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[DESCRIPTION]
[Title]

METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE,
SUBSTRATE PROCESSING APPARATUS AND PROGRAM
[Technical Field]

[0001]
The present disclosure relates to a method of manufacturing a semiconductor
device, a substrate processing apparatus and a program.
[Related Art]
[0002]

As a part of a manufacturing process of a semiconductor device, a process of
forming an oxide film on a surface of a substrate by supplying an oxygen-containing gas
to the substrate in a process chamber (for example, see Patent Document 1 and Patent
Document 2 described below).

[Related Art Document]
[Patent document]
[0003]

Patent Document 1: Japanese Patent No. 5325363

Patent Document 1: Japanese Patent No. 6199570
[Disclosure]

[Technical Problem]
[0004]

However, according to related arts, it may be difficult to uniformize a thickness
distribution of the oxide film formed on the surface of the substrate. Described herein is
a technique capable of improving a controllability of a thickness distribution of an oxide
film formed on a surface of a substrate.

[Technical Solution]
[0005]
According to one aspect of a technique of the present disclosure, there is

1



10

15

20

25

provided a method of manufacturing a semiconductor device, including: a first step of
forming a first oxide layer by supplying an oxygen-containing gas and an hydrogen-
containing gas to a heated substrate at a first pressure less than an atmospheric pressure
and by oxidizing a surface of the substrate; and a second step of forming a second oxide
layer by supplying the oxygen-containing gas and the hydrogen-containing gas to the
heated substrate at a second pressure less than the atmospheric pressure and different
from the first pressure and by oxidizing the surface of the substrate on which the first
oxide layer is formed.

[Advantageous Effects]

[0006]

According to some embodiments in the present disclosure, it is possible to
improve the controllability of the thickness distribution of the oxide film formed on the
surface of the substrate.

[Brief Description of Drawings]
[0007]

FIG. 1 is a diagram schematically illustrating a vertical cross-section of a
process furnace of a substrate processing apparatus according to one or more
embodiments described herein.

FIG. 2 is a diagram schematically illustrating a horizontal cross-section taken
along the line A-A of the process furnace of the substrate processing apparatus shown in
FIG. 1.

FIG. 3 is a block diagram schematically illustrating a configuration of a

controller and related components of the substrate processing apparatus described herein.

FIG. 4 is a timing diagram schematically illustrating a gas supply according to
the embodiments described herein.

FIG. 5(A) is a model diagram schematically illustrating a silicon oxide layer
(Si0 layer) formed in an initial step, FIG. 5(B) is a model diagram schematically
illustrating a silicon oxide layer formed in a first step, and FIG. 5(C) is a model diagram
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schematically illustrating a silicon oxide layer formed in a second step.

FIG. 6 is a diagram schematically illustrating a relationship between an
oxidation process time of H> gas and Oz gas and a thickness of a film formed by an
oxidation process.

FIG. 7 is a diagram schematically illustrating a relationship between a ratio of
the H> gas in a mixed gas of the H gas and the O gas and a film-forming rate.

FIG. 8 is a diagram schematically illustrating a pressure dependence of a
uniformity on a surface of a wafer.

FIG. 9(A) is a diagram schematically illustrating a thickness distribution of a
silicon oxide layer (SiO layer) formed on a surface of a wafer placed on an upper region
of a boat according to an example of the embodiments, FIG. 9(B) is a diagram
schematically illustrating a thickness distribution of a silicon oxide layer formed on a
surface of a wafer placed on a central region of the boat according to the example of the
embodiments, and FIG. 9(C) is a diagram schematically illustrating a thickness
distribution of a silicon oxide layer formed on a surface of a wafer placed on a lower
region of the boat according to an example of the embodiments. FIG. 9(D) is a diagram
schematically illustrating a thickness distribution of a silicon oxide layer formed on the
surface of the wafer placed on the upper region of the boat according to a comparative
example, FIG. 9(E) is a diagram schematically illustrating a thickness distribution of a
silicon oxide layer formed on the surface of the wafer placed on the central region of the
boat according to the comparative example, and FIG. 9(F) is a diagram schematically
illustrating a thickness distribution of a silicon oxide layer formed on the surface of the
wafer placed on the lower region of the boat according to the comparative example.
[Detailed Description]

[0008]

<Embodiments>

Hereinafter, one or more embodiments (also simply referred to as
“embodiments”) according to the technique of the present disclosure will be described

with reference to the drawings.
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[0009]

Hereinafter, the embodiments will be described with reference to FIGS. 1
through 4. A substrate processing apparatus is configured as an example of an apparatus
used in a manufacturing process of a semiconductor device.

[0010]

(1) Configuration of Substrate Processing Apparatus

FIG. 1 is a diagram schematically illustrating a configuration of a vertical type
process furnace 202 of the substrate processing apparatus preferably used in the present
embodiments in order to perform a method of manufacturing the semiconductor device,
and schematically illustrates a vertical cross-section of the process furnace 202. FIG. 2
is a diagram schematically illustrating the configuration of the vertical type process
furnace 202 of the substrate processing apparatus preferably used in the present
embodiments, and schematically illustrates a horizontal cross-section taken along the
line A-A of the process furnace 202.

[0011]

As shown in FIG. 1, the process furnace 202 includes a heater 207 serving as a
heating apparatus (heating structure). The heater 207 is of a cylindrical shape, and is
vertically installed while being supported by a heater base (not shown). As described
later, the heater 207 also functions as an activator (which is an activation structure)
capable of activating a gas such as an oxygen-containing gas and a hydrogen-containing
gas by heat.

[0012]

A reaction tube 203 is provided at an inner side of the heater 207 to be aligned
in a manner concentric with the heater 207. For example, the reaction tube 203 is made
of a heat resistant material such as quartz (SiO2) and silicon carbide (SiC). The reaction
tube 203 is of a cylindrical shape with a closed upper end and an open lower end. A
process chamber 201 is provided in a hollow cylinder of the reaction tube 203. The
process chamber 201 is configured to accommodate a plurality of wafers including a
wafer 200 serving as a substrate. Hereinafter, the plurality of the wafers including the
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wafer 200 may also be simply referred to as wafers 200. The wafer 200 is processed in
the process chamber 201.
[0013]

A first nozzle 249a, a second nozzle 249b, a first assist nozzle 249c, a second
assist nozzle 249d and a third assist nozzle 249e are provided in the process chamber
201 so as to penetrate a lower side wall of the reaction tube 203. A first gas supply pipe
232a and a second gas supply pipe 232b are connected to the first nozzle 249a and the
second nozzle 249b, respectively. A third gas supply pipe 232c, a fourth gas supply pipe
232d and a fifth gas supply pipe 232e are connected to the first assist nozzle 249c, the
second assist nozzle 249d and the third assist nozzle 249e, respectively.

[0014]

Each of the first nozzle 249a, the second nozzle 249b, the first assist nozzle
249c, the second assist nozzle 249d and the third assist nozzle 249e is configured as an
L-shaped nozzle. A horizontal portion of each of the first nozzle 249a, the second
nozzle 249b, the first assist nozzle 249c, the second assist nozzle 249d and the third
assist nozzle 249e is installed so as to penetrate the lower side wall of the reaction tube
203. A vertical portion of each of the first nozzle 249a, the second nozzle 249b and the
first assist nozzle 249c is installed in a spare chamber 201a of a groove shape protruding
outward in a radial direction of the reaction tube 203 and extending in the vertical
direction. That is, the vertical portion of each of the first nozzle 249a, the second nozzle
249b and the first assist nozzle 249c is installed in the spare chamber 201a toward the
upper end of the reaction tube 203 (in a direction in which the wafers 200 are arranged)
along an inner wall of the reaction tube 203. The vertical portion of the first assist
nozzle 249c is provided adjacent to the first nozzle 249a and the second nozzle 249b. A
vertical portion of each of the second assist nozzle 249d and the third assist nozzle 249e
is installed in a spare chamber 201b of a groove shape protruding outward in the radial
direction of the reaction tube 203 and extending in the vertical direction similar to the
spare chamber 201a. That is, the vertical portion of each of the second assist nozzle
249d and the third assist nozzle 249e is installed in the spare chamber 201b toward the
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upper end of the reaction tube 203 (in the direction in which the wafers 200 are
arranged) along the inner wall of the reaction tube 203. The vertical portions of the
second assist nozzle 249d and the third assist nozzle 249e are provided adjacent to each
other.
[0015]

The first nozzle 249a and the second nozzle 249b are provided so as to extend
from a lower region of the process chamber 201 to an upper region of the process
chamber 201. The first nozzle 249a and the second nozzle 249b are provided with a
plurality of gas supply holes 250a and a plurality of gas supply holes 250b, respectively.
The gas supply holes 250a and the gas supply holes 250b are disposed at positions
facing the wafers 200 at heights from a lower region to an upper region of a boat 217
from a lower region to an upper region of the reaction tube 203. An opening area of
each the gas supply holes 250a and the gas supply holes 250b is the same, and each of
the gas supply holes 250a and the gas supply holes 250b is provided at the same pitch.
[0016]

The first assist nozzle 249c is provided so as to extend from the lower region of
the process chamber 201 to the upper region of the process chamber 201. The first assist
nozzle 249c is provided with a plurality of gas supply holes 250c. The gas supply holes
250c are disposed at positions facing the wafers 200 arranged in the upper region of the
boat 217 at heights corresponding to an upper region of the first assist nozzle 249c in an
extension direction of the first assist nozzle 249c. An opening area of each of the gas
supply holes 250c is the same, and each of the gas supply holes 250c is provided at the
same pitch. Therefore, the gas supplied into the process chamber 201 through the gas
supply holes 250c of the first assist nozzle 249c is supplied to the wafers 200
accommodated in the upper region of the boat 217.

[0017]

The second assist nozzle 249d is provided so as to extend from the lower region
of the process chamber 201 to a central region of the process chamber 201. The second
assist nozzle 249d is provided with a plurality of gas supply holes 250d. The gas supply

6



10

15

20

25

holes 250d are disposed at positions facing the wafers 200 arranged in the central region
of the boat 217 at heights below the gas supply holes 250c of the first assist nozzle 249¢
and above a plurality of gas supply holes 250e of the third assist nozzle 249e described
later. An opening area of each of the gas supply holes 250d is the same, and each of the
gas supply holes 250d is provided at the same pitch. Therefore, the gas supplied into the
process chamber 201 through the gas supply holes 250d of the second assist nozzle
249d is supplied to the wafers 200 accommodated in the central region of the boat 217.
[0018]

The third assist nozzle 249e is provided so as to extend in the lower region of the
process chamber 201. The third assist nozzle 249e is provided with the gas supply holes
250e. The gas supply holes 250e are disposed at positions facing the wafers 200
arranged in the lower region of the boat 217 at heights below the gas supply holes 250d
of the second assist nozzle 249d. An opening area of each of the gas supply holes 250e
is the same, and each of the gas supply holes 250e is provided at the same pitch.
Therefore, the gas supplied into the process chamber 201 through the gas supply holes
250e of the third assist nozzle 249e is supplied to the wafers 200 accommodated in the
lower region of the boat 217.

[0019]

That is, lengths (heights) of the first assist nozzle 249c, the second assist nozzle
249d and the third assist nozzle 249e in the process chamber 201 are different from one
another, and at least a part of the positions of the gas supply holes 250c through 250e
provided in each assist nozzle in a height direction (positions in the extension direction
of each assist nozzle) are different from one another.

[0020]

Mass flow controllers 241a, 241b, 241c, 241d and 241e serving as flow rate
controllers (flow rate control structures) and valves 243a, 243b, 243c, 243d and 243e
serving as opening/closing valves are sequentially installed at the first gas supply pipe
232a, the second gas supply pipe 232b, the third gas supply pipe 232c, the fourth gas
supply pipe 232d and the fifth gas supply pipe 232e, respectively. Further, a first inert
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gas supply pipe 232f, a second inert gas supply pipe 232g, a third inert gas supply pipe
232h, a fourth inert gas supply pipe 232i and a fifth inert gas supply pipe 232j are
connected to the first gas supply pipe 232a, the second gas supply pipe 232b, the third
gas supply pipe 232c, the fourth gas supply pipe 232d and the fifth gas supply pipe 232e,
respectively. Mass flow controllers 241f, 241g, 241h, 241i and 241j and valves 243f,
243g, 243h, 243i and 243j are sequentially installed at the first inert gas supply pipe
232f, the second inert gas supply pipe 232g, the third inert gas supply pipe 232h, the
fourth inert gas supply pipe 232i and the fifth inert gas supply pipe 232j, respectively.
[0021]

A first gas supplier (which is a first gas supply system) is constituted mainly by
the first gas supply pipe 232a, the MFC 241a and the valve 243a. The first gas supplier
may further include the first nozzle 249a. A first inert gas supplier (which is a first inert
gas supply system) is constituted mainly by the first inert gas supply pipe 232f, the
MEC 241f and the valve 243f.

[0022]

A second gas supplier (which is a second gas supply system) is constituted
mainly by the second gas supply pipe 232b, the MFC 241b and the valve 243b. The
second gas supplier may further include the second nozzle 249b. A second inert gas
supplier (which is a second inert gas supply system) is constituted mainly by the second
inert gas supply pipe 232g, the MFC 241g and the valve 243g.

[0023]

A first assist gas supplier (which is a first assist gas supply system) is
constituted mainly by the third gas supply pipe 232c, the MFC 241c and the valve 243c.
The first assist gas supplier may further include the first assist nozzle 249c. A third inert
gas supplier (which is a third inert gas supply system) is constituted mainly by the third
inert gas supply pipe 232h, the MFC 241h and the valve 243h.

[0024]

A second assist gas supplier (which is a second assist gas supply system) is

constituted mainly by the fourth gas supply pipe 232d, the MFC 241d and the valve
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243d. The second assist gas supplier may further include the second assist nozzle 249d.
A fourth inert gas supplier (which is a fourth inert gas supply system) is constituted
mainly by the fourth inert gas supply pipe 232i, the MFC 2411 and the valve 243i.
[0025]

A third assist gas supplier (which is a third assist gas supply system) is
constituted mainly by the fifth gas supply pipe 232e, the MFC 241e and the valve 243e.
The third assist gas supplier may further include the third assist nozzle 249e. A fifth
inert gas supplier (which is a fifth inert gas supply system) is constituted mainly by the
fifth inert gas supply pipe 232j, the MFC 241j and the valve 243j. Each of the first inert
gas supplier through the fifth inert gas supplier also function as a purge gas supplier
(which is a purge gas supply system).

[0026]

The oxygen-containing gas serving as an oxidizing gas (oxidation gas), for
example, oxygen gas (O gas), is supplied into the process chamber 201 through the first
gas supply pipe 232a provided with the MFC 241a and the valve 243a and the first
nozzle 249a. That is, the first gas supplier is configured as an oxygen-containing gas
supplier (which is an oxygen-containing gas supply system) capable of supplying the
oxygen-containing gas into the process chamber 201. Simultaneously with the supply of
the oxygen-containing gas, an inert gas may be supplied through the first inert gas
supply pipe 232f into the first gas supply pipe 232a.

[0027]

The hydrogen-containing gas serving as a reducing gas, for example, hydrogen
gas (Hz gas), is supplied into the process chamber 201 through the second gas supply
pipe 232b provided with the MFC 241b and the valve 243b and the second nozzle 249b.
That is, the second gas supplier is configured as a hydrogen-containing gas supplier
(which is a hydrogen-containing gas supply system) capable of supplying the hydrogen-
containing gas into the process chamber 201. Simultaneously with the supply of the
hydrogen-containing gas, the inert gas may be supplied through the second inert gas
supply pipe 232g into the second gas supply pipe 232b.
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[0028]

The hydrogen-containing gas serving as the reducing gas, for example, the
hydrogen gas (H: gas), is supplied into the process chamber 201 through each of the
third gas supply pipe 232c, the fourth gas supply pipe 232d and the fifth gas supply pipe
232e via the first assist nozzle 249c, the second assist nozzle 249d and the third assist
nozzle 249e. That is, each of the first assist nozzle 249c, the second assist nozzle 249d
and the third assist nozzle 249e is used as a hydrogen gas nozzle through which the H»
gas is supplied into the process chamber 201. Each of the first assist gas supplier, the
second assist gas supplier and the third assist gas supplier functions as a hydrogen gas
supplier (which is a hydrogen gas supply system).

[0029]

The inert gas, for example, nitrogen gas (N> gas), is supplied into the process
chamber 201 through each of the third inert gas supply pipe 232h, the fourth inert gas
supply pipe 232i and the fifth inert gas supply pipe 232j via the first assist nozzle 249c,
the second assist nozzle 249d and the third assist nozzle 249e. That is, each of the first
assist nozzle 249c, the second assist nozzle 249d and the third assist nozzle 249e is also
used as an inert gas nozzle through which the N> gas is supplied into the process
chamber 201. Each of the first assist gas supplier, the second assist gas supplier and the
third assist gas supplier functions as an inert gas supplier (which is an inert gas supply
system). According to the present embodiments, each of the first assist gas supplier, the
second assist gas supplier and the third assist gas supplier functions as the inert gas
supplier by adjusting a flow rate ratio of the N> gas in the H> gas supplied through the
first assist nozzle 249c, the second assist nozzle 249d and the third assist nozzle 249e.
[0030]

An exhaust pipe 231 through which an inner atmosphere of the process
chamber 201 is exhausted is provided at the lower side wall of the reaction tube 203. A
vacuum pump 246 serving as a vacuum exhaust apparatus is connected to the exhaust
pipe 231 through a pressure sensor 245 and an APC (Automatic Pressure Controller)
valve 244. The pressure sensor 245 serves as a pressure detector (pressure detection
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device) to detect an inner pressure of the process chamber 201, and the APC valve 244
serves as a pressure regulator (pressure adjusting device). An exhauster (which is an
exhaust system) is constituted mainly by the exhaust pipe 231, the APC valve 244 and
the pressure sensor 245. The exhauster may further include the vacuum pump 246. The
exhauster is configured to vacuum-exhaust the inner atmosphere of the process chamber
201 until the inner pressure of the process chamber 201 reaches and is maintained at a
predetermined pressure (vacuum degree) by adjusting an opening degree of the APC
valve 244 based on pressure information detected by the pressure sensor 245 with the
vacuum pump 246 in operation.

[0031]

A seal cap 219 serving as a furnace opening lid capable of airtightly sealing a
lower end opening of the reaction tube 203 is provided under the reaction tube 203. An
O-ring 220 serving as a seal provided on an upper surface of the seal cap 219 so as to be
in contact with the lower end of the reaction tube 203. A rotator 267 configured to rotate
the boat 217 described later serving as a substrate retainer is provided under the seal cap
219 opposite to the process chamber 201. A rotating shaft 255 of the rotator 267 is
connected to the boat 217 through the seal cap 219. As the rotator 267 rotates the boat
217, the wafers 200 supported by the boat 217 are rotated. A boat elevator 115 is
configured to elevate and lower the seal cap 219. When the seal cap 219 is elevated or
lowered by the boat elevator 115, the boat 217 may be transferred (loaded) into the
process chamber 201 or transferred (unloaded) out of the process chamber 201.

[0032]

For example, the boat 217 is made of a heat resistant material such as quartz
and silicon carbide. The boat 217 is configured to support the wafers 200 in a multistage
manner while the wafers 200 are horizontally oriented with their centers aligned with
each other. A heat insulator 218 is provided under the boat 217. For example, the heat
insulator 218 is made of a heat resistant material such as quartz and silicon carbide.
[0033]

As shown in FIG. 2, a temperature sensor 263 serving as a temperature detector
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is provided in the reaction tube 203. The state of electric conduction to the heater 207 is
adjusted based on temperature information detected by the temperature sensor 263 such
that a desired temperature distribution of the inner temperature of the process chamber
201 can be obtained.

[0034]

As shown in FIG. 3, a controller 121 serving as a control device (control
structure) is constituted by a computer including a CPU (Central Processing Unit) 121a,
a RAM (Random Access Memory) 121b, a memory 121c and an I/O port 121d. The
RAM 121b, the memory 121c and the I/O port 121d may exchange data with the CPU
121a through an internal bus 121e. For example, an input/output device 122 such as a
touch panel is connected to the controller 121.

[0035]

The memory 121c is configured by components such as a flash memory and a
hard disk drive (HDD). For example, a control program configured to control the
operation of the substrate processing apparatus or a process recipe containing
information on the sequences and conditions of a substrate processing such as a film-
forming process described later is readably stored in the memory 121c. The process
recipe is obtained by combining steps of the substrate processing such as the film-
forming process described later such that the controller 121 can execute the steps to
acquire a predetermine result, and functions as a program. Hereafter, the process recipe
and the control program may be collectively or individually referred to as a “program”.
In the present specification, the term “program” may indicate the process recipe alone,
may indicate the control program alone, or may indicate both of the process recipe and
the control program. The RAM 121b functions as a memory area (work area) where a
program or data read by the CPU 121a is temporarily stored.

[0036]

The I/0 port 121d is connected to the above-described components such as the
MFCs 241a through 241j, the valves 243a through 243j, the pressure sensor 245, the
APC valve 244, the vacuum pump 246, the heater 207, the temperature sensor 263, the
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rotator 267 and the boat elevator 115.
[0037]

The CPU 121a is configured to read the control program from the memory 121c
and execute the read control program. In addition, the CPU 121a is configured to read
the process recipe from the memory 121c in accordance with an operation command
inputted from the input/output device 122. According to the contents of the read process
recipe, the CPU 121a may be configured to control various operations such as flow rate
adjusting operations for various gases by the MFCs 241a through 241j, opening/closing
operations of the valves 243a through 243j, an opening and closing operation of the
APC valve 244, a pressure adjusting operation by the APC valve 244 based on the
pressure sensor 245, a temperature adjusting operation of the heater 207 based on the
temperature sensor 263, a start and stop of the vacuum pump 246, an operation of
adjusting a rotation and a rotation speed of the boat 217 by the rotator 267 and an
elevating and lowering operation of the boat 217 by the boat elevator 115.

[0038]

The controller 121 is not limited to a dedicated computer. The controller 121
may be constituted by a general-purpose computer. For example, the controller 121
according to the present embodiments may be embodied by preparing an external
memory 123 storing the program described above and by installing the program onto
the general-purpose computer using the external memory 123. For example, the external
memory 123 may include a magnetic tape, a magnetic disk such as a flexible disk and a
hard disk, an optical disk such as a CD and a DVD, a magneto-optical disk such as an
MO and a semiconductor memory such as a USB memory and a memory card. The
means for providing the program to the computer (general-purpose computer) is not
limited to the external memory 123. For example, the program may be supplied to the
computer using a communication means such as the Internet and a dedicated line
without using the external memory 123. The memory 121c or the external memory 123
may be embodied by a non-transitory computer readable recording medium. Hereafter,
the memory 121c and the external memory 123 are collectively or individually referred
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to as recording medium. In the present specification, the term “recording medium” may
indicate the memory 121c alone, may indicate the external memory 123 alone, or may
indicate both of the memory 121c¢ and the external memory 123.

[0039]

(2) Substrate Processing

Hereinafter, as a part of the manufacturing process of the semiconductor device,
an example of the substrate processing of forming a silicon oxide film (SiO film) by
oxidizing a surface of the wafer 200 on which a silicon film (Si film) serving as a
silicon-containing film is formed using the process furnace 202 of the substrate
processing apparatus will be described. Hereinafter, operations of the components
constituting the substrate processing apparatus are controlled by the controller 121. In
the present specification, the term “a surface of a wafer” may refer to “a surface of a
wafer itself” or may refer to “a surface of a predetermined layer or a film formed on a
wafer”. In the present specification, the terms “substrate” and “wafer” may be used as
substantially the same meaning. That is, the term “wafer” may be substituted by
“substrate” and vice versa.

[0040]

A film-forming sequence according to the present embodiments will be
described in detail with reference to FIG. 4. FIG. 4 is a timing diagram schematically
illustrating a gas supply in the film-forming sequence according to the present
embodiments.

[0041]

According to the present embodiments, the film-forming sequence of the SiO
film will be described by way of an example in which a first step of forming a silicon
oxide layer (SiO layer) (that is, a silicon oxide layer 300b) serving as a first oxide layer
by supplying the O gas (which serves as the oxygen-containing gas) and the H» gas
(which serves as the hydrogen-containing gas) to the heated wafer 200 in the process
chamber 201 (which serves as the process vessel) under an atmosphere of a first
pressure less than an atmospheric pressure and by oxidizing the surface of the wafer 200
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on which the Si film (which serves as the silicon-containing film) is formed; and a
second step of forming a silicon oxide layer (SiO layer) (that is, a silicon oxide layer
300c) serving as a second oxide layer by supplying the O, gas (which serves as the
oxygen-containing gas) and the H> gas (which serves as the hydrogen-containing gas) to
the heated wafer 200 in the process chamber 201 (which serves as the process vessel)
under an atmosphere of a second pressure less than the atmospheric pressure and
different from the first pressure and by oxidizing the surface of the wafer 200 on which
the SiO layer 300b is formed are preformed. According to the present embodiments, the
Si0 layer 300c constitutes the SiO film formed in the film-forming sequence.

[0042]

According to the present embodiments, the film-forming sequence of the SiO
film will be described by way of an example in which, before the first step, an initial
step of forming a silicon oxide layer (SiO layer) (that is, a silicon oxide layer 300a)
serving as an initial oxide layer by supplying the O> gas (which serves as the oxygen-
containing gas) to the heated wafer 200 in the process chamber 201 (which serves as the
process vessel) and by oxidizing the surface of the wafer 200 on which the Si film is
formed is performed.

[0043]

<Wafer Charging Step and Boat Loading Step>

After the wafers 200 are transferred into the boat 217 (wafer charging step), the
lower end opening of the reaction tube 203 is opened. Then, as shown in FIG. 1, the
boat 217 charged with the wafers 200 is elevated by the boat elevator 115 and
transferred into the process chamber 201 in which the wafers 200 are accommodated
(boat loading step). With the boat 217 loaded, the seal cap 219 seals the lower end of
the reaction tube 203.

[0044]

<Pressure Adjusting Step and Temperature Adjusting Step>

The vacuum pump 246 vacuum-exhausts the inner atmosphere of the process
chamber 201. When the vacuum pump 246 vacuum-exhausts the inner atmosphere of
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the process chamber 201, the inner pressure of the process chamber 201 is measured by
the pressure sensor 245, and the APC valve 244 is feedback-controlled based on the
measured pressure information such that the inner pressure of the process chamber 201
reaches and is maintained at a desired pressure (pressure adjusting step). The vacuum
pump 246 continuously vacuum-exhausts the inner atmosphere of the process chamber
201 until at least a processing of the wafer 200 is completed. The heater 207 heats the
process chamber 201 until the inner temperature of the process chamber 201 reaches
and is maintained at a desired temperature. When the heater 207 heats the process
chamber 201, the state of the electric conduction to the heater 207 is feedback-
controlled based on the temperature information detected by the temperature sensor 263
such that a desired temperature distribution of the inner temperature of the process
chamber 201 can be obtained (temperature adjusting step). Thereby, the wafer 200 is
heated to the desired temperature. The heater 207 continuously heats the process
chamber 201 until at least the processing of the wafer 200 is completed. Then, the
rotator 267 rotates the boat 217 and the wafers 200. The rotator 267 continuously rotates
the boat 217 and the wafers 200 until at least the processing of the wafer 200 is
completed.
[0045]

<Initial Step (Initial Oxide Layer Forming Step)>

First, as a pre-processing, the SiO layer 300a serving as the initial oxide layer is
formed on the surface of the wafer 200.
[0046]

The valve 243a of the first gas supply pipe 232a is opened to supply the O; gas
serving as the oxygen-containing gas into the first gas supply pipe 232a. A flow rate of
the O> gas supplied through the first gas supply pipe 232a is adjusted by the MFC 241a.
The O> gas whose flow rate is adjusted is supplied into the process chamber 201
through the gas supply holes 250a of the first nozzle 249a, and is exhausted through the
exhaust pipe 231. Thereby, the O2 gas is supplied to the heated wafer 200. According to
the present embodiments, a gas substantially free of hydrogen is used as the oxygen-
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containing gas. It is particularly preferable that the O> gas alone is supplied into the
process chamber 201 as the oxygen-containing gas. That is, the oxygen-containing gas
in the initial step is the O, gas free of hydrogen.

[0047]

In the initial step, the valve 243f of the first inert gas supply pipe 232f may be
opened to supply the inert gas such as the N> gas serving as a carrier gas of the oxygen-
containing gas through the first inert gas supply pipe 232f. A flow rate of the N> gas
supplied through the first inert gas supply pipe 232f is adjusted by the MFC 241f. The
N> gas whose flow rate is adjusted is supplied into the first gas supply pipe 232a. The
N> gas whose flow rate is adjusted is mixed with the O2 gas in the first gas supply pipe
232a. The N> gas mixed with the O gas is supplied into the process chamber 201 in a
heated and decompressed state through the first nozzle 249a, and is exhausted through
the exhaust pipe 231. In the initial step, in order to prevent the O, from entering the
second gas supply pipe 232b through the fifth gas supply pipe 232e, the valves 243g
through 243j may be opened to supply the N> gas into the second inert gas supply pipe
232g, the third inert gas supply pipe 232h, the fourth inert gas supply pipe 232i and the
fifth inert gas supply pipe 232j.

[0048]

In the initial step, by controlling the opening degree of the APC valve 244, for
example, the inner pressure of the process chamber 201 may be set to a pressure within
a range from 1 Pa to 1,330 Pa, preferably 20 Pa to 133 Pa. For example, the inner
pressure of the process chamber 201 is set to 73 Pa. In the present specification, a
notation of a numerical range such as “from 1 Pa to 1,330 Pa” means that a lower limit
and an upper limit are included in the numerical range. Therefore, for example, the
numerical range “from 1 Pa to 1,330 Pa” means a range equal to or higher than 1 Pa and
equal to or lower than 1,330 Pa. The same also applies to other numerical ranges
described herein. For example, a supply flow rate of the O> gas adjusted by the MFC
241a may be set to a flow rate within a range from 0.01 slm to 20.0 slm. For example,
the supply flow rate of the O> gas is set to 8.7 slm. For example, a supply flow rate of
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the N> gas adjusted by the MFC 241f may be set to a flow rate within a range from 0.0
slm to 40.0 slm. For example, the supply flow rate of the N> gas is set to 1.0 slm. For
example, a time duration of supplying the O2 gas to the wafer 200 (that is, a gas supply
time) may be set to a time duration within a range from 10 seconds to 600 seconds. For
example, the time duration of supplying the O> gas is set to 180 seconds. In the initial
step, a temperature of the heater 207 may be set such that, for example, a temperature of
the wafer 200 may be within a range from 400 °C to 1,000 °C. For example, the
temperature of the heater 207 is set such that the temperature of the wafer 200 reaches
and is maintained at 630 °C.

[0049]

By performing the initial step, the Si film on the wafer 200 is oxidized from the
surface thereof, and as shown in FIG. 5(A), for example, the SiO layer 300a serving as
the initial oxide layer (which is a base oxide layer) and whose thickness is within a
range from 0.1 nm to 2.0 nm is formed on the surface of the wafer 200. For example,
the SiO layer 300a whose thickness is 1.0 nm is formed on the surface of the wafer 200.
It is preferable that a film-forming rate (oxidation rate) of forming the initial oxide layer
in the initial step is slower (lower) than a film-forming rate (oxidation rate) of forming
each of the SiO layers in the first step and the second step described later. It is
preferable that the film-forming rate in the initial step is 1 A / min or less. By forming
the oxide layer (that is, the initial oxide layer) at a sufficiently low oxidation rate in the
initial step as describe above, it is possible to easily control a thickness distribution
(particularly, a thickness uniformity on the surface of the same wafer 200) of each of the
SiO layers in the first step and the second step to be performed later.

[0050]

<First Step (First Oxide Layer Forming Step)>

Subsequently, the SiO layer 300b serving as the first oxide layer is formed on
the surface of the wafer 200 on which the initial oxide layer (that is, the Si0 layer 300a)
is formed by the initial step.

[0051]
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<Low Pressure Oxidation Process>

While the O gas and the N> gas are continuously supplied through the first
nozzle 249a, the controller 121 controls the APC valve 244 such that the inner pressure
of the process chamber 201 reaches and is maintained at a predetermined pressure less
than the atmospheric pressure (101.3 kPa). In the low pressure oxidation process, the
valve 243b of the second gas supply pipe 232b is opened to supply the H> gas serving as
the hydrogen-containing gas into the second gas supply pipe 232b. A flow rate of the H»
gas supplied through the second gas supply pipe 232b is adjusted by the MFC 241b.
The H> gas whose flow rate is adjusted is supplied into the process chamber 201
through the gas supply holes 250b of the second nozzle 249b, and is exhausted through
the exhaust pipe 231. In the low pressure oxidation process, the O> gas serving as the
oxygen-containing gas, the H> gas and the N> gas serving as the carrier gas are supplied
from an outer periphery of the heated wafer 200 toward a center of the heated wafer 200.
In the low pressure oxidation process, a concentration ratio of the O» gas and the H» gas
in the process chamber 201 (that is, a flow rate ratio of the O, gas and the H> gas
supplied into the process chamber 201) is set (adjusted) to a predetermined
concentration ratio within a range from 80 : 20 to 35 : 65.

[0052]

According to the present embodiments, in the low pressure oxidation process,
the valve 243g of the second inert gas supply pipe 232g may be opened to supply the
inert gas such as the N> gas serving as a carrier gas of the H» gas through the second
inert gas supply pipe 232g. A flow rate of the N2 gas supplied through the second inert
gas supply pipe 232g is adjusted by the MFC 241g. The N> gas whose flow rate is
adjusted is supplied into the second gas supply pipe 232b. The N> gas whose flow rate is
adjusted is mixed with the H> gas in the second gas supply pipe 232b. The N2 gas mixed
with the H» gas is supplied to the wafer 200 from the outer periphery thereof toward the
center thereof through the second nozzle 249b.

[0053]
<Assist H» Gas Supply Step>
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According to the present embodiments, in the low pressure oxidation process,
the H» gas is supplied through the third gas supply pipe 232c, the fourth gas supply pipe
232d and the fifth gas supply pipe 232e (the H> gas supplied through the third gas
supply pipe 232c, the fourth gas supply pipe 232d and the fifth gas supply pipe 232e
may also be referred to as “assist H> gas”). The assist Ho gas is supplied to the wafer
200 from the outer periphery thereof toward the center thereof through the first assist
nozzle 249c, the second assist nozzle 249d and the third assist nozzle 249e.

[0054]

In the assist H> gas supply step, the assist H> gas may be used to appropriately
adjust a film-forming distribution of the SiO layer formed on the surface of the wafer
200 in the first step and the second step described later. For example, a flow rate of the
assist H> gas may be adjusted. Specifically, by adjusting the flow rate of the assist H>
gas supplied through the first assist nozzle 249c, the second assist nozzle 249d and the
third assist nozzle 249e, it is possible to finely adjust a distribution of a concentration of
the H> gas (in particular, a concentration ratio of the H> gas with the Oz gas) in a
direction parallel to the surface of the wafer 200 (that is, the horizontal direction).
Further, since the positions of the gas supply holes 250c through 250e provided in each
assist nozzle in the height direction are different from one another, by adjusting the flow
rate of the assist H> gas supplied through each assist nozzle, it is possible to finely
adjust the distribution of the concentration of the H» gas (in particular, the concentration
ratio of the H> gas with the Oz gas) in the direction in which the wafers 200 are arranged
(that is, the vertical direction).

[0055]

As described above, by finely adjusting the distribution of the concentration of
the H> gas (in particular, the concentration ratio of the H> gas with the Oz gas), it is
possible to adjust an oxidation rate distribution (the film-forming distribution of the SiO
layer) on the surface of the wafer 200 and between the wafers 200 to be closer to a
desired distribution.

[0056]
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<Assist N> Gas Supply Step>

In the low pressure oxidation process, the valves 243h, 243i and 243j may be
opened to supply the N2 gas serving the inert gas through the third gas supply pipe 232c,
the fourth gas supply pipe 232d and the fifth gas supply pipe 232e (the N> gas supplied
through the third gas supply pipe 232c, the fourth gas supply pipe 232d and the fifth gas
supply pipe 232e may also be referred to as “assist N> gas”). The assist N2 gas is mixed
with the H> gas in each of the third gas supply pipe 232c, the fourth gas supply pipe
232d and the fifth gas supply pipe 232e. The N> gas mixed with the H» gas is supplied
to the wafer 200 accommodated in the process chamber 201 from the outer periphery of
the wafer 200 toward the center of the wafer 200 through the first assist nozzle 249c, the
second assist nozzle 249d and the third assist nozzle 249e.

[0057]

In the first step, by controlling the opening degree of the APC valve 244, for
example, the inner pressure of the process chamber 201 is set to the first pressure
(which is less than the atmospheric pressure) within a range from 1 Pa to 665 Pa. For
example, the first pressure is 532 Pa. For example, the supply flow rate of the O> gas
adjusted by the MFC 241a may be set to a flow rate within a range from 0.1 slm to 20.0
slm. For example, the supply flow rate of the O, gas is set to 10.0 slm. For example, the
supply flow rate of the N> gas adjusted by the MFC 241f may be set to a flow rate
within a range from 0.0 sIm to 40.0 sIlm. For example, the supply flow rate of the N> gas
adjusted by the MFC 241f is set to 19.0 slm. For example, the supply flow rate of the H>
gas adjusted by the MFC 241b may be set to a flow rate within a range from 0.1 slm to
10.0 slm. For example, the supply flow rate of the H> gas adjusted by the MFC 241b is
set to 3.0 slm. For example, the supply flow rate of the N> gas adjusted by the MFC
241g may be set to a flow rate within a range from 0.0 slm to 40.0 slm. For example, the
supply flow rate of the N> gas adjusted by the MFC 241g is set to 1.5 slm. For example,
a time duration of supplying the H> gas and the O> gas to the wafer 200 (that is, a gas
supply time) may be set to a time duration within a range from 0.1 minutes to 300
minutes. For example, the time duration of supplying the H gas and the O, gas is set to
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28.25 minutes. In the first step, the temperature of the heater 207 may be set such that,
for example, the temperature of the wafer 200 may be within a range from 400 °C to
1,000 °C. For example, the temperature of the heater 207 is set such that the
temperature of the wafer 200 reaches and is maintained at 630 °C. For example, the
supply flow rate of the H> gas adjusted by each of the MFCs 241c through 241e may be
set to a flow rate within a range from 0.0 slm to 10.0 sIlm. For example, the supply flow
rate of the Hz gas adjusted by each of the MFCs 241c through 241e is set to 0.3 slm. For
example, the supply flow rate of the N> gas adjusted by each of the MFCs 241h through
241j may be set to a flow rate within a range from 0.0 slm to 40.0 slm. For example, the
supply flow rate of the N> gas adjusted by each of the MFCs 241h through 241j is set to
3.0 slm.

[0058]

In the first step, by supplying the O: gas and the H> gas into the process
chamber 201 according to the above-described processing conditions, the O> gas and the
H> gas are thermally activated under a non-plasma state and react with each other.
Thereby, an oxidizing species containing oxygen such as atomic oxygen (O) and free of
water vapor (H20) is generated. Then, by oxidizing the surface of the wafer 200 on
which the initial oxide layer (that is, the SiO layer 300a) is formed mainly by the
oxidizing species, the SiO layer 300b serving as the first oxide layer is formed.
According to the present embodiments, the SiO layer 300b serving as the first oxide
layer refers to the SiO layer formed on the surface of the wafer 200 by performing the
first step. Therefore, according to the present embodiments, the SiO layer 300b includes
the oxide layer (that is, the SiO layer 300a) formed by performing the initial oxide layer
forming step. Further, when the initial oxide layer forming step is omitted and the first
step alone is performed, the oxide layer formed by the first step alone may be referred to
as the first oxide layer.

[0059]

According to the present embodiments, the inner pressure of the process

chamber 201 (that is, the first pressure) in the first step is adjusted to be different from
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the inner pressure of the process chamber 201 (that is, the second pressure) in the
second step. By setting a process pressure in the first step as described above, it is
possible to set a deviation of the oxidation rate distribution in a radial direction between
an outer peripheral portion (in the vicinity of the outer periphery) of the wafer 200 and a
central portion of the wafer 200 in the first step different from that in the second step.
[0060]

According to the present embodiments, the first pressure in the first step is
adjusted to be lower than the second pressure. By setting the process pressure in the first
step as described above, the gas may easily reach the center of the wafer 200 as
compared with the second step, and an oxidation reaction may be likely to occur at the
center of the wafer 200. Therefore, the oxidation rate in the central portion of the wafer
200 on the surface of the wafer 200 in the first step is higher than that in the second step,
and the oxidation rate in the outer peripheral portion of the wafer 200 on the surface of
the wafer 200 in the first step is lower than that in the second step.

[0061]

According to the present embodiments, the first pressure in the first step is
adjusted (set) such that the oxidation rate increases from the outer peripheral portion
toward the central portion in the radial direction of the wafer 200 (that is, the deviation
of the oxidation rate distribution occurs in a convex shape in the radial direction). As a
result, as shown in FIG. 5(B), the SiO layer 300b is formed such that the thickness of
the SiO layer 300b in the central portion of the wafer 200 is greater than the thickness of
the SiO layer 300b in the outer peripheral portion of the wafer 200, and the thickness
distribution is of a convex shape on the surface of the wafer 200.

[0062]

<Second Step (Second Oxide Layer Forming Step)>

Subsequently, the SiO layer 300c serving as the second oxide layer is formed
on the surface of the wafer 200 on which the first oxide layer (that is, the SiO layer
300b) is formed by the first step.

[0063]
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<High Pressure Oxidation Process>

While the O gas and the N> gas are continuously supplied through the first
nozzle 249a, the H> gas and the N> gas are continuously supplied through the second
nozzle 249b and the H> gas and the N2 gas through the first assist nozzle 249c, the
second assist nozzle 249d and the third assist nozzle 249e, the controller 121 controls
the APC valve 244 such that the inner pressure of the process chamber 201 reaches and
is maintained at a predetermined pressure less than the atmospheric pressure and greater
that the first pressure. Similar to the first step, in the high pressure oxidation process, the
O gas, the H> gas and the N> gas are supplied from the outer periphery of the wafer 200
toward the center of the wafer 200. In the high pressure oxidation process, the
concentration ratio of the O» gas and the H» gas in the process chamber 201 is set
(adjusted) to a predetermined concentration ratio within a range from 80 : 20 to 35 : 65.
Similar to the first step, in the high pressure oxidation process, each of the assist H, gas
and the assist N2 gas may be used to appropriately adjust the film-forming distribution
of the SiO layer formed on the surface of the wafer 200.

[0064]

In the second step, by controlling the opening degree of the APC valve 244, for
example, the inner pressure of the process chamber 201 is set to the second pressure
(which is less than the atmospheric pressure and different from the first pressure) within
a range from 399 Pa to 13,300 Pa. For example, the second pressure is 665Pa. For
example, the supply flow rate of the Oz gas adjusted by the MFC 241a may be set to a
flow rate within a range from 0.1 slm to 20.0 sIlm. For example, the supply flow rate of
the O gas is set to 10.0 slm. For example, the supply flow rate of the N> gas adjusted by
the MFC 241f may be set to a flow rate within a range from 0.0 slm to 40.0 slm. For
example, the supply flow rate of the N> gas adjusted by the MFC 241f is set to 3.0 slm.
That is, the supply flow rate of the N gas adjusted by the MFC 241f is changed from
the supply flow rate of the N> gas adjusted by the MFC 241f in the first step.
Specifically, the supply flow rate of the N2 gas adjusted by the MFC 241f is set to be
smaller than the supply flow rate of the N> gas adjusted by the MFC 241f in the first
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step. For example, the supply flow rate of the H, gas adjusted by the MFC 241b may be
set to a flow rate within a range from 0.1 slm to 10.0 slm. For example, the supply flow
rate of the H> gas adjusted by the MFC 241b is set to 3.0 slm. For example, the supply
flow rate of the N> gas adjusted by the MFC 241g may be set to a flow rate within a
range from 0.1 slm to 40.0 sIlm. For example, the supply flow rate of the N> gas adjusted
by the MFC 241g is set to 1.5 slm. For example, a time duration of supplying the H> gas
and the O; gas to the wafer 200 (that is, a gas supply time) may be set to a time duration
within a range from 0.1 minute to 300 minutes. For example, the time duration of
supplying the H> gas and the O; gas is set to 11.75 minutes. In the second step, the
temperature of the heater 207 may be set such that, for example, the temperature of the
wafer 200 may be within a range from 400 °C to 1,000 °C. For example, the
temperature of the heater 207 is set such that the temperature of the wafer 200 reaches
and is maintained at 630 °C. For example, the supply flow rate of the H> gas adjusted by
each of the MFCs 241c through 241e may be set to a flow rate within a range from 0.1
slm to 10.0 slm. For example, the supply flow rate of the H> gas adjusted by each of the
MFCs 241c through 241e is set to 0.3 slm. For example, the supply flow rate of the N»
gas adjusted by each of the MFCs 241h through 241j may be set to a flow rate within a
range from 0.1 slm to 40.0 slm. For example, the supply flow rate of the N> gas adjusted
by each of the MFCs 241h through 241j is set to 3.0 slm.

[0065]

In the second step, by supplying the O gas and the H> gas into the process
chamber 201 according to the above-described processing conditions, the O2 gas and the
H> gas are thermally activated under the non-plasma state and react with each other.
Then, by oxidizing the surface of the wafer 200 on which the SiO layer 300b is formed
mainly by the oxidizing species, the SiO layer 300c (which serves as the second oxide
layer) formed so as to increase the thickness of the SiO layer 300b is formed.

[0066]
According to the present embodiments, in the second step, as described above,

the second pressure is adjusted to be different from the first pressure. By setting a
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process pressure in the second step different from that in the first step as described
above, it is possible to adjust a probability (of being easy or hard to reach) that the
oxidizing gas such as the O gas reaches the central portion from the outer periphery of
the wafer 200 for each of the first step and the second step. That is, by setting the
process pressure different for each of the first step and the second step, it is possible to
set the deviation of the oxidation rate distribution in the radial direction between the
outer peripheral portion of the wafer 200 and the central portion of the wafer 200 in the
second step different from that in the first step.

[0067]

According to the present embodiments, the second pressure in the second step
is adjusted to be higher than the first pressure. By setting the process pressure in the
second step as described above, the gas may be less likely to reach the center of the
wafer 200 as compared with the first step, and the oxidation reaction may be likely to
occur at the outer peripheral portion of the wafer 200 (which is an upstream side in
reference to a direction of a gas flow). Therefore, the oxidation rate in the central
portion of the wafer 200 on the surface of the wafer 200 in the second step can be set to
be lower than that in the first step, and the oxidation rate in the outer peripheral portion
of the wafer 200 on the surface of the wafer 200 in the second step can be set to be
higher than that in the first step.

[0068]

As described above, by performing the first step and the second step whose
oxidation rate distributions in the radial direction of the wafer 200 are different, it is
possible to adjust a thickness distribution of the SiO layer 300c in the radial direction of
the wafer 200 to be closer to a desired distribution. That is, it is possible to improve a
controllability of the thickness distribution of the SiO layer 300c on the surface of the
wafer 200.

[0069]

According to the present embodiments, the second pressure in the second step

is adjusted (set) such that the oxidation rate decreases from the outer peripheral portion
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toward the central portion in the radial direction of the wafer 200 (that is, the deviation
of the oxidation rate distribution occurs in a concave shape in the radial direction).
When the second step alone is performed without performing the first step, the SiO
layer 300c is formed by the second step such that the thickness of the SiO layer 300c in
the outer peripheral portion of the wafer 200 is greater than the thickness of the SiO
layer 300c in the central portion of the wafer 200, and the thickness distribution is of a
concave shape on the surface of the wafer 200.

[0070]

According to the present embodiments, in the first step, the SiO layer 300b is
formed such that the thickness distribution on the surface of the wafer 200 is of a
convex shape. Therefore, by performing the second step, it is possible to adjust the
thickness distribution of the SiO layer 300c on the surface of the wafer 200 to be closer
to a uniform distribution as shown in FIG. 5(C). That is, by performing a combination
of the first step in which the oxidation rate in the central portion of the wafer 200 is
higher than that in the outer peripheral portion of the wafer 200 and the second step in
which the oxidation rate in the outer peripheral portion of the wafer 200 is higher than
that in the central portion of the wafer 200, it is possible to compensate the non-uniform
distribution of the oxidation rate in the first step by the non-uniform distribution of the
oxidation rate in the second step. As a result, it is possible to form the SiO layer 300c
whose thickness uniformity on the surface of the wafer 200 is excellent.

[0071]

In addition, by decreasing the supply flow rate of the N> gas supplied through
the first nozzle 249a and the second nozzle 249b in the second step as compared with
the first step, it is possible to set the oxidation rate of forming the SiO layer 300c such
that the oxidation rate in the central portion of the wafer 200 is further lower than that in
the outer peripheral portion of the wafer 200. That is, in the second step, by decreasing
the supply flow rate of the N> gas serving as the carrier gas, it is possible to adjust the
oxidation rate such that the oxidation rate distribution of the concave shape in the radial
direction of the wafer 200 is further strengthened.
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[0072]

In addition, by increasing the supply flow rate of the N> gas supplied through
the first nozzle 249a and the second nozzle 249b in the first step, it is possible to set the
oxidation rate of forming the SiO layer 300b such that the oxidation rate in the central
portion of the wafer 200 is further higher than that in the outer peripheral portion of the
wafer 200. That is, in the first step, by increasing the supply flow rate of the N> gas
serving as the carrier gas, it is possible to adjust the oxidation rate of forming the SiO
layer 300b such that the oxidation rate distribution of the convex shape in the radial
direction of the wafer 200 is further strengthened.

[0073]

Then, the valve 243a of the first gas supply pipe 232a, the valve 243b of the
second gas supply pipe 232b and the valves 243c, 243d and 243e of the third gas supply
pipe 232c, the fourth gas supply pipe 232d and the fifth gas supply pipe 232e are closed
to stop the supply of the O> gas and the supply of the H, gas. When stopping the supply
of the Oz gas and the supply of the H» gas, with the APC valve 244 open, the vacuum
pump 246 vacuum-exhausts the inner atmosphere of the process chamber 201 to remove
the O> gas and the H> gas which did not react or which contributed to the formation of
the SiO layer from the process chamber 201 (residual gas removing step).

[0074]

<Purge Step and Returning to Atmospheric Pressure Step>

With the valves 243f through 243j open, the N> gas serving as the inert gas is
supplied into the process chamber 201 through each of the first inert gas supply pipe
232f, the second inert gas supply pipe 232g, the third inert gas supply pipe 232h, the
fourth inert gas supply pipe 232i and the fifth inert gas supply pipe 232j, and is
exhausted through the exhaust pipe 231. The N> gas serves as the purge gas, and the O>
gas and the H> gas remaining in the process chamber 201 are removed from the process
chamber 201 (purge step). Thereafter, the inner atmosphere of the process chamber 201
is replaced with the inert gas, and the inner pressure of the process chamber 201 is
returned to the normal pressure (atmospheric pressure) (returning to the atmospheric
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pressure step).
[0075]

<Boat Unloading Step and Wafer Discharging Step>

Thereafter, by lowering the boat 217 by the boat elevator 115, the processed
wafers 200 supported by the boat 217 are unloaded out of the reaction tube 203 through
the lower end of the reaction tube 203 (boat unloading step). Then, the processed wafers
200 are transferred (discharged) from the boat 217 (wafer discharging step).
[0076]

(3) Relationship between Process Time and Oxidation Rate

Subsequently, the oxidation rate when the SiO film is formed on the surface of
the wafer by using the H» gas and the O2 gas as in the first step and the second step will
be described. FIG. 6 is a diagram schematically illustrating a relationship between an
oxidation process time of Hz gas and Oz by supplying the H> gas and the Oz gas and a
thickness of the SiO film formed on the surface of the wafer when the SiO film is
formed using the H> gas and the O2 gas at the temperature of the wafer of 600 °C.

[0077]

As shown in FIG. 6, when the SiO film is formed on the surface of the wafer
using the H> gas and the O> gas, it is confirmed that the oxidation rate is particularly
high immediately after the H> gas and the O gas are supplied. That is, in an initial stage
immediately after the H> gas and the O> gas are supplied, the oxidation rate is high and
the SiO film is rapidly formed in a short time. Thus, it may be difficult to control the
film-forming distribution on the surface of the wafer and the film-forming distribution
between the wafers. Therefore, as in the initial step of the present embodiments, by
forming the initial oxide layer whose thickness uniformity on the surface of the wafer is
high in advance by performing the oxidation process whose oxidation rate is low using
the O> gas in the initial stage of forming the SiO film, it is possible to avoid the
occurrence of the extreme deviation of the oxidation rate distribution that occurs
remarkably in initial stages of the first step and the second step to be performed later,
and it is also possible to improve the controllability of the thickness distribution of the
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Si0 layer (in particular, the thickness uniformity on the surface of the wafer).
[0078]

(4) Relationship between Concentration Ratio of H> Gas and Oxidation Rate

Subsequently, a relationship between the ratio of the H> gas in the H> gas and
the O, gas and the film-forming rate (oxidation rate) will be described. FIG. 7
schematically illustrates results of an experiment that the film-forming rate of the SiO
film is obtained (under a plurality of conditions in which the ratio of the H> gas in the
H> gas and the O, gas is different) by forming the SiO film by repeatedly and alternately
performing a step of supplying hexachlorodisilane gas (Si2Cls gas) serving as a silicon
(S1) source gas to the surface of the wafer and a step of performing the oxidation
process using the H> gas and the O; gas. That is, in FIG. 7, the higher the film-forming
rate, the higher the oxidation rate. Concentrations of the H> gas at plot points in FIG. 7
indicate 2.0 %, 18.4 %, 80.0 % and 97.4 %, respectively.

[0079]

As shown in FIG. 7, it is possible to control the film-forming rate of the SiO
film formed on the surface of the wafer by changing the ratio (concentration ratio) of
the flow rate of the H» gas to a total flow rate of the H> gas and the O gas. Specifically,
it is possible to increase the oxidation rate by setting the concentration ratio of the O2
gas to the H> gas to a predetermined value within a range from 80 : 20 to 35 : 65. In
addition, it is possible to decrease the oxidation rate by setting the concentration ratio of
the O2 gas to the H> gas to a predetermined value other than the range from 80 : 20 to
35:65.

[0080]

(5) Pressure Dependence of Thickness Distribution of Film

Subsequently, a pressure dependence of the thickness distribution of the SiO
film will be described. FIG. 8 is a diagram schematically illustrating a relationship
between the inner pressure of the process chamber 201 and the thickness uniformity on
the surface of the wafer when the concentration ratio of the Oz gas and the H> gas is
33 %. In FIG. 8, “0” on a vertical axis indicates that the SiO film of a flat shape is
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formed on the surface of the wafer, values (positive values) greater than O on the
vertical axis indicates that the SiO film of a convex shape is formed on the surface of
the wafer, and values (negative values) smaller than O on the vertical axis indicates that
the SiO film of a concave shape is formed on the surface of the wafer. As the wafer, a
bare wafer with no pattern formed on the surface thereof is used.

[0081]

As shown in FIG. 8, when the process conditions other than the pressure are the
same, it is confirmed that, as the inner pressure of the process chamber 201 increases,
the tendency for a concave film to be formed on the surface of the wafer becomes
stronger. It is presumed that such a phenomenon occurs because a probability of the gas
reaching the center of the wafer increases in a low pressure condition by decreasing the
number of molecules in the process chamber 201 and increasing a mean free path length
of the gas, and the probability of the gas reaching the center of the wafer decreases in a
high pressure condition by increasing the number of the molecules in the process
chamber 201 and decreasing the mean free path length of the gas.

[0082]

(6) Other Embodiments

While the embodiments described above are described by way of an example in
which the first step and the second step are performed in the order described above, the
technique of the present disclosure is not limited thereto. For example, the second step
may be performed first to form the SiO layer of a concave shape on the surface of the
wafer 200, and then the first step may be performed to adjust the thickness distribution
on the surface of the wafer 200 so as to compensate for the thickness distribution of a
concave shape.

[0083]

While the embodiments described above are described by way of an example in
which the O gas is used in the initial step, the technique of the present disclosure is not
limited thereto. For example, the initial oxide layer may be formed by using the O> gas
and the H> gas in the initial step. In such a case, the concentration ratio of the O, gas
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and the H> gas in the process chamber 201 is set to a predetermined value other than the
range from 80 : 20 to 35 : 65. That is, the concentration ratio of the O gas and the H»
gas in the process chamber 201 is set to a ratio within a region of a low oxidation rate,
preferably a region of the oxidation rate of 1 A / min or less.

[0084]

While the embodiments described above are described by way of the example
in which the O, gas is used in the initial step, the technique of the present disclosure is
not limited thereto. Preferably, a film-forming gas whose oxidation rate is within a
region of 1 A / min or less may be used. For example, when the film-forming gas such
as ozone (O3) is used, it is possible to decrease the oxidation rate, and it is also possible
to obtain the effects described above in the same manner.

[0085]

While the embodiments described above are described by way of an example in
which the SiO layer is formed on the surface of the wafer on which the silicon-
containing film is formed, the technique of the present disclosure is not limited thereto.
For example, the above-described technique may also be applied when an oxide layer is
formed on a surface of a wafer on which a metal-containing film is formed.

[0086]

While the embodiments described above are described by way of an example in
which the O> gas and the H» gas are separately supplied through the first nozzle 249a
and the second nozzle 249b, respectively, the technique of the present disclosure is not
limited thereto. For example, a mixed gas of the O> gas and the H> gas may be supplied
through the same nozzle.

[0087]

While the embodiments described above are described by way of an example in
which the O gas is used as the oxygen-containing gas in the initial step, the first step
and the second step, the technique of the present disclosure is not limited thereto. For
example, a gas such as the O3 gas and nitrogen monoxide (NO) gas may be used as the

oxygen-containing gas, or different oxygen-containing gases may be used in each step.
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For example, a first oxygen-containing gas may be used in the first step and a second
oxygen-containing gas may be used in the second step.
[0088]

While the technique of the present disclosure is described in detail by way of
the embodiments described above, the technique of the present disclosure is not limited
thereto. The technique of the present disclosure may be modified in various ways
without departing from the gist thereof. For example, the embodiments described above
may be appropriately combined.

[0089]

(7) Example

As an example of the technique of the present disclosure, a silicon oxide film
(S10 film) is formed on a surface of a wafer by the substrate processing shown in FIG. 4
and by using the substrate processing apparatus shown in FIG. 1. As the wafer, a bare
wafer with no pattern formed on the surface thereof is used. In the substrate processing
of forming the SiO film of the example, the gas supply time of the O> gas in the initial
step is set to 3 minutes, the gas supply time of the H> gas and the O2 gas in the first step
is set to 27 minutes, and the gas supply time of the H» gas and O gas in the second step
is set to 13 minutes. The process conditions in each step other than the gas supply times
described above are set to predetermined conditions within the range of the process
conditions described in the above-described embodiments.

[0090]

As a comparative example, a silicon oxide film (SiO film) is formed on a
surface of a wafer by the substrate processing shown in FIG. 4 and by using the first
step alone the substrate processing apparatus shown in FIG. 1. As the wafer, similar to
the example of the technique of the present disclosure, a bare wafer with no pattern
formed on the surface thereof is used. The gas supply time of the H, gas and the O, gas
in the first step is set to 40 minutes. The process conditions other than the gas supply
time described above are set to predetermined conditions within the range of the process
conditions described in the above-described embodiments.
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[0091]

According to the comparative example, as shown in FIG. 9(D), the thickness
uniformity of the SiO film formed on the surface of the wafer arranged in the upper
region of the boat 217 is + 4.62%, as shown in FIG. 9(E), the thickness uniformity of
the SiO film formed on the surface of the wafer arranged in the central region of the
boat 217 is + 3.64 %, and as shown in FIG. 9(F), the thickness uniformity of the SiO
film formed on the surface of the wafer arranged in the lower region of the boat 217 is +
6.0 %. That is, the SiO film is formed in a convex shape on the surfaces of the wafers
arranged from the lower region to the upper region of the boat 217.

[0092]

On the other hand, according to the example of the technique of the present
disclosure, as shown in FIG. 9(A), the thickness uniformity of the SiO film formed on
the surface of the wafer arranged in the upper region of the boat 217 is + 1.02%, as
shown in FIG. 9(B), the thickness uniformity of the SiO film formed on the surface of
the wafer arranged in the central region of the boat 217 is — 0.98 %, and as shown in
FIG. 9(C), the thickness uniformity of the SiO film formed on the surface of the wafer
arranged in the lower region of the boat 217 is — 1.70 %. That is, the thickness
uniformity of the SiO film formed on the surfaces of the wafers arranged from the lower
region to the upper region of the boat 217 is improved as compared with the
comparative example.

[0093]

From the results described above, it is confirmed that the thickness uniformity
of the oxide film formed on the surface of the wafer is improved by performing the
substrate processing according to the present embodiments.

[Description of Reference Numerals]
[0094]

10 Substrate processing apparatus

121 Controller

200 Wafer (substrate)
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[CLAIMS]

[Claim 1]

A method of manufacturing a semiconductor device, comprising:

(a) forming a first oxide layer by supplying an oxygen-containing gas and an
hydrogen-containing gas to a heated substrate at a first pressure less than an
atmospheric pressure and by oxidizing a surface of the substrate; and

(b) forming a second oxide layer by supplying the oxygen-containing gas and
the hydrogen-containing gas to the heated substrate at a second pressure less than the
atmospheric pressure and different from the first pressure and by oxidizing the surface

of the substrate on which the first oxide layer is formed.

[Claim 2]
The method of claim 1, wherein the oxygen-containing gas and the hydrogen-
containing gas are supplied from an outer periphery of the substrate toward a center of

the substrate in (a) and (b).

[Claim 3]
The method of claim 2, wherein the surface of the substrate is oxidized in (a)

and (b) while rotating the substrate.

[Claim 4]

The method of claim 3, wherein the first pressure is lower than the second
pressure, and

the first pressure is set in (a) such that an oxidation rate of oxidizing the surface
of the substrate at the center of the substrate is greater than that of oxidizing the surface

of the substrate in vicinity of the outer periphery of the substrate.
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[Claim 5]

The method of claim 4, wherein the second pressure is set in (b) such that an
oxidation rate of oxidizing the surface of the substrate on which the first oxide layer is
formed at the center of the substrate is less than that of oxidizing the surface of the
substrate on which the first oxide layer is formed in the vicinity of the outer periphery of

the substrate.

[Claim 6]

The method of claim 3, wherein the first pressure is higher than the second
pressure, and

the first pressure is set in (a) such that an oxidation rate of oxidizing the surface
of the substrate at the center of the substrate is less than that of oxidizing the surface of

the substrate in vicinity of the outer periphery of the substrate.

[Claim 7]

The method of claim 6, wherein the second pressure is set in (b) such that an
oxidation rate of oxidizing the surface of the substrate on which the first oxide layer is
formed at the center of the substrate is greater than that of oxidizing the surface of the
substrate on which the first oxide layer is formed in the vicinity of the outer periphery of

the substrate.

[Claim 8]
The method of claim 1, further comprising
(c) forming an initial oxide layer by supplying a second oxygen-containing gas

to the substrate and by oxidizing the surface of the substrate before (a).
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[Claim 9]
The method of claim 8, wherein a rate of forming the initial oxide layer in (c) is

less than a rate of forming the first oxide layer in (a).

[Claim 10]
The method of claim 8, wherein the second oxygen-containing gas supplied in (c)

comprises oxygen gas free of hydrogen.

[Claim 11]

The method of claim 1, further comprising

(d) supplying an inert gas to the substrate through an inert gas nozzle different
from one or more gas nozzles through which the oxygen-containing gas and the

hydrogen-containing gas are supplied to the substrate.

[Claim 12]
The method of claim 11, wherein the inert gas is supplied to the substrate in (d)

through a plurality of inert gas nozzles comprising the inert gas nozzle.

[Claim 13]

The method of claim 1, further comprising

(e) supplying hydrogen gas to the substrate through a hydrogen gas nozzle
different from one or more gas nozzles through which the oxygen-containing gas and

the hydrogen-containing gas are supplied to the substrate.

[Claim 14]
The method of claim 13, wherein the hydrogen gas is supplied to the substrate in

(e) through a plurality of hydrogen gas nozzles comprising the hydrogen gas nozzle.
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[Claim 15]
The method of claim 1, further comprising
(f) supplying an inert gas to the substrate in (a) and (b),
wherein a supply flow rate of the inert gas to the substrate in (a) is different from

that of the inert gas to the substrate in (b).

[Claim 16]
The method of claim 1, further comprising
(g) supplying hydrogen gas to the substrate in (a) and (b),
wherein a supply flow rate of the hydrogen gas to the substrate in (a) is different

from that of the hydrogen gas to the substrate in (b).

[Claim 17]

A substrate processing apparatus comprising:

a process vessel in which a substrate is accommodated;

an oxygen-containing gas supplier configured to supply an oxygen-containing
gas into the process vessel;

a hydrogen-containing gas supplier configured to supply a hydrogen-containing
gas into the process vessel;

a heater configured to heat the substrate accommodated in the process vessel;

an exhauster configured to exhaust an inner atmosphere of the process vessel;
and

a controller capable of controlling the oxygen-containing gas supplier, the

hydrogen-containing gas supplier, the heater and the exhauster to perform:
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(a) forming a first oxide layer by supplying the oxygen-containing gas
and the hydrogen-containing gas to the heated substrate at a first pressure less than an
atmospheric pressure and by oxidizing a surface of the substrate; and

(b) forming a second oxide layer by supplying the oxygen-containing gas
and the hydrogen-containing gas to the heated substrate at a second pressure less than
the atmospheric pressure and different from the first pressure and by oxidizing the

surface of the substrate on which the first oxide layer is formed.

[Claim 18]

A program that causes, by a computer, a substrate processing apparatus to
perform:

(a) forming a first oxide layer by supplying an oxygen-containing gas and an
hydrogen-containing gas to a heated substrate accommodated in a process vessel of the
substrate processing apparatus at a first pressure less than an atmospheric pressure and
by oxidizing a surface of the substrate; and

(b) forming a second oxide layer by supplying the oxygen-containing gas and
the hydrogen-containing gas to the heated substrate at a second pressure less than the
atmospheric pressure and different from the first pressure and by oxidizing the surface

of the substrate on which the first oxide layer is formed.

40



