SUBSTRATE PROCESSING APPARATUS, METHOD OF MANUFACTURING

SEMICONDUCTOR DEVICE, AND RECORDING MEDIUM

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application is based upon and claims the benefit of priority from Japanese Patent
Application No. 2022-175067, filed on October 31, 2022, the entire contents of which are

incorporated herein by reference.

TECHNICAL FIELD
[0002] The present disclosure relates to a substrate processing apparatus, a method of

manufacturing a semiconductor device, and a recording medium.

BACKGROUND
[0003] In the related art, as an example of a substrate processing apparatus, a semiconductor
manufacturing apparatus for manufacturing a semiconductor device is known. There has been
known a vertical type apparatus as an example of the semiconductor manufacturing apparatus.
As a substrate processing apparatus of the vertical type apparatus, there is known an apparatus in
which a boat as a substrate holder for holding wafers as substrates in multiple stages is provided
in a reaction tube, and a plurality of substrates are processed in a process chamber inside the
reaction tube while being held by the substrate holder.
[0004] However, in the related art, as for a wafer placed at an end of a process chamber, it may
not be possible to sufficiently control in-plane uniformity of a thickness of a film formed on the

wafer by processing.

SUMMARY
[0005] Some embodiments of the present disclosure provide a technique capable of locally
improving in-plane uniformity of an end product wafer among a plurality of product wafers.

[0006] According to one embodiment of the present disclosure, there is provided a technique
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that includes (a) a process chamber configured to accommodate a plurality of substrates arranged
vertically, provided with a product region and a dummy region, which is provided on at least one
selected from the group of an upper side of the product region and a lower side of the product
region, in the process chamber, and including a main exhauster on a lateral side of the process
chamber; (b) a first injector extending vertically within the process chamber on an opposite side
from the main exhauster, and configured to supply a first precursor toward the substrates
accommodated in the product region and the dummy region; (c) at least one selected from the
group of a second injector and a third injector, wherein the second injector is installed on an
upstream side of a center of the plurality of substrates accommodated inside the process chamber
in a flow of the first precursor and configured to supply an assist gas for diluting the first
precursor toward substrates accommodated in the dummy region at a larger amount than
substrates accommodated in the product region, and the third injector is installed on a
downstream side of the center of the substrates in the flow of the first precursor and configured
to supply an inert gas toward the substrates accommodated in the product region and the
substrates accommodated in the dummy region; and (d) a fourth injector configured to supply an

inert gas only to the dummy region.

BRIEF DESCRIPTION OF DRAWINGS
[0007] The accompanying drawings, which are incorporated in and constitute a part of the
specification, illustrate embodiments of the present disclosure.
[0008] FIG. 1 is a front view showing a substrate processing apparatus according to an
embodiment of the present disclosure which is partially cut on a vertical plane extending along a
depth direction.
[0009] FIG. 2 is a cross-sectional view taken along line 2-2 in FIG. 1, showing the substrate
processing apparatus according to the present embodiment which is cut in a horizontal direction.
[0010] FIG. 3 is a cross-sectional view taken along line 3-3 in FIG. 2, showing the processing
container of the substrate processing apparatus according to the present embodiment which is cut

on a vertical plane extending along a width direction.
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[0011] FIG. 4 is a side view showing a main exhaust slit and a sub-exhaust slit formed in the
inner tube of the processing container of the substrate processing apparatus according to the
present embodiment, which are viewed from the outer tube side.

[0012] FIG. 5 is a front view showing the injection holes of nozzles provided in the substrate
processing apparatus according to the present embodiment.

[0013] FIG. 6 is a cross-sectional view showing an inclined injection hole opened obliquely
upward.

[0014] FIG. 7 is a block diagram showing a control system of a control part of the substrate
processing apparatus according to the present embodiment.

[0015] FIG. 8 is a flowchart showing a substrate processing process according to the present
embodiment.

[0016] FIG. 9 is a timing chart showing a film-forming sequence in the substrate processing
process according to the present embodiment.

[0017] FIG. 10A is a graph showing the film thickness of a product wafer of a semiconductor
device manufactured by a substrate processing apparatus according to a comparative example,
and FIG. 10B is a graph showing the film thickness of a product wafer of a semiconductor
device manufactured by the substrate processing apparatus according to the present embodiment.
[0018] FIG. 11 is a cross-sectional view showing the substrate processing apparatus according to
a first modification, which is cut in the horizontal direction at the same height as line 2-2 in FIG.

1.

DETAILED DESCRIPTION
[0019] Reference will now be made in detail to various embodiments, examples of which are
illustrated in the accompanying drawings. In the following detailed description, numerous
specific details are set forth in order to provide a thorough understanding of the present
disclosure. However, it will be apparent to one of ordinary skill in the art that the present
disclosure may be practiced without these specific details. In other instances, well-known

methods, procedures, systems, and components have not been described in detail so as not to
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unnecessarily obscure aspects of the various embodiments.

[0020] Embodiments of the present disclosure will be described below mainly with reference to
FIGS. 1to 11. The drawings used in the following description are all schematic. The
dimensional relationship of respective elements, the ratio of respective elements, and the like
shown in the drawings do not necessarily match the actual ones. In addition, the dimensional
relationship of respective elements, the ratio of respective elements, and the like do not
necessarily match between a plurality of drawings.

[0021] Moreover, unless otherwise specified in the specification, each element is not limited to
one, and a plurality of elements may exist.  Further, in the drawings, substantially the same
elements are denoted by the same reference numerals, and the redundant description thereof is
omitted in the specification.

[0022] The term "wafer" used herein may refer to a wafer itself or a stacked body of a wafer and
a predetermined layer or film formed on the surface of the wafer. The phrase "a surface of a
wafer" used herein may refer to a surface of a wafer itself or a surface of a predetermined layer
or the like formed on a wafer. The expression "a predetermined layer is formed on a wafer"
used herein may mean that a predetermined layer is directly formed on a surface of a wafer itself
or that a predetermined layer is formed on a layer or the like formed on a wafer. The term
"substrate” used herein may be synonymous with the term "wafer."

[0023] The term "agent™ used in the present disclosure includes at least one selected from the
group of a gaseous substance and a liquid substance. The liquid substance includes a mist
substance. That is, a cleaning agent and an oxidizing agent may include a gaseous substance, a
liquid substance such as a mist substance or the like, or both of them.

[0024] In this specification, the expression of a numerical range such as "1 to 2000 Pa" means
that a lower limit and an upper limit are included in the range. Therefore, for example, "1 to
2000 Pa" means "1 Pa or more and 2000 Pa or less.” The same applies to other numerical
ranges. When "0" is included in a numerical value, "0" means a state in which a substance such
as a gas or the like is not supplied. For example, when 0 sIm is included in a gas supply flow

rate, 0 slm means a state in which no gas is supplied. This also applies to other substances in
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the following descriptions.

<Overall Configuration of Substrate Processing Apparatus>

[0025] First, the overall configuration of a substrate processing apparatus 10 according to the
present embodiment will be described with reference to FIGS. 1 to 10. An up-and-down
direction H of the apparatus indicates a vertical direction, a width direction W of the apparatus
indicates a horizontal direction, and a depth direction D of the apparatus indicates a horizontal
direction.

[0026] As shown in FIG. 1, the substrate processing apparatus 10 includes a controller 280 for
controlling each part and a process furnace 202. The process furnace 202 includes a heater 207
as a heating means.  The heater 207 has a cylindrical shape and is supported by a heater base
(not shown) so as to be vertically installed in the vertical direction of the apparatus. The heater
207 also functions as an activation mechanism that thermally activates a processing gas.

Details of the controller 280 will be described later.

[0027] Inside the heater 207, a reaction tube 203, which constitutes a reaction container, is
vertically arranged concentrically with the heater 207. The reaction tube 203 is made of a heat-
resistant material such as quartz (SiO) or silicon carbide (SiC). The substrate processing
apparatus 10 is of a so-called hot wall type.

[0028] As shown in FIG. 2, the reaction tube 203 includes an inner tube 12 of a cylindrical shape
and an outer tube 14 of a cylindrical shape, which is installed to surround the inner tube 12.
That is, the outer tube 14 constitutes the reaction tube 203 together with the inner tube 12. The
outer tube 14 surrounds the inner tube 12, so that a gap as an exhaust space S is formed between
the tubes. The inner tube 12 is arranged concentrically with the outer tube 14. The inner tube
12 is an example of a tube member.

[0029] The inner tube 12 has a side wall as a cylindrical portion, which has a closed upper
portion and accommodates a plurality of substrates therein.  Specifically, as shown in FIG. 1,
the inner tube 12 is formed in a roofed shape having an open lower end and an upper end closed

with a flat wall. The outer tube 14 is also formed in a roofed shape with a lower end opened
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and an upper end closed by a flat wall.  Further, in the exhaust space S formed between the
inner tube 12 and the outer tube 14, as shown in FIG. 2, a supply buffer 222 is formed as a
nozzle chamber. Details of the supply buffer 222 will be described later.

[0030] Inside the inner tube 12, as shown in FIG. 1, a process chamber 201 is formed for
processing wafers 200 as substrates. In addition, the process chamber 201 is configured to
capable of accommodating a boat 217, which is an example of a substrate holder capable of
holding the wafers 200 in a horizontal posture and in multiple stages in the vertical direction.
The inner tube 12 surrounds the accommodated wafers 200. The wafers 200 are arranged
inside the cylindrical portion of the inner tube 12 along an axial direction of the cylindrical
portion. Details of the inner tube 12 will be described later.

[0031] A lower end of the reaction tube 203 is supported by a cylindrical manifold 226. The
manifold 226 is made of a metal such as a nickel alloy or stainless steel, or made of a heat-
resistant material such as SiOz or SiC. A flange is formed at an upper end of the manifold 226,
and a lower end of the outer tube 14 is installed on the flange. A sealing member 220 such as
an O-ring or the like is arranged between the flange and the lower end of the outer tube 14 to
keep the inside of the reaction tube 203 in an airtight state.

[0032] A seal cap 219 is airtightly installed to the lower end opening of the manifold 226 via the
sealing member 220 such as an O-ring or the like so as to airtightly close the lower end opening
of the reaction tube 203, that is, the opening of the manifold 226. The seal cap 219 is made of a
metal such as a nickel alloy or stainless steel, and is formed in a disc shape. The seal cap 219
may be configured so that its outer side is covered with a heat-resistant material such as SiO- or
SiC.

[0033] A boat support 218 for supporting the boat 217 is provided on the seal cap 219. The
boat support 218 is made of a heat-resistant material such as SiO- or SiC, and functions as a heat
insulator.

[0034] A boat 217 is installed upright on a boat support 218. The boat 217 is made of a heat-
resistant material such as SiOz or SiC.  As shown in FIG. 2, the boat 217 includes a bottom

plate (not shown) fixed to the boat support 218, a top plate disposed above the bottom plate, and
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a plurality of pillars 217a arranged between the bottom plate and the top plate.

[0035] The boat 217 holds a plurality of wafers 200 to be processed in the process chamber 201
inside the inner tube 12.  As shown in FIG. 2, the wafers 200 are held at predetermined
intervals in a horizontal posture, and are supported by the pillars 217a of the boat 217 with the
centers thereof aligned with each other. The stacking direction of the wafers 200 is an axial
direction of the reaction tube 203. That is, the centers of the substrates are aligned with the
central axis of the boat 217, and the central axis of the boat 217 coincides with the central axis of
the reaction tube 203.

[0036] A rotator 267 for rotating the boat is installed below the seal cap 219. A rotary shaft
265 of the rotator 267 is connected to the boat support 218 through the seal cap 219. The
rotator rotates the boat 217 via the boat support 218 to thereby rotate the wafers 200.

[0037] The seal cap 219 is vertically moved up and down by an elevator 115 as an elevating
mechanism installed outside the reaction tube 203, so that the boat 217 can be loaded into and
out of the process chamber 201.

[0038] In the manifold 226, a plurality of nozzle supports which supports gas nozzles 340a,
340b, 341a, 341b, 342c2, 343al, 343a2, 343b, 342a2, 342c1 and 342al for supplying gases into
the process chamber 201 are installed so as to penetrate the manifold 226. In the present
embodiment, four nozzle supports are installed. In FIG. 1, the gas nozzle 341b and the nozzle
support 350a are merely illustrated. The nozzle support are made of a material such as, for
example, a nickel alloy or stainless steel.

[0039] Gas supply pipes 310a to 310i for supplying gases into the process chamber 201 are
connected to one ends of the nozzle supports, respectively. The gas nozzles 340a, 340b, 341a,
341b, 342c2, 343al, 343a2, 343b, 342a2, 342cl and 342al are connected to the other ends of the
nozzle supports, respectively. The gas nozzles 340a, 340b, 341a, 341b, 342c2, 343al, 343a2,
343b, 342a2, 342c1 and 342al are made of a heat-resistant material such as SiO or SiC.

Details of the gas nozzles 340a, 340b, 341a, 341b, 342c2, 343al, 343a2, 343b, 342a2, 342c1 and

342al will be described later.



(Gas supply pipe)

[0040] As shown in FIG. 2, the gas supply pipes 310a and 310f communicate with the first gas
nozzles 340a, 340b, 341a and 341b via the nozzle supports. Further, the gas supply pipe 310e
communicates with the seventh gas nozzle 342al via the nozzle support. In addition, the gas
supply pipes 310c and 310g communicate with the sixth gas nozzle 342c1 via the nozzle support.
[0041] Further, the gas supply pipe 310d communicates with the second gas nozzle 342c2 via
the nozzle support 350d. Further, the gas supply pipe 310b communicates with the fifth gas
nozzle 342a2 via the nozzle support. Further, the gas supply pipe 310h communicates with the
third gas nozzles 343al and 343a2 via the nozzle supports.  Further, the gas supply pipe 310i
communicates with the fourth gas nozzle 343b via the nozzle support.

[0042] In the gas supply pipe 3104, a precursor gas supply source 360a for supplying a first
precursor gas as a processing gas, a mass flow controller (MFC) 320a as an example of a flow
rate controller, and a valve 330a as an opening/closing valve are installed sequentially from an
upstream side in a gas flow direction.

[0043] In the gas supply pipe 310b, an assist gas supply source 360b for supplying an assist gas
as a processing gas, an MFC 320b, and a valve 330b are installed sequentially from an upstream
side. In the gas supply pipe 310c, a precursor gas supply source 360c for supplying a second
precursor gas as a processing gas, an MFC 320c, and a valve 330c are installed sequentially from
an upstream side. In the gas supply pipe 310d, an assist gas supply source 360d for supplying
an assist gas as a processing gas, an MFC 320d, and a valve 330d are installed sequentially from
an upstream side.

[0044] In the gas supply pipe 310e, an assist gas supply source 360e for supplying an assist gas
as a processing gas, an MFC 320e, and a valve 330e are installed sequentially from an upstream
side. Further, in the gas supply pipe 310h, an inert gas supply source 360h for supplying an
inert gas as a processing gas, an MFC 320h, and a valve 330h are installed sequentially from an
upstream side. In addition, in the gas supply pipe 310e, an inert gas supply source 360i for
supplying an inert gas as a processing gas, an MFC 320i, and a valve 330i are installed

sequentially from an upstream side.



[0045] A gas supply pipe 310f for supplying an inert gas is connected to the gas supply pipe
310a on a downstream side of the valve 330a. In the gas supply pipe 310f, an inert gas supply
source 360f for supplying an inert gas as a processing gas, an MFC 320f, and a valve 330f are
installed sequentially from the upstream side.

[0046] A gas supply pipe 310g for supplying an inert gas is connected to the gas supply pipe
310c on a downstream side of the valve 330c. In the gas supply pipe 310g, an inert gas supply
source 360g for supplying an inert gas as a processing gas, an MFC 320g, and a valve 330g are
installed sequentially from an upstream side.  Assist gas supply sources 360b, 360d, and 360e
and inert gas supply sources 360f, 360g, 360h, and 360i are connected to a common supply

source.

(Supply System for First Gas Nozzles 340a, 340b, 341a and 341b)

[0047] A first precursor gas supply system is mainly composed of the gas supply pipe 3103, the
gas supply pipe 310f, the MFC 320a, the MFC 320f, the valve 3303, and the valve 330f. The
precursor gas supply source 360a and the inert gas supply source 360f may be included in the

first precursor gas supply system.

(Supply System for Second Gas Nozzle 342c2)

[0048] An assist gas supply system for only an upper dummy region of two side dummy regions,
which will be described later, is mainly composed of the gas supply pipe 310d, the MFC 320d,
and the valve 330d. The assist gas supply source 360d may be included in the assist gas supply

system.

(Supply System for Third Gas Nozzles 343al and 343a2)
[0049] An inert gas supply system for both a product region and side dummy regions is mainly
composed of the gas supply pipe 310h, the MFC 320h, and the valve 330h. An inert gas supply

source 360h may be included in the inert gas supply system.



(Supply System for Fourth Gas Nozzle 343b)
[0050] An assist gas supply system for only the side dummy regions is mainly composed of the
gas supply pipe 310i, the MFC 320i, and the valve 330i. The inert gas supply source 360i may

be included in the inert gas supply system.

(Supply System for Fifth Gas Nozzle 342a2)
[0051] An assist gas supply system for only the lower dummy region of the two side dummy
regions is mainly composed of the gas supply pipe 310e, the MFC 320e, and the valve 330e.

The assist gas supply source 360e may be included in the assist gas supply system.

(Supply System for Sixth Gas Nozzle 342c1)

[0052] A second precursor gas supply system is mainly composed of the gas supply pipe 310c,
the gas supply pipe 310g, the MFC 320c, the MFC 320g, the valve 330c, and the valve 330g.
The precursor gas supply source 360c and the inert gas supply source 360g may be included in

the second precursor gas supply system.

(Supply System for Seventh Gas Nozzle 342al)
[0053] An assist gas supply system for both the product region and the side dummy regions is
mainly composed of the gas supply pipe 310b, the MFC 320b, and the valve 330b. The assist

gas supply source 360b may be included in the assist gas supply system.

(Exhaust System)

[0054] A main exhaust port 230 is formed in the outer tube 14 of the reaction tube 203. The
main exhaust port 230 is formed below the exhaust port 237 of the inner tube. A main exhaust
slit 236 as a main exhauster is formed in the inner tube 12 of the reaction tube 203. That is, the
reaction tube 203 has a main exhaust slit 236 on the lateral side thereof.

[0055] As shown in FIG. 2, the main exhaust port 230 is arranged so as to be located on the

same straight line as the main exhaust slit 236 in a plan view. Although the illustration is
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omitted, a pair of sub-exhaust ports is formed in the outer tube 14 of the reaction tube 203. As
shown in FIG. 2, each of the pair of sub-exhaust ports is arranged so as to be located on the same
straight line as the corresponding sub-exhaust slit 238 in a plan view. The sub-exhaust slit 238
corresponds to the sub-exhauster of the present disclosure.

[0056] The main exhaust port 230 and the pair of sub-exhaust ports bring the exhaust space S
and the outside of the reaction tube 203 into communication with each other. The main exhaust
port 230 and the pair of sub-exhaust ports correspond to the exhaust ports of the present
disclosure. A main exhaust duct 231 for sending a precursor gas to the outside is connected to
the main exhaust port 230. In addition, as shown in FIG. 2, a sub-exhaust duct 232 for sending
a precursor gas to the outside is connected to the sub-exhaust port.

[0057] A vacuum pump 246 as a vacuum-exhaust device is connected to the main exhaust duct
231 via a pressure sensor 245 for detecting the pressure inside the process chamber 201 and an
APC (Auto Pressure Controller) valve 244 as a pressure regulator.  The main exhaust duct 231
on a downstream side of the vacuum pump 246 is connected to a waste gas treatment device (not
shown) or the like. By controlling an output of the vacuum pump 246 and an opening degree of
the APC valve 244, the process chamber 201 can be vacuum-exhausted such that the pressure
inside the process chamber 201 is set to a predetermined pressure (i.e., degree of vacuum).
[0058] Although not shown, as in the main exhaust duct 231, a vacuum pump is also connected
to the sub-exhaust duct 232 via a pressure sensor and an APC valve. The sub-exhaust duct 232
on the downstream side of the vacuum pump is connected to the waste gas treatment device (not
shown) or the like.

[0059] A main exhaust system is mainly composed of the main exhaust duct 231, the APC valve
244, and the pressure sensor 245.  The vacuum pump 246 may be included in the main exhaust
system. Further, a sub-exhaust system is mainly composed of the sub-exhaust duct 232, the
APC valve (not shown) connected to the sub-exhaust duct 232, and the pressure sensor (not
shown) connected to the sub-exhaust duct 232.  The vacuum pump (not shown) connected to
the sub-exhaust duct 232 may be included in the sub-exhaust system.

[0060] A temperature sensor (not shown) as a temperature detector is installed inside the
11



reaction tube 203. The temperature inside the process chamber 201 is controlled to have a
desired temperature distribution by adjusting the electric power supplied to the heater 207 based
on the temperature information detected by the temperature sensor.

[0061] In this specification, a processing temperature refers to a temperature of the wafer 200 or
a temperature inside the process chamber 201, and a processing pressure refers to a pressure
inside the process chamber 201. Moreover, a processing time refers to a time during which the
processing is continued. These also apply to the following descriptions.

[0062] With this configuration, in the process furnace 202, the boat 217 on which the plurality of
wafers 200 to be batch-processed are stacked in multiple stages is loaded into the process
chamber 201 by the boat support 218. Then, the wafers 200 loaded into the process chamber
201 are heated to a predetermined temperature by the heater 207. The apparatus having such a
process furnace is called a vertical batch apparatus. The wafers accommodated in the process
chamber can be classified into product wafers and side dummy wafers. The product wafers
refer to wafers used to actually manufacture semiconductor devices such as ICs or the like. The
product wafers are arranged at a center portion of the entire wafer arrangement region in a
vertical direction. On the other hand, the side dummy wafers refer to wafers used in place of
the product wafers, and are arranged at positions where a quality of the product wafers cannot be
secured, for example, at both ends  of the entire wafer arrangement region with the product

wafer arrangement region interposed therebetween.

(Supply Buffer)

[0063] As shown in FIG. 2, the supply buffer 222 is a region provided on the side wall of the
cylindrical portion of the inner tube 12 and protruding outward from the side wall.  The supply
buffer 222 is divided into three portions along a circumferential direction of the cylindrical
portion by partition walls 18c and 18d.

[0064] First gas nozzles 340a, 340b, 341a and 341b for supplying a first precursor gas are
installed in a central portion 222b among the divided portions of the supply buffer 222. Ata

boundary position between the central portion 222b of the supply buffer 222 and the cylindrical
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portion, a sector is formed by an imaginary arc, which connects both circumferential ends of the
cylindrical portion, and a center C1 of the wafer 200. In the present embodiment, a central
angle 0 of the sector is less than 30 degrees. In the present disclosure, the central angle of the
sector may be set arbitrarily.

[0065] As shown in FIG. 3, a supply slit 235b is formed in the central portion 222b of the supply
buffer 222. The supply slit 235b is opened over the entire vertical direction H and the entire
width direction W of the apparatus in the central portion 222b. Therefore, the entirety of the
first gas nozzles 340a, 340b, 341a and 341b in the vertical direction H of the apparatus and the
entirety of the first gas nozzles 340a, 340b, 341a and 341b in the width direction W of the

apparatus face the wafers 200 arranged inside the cylindrical portion.

(Exhaust Slit)

[0066] As shown in FIG. 2, a plurality of exhaust slits including a main exhaust slit 236 and sub-
exhaust slits 238 are formed in the side wall of the cylindrical portion. The exhaust slits are
used to exhaust the precursor gas from the inside of the cylindrical portion. In the present
embodiment, the number of exhaust slits is three including one main exhaust slit 236 and two
sub-exhaust slits 238. In the present disclosure, the number of exhaust slits may be at least two

or more.

(Main Exhaust Slit)
[0067] The main exhaust slit 236 is formed in the side wall of the cylindrical portion on a side
opposite to the supply buffer 222 with respect to the center C1 of the wafer 200. In the present

disclosure, the main exhaust slit 236 may not be need.

(Sub-exhaust Slit)
[0068] The two sub-exhaust slits 238 are opened on both sides of an imaginary vertical plane A
defined inside the cylindrical portion. As shown in FIG. 2, the imaginary vertical plane A is

defined so as to pass through a circumferential center of the cylindrical portion and an axis of the
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cylindrical portion at a boundary between the supply buffer 222 and the cylindrical portion in a
plan view. The axis of the cylindrical portion overlaps with the center of the wafer 200.

[0069] The two sub-exhaust slits 238 as a pair of exhaust slits are arranged at the same height as
the main exhaust slit 236 with the main exhaust slit 236 interposed therebetween. A first
imaginary line L1, which connects the center of each of the sub-exhaust slits 238 and the center
C1 of the wafer 200 in a plan view, is defined. In the present embodiment, an angle between
the first imaginary line L1 and the imaginary vertical plane A is an obtuse angle. This angle is
measured at the supply buffer 222 side as a starting point.  In the present disclosure, the angle
between the first imaginary line L1 and the imaginary vertical plane A 1 is not limited to the
obtuse angle.

[0070] As shown in FIG. 2, a width of each of the two sub-exhaust slits 238 in the
circumferential direction of the cylindrical portion is smaller than a width of the main exhaust
slit 236. In the present disclosure, the width of the sub-exhaust slit 238 may also be larger than
or equal to the width of the main exhaust slit 236.

[0071] As shown in FIG. 4, in this embodiment, an opening width W1 of the main exhaust slit
236 along the circumferential direction of the cylindrical portion becomes narrower along a
direction from a side opposite to the main exhaust port 230 (that is, the upper side in FIG. 4)
toward the main exhaust port 230 (that is, the lower side in FIG. 4) along the axial direction of
the cylindrical portion.  Similarly, an opening width of each of the pair of sub-exhaust slits 238
along the circumferential direction of the tubular portion becomes narrower along a direction
from a side opposite to the sub-exhaust port toward the sub-exhaust port along the axial direction
of the tubular portion.

[0072] In the present disclosure, the opening widths of the main exhaust slit 236 and the pair of
sub-exhaust slits 238 along the circumferential direction of the cylindrical portion may be set
arbitrarily.  An illustration of a counter buffer is omitted in FIG. 4 for the ease of viewing.

The counter buffer will be described later.

<Main Part Configuration>
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[0073] Next, the respective gas nozzles in the substrate processing apparatus 10 according to the
present embodiment will be specifically described. The arrangement positions of the gas
nozzles 340a, 340b, 341a, 341b, 342c2, 343al, 343a2, 343b, 342a2, 342c1 and 342al in FIG. 5
are schematically shown for the sake of description and are different from the actual arrangement

positions inside the process chamber 201.

(Product Region and Side Dummy Region)

[0074] First, as shown in FIG. 5, a product region P in which product wafers are arranged, and
an upper dummy region TSD and lower dummy region BSD in which side dummy wafers are
arranged are provided in the process chamber 201. In the present embodiment, a case is
illustrated where there are provided two side dummy regions, that is, an upper dummy region
TSD, which is a region in which upper side dummy wafers are arranged, and a lower dummy
region BSD, which is a region in which lower side dummy wafers are arranged. However, in
the present disclosure, the side dummy region may be provided on at least one selected from the
group of the upper side of the product region P and the lower side of the product region P. In
that sense, the upper dummy region TSD and the lower dummy region BSD are collectively
referred to as a side dummy (SD) region. The product region P, the upper dummy region TSD,
and the lower dummy region BSD may be arranged, for example, so as to divide the wafer
arrangement region into three equal regions in length.

[0075] In the present disclosure, some of the product wafers positioned at an end on the upper
dummy region side are referred to as "upper product wafers.” Further, some of the product
wafers positioned at an end on the lower dummy region side are referred to as "lower product
wafers." In addition, the upper product wafers and the lower product wafers are collectively
referred to as "end product wafers."

[0076] A monitor wafer may be arranged between the side dummy wafer and the product wafer.
The monitor wafer is a wafer for monitoring whether or not a desired film has been formed when
manufacturing a semiconductor device. In the present disclosure, if the monitor wafer has a

pattern similar to that of the product wafer, the monitor region where the monitor wafer is
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arranged may be included in the product region P.  On the other hand, if the monitor wafer does
not have a pattern of the same surface area as the product wafer or has no patterns at all, the
monitor region where the monitor wafer is arranged may be included in the upper dummy region
TSD or the lower dummy region BSD.

[0077] When the dummy wafer having a surface area smaller than that of the product wafer is
arranged in the SD region, a surface reaction rate slows down, and the processing gas
consumption is less than the processing gas consumption in the product region.  Furthermore, a
top space located above the upper dummy region and a bottom space located below the lower
dummy region are formed in the process chamber. For this reason, the processing gas tends to
stay as a surplus gas in the top space and the bottom space. This stagnation increases a film
thickness on an edge side of the upper and lower product wafers, so that the in-plane uniformity
may deteriorate. As a result, inter-plane uniformity may also deteriorate.

[0078] In the following descriptions, each of the gas nozzles in the supply buffer 222 will be
described by roughly dividing them into a gas injector arranged on an upstream side of the center
C1 of the wafer 200 in a plan view in the flow of the first precursor gas, and a gas injector
arranged on a downstream side of the center C1 of the wafer 200 in a plan view in the flow of the
first precursor gas.  Further, in this specification, a position on a boundary line between the
upstream side and the downstream side, that is, a position on an imaginary line that includes the
center C1 of the wafer 200 and is orthogonal to the imaginary vertical plane A in a plan view,
may be included in the upstream side or the downstream side. In addition, an arrangement

position of each gas nozzle in a plan view means a position of a center of the cylindrical nozzle.

[Nozzle on Upstream Side]

[0079] On the upstream side in the supply buffer 222, there are arranged the first gas nozzles
340a, 340b, 341a and 341b as a first injector, the sixth gas nozzle 342cl as a sixth injector, the
second gas nozzle 342c2 as a second injector, the fifth gas nozzle 342a2 as a fifth injector, and

the seventh gas nozzle 342al as a seventh injector.
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(First Injector)

[0080] The first gas nozzles 340a, 340b, 341a and 341b extend in a vertical direction and are
arranged to face the main exhaust slit 236 as shown in FIG. 2. The first gas nozzles 340a, 340b,
341a and 341b have injection holes facing both the product region P and the dummy regions.
The first gas nozzles 340a, 340b, 341a and 341b supply a first precursor gas from the upstream
side to the product wafers and the dummy wafers.

[0081] As shown in FIG. 3, the first gas nozzles 340a, 340b, 341a and 341b have three or more
injection holes arranged along a direction substantially parallel to a surface of the substrate. In
the present disclosure, the number of injection holes of the first gas nozzles 340a, 340b, 341a and
341b may be one or more.

[0082] As shown in FIG. 2, the first gas nozzles 340a, 340b, 341a and 341b are a nozzle array in
which a plurality of linear circular pipes are arranged along a circumferential direction of the
process chamber 201. In the present disclosure, it may not be needed that the first gas nozzles

340a, 340b, 341a and 341b be the nozzle array.

(Return Nozzle)

[0083] As shown in FIG. 3, in the present embodiment, the four first gas nozzles 340a, 340b,
341a and 341b are formed by two return nozzles 340 and 341. That is, the lower two gas
nozzles 340a and 340b in FIG. 2 among the four first nozzles are formed by one return nozzle
340, and the upper two gas nozzles 341a and 341b in FIG. 2 are formed by another return nozzle
341. Inthe present disclosure, two nozzles may be formed by only one return nozzle.

[0084] Further, in the present disclosure, the number of first nozzles may be one, or may be any
plural number of two or more. Moreover, in the present disclosure, the plurality of nozzles
need not be return nozzles, and may be, for example, a plurality of independent nozzles.

[0085] As shown in FIG. 3, each of the two return nozzles includes a flow pipe and a return pipe
through which the precursor gas flows. In the two return nozzles, an upper end of the flow pipe
and an upper end of the return pipe are in communication with each other. In the two return

nozzles, the return pipes are adjacent to each other and the flow pipes are spaced apart from each
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other. In the present embodiment, an inner diameter of the flow pipe and an inner diameter of
the return pipe are the same. In the present disclosure, the inner diameter of the flow pipe and

the inner diameter of the return pipe may also be different.

(Injection Hole)

[0086] Each of the flow and return pipes of the two return nozzles 340 and 341 has three or more
rows of injection holes 234 extending along a longitudinal direction of the return nozzles. A
first precursor gas is injected from the injection holes 234.  The first precursor gas is injected
radially in a plan view.

[0087] In the present disclosure, it may not be needed that the first gas nozzles 340a, 340b, 341a
and 341b have three or more rows of injection holes arranged along the vertical direction. The
first gas nozzles 340a, 340b, 341a and 341b may have three or more injection holes arranged
along the circumferential direction of the cylindrical portion in a plane parallel to the surface of
the substrate. Further, in the present disclosure, the number of injection holes may be

arbitrarily set to one, two, or four or more.

(Partition Plate)

[0088] As shown in FIG. 5, on side surfaces of the first gas nozzles 340a, 340b, 341a and 341b
below the lower dummy region BSD, partition plates 359 are installed to protrude from the side
surfaces of the first gas nozzles 340a, 340b, 341a and 341b. The partition plates 359 block a
vertical gas flow inside the process chamber 201. In the present embodiment, although a shape
of the partition plates 359 is exemplified based on a case where the partition plates 359 protrude
to the left and right sides of the first gas nozzles 340a, 340b, 341a and 341b in FIG. 5, the
present disclosure is not limited thereto. In the present disclosure, the partition plates 359 may
be installed on at least a part of a circumference of each of the first gas nozzles 340a, 340b, 341a

and 341b.

(Sixth Injector)
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[0089] The sixth gas nozzle 342c1l includes injection holes facing at least the product region P.
The sixth gas nozzle 342c1 supplies a second precursor gas from an upstream side to the product
wafers and the dummy wafers.

[0090] In the present embodiment, there is illustrated a case where the injection holes of the
sixth gas nozzle 342c1 are installed in both the product region P and the dummy region.
However, in the present disclosure, the injection holes of the sixth gas nozzle 342c1 may be
installed only in the product region P.  Further, in the present disclosure, the sixth gas nozzle

342c1 may not be needed.

(Second Injector)

[0091] The second gas nozzle 342c2 includes injection holes for supplying an assist gas only to
the substrates in the upper dummy region TSD. The number of injection holes of the second
gas nozzle 342c2 is one or more. That is, the second gas nozzle 342c2 supplies the assist gas
from the upstream side to one or more stages of dummy wafers. In the present embodiment,
there is illustrated a case where the number of injection holes of the second gas nozzle 342c2 is
one. However, in the present disclosure, the number of injection holes of the second gas nozzle
342c2 may be arbitrarily set to one or more.

[0092] In the present disclosure, the second gas nozzle 342c2 injects a larger amount of assist
gas to the side dummy regions than to the product region P. In the present embodiment, there is
illustrated a case where the injection holes of the second gas nozzles 342c2 are installed only in
the upper dummy region TSD. However, in the present disclosure, the injection holes of the
second gas nozzles 342c2 may be installed on both the product region P and the side dummy
regions.

[0093] When the injection holes are installed on both the product region P and the side dummy
regions, for example, the number of injection holes on the side of the side dummy region is set to
be larger than the number of injection holes on the side of the product region P so that a larger
amount of assist gas is injected to the side dummy region than to the product region P.

Alternatively, for example, the number of injection holes arranged in one stage may be changed
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so that the number of injection holes arranged in one stage on the side of the side dummy region
is three and the number of injection holes arranged in one stage on the side of the product region

P is one.

(Fifth Injector)

[0094] The fifth gas nozzle 342a2 is arranged on the upstream side of the flow of the first
precursor gas from the center of the substrate, and includes injection holes for supplying the
assist gas only to the substrate in the lower dummy region BSD. The number of injection holes
of the fifth gas nozzle 342a2 is two or more. That is, the fifth gas nozzle 342a2 supplies the
assist gas from the upstream side to two or more stages of dummy wafers. In the present
embodiment, there is illustrated a case where the number of injection holes of the fifth gas nozzle
342a2 is three. However, in the present disclosure, the number of injection holes of the fifth
gas nozzle 342a2 may be arbitrarily set to two or more.

[0095] In the present embodiment, by arranging two nozzles, that is, the second gas nozzle
342c2 and the fifth gas nozzle 342a2, on the upstream side, it is possible to adjust a film
thickness of each of the wafers and, consequently, adjust the inter-plane uniformity of all the
wafers. In the present disclosure, the fifth gas nozzle 342a2 may not be needed. If the fifth
gas nozzle 342a2 is not installed, the second gas nozzle 342c2 may have both injection holes
facing the upper dummy region TSD and injection holes facing the lower dummy region BSD.
Further, in the present disclosure, the second gas nozzle 342c2 may include only the injection

holes facing the lower dummy region BSD.

(Seventh Injector)

[0096] The seventh gas nozzle 342al includes injection holes facing at least the product region
P. In the present embodiment, there is illustrated a case where the injection holes of the seventh
gas nozzle 342al are installed in both the product region P and the side dummy regions. In the
present disclosure, the injection holes of the seventh gas nozzle 342al may be installed only in

the product area P.  Further, in the present disclosure, the seventh gas nozzle 342al may not be
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needed.

[0097] The seventh gas nozzle 342al supplies an assist gas from the upstream side to the product
wafers and the dummy wafers. The assist gas of the seventh gas nozzle 342al is a gas different
from both the first precursor gas and the second precursor gas. The in-plane uniformity of each
of the product wafers can be adjusted by the seventh gas nozzle 342al.

[0098] The seventh gas nozzle 342al supplies the assist gas when the first precursor gas is
supplied from the first gas nozzles 340a, 340b, 341a and 341b and the second precursor gas is
supplied from the sixth gas nozzle 342c1.

[0099] Moreover, in the present embodiment, the sixth gas nozzle 342c1 and the seventh gas
nozzle 342al are arranged such that the first gas nozzles 340a, 340b, 341a and 341b are
interposed therebetween. Further, the seventh gas nozzle 342al supplies the assist gas when
the first precursor gas, which is a precursor gas containing a Group 14 element, is supplied from
the first gas nozzles 340a, 340b, 341a and 341b. The precursor gas containing a Group 14
element is, for example, a gas containing C, Si, Ge, Sn, Pb, or the like. In the present
disclosure, the first precursor gas may be a precursor gas containing an element other than the

Group 14 element.

[Nozzle on Downstream Side]
[0100] On the downstream side in the supply buffer 222, third gas nozzles 343al and 343a2 as a

third injector and a fourth gas nozzle 343b as a fourth injector are arranged.

(Third Injector)

[0101] The third gas nozzles 343al and 343a2 include injection holes facing both the product
region P and the dummy regions. The third gas nozzles 343al and 343a2 supply an inert gas to
the product wafers and the dummy wafers from the downstream side. The in-plane uniformity
of each of the product wafers can be adjusted by the third gas nozzles 343al and 343a2.

[0102] In the present embodiment, the third gas nozzles 343al and 343a2 are installed on both

sides of an imaginary vertical plane A, which connects the main exhaust port and the center of
21



the substrate. In addition, in the present disclosure, the number of third gas nozzles 343al and
343a2 is not limited to one pair, and may be one, or three or more.

[0103] The third gas nozzles 343al and 343a2 are installed as counter nozzles at positions where
an angle between the second imaginary line L2, which connects the injection directions of the
third gas nozzles 343al and 343a2 and the center C1 of the wafer 200, and the imaginary vertical
plane A (with the supply buffer 222 side as a starting point) is an obtuse angle in a plan view.
The third gas nozzles 343al and 343a2 as the counter nozzles are accommodated inside counter
buffers 222d, respectively. Just like the supply buffer 222, the counter buffers 222d are regions
installed on the side wall of the cylindrical portion of the inner tube 12 and protruding outward
from the side wall.

[0104] In the present embodiment, there is illustrated a case where both the second gas nozzle
342c2 and the third gas nozzles 343al and 343a2 are installed. In the present disclosure, it may
not be needed that both the second gas nozzle 342c2 and the third gas nozzles 343al, 343a2 are
installed. At least one of the second gas nozzle 342c2 and the third gas nozzles 343al and

343a2 may be installed.

(Horizontal Injection Hole and Inclined Injection Hole)

[0105] As shown in FIG. 5, the third gas nozzles 343al and 343a2 include a plurality of
horizontal injection holes 354 and an inclined injection hole 355.  As shown in FIG. 6, the
horizontal injection holes 354 are opened substantially parallel to the surface of the substrate.
The inclined injection hole 355 is installed at a position higher than the uppermost horizontal
injection hole 354 among the plurality of horizontal injection holes 354. The inclined injection
hole 355 is opened obliquely upward in FIG. 6. In the present disclosure, the number of

inclined injection holes 355 is not limited to one, and may be plural.

(Fourth Injector)
[0106] The fourth gas nozzle 343b includes both injection holes facing the upper dummy region

TSD and injection holes facing the lower dummy region BSD. The injection holes facing the
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product region P1 are not formed in the fourth gas nozzle 343b. That is, the fourth gas nozzle
343b injects an inert gas only to the upper dummy region TSD and the lower dummy region
BSD. In the present disclosure, the number of injection holes of the fourth gas nozzle 343b
may be arbitrarily set in each of the upper dummy region TSD and the lower dummy region
BSD.

[0107] The fourth gas nozzles 343b is installed as a counter nozzle at a position where an angle
between the second imaginary line L2, which connects the center of the fourth gas nozzles 343b
and the center C1 of the wafer 200, and the imaginary vertical plane A (with the supply buffer
222 side as a starting point) is an obtuse angle in a plan view. That is, the fourth gas nozzle
343b is arranged outside the imaginary vertical plane A on the downstream side of the flow of
the first precursor gas. In the present disclosure, the arrangement position of the fourth gas
nozzle 343b is arbitrary. The fourth gas nozzle 343b as the counter nozzle are accommodated
inside a counter buffer 222e.  Just like the supply buffer 222, the counter buffer 222e is a region
installed on the side wall of the cylindrical portion of the inner tube 12 and protruding outward
from the side wall.

[0108] As shown in FIG. 2, the fourth gas nozzle 343b injects the inert gas toward a region
which is an outer side region from the center C1 of the wafer 200 and is a region on an upstream
side between the fourth gas nozzle 343b and the peripheral edge of the wafer 200 on the side
where the fourth gas nozzle 343b is arranged.  Specifically, in FIG. 2, the direction toward the
center C1 of the wafer 200 is illustrated by a dotted line as the injection direction of the fourth
gas nozzle 343b. However, just like the injection direction of the fourth gas nozzle 343b
illustrated by the one-dot chain line in FIG. 2, the injection direction of the fourth gas nozzle
343b may be set so as to direct toward the upstream side of the center C1 of the wafer 200
without the injection direction intersecting the imaginary vertical plane A on the downstream
side. In the present disclosure, the injection direction of the fourth gas nozzle 343b is arbitrary.
[0109] The fourth gas nozzle 343b is installed adjacent to one of the third gas nozzles 343al and
343a2 located on the upper side in FIG. 2. In this specification, the phrase "nozzles are

adjacent to each other" includes a case where an exhauster is installed between adjacent nozzles.
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[0110] Further, as shown in FIG. 2, the process chamber 201 includes the sub-exhaust slits 238
between the third gas nozzles 343al and 343a2 and the fourth gas nozzle 343b. Further, in the
present disclosure, the sub-exhaust slits 238 between the third gas nozzles 343al and 343a2 and
the fourth gas nozzle 343b may not be needed. Moreover, in the present embodiment, the
fourth gas nozzle 343b is arranged at a position closer to the main exhaust slit 236 than the third
gas nozzles 343al and 343a2. In the present disclosure, the fourth gas nozzle 343b may be
farther from the main exhaust slit 236 than the third gas nozzles 343al and 343a2.

[0111] As shown in FIG. 5, the fourth gas nozzle 343b includes an upper injection hole 356
opened toward at least one of the plurality of substrates accommodated in the upper dummy
region TSD excluding the uppermost stage. In addition, the fourth gas nozzle 343b includes
lower injection holes 357 opened toward at least two of the plurality of substrates accommodated
in the lower dummy region BSD excluding the lowest stage.

[0112] In the present disclosure, the arrangement position of the upper injection hole 356 may be
the uppermost stage.  Further, in the present disclosure, arrangement positions of the lower
injection holes 357 may be the lowest stage. Further, in the present disclosure, the lower

injection holes 357 may be opened toward only one substrate.

(Diameter of Injection Hole of Fourth Gas Nozzle 343Db)

[0113] In the present embodiment, a hole diameter of the injection holes of the fourth gas nozzle
343b is preferably 0.8 mm or more and 3.0 mm or less. When the hole diameter is 0.8 mm or
more and 3.0 mm or less, it is possible to achieve the in-plane uniformity of about 0.1% on the
lower side and the in-plane uniformity of about 0.2% on the upper side.

[0114] If the hole diameter of the injection holes of the fourth gas nozzle 343b is less than 0.8
mm, there is a concern that the gas may easily leak from a base of the nozzle due to an increase
in an internal pressure of the nozzle. Moreover, when the hole diameter exceeds 3.0 mm, there
is a concern that the gas coming out of the injection holes may be discharged upward instead of
horizontally due to inertia rising in the nozzle. In addition, a pressure difference between a top

side and a bottom side of the nozzle, that is, the difference in injection amount, tends to increase.
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(In-plane Uniformity)
[0115] A method for measuring in-plane uniformity in the present embodiment will now be
described. First, 15 measurement points are set on the wafer to be measured. The 15
measurement points include the center of the wafer and 14 measurement points that differ in
radiation direction or distance from the center of the wafer.
[0116] Then, the film thickness at each of the 15 measurement points is measured by a known
method such as spectroscopic ellipsometry.  Further, the average value of the film thicknesses
is calculated from the 15 measured values. Then, the in-plane uniformity [%] of the wafer to be
measured can be calculated by the following formula using the maximum value, minimum value,
and average value of the 15 measured values.

In-plane uniformity [%] = (maximum value — minimum value) / average value x 100
The in-plane uniformity in this definition is a non-negative number. The closer to 0, the better

the in-plane uniformity.

(Diameter of Injection Hole of Fourth Gas Nozzle 343b)

[0117] Next, a diameter of the injection holes of the fourth gas nozzle 343b will be described.
If an internal pressure of the fourth gas nozzle 343b has a large effect on the process
performance, for example, the gas leaks from the base of the fourth gas nozzle 343b, whereby a
gas concentration on a bottom side inside the process chamber 201 tends to change. In order to
suppress an influence of the internal pressure of the fourth gas nozzle 343b on the process
performance, the hole diameter of the fourth gas nozzle 343b can be adjusted in the present
embodiment.

[0118] Specifically, the hole diameter of the injection holes of the fourth gas nozzle 343b may
be set to 0.8 mm or more and 3.0 mm or less. When the hole diameter is 0.8 mm or more and
3.0 mm or less, it is possible to achieve the in-plane uniformity of the lower product wafers of
about 0.1% and the in-plane uniformity of the upper product wafers of about 0.2%.

[0119] If the hole diameter is less than 0.8 mm, there is a concern that the gas may easily leak
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from the base of the nozzle due to the increase in the internal pressure of the nozzle. On the
other hand, if the hole diameter exceeds 3.0 mm, there is a concern that the gas coming out of the
injection holes may be discharged upward instead of horizontally due to the inertia rising inside
the nozzle. In addition, the pressure difference between the top side and the bottom side of the

nozzle, that is, the difference in injection amount, tends to increase.

(Controller)

[0120] Next, the controller 280 will be described with reference to FIG. 7. FIG. 7 is a block
diagram showing the substrate processing apparatus 10. The controller 280 (i.e., control part)
of the substrate processing apparatus 10 is configured as a computer. This computer includes a
CPU (Central Processing Unit) 121a, a RAM (Random Access Memory) 121b, a memory 121c,
and an 1/0O port 121d.

[0121] The RAM 121b, the memory 121c, and the I/O port 121d are configured to exchange data
with the CPU 121a via an internal bus 121e.  An input/output device 122 configured as, for
example, a touch panel or the like is connected to the controller 280.

[0122] The memory 121c is composed of, for example, a flash memory, an HDD (Hard Disk
Drive), or the like. In the memory 121c, a control program for controlling the operation of the
substrate processing apparatus, a process recipe describing procedures and conditions for
substrate processing described later, and the like are stored in a readable manner.

[0123] The process recipe is a combination that allows the controller 280 to execute each
procedure in the substrate processing process, which will be described later, to obtain a
predetermined result. The process recipe functions as a substrate processing program.
Hereinafter, the process recipe, the control program, and the like are collectively and simply
referred to as program.

[0124] When the term "program™ is used in this specification, it may include only the process
recipe, only the control program, or both of them. The RAM 121b is configured as a memory
area (i.e., a work area) in which programs and data read by the CPU 121a are temporarily held.

[0125] The 1/O port 121d is connected to the MFCs 320a to 320i, the valves 330a to 330i, the
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pressure sensor 245, the APC valve 244, the vacuum pump 246, the heater 207, the temperature
sensor, the rotator 267, the elevator 115, and the like.

[0126] The CPU 121a is configured to read out the control program from the memory 121c to
execute the control program, and read out the process recipe from the memory 121c in response
to the input of an operation command from the input/output device 122 or the like.

[0127] The CPU 121a is configured to control the flow rate adjustment operation for various
gases by the MFCs 320a to 320i, the opening/closing operation of the valves 330a to 330i, and
the opening/closing operation of the APC valve 244, in accordance with the content of the
process recipe thus read.  Further, the CPU 121a is also configured to control the pressure
regulation operation by the APC valve 244 based on the pressure sensor 245, the start and stop of
the vacuum pump 246, and the temperature adjustment operation of the heater 207 based on the
temperature sensor.  Further, the CPU 121a is configured to control the rotation of the boat 217
and the rotation speed adjustment operation by the rotator 267, the raising/lowering operation of
the boat 217 by the elevator 115, and the like.

[0128] The controller 280 is not limited to being configured as a dedicated computer, and may
be configured as a general-purpose computer. For example, the controller 280 of the present
embodiment can be configured by preparing an external memory device 123 storing the above-
described program and installing the program in a general-purpose computer through the use of
the external memory device 123. Examples of the external memory device include a magnetic
disk such as a hard disk or the like, an optical disk such as a CD or the like, a magneto-optical
disks such as an MO or the like, a semiconductor memory such as a USB memory or the like,

and so forth.

<Substrate Processing Method>

[0129] Next, a substrate processing method using the substrate processing apparatus 10
according to the present embodiment will be described with reference to FIG. 8. In the present
embodiment, as an example of a process of manufacturing a semiconductor device, there will be

described a cycle process in which film processing is performed by alternately supplying a
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precursor gas and a reaction gas into the process chamber 201.

[0130] In the cycle process, a Si nitride film (SisN4 film, which is hereinafter also referred to as
SiN film) is formed on the substrate by using a silicon (Si) precursor gas as an example of a
precursor gas, and using a nitrogen (N2)-containing gas as a reactant.

[0131] The SiN film is formed by performing a cycle a predetermined number of times of once
or more, the cycle including non-simultaneously performing a film formation step 1 in step S3, a
film formation step 2 in step S4, a film formation step 3 in step S5, and a film formation step 4 in
step S6, as shown in FIG. 8.

[0132] The film formation step 1 is a step of supplying a precursor gas to the wafers 200 inside
the inner tube 12. The film formation step 2 is an exhaust step of removing a remaining
precursor gas from the inner tube 12. The film formation step 3 is a step of supplying an N2-
containing gas as a reaction gas to the wafers 200 inside the inner tube 12. The film formation
step 4 is an exhaust step of removing a remaining reaction gas from the inner tube 12.

[0133] First, in step S 1 in FIG. 8, the wafers 200 are charged to the boat 217. By loading the
boat 217 into the inner tube 12, the wafers 200 are accommodated inside the cylindrical portion
of the inner tube 12. Next, in step S2 in FIG. 8, the pressure and temperature inside the inner
tube 12 are adjusted after the boat 217 is loaded into the inner tube 12. Next, the four film

formation steps 1 to 4 are sequentially executed. Each step will be described in detail below.

(Film Formation Step 1)

[0134] In the film formation step 1, at step S3 in FIG. 8, while injecting a first source gas toward
the wafers 200 using the first gas nozzles 340a, 340b, 341a and 341b, the injected precursor gas
is exhausted to the outside of the cylindrical portion using the main exhaust slit 236 and the two
sub-exhaust slits 238.

[0135] As the first precursor gas supplied from the gas supply pipe 310a, there may be, for
example, a Si source gas. Further, as the first precursor gas, for example, a Si- and halogen-
containing gas may be used. As the Si- and halogen-containing gas, inorganic chlorosilane-

based gases such as a tetrachlorosilane (SiCls, abbreviation: STC) gas, a hexachlorodisilane
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(SioCls, abbreviation: HCDS) gas, an octachlorotrisilane (SisCls, abbreviation: OCTS) gas, and
the like may be used. One or more of these gases may be used as the Si- and halogen-
containing gas.  The first precursor gas corresponds to the first precursor of the present
disclosure. In addition, in the present disclosure, the first precursor is not limited to a gas, and
may be a liquid substance such as a mist substance or the like.

[0136] Further, for example, an assist gas such as N2 or the like is injected from the upstream
side toward the wafers 200 using the second gas nozzle 342c2, the fifth gas nozzle 342a2, and
the seventh gas nozzle 342al. That is, in the present embodiment, the seventh gas nozzle 342al
supplies the assist gas when the first precursor gas is supplied from the first gas nozzles 340a,
340b, 341a and 341b. In addition, an inert gas such as N or the like is injected from the
downstream side toward the wafers 200 using the third gas nozzles 343al and 343a2 and the

fourth gas nozzle 343b.

(Film Formation Step 2)

[0137] In the film formation step 2, the supply of the first precursor gas and the carrier gas is
stopped. By controlling the exhaust pump such as the vacuum pump 246 and the APC valve
244, the inside of the reaction tube 203 is vacuum-exhausted to reach a predetermined pressure
(i.e., degree of vacuum). As shown in FIG. 9, the assist gas is continuously supplied from the
second gas nozzle 342c2 and the fifth gas nozzle 342a2, and the inert gas is continuously
supplied from the third gas nozzles 343al and 343a2 and the fourth gas nozzle 343b.

[0138] Further, the purge effect is enhanced by increasing a flow rate of the N2 gas supplied
from the seventh gas nozzle 342al. In the film formation step 2, if the inert gas such as an N
gas used as the carrier gas is supplied into the inner tube 12 as a purge gas, the effect of
exhausting the remaining precursor gas can be further enhanced. At the end of film formation
step 2, the flow rate of the N> gas supplied from the seventh gas nozzle 342al is reduced to an

original flow rate.

(Film Formation Step 3)
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[0139] In the film formation step 3, a reaction gas as a second precursor gas is supplied into the
inner tube 12.  As the reaction gas, which is a reactant, a reducing gas as a reducing agent such
as, for example, a Si-free gas, an oxidizing gas, hydrogen (H), or the like may be adopted.
Alternatively, for example, an N2-containing gas may be used as the reaction gas.

[0140] In the present embodiment, as the second precursor gas supplied from the gas supply pipe
310c, there may be, for example, an ammonia (NHz) gas. While supplying the NHz gas and the
carrier gas into the inner tube 12, the gases are exhausted through the exhaust slits. By
supplying the NHz gas, the NH3 gas reacts with the Si-containing film on the base film of the
wafer 200. A SiN film is formed on the wafer 200 by the reaction. The second precursor gas
corresponds to a second precursor of the present disclosure. In the present disclosure, the
second precursor is not limited to a gas, and may be a liquid substance such as a mist substance
or the like.

[0141] In the film formation step 3, the assist gas is continuously supplied from the second gas
nozzle 342c2, the seventh gas nozzle 342al, and the fifth gas nozzle 342a2, and the inert gas is
continuously supplied from the third gas nozzles 343al and 343a2 and the fourth gas nozzle
343b. That is, in the present embodiment, the seventh gas nozzle 342al supplies the assist gas

when the second precursor gas is supplied from the sixth gas nozzle 342c1.

(Film Formation Step 4)

[0142] In the film formation step 4, by controlling the exhaust pump such as the vacuum pump
246 and the APC valve 244 after the film is formed, the inside of the reaction tube 203 is
vacuum-exhausted to reach a predetermined pressure (degree of vacuum). The assist gas is
continuously supplied from the second gas nozzle 342c2 and the fifth gas nozzle 342a2, and the
inert gas is continuously supplied from the third gas nozzles 343al and 343a2 and the fourth gas
nozzle 343b.

[0143] Further, the purge effect is enhanced by increasing the flow rate of the N2 gas from the
seventh gas nozzle 342al. In the film formation step 4, if an inert gas such as an N2 gas used as

a carrier gas is supplied into the inner tube 12 as a purge gas, the effect of exhausting the
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remaining N-containing reaction gas from the inner tube 12 is further enhanced. At the end of
film formation step 4, the flow rate of the N> gas supplied from the seventh gas nozzle 342al is
reduced to the original flow rate.

[0144] In the present embodiment, in the film formation steps 1 to 4, the seventh gas nozzle
342al supplies an assist gas when the first precursor gas is supplied from the first gas nozzles
340a, 340b, 341a and 341b, or when the second precursor gas is supplied from the sixth gas
nozzle 342cl. In the present disclosure, the seventh gas nozzle 342al may also supply an assist
gas except when the first precursor gas is supplied from the first gas nozzles 340a, 340b, 341a
and 341b, or except when the second precursor gas is supplied from the sixth gas nozzle 342c1.
[0145] Then, by setting the above-described film formation steps 1 to 4 to one cycle and
performing the cycle of the film formation steps 1 to 4 a predetermined number of times at step
S7in FIG. 8, a SiN film having a predetermined film thickness can be formed on the wafer 200.
In the present embodiment, the film formation steps 1 to 4 are repeated multiple times. In the
present disclosure, the film formation steps 1 to 4 may be performed once without being
repeated.

[0146] After the film formation process described above is completed, the pressure inside the
inner tube 12 is returned to a normal pressure (i.e., an atmospheric pressure) at step S8 in FIG. 8.
Specifically, for example, an inert gas such as an N2 gas or the like is supplied into the inner tube
12 and exhausted from the inner tube 12. As a result, the inside of the inner tube 12 is purged
by the inert gas, and the gas remaining inside the inner tube 12 is removed from the inside of the
inner tube 12.  Thereafter, the atmosphere inside the inner tube 12 is replaced with the inert gas,
and the pressure inside the inner tube 12 is returned to the normal pressure.

[0147] Then, by unloading the wafers 200 from the inner tube 12 at step S9 in FIG. 8, the
substrate processing according to the present embodiment is completed. The series of steps
described above constitute a method of manufacturing a semiconductor device according to the

present embodiment.

(Analysis Example)
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[0148] Next, a result of measuring the in-plane uniformity of the product wafers, which are
obtained by the substrate processing method performed using the substrate processing apparatus
10 according to the present embodiment, will be described as an analysis example together with
a measurement result in a comparative example. The substrate processing apparatus according
to the comparative example differs from the substrate processing apparatus 10 according to the
present embodiment in that the fourth gas nozzle 343b is not installed. The configuration of the
substrate processing apparatus according to the comparative example is the same as that of the
substrate processing apparatus of the present embodiment except for the fourth gas nozzle 343b.
[0149] In FIGS. 10A and 10B, the maximum values among the film thicknesses at the 15 points
obtained by measurement are represented by white circle data points on an upper side. Further,
the minimum values are represented by relatively small black circle data points on a lower side
in FIGS. 10A and 10B. That is, in FIGS. 10A and 10B, the film thickness differences between
the maximum values and minimum values of the film thicknesses of the product wafers
corresponding to the respective positions on the horizontal axis are exemplified by lengths
between the white circle data points on the upper side and the relatively small black circle data
points on the lower side. In addition, the average values of the film thicknesses at the 15 points
are represented by relatively large black circle data points between the maximum values and the
minimum values in FIGS. 10A and 10B.

[0150] As shown in FIG. 10A, in the case of the comparative example, the thickness difference
of each of the uppermost product wafer in the upper dummy region TSD, the lowermost product
wafer in the lower dummy region BSD, and the second product wafer from the bottom is
relatively large. On the other hand, as shown in FIG. 10B, in the present embodiment, the
thickness difference of each of the uppermost product wafer in the upper dummy region TSD,
the lowermost product wafer in the lower dummy region BSD, and the second product wafer
from the bottom is reduced as compared with the comparative example.

[0151] The in-plane uniformity of the lowermost product wafer in the lower dummy region BSD
was 1.0% in the comparative example, but 0.2% in the present embodiment, so that it is possible

to reduce the in-plane uniformity by 0.8 points as compared with the comparative example. In
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addition, the in-plane uniformity of the uppermost product wafer in the upper dummy region
TSD was 0.5% in the comparative example, but 0.1% in the present embodiment, so that it is
possible to reduce the in-plane uniformity by 0.4 points as compared with the comparative
example. That is, in the present embodiment, the in-plane uniformity of the plurality of product
wafers 200 positioned at the end portion on the side dummy region side among the plurality of
wafers 200 accommodated in the product region P was 0.2% or less.

[0152] Further, in the analysis example, the inter-plane uniformity of all the product wafers in
the present embodiment was equivalent to that in the comparative example. That is, according
to the present embodiment, it is possible to adjust the in-plane uniformity of the end product

wafers while securing the inter-plane uniformity of all the product wafers.

(Operation Effect)

[0153] According to the present embodiment, one or more of the following effects may be
obtained.

[0154] In the substrate processing apparatus 10 according to the present embodiment, the inert
gas is directly supplied toward the end product wafers by the fourth gas nozzle 343b, which
supplies the inert gas only to the side dummy regions. Therefore, even if the film thickness of
the end product wafers increases, it is possible to effectively reduce the film thickness.
Accordingly, it is possible to locally improve the in-plane uniformity of the end product wafers
among the plurality of product wafers arranged in the product region P.

[0155] In particular, in the present embodiment, the fourth gas nozzle 343b installed on the
downstream side of the gas flow on the substrate is combined with the second gas nozzle 342c2
and the fifth gas nozzle 34a2 installed on the upstream side. Therefore, it is possible to
independently control the in-plane uniformity of the upper product wafers, the in-plane
uniformity of the lower product wafers, and the inter-plane uniformity of all the product wafers.
[0156] In addition, in the present embodiment, the fourth gas nozzle 343b is arranged on the
downstream side. Therefore, it is possible to reduce the influence on all the wafers. That is,

since the inert gas is injected from the fourth gas nozzle 343b only to the end product wafers, it
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is possible to reduce the influence on the gas injected from the other nozzles for adjusting the
inter-surface uniformity over all the product wafers. The effects of the method of
manufacturing a semiconductor device and the substrate processing program using the substrate
processing apparatus 10 according to the present embodiment are the same as those of the
substrate processing apparatus 10.

[0157] In the present embodiment, the second gas nozzle 342c2 and the third gas nozzles 343al
and 343a2 are installed on both sides, and the fourth gas nozzle 343b is arranged on the
downstream side of the center of the substrate in the flow of the first precursor. The in-plane
uniformity of all the product wafers is controlled by both the second gas nozzle 342c2 arranged
on the upstream side and the third gas nozzles 343al and 343a2 arranged on the downstream
side. Therefore, the reliability of control of the in-plane uniformity of the end product wafers
can be improved by the fourth gas nozzle 343b.

[0158] Further, in the present embodiment, the substrate processing apparatus further includes
the fifth gas nozzle 34a2 arranged on the upstream side of the center of the substrate, and
including injection holes for supplying the assist gas only to the substrates arranged in the lower
dummy region BSD. Further, the second gas nozzle 342c2 includes injection holes for
supplying the assist gas only to the substrates in the upper dummy region TSD. Therefore, it is
possible to independently control the in-plane uniformity of the upper product wafers and the in-
plane uniformity of the lower product wafers.

[0159] In addition, in the present embodiment, the substrate processing apparatus further include
the sixth gas nozzle 342c1 configured to supply the second precursor gas, and the seventh gas
nozzle 342al configured to supply the assist gas from the upstream side.  Since the first
precursor gas and the second precursor gas can be diluted by the seventh gas nozzle 342al, it is
possible to improve a supply efficiency of each precursor gas. In addition, the seventh gas
nozzle 342al can improve a gas replacement performance during the film formation process, and
can prevent the gas coming out of the supply buffer 222 from being returned to the supply buffer
222 again due to the vortices, turbulence, and the like generated in the process chamber 201, that

IS, generation of a return flow.
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[0160] In addition, in the present embodiment, a pair of third gas nozzles 343al and 343a2 is
installed on both sides of the straight line connecting the main exhaust part and the center of the
substrate. Therefore, since the inert gas can be efficiently supplied into the process chamber
201, the generation of vortices in the process chamber can be suppressed, and an amount of the
nitrogen gas used can be reduced as a whole.

[0161] In addition, in the present embodiment, the seventh gas nozzle 342al supplies the assist
gas when the first precursor gas is supplied from the first gas nozzles 340a, 340b, 341a and 341b,
or when the second precursor gas is supplied from the sixth gas nozzle 342c1. Therefore, itis
possible to further improve the supply efficiency of the precursor gas, improve the gas
replacement capability, and suppress the return flow.

[0162] Moreover, in the present embodiment, the sixth gas nozzle 342c1 and the seventh gas
nozzle 342al are arranged such that the first gas nozzles 340a, 340b, 341a and 341b are
interposed therebetween. Further, the seventh gas nozzle 342al supplies the assist gas while
the first precursor gas, which is the precursor gas containing a Group 14 element, is being
supplied from the first gas nozzles 340a, 340b, 341a and 341b. Therefore, it is possible to
further improve the supply efficiency of the precursor gas, improve the gas replacement
capability, and suppress the return flow.

[0163] Further, in the present embodiment, the fourth gas nozzle 343b is arranged outside the
imaginary vertical plane A on the downstream side of the flow of the first precursor gas.
Further, the fourth gas nozzle 343b injects the inert gas toward the upstream region located
outside the center C1 of the wafer 200 and positioned between the peripheral edge of the wafer
200 on the side where the fourth gas nozzle 343b is arranged and the center C1 of the wafer 200.
Therefore, it is possible to maximize the wafer film thickness reduction effect by the fourth gas
nozzle 343b.

[0164] In addition, in the present embodiment, the partition plates protruding from the side
surfaces of the first gas nozzles 340a, 340b, 341a and 341b to prevent the gas from flowing in
the vertical direction are installed on the side surfaces of the first gas nozzles 340a, 340b, 341a

and 341b below the lower dummy region BSD in the process chamber 201. As a result, the
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flow rate of the exhausted precursor gas is made more uniform, and the inter-plane uniformity of
the films between the surfaces of the plurality of wafers 200 is improved.

[0165] Moreover, in the present embodiment, the fourth gas nozzle 343b is installed adjacent to
one of the pair of third gas nozzles 343al and 343a2. In addition, the process chamber 201 has
the sub-exhaust slits 238 between the third gas nozzles 343al and 343a2 and the fourth gas
nozzle 343b. As a result, the flow rate of the exhausted precursor gas is made more uniform,
and the inter-plane uniformity of the films between the surfaces of the plurality of wafers 200 is
improved.

[0166] Further, in the present embodiment, the opening width of one main exhaust slit 236 along
the circumferential direction of the cylindrical portion becomes narrower along a direction from
the opposite side of the main exhaust port 230 to the main exhaust port 230 along the axial
direction of the cylindrical portion (i.e., from the top to the bottom). In addition, the opening
width of each of the two sub-exhaust slits 238 along the circumferential direction of the
cylindrical portion becomes narrower along a direction from the opposite side of each of the pair
of sub-exhaust ports to the pair of sub-exhaust ports along the axial direction of the cylindrical
portion. Therefore, the flow rate of the exhausted precursor is made more uniform between the
wafers 200 stacked in multiple stages along the axial direction, thereby improving the inter-plane
uniformity of the films between the surfaces of the plurality of wafers 200.

[0167] Further, in the present embodiment, a member such as a fin or the like as an exhaust flow
rate adjuster, which protrudes outward from the side wall and having a protrusion length that
becomes shorter along a direction from the opposite side of the exhaust port to the exhaust port
in the vertical direction, may be installed in a portion of the side wall of the process chamber 201
forming a main exhaust portion.  The difference between the flow rate of the precursor gas
discharged from the bottom side near the main exhaust port and the sub-exhaust port and the
flow rate of the precursor gas discharged from the top side is made small by the exhaust flow
rate adjuster. Therefore, the flow rate of the exhausted precursor gas is made uniform between
the wafers 200 stacked in multiple stages along the vertical direction. As a result, the inter-

plane uniformity of the films between the surfaces of the plurality of wafers 200 is improved.
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Moreover, it is not necessary to process the side wall of the cylindrical portion such that the
opening width of the slit becomes narrower along a direction from the opposite side of the
exhaust port toward the exhaust port along the axial direction.

[0168] Further, in the present embodiment, the in-plane uniformity of all the product wafers is
controlled by both the second gas nozzle 342c2 arranged on the upstream side and the third gas
nozzles 343al and 343a2 arranged on the downstream side. Moreover, the fourth gas nozzle
343b is arranged at a position closer to the main exhaust port than the third gas nozzles 343al
and 343a2. Accordingly, it is possible to further improve the reliability of control of the in-
plane uniformity of the end product wafers by the fourth gas nozzle 343b.

[0169] Further, in the present embodiment, the fourth gas nozzle 343b includes the upper
injection hole opened toward at least one substrate excluding the uppermost substrate among the
plurality of substrates accommodated in the upper dummy region TSD. In addition, the fourth
gas nozzle 343b includes the lower injection hole opened toward at least two substrates
excluding the lowest stage among the plurality of substrates accommodated in the lower dummy
region BSD. Therefore, the excessive dilution of the precursor gas in the upper dummy region
TSD and the lower dummy region BSD is suppressed. Moreover, the diffusion of active
species across the side dummy regions and the product region P can be reduced. Accordingly,
it is possible to further improve and stabilize the inter-plane uniformity.

[0170] Further, in the present embodiment, the third gas nozzles 343al and 343a2 include a
plurality of horizontal injection holes opened substantially parallel to the surface of the substrate,
and an inclined injection hole installed at a position higher than the uppermost horizontal
injection hole among the plurality of horizontal injection holes and opened obliquely upward.
Accordingly, it is possible to further reduce the diffusion of active species across the upper
dummy region TSD and the product region P.

[0171] Further, in the present embodiment, each of the first gas nozzles 340a, 340b, 341a and
341b includes three or more injection holes arranged along a direction substantially parallel to
the surface of the substrate. Therefore, the inert gas can be efficiently supplied into the process

chamber 201, which makes it possible to suppress the generation of vortices in the process
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chamber 201.

[0172] Further, in the present embodiment, the first gas nozzles 340a, 340b, 341a and 341b are a
nozzle array in which a plurality of linear circular pipes are arranged along the circumferential
direction of the process chamber 201.  For this reason, the processing gas can be efficiently
supplied at a wide angle in a planar manner, which makes it possible to suppress the generation
of vortices in the process chamber 201.

[0173] Further, in the present embodiment, the in-plane uniformity of at least one selected from
the group of the product wafers on the top side and the product wafers on the bottom side is
0.2% or less. As aresult, all the product wafers satisfy the required in-plane uniformity, which

makes it possible to achieve a high yield.

<Other Embodiments of the Present Disclosure>

[0174] While the present disclosure has been described through the embodiment disclosed
above, the discussion and drawings forming part of the present disclosure should not be
understood as limiting the present disclosure. The present disclosure is not limited to the
embodiment described above, and various modifications may be made without departing from

the scope of the present disclosure.

(First Modification)

[0175] For example, in the present embodiment, the arrangement position of the fourth gas
nozzle 343b is exemplified on the downstream side. However, as shown in FIG. 11, the
arrangement position of the fourth gas nozzle 343b is not limited to the downstream side and
may be on the upstream side. Other configurations of the substrate processing apparatus
according to the first modification are the same as those of the above-described embodiment, and
the redundant description thereof will be omitted.

[0176] As in the first modification, even with the fourth gas nozzle 343b arranged on the
upstream side, as in the above-described embodiment, it is possible to locally improve the in-

plane uniformity of the end product wafers among the plurality of product wafers arranged in the
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product region P.  Further, other effects of the substrate processing apparatus according to the

first modification are the same as those of the above-described embodiment.

(Second Modification)

[0177] Further, in the present disclosure, the substrate processing apparatus may be applied to
other processes, for example, an oxidation process. For example, when the oxidation process is
performed in the second modification, the first gas nozzles 340a, 340b, 341a and 341b and the
sixth gas nozzle 342c1 may be arranged such that the seventh gas nozzle 342al is interposed
therebetween on both sides. In addition, a type of gas injected from each nozzle may be
different from that in the above-described embodiment.

[0178] Specifically, for example, the nozzle 342al in FIG. 11 is the seventh gas nozzle 342al in
the above-described embodiment, but functions as the first gas nozzles 340a, 340b, 341a and
341b in the second modification. Further, the nozzles 340a, 340b, 341a and 341b in FIG. 11
are the first gas nozzles 340a, 340b, 341a and 341D in the above-described embodiment, but
function as the seventh gas nozzle 342al in the second modification.

[0179] The nozzle 342al as the first gas nozzles 340a, 340b, 341a and 341b supplies one of the
oxidizing gas and the reducing gas. The nozzle 342cl as the sixth gas nozzle 342c1 supplies
the other of the oxidizing gas and the reducing gas.

[0180] For example, an oxygen (O)- and hydrogen (H)-containing gas may be used as the
oxidizing gas, which is an oxidizing agent. ~As the O- and H-containing gas, for example, a
water vapor (H20 gas), a hydrogen peroxide (H202) gas, a hydrogen (H2) gas + oxygen (O2) gas,
an H gas + ozone (Os) gas, and the like may be used. As the oxidizing agent, in addition to the
O- and H-containing gas, for example, an oxygen (O)-containing gas may be used. As the O-
containing gas, for example, an O2 gas, an Os gas, a nitrous oxide (N20) gas, a nitric oxide (NO)
gas, a nitrogen dioxide (NO-) gas, a carbon monoxide (CO) gas, a carbon dioxide (CO>) gas, and
the like may be used. The O- and H-containing gas is also a kind of O-containing gas. One or
more of these gases may be used as the oxidizing agent.

[0181] In this specification, the parallel notation of two gases such as "H» gas + O» gas" means a
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mixed gas of a Hz gas and an Oz gas. When supplying a mixed gas, two gases may be mixed
(i.e., premixed) in the supply pipe and then supplied into the process chamber 201.
Alternatively, two gases may be separately supplied from different supply pipes into the process
chamber 201 and mixed (post-mixed) in the process chamber 201.

[0182] For example, the nozzle 342al as the first gas nozzles 340a, 340b, 341a and 341b in the
second modification supplies an Oz gas as an oxidizing gas. Further, the nozzle 342cl as the
sixth gas nozzle 342cl supplies a Hz gas as a reducing gas.  Further, the nozzles 340a, 340D,
341a and 341b serving as the seventh gas nozzle 342al in the second modification supply an N2
gas as an assist gas.  In the second modification, all gases are supplied to the wafers
simultaneously and continuously during the oxidation process.

[0183] Therefore, in the second modification, it is possible to generate oxygen active species or
hydroxyl radicals inside the process chamber 201. In addition, in the second modification, the
seventh gas nozzle 342al may be configured to supply an inert gas when at least one selected
from the group of the first gas nozzles 340a, 340b, 341a and 341b and the sixth gas nozzle 342c1
supplies a gas in the oxidation process. Other configurations of the substrate processing
apparatus according to the second modification are the same as those of the above-described
embodiment, and the duplicate description thereof will be omitted.

[0184] In addition, in the above-described embodiments, there has been described the example
in which a film is formed using a batch-type substrate processing apparatus that processes a
plurality of substrates at a time. The present disclosure is not limited to the embodiments
described above, and may be suitably applied, for example, to a case of forming a film using a
single-substrate-type substrate processing apparatus that processes one or several substrates at a
time. Further, in the above-described embodiments, there has been described the example in
which a film is formed using a substrate processing apparatus having a hot wall type process
furnace. The present disclosure is not limited to the embodiments described above, and may be
suitably applied to a case of forming a film using a substrate processing apparatus having a cold
wall type process furnace.

[0185] Even when these substrate processing apparatuses are used, each process can be
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performed under the same processing procedures and processing conditions as those of the
above-described embodiments and modifications, and effects similar to those of the above-
described embodiments and modifications can be obtained.

[0186] Further, for example, in the above-described embodiments of the present disclosure,
various processors other than the CPU may execute the substrate processing executed by the
CPU 121a reading the software (program). The processor in this case may be a dedicated
electric circuit or the like, which is a processor having a circuit configuration specially designed
to perform a specific process, such as a PLD (Programmable Logic Device) whose circuit
configuration can be changed after manufacturing, for example, a FPGA (Field-Programmable
Gate Array), and an ASIC (Application Specific Integrated Circuit).

[0187] Further, the substrate processing may be performed by one of these various processors, or
by a combination of two or more processors of the same or different type (e.g., a plurality of
FPGAs, a combination of CPU and FPGA, etc.). In addition, the hardware structure of these
various processors is, more specifically, an electric circuit in which circuit elements such as
semiconductor elements are combined.

[0188] Further, in each of the above-described embodiments, there has been described the
example in which the substrate processing program is stored (installed) in advance in the
memory 121c such as a ROM or a storage. However, the present disclosure is not limited
thereto. The program may be provided by being recorded in a computer-readable recording
medium such as a CD-ROM (Compact Disk-Read Only Memory), a DVD-ROM (Digital
Versatile Disk-Read Only Memory), and a USB (Universal Serial Bus) memory. In addition,
the program may be downloaded from an external device via a network.

[0189] In addition, the present disclosure may be configured by partially combining the
configurations included in the above-described embodiments, modifications, and forms. In the
present disclosure configured by combinations, the processing procedures and processing
conditions to be executed can be set, for example, in the same manner as the processing
procedures and processing conditions described in the aspect according to the present

embodiment. The present disclosure includes various embodiments not described above, and
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the technical scope of the present disclosure is defined only by the subject matters defined in the
claims.

[0190] According to the present disclosure in some embodiments, it is possible to locally
improve the in-plane uniformity of an end product wafer among a plurality of product wafers.
[0191] While certain embodiments have been described, these embodiments have been presented
by way of example only, and are not intended to limit the scope of the disclosures. Indeed, the
embodiments described herein may be embodied in a variety of other forms.  Furthermore,
various omissions, substitutions, and changes in the form of the embodiments described herein
may be made without departing from the spirit of the disclosures. The accompanying claims
and their equivalents are intended to cover such forms or modifications as would fall within the

scope and spirit of the disclosures.
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WHAT IS CLAIMED IS:

1. A substrate processing apparatus comprising:

(a) a process chamber configured to accommodate a plurality of substrates arranged
vertically, provided with a product region and a dummy region, which is provided on at least one
selected from the group of an upper side of the product region and a lower side of the product
region, in the process chamber, and including a main exhauster on a lateral side of the process
chamber;

(b) a first injector extending vertically within the process chamber on an opposite side
from the main exhauster, and configured to supply a first precursor toward the substrates
accommodated in the product region and the dummy region;

(c) at least one selected from the group of a second injector and a third injector, wherein
the second injector is installed on an upstream side of a center of the plurality of substrates
accommodated inside the process chamber in a flow of the first precursor and configured to
supply an assist gas for diluting the first precursor toward substrates accommodated in the
dummy region at a larger amount than substrates accommodated in the product region, and the
third injector is installed on a downstream side of the center of the substrates in the flow of the
first precursor and configured to supply an inert gas toward the substrates accommodated in the
product region and the substrates accommodated in the dummy region; and

(d) a fourth injector configured to supply an inert gas only to the dummy region.

2. The substrate processing apparatus of Claim 1, wherein both the second injector and the
third injector are installed, and
wherein the fourth injector is arranged on the downstream side of the center of the

accommodated substrates in the flow of the first precursor.

3. The substrate processing apparatus of Claim 1, further comprising:

a fifth injector arranged on the upstream side of the center of the accommodated
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substrates in the flow of the first precursor and including an injection hole configured to supply
an assist gas toward the substrates accommodated in a lower dummy region which is the dummy
region arranged on the lower side,

wherein the second injector has an injection hole for supplying an assist gas only to the
substrates accommodated in an upper dummy region which is the dummy region arranged on the

upper side.

4, The substrate processing apparatus of Claim 1, further comprising:

a sixth injector extending in a vertical direction, arranged inside the process chamber to
face the main exhauster, and configured to supply a second precursor toward at least the
substrates accommodated in the product region; and

a seventh injector extending in the vertical direction, arranged on the upstream side of
the center of the accommodated substrates in the flow of the first precursor, and configured to
supply an assist gas, which is different from the first precursor and the second precursor, toward

at least the substrates accommodated in the product region.

5. The substrate processing apparatus of Claim 1, wherein the third injector is installed as a
pair of third injectors on both sides of an imaginary vertical plane connecting the main exhauster

and the center of the accommodated substrates.

6. The substrate processing apparatus of Claim 4, wherein the seventh injector supplies the
assist gas when the first precursor is supplied from the first injector or when the second precursor

is supplied from the sixth injector.

7. The substrate processing apparatus of Claim 4, wherein the sixth injector and the
seventh injector are arranged such that the first injector is interposed between the sixth injector
and the seventh injector, and

wherein the seventh injector supplies the assist gas when the first precursor, which is a
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precursor gas containing a Group 14 element, is supplied from the first injector.

8. The substrate processing apparatus of Claim 1, wherein the fourth injector is arranged on
the downstream side in the flow of the first precursor and outside an imaginary vertical plane
connecting the main exhauster and the center of the accommodated substrates and is configured
to inject an inert gas toward an upstream region, which is located outside the center of the
accommodated substrates and between a peripheral edge of the accommodated substrates on a

side where the fourth injector is arranged and the center of the accommodated substrates.

9. The substrate processing apparatus of Claim 1, wherein a partition plate for blocking a
flow of gas in a vertical direction is installed below a lower dummy region which is the dummy

region arranged on the lower side.

10. The substrate processing apparatus of Claim 5, wherein the fourth injector is installed
adjacent to one of the third injectors, and
wherein the process chamber includes sub-exhausters between the third injectors and the

fourth injector.

11. The substrate processing apparatus of Claim 1, wherein an opening width of the main
exhauster along a circumferential direction of the process chamber becomes narrower along a
direction from the upper side to the lower side, or

wherein an exhaust flow rate adjuster, which protrudes outward from a side wall of the
process chamber and has a protrusion length decreasing along a direction from the upper side to
the lower side, is installed in a portion of the side wall of the process chamber, which forms the

main exhauster.

12. The substrate processing apparatus of Claim 1, wherein the at least one selected from the

group of the second injector and the third injector includes the third injector, and
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wherein the fourth injector is arranged at a position closer to the main exhauster than the

third injector.

13. The substrate processing apparatus of Claim 1, wherein the fourth injector includes an
upper injection hole opened toward at least one substrate excluding an uppermost substrate
among the plurality of substrates accommodated in an upper dummy region, which is the dummy
region on the upper side, and a lower injection hole opened toward at least two substrates
excluding a lowermost stage among the plurality of substrates accommodated in a lower dummy

region, which is the dummy region on the lower side.

14, The substrate processing apparatus of Claim 1, wherein the at least one selected from the
group of the second injector and the third injector includes the third injector, and

wherein the third injector includes a plurality of horizontal injection holes opened
substantially parallel to surfaces of the accommodated substrates and an inclined injection hole
provided at a position higher than an uppermost horizontal injection hole among the plurality of

horizontal injection holes and opened obliquely upward.

15. The substrate processing apparatus of Claim 1, wherein the first injector includes one or
more injection holes arranged along a direction substantially parallel to surfaces of the

accommodated substrates.

16. The substrate processing apparatus of Claim 1, wherein the first injector is a nozzle array
in which a plurality of linear circular pipes are arranged along a circumferential direction of the

process chamber.

17. The substrate processing apparatus of Claim 4, wherein the first injector and the sixth
injector are arranged such that the seventh injector is interposed between the first injector and the

sixth injector from both sides of the seventh injector,
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wherein the first injector is configured to supply one of an oxidizing gas and a reducing
gas and the sixth injector is configured to supply the other of the oxidizing gas and the reducing
gas, so that active oxygen species or hydroxyl radicals are generated inside the process chamber,
and

wherein the seventh injector is configured to supply an inert gas when at least one

selected from the group of the first injector and the sixth injector supplies a gas.

18. The substrate processing apparatus of Claim 1, wherein among the substrates
accommodated in the product region, in-plane uniformity of a substrate located at an end portion

on the dummy region side is 0.2% or less.

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

(A) accommodating a plurality of substrates in a process chamber in a state arranged
along a vertical direction, wherein the process chamber is provided with a product region and a
dummy region, which is provided on at least one selected from the group of an upper side of the
product region and a lower side of the product region, in the process chamber and has a main
exhauster on a lateral side of the process chamber;

(B) supplying a first precursor toward the substrates accommodated in the product
region and the dummy region by using a first injector extending in a vertical direction and
arranged inside the process chamber to face the main exhauster;

(C) performing at least one of supplying an assist gas for diluting the first precursor
toward the substrates accommodated in the dummy region at a larger amount than the substrates
accommodated in the product region by using a second injector, which is installed on an
upstream side of a center of the substrates accommodated inside the process chamber in a flow
of the first precursor, and supplying an inert gas toward the substrates accommodated in the
product region and the substrates accommodated in the dummy region by using a third injector,
which is installed on a downstream side of the center of the substrates in the flow of the first

precursor; and
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(D) supplying an inert gas only to the dummy region.

20. A program that causes, by a computer, a substrate processing apparatus to perform a
process comprising:

(o) accommodating a plurality of substrates in a process chamber in a state arranged
along a vertical direction, wherein the process chamber is provided with a product region and a
dummy region, which is provided on at least one selected from the group of an upper side of the
product region and a lower side of the product region, in the process chamber and has a main
exhauster on a lateral side of the process chamber;

(B) supplying a first precursor toward the substrates accommodated in the product region
and the dummy region by using a first injector extending in a vertical direction and arranged
inside the process chamber to face the main exhauster;

(v) performing at least one of supplying an assist gas for diluting the first precursor
toward the substrates accommodated in the dummy region at a larger amount than the substrates
accommodated in the product region by using a second injector, which is installed on an
upstream side of a center of the substrates accommodated inside the process chamber in a flow
of the first precursor, and supplying an inert gas toward the substrates accommodated in the
product region and the substrates accommodated in the dummy region by using a third injector,
which is installed on a downstream side of the center of the substrates in the flow of the first
precursor; and

(0) supplying an inert gas only to the dummy region.
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