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.

BACKGROUND

[0002] Asan example of aprocess of manufacturing a semiconductor device, a substrate
processing of processing afilm formed over a surface of a substrate is often carried out by
supplying a processing gas containing hydrogen peroxide to the substrate (for example, see
Patent Documents 1 and 2).
[Prior Art Documents]
[0003] Patent Documents

Patent Document 1: International publication No. 2014/069826

Patent Document 2: International publication No. 2013/070343

SUMMARY
[0004] The present disclosure provides some embodiments of a technique capable of improving
aquality of substrate processing performed using hydrogen peroxide.
[0005] According to one or more embodiments of the present disclosure, thereis provided a
technique that includes afirst act of modifying afilm containing a silazane bond by heating a
substrate, in which the film containing the silazane bond is formed over a surface of the substrate,
to afirst temperature and by supplying afirst processing gas containing hydrogen peroxide to the
substrate; and after the first act, a second act of modifying the film containing the silazane bond
by heating the substrate to a second temperature higher than the first temperature and by

supplying a second processing gas containing hydrogen peroxide to the substrate.



[0006] According to the present disclosure in some embodiments, it is possible to improve a

quality of substrate processing performed using hydrogen peroxide.

BRIEF DESCRIPTION OF DRAWINGS
[0007] FIG. 1 isaschematic configuration diagram of avertical type process furnace of a
substrate processing apparatus suitably used in embodiments of the present disclosure, in which
aportion of the process furnace is shown in avertical cross sectional view.
[0008] FIG. 2 isaschematic configuration diagram of a controller of the substrate processing
apparatus suitably used in one or more embodiments of the present disclosure, in which a control
system of the controller is shown in ablock diagram.
[0009] FIGS. 3A and 3B are flowcharts illustrating examples of a pre-processing step.
[0010] FIG. 4isaflowchart illustrating an example of substrate processing performed after the
pre-processing step.
[0011] FIG. 5isaflowchart illustrating an example of temperature control in the substrate
processing.
[0012] FIGS. 6A to 6C are flowcharts illustrating modification examples of temperature control
in the substrate processing.
[0013] FIG. 7 isadiagram illustrating a measurement result of nitrogen concentration contained

in afilm after a modification process.

DETAILED DESCRIPTION
<One or more embodiments of the Present Disclosure>
[0014] The embodiments of the present disclosure will now be described with reference to FIGS.

1,2,3A, 4, and5.

(1) Configuration of the Substrate Processing A pparatus

[0015] Asillustrated in FIG. 1, a process furnace 202 includes areaction tube 203. The
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reaction tube 203 is made of a heat resistant material, e.g., quartz (SiO,), silicon carbide (SiC) or
the like, and has a cylindrical shape with a gas supply port 203p at its upper end and a furnace
opening (opening) at itslower end. A process chamber 201 isformed in a hollow cylindrical
portion of the reaction tube 203. The process chamber 201 is configured to accommodate a
pluraity of wafers 200 as substrates.

[0016] A seal cap 219, which serves as alid configured to hermetically seal alower end opening
of the reaction tube 203, isinstalled under the reaction tube 203. The seal cap 219 is made of a
non-metallic material such as, e.g., quartz or the like, and isformed in adisc shape. An O-ring
220, which is a seal member making contact with the lower end portion of the reaction tube 203,
isinstalled on an upper surface of the seal cap 219. A rotation mechanism 267 isinstalled
under the seal cap 219. A rotary shaft 255 of the rotation mechanism 267, which penetrates the
seal cap 219, is connected to aboat 217. The rotation mechanism 267 is configured to rotate
the wafers 200 by rotating the boat 217. A bearing 219s of the rotary shaft 255 installed on the
rotary shaft 255 is configured as a fluid seal such as amagnetic seal or thelike. The seal cap
219 is configured to be vertically moved up and down by a boat elevator 115 whichisan
elevator mechanism installed outside the reaction tube 203. The boat € evator 115 is configured
as atransfer mechanism which loads and unloads (transfers) the wafers 200 into and from (out of)
the process chamber 201 by moving the seal cap 219 up and down.

[0017] The boat 217 serving as a substrate support is configured to support a plurality of wafers
200, e.g., 25 to 200 wafers, in such a state that the wafers 200 are arranged in a horizontal
posture and in multiple stages along avertical direction with the centers of the wafers 200
aligned with one another. That is, the boat 217 is configured to arrange the wafers 200 in a
spaced-apart relationship.  The boat 217 is made of a heat resistant material such as quartz or
SiC, and includes atop plate 217a and a bottom plate 217b at its top and bottom. Heat
insulators 218 supported in a horizontal posture and in multiple stages below the boat 217 are
made of a heat resistant material such as, e.g., quartz or SiC, and are configured to suppress heat

conduction between a wafer accommodation region and a near-furnace opening region. The
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bottom plate 217b may be installed below the heat insulators 218. The heat insulators 218 may
be regarded as part of the components of the boat 217.

[0018] A heater 207 as a heating part isinstalled outside the reaction tube 203.  The heater 207
isverticaly instaled so as to surround the wafer accommaodation region in the process chamber
201. The heater 207 serves to heat the wafers 200 accommodated in the wafer accommodation
region to a predetermined temperature, and aso functions as a liquefaction suppressing
mechanism that suppresses liquefaction of a gas supplied into the process chamber 201 by
applying thermal energy to the gas or functions as an excitation mechanism configured to
thermally activatethe gas. A temperature sensor 263 serving as a temperature detection part is
installed in the process chamber 201 along the inner wall of the reaction tube 203.  The output
of the heater 207 is adjusted based on temperature information detected by the temperature
sensor 263.

[0019] A gas supply pipe 232ais connected to the gas supply port 203p installed at the upper
end of the reaction tube 203. A gas generator 250a, a mass flow controller (MFC) 241a, which
isaflow rate controller (flow rate control part), and avalve 243a, which is an opening/closing
valve, areinstalled in the gas supply pipe 232a sequentially from the corresponding upstream
side.

[0020] The gas generator 250ais configured to generate a processing gas by vaporizing or
misting a hydrogen peroxide solution as aliquid precursor, such as heating it to a predetermined
temperature (vaporization temperature) which falls within arange of, e.g., 120 to 200 degrees C
under substantially an atmospheric pressure. The hydrogen peroxide solution used herein is an
agueous sol ution obtained by dissolving hydrogen peroxide (H.O,), which isaliquid under an
atmospheric temperature, in water (H,O) asasolvent. H,O, and H,O are respectively contained
in predetermined concentrations in the gas obtained by vaporizing the hydrogen peroxide
solution. Hereinafter, this gas will be referred to as an H,O,-containing gas.  Furthermore, a
processing gas used at afirst modification step as described hereinbelow will be referred to as a

first processing gas, and a processing gas used at a second modification step as described
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hereinbelow will be referred to as a second processing gas.  H,O, contained in the processing
gasisakind of active oxygen, which is unstable, easily releases oxygen (O), and generates
hydroxy radical (OH radical) having very strong oxidizing power. Therefore, the H,O,-
containing gas acts as a strong oxidizing agent (O source) in the substrate processing as
described hereinbelow.

[0021] A gas supply pipe 232b for supplying a carrier gas (dilution gas) is connected to the gas
supply pipe 232a at the downstream side of the valve 243a and at the upstream side of a portion
heated by the heater 207. An MFC 241b and avalve 243b are installed in the gas supply pipe
232b sequentially from the corresponding upstream side. Asthe carrier gas, it may be possible
to use a hydrogen peroxide-free O-containing gas such as an oxygen (O,) gas or the like, an inert
gas such as nitrogen (N,) gas, arare gas or the like, or a mixture thereof.

[0022] Furthermore, in the present embodiments, when vaporizing or misting the hydrogen
peroxide solution, the hydrogen peroxide solution is misted (atomized) by supplying a carrier gas
for vaporization together with the hydrogen peroxide solution to the gas generator 250a.  The
flow rate of the carrier gas for vaporization is, e.g., about 100 to 500 times the flow rate of the
hydrogen peroxide solution. Asthe carrier gas for vaporization, it may be possible to use a gas
similar to the aforementioned carrier gas (dilution gas). In the case of using the carrier gas for
vaporization or the carrier gas (dilution gas), the carrier gas for vaporization or the carrier gas
(dilution gas) may be regarded as being included in each of the "processing gas," "the H,O»-

containing gas," "the first processing gas,” and "the second processing gas" described above.
[0023] A processing gas supply system mainly includes the gas supply pipe 2323, the MFC 24143,
and thevalve 243a. Furthermore, a carrier gas (dilution gas) supply system mainly includes the
gas supply pipe 232b, the MFC 241b, and the valve 243b.

[0024] An exhaust pipe 231 configured to exhaust an internal atmosphere of the process

chamber 201 isinstalled at alower side of the sidewall of the reaction tube 203. A vacuum

pump 246 as a vacuum exhaust device is connected to the exhaust pipe 231 via a pressure sensor

245 as a pressure detector which detects the internal pressure of the process chamber 201 and an
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APC valve 244 as apressure regulator. The APC valve 244 is configured so that a vacuum
exhaust of the interior of the process chamber 201 and a vacuum exhaust stop can be performed
by opening and closing the APC valve 244 while operating the vacuum pump 246 and so that the
internal pressure of the process chamber 201 can be adjusted by adjusting an opening degree of
the APC valve 244 based on pressure information detected by the pressure sensor 245 while
operating the vacuum pump 246. An exhaust system mainly includes the exhaust pipe 231, the
APC valve 244, and the pressure sensor 245. The vacuum pump 246 may be regarded as being
included in the exhaust system.

[0025] Asillustrated in FIG. 2, acontroller 121, which is acontrol part, may be configured as a
computer including a CPU 121a, an RAM 121b, amemory device 121c, and an 1/O port 121d.
The RAM 121b, the memory device 121c, and the I/O port 121d are configured to exchange data
with the CPU 12laviaaninterna bus 121e. An input/output device 122 formed of atouch
panel or the like is connected to the controller 121.

[0026] The memory device 121c is configured by, for example, aflash memory, an HDD, or the
like. A control program for controlling operations of a substrate processing apparatus, a
process recipe for specifying sequences and conditions of substrate processing as described
hereinbelow, or the like is readably stored in the memory device 121c. The process recipe
functions as a program for causing the controller 121 to execute each sequence, as described
hereinbelow, to obtain a predetermined result. Hereinafter, the process recipe and the control
program will be generally and simply referred to asa"program.”  Furthermore, the process
recipe will be smply referred to asa"recipe.” When the term "program” is used herein, it may
indicate a case of including only the recipe, acase of including only the control program, or a
case of including both the recipe and the control program. The RAM 121bis configured as a
memory area (work ared) in which a program, data or the like read by the CPU 121ais
temporarily stored.

[0027] Thel/O port 121d is connected to the MFCs 241a and 241b, the valves 243a and 243b,

the gas generator 2503, the pressure sensor 245, the APC valve 244, the vacuum pump 246, the
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heater 207, the temperature sensor 263, the rotation mechanism 267, the boat elevator 115, and
thelike, as described above.

[0028] The CPU 121ais configured to read the control program from the memory device 121c
and executethe same. The CPU 121ais also configured to read the recipe from the memory
device 121c according to an input of an operation command from the input/output device 122.

In addition, the CPU 121ais configured to control, according to the contents of the recipe thus
read, the gas-generating operation by the gas generator 250a, the flow rate-adjusting operation of
various kinds of gases by the MFCs 241a and 241b, the opening/closing operation of the valves
243aand 243b, the opening/closing operation of the APC valve 244, the pressure-regulating
operation performed by the APC valve 244 based on the pressure sensor 245, the driving and
stopping of the vacuum pump 246, the temperature-adjusting operation performed by the heater
207 based on the temperature sensor 263, the operation of rotating the boat 217 with the rotation
mechanism 267 and adjusting the rotation speed of the boat 217, the operation of moving the
boat 217 up and down with the boat elevator 115, and the like.

[0029] The controller 121 may be configured by installing, on the computer, the aforementioned
program stored in an external memory device 123 (for example, a magnetic disc such asan HDD,
an optical disc such asa CD, amagneto-optical disc such asan MO, or a semiconductor memory
such asaUSB memory). The memory device 121c or the external memory device 123 is
configured as a computer-readable recording medium. Hereinafter, the memory device 121c
and the external memory device 123 will 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 only the memory device 121c, a case of including only the external memory device
123, or a case of including both the memory device 121c and the external memory device 123.
Furthermore, the program may be supplied to the computer using a communication means such

asthe Internet or adedicated line, instead of using the external memory device 123.

(2) Pre-processing Step



[0030] Next, apre-processing step performed prior to performing the substrate processing on a
wafer 200 will be described with reference to FIG.3A.

[0031] Asillustrated in FIG. 3A, at this step, a polysilazane (PHPS)-coating process and a pre-
baking process are sequentially performed on the wafer 200. At the PHPS-coating process, a
coating solution containing polysilazane (polysilazane solution) is coated on a surface of the
wafer 200 using a method such as a spin-coating method or the like.  In the pre-baking process,
asolvent is removed from a coating film by heating the wafer 200 on which the coating filmis
formed. The solvent may be volatilized from the coating film by heating the wafer 200, on
which the coating formed is formed, at a processing temperature (pre-baking temperature) which
fallswithin arange of, e.g., 70 to 250 degrees C.  This heat treatment may be performed at
about 150 degrees C in some embodi ments.

[0032] The coating film formed over the surface of the wafer 200 becomes afilm (polysilazane
film) having a silazane bond (-Si-N-) viathe pre-baking process. This film contains nitrogen
(N) and hydrogen (H) in addition to silicon (Si), and may further contain a mixture of carbon (C)
and another impurity. In the substrate processing as described hereinbelow, thisfilmis
modified (oxidized) by supplying a processing gas containing H,O to the polysilazane film

formed over the wafer 200 under a predetermined temperature condition.

(3) Substrate Processing

[0033] Next, an example of substrate processing performed using the af orementioned substrate
processing apparatus, which is a process for manufacturing a semiconductor device, will be
described with referenceto FIGS. 4 and 5. In the following descriptions, operations of the
respective parts constituting the substrate processing apparatus are controlled by the controller
121.

[0034] In the film-forming sequencesillustrated in FIGS. 4 and 5, there are performed: afirst
modification step (first step) of modifying a polysilazane film by heating a wafer 200 having the

polysilazane film containing a silazane bond formed over its surface to a first temperature and by
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supplying afirst processing gas containing H,O, to the wafer 200; and a second modification
step (second step) of modifying the polysilazane film by heating the wafer 200 to a second
temperature higher than the first temperature and by supplying a second processing gas
containing H,O; to the wafer 200, after the first modification step.

[0035] In addition, in the film-forming sequencesillustrated in FIGS. 4 and 5, there is performed
atemperature-rising step (third step) of not performing the supply of the gas containing H,O, to
the wafer 200 between the first modification step and the second modification step.

Furthermore, in the film-forming sequenceillustrated in FIG. 4, thereis performed a drying step
(fourth step) of drying the wafer 200 by supplying a carrier gas not containing H,O, to the wafer
200, after the second modification step.

[0036] When theterm "wafer" is used herein, it may refer to awafer itself or alaminated body
of awafer and a predetermined layer or film formed over the surface of the wafer.  In addition,
when the phrase "a surface of awafer” is used herein, it may refer to a surface of awafer itself or
asurface of apredetermined layer or the like formed over awafer. Furthermore, in the present
disclosure, the expression "a predetermined layer isformed over awafer” may mean that a
predetermined layer is directly formed on a surface of awafer itself or that a predetermined layer
isformed over alayer or the like formed on awafer. 1n addition, when the term "substrate” is

used herein, it may be synonymous with the term "wafer."

(Substrate-L oading Step)

[0037] A plurality of wafers 200 having a polysilazane film formed over each of their surfacesis
charged on the boat 217 (wafer charging). Thereafter, asillustrated in FIG. 1, the boat 217
supporting the plurality of wafers 200 is lifted up by the boat elevator 115 and is loaded into the
process chamber 201 (boat loading). In this state, the seal cap 219 seals the lower end of the

reaction tube 203 via the O-ring 220.

(Pressure Regulation and Temperature Adjustment Step)
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[0038] The interior of the process chamber 201, namely the space in which the wafers 200 are
located, is vacuum-exhausted by the vacuum pump 246 so as to reach a desired pressure
(modifying pressure). In this operation, the internal pressure of the process chamber 201 is
measured by the pressure sensor 245. The APC valve 244 is feedback-controlled based on the
measured pressure information.  Furthermore, the wafers 200 are heated by the heater 207 to a
desired temperature (first temperature). In this operation, the state of supplying e ectric power
to the heater 207 is feedback-controlled based on the temperature information detected by the
temperature sensor 263 such that the wafers 200 reach the desired temperature.  The feedback
control of the heater 207 may be continuously performed at least until the processing of the
wafers 200 iscompleted. In addition, the rotation of the wafers 200 by the rotation mechanism
267 begins. Thedriving of the vacuum pump 246 and the heating and rotation of the wafers

200 may be all continuously performed until the processing of the wafers 200 is compl eted.

(First Modification Step)

[0039] Subsequently, the valve 243ais opened to start the supply of an H,O,-containing gas
(first processing gas) into the process chamber 201 viathe MFC 2414, the gas supply pipe 2323,
and the gas supply port 203p. The first processing gas supplied into the process chamber 201
flows downward in the process chamber 201 and is discharged to the outside of the process
chamber 201 viathe exhaust pipe 231. At thistime, the first processing gasis supplied to the
wafer 200. At thistime, the valve 243b may be opened to supply acarrier gas (O, gas) into the
process chamber 201 via the gas supply pipe 232a and the gas supply port 203p while adjusting
the flow rate by the MFC 241b. Inthis case, the first processing gasis diluted with the O, gas
in the gas supply pipe 232a and supplied into the process chamber 201 in that state. By
adjusting the H,O, concentration (partial pressure of H,O, in the process chamber 201) of the
first processing gas by the supply of the O, gas, it is possible to suppress liquefaction of the first
processing gas supplied into the process chamber 201, i.e., liquefaction of the H,O, component

contained in the first processing gas, or to adjust the modification rate of the polysilazane film.
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The H,0, concentration of the first processing gas may be adjusted by changing the flow rate of
the carrier gas for vaporization or the flow rate of the liquid precursor supplied to the gas
generator 250a.
[0040] The processing condition at the first modification step may be exemplified as follows:
H>0O, concentration of liquid precursor: 20 to 40%, or 25 to 35% in some embodiments
Flow rate of liquid precursor: 1.0 to 10 sccm, or 1.6 to 8 sccm in some embodi ments
Vaporization condition of liquid precursor: heating to 120 to 200 degrees C under
substantially atmospheric pressure
Modifying pressure: 700 to 1,000 hPa (any of atmospheric pressure, slight
depressurization and slight pressurization)
Temperature of wafer 200 (first temperature): 70 degrees C or higher and lower than 300
degreesC
Total flow rate of O, gas (carrier gas for vaporization and carrier gas (dilution gas)): 0 to
20 SLM, or 5to 10 SLM in some embodiments.
[0041] The H,O, concentration of the first processing gasis set to a concentration such that the
partial pressure of H,O, in the process chamber 201 becomes a pressure of a saturation vapor
pressure or lower of H,O, in the process chamber 201 in which the wafer 200 heated to the first
temperature is accommodated. This prevents the first processing gas containing H,O, from
being liquefied in the process chamber 201.  Furthermore, from the view of improving the
oxidization process rate, it is desirable that the partial pressure of H,O, be as close as possible to
the saturation vapor pressure in some embodiments.
[0042] By supplying the first processing gas to the wafer 200 under the aforementioned
condition and maintaining this state for a predetermined first time (e.g., atime which falls within
arange of 20 to 720 minutes), it is possible to modify (oxidize) the polysilazane film formed
over thewafer 200. That is, an O component contained in the first processing gas can be added
into the polysilazane film, and an impurity (first impurity) such asan N component, aC

component, an H component or the like contained in the polysilazane film can be desorbed from
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that film.

[0043] As described above, H,O, contained in the first processing gas has very strong oxidizing
power. Therefore, even when the first temperature is set to the aforementioned low temperature
condition, it is possible to allow the oxidization process on the polysilazane film to go ahead a a
practical rate. Furthermore, by setting the first temperature to the aforementioned low
temperature condition, it is possible to suppress curing (condensation) of the surface of the
polysilazane film resulting from the first modification step. Therefore, it is possible to
efficiently permeate the H,O, component or H,O component contained in the first processing gas
not only into the surface of the polysilazane film but aso into that film (in the thickness direction)
at thefirst modification step.  Asaresult, it is possible to achieve the effects of the
aforementioned modification not only on the surface of that film but also on the deep part of the
film.  Furthermore, in order to achieve the modification effects over the entire region of the
polysilazane film in the thickness direction, it is desirable that the first modification step be
continuously performed over the entire region of the polysilazane film in the thickness direction,
i.e., at least until the H,O, component or the like reaches the deep part of the film, in some
embodiments. It isalso desirable that the period (first time) during which the first modification
step is performed be increased according to an increase of the film thickness of the polysilazane
film in some embodiments.  In addition, since the time taken for the modification effects at the
first processing step to reach the entire region of the polysilazane film in the thickness direction
is generally longer than the time taken for the modification effects at the second modification
step as described hereinbel ow to be completed, it is desirable that, for example, the period (first
time) during which the first modification step is performed be set to alength equal to or longer
than the period (second time) during which the second modification step is performed in some
embodiments.

[0044] Furthermore, if the temperature of the wafer 200 is lower than 70 degrees C, the first
processing gas containing H.O, is easily liquefied, particularly under the condition of

atmospheric pressure (or slight depressurization or slight pressurization) as the present
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embodiments. Thus, there may be a case where the particles resulting from the liquefaction are
generated, uniform oxidization process may not be performed in the plane of the wafers or
between the wafers, or the liquefied high-concentration H,O,-containing liquid remains around
the furnace opening of the reaction tube 203. By setting the temperature of the wafer 200 at a
predetermined temperature of 70 degrees C or higher, it is possible to allow the oxidization
process to go ahead while suppressing the liquefaction of the first processing gas under the
pressure condition as in the present embodiments.  In addition, when the liquefaction of the first
processing gasis suppressed by changing the pressure condition in the process chamber 201, the
flow rate of the carrier gas or the like, the temperature of the wafer 200 may be set |lower than 70
degreesC. Moreover, when the temperature of the wafer 200 reaches 300 degrees C or higher,
the surface of the polysilazane film is cured, which may make it difficult to permeate the H,O,
component or H,O component into the film. By setting the temperature of the wafer 200 at a
predetermined temperature of lower than 300 degrees C, it is possible to suppress curing of the
surface of the polysilazane film, and to achieve the modification effects over the entire region of
the film in the thickness direction by permeating the H,O, component or H,O component into the

film.

(Temperature-Rising Step)

[0045] After the lapse of a predetermined time, when the modification process of the
polysilazane film under afirst temperature condition is completed, the valve 243ais closed to
stop the supply of the first processing gas to the wafer 200, and the temperature of the wafer 200
israised to a second temperature higher than the first temperature.  Furthermore, when an O,
gasis supplied from the gas supply pipe 232b at the first modification step, the O, gas may be
continuously supplied with the valve 243b kept opened until the next second modification step
starts.  Alternatively, the valve 243b may be closed to stop the supply of the O, gasinto the
process chamber 201 simultaneously with the stopping of the supply of the first processing gas

or after the lapse of a predetermined time.
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(Second Modification Step)
[0046] When the temperature of the wafer 200 reaches the second temperature higher than the
first temperature and is stabilized, the supply of an H,O,-containing gas (second processing gas)
to the wafer 200 starts according to the same processing procedures as those of the first
modification step. Also, at this step, an O, gas may be supplied into the process chamber 201
asthefirst modification step. By adjusting the H,O, concentration (partial pressure of H,O, in
the process chamber 201) of the second processing gas by the supply of the O, gas, it is possible
to suppress liquefaction of the second processing gas supplied into the process chamber 201, i.e.,
liquefaction of the H,O, component contained in the second processing gas, or to adjust the
modification rate of the polysilazane film. The H,O, concentration of the second processing
gas may be adjusted by changing the flow rate of the carrier gas for vaporization or the flow rate
of the liquid precursor supplied to the gas generator 250a. However, at this step, since the
internal temperature of the process chamber 201 is set at the second temperature higher than the
first temperature, even when the H,O, concentration of the second processing gas is set higher
than that of the first processing gas, the liquefaction of the second processing gasislesslikely to
occur.
[0047] The processing condition at the second modification step may be exemplified as follows:

H,0, concentration of liquid precursor: 20 to 40%, or 25 to 35% in some embodiments

Flow rate of liquid precursor: 1.0 to 10 sccm, or 1.6 to 8 sccm in some embodi ments

Vaporization condition of liquid precursor: heating to 120 to 200 degrees C under
substantially atmospheric pressure

Modifying pressure: 700 to 1,000 hPa (any of atmospheric pressure, slight
depressurization and slight pressurization)

Temperature of wafer 200 (second temperature): 300 to 500 degrees C

Total flow rate of O, gas (carrier gas for vaporization and carrier gas (dilution gas)): 0 to

20 SLM, or 5t0 10 SLM in some embodiments.
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[0048] Furthermore, in order to reliably obtain the action of the modification process at this step,
it is desirable that the second temperature be set at atemperature higher than the first
temperature by 100 degrees C or higher in some embodiments. However, it is desirable that the
second temperature be 500 degrees C or lower in consideration of the influence or the like of
thermal history (thermal budget) on the device or the like formed over the wafer 200 in some
embodiments.

[0049] In addition, it is desirable that the H,O, concentration of the second processing gas be set
to a concentration higher than the H,O, concentration of the first processing gas in some
embodiments. The H,O, concentration of the second processing gasis set to a concentration
such that the partial pressure of H,O, in the process chamber 201 becomes a pressure of the
saturation vapor pressure or lower of H,O,in the process chamber 201 in which the wafer 200
heated to the second temperature is accommodated as the case of the first modification step.
However, by setting the second temperature at a temperature higher than the first temperature at
the second modification step, it is possible to make the saturation vapor pressure of H,O, in the
process chamber 201 higher than that of the first modification step.  Therefore, even when the
H.O, concentration of the second processing gas is higher than that of the first processing gas,
the modification process can be performed without the second processing gas containing H-O»
being liquefied in the process chamber 201.

[0050] By supplying the second processing gas to the wafer 200 under the aforementioned
condition and maintaining this state for a predetermined second time (atime shorter than the first
time, for example, atime which falswithin arange of 5 to 180 minutes), it is possible to further
modify (oxidize) the film modified at the first modification step. Furthermore, the O
component can be further added into the film modified at the first modification step, and an
impurity (second impurity) such asan N component, a C component, an H component or the like
contained in the polysilazane film, which is difficult to be removed by performing the first
modification step, can be desorbed from the film.

[0051] In the present embodiments, by performing the second modification step under a
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condition of the second temperature higher than the first temperature, it is possible to make the
action of oxidation obtained at this step stronger than that obtained at the first modification step.
Furthermore, as described above, by performing the second modification step under the
condition of the second temperature higher than the first temperature, it is possible to suppress
the liquefaction of the second processing gas. Therefore, in the present embodiments, a gas
having a higher concentration of H,O, than the first processing gas can be used as the second
processing gas, which makesit possible to make the action of oxidation further strong.

[0052] Furthermore, in the present embodiments, since the second modification step is
performed under the condition of the second temperature higher than the first temperature, H,0,
or the like permeated into the film when the first modification step is performed can be
contributed to the oxidation process under a higher temperature condition. For example, by
heating the wafer 200 to the second temperature, it is possible to modify (oxidize) the film by
activating H,O,, H,O or the like permeated into the film, and to desorb the second impurity,
which is difficult to be removed by performing the first modification step, from the film in that
process. Asaresult, it ispossible to obtain the aforementioned action of modification over the
entire region of the film in the thickness direction (up to the deep part of the film).

[0053] Moreover, in the present embodiments, H,O,, H,O or the like is efficiently permeated
into the film while suppressing curing of the surface of the polysilazane film by performing the
first modification step under a condition of the first temperature (particularly, lower than 300
degrees C) lower than the second temperature, before the second modification step. The
component such as H,O; or the like permeated at the first modification step has the action of
promoting the permeation of the component such as H,O; or the like into the film also at the
second modification step.  Therefore, the component such as H,O; or the like is easily
permeated into the film also at the second modification step performed under the condition of the
second temperature higher than the first temperature (particularly, 300 degrees C or higher at
which the curing of the surface of the polysilazane film easily goes ahead). Thus, it is possible

to achieve the modification effects by the component such as H,O, or the like over the entire
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region of the film in the thickness direction (up to the deep part of the film).

[0054] Asaresult of these, it is possible to further add the O component to the film modified at
the first modification step over the entire region thereof in the thickness direction. In addition,
it is possible to desorb the impurity (second impurity), which cannot be removed by performing
the first modification step, from the film, and to change this film to a high quality silicon oxide
film (SO film) having avery low impurity concentration over the entire region of the filmin the

thickness direction.

(Drying Step)

[0055] After the lapse of a predetermined time, when the modification process of the film
performed under the second temperature condition is completed, the supply of the second
processing gas to the wafer 200 is stopped. Then, the wafer 200 is dried by supplying an H,O,-
free O, gasto thewafer 200. It isdesirable that this step be performed in a state in which the
temperature of the wafer 200 is kept at the aforementioned second temperature or set at a
temperature higher than the aforementioned second temperature in some embodiments.  Thus, it
is possible to promote drying of the wafer 200. That is, it is possible to efficiently desorb the
H,0, component or H,O component from the surface of the film or from the film modified by
performing the second modification step.  Furthermore, by executing the drying step while
keeping at the second temperature, the temperature rising between the second modification step
and the drying step is omitted, thereby shortening the time from the end of the second
modification step to the start of the drying step and achieving the modification effects by the

component such as H,O,, H,O or the like remaining within the film even at the drying step.

(Temperature Dropping and Atmospheric Pressure Return Step)
[0056] After the drying step is completed, the interior of the process chamber 201 is vacuum-
exhausted. Thereafter, by supplying an N, gas into the process chamber 201, the interior of the

process chamber 201 is returned to an atmospheric pressure, and the heat capacity in the process
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chamber 201 isincreased. Thus, it is possible to uniformly heat the wafers 200 or the members
in the process chamber 201, and to remove the particles, impurity, outgassing, or the like, which

cannot be removed by vacuum-exhaust, from the interior of the process chamber 201.  After the
lapse of a predetermined time, the internal temperature of the process chamber 201 is dropped to

a predetermined |oadabl e temperature.

(Substrate-Unloading Step)

[0057] The seal cap 219 is moved down by the boat elevator 115 to open the lower end of the
reaction tube 203. Then, the processed wafers 200 supported on the boat 217 are unloaded
from the lower end of the reaction tube 203 to the outside of the reaction tube 203 (boat
unloading). The processed wafers 200 are unloaded to the outside of the reaction tube 203 and

subsequently discharged from the boat 217 (wafer discharging).

(4) Effects according to the Present Embodiments

[0058] According to the present embodiments, one or more effects as set forth below may be
achieved.

[0059] (a) By using the processing gas containing H,O; at the first modification step, even when
the processing temperature (first temperature) is set to the aforementioned low temperature
condition, it is possible to allow the oxidation process on the polysilazane film to go ahead a a
practical rate.

[0060] (b) By setting the processing temperature to the aforementioned |low temperature
condition at the first modification step, it is possible to suppress the curing of the surface of the
polysilazane film resulting from performing the first modification step, and to permeate the H,O,
component or H,O component into thefilm. Asaresult, it is possible to widely spread the
modification effects to the deep part of that film.

[0061] (c) By setting the processing temperature at the second temperature higher than the first

temperature by, e.g., 100 degrees C or higher, at the second modification step, it is possible to
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enhance the action of oxidation compared with that of the first modification step.

[0062] (d) By setting the treatment temperature at the second temperature higher than the first
temperature by, e.g., 100 degrees C or higher, at the second modification step, it is possible to
contribute to the modification (oxidation) process of the film by activating the H,O, component
or H,O component permeated into the film, and to extend the aforementioned action of
modification over the entire region of the film in the thickness direction.

[0063] (e) By using a gas having an H,O, concentration higher than that of the first processing
gas as the second processing gas at the second modification step, it is possible to further enhance
the action of oxidation.

[0064] (f) By performing the first modification step and the second modification step in this
order, it is possible to change the polysilazane film formed over the wafer 200 to a good quality
SiO film having avery low impurity concentration over the entire region of the filmin the
thickness direction.

[0065] Furthermore, when only the first modification step is performed and the second
modification step is not performed, or when the first modification step is not performed and only
the second modification step is performed, it is difficult to achieve the same effects as those of
the present embodiments.  In addition, even if the second modification step is performed before
the first modification step, it is difficult to achieve the same effects as those of the present
embodiments. Thisis considered to be because, when the second modification step performed
under the second temperature condition isfirst performed, the curing of the surface of the
polysilazane film goes ahead from the beginning, and thereafter, the H,O, component or H,O
component becomes difficult to be permeated into the film.

[0066] (g) The effects mentioned above can be similarly achieved in the case where an O-
containing gas other than the O, gasis used as the carrier gas, or in the case where an inert gas

such asan N gas, arare gas or the like is used as the carrier gas.

(5) Modification Examples
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[0067] The present embodiments may be modified as the modification examples described

below. Furthermore, these modification examples may be arbitrarily combined.

(Modification Example 1)

[0068] Asillustrated in FIG. 6A, at the first modification step, the temperature of the wafer 200
isnot limited to a case where the temperature of the wafer 200 is raised to the first temperature
and kept constant, but the temperature of the wafer 200 may be varied within the af orementioned
range (70 degrees C or higher and lower than 300 degrees C).  Furthermore, asillustrated in
FIG. 6B, at the second modification step, the temperature of the wafer 200 is not limited to a
case where the temperature of the wafer 200 is raised to the second temperature and kept
constant, but the temperature of the wafer 200 may be varied within the af orementioned range
(300 degrees C to 500 degrees C).  In addition, asillustrated in FIG. 6C, the temperature of the
wafer 200 may be varied at each of the first modification step and the second modification step.
That is, each of the first temperature and the second temperature may be considered as a
temperature zone having a predetermined width. Moreover, in these modification examples,
the temperature-rising step may not be performed. In addition, the temperature of the wafer
200 when performing the drying step may bevaried. Furthermore, in the case of varying the
first temperature and the second temperature, the temperature may be raised asillustrated, and in
this case, the temperature-rising rate may be constant or may be varied. Moreover, when the
first temperature and the second temperature are varied, the temperature may be dropped, and in
this case, the temperature-dropping rate may be constant or may be varied. Furthermore, in the
case of varying the first temperature and the second temperature, the temperature rising and the

temperature dropping may be alternately performed.

(Modification Example 2)
[0069] In at least one of the first modification step and the second modification step, when the

processing gas is supplied into the process chamber 201, the processing gasisfilled in the
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process chamber 201 and the interior of the process chamber 201 may be pressurized by closing
the APC valve 244 or reducing its opening degree.  Thus, it is possible to uniformize the
concentration distribution of the processing gas in the process chamber 201, and to improve the
uniformity of the modification process between the wafers 200 and in the plane of the wafers
200. Inaddition, by pressurizing the interior of the process chamber 201, it is possible to
promote the aforementioned oxidation reaction and to improve the quality of the SiO film.
Moreover, it is possible to shorten the time required for the oxidation process and to improve the

productivity.

(Modification Example 3)

[0070] An O, gas may be alowed to flow from the gas supply pipe 232b before the supply of the
first processing gas into the process chamber 201 starts and to make the interior of the process
chamber 201 in an O, gas atmosphere in advance. Thus, it is possible to improve the
productivity of the aforementioned modification process or to improve the quality of the SIO
film. Inaddition, it is possible to improve the uniformity of the modification process between
the wafers 200 and in the plane of the wafers 200 or to suppress the generation of foreign matter
in the process chamber 201. Even in this case, when the supply of the first processing gas starts
without making the interior of the process chamber 201 in an O, gas atmosphere, the difference
in start timing of the modification process may be large at the upper and lower sides of the wafer
accommodation region and at the peripheral portion and the central portion of the wafers 200.
Furthermore, the impurity contained in the first processing gas and the solvent or impurity
remaining within the polysilazane film may excessively react to generate foreign matter. By
making the interior of the process chamber 201 in an O, gas atmosphere in advance, it is possible
to solve these problems.  Furthermore, the impurity contained in the processing gas is one
derived from the stabilizer or impurity contained in the liquid precursor used to generate the first

processing gas.
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(Modification Example 4)

[0071] At the temperature-rising step, an H,O,-containing gas may be supplied to the wafer 200
while raising the temperature of the wafer 200 from the first temperature to the second
temperature.  The H,O,-containing gas supplied here may be one for continuously supplying
thefirst processing gas at the first modification step, or may be one switched to the second
processing gas at the second modification step. Moreover, the H,O,-containing gas may be one
switched to the second processing gas from the first processing gas during the temperature-rising
step.  In addition, the H,O,-containing gas may be one obtained by gradually (or stepwise)
changing the H,O, concentration of the first processing gas to become equal to the concentration
in the second processing gas. However, in the case of changing the concentration of the H,O»-
containing gas generated in the gas generator 250a, a predetermined timeis required until the gas
concentration is stabilized. Therefore, when switching the first processing gas to the second
processing gas having a different concentration, it is desirable that the supply of the H,O--
containing gas into the process chamber 201 not be performed until the gas concentration is
stabilized, and the supply of the second processing gas into the process chamber 201 starts after

the gas concentration is stabilized in some embodiments.

<Other Embodiments of the Present Disclosure>

[0072] While one or more embodiments of the present disclosure have been specifically
described above, the present disclosure is not limited to the aforementioned embodi ments but
may be variously modified without departing from the spirit of the present disclosure.

[0073] For example, in the aforementioned embodiments, there has been described an example
in which a processing gasis generated outside the process chamber 201, but the processing gas
may be generated inside the process chamber 201. For example, aliquid precursor may be
supplied to the top plate 217a heated by alamp heater or the like, and the processing gas may be
generated by vaporizing the liquid precursor.

[0074] In the aforementioned embodiments, there has been described an example in which a
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substrate over which a polysilazane film is formed is processed, but the present disclosureis not
limited thereto. That is, even if afilm to be processed is not a polysilazane film, the same
effects as those of the aforementioned embodiments may be achieved.

[0075] In the aforementioned embodiments, there has been described an example in which a
polysilazane film formed by performing a PHPS-coating process and a pre-baking process is
processed, the present disclosure is not limited thereto.  For example, asillustrated in FIG. 3B,
even in the case of processing a polysilazane film which is formed by a flowable CVD method
and is not pre-baked, the same effects as those of the aforementioned embodiments may be
achieved.

[0076] In the aforementioned embodiments, there has been described an example in which films
are formed using a batch-type substrate processing apparatus capable of processing a plurality of
substrates at atime. The present disclosureis not limited to the af orementioned embodiments
but may be appropriately applied to, e.g., a case where films are formed using a single-wafer-
type substrate processing apparatus capable of processing a single substrate or several substrates
at atime. Inaddition, in the aforementioned embodiments, there have been described examples
in which films are formed using the substrate processing apparatus provided with a hot-wall-type
process furnace. The present disclosure is not limited to the aforementioned embodi ments but
may be appropriately applied to a case where films are formed using a substrate processing
apparatus provided with a cold-wall-type process furnace.

[0077] The embodiments, modification examples and the like described above may be
appropriately combined with one another. The processing procedures and processing
conditions at this time may be similar to, for example, the processing procedures and processing

conditions of the aforementioned embodi ments.

[Embodiment Examples]
[0078] Next, embodiment examples of the present disclosure will be described.

[0079] In sample 1, apolysilazane film formed over the wafer was modified using the substrate
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processing apparatusillustrated in FIG. 1.  When producing the film of sample 1, only the first
modification step in the aforementioned embodi ments was performed, and the second
modification step was not performed. The processing time of the first modification step was set
equal to atotal execution time of the first modification step and the second modification step in
the aforementioned embodiments, and the time for performing the modification process using the
H.O,-containing gas was set equal. An O, gaswas used as the carrier gas, and the processing
conditions at each step other than the second modification step were set to predetermined
conditions which fall within the processing condition range described in the aforementioned
embodiments.

[0080] In sample 2, a polysilazane film formed over the wafer was modified using the substrate
processing apparatusillustrated in FIG. 1. When producing the film of sample 2, only the
second modification step in the aforementioned embodiments was performed, and the first
modification step was not performed. The processing time of the second modification step was
set equal to the total execution time of the first modification step and the second modification
step in the aforementioned embodiments, and the time for performing the modification process
using the H,O,-containing gas was set equal. An O, gas was used as the carrier gas, and the
processing conditions at each step other than the first modification step were set to
predetermined conditions which fall within the processing condition range described in the
aforementioned embodi ments.

[0081] In sample 3, apolysilazane film formed over the wafer was modified according to the
same processing procedures as those of the aforementioned embodiments, i.e., by performing the
first modification step and the second modification step in this order, using the substrate
processing apparatus illustrated in FIG. 1.  An O, gas was used as the carrier gas, and the
processing conditions at each step were set to predetermined conditions which fall within the
processing condition range described in the af orementioned embodi ments.

[0082] Then, the compositions of the films of samples 1 to 3 were measured. The evaluation

resultsareshownin FIG. 7. InFIG. 7, the vertical axisindicates an N concentration (atomic%)
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in the film, and the horizontal axis indicates a depth (nm) from the surface of the film.

According to FIG. 7, it can be seen that in the film of sample 3, the N concentration in thefilmis
significantly reduced over the entire region of the film in the thickness direction compared with
thefilms of sasmplesland 2. Thatis, it can be seen that, by performing the first modification
step and the second modification step in this order, the polysilazane film formed over the wafer
can be changed to agood quality SiO film having a very low impurity concentration over the
entire region of the film in the thickness direction.  Furthermore, when only the first
modification step is performed and the second modification step is not performed as sample 1, or
when the first modification step is not performed and only the second modification step is
performed as sample 2, it is to be understood that the same effects as those of sample 3 cannot be

achieved.

EXPLANATION OF REFERENCE NUMERALS
[0083] 200: wafer (substrate), 201: process chamber
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WHAT ISCLAIMED IS

1 A method of manufacturing a semiconductor device, comprising:

afirst act of modifying a film containing a silazane bond by heating a substrate, in which
the film containing the silazane bond is formed over a surface of the substrate, to afirst
temperature and by supplying afirst processing gas containing hydrogen peroxide to the
substrate; and

after the first act, a second act of modifying the film containing the silazane bond by
heating the substrate to a second temperature higher than the first temperature and by supplying a

second processing gas containing hydrogen peroxide to the substrate.

2. The method according to Claim 1, wherein the film containing the silazane bond is made

of polysilazane.

3. The method according to Claim 1, wherein in the first act, a state in which the substrate

is heated to the first temperature is maintained for a predetermined time.

4. The method according to Claim 1, wherein in the second act, a state in which the

substrate is heated to the second temperature is maintained for a predetermined time.

5. The method according to Claim 1, wherein a period during which thefirst act is

performed is set equal to or longer than a period during which the second act is performed.

6. The method according to Claim 1, wherein thefirst act is performed at least until the

hydrogen peroxide is permeated into the film over an entire region of the film containing the

silazane bond in a thickness direction.
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7. The method according to Claim 1, wherein a concentration of the hydrogen peroxide of
the second processing gasis higher than a concentration of the hydrogen peroxide of the first

processing gas.

8. The method according to Claim 1, further comprising, between the first act and the
second act, athird act of not performing a supply of a gas containing hydrogen peroxide to the

substrate.

0. The method according to Claim 8, wherein in the third act, an oxygen-containing gas not

containing hydrogen peroxide is supplied to the substrate.

10. The method according to Claim 1, wherein the first temperature is set at a predetermined
temperature which falls within arange that is higher than or equal to 70 degrees C and lower

than 300 degrees C.

11. The method according to Claim 1, wherein the second temperature is set at a
predetermined temperature which falls within arange that is higher than or equal to 300 degrees

C and lower than or equal to 500 degrees C.

12. The method according to Claim 1, wherein the second temperature is set at a

predetermined temperature higher than the first temperature by 100 degrees C or greater.

13. The method according to Claim 1, further comprising, after the second act, afourth act
of drying the substrate by supplying an oxygen-containing gas not containing hydrogen peroxide

to the substrate.

14. The method according to Claim 13, wherein the fourth act is performed in a state in
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which atemperature of the substrate is maintained at the second temperature.

15. A substrate processing apparatus, comprising:
a process chamber configured to accommodate a substrate;
a heater configured to heat the substrate in the process chamber;
agas supply system configured to supply afirst processing gas containing hydrogen
peroxide and a second processing gas containing hydrogen peroxide into the process chamber;
and
acontroller configured to control the heater and the gas supply system so as to execute:
afirst process of modifying afilm containing a silazane bond by heating the
substrate, in which the film containing the silazane bond is formed over a surface of the
substrate, to afirst temperature and by supplying the first processing gas to the substrate;
and
after the first process, a second process of modifying the film containing the
silazane bond by heating the substrate to a second temperature higher than the first

temperature and by supplying the second processing gas to the substrate.

16. A program that causes, by a computer, a substrate processing apparatus to perform a
process in a process chamber of the substrate processing apparatus, the process comprising:

afirst act of modifying afilm containing a silazane bond by heating a substrate, in which
the film containing the silazane bond is formed over a surface of the substrate, to afirst
temperature and by supplying afirst processing gas containing hydrogen peroxide to the
substrate; and

after the first act, a second act of modifying the film containing the silazane bond by
heating the substrate to a second temperature higher than the first temperature and by supplying a

second processing gas containing hydrogen peroxide to the substrate.
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