include various other methods. At least part of the communication
section may be included in the control section 52.
[0013] The control apparatus 50 may further comprise a display device that
outputs visual information such as images, text, or graphics. The display device
may be configured to include, for example, an LCD (Liquid Crystal Display),
an organic EL (Electro-Luminescence) display or an inorganic EL display, or a
PDP (Plasma Display Panel), etc. The display device is not limited to these
displays, and may be configured to include various other types of display. The
display device may be configured to include light-emitting devices such as
LEDs (Light Emitting Diodes) or LDs (Laser Diodes). The display device may
be configured to include various other devices in addition to these.
[0014] < Data server 60 >

As mentioned above, the data server 60 stores the past production
results data of the pulling apparatus 100, and outputs the stored data to the
control apparatus 50. The data server 60 may be configured to include an
electromagnetic storage medium such as a magnetic disk, or may be configured
to include a memory such as a semiconductor memory or a magnetic memory.
The data server 60 may comprise a processor for storing and outputting data.
The data server 60 may comprise a communication section that sends and
receives data between the pulling apparatus 100 or the control apparatus 50,
and the data server 60. The data server 60 may be configured as a separate unit
from the control apparatus 50. At least part of the data server 60 may be
configured as an integral part of the control apparatus 50.
[0015] < Pulling apparatus 100 >

As illustrated in Figure 2, the pulling apparatus 100 for a single crystal
silicon ingot comprises a main chamber 10, a pull chamber 11, a crucible 16, a
shaft 18, a shaft drive mechanism 20, a tubular heat shield 22, a tubular heater
24, a tubular insulator 26, a seed chuck 28, a pulling wire 30, a wire lift
mechanism 32, and a pair of electromagnets 34.
[0016] The main chamber 10 is configured so that the crucible 16 can be
accommodated inside thereof. The shape of the main chamber 10 is assumed to
be a cylindrical shape with a bottom. The pull chamber 11 has the same central

axis as the main chamber 10 and is located above the main chamber 10. The
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shape of the pull chamber 11 is assumed to be a cylindrical shape with a smaller
diameter than the main chamber 10. A gate valve 12 is provided between the
main chamber 10 and the pull chamber 11. When the gate valve 12 is opened,
the space inside the main chamber 10 and the space inside the pull chamber 11
become mutually connected. When the gate valve 12 is closed, the space inside
the main chamber 10 is blocked off from the space inside the pull chamber 11.
At the upper part of the pull chamber 11, a gas inlet 13 is provided for
introducing inert gases such as argon (Ar) gas into the main chamber 10. In
addition, a gas outlet 14 is provided at the bottom part of the main chamber 10
to exhaust the gas inside the main chamber 10 by driving a vacuum pump.
[0017] The crucible 16 is disposed in the center of the main chamber 10 and
contains silicon melt M. The crucible 16 has a double structure of a quartz
crucible 16A and a graphite crucible 16B. The quartz crucible 16A directly
supports the silicon melt M on its inner surface. The graphite crucible 16B
supports the quartz crucible 16A from outside the quartz crucible 16A. The
upper end of the quartz crucible 16A is assumed to be higher than the upper
end of the graphite crucible 16B. In other words, the upper end portion of the
quartz crucible 16A is assumed to protrude from the upper end of the graphite
crucible 16B.

[0018] The shaft 18 penetrates the bottom of the main chamber 10 in a vertical
direction and supports the crucible 16 at the upper end thereof. The shaft drive
mechanism 20 rotates the crucible 16 via the shaft 18 while raises and lowers
the same.

[0019] The heat shield 22 is provided above the crucible 16 to surround the
single crystal silicon ingot I being drawn up from the silicon melt M.
Specifically, the heat shield 22 comprises a shield body 22A having an inverted
truncated cone shape, an inner flange 22B that extends horizontally from the
lower end of the shield body 22A toward the pulling axis X side (inside), and
an outer flange 22C that extends horizontally from the upper end portion of the
shield body 22A toward the chamber side (outside). The outer flange 22C is
fixed to the insulator 26. The heat shield 22 adjusts the amount of high-
temperature radiant heat that incidents on the ingot I during growth, from the
silicon melt M, the heater 24, and the sidewall of the crucible 16, and also
adjusts the amount of heat diffusion near the crystal growth interface. The heat
shield 22 is responsible for controlling the temperature gradient in direction of

the pulling axis X, at the center and the outer circumference of the single
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crystal silicon ingot I.

[0020] The tubular heater 24 is positioned to surround the crucible 16 within
the main chamber 10. The heater 24 is a resistance-heating-type heater made
of carbon, and it melts the silicon material that is put into the crucible 16 to
form the silicon melt M, and it also heats the formed silicon melt M to maintain
the same.

[0021] The tubular insulator 26 is provided below the upper end of the heat
shield 22, spaced apart from the outer circumferential surface of the heater 24,
and along the inner circumferential surface of the main chamber 10. The
insulator 26 has the function of providing a heat-retaining effect especially to
the area below the heat shield 22 in the main chamber 10, making it easier to
maintain the silicon melt M in the crucible 16.

[0022] Above the crucible 16, the pulling wire 30, which holds the seed chuck
28, holding the seed crystal S, at its lower end, is arranged on the same axis as
the shaft 18, and the wire lift mechanism 32 lifts and lowers the pulling wire
30 while rotating it in the same or opposite direction to the shaft 18 at a
predetermined speed.

[0023] The pair of electromagnets 34 are located symmetrically with respect
to the pulling axis X in the height range that encompasses the crucible 16
outside the main chamber 10. By passing an electric current through the coils
of this pair of electromagnets 34, it is possible to generate a horizontal
magnetic field that forms a horizontal magnetic field distribution for the silicon
melt M. The magnetic field strength can be controlled by the amount of current
passing through the coil.

[0024] In Figure 2, the pair of electromagnets 34 that generate a horizontal
magnetic field are arranged. Alternatively, electromagnets 34 may be arranged
to generate a cusp magnetic field that forms a cusp-shaped magnetic field
distribution for the silicon melt M. The arrangement of the electromagnets 34
that generate the cusp magnetic field is done according to standard methods.
Also, if a magnetic field is not applied to the silicon melt M during crystal
growth, the electromagnet 34 does not need to be arranged.

[0025] Each component of the pulling apparatus 100 can be adjusted to a
different shape as appropriate according to the specifications of the single
crystal silicon ingot to be produced. In other words, the pulling apparatus 100
can be designed with different specifications. The pulling apparatus 100 may

be classified into a given groups based on their respective specifications. The
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pulling apparatus 100 may be classified into groups based on the product
specifications or production specifications of the single crystal silicon ingots
to be produced by each pulling apparatus 100. The product specifications may
include, for example, the crystal diameter, the electrical conductivity type, the
electrical resistivity, or the oxygen concentration. The production
specifications may include, for example, the pulling speed, the number of
crystal rotations, the number of crucible rotations, the flow rate of Ar gas, the
internal pressure of furnace, or the strength of magnetic field. In addition, the
pulling apparatus 100 for producing a single crystal silicon ingot may be
classified into groups based on the specifications of the pulling apparatus 100.
The specifications of the pulling apparatus 100 may include, for example, the
chamber shape, as well as other factors such as the shape or composition of the
carbon components stored in the chamber, the crucible shape, the heater shape,
or the presence or absence of a cooling element.

[0026] << Production process for single crystal silicon ingot using pulling
apparatus 100 >>

The pulling apparatus 100 can produce a single crystal silicon ingot by
performing the process explained below.

[0027] [ Raw material filling process ]

First, silicon raw materials such as polycrystalline silicon nuggets are
filled into the quartz crucible 16A located in the main chamber 10. At this time,
the gate valve 12 is controlled to be in the open state. The main chamber 10
and the pull chamber 11 are maintained under an inert gas atmosphere such as
Ar gas under reduced pressure. In addition, the crucible 16 is located at the
bottom of the main chamber 10 so that the silicon raw materials do not come
into contact with the heat shield 22.

[0028] [ Raw material melting process ]

Next, the silicon raw materials in the crucible 16 are heated by the
heater 24 so as to melt. The silicon melt M is formed in the quartz crucible 16A
by melting the silicon raw materials. After that, the crucible 16 is raised to a
starting position for pulling. This “Raw material melting process” is the period
from the point at which the heating by the heater 24 is started to the point at
which the ascendant of the crucible 16 is completed.

[0029] [ Liquid application process |
Next, the pulling wire 30 descends due to the wire lift mechanism 32,

and a seed crystal S comes into contact with the silicon melt M.
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[0030] [ Crystal growth process |

Next, the single crystal silicon ingot I is pulled up from the silicon melt
M. Specifically, the single crystal silicon ingot I is grown below the seed
crystal S by pulling the pulling wire 30 upwards while rotating the crucible 16
and the pulling wire 30 in a predetermined direction. As the growth of the ingot
I progresses, the amount of the silicon melt M decreases. Therefore, by
ascending the crucible 16, the level of the liquid surface is maintained. In this
document, the “crystal growth process” is the period from the point at which
the pulling wire 30 starts to ascend to the point at which the growth of the ingot
I is completed (the point at which the ingot I is separated from the silicon melt
M).
[0031] Referring to Figure 3, in the crystal growth process, a neck portion I
is formed by firstly performing seed-narrowing (necking) using the Dash
method to make the single crystal dislocation-free. Next, a shoulder portion Is
is formed in which the diameter of the single crystal silicon ingot gradually
increases along the crystal growth direction (First process). After that, when
the single crystal silicon ingot reaches the desired diameter, the diameter is
kept constant and a straight body portion I is formed (Second process). After
growing the straight body portion Iy to the specified length, tail thinning is
performed to form a tail portion I, in which the diameter of the single crystal
silicon ingot gradually decreases along the crystal growth direction (Third
process).
[0032] [ Ingot removal process |

Next, the pulled single crystal silicon ingot I is separated from the
silicon melt M. The single crystal silicon ingot I ascend inside the main
chamber 10 and is accommodated in the pull chamber 11 above the main
chamber 10. After the single crystal silicon ingot I is placed in the pull chamber
11, the gate valve 12 is controlled to be in the closed state. The single crystal
silicon ingot I is left in the pull chamber 11 with the gate valve 12 closed and
is cooled until the removal temperature is 500°C or below, for example. Finally,
the cooled single crystal silicon ingot I is removed from the pull chamber 11.
Specifically, while the gate valve 12 is controlled to remain closed, the pull
chamber 11 is ascended, descended, and rotated, causing the single crystal
silicon ingot I to descend within the pull chamber 11 and be loaded onto the
transport cart.

[0033] After going through the above process, a single crystal silicon ingot I
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is produced.
[0034] ( Example of operation for determining operation amount of pulling
apparatus 100 )

In the production system 1 in accordance with this embodiment, the
control apparatus 50 determines the operation amount of the pulling apparatus
100 so that the oxygen concentration of the single crystal silicon ingot to be
produced by the pulling apparatus 100 can be controlled to the target
concentration, as described above. The following is a specific explanation on
an example of the operation of the control apparatus 50.

[0035] < Obtaining actual results data >

The oxygen concentration of the single crystal silicon ingot produced
by the pulling apparatus 100 can be controlled according to the operating
amount set for the pulling apparatus 100. The items that can be set as the
operating amount of the pulling apparatus 100 to control the oxygen
concentration are collectively referred to as pulling information. The pulling
information may include, for example, the pulling speed, the number of crystal
rotations, the number of crucible rotations, the Ar gas flow rate, the internal
pressure of furnace, the heater power, the heater temperature, the melt
temperature, the magnetic field strength, the crucible position, the gap, or the
time to turn on the heater 24, etc. The melt temperature may include the melt
temperature in a dip process, which adjusts the liquid temperature before the
crystal growth process. The melt temperature may include the melt temperature
in a neck process, which removes the dislocations introduced when a seed
crystal comes into contact with the liquid. The melt temperature may include
the melt temperature in a shoulder process, which is the initial stage of the
crystal growth process and involves increasing the diameter of the crystal.
[0036] The oxygen concentration of the single crystal silicon ingot produced
by the pulling apparatus 100 can be affected by the specifications of the shape
or dimensions of each part of the pulling apparatus 100, or by the amount of
time that each part of the pulling apparatus 100 has been used after
maintenance. The factors that affect the oxygen concentration but cannot be set
as the operation amount of the pulling apparatus 100 are also collectively
referred to as material information. The material information may include, for
example, the amount of time that parts inside the furnace have been used, or
the dimensions and weight of the quartz crucible 16A.

[0037] The oxygen concentration of a single crystal silicon ingot to be
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produced in the next batch by the pulling apparatus 100 is determined based
on the pulling information set in the pulling apparatus 100 and the current
material information of the pulling apparatus 100. In other words, the pulling
information and the material information are factors that affect the oxygen
concentration of a single crystal silicon ingot to be produced in the next batch.
[0038] The control section 52 of the control apparatus 50 can estimate the
oxygen concentration of a single crystal silicon ingot to be produced in the
next batch based on the relationship between measurement data of the oxygen
concentration of a single crystal silicon ingot produced in a past batch and the
pulling and material information at the time of producing the single crystal
silicon ingot. The data providing the relationship between the measurement
data of the oxygen concentration of a single crystal silicon ingot produced in
a past batch and the pulling and material information at the time of producing
the single crystal silicon ingot is also referred to as actual results data.

[0039] The control section 52 may obtain the actual results data and store it in
the data server 60. The control section 52 may obtain the pulling information
and the material information which is from the production of a single-crystal
silicon ingot in a past batch from the pulling apparatus 100. The control section
52 may obtain the pulling information and the material information which is
from the production of a single-crystal silicon ingot in a past batch as
information input by the operator operating the pulling apparatus 100. The
control section 52 may obtain the measurement data on the oxygen
concentration of a single crystal silicon ingot produced in a past batch from a
measurement device for the oxygen concentration of a single crystal silicon
ingot, or it may obtain the data as information input by the operator who carried
out the measurement. The device for measuring the oxygen concentration of a
single crystal silicon ingot may be configured as a device that measures the
oxygen concentration based on various methods, such as the Full Rod
Spectroscopy (FRS) method or the Fourier Transform Infra-red Spectroscopy
(FTIR) method, etc. The FRS method is a technique that measures the average
oxygen concentration in the radial direction of a single crystal silicon ingot
that has been ground into a cylinder by irradiating infrared light from the
lateral direction (radial direction) and measuring the absorption intensity. The
FRS method can measure the oxygen concentration distribution in a growth
axis direction of an ingot by scanning the infrared light that is incident from

the lateral direction (radial direction) in the growth axis direction of a single
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crystal silicon ingot and measuring the absorption intensity of the infrared light
at each point in the growth axis direction.
[0040] The control section 52 may store data relating the pulling information
and the material information when a predetermined single crystal silicon ingot
was produced, and the measurement data of the oxygen concentration of the
predetermined single crystal silicon ingot, as actual results data, in the data
server 60. If the production system 1 comprises a plurality of pulling
apparatuses 100, the control section 52 may store the actual results data
separately for each pulling apparatus 100. The control section 52 may store the
actual results data of the pulling apparatus 100, which are classified by the
specifications of the pulling apparatus 100, separately by the specifications of
the pulling apparatus 100. The control section 52 may store the actual results
data separately by each item of the produced single crystal silicon ingot. The
control section 52 may associate the actual results data stored in the data server
60 with labels that identify the pulling apparatus 100, the specifications of the
pulling apparatus 100, or the items, etc.
[0041] < Generating estimation model >

The control section 52 of the control apparatus 50 generates a model
that estimates the operation amount which is required to control the oxygen
concentration of a single crystal silicon ingot to be produced by the pulling
apparatus 100 to the target concentration. The model that estimates the
operation amount is also referred to as an estimation model.
[0042] The control section 52 can extract the factors that have a significant
impact on the oxygen concentration of a single crystal silicon ingot by
performing multiple regression analysis of the actual results data.
[0043] << Obtaining actual results data >>

The control section 52 obtains actual results data. For example, the
control section 52 may specify a pulling apparatus 100 that is to be used to
estimate the operation amount for the next batch, and a data server 60 that
stores the actual results data for the pulling apparatus 100, or the address within
the data server 60, etc.
[0044] The control section 52 may specify data to be excluded from the data
to be obtained. In other words, the control section 52 may specify data that is
not obtained. For example, the control section 52 may specify the actual results
data for the first time use of parts such as a B heater, a CCM crucible, a L

heater, a lower ring, an outer cylinder, or a spill tray, etc. as data to be excluded
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and exclude them from the analysis.
[0045] << Pre-processing >>

The control section 52 may perform pre-processing of the actual results
data before performing the multiple regression analysis. The control section 52
may execute the following procedure as pre-processing, for example. The
control section 52 may calculate the difference between the measurement data
of the oxygen concentration of a single crystal silicon ingot produced in a given
batch and the measurement data of the oxygen concentration of a single crystal
silicon ingot produced in the next batch. The control section 52 may calculate
the difference between the pulling and material information when a single
crystal silicon ingot was produced in a given batch and the pulling and material
information when a single crystal silicon ingot was produced in the next batch.
The control section 52 may generate differential data that relates: the
difference in the measurement data for the oxygen concentration of the single
crystal silicon ingot between the given batch and the next batch; and the
difference in the pulling and material information between the given batch and
the next batch.
[0046] The control section 52 may calculate the difference between any two
batches, not just the difference between two consecutive batches, to generate
the differential data.
[0047] The control section 52 may generate the differential data of two batches
for a plurality of combinations. Specifically, the control section 52 may obtain
data of two batches for generating the differential data as explained below.
[0048] For example, when only one single crystal silicon ingot is pulled from
one quartz crucible 16A in the production of one batch, the control section 52
may generate differential data between the measurement data of a single crystal
silicon ingot from the first batch and the measurement data of a single crystal
silicon ingot from the second batch. The control section 52 may generate
differential data between the measurement data of a single crystal silicon ingot
from the third batch and the measurement data of a single crystal silicon ingot
from the fourth batch. The control section 52 may generate differential data
between the measurement data of a single crystal silicon ingot from the fifth
batch and the measurement data of a single crystal silicon ingot from the sixth
batch. The control section 52 is preferably configured to generate the
differential data from the measurement data of single crystal silicon ingots

from two consecutive batches.
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[0049] In the case of the so-called multi-pulling method, in which a plurality
of single crystal silicon ingots are pulled from a single quartz crucible 16A in
the production of one batch, the control section 52 may generate differential
data between the measurement data of each single crystal silicon ingot in a
single batch and the measurement data of each single crystal silicon ingot in
another batch. For example, if three single crystal silicon ingots are pulled
from one quartz crucible 16A in the production of one batch, the control section
52 may generate differential data between the measurement data of the first
single crystal silicon ingot from the first batch and the measurement data of
the first single crystal silicon ingot from the second batch. The control section
52 may generate differential data between the measurement data of the second
single crystal silicon ingot from the first batch and the measurement data of
the second single crystal silicon ingot from the second batch. The control
section 52 may generate differential data between the measurement data of the
third single crystal silicon ingot from the first batch and the measurement data
of the third single crystal silicon ingot from the second batch.

[0050] Following that, the control section 52 may generate differential data
between the measurement data of the first, second and third single crystal
silicon ingots from the third batch and the measurement data of the first, second
and third single crystal silicon ingots from the fourth batch. The control section
52 may generate differential data between the measurement data of the first,
second and third single crystal silicon ingots from the fifth batch and the
measurement data of the first, second and third single crystal silicon ingots
from the sixth batch. The control section 52 is preferably configured to
generate the differential data from the measurement data of single crystal
silicon ingots from two consecutive batches.

[0051] The above is an example of the case where three single crystal silicon
ingots are pulled from one quartz crucible 16A in the production of one batch.
The number of silicon ingots that can be pulled from the single quartz crucible
16A is not limited to three, and may be two, or four or more.

[0052] The control section 52 may apply the differential data generated for
each of the plurality combinations directly to the multivariate analysis
described below. The control section 52 may generate differential data, in
which the differential data generated for the plurality of combinations are
merged for each pulling apparatus 100, as data to be applied to the multivariate

analysis described below. The control section 52 may generate differential data,
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in which the differential data generated for the plurality of combinations are
merged for each specification of the pulling apparatus 100, as data to be applied
to the multivariate analysis described below. The control section 52 may
generate differential data, in which the differential data generated for the
plurality of combinations was merged for each item, as data to be applied to
the multivariate analysis described below.
[0053] The control section 52 may set the change in the operation amount to 0
when the change in the operation amount is less than or equal to the exclusion
threshold in the generated differential data. For example, the control section
52 may set the change in the number of crucible rotations in the differential
data to 0 when the change in the number of crucible rotations is 0.001 rpm or
less. For example, the control section 52 may set the change in the Ar gas flow
rate to 0 in the differential data when the change in the Ar gas flow rate is 1
L/min or less. For example, the control section 52 may set the change in the
internal pressure of furnace in the differential data to 0 when the change in the
internal pressure of furnace is 0.1 torr or less.
[0054] The control section 52 may exclude the differential data when the
change in the oxygen concentration (AQOi) in the generated differential data is
outside the range. For example, the control section 52 may exclude the
differential data for which the absolute value of the change in the oxygen
concentration (AQi) is 1x10'7 atoms/cm® or more.
[0055] << Modeling >>

The control section 52 generates an estimation model that estimates the
oxygen concentration of a single crystal silicon ingot using the differential data
generated by performing the pre-processing on the actual results data. The
process of generating an estimation model is also called modeling. The
following is an example of how the control section 52 executes modeling.
When the production system 1 comprises a plurality of pulling apparatuses 100,
the control section 52 may execute modeling for each of the plurality of pulling
apparatuses 100 and generate an estimation model to be applied to each of the
plurality of pulling apparatuses 100. The control section 52 may divide the
plurality of pulling apparatuses 100 into groups, execute modeling for each
group, and generate an estimation model to be applied to the pulling
apparatuses 100 belonging to each group. The pulling apparatus 100 may be
classified into groups based on the product specifications or the production

specifications of the single crystal silicon ingot produced by each pulling
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apparatus 100. The product specifications may include, for example, the crystal
diameter, the electrical conductivity type, the electrical resistivity, or the
oxygen concentration. The production specifications may include, for example,
the pulling speed, the number of crystal rotations, the number of crucible
rotations, the flow rate of Ar gas, the internal pressure of furnace, or the
strength of the magnetic field. In addition, the pulling apparatus 100 for
producing a single crystal silicon ingot may be classified into groups based on
the specifications of the pulling apparatus 100. The specifications of the
pulling apparatus 100 may include, for example, the chamber shape, as well as
other factors such as the shape or composition of the carbon components stored
in the chamber, the crucible shape, the heater shape, or the presence or absence
of a cooling element.

[0056] The control section 52 performs multivariate analysis on the
differential data or the merged differential data that has been generated by
performing pre-processing on the actual results data. When the control section
52 has not performed any pre-processing on the actual results data, it performs
multivariate analysis on the actual results data. In this embodiment, the control
section 52 executes a multiple regression analysis as the multivariate analysis.
The control section 52 may execute various other methods as the multivariate
analysis, not limited to the multiple regression analysis.

[0057] The control section 52 calculates the degree of influence of explanatory
variables on an objective variable by performing the multiple regression
analysis on the differential data, the merged differential data, or the actual
results data, and generates a linear or non-linear regression equation with the
degree of influence as the coefficient. The objective variable is the oxygen
concentration in a single crystal silicon ingot. The explanatory variables may
include each item of the pulling information or the material information, for
example, the Ar gas flow rate, the internal pressure of furnace, or the number
of crucible rotations, etc. The degree of influence can be expressed as a ratio
of the change in the value of the objective variable to the change in the value
of the explanatory variable.

[0058] The control section 52 may generate a regression equation using all of
the items of the pulling information and the material information as the
explanatory variables. The control section 52 may generate a regression
equation by selecting the explanatory variables from among the items of the

pulling information and the material information. The control section 52 may
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preferably generate a regression equation by selecting at least three
explanatory variables. The control section 52 may, as a criterion for selecting
the explanatory variables, assign priority to each explanatory variable based
on the degree of influence of each explanatory variable obtained by performing
the multiple regression analysis, and select the explanatory variables in order
of priority, for example. The control section 52 may assign a high rank to the
explanatory variables that can be controlled as the operation amount of the
pulling apparatus 100. The control section 52 may assign priorities to each
explanatory variable based on information input by the process engineer,
operator, or manager of the pulling apparatus 100. In other words, the priority
of the explanatory variables may be assigned based on the knowledge of the
process engineer, operator, or manager of the pulling apparatus 100. In addition,
the priority of the explanatory variables may be assigned by taking into account
the past experience of the process engineer, operator, or manager of the pulling
apparatus 100. Due to various restrictions in the actual production of the single
crystal silicon ingot, the range in which the values of the explanatory variables
change is limited. The priority of the explanatory variables may be assigned by
considering the range over which the value of the explanatory variable can
change. For example, the wider the range over which the value of the
explanatory variable can change, the higher the rank assigned to that
explanatory variable.

[0059] The control section 52 uses the regression equation generated with the
selected explanatory variables to estimate the oxygen concentration of a given
batch contained in the actual results data. If the difference between the
estimated value of the oxygen concentration of a given batch and the measured
value of the oxygen concentration of the given batch is less than the judgment
threshold, the control section 52 determines that the generated regression
equation is valid and decides to use the generated regression equation as the
estimation model. In other words, the control section 52 decides to use the
regression equation generated using the oxygen concentration of a single
crystal silicon ingot as the objective variable, as the estimation model for
estimating the oxygen concentration of a single crystal silicon ingot.

[0060] If the difference between the estimated value of the oxygen
concentration for a given batch and the measured value of the oxygen
concentration for the given batch is greater than or equal to the judgment
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variables to other items and re-creates a regression equation. The control
section 52 may change the explanatory variables based on the ranking attached
to the explanatory variables, or it may change the explanatory variables based
on information input by the process engineer of the pulling apparatus 100, etc.
The control section 52 repeats changing the explanatory variables and
generating a regression equation until the difference between the estimated
value of the oxygen concentration of a given batch calculated using the
generated regression equation and the measured value of the oxygen
concentration of the given batch becomes less than the judgment threshold.
[0061] The degree of influence of the explanatory variable of the pulling
apparatus 100 on the oxygen concentration can differ for each furnace of the
pulling apparatus 100. In addition, the degree of influence can differ for each
type of the heat shield 22. The control section 52 may change the order of the
explanatory variables for each furnace or for each type of the heat shield 22.
In this way, the accuracy of the parameters of the estimation model can be
improved.
[0062] << Summary of generation of estimation model >>

As described above, the control section 52 can generate an estimation
model. By verifying the generated regression equation with actual results data,
the accuracy of the estimated oxygen concentration using the estimation model
can be improved. In addition, the explanatory variables are selected based on
the information input by the process engineers of the pulling apparatus 100,
therefore, the knowledge of the process engineers can be reflected in the
estimation model. By using an estimation model reflecting knowledge, it
becomes possible to obtain the same estimation results no matter who operates
it. In other words, the subjectivity of the estimation can be reduced.
[0063] The control section 52 may obtain one or more sets of actual results
data for each of two batches of the pulling apparatus 100. The control section
52 may generate the differential data of the actual results data of each of two
batches for at least one set of actual results data out of one or more sets of
actual results data. The control section 52 may generate a regression equation
as an estimation model that calculates the difference in the operation amount
of the pulling apparatus 100 based on at least one set of the generated
differential data. The estimation accuracy can be improved by generating a
regression equation based on the differential data calculated for a plurality of

combinations of two batches.
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[0064] The oxygen concentration in a single crystal silicon ingot can vary from
place to place. For example, the oxygen concentration in the shoulder portion
Is, the oxygen concentration in the straight body portion I, and the oxygen
concentration in the tail portion I; can be different from each other. In addition,
even within the straight body portion (Iv), the oxygen concentration on the side
closer to the shoulder portion (Is) can differ from the oxygen concentration on
the side closer to the tail portion (I;). In addition, the oxygen concentration in
each part in the crystal axis direction of the straight body I, can vary depending
on the distance from the shoulder portion Is. Each part in the crystal axis
direction of the straight body portion I may be specified by the distance from
the boundary between the shoulder portion Is and the straight body portion Ip.
The oxygen concentration in each part of a single crystal silicon ingot can be
controlled according to the operation amount during pulling the each part.
[0065] The control section 52 may classify the straight portion I, of the single
crystal silicon ingot into a plurality of segments in the crystal axis direction
based on the distance from the boundary between the shoulder portion Is and
the straight body portion I,. The control section 52 may generate a model that
estimates the operation amount when each segment is raised in order to control
the oxygen concentration of each segment to the target concentration. In other
words, the control section 52 may generate an estimation model corresponding
to each segment. In this case, the control section 52 may obtain the actual
results data or the differential data and measured oxygen concentration value
for each segment. The estimation model corresponding to each segment is also
called a segmental estimation model.
[0066] < Estimation of operation amount for next batch >

The control section 52 uses the determined estimation model to
estimate the oxygen concentration of a single crystal silicon ingot to be
produced in the next batch of the pulling apparatus 100. The control section 52
adjusts the values of the explanatory variables contained in the estimation
model so that the estimated oxygen concentration of the single crystal silicon
ingot to be produced in the next batch becomes the target concentration. The
target concentration may be, for example, the center value of the oxygen
concentration standard for an item to be produced in the next batch. The control
section 52 determines the value of the explanatory variable, which has been
adjusted so that the estimated oxygen concentration becomes the target

concentration, as a recommended value of the operation amount for the next
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batch of the pulling apparatus 100. For example, if the control section 52
selects the Ar gas flow rate, the internal pressure of furnace, and the number
of crucible rotation as the explanatory variables, it may use the estimation
model to determine the recommended values for the Ar gas flow rate, the
internal pressure of furnace, and the number of crucible rotation for the next
batch of the pulling apparatus 100.
[0067] The control section 52 may determine the recommended value for the
operation amount so that the estimated oxygen concentration in each segment
in the crystal axis direction of the straight body portion I, of the single crystal
silicon ingot becomes the target concentration. The operation amount of the
pulling apparatus 100 can be changed while pulling up the single crystal silicon
ingot. The control section 52 may adjust the operation amount when each
segment in the crystal axis direction of the single crystal silicon ingot is being
pulled up based on the segmented estimation model, and determine the
estimated value of the operation amount for each segment.
[0068] The control section 52 may notify the operator of the pulling apparatus
100 of the recommended value for the determined operation amount. In this
case, the operator may set the operation amount of the pulling apparatus 100
to the recommended value. The control section 52 may output the
recommended value for the determined operation amount to the pulling
apparatus 100 and set the recommended value as the operation amount as is.
[0069] < Example of procedure on control method >

The control section 52 may execute a control method that includes the
procedure of the flowchart illustrated in Figure 4 in order to estimate the
operation amount of the pulling apparatus 100. The control method may be
implemented as a control program that is executed by the control section 52.
[0070] The control section 52 executes pre-processing of the data (step S1).
The control section 52 generates an estimation model for estimating the
appropriate operation amount to be set for the pulling apparatus 100 based on
the preprocessed data (step S2). The control section 52 calculates the operation
amount of the pulling apparatus 100 using the estimation model so that the
oxygen concentration of the single crystal silicon ingot to be produced by the
pulling apparatus 100 can be controlled to the target concentration (step S3).
After executing the procedure in Step S3, the control section 52 may end
execution of the procedure in the flowchart in Figure 4.

[0071] The control section 52 may output the operation amount calculated in
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the procedure of step S3 to the pulling apparatus 100 to set the operation
amount in the pulling apparatus 100, and may begin producing a single crystal
silicon ingot using the pulling apparatus 100. The control section 52 may notify
the operator of the pulling apparatus 100 of the operation amount calculated in
the procedure of step S3. The operator may set the notified operation amount
to the pulling apparatus 100 and begin producing a single crystal silicon ingot
using the pulling apparatus 100.

[0072] ( Summary )

As described above, in the production system 1 in accordance with one
embodiment of the present disclosure, the control section 52 of the control
apparatus 50 can generate an estimation model and use the estimation model
to estimate the operation amount for the next batch in the pulling apparatus
100. In this way, the estimation of the operation amount of the pulling
apparatus 100 can be systematized. By systemizing the estimation of the
operation amount, it is easy to increase the number of items to be considered
as actual parameters that affect the oxygen concentration. In addition, the
degree of subjectivity can be reduced. By increasing the number of items to be
considered or reducing subjectivity, the oxygen concentration can be controlled
with high precision. In addition, it is possible to reduce the variation in the
oxygen concentration and improve process capability. As a result, the quality
of a single crystal silicon ingot produced by the pulling apparatus 100 can be
improved.

[0073] As a comparison, in a method for producing silicon single crystals
using the Czochralski method (hereafter, the CZ method), the parameters for
the next batch are predicted based on past pulling results (the oxygen
concentration, the material information, and the pulling information) and on a
setting criteria and empirical rules of humans. In this case, there may be
individual differences in the parameter prediction. In addition, it can be
complicated to manage the factors that affect oxygen concentration. As a result,
the variation in the oxygen concentration may increase.

[0074] On the other hand, in the production system 1 in accordance with one
embodiment of the present disclosure, the control section 52 of the control
apparatus 50 can optimize the pulling parameter values for the next batch using
the estimation model predicted by multiple regression analysis. In addition, by
systemizing the determination of the pulling parameter values, individual

differences can be eliminated. Furthermore, factors that affect the oxygen
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concentration can be easily managed. As a result, the variation in the oxygen
concentration can be reduced.

[0075] Here, when a single crystal silicon ingot was produced by determining
the operation amount of the first apparatus to be evaluated using the method of
the comparative example, the oxygen concentration of the single crystal silicon
ingot produced using the first apparatus to be evaluated was distributed as
provided in Figure 5A as a histogram. The vertical axis in Figure 5A indicates
the oxygen concentration categories. The “Oi_T” on the vertical axis indicates
the target concentration. The “Oi_U” on the vertical axis indicates the upper
limit of standard or the upper limit of control for the oxygen concentration.
The “Oi_L” on the vertical axis indicates the lower limit of standard or the
lower limit of control for the oxygen concentration. The horizontal axis
indicates the frequency of each categories. The calculated process capability
index (Cpk) for the distribution of the oxygen concentration in Figure SA was
0.93.

[0076] On the other hand, when a single crystal silicon ingot was produced by
determining the operation amount of the first apparatus to be evaluated using
the control method in accordance with this embodiment, the oxygen
concentration of the single crystal silicon ingot produced using the first
apparatus to be evaluated was distributed as provided in Figure 5B as a
histogram. The vertical and horizontal axes in Figure 5B are the same as those
in Figure SA. The calculated process capability index (Cpk) for the distribution
of the oxygen concentration in Figure 5B was 0.97.

[0077] Also, when a single crystal silicon ingot was produced by determining
the operation amount of the second apparatus to be evaluated using the method
of the comparative example, the oxygen concentration of the single crystal
silicon ingot produced using the second apparatus to be evaluated was
distributed as provided in Figure 6A as a histogram. The vertical and horizontal
axes in Figure 6A are the same as those in Figure 5A. The calculated process
capability index (Cpk) for the distribution of the oxygen concentration in
Figure 6 A was 0.83.

[0078] On the other hand, when a single crystal silicon ingot was produced by
determining the operation amount of the second apparatus to be evaluated using
the control method in accordance with this embodiment, the oxygen
concentration of the single crystal silicon ingot produced using the second

apparatus to be evaluated was distributed as provided in Figure 6B as a
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histogram. The vertical and horizontal axes in Figure 6B are the same as those
in Figure 5A. The calculated process capability index (Cpk) for the distribution
of the oxygen concentration in Figure 6B was 0.94.
[0079] As explained above, when determining the operation amount of the
apparatus to be evaluated using the control method in accordance with this
embodiment, the process capability index (Cpk) of the oxygen concentration
of the single crystal silicon ingot produced by the apparatus to be evaluated
can be improved compared to when the operation amount is predicted based on
the empirical rules of humans, as described as a comparative example. In other
words, according to the control method in accordance with this embodiment,
the quality of the single crystal silicon ingot produced by the pulling apparatus
100 can be improved.
[0080] ( Other embodiments )

The following describes other embodiments.
[0081] < Interpolation of oxygen concentration >

The oxygen concentration of a single crystal silicon ingot can be
measured at short intervals without cutting the ingot using the Full Rod
Spectroscopy (FRS) method. The FRS method is a technique that measures the
average oxygen concentration in the radial direction of a single crystal silicon
ingot that has been ground into a cylinder by irradiating infrared light from the
lateral direction (radial direction) and measuring the absorption intensity. The
FRS method can measure the oxygen concentration distribution in the growth
axis direction of a single crystal silicon ingot by scanning the infrared light
that is incident from the lateral direction (diameter direction) in the growth
axis direction of the ingot and measuring the absorption intensity of the
infrared light at each point in the growth axis direction. In addition, the oxygen
concentration of a single crystal silicon ingot can be measured with high
accuracy using samples cut from the single crystal silicon ingot using Fourier
Transform Infra-red Spectroscopy (FTIR). The oxygen concentration of a
single crystal silicon ingot can be measured using various methods, not just the
FRS or FTIR methods illustrated here.
[0082] The control section 52 may obtain data measured at narrow intervals
using the FRS method and data measured at wide intervals with high precision
using the FTIR method, as data on the oxygen concentration of a single crystal
silicon ingot produced in the past as actual results data. The control section 52

may correct the data measured using the FRS method, using data measured with
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high precision using the FTIR method. In other words, the control section 52
can generate data on the oxygen concentration measured at narrow intervals
with high accuracy, by interpolating data on the oxygen concentration
measured at wide intervals with high accuracy using the FTIR method based
on the trend of data on the oxygen concentration measured at narrow intervals
using the FRS method.

[0083] For example, as illustrated in Figure 7, the control section 52 obtains
measured values of the oxygen concentration at each part of the single crystal
silicon ingot measured using the FRS method and the FTIR method. The
horizontal axis of the graph in Figure 7 indicates the position of the single
crystal silicon ingot in the crystal axis direction. The vertical axis indicates the
oxygen concentration. The “Oi_T” on the vertical axis indicates the target
concentration. The “Oi_U” on the vertical axis indicates the upper limit of
standard or the upper limit of control for the oxygen concentration. The “Oi_L”
on the vertical axis indicates the lower limit of standard or the lower limit of
control for the oxygen concentration. The values of the oxygen concentration
measured using the FRS method are indicated by a solid line as “FRS results”.
The values of the oxygen concentration measured using the FTIR method is
indicated by X marks, which is provided as “FTIR results”.

[0084] The control section 52 can match the measured values of the oxygen
concentration in each part from the FRS results to the measured values of the
oxygen concentration in each part from the FTIR results, while maintaining the
trend of the measured values for the oxygen concentration in each part from
the FTS results. Specifically, the control section 52 may shift the graph of the
measured oxygen concentration from the FRS results to the graph of the
measured oxygen concentration from the FTIR results. The oxygen
concentration after the shift is indicated by the dash-dotted line. The control
section 52 may generate actual results data by relating the shifted oxygen
concentration to the pulling information and the material information. In this
way, the accuracy of the estimation model can be improved.

[0085] The method for measuring the oxygen concentration of a single crystal
silicon ingot by applying the FRS method is also referred to as the first method.
The method for measuring the oxygen concentration in a single crystal silicon
ingot by applying the FTIR method is also known as the second method. The
control section 52 may obtain the first measurement data, which is the oxygen

concentration of the single crystal silicon ingot measured by the first method,
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and the second measurement data, which is the oxygen concentration of the
single crystal silicon ingot measured by the second method. The control section
52 may interpolate the first measurement data with the second measurement
data, and obtain the interpolated data as the measurement value of the oxygen
concentration of the single crystal silicon ingot. Various other measurement
methods may be applied as the first and second methods.
[0086] < Method for producing single crystal silicon ingot and single crystal
silicon ingot >

In the production system 1 in accordance with this embodiment, a
single crystal silicon ingot is produced by the pulling apparatus 100, which is
controlled by the control apparatus 50. Accordingly, a method for producing a
single crystal silicon ingot is achieved, which includes pulling a single crystal
silicon ingot with the pulling apparatus 100 controlled by the control apparatus
50 executing the control method. In addition, a single crystal silicon ingot
produced by the pulling apparatus 100 controlled by the control apparatus 50
executing the control method is achieved.
[0087] < Example of configuration of apparatus >

In the production system 1, the control apparatus 50 may be included
in part of the pulling apparatus 100. The control apparatus 50 and the pulling
apparatus 100 may be configured as separate units. The data server 60 may be
included in part of the control apparatus 50 or the pulling apparatus 100. The
data server 60 may be configured separately from the control apparatus 50 and
the pulling apparatus 100.
[0088] The embodiments of the present disclosure have been described based
on various drawings and examples, but it should be noted that a person skilled
in the art would be able to make various modifications or alterations based on
the present disclosure. Therefore, it should be noted that these variations and
modifications are included within the scope of the present disclosure. For
example, the functions contained in each component or each step, etc. can be
rearranged so that they do not contradict logically, and it is possible to combine
multiple components or steps, etc. into one or split them into multiple
components or steps, etc. Although the embodiments in accordance with this
disclosure have mainly been explained in terms of the apparatus, the
embodiments according to this disclosure can also be realized as methods that
include steps executed by each component of the apparatus. The embodiments

in accordance with the present disclosure can also be realized as methods,



10

15

20

25

.27 -

programs, or storage media that record programs, which are executed by the
processor provided in the apparatus. It is to be understood that these are also
encompassed within the scope of the present disclosure.

[0089] The graphs included in this disclosure are schematic. The scales and

the like do not necessarily correspond to the actual ones.

INDUSTRIAL APPLICABILITY
[0090] According to the embodiment of this disclosure, the quality of a single

crystal silicon ingot can be improved.

REFERENCE SIGNS LIST

[0091] 1 Production system

50 Monitoring apparatus (52: Control section, 54: Memory
section)

60 Data server

100 Pulling apparatus (10: Main chamber, 11: Pull chamber, 12:
Gate valve, 13: Gas inlet, 14: Gas outlet, 16: Crucible, 16A: Quartz crucible,
16B: Graphite crucible, 18: Shaft, 20: Shaft drive mechanism, 22: Heat shield,
22A: Shield body, 22B: Inner flange, 22C: Outer flange, 24: Heater, 26:
Insulator, 28: Seed chuck, 30: Pulling wire, 32: Wire lift mechanism, 34:
Electromagnet, S: Seed crystal, M: Silicon melt, X: Pulling axis)

I Single crystal silicon ingot (I.: Neck portion, Is: Shoulder
portion, Ip: Straight body portion, Ipi: First straight body portion, Ip2: Second
straight body portion, I: Tail portion)
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CLAIMS

[Claim 1] A method for controlling a pulling apparatus for a single crystal
silicon ingot, including:

obtaining actual results data that relates a measured value of oxygen
concentration of a single crystal silicon ingot produced by the pulling
apparatus and an operation amount of the pulling apparatus during production,

generating an estimation model that estimates the oxygen concentration
of a single crystal silicon ingot to be produced by the pulling apparatus based
on the actual results data,

adjusting the operation amount to be input to the estimation model so
that an estimated value of the oxygen concentration of the single crystal silicon
ingot by the estimation model becomes target concentration, and

determining the adjusted operation amount as the operation amount for
producing a single crystal silicon ingot in the next batch of the pulling

apparatus.

[Claim 2] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 1, wherein in generating the
estimation model, at least part of the operation amount of the pulling apparatus
are selected, and a regression equation with influence degree of the selected

operation amount as a coefficient is generated as the estimation model.

[Claim 3] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 2, wherein in generating the
estimation model, the operation amount of the pulling apparatus is ranked, and

the operation amount of the pulling apparatus is selected based on the ranking.

[Claim 4] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 1, wherein

in obtaining the actual results data, one or more sets of the actual
results data for each of two batches of the pulling apparatus are obtained,

in generating the estimation model, for at least one set of the actual
results data out of the one or more sets of the actual results data, differential
data between the actual results data of each of the two batches are generated,

and a regression equation, that calculates difference in the operation amount
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of the pulling apparatus based on the differential data of the at least one set, is

generated as the estimation model.

[Claim 5] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 1, wherein in obtaining the actual
results data, as the measured value of the oxygen concentration of the single
crystal silicon ingot, the measured value of the oxygen concentration in each
of a plurality of segments in a crystal axis direction of the single crystal silicon

ingot is obtained.

[Claim 6] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 5, wherein in generating the
estimation model, a segmental estimation model corresponding to each
segment in the crystal axis direction of the single crystal silicon ingot is

generated.

[Claim 7] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 6, wherein in adjusting the operation
amount, the operation amount when each segment of the single crystal silicon

ingot is pulled up is adjusted based on the segmental estimation model.

[Claim 8] The method for controlling a pulling apparatus for a single
crystal silicon ingot as described in claim 1, wherein in obtaining the actual
results data, first measurement data, which is the oxygen concentration of the
single crystal silicon ingot measured using a first method, and second
measurement data, which is the oxygen concentration of the single crystal
silicon ingot measured using the second method, are obtained, and data
obtained by interpolating the first measurement data with the second
measurement data is obtained as the measurement value for the oxygen

concentration of the single crystal silicon ingot.
[Claim 9] A control program that causes a processor to execute the
method for controlling a pulling apparatus described in any one of claims 1 to

8.

[Claim 10] A control apparatus comprises a control section that executes
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the method for controlling a pulling apparatus described in any one of claims
1 to 8.

[Claim 11] A method for producing a single crystal silicon ingot, including
producing the single crystal silicon ingot using a pulling apparatus controlled
by executing the method for controlling a pulling apparatus as described in any

one of claims 1 to 8.

[Claim 12] A single crystal silicon ingot produced using a pulling
apparatus controlled by executing the method for controlling a pulling

apparatus described in any one of claims 1 to 8.



