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 recording medium.

BACKGROUND
[0002] When forming a pattern of a semiconductor device such as a flash memory, as a
manufacturing process, a process of performing a predetermined process such as an oxidizing
process or a nitriding process on a substrate may be often performed.
[0003] For example, in the related art, it is known that a pattern surface formed on a substrate is

modified by using a plasma-excited process gas.

[Prior Art Documents]

[0004] Patent Documents

Patent Document 1: Japanese Patent Application Publication No. 2014-75579

SUMMARY
[0005] Some embodiments of the present disclosure provide a technique capable of controlling
the in-plane distribution of oxidizing species supplied on a substrate.
[0006] According to one or more embodiments of the present disclosure, there is provided a
technique that includes accommodating a substrate in a process chamber; supplying a first gas
containing oxygen into the process chamber; generating plasma in the process chamber by
exciting the first gas; supplying a second gas containing hydrogen into the process chamber and
adjusting a hydrogen concentration distribution in the process chamber according to a density
distribution of the plasma in the process chamber; and processing the substrate with oxidizing

species generated by the plasma.



BRIEF DESCRIPTION OF DRAWINGS
[0007] FIG. 1 is a schematic cross-sectional view of a substrate processing apparatus according
to one or more embodiments of the present disclosure.
[0008] FIG. 2 is an explanatory view for explaining the plasma generation principle of the
substrate processing apparatus according to the embodiments of the present disclosure.
[0009] FIG. 3 is a diagram showing the configuration of a control part (control unit or control
means) of the substrate processing apparatus according to the embodiments of the present
disclosure.
[0010] FIG. 4 is a flow chart showing a substrate-processing process according to the
embodiments of the present disclosure.
[0011] FIG. 5 is a schematic view for explaining plasma formed on a substrate.
[0012] FIG. 6A is a diagram showing the relationship between a distance from plasma P1 when
a hydrogen concentration distribution is constant and the density of oxidizing species generated
by the plasma P1.
[0013] FIG. 6B is a diagram showing the relationship between a distance from plasma P2 when
the hydrogen concentration distribution is constant and the density of oxidizing species
generated by the plasma P2.
[0014] FIG. 6C is a diagram showing the distribution of oxidizing species generated on a
substrate by the plasmas P1 and P2 when the hydrogen concentration distribution is constant.
[0015] FIG. 7 is a diagram showing the relationship between the hydrogen concentration, a
distance from plasma P, and the density of oxidizing species generated by the plasma P.
[0016] FIG. 8 is a diagram for explaining the relationship between a distance from the plasma P
before and after adjusting the hydrogen concentration distribution in a process chamber 201 and
the density of oxidizing species generated by the plasma P.
[0017] FIG. 9A is a diagram showing the relationship between a distance from plasma P1 after
adjusting the hydrogen concentration distribution and the density of oxidizing species generated
by the plasma P1

[0018] FIG. 9B is a diagram showing the relationship between a distance from plasma P2 after
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adjusting the hydrogen concentration distribution and the density of oxidizing species generated
by the plasma P2.
[0019] FIG. 9C is a diagram showing the distribution of oxidizing species generated on a

substrate by the plasmas P1 and P2 after adjusting the hydrogen concentration distribution.

DETAILED DESCRIPTION
<First Embodiments of the Present Disclosure>
(1) Configuration of Substrate Processing Apparatus
[0020] A substrate processing apparatus according to first embodiments of the present disclosure
will be now described with reference to FIGS. 1 and 2. The substrate processing apparatus
according to the present embodiments is configured to mainly perform an oxidizing process on a

film formed on a substrate surface.

(Process Chamber)

[0021] The substrate processing apparatus 100 includes a process furnace 202 that processes a
wafer 200 by using plasma. A process container 203 that constitutes a process chamber 201 is
installed in the process furnace 202. The process container 203 includes a dome-shaped upper
container 210, which is a first container, and a bowl-shaped lower container 211, which is a
second container. The process chamber 201 is formed by covering the upper container 210 on
the lower container 211. The upper container 210 is made of, for example, a non-metallic
material such as aluminum oxide (Al>O3) or quartz (Si0Oy), and the lower container 211 is made
of, for example, aluminum (Al).

[0022] A gate valve 244 is installed on a lower sidewall of the lower container 211.  When the
gate valve 244 is opened, the wafer 200 is loaded/unloaded in/out of the process chamber 201 via
the loading/unloading port 245 by using a transfer mechanism (not shown). The gate valve 244
is configured to be a gate valve that maintains airtightness in the process chamber 201 when the
gate valve 244 is closed.

[0023] The process chamber 201 has a plasma-generating space 201a installed with a coil 212
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around it, and a substrate-processing space 201b that communicates with the plasma-generating
space 201a and processes the wafer 200. The plasma-generating space 201a is a space in which
plasma is generated, and refers to a space above the lower end of the coil 212 and below the
upper end of the coil 212 in the process chamber. On the other hand, the substrate-processing
space 201b is a space in which a substrate is processed by using plasma, and refers to a space
below the lower end of the coil 212. In the present embodiments, the diameters of the plasma-
generating space 201a and the substrate-processing space 201b in the horizontal direction are

substantially the same.

(Susceptor)

[0024] A susceptor 217 constituting a substrate-mounting part (substrate-mounting table) on
which the wafer 200 is mounted is disposed at the center of the bottom side of the process
chamber 201. The susceptor 217 is made of, for example, a non-metallic material such as
aluminum nitride (AIN), ceramics, or quartz.

[0025] A heater 217b as a heating mechanism is integrally buried inside the susceptor 217. The
heater 217b is configured to be able to heat the surface of the wafer 200 from, for example, about
25 degrees C to about 750 degrees C when electric power is supplied.

[0026] The susceptor 217 is electrically insulated from the lower container 211. An impedance
adjustment electrode 217c¢ is installed inside the susceptor 217 and is grounded via an impedance
variable mechanism 275 as an impedance adjustment part. The impedance variable mechanism
275 includes a coil and a variable capacitor and is configured so as to change the impedance by
controlling the inductance and resistance of the coil and the capacitance of the variable capacitor.
As a result, the potential (bias voltage) of the wafer 200 can be controlled via the impedance
adjustment electrode 217¢ and the susceptor 217. In the present embodiments, it is possible to
arbitrarily select whether or not to perform the bias voltage control by using the impedance
adjustment electrode 217c.

[0027] The susceptor 217 is installed with a susceptor-elevating mechanism 268 including a

drive mechanism for raising and lowering the susceptor. Further, the susceptor 217 is installed
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with through-holes 217a, and wafer push-up pins 266 are installed on the bottom surface of the
lower container 211. The through-holes 217a and the wafer push-up pins 266 are installed at
least three positions facing each other. When the susceptor 217 is lowered by the susceptor-
elevating mechanism 268, the wafer push-up pins 266 penetrate through the through-holes 217a.
[0028] A substrate-mounting part according to the present embodiments mainly includes the

susceptor 217, the heater 217b, and the electrode 217c.

(First Gas Supply Part)

[0029] A gas supply head 236 is installed above the process chamber 201, that is, in the upper
portion of the upper container 210. The gas supply head 236 includes a cap-shaped lid 233, a
gas introduction port 234, a buffer chamber 237, an opening 238, a shielding plate 240, and a gas
ejection port 239, and is configured to be able to supply a reaction gas into the process chamber
201. The buffer chamber 237 has a function as a dispersion space for dispersing the reaction
gas introduced from the gas introduction port 234. The gas ejection port 239 is configured as a
slit-shaped opening installed along the inner circumference of the process chamber 201, so that
the reaction gas can be uniformly supplied toward the vicinity of the inner peripheral wall of the
process chamber 201 in the circumferential direction of the process chamber 201.

[0030] The downstream end of an oxygen-containing gas supply pipe 232a for supplying an
oxygen (O2) gas as an oxygen-containing gas, the downstream end of a hydrogen-containing gas
supply pipe 232b for supplying a hydrogen (Hz) gas as a hydrogen-containing gas, and an inert
gas supply pipe 232c¢ for supplying a nitrogen (N2) gas as an inert gas are connected to the gas
introduction port 234 so that they merge with one another. The oxygen-containing gas supply
pipe 232a is installed with an O, gas supply source 250a, a mass flow controller (MFC) 252a as a
flow control device, and a valve 253a as an opening/closing valve. The hydrogen-containing
gas supply pipe 232b is installed with a H> gas supply source 250b, a MFC 252b, and a valve
253b. The inert gas supply pipe 232c is installed with a N2 gas supply source 250c, a MFC
252c, and a valve 253c. A valve 243a is installed on the downstream side where the oxygen-

containing gas supply pipe 232a, the hydrogen-containing gas supply pipe 232b, and the inert
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gas supply pipe 232¢ merge with one another and is connected to the upstream end of the gas
introduction port 234. The valves 253a, 253b, 253c¢, and 243a are opened/closed to allow
process gases such as the oxygen-containing gas, the hydrogen gas-containing gas, and the inert
gas to be supplied into the process chamber 201 via the oxygen-containing gas supply pipe 232a,
the hydrogen-containing gas supply pipe 232b, and the inert gas supply pipe 232¢ while
adjusting the flow rate of the gases by the MFCs 252a, 252b, and 252c, respectively.

[0031] A first gas supply part (first gas supply system) according to the present embodiments
mainly includes the gas supply head 236 (the lid 233, the gas introduction port 234, the buffer
chamber 237, the opening 238, the shielding plate 240, and the gas ejection port 239), the
oxygen-containing gas supply pipe 232a, the hydrogen-containing gas supply pipe 232b, the
inert gas supply pipe 232c, the MFCs 252a, 252b, and 252c, and the valves 253a, 253b, 253c,
and 243a. The first gas supply part is configured to supply a gas as an oxygen-containing
oxidizing species source into the process chamber 201. Hereinafter, a gas supplied from the

first gas supply part is referred to as a first gas.

(Second Gas Supply Part)

[0032] A gas supply ring 300 is installed above the center of the process chamber 201. The gas
supply ring 300 includes a gas supply pipe 301, which is a ring-shaped nozzle, a gas introduction
port 302, and a plurality of gas ejection holes 303, and is configured to supply the reaction gas
into the process chamber 201.  The plurality of gas ejection holes 303 are arranged to form a
uniform spacing along the ring-shaped circumferential direction on, for example, the lower
surface of the gas supply pipe 301, so that they can supply the reaction gas uniformly in the
circumferential direction of the process chamber 201.

[0033] The downstream end of an oxygen-containing gas supply pipe 232d for supplying an O
gas as an oxygen-containing gas, the downstream end of a hydrogen-containing gas supply pipe
232e for supplying a H> gas as a hydrogen-containing gas, and an inert gas supply pipe 232f for
supplying a N> gas as an inert gas are connected to the gas introduction port 302 so that they

merge with one another. The oxygen-containing gas supply pipe 232d is installed with an O
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gas supply source 250d, a MFC 252d, and a valve 253d. The hydrogen-containing gas supply
pipe 232e¢ is installed with a H> gas supply source 250e, a MFC 252e, and a valve 253e. The
inert gas supply pipe 232fis installed with a N> gas supply source 250f, a MFC 252f, and a valve
253f. A valve 243c is installed on the downstream side where the oxygen-containing gas
supply pipe 232d, the hydrogen-containing gas supply pipe 232e, and the inert gas supply pipe
232f merge with one another and is connected to the upstream end of the gas introduction port
302. The valves 253d, 253e, 253f, and 243c are opened/closed to allow process gases such as
the oxygen-containing gas, the hydrogen gas-containing gas, and the inert gas to be supplied into
the process chamber 201 via the oxygen-containing gas supply pipe 232d, the hydrogen-
containing gas supply pipe 232e, and the inert gas supply pipe 232f while adjusting the flow rate
of the gases by the MFCs 252d, 252e, and 252f, respectively.

[0034] A second gas supply part (second gas supply system) according to the present
embodiments mainly includes the gas supply ring 300, the oxygen-containing gas supply pipe
232d, the hydrogen-containing gas supply pipe 232e, the inert gas supply pipe 232f, the MFCs
252d, 252e, and 252f, and the valves 253d, 253e, 2531, and 243¢c. The second gas supply part is
configured to supply a hydrogen concentration adjustment gas for adjusting the hydrogen
concentration, which contains hydrogen, into the process chamber 201. Hereinafter, a gas
supplied from the second gas supply part is referred to as a second gas.

[0035] The first gas supply part is configured to supply the first gas to an outer peripheral region,
which is a first region in the plasma-generating space 201a (which will be described later) along
the inner wall of the process chamber 201.  Further, the second gas supply part is configured to
supply the second gas to a central region, which is a region surrounded by the outer peripheral
region and is a second region in the plasma-generating space 201a. That is, the first gas is
supplied to the outer peripheral region in the process chamber 201, and the second gas is
supplied to the central region which includes a region above the processing surface of the wafer
200 and is a region different from the outer peripheral region in the surface direction of the wafer
200. The inner space of the process chamber 201 includes the outer peripheral region along the

inner wall of the process chamber 201 and the central region surrounded by the outer peripheral
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region.

[0036] With the first gas supply part and the second gas supply part, it is possible to adjust the
mixture ratio (flow rate ratio) of O, gas and H» gas and the total flow rate thereof for each of the
first gas and the second gas. Therefore, it is possible to adjust the mixture ratio of O gas and
H> gas supplied respectively to the outer peripheral region and the central region in the process

chamber 201 and the total flow rate thereof.

(Exhaust Part)

[0037] A gas exhaust port 235 for exhausting a reaction gas or the like from the interior of the
process chamber 201 is installed on the side wall of the lower container 211. The upstream end
of a gas exhaust pipe 231 is connected to the gas exhaust port 235. The gas exhaust pipe 231 is
installed with an auto pressure controller (APC) valve 242 as a pressure regulator, a valve 243b
as an opening/closing valve, and a vacuum pump 246 as a vacuum exhaust device. An exhaust
port according to the present embodiments mainly includes the gas exhaust port 235, the gas
exhaust pipe 231, the APC valve 242, and the valve 243b. The vacuum pump 246 may be

included in the exhaust part.

(Plasma Generation Part)

[0038] The spiral resonance coil 212 as a high frequency electrode is installed on the outer
periphery of the process chamber 201, that is, on the outside of the side wall of the upper
container 210 so as to surround the process chamber 201. A matching device 274 that matches
the impedance and output frequency of a RF sensor 272, a high frequency power supply 273, and
a high frequency power supply 273 is connected to the resonance coil 212.

[0039] The high frequency power supply 273 supplies high frequency power (RF power) to the
resonance coil 212.  The RF sensor 272 is installed on the output side of the high frequency
power supply 273 and monitors information of a traveling wave and a reflected wave of the
supplied high frequency. The reflected wave power monitored by the RF sensor 272 is input to

the matching device 274, and the matching device 274 controls the impedance of the high
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frequency power supply 273 and the frequency of the output high frequency power so as to
minimize the reflected wave, based on the information of the reflected wave input from the RF
sensor 272.

[0040] The resonance coil 212 sets the winding diameter, winding pitch, and number of turns so
as to be resonated at a constant wavelength in order to form a standing wave having a
predetermined wavelength. That is, the electrical length of the resonance coil 212 is set to a
length corresponding to an integral multiple of one wavelength at a predetermined frequency of
the high frequency power supplied from the high frequency power supply 273.

[0041] Specifically, in consideration of applied power, a generated magnetic field strength, the
outer shape of an applied device, and the like, the resonance coil 212 has the effective sectional
area of 50 to 300mm? and the coil diameter of 200 to 500mm so as to generate a magnetic field
of about 0.01 to 10 Gauss with high frequency power of, for example, 800kHz to 5S0MHz and 0.1
to SKW, and is wound about 2 to 60 times on the outer peripheral side of the plasma-generating
space 201a. The notation of a numerical range such as "800kHz to SOMHz" in the present
disclosure means that the lower limit value and the upper limit value are included in the range.
For example, "800kHz to SOMHZz" means "800kHz or more and SOMHz or less." The same
applies to other numerical ranges.

[0042] In the present embodiments, the frequency of high frequency power is set to 27.12MHz,
and the electrical length of the resonance coil 212 is set to the length of one wavelength (about
11 meters). The winding pitch of the resonance coil 212 is set at equal intervals of, for
example, 24.5mm. Further, the winding diameter of the resonance coil 212 is set to be larger
than the diameter of the wafer 200. In the present embodiments, the diameter of the wafer 200
is set to 300mm, and the winding diameter of the resonance coil 212 is set to be S00mm, which
is larger than the diameter of the wafer 200.

[0043] Both ends of the resonance coil 212 are electrically grounded, and at least one selected
from the group of which is grounded via a movable tap 213 to fine-tune the electrical length of
the resonance coil 212 at the time of initial installation of the device or at the time of changing a

process condition. Reference numeral 214 in FIG. 1 denotes the fixed ground of the other end.
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The position of the movable tap 213 is adjusted so as to substantially equal the resonance
characteristic of the resonance coil 212 to that of the high frequency power supply 273.

Further, a power-feeding part is configured by a movable tap 215 between the grounded both
ends of the resonance coil 212 in order to fine-tune the impedance of the resonance coil 212 at
the time of initial installation of the device or at the time of changing the process condition.
[0044] A shielding plate 224 is installed to shield an electric field outside the resonance coil 212.
[0045] A plasma generator according to the present embodiments mainly includes the resonance
coil 212, the RF sensor 272, and the matching device 274. The high frequency power supply
273 may be included as the plasma generation part.

[0046] Here, the plasma generation principle and the properties of the generated plasma of the
apparatus according to the present embodiments will be described with reference to FIG. 2.

The plasma generator in the present embodiments is configured to generate plasma by an ICP
(Inductively Coupled Plasma) method as follows. A plasma generation circuit composed of the
resonance coil 212 is configured as an RLC parallel resonance circuit. In the above plasma
generation circuit, when plasma is generated, the actual resonance frequency fluctuates slightly
depending on a fluctuation in a capacitive coupling between a voltage part of the resonance coil
212 and the plasma, a fluctuation in an inductive coupling between the plasma-generating space
201a and the plasma, and an excitation state of the plasma, and the like.

[0047] Therefore, in order to compensate a deviation of resonance in the resonance coil 212 on
the power supply side when the plasma is generated, the present embodiments provide a function
of detecting, by the RF sensor 272, the reflected wave power from the resonance coil 212 when
the plasma is generated, and correcting, by the matching device 274, the output of the high
frequency power supply 273 based on the reflected wave power that has been detected.

[0048] Specifically, the matching device 274 increases or decreases the impedance or output
frequency of the high frequency power supply 273 so as to minimize the reflected wave power
based on the reflected wave power from the resonance coil 212 when the plasma detected by the
RF sensor 272 is generated.

[0049] As shown in FIG. 2, since the resonance coil 212 in the present embodiments is supplied
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with high frequency power at the actual resonance frequency of the resonance coil including
plasma (or is supplied with the high frequency power so as to match with the actual impedance
of the resonance coil including plasma), a standing wave is formed in which a phase voltage and
an anti-phase voltage are always cancelled out. When the electrical length of the resonance coil
212 is equal to the wavelength of the high frequency power, the highest phase current is
generated at the electrical midpoint (node of zero voltage) of the coil. Therefore, in the vicinity
of the electrical midpoint, since there is almost no capacitive coupling with the process chamber
wall or the susceptor 217, ring-shaped inductive plasma having an extremely low electrical
potential is formed.

[0050] With this configuration, since the resonance coil 212 is installed so as to be wound
around the outer periphery of the process chamber 201, when the high frequency power is
supplied to the resonance coil 212, ring-shaped plasma is generated in a region which is in the
vicinity of the resonance coil 212 and along the inner periphery of the process chamber 201.
That is, this ring-shaped plasma is generated in the outer peripheral region in the process
chamber 201. In particular, in the present embodiments, this ring-shaped plasma is generated at
a height at which the electrical midpoint of the resonance coil 212 is located, that is, at an

intermediate height position between the upper end and the lower end of the resonance coil 212.

(Control Part)

[0051] A controller 221 as a control part is configured to control the APC valve 242, the valve
243b, and the vacuum pump 246 through a signal line A, the susceptor-elevating mechanism 268
through a signal line B, a heater-power-adjusting mechanism 276 and the impedance variable
mechanism 275 through a signal line C, the gate valve 244 through a signal line D, the RF sensor
272, the high frequency power supply 273, and the matching device 274 through a signal line E,
and the MFCs 252a to 252f and the valves 253a to 253f, 243a, and 243c through a signal line F.
[0052] As shown in FIG. 3, the controller 221, which is the control part (control unit or control
means), is configured as a computer including a CPU (Central Processing Unit) 221a, a RAM

(Random Access Memory) 221b, a memory 221c, and an I/O port 221d. The RAM 221b, the
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memory 221c¢, and the I/O port 221d are configured to be capable of exchanging data with the
CPU 221a via an internal bus 221e. An input/output device 222 configured as, for example, a
touch panel or a display is connected to the controller 221.

[0053] The memory 221c is configured by, for example, a flash memory, a hard disk drive
(HDD), or the like. A control program for controlling operations of a substrate processing
apparatus and a process recipe, in which sequences and conditions of substrate processing, which
will be described later, are written, are readably stored in the memory 221c.  The process recipe
functions as a program for causing the controller 221 to execute each sequence in a substrate-
processing process, which will be described later, to obtain a predetermined result. Hereinafter,
the process recipe and the control program may be generally and simply referred to as a
"program." When the term "program" is used herein, it may indicate a case of including the
process recipe only, a case of including the control program only, or a case of including both the
process recipe and the control program. The RAM 221b is configured as a memory area (work
area) in which a program or data read by the CPU 221a is temporarily stored.

[0054] The I/O port 221d is connected to the MFCs 252a to 252f, the valves 253a to 2531, 243a,
243b, and 243c, the gate valve 244, the APC valve 242, the vacuum pump 246, the RF sensor
272, the high frequency power supply 273, the matching device 274, the susceptor-elevating
mechanism 268, the impedance variable mechanism 275, the heater-power-adjusting mechanism
276, and the like.

[0055] The CPU 221a is configured to read and execute the control program from the memory
221c. The CPU 221a is also configured to read the process recipe from the memory 221c¢
according to an input of an operation command from the input/output device 222. Then, the
CPU 221a is configured to control the operation of adjusting the opening degree of the APC
valve 242, the opening/closing operation of the valve 243b, the actuating and stopping of the
vacuum pump 246 through the I/O port 221d and the signal line A, the elevating operation of the
susceptor-elevating mechanism 268 through the signal line B, the operation of adjusting the
amount of power supplied to the heater 217b by the heater-power-adjusting mechanism 276 and

the operation of adjusting the impedance by the impedance variable mechanism 275 through the
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signal line C, the opening/closing operation of the gate valve 244 through the signal line D, the
operations of the RF sensor 272, the matching device 274 and the high frequency power supply
273 through the signal line E, the operation of adjusting flow rates of various kinds of gases by
the MFCs 252a to 252f and the opening/closing operation of the valves 253a to 253f, 243a, and
243c through the signal line F, and the like, according to contents of the read process recipe.
[0056] The controller 221 may be configured by installing, on the computer, the aforementioned
program stored in an external memory (for example, a magnetic tape, a magnetic disk such as a
flexible disk or a hard disk, an optical disc such as a CD or a DVD, a magneto-optical disc such
as a MO, a semiconductor memory such as a USB memory or a memory card, and the like) 223.
The memory 221c and the external memory 223 are configured as a non-transitory computer-
readable recording medium. Hereinafter, the memory 221c¢ and the external memory 223 may
be generally and simply referred to as a "recording medium." When the term "recording
medium" is used herein, it may indicate a case of including the memory 221c¢ only, a case of
including the external memory 223 only, or a case of including both the memory 221c and the
external memory 223. The program may be provided to the computer by using a
communication means or communication unit such as the Internet or a dedicated line, instead of

using the external memory 223.

(2) Substrate-Processing Process

[0057] Next, a substrate-processing process according to the present embodiments will be
described mainly with reference to FIG. 4. FIG. 4 is a flow chart showing a substrate-
processing process according to the present embodiments. The substrate-processing process
according to the present embodiments is a process of manufacturing a semiconductor device
such as a flash memory by using the above-described substrate processing apparatus 100. An
example of a method of forming a silicon oxide (SiO) film by oxidizing the surface of a wafer
200 on which a silicon (Si)-containing film is formed will be described. In the following
description, the operations of various parts constituting the substrate processing apparatus 100

are controlled by the controller 221.
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(Substrate-Loading Step S110)

[0058] First, the wafer 200 is loaded and accommodated into the process chamber 201.
Specifically, the susceptor-elevating mechanism 268 lowers the susceptor 217 to a transfer
position of the wafer 200.  As a result, the wafer push-up pins 266 protrude from the through-
holes 217a by a predetermined height from the surface of the susceptor 217.

[0059] Subsequently, the gate valve 244 is opened, and the wafer 200 is loaded into the process
chamber 201 from a vacuum transfer chamber adjacent to the process chamber 201 by using a
wafer transfer mechanism (not shown). The loaded wafer 200 is supported in a horizontal
posture on the wafer push-up pins 266.  After the wafer 200 is loaded into the process chamber
201, the gate valve 244 is closed to seal the interior of the process chamber 201. Then, the
susceptor-elevating mechanism 268 raises the susceptor 217 so that the wafer 200 is supported

on the upper surface of the susceptor 217.

(Temperature Rise/Vacuum-Exhaust Step S120)

[0060] Subsequently, the temperature of the wafer 200 loaded into the process chamber 201 is
raised. The heater 217b is preheated, and by holding the wafer 200 on the susceptor 217 in
which the heater 217b is embedded, the wafer 200 is heated to a predetermined value in the
range of, for example, 150 to 750 degrees C. Here, the wafer 200 is heated so as to have a
temperature of 600 degrees C. Further, while the temperature of the wafer 200 is raised, the
interior of the process chamber 201 is vacuum-exhausted by the vacuum pump 246 via the gas
exhaust pipe 231 to set the internal pressure of the process chamber 201 to a predetermined
value. The vacuum pump 246 keeps operated at least until a substrate-unloading step S160 to

be described later is completed.

(Reaction Gas Supply Step S130)
[0061] Next, the supply of a mixture of O» gas and H» gas as the first gas, which is an oxygen-

containing oxidizing species source gas, from the first gas supply part to the outer peripheral
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region of the process chamber 201 is started. Specifically, the valve 253a and the valve 253b
are opened, and the supply of the first gas into the process chamber 201 via the gas ejection port
239 is started while its flow rate is controlled by the MFC 252a and the MFC 252b.

[0062] By controlling the flow rate with the MFC 252a and the MFC 252b, at least one selected
from the group of the total flow rate of the first gas and the composition of the first gas
(particularly, the hydrogen content or content rate) is adjusted. In the present embodiments, it
is possible to easily adjust the composition of the first gas by changing the mixture ratio (flow
rate ratio) of the H» gas and the O> gas.

[0063] At this time, the total flow rate of the first gas is set to, for example, 1,000 to 5,000sccm,
and the flow rate of the O> gas in the first gas is set to a predetermined value within the range of,
for example, 20 to 2,000sccm, specifically 20 to 1,000sccm.  Further, the flow rate of the H»
gas in the first gas is set to a predetermined value within the range of, for example, 20 to
1,000scem, specifically 20 to 500sccm.  The content ratio of the H» gas and the O» gas
contained in the first gas is set to a predetermined value in the range of 0:100 to 95:5. That is,
the ratio of the H> gas (the content or content rate of hydrogen contained in the first gas) is set to
a predetermined value within the range of 0 to 95%. More specifically, for example, the total
flow rate of the first gas is set to 1,000sccm, and the content ratio of the H> gas and the O gas is
set to 10:90 (hydrogen content or content rate of 10%).

[0064] It is preferable to directly supply the first gas to the outer peripheral region of the process
chamber 201, which is a region where the ring-shaped plasma formed in a plasma-processing
step S140 to be described later is generated.

[0065] At the same time, the supply of a mixture of O, gas and H» gas as the second gas, which
is a hydrogen-concentration-adjusting gas, from the second gas supply part to the central region
of the process chamber 201 is started. Specifically, the valve 253d and the valve 253¢ are
opened, and the supply of the second gas into the process chamber 201 via the gas ejection holes
303 installed in the gas supply ring 300 is started while its flow rate is controlled by the MFC
252d and the MFC 252e.

[0066] By controlling the flow rate with the MFC 252d and the MFC 252e¢, at least one selected
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from the group of the total flow rate of the second gas and the composition of the second gas
(particularly, the hydrogen content or content rate) is adjusted. ~Similar to the first gas, it is
possible to easily adjust the composition of the second gas by changing the mixture ratio of the
H; gas and the O; gas.

[0067] At this time, the total flow rate of the second gas is set to be equal to or less than the total
flow rate of the first gas, for example, 100 to 5,000sccm, and the flow rate of the O gas in the
second gas is set to a predetermined value within the range of, for example, 0 to 5,000sccm,
specifically 0 to 500sccm.  Further, the flow rate of the H» gas in the second gas is set to a
predetermined value in the range of, for example, 0 to 5,000sccm, specifically 0 to 500sccm. In
the present embodiments, the ratio of the H> gas contained in the second gas (that is, the
hydrogen content or content rate of the first gas) is set to a predetermined value within the range
of 0 to 100%. The total flow rate of the second gas is preferably equal to or less than that of the
first gas. When the flow rate of the second gas is larger than the flow rate of the first gas, the
concentrations and content ratio of the H> gas and the O gas in a plasma generation region (to be
described later) in the process chamber 201 are greatly affected by the second gas. This makes
it difficult to control plasma excitation in the plasma generation region and control the
generation of oxidizing species generated by plasma. Therefore, as a particularly suitable
example, for example, the total flow rate of the second gas is set to 100sccm, and the content
ratio of the H> gas and the O2 gas is set to 20:80 (hydrogen content or content rate of 20%).
(Hydrogen Concentration Distribution Control)

[0068] In this step, it is possible to control the hydrogen concentration distribution in the process
chamber 201 by controlling at least one selected from the group of the flow rate and the
hydrogen content (or content rate) of each of the first gas and the second gas. The hydrogen
concentration distribution is controlled so that the oxidizing species in the plasma-processing
step to be described later has a desired density distribution. It is preferable that the hydrogen
content or content rate of the second gas is adjusted so as to be different from the hydrogen
content or content rate of the first gas. By using the second gas having the hydrogen content or

content rate different from that of the first gas, it becomes easy to control the flow rates of the
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first gas and the second gas, respectively, and thus adjust the hydrogen concentration distribution
in the process chamber 201. The hydrogen content or content rate of the second gas can be
adjusted to be higher than the hydrogen content or content rate of the first gas, or can be adjusted
to be lower than the hydrogen content or content rate of the first gas.

[0069] The exhaust of the interior of the process chamber 201 is controlled by adjusting the
opening degree of the APC valve 242 so that the internal pressure of the process chamber 201
becomes a predetermined pressure in the range of, for example, 5 to 260Pa. In this way, while
appropriately exhausting the interior of the process chamber 201, the supply of the first gas and
the second gas is continued until the end of the plasma-processing step S140 to be described

later.

(Plasma-Processing Step S140)

[0070] When the internal pressure of the process chamber 201 is stabilized, the application of
high frequency power to the resonance coil 212 from the high frequency power supply 273 is
started. As a result, a high frequency electric field is formed in the plasma-generating space
201a to which the O> gas and the H» gas are supplied, and a ring-shaped induced plasma with the
highest plasma density is excited at the position at a height corresponding to the electrical
midpoint of the resonance coil 212 in the plasma-generating space by this electric field. The O2
gas and the H» gas in the plasma state are dissociated to generate oxidizing species such as
oxygen radicals such as hydroxyl radicals (OH radicals) and O radicals containing O, atomic
oxygen (O), ozone (O3), and oxygen ions.

[0071] In this step, the first gas is supplied to the plasma generation region, which is a region
where plasma is generated at the first plasma density. In the present embodiments, the first gas
is supplied to the plasma generation region, which is a region in which the ring-shaped plasma is
excited, in the outer peripheral region in the process chamber 201 close to the resonance coil
212, and the above-mentioned oxidizing species are generated as the first gas is mainly plasma-
excited.

[0072] On the other hand, in this step, the second gas is supplied to a region where plasma is
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generated at a second plasma density lower than the first plasma density, or a plasma non-
generation region which is a region where plasma is not generated (a region where the second
plasma density is substantially 0). That is, the second gas is supplied to a region where the
plasma density is different from that of the first gas. In the present embodiments, in particular,
the second gas is supplied to the plasma non-generation region formed inside the ring-shaped
plasma.

[0073] That is, in the present embodiments, at least a portion of the outer peripheral region of the
process chamber 201 is the plasma generation region where the ring-shaped plasma is generated
along the inner wall of the process chamber 201, and the central region of the process chamber

201 is the plasma non-generation region.

(Density Distribution Control of Oxidizing Species)

[0074] Here, the oxidizing species generated by the plasma loses or deteriorates (that is,
deactivates) its capability as oxidizing species (oxidizing capability) when it reacts with
hydrogen in the atmosphere. Therefore, the decay rate (decay amount) of the density
(concentration) of the oxidizing species in the atmosphere changes according to the hydrogen
concentration in the atmosphere in which the oxidizing species is present. The higher the
hydrogen concentration, the higher the decay amount of the oxidizing species, and the lower the
hydrogen concentration, the lower the decay amount of the oxidizing species.

[0075] In the present embodiments, when the oxidizing species generated in the plasma
generation region diffuses in the plasma non-generation region, it reacts with hydrogen in the
plasma non-generation region and is gradually deactivated. Therefore, the decay amount of the
density of oxidizing species diffused in the plasma non-generation region can be adjusted
according to the hydrogen concentration in the plasma non-generation region. That is, the
density distribution of oxidizing species in the plasma non-generation region can be arbitrarily
adjusted by controlling the hydrogen concentration distribution in the plasma non-generation
region.

[0076] Specifically, in the above-described reaction gas supply step, by adjusting at least one
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selected from the group of the flow rate of the second gas or the content or content rate of
hydrogen mainly supplied to the plasma non-generation region, the hydrogen concentration
distribution in the in-plane direction of the wafer 200 in the plasma non-generation region is
controlled. Then, by controlling this hydrogen concentration distribution, the density
distribution of the oxidizing species diffused in the space above the wafer 200 is adjusted. In
this way, the oxidizing species whose density distribution in the in-plane direction of the wafer
200 is adjusted is supplied to the surface of the wafer 200. The method of controlling the
hydrogen concentration distribution in the plasma non-generation region in the present
embodiments will be described in detail in the description of Examples to be described later
according to the present embodiments.

[0077] Further, the hydrogen concentration distribution in the plasma non-generation region is
controlled according to a distance from the plasma generation region, more specifically a
distance from a region where the ring-shaped plasma is formed in the direction from the outer
periphery of the process chamber 201 to the center thereof.

[0078] The oxidizing species generated by the ring-shaped plasma formed in the outer peripheral
region is supplied to the wafer 200 while being diffused in a region (space) above the processing
surface of the wafer 200 from the outer periphery of the wafer 200 toward the center thereof. In
the present embodiments, it may be regarded that the ring-shaped plasma is formed with
substantially a uniform density (intensity) in the inner peripheral direction of the process
chamber 201, and the density of the oxidizing species generated by the plasma is also
substantially uniform in the inner peripheral direction of the process chamber 201.  Therefore,
by grading the hydrogen concentration distribution according to the distance from the plasma
generation region in the radial direction of the process chamber 201 (that is, the radial direction
of the wafer 200), it is possible to control the density distribution of oxidizing species in the in-
plane direction of the wafer 200 to be an arbitrary distribution while uniformalizing the density
distribution of oxidizing species in the inner peripheral direction of the process chamber 201.
[0079] Further, in the present embodiments, the type of oxidizing species whose density

distribution is controlled is not particularly limited, but the present embodiments can be suitably
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used for controlling the density distribution of oxygen radicals and atomic oxygen (O) diffused
in the process chamber 201 without being accelerated by an electromagnetic field.

[0080] After that, when a predetermined processing time (for example, 10 to 900 seconds)
elapses, the output of the electric power from the high frequency power supply 273 is stopped to
stop plasma discharge in the process chamber 201.  Further, the valves 253a, 253b, 253d, and
253e are closed to stop the supply of the first gas and the second gas into the process chamber

201. From the above, the plasma-processing step S140 is completed.

(Vacuum-Exhaust Step S150)

[0081] When the supply of the first gas and the second gas is stopped, the interior of the process
chamber 201 is vacuum-exhausted through the gas exhaust pipe 231. As a result, the O> gas
and the H» gas in the process chamber 201, an exhaust gas generated by the reaction of these
gases, and the like are exhausted to the outside of the process chamber 201.  After that, the
opening degree of the APC valve 242 is adjusted to adjust the internal pressure of the process
chamber 201 to the same pressure as the vacuum transfer chamber adjacent to the process

chamber 201.

(Substrate-Unloading Step S160)

[0082] After that, the susceptor 217 is lowered to the transfer position of the wafer 200, and the
wafer 200 is supported on the wafer push-up pins 266. Then, the gate valve 244 is opened, and
the wafer 200 is loaded out of the process chamber 201 by using the wafer transfer mechanism.
From the above, the substrate-processing process according to the present embodiments is

completed.

(3) Relationship among Hydrogen Concentration in Atmosphere, Distance from Plasma, and
Oxidizing Species Density (Oxidizing Species Concentration)
[0083] FIG. 5 is a view for explaining plasma generated on the wafer 200. As described above,

the plasma generated by the plasma generator according to the present embodiments is formed in
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the ring shape on the outer edge of the wafer 200 or above the outside thereof in the outer
peripheral region in the process chamber 201 near the resonance coil 212. In this case, the
plasma density (intensity) becomes high in the outer peripheral region of the wafer 200, and the
plasma density becomes low or substantially zero in the central region where the wafer 200 is
placed. That is, the plasma density distribution becomes non-uniform in the plane direction of
the wafer 200 in the plasma-generating space 201a. Specifically, the plasma is formed so that
the plasma density in the outer peripheral region is higher than the plasma density in the central
region.

[0084] Then, oxidizing species is generated in the outer peripheral region of the wafer 200 on
which the plasma is formed. This oxidizing species is diffused in the central region, reaches the
wafer 200, and contributes to film formation.

[0085] Ring-shaped plasma P, which is the source of the oxidizing species, is biased to the outer
peripheral region of the wafer 200. Therefore, the ring-shaped plasma P reacts with hydrogen
(H> gas in the present embodiments) in the atmosphere and is gradually deactivated in the
process of diffusion of the oxidizing species. Therefore, the density of oxidizing species tends
to decrease according to a distance from the plasma P.

<Comparative Example>

[0086] FIGS. 6A to 6C are diagrams showing the relationship between a distance from plasma
and the density of oxidizing species when the hydrogen concentration distribution in a space (for
example, in the central region) above the wafer 200 where the oxidizing species diffuses is made
uniform (Comparative Example). Plasma P1 and plasma P2 in FIGS. 6A to 6C are portions of
plasma P generated at positions facing each other with the center of the wafer 200 interposed
therebetween, as shown in FIG. 5, respectively.

[0087] In the Comparative Example, as shown in FIG. 6A, the density of oxidizing species
generated by the plasma P1 decreases (decays) in a convex curved shape above the wafer 200
with a distance from the plasma P1. Further, as shown in FIG. 6B, the density of oxidizing
species generated by the plasma P2 on the side facing the plasma P1 also decreases in a convex

curved shape above the wafer 200 with a distance from the plasma P2. As shown in FIG. 6C,
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the distribution of the density of oxidizing species above the wafer 200, which is generated and
diffused by the ring-shaped plasma P formed above the outer edge of the wafer 200 or the
outside thereof, is a result of addition of the density distributions of oxidizing species shown in
FIGS. 6A and 6B. That is, since the density of oxidizing species increases above the center of
the wafer 200, more oxidizing species are supplied relative to the in-plane center of the wafer
200, and as a result, an oxide film is formed in a convex shape on the wafer 200. That is, when
the hydrogen concentration in the atmosphere in the space above the wafer 200 in which the
oxidizing species is diffused is made uniform, the density distribution of oxidizing species may

become non-uniform in the in-plane direction of the wafer.

<Example according to the Present Embodiments>

[0088] On the other hand, according to the substrate processing apparatus 100 in the present
embodiments, by controlling the hydrogen concentration distribution in the process chamber 201
as follows, the density distribution of oxidizing species generated by the plasma which is non-
uniform in the plane direction of the wafer 200 can be made uniform in the in-plane direction of
the wafer.

[0089] Here, FIG. 7 is a diagram showing the relationship between a distance from plasma and
the density of oxidizing species generated by this plasma in a case where the hydrogen
concentration distribution in the atmosphere in the space where the oxidizing species is diffused
is uniformly set to 5% and in a case where the hydrogen concentration distribution is uniformly
set to 20%.

[0090] As shown in FIG. 7, when the hydrogen concentration distribution in the atmosphere is
uniformly set to 5%, the degree of decrease in the density of oxidizing species with respect to the
distance from the plasma is relatively small, and the density distribution of oxidizing species
tends to be a gentle curve with a small slope. On the other hand, when the hydrogen
concentration in the atmosphere is further increased and the distribution thereof is uniformly set
to 20%, the degree of decrease in the density of oxidizing species increases as the distance from

the plasma increases, and the density distribution of oxidizing species tends to have an upwardly
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convex curved shape with a large slope.

[0091] Further, FIG. 8 is a diagram showing an example in which the density distribution of
oxidizing species is controlled by adjusting the hydrogen concentration distribution in a space
where the oxidizing species is diffused according to a distance from plasma. A broken line in
FIG. 8 indicates the relationship between the density of oxidizing species and a distance from
plasma when the hydrogen concentration in a space where the oxidizing species is diffused is
uniformly set to 10% (before adjustment). A solid line indicates the relationship between the
density of oxidizing species and the distance from the plasma when the hydrogen concentration
distribution in the space where the oxidizing species is diffused is adjusted (after adjustment)
from the case of the broken line (before adjustment). In the example before adjustment shown
by the broken line, the density distribution of oxidizing species with respect to the distance from
the plasma becomes an upwardly convex curve.

[0092] Here, as described above with reference to FIG. 7, the degree of decrease in the density
of oxidizing species with respect to the distance from the plasma is relatively larger in a space
where the hydrogen concentration is high than in a space where the hydrogen concentration is
low. Therefore, in the example after adjustment shown by the solid line, by supplying another
gas having a different hydrogen concentration, which is a hydrogen-concentration-adjusting gas,
to a specific region in the space where the oxidizing species is diffused, the density distribution
of oxidizing species is adjusted so that it becomes a straight line (linear) with respect to the
distance from the plasma.

[0093] More specifically, in this example after adjustment, a gas having the hydrogen
concentration of 20% is locally supplied as the hydrogen-concentration-adjusting gas into a
space above the vicinity of the center of the wafer 200 (hereinafter referred to as an upper space
of wafer center) disposed in the space where the oxidizing species is diffused. As a result, the
hydrogen concentration distribution is graded so that the hydrogen concentration in the upper
space of wafer center is locally increased and the hydrogen concentration is decreased as a
distance from the upper space of wafer center increases. Then, the gradient of the hydrogen

concentration in the upper space of wafer center or the hydrogen concentration that changes as
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the distance from the upper space of wafer center increases is adjusted so that the density
distribution of oxidizing species with respect to the distance from the plasma becomes a straight
line (linear). This adjustment can be performed, for example by controlling at least one
selected from the group of the hydrogen concentration and the flow rate of the hydrogen-
concentration-adjusting gas.

[0094] Hereinafter, the present Example will be described in more detail on the basis of the
apparatus shape of the substrate processing apparatus 100 in the present embodiments.

[0095] FIGS. 9A to 9C are diagrams showing the relationship between a distance from plasma
and the density of oxidizing species when the hydrogen concentration distribution in the process
chamber 201 is adjusted by using the substrate processing apparatus 100 in the present
embodiments. In this Example, in the reaction gas supply step S130 in the above-described
substrate-processing process, the hydrogen content ratio in the first gas as the oxidizing species
source gas supplied to the outer peripheral region is set to 10%, and the hydrogen content ratio in
the second gas as the hydrogen-concentration-adjusting gas supplied to the central region is set
to 20%.

[0096] Here, the second gas is supplied into a space directly below the gas ejection holes 303
formed in the gas supply ring 300. The space directly below the gas ejection holes 303 can be
considered to correspond to the above-mentioned wafer center upper space. That is, in this
Example, the hydrogen concentration in the space directly below the gas ejection holes 303 is
locally increased by locally supplying the second gas having the higher hydrogen content ratio
than that of the first gas. In addition, the hydrogen concentration distribution is graded so that
the hydrogen concentration of the second gas decreases (that is, approaches 10% which is the
hydrogen concentration of the first gas) as the distance from the space directly below the gas
ejection holes 303 increases.

[0097] This adjustment of the hydrogen concentration distribution can be performed mainly by
controlling at least one selected from the group of the flow rate and the hydrogen content ratio of
the second gas. Further, it is preferable to perform the adjustment by controlling at least one

selected from the group of the flow rate and the hydrogen content ratio of the first gas in addition
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to the flow rate and the hydrogen content ratio of the second gas. Further, the adjustment can
also be performed by adjusting the supply flow velocity and the supply direction of at least one
selected from the group of the first gas and the second gas.

[0098] As shown in FIG. 9A, in this Example, the hydrogen concentration distribution is
adjusted so that the density distribution of the oxidizing species generated by plasma P1 decays
linearly above the wafer 200 as a distance from the plasma P1 increases. Further, as shown in
FIG. 9B, in this Example, the hydrogen concentration distribution is adjusted so that the density
distribution of the oxidizing species generated by plasma P2 on the side facing the plasma P1
decays linearly above the wafer 200 as a distance from the plasma P2 increases. As shown in
FIG. 9C, the density distributions of the oxidizing species generated by the ring-shaped plasma P
including the plasma P1 and the plasma P2 above the wafer 200 is a result of addition of the
density distributions of the oxidizing species shown in FIGS. 9A and 9B. Therefore, the
oxidizing species is supplied so that the density distribution of the oxidizing species generated by
the ring-shaped plasma P above the wafer 200 is flat and uniform in the in-plane direction of the
wafer 200 and accordingly is uniform in the in-plane direction with respect to the processing
surface of the wafer 200. That is, an oxide film having good in-plane uniformity can be formed
on the wafer 200.

[0099] In this way, by using the above-described substrate processing apparatus 100, the
hydrogen concentration in the second gas in the vicinity of the center of the process chamber 201
(the center of the wafer 200) is increased so that the decay characteristic of the density of
oxidizing species becomes linear. That is, by grading the hydrogen concentration distribution
by adjusting the hydrogen concentration distribution in the process chamber 201 with the
hydrogen concentration in the second gas supplied to the central region made higher than the
hydrogen concentration in the first gas supplied to the outer peripheral region, it becomes
possible to form a uniform film in the in-plane direction of the wafer.

[0100] That is, the hydrogen concentration distribution in the process chamber 201 can be
adjusted by adjusting the supply flow rates, the mixture ratios, the hydrogen contents or content

rates, etc. of the first gas and the second gas in the process chamber 201.  That is, by adjusting
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the hydrogen concentration distribution in the process chamber 201, it is possible to control the
density distribution (concentration distribution) of the oxidizing species supplied to the wafer

200 so as to be an arbitrary distribution.

<Other Embodiments of the Present Disclosure>

[0101] In the above-described embodiments, the example has been described in which the
density distribution of oxidizing species above the wafer 200 is controlled to be uniform in the
in-plane direction of the wafer 200 by adjusting the hydrogen concentration distribution in the
process chamber 201. However, the present disclosure is not limited thereto, but the hydrogen
concentration distribution in the process chamber 201 can be also controlled so that the density
distribution of the oxidizing species above the wafer 200 has a central convex shape in the in-
plane direction of the wafer 200 by the above-described substrate processing apparatus 100 and
substrate-processing process. Further, the hydrogen concentration distribution in the process
chamber 201 can be also controlled so that the density distribution of the oxidizing species above
the wafer 200 has a central concave shape in the in-plane direction of the wafer 200. That is,
according to the technique of the present disclosure, it is possible to control the in-plane
distribution of the oxidizing species supplied to the processing surface of the wafer 200 to be an
arbitrary distribution such as a uniform distribution, a central convex distribution, a central
concave distribution, or the like.

[0102] Further, in the above-described embodiments, the example has been described in which
the hydrogen content or content rate in the second gas is made higher than the hydrogen content
or content rate in the first gas. However, the present disclosure is not limited thereto, but the
hydrogen content or content rate in the second gas may be controlled to be lower than the
hydrogen content or content rate in the first gas. This makes it possible to adjust the density
distribution of the oxidizing species so as to suppress the decay of the oxidizing species in the
central region by making the hydrogen concentration in the central region in the process chamber
201 lower than that in the outer peripheral region. That is, the hydrogen concentration

distribution in the process chamber can be adjusted so that the density distribution of the
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oxidizing species in the in-plane direction of the wafer 200 has a uniform distribution as a central
convex distribution or approaches a central concave distribution to a uniform distribution. By
controlling the hydrogen contents or content rates of the first gas and the second gas to be
different, it is possible to control the density distribution of the oxidizing species.

[0103] Further, in the above-described embodiments, the example has been described in which
the first gas as the oxidizing species source gas and the second gas as the hydrogen-
concentration-adjusting gas are supplied to the plasma generation region and the plasma non-
generation region in the process chamber 201, respectively, to adjust the hydrogen concentration
distribution in the process chamber 201. However, the technique of the present disclosure is
not limited thereto, but can be suitably used in a case where the plasma density in the plasma-
generating space is non-uniform (that is, biased). In such a case, the density distribution of the
oxidizing species generated by the plasma is also biased due to the bias of the plasma density.
Therefore, it is required to adjust the density distribution of the oxidizing species in the process
chamber to a desired distribution (particularly a uniform distribution in the in-plane direction of
the wafer). Therefore, according to the technique of the present disclosure, by individually
supplying the hydrogen-concentration-adjusting gas into the process chamber separately from
the oxidizing species source gas according to the plasma density distribution in the process
chamber to adjust the hydrogen concentration distribution in the process chamber, it is possible
to control the density distribution of the oxidizing species to be a desired distribution.

[0104] Further, in the above-described embodiments, the example has been described in which
the surface of the substrate is oxidized by using the plasma. However, the present disclosure is
not limited thereto, but can be applied to all techniques for performing a process to substrate by
using plasma. For example, the present disclosure can be applied to a modifying process and a
doping process to a film formed on a substrate surface by using plasma, a reduction process to an
oxide film, an etching process to the oxide film, an ashing process for resist, and the like.

[0105] Further, in the above-described embodiments, the example has been described in which
one gas supply part for supplying the hydrogen-concentration-adjusting gas is installed in the

central region in addition to the outer peripheral region of the process chamber 201. However,
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the present disclosure is not limited thereto, but a plurality of gas supply parts for supplying the
hydrogen-concentration-adjusting gas to the central region of the process chamber 201 may be
installed and at least one selected from the group of the flow rate and the gas mixture ratio
(hydrogen content ratio) of the supplied hydrogen-concentration-adjusting gas may be
individually controlled. As a result, it is possible to adjust the hydrogen concentration
distribution in the central region finely (with good controllability).

[0106] Further, if plasma is not uniformly formed in the circumferential direction, a gas supply
part that supplies a hydrogen-concentration-adjusting gas to a specific position in the
circumferential direction so as to correct the bias of oxidizing species density in the
circumferential direction may be further installed.

[0107] Further, in the above-described embodiments, the example has been described in which
one ring-shaped gas nozzle is installed in the central region in addition to the outer peripheral
region of the process chamber 201 to adjust the hydrogen concentration distribution. However,
but the present disclosure is not limited thereto, but one or more nozzles having various shapes
may be installed.

[0108] Further, in the above-described embodiments, the example has been described in which
the first gas and the second gas are simultaneously supplied. However, the present disclosure is
not limited thereto, but the first gas and the second gas may be supplied at different timings.
[0109] Further, in the above-described embodiments, the example of using an ICP type substrate
processing apparatus has been described. However, the present disclosure is not limited
thereto, but can be applied to, for example, a MMT (Modified Magnetron Typed) type substrate
processing apparatus or the like.

[0110] According to the present disclosure in some embodiments, it is possible to control the in-

plane distribution of oxidizing species supplied on a substrate.

EXPLANATION OF REFERENCE NUMERALS
[0111] 100: substrate processing apparatus

200: wafer
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201: process chamber

221: controller
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WHAT IS CLAIMED IS:

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

accommodating a substrate in a process chamber;

supplying a first gas containing oxygen into the process chamber;

generating plasma in the process chamber by exciting the first gas;

supplying a second gas containing hydrogen into the process chamber and adjusting a

hydrogen concentration distribution in the process chamber according to a density distribution of

the plasma in the process chamber; and

processing the substrate with oxidizing species generated by the plasma.

2. The method of Claim 1, wherein in generating the plasma, the plasma is generated
so that the density distribution of the plasma in the process chamber is non-uniform in a

plane direction of the substrate.

3. The method of Claim 1, wherein in supplying the first gas, the first gas is supplied to
a first region in the process chamber, and

wherein in adjusting the hydrogen concentration distribution in the process chamber, the
second gas is supplied to a second region which is a region above a processing surface of the

substrate and is a region different from the first region in a plane direction of the substrate.

4. The method of Claim 1, wherein in supplying the first gas, the first gas is supplied to

a plasma generation region where the plasma is generated,
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wherein in adjusting the hydrogen concentration distribution in the process chamber, the

second gas is supplied to a plasma non-generation region where the plasma is not generated.

5. The method of Claim 4, wherein a hydrogen concentration distribution in the plasma
non-generation region is adjusted according to a distance from the plasma generation region.
6. The method of Claim 1, wherein the hydrogen concentration distribution in the process

chamber is controlled by adjusting a supply flow rate of the second gas.

7. The method of Claim 1, wherein the hydrogen concentration distribution in the process

chamber is controlled by adjusting a hydrogen content rate of the second gas.

8. The method of Claim 1, wherein a space in the process chamber includes an outer
peripheral region along an inner wall of the process chamber and a central region surrounded
by the outer peripheral region, and the plasma is generated so that a density of the plasma in the

outer peripheral region is higher than a density of the plasma in the central region.

0. The method of Claim 8, wherein ring-shaped plasma along the inner wall of the

process chamber is generated in the outer peripheral region.

10. The method of Claim 1, wherein in adjusting the hydrogen concentration distribution
in the process chamber, the hydrogen concentration distribution in the process chamber is
adjusted so that a density distribution of the oxidizing species supplied to the substrate is

uniform in a plane direction on a surface of the substrate.

1. The method of Claim 1, wherein the first gas is a mixture of oxygen gas and

hydrogen gas.
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12. The method of Claim 1, wherein the second gas is a mixture of oxygen gas

and hydrogen gas.

13. The method of Claim 11, wherein a hydrogen content rate of the first gas is different

from a hydrogen content rate of the second gas.

14. A substrate processing apparatus comprising:

a process chamber in which a substrate is accommodated;

a first gas supply system configured to supply a first gas containing oxygen into the

process chamber;

a second gas supply system configured to supply a second gas, which contains hydrogen,

into the process chamber; and

a plasma generator configured to excite a gas in the process chamber to generate plasma,
wherein a hydrogen concentration distribution in the process chamber is adjusted according to a
density distribution of the plasma in the process chamber, and the substrate is processed with

oxidizing species generated by the plasma.

15. The substrate processing apparatus of Claim 14, wherein the first gas supply system
is configured to supply the first gas to a first region in the process chamber, wherein the
second gas supply system is configured to supply the second gas to a second region in the
process chamber, and wherein the second region is a region above a processing surface of the

substrate and is a region different from the first region in a plane direction of the substrate.

16. The substrate processing apparatus of Claim 14, wherein a region in the process

chamber to which the second gas is supplied is a region where the plasma is not generated.
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17. A program that causes, by a computer, a substrate processing apparatus to perform a

process comprising:

accommodating a substrate in a process chamber of the substrate processing apparatus;

supplying a first gas containing oxygen into the process chamber;

generating plasma in the process chamber by exciting the first gas;

supplying a second gas containing hydrogen into the process chamber and adjusting a

hydrogen concentration distribution in the process chamber according to a density distribution of

the plasma in the process chamber; and processing the substrate with oxidizing species generated

by the plasma
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