METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE, PROGRAM, AND

SUBSTRATE PROCESSING APPARATUS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application is based upon and claims the benefit of priority from Japanese Patent
Application No. 2020-013676, filed on January 30, 2020, the entire contents of which are

incorporated herein by reference.

TECHNICAL FIELD
[0002] The present disclosure relates to a method of manufacturing a semiconductor device, a

program, and a substrate processing apparatus.

BACKGROUND
[0003] In the related art, for example, a tungsten (W) film is used to form a control gate of a
NAND flash memory with a three-dimensional structure, and a tungsten hexafluoride (WF6) gas
containing W is used to form the W film. Further, a titanium nitride (TiN) film may be formed
as a barrier film between the W film and an insulating film. The TiN film plays a role of
enhancing adhesion between the W film and the insulating film and also plays a role of
preventing fluorine (F) contained in the W film from diffusing into the insulating film, and the
TiN film is generally formed by using a titanium tetrachloride (TiCls) gas and an ammonia
(NH3) gas.
[0004] However, since it is difficult to perform etching due to an increase in the number of
layers of the NAND flash memory with the three-dimensional structure, thinning a word line has
become a challenge. Instead of using the TiN film and the W film as described above, a
molybdenum (Mo) film containing molybdenum (Mo) may be used to reduce a thickness and a
resistance of the word line. However, when a Mo precursor gas and a reducing gas such as a

hydrogen (H>) gas are used to form the Mo film, chlorine (Cl2) or hydrochloric acid (HCI),



which is a factor of inhibiting film formation, is generated as by-products.

SUMMARY
[0005] Some embodiments of the present disclosure provide a technique capable of reducing the
factor of inhibiting formation of a molybdenum film.
[0006] According to embodiments of the present disclosure, there is provided a technique that
includes: (a) supplying a molybdenum-containing gas containing molybdenum and oxygen to a
substrate in a process chamber; (b) supplying an additive gas containing hydrogen to the
substrate; and (¢) supplying a reducing gas containing hydrogen and having a chemical
composition different from that of the additive gas to the substrate, wherein at least two of (a),
(b), and (c) are performed simultaneously or to partially overlap with each other in time one or
more times or (a), (b), and (c) are performed sequentially one or more times to form a

molybdenum film on the substrate.

BRIEF DESCRIPTION OF DRAWINGS
[0007] FIG. 1 is a longitudinal cross-sectional view illustrating an outline of a vertical process
furnace of a substrate processing apparatus according to embodiments of the present disclosure.
[0008] FIG. 2 is a schematic cross-sectional view taken along a line A-A in FIG. 1.
[0009] FIG. 3 is a schematic configuration diagram of a controller of a substrate processing
apparatus according to embodiments of the present disclosure, in which a control system of the
controller is illustrated in a block diagram.
[0010] FIG. 4 is a diagram showing timing of gas supply according to embodiments of the
present disclosure.
[0011] FIG. 5 is a diagram showing a modification of timing of gas supply according to

embodiments of the present disclosure.

DETAILED DESCRIPTION



<Embodiments>
[0012] Embodiments of the present disclosure will now be described with reference to FIGS. 1

to 4.

(1) Configuration of Substrate Processing Apparatus

[0013] A substrate process apparatus 10 includes a process furnace 202 in which a heater 207 as
a heating means (a heating mechanism or a heating system) is installed. The heater 207 has a
cylindrical shape and is supported by a heat base (not shown) as a holding plate to be vertically
installed.

[0014] An outer tube 203 forming a reaction container (process container) is disposed inside the
heater 207 to be concentric with the heater 207. The outer tube 203 is made of, for example, a
heat resistant material such as quartz (SiO;) or silicon carbide (SiC) and has a cylindrical shape
with its upper end closed and its lower end opened. A manifold (inlet flange) 209 is disposed
below the outer tube 203 to be concentric with the outer tube 203. The manifold 209 is made
of, for example, a metal material such as stainless steel (SUS) and is formed in a cylindrical
shape with its upper and lower ends opened. An O-ring 220a serving as a sealing member is
installed between an upper end portion of the manifold 209 and the outer tube 203.  When the
manifold 209 is supported by the heater base, the outer tube 203 is in a state of being installed
vertically.

[0015] An inner tube 204 forming the reaction container is disposed inside the outer tube 203.
The inner tube 204 is made of, for example, a heat resistant material such as quartz (SiO») or
silicon carbide (SiC) and is formed in a cylindrical shape with it upper end closed and its lower
end opened. The process container (reaction container) mainly includes the outer tube 203, the
inner tube 204, and the manifold 209. A process chamber 201 is formed in a hollow cylindrical
portion (inside the inner tube 204) of the process container.

[0016] The process chamber 201 is configured to be capable of accommodating wafers 200 as

substrates in a state where the wafers 200 are arranged in a horizontal posture and in multiple



stages along a vertical direction by a boat 217 to be described below.

[0017] Nozzles 410, 420, and 430 are installed in the process chamber 201 to penetrate a
sidewall of the manifold 209 and the inner tube 204. Gas supply pipes 310, 320, and 330 are
connected to the nozzles 410, 420, and 430, respectively. However, the process furnace 202 of
the embodiments of the present disclosure is not limited to the above-described embodiments.
[0018] Mass flow controllers (MFCs) 312, 322, and 332, which are flow rate controllers (flow
rate control parts), are installed at the gas supply pipes 310, 320, and 330 sequentially from
corresponding upstream sides respectively. Further, valves 314, 324, and 334, which are
opening/closing valves, are installed at the gas supply pipes 310, 320, and 330 respectively.

Gas supply pipes 510, 520, and 530 configured to supply an inert gas are connected to the gas
supply pipes 310, 320, and 330, respectively, at the downstream side of the valves 314, 324, and
334. MFCs 512, 522, and 532, which are flow rate controllers (flow rate control parts), and
valves 514, 524, and 534, which are opening/closing valves, are installed at the gas supply pipes
510, 520, and 530 sequentially from corresponding upstream sides, respectively.

[0019] The nozzles 410, 420, and 430 are connected to leading ends of the gas supply pipes 310,
320, and 330, respectively. The nozzles 410, 420, and 430 are configured as L-shaped nozzles,
and have horizontal portions formed to penetrate the sidewall of the manifold 209 and the inner
tube 204. Vertical portions of the nozzles 410, 420, and 430 are formed inside a channel-
shaped (groove-shaped) preliminary chamber 201a formed to protrude outward in the radial
direction of the inner tube 204 and extend in the vertical direction thereof, and are also formed in
the preliminary chamber 201a toward an upper side (an upper side in an arrangement direction of
the wafers 200) along the inner wall of the inner tube 204.

[0020] The nozzles 410, 420, and 430 are installed to extend from a lower region of the process
chamber 201 to an upper region of the process chamber 201, and a plurality of gas supply holes
410a, 420a, and 430a are formed at positions facing the wafers 200, respectively. Thus, a
process gas is supplied from the gas supply holes 410a, 420a, and 430a of the respective nozzles

410, 420, and 430 to the wafers 200. The gas supply holes 410a, 420a, and 430a are formed



from a lower portion to an upper portion of the inner tube 204 and have the same aperture area at
the same aperture pitch. However, the gas supply holes 410a, 420a, and 430a are not limited to
the above-described form. For example, the aperture area may be gradually increased from the
lower portion to the upper portion of the inner tube 204. This makes it possible to make the
flow rate of the process gas supplied from the gas supply holes 410a, 420a, and 430a more
uniform.

[0021] The gas supply holes 410a, 420a, and 430a of the nozzles 410, 420, and 430 are formed
at height positions from a lower portion to an upper portion of the boat 217to be described
below. Therefore, the process gas supplied into the process chamber 201 from the gas supply
holes 410a, 420a, and 430a of the nozzles 410, 420, and 430 is supplied to the entire region of
the wafers 200 accommodated from the lower portion to the upper portion of the boat 217. The
nozzles 410, 420, and 430 are installed to extend from the lower region to the upper region of the
process chamber 201, but may be installed to extend to the vicinity of a ceiling of the boat 217.
[0022] As a precursor gas, a molybdenum-containing gas containing molybdenum (Mo) is
supplied from the gas supply pipe 310 into the process chamber 201 via the MFC 312, the valve
314, and the nozzle 410. For example, a molybdenum dichloride dioxide (M0oO:Cl>) containing
molybdenum (Mo), oxygen (O), and chlorine (CI) which is a halogen element, is used as the
molybdenum-containing gas.

[0023] An additive gas to be added to the precursor gas is supplied from the gas supply pipe 320
into the process chamber 201 via the MFC 322, the valve 324, and the nozzle 420. A
monosilane (SiHs) gas containing hydrogen (H) may be used as the additive gas. The SiH4 gas
acts as a reducing agent.

[0024] A reducing gas that reduces the precursor gas is supplied from the gas supply pipe 330
into the process chamber 201 via the MFC 332, the valve 334, and the nozzle 430. For
example, a hydrogen (Hz) gas containing hydrogen (H) and having a chemical composition
different from that of the additive gas may be used as the reducing gas.

[0025] An inert gas, for example, a nitrogen (N2) gas, is supplied from the gas supply pipes 510,



520, and 530 from the process chamber 201 via the MFCs 512, 522, and 532, the valves 514,
524, and 534, and the nozzles 410, 420, and 430, respectively. Hereinafter, an example in
which the N> gas is used as the inert gas will be described. However, as the inert gas, in
addition to the N> gas, for example, a rare gas such as an argon (Ar) gas, a helium (He) gas, a
neon (Ne) gas, a xenone (Xe), or the like may be used.

[0026] The process gas supply system mainly includes the gas supply pipes 310, 320, and 330,
the MFCs 312, 322, and 332, the valves 314, 324, and 334, and the nozzles 410, 420, and 430.
However, only the nozzles 410, 420, and 430 may be regarded as the process gas supply system.
When the precursor gas flows from the gas supply pipe 310, the precursor gas supply system
mainly includes the gas supply pipe 310, the MFC 312, and the valve 314. However, the
precursor gas supply system may include the nozzle 410. Further, when the additive gas flows
from the gas supply pipe 320, an additive gas supply system mainly includes the gas supply pipe
320, the MFC 322, and the valve 324. However, the additive gas supply system may include
the nozzle 420. Further, when the reducing gas flows from the gas supply pipe 330, a reducing
gas supply system mainly includes the gas supply pipe 330, the MFC 332, and the valve 334.
However, the reducing gas supply system may include the nozzle 430. Further, an inert gas
supply system mainly includes the gas supply pipes 510, 520, and 530, the MFCs 512, 522, and
532, and the valves 514, 524, and 534.

[0027] A method of supplying a gas in the embodiments of the present disclosure is to transfer a
gas via the nozzles 410, 420, and 430 arranged in the preliminary chamber 201a in a vertically
long annular space defined by the inner wall of the inner tube 204 and ends of a plurality of
wafers 200. Then, the gas is ejected into the inner tube 204 from the plurality of gas supply
holes 410a, 420a, and 430a formed at positions of the nozzles 410, 420, and 430, which face the
wafers. More specifically, the process gas or the like is ejected toward a direction parallel to
the surface of the wafers 200 by the gas supply hole 410a of the nozzle 410, the gas supply hole
420a of the nozzle 420, and the gas supply hole 430a of the nozzle 430.

[0028] An exhaust hole (exhaust port) 204a is a through-hole formed in a sidewall of the inner



tube 204 at a position facing the nozzles 410, 420, and 430. For example, the exhaust hole
204a is a slit-shaped through-hole formed elongated in the vertical direction. A gas supplied
into the process chamber 201 from the gas supply holes 410a, 420a, and 430a of the nozzles 410,
420, and 430 and flowing on the surface of the wafers 200 passes through the exhaust hole 204a
and flows into an exhaust passage 206 including a gap formed between the inner tube 204 and
the outer tube 203. Then, the gas having flowed through the exhaust passage 206 flows into an
exhaust pipe 231 and is discharged to an outside of the process furnace 202.

[0029] The exhaust hole 204a is formed at a position facing the plurality of wafers 200, and a
gas supplied from the gas supply holes 410a, 420a, and 430a to the vicinity of the wafers 200 in
the process chamber 201 flows toward the horizontal direction and then flows into the exhaust
passage 206 via the exhaust hole 204a. The exhaust hole 204a is not limited to the slit-shaped
through-hole, but may be configured by a plurality of holes.

[0030] The exhaust pipe 231 configured to exhaust an internal atmosphere of the process
chamber 201 is installed at the manifold 209. A pressure sensor 245, which is a pressure
detector (pressure detecting part) configured to detect an internal pressure of the process
chamber 201, an auto pressure controller (APC) valve 243, and a vacuum pump 246 as a
vacuum-exhausting device are connected to the exhaust pipe 231 sequentially from the upstream
side. The APC valve 243 may perform or stop a vacuum-exhausting operation in the process
chamber 201 by opening or closing the valve while the vacuum pump 246 is actuated, and may
also regulate the internal pressure of the process chamber 201 by adjusting an opening degree of
the valve while the vacuum pump 246 is actuated. ~An exhaust system mainly includes the
exhaust hole 204a, the exhaust passage 206, the exhaust pipe 231, the APC valve 243, and the
pressure sensor 245. The exhaust system may include the vacuum pump 246.

[0031] A seal cap 219 serving as a furnace opening lid configured to be capable of hermetically
sealing a lower end opening of the manifold 209 is installed under the manifold 209. The seal
cap 219 is configured to come into contact with the lower end of the manifold 209 from the

lower side in the vertical direction. The seal cap 219 is made of, for example, a metal material



such as stainless steel (SUS), and is formed in a disc shape. An O-ring 220b as a seal member
making contact with the lower end of the manifold 209 is installed on an upper surface of the
seal cap 219. A rotation mechanism 267 configured to rotate the boat 217 in which the wafers
200 are accommodated is installed on the opposite side of the process chamber 201 in the seal
cap 219. A rotary shaft 255 of the rotation mechanism 267 penetrates the seal cap 219 and is
connected to the boat 217. The rotation mechanism 267 is configured to rotate the wafers 200
by rotating the boat 217. The seal cap 219 is configured to be vertically moved up or down by
a boat elevator 115 as an elevation mechanism vertically installed outside the outer tube 203.
The boat elevator 115 is configured to be capable of loading/unloading the boat 217 into/out of
the process chamber 201 by moving the seal cap 219 up or down. The boat elevator 115 is
configured as a transfer device (transfer mechanism) configured to transfer the boat 217 and the
wafers 200 accommodated in the boat 217 into/out of the process chamber 201.

[0032] The boat 217 serving as a substrate support is configured to arrange a plurality of wafers
200, for example, 25 to 200 wafers 200, in a horizontal posture at intervals in the vertical
direction with the centers of the wafers 200 aligned with one another. The boat 217 is made of,
for example, a heat resistant material such as quartz or SiC. Heat insulating plates 218 made of,
for example, a heat resistant material such as quartz or SiC, are supported in a horizontal posture
and in multiple stages (not shown) below the boat 217.  This configuration makes it difficult to
transfer heat from the heater 207 to the seal cap 219 side. However, the embodiments of the
present disclosure are not limited to the above-described form. For example, instead of the heat
insulating plates 218 being installed below the boat 217, a heat insulating cylinder configured as
a cylindrical member made of a heat resistant material such as quartz or SiC may be installed
below the boat 217.

[0033] As shown in FIG. 2, a temperature sensor 263 serving as a temperature detector is
installed in the inner tube 204. Based on temperature information detected by the temperature
sensor 263, an amount of electric currents supplied to the heater 207 is regulated such that an

interior of the process chamber 201 has a desired temperature distribution. The temperature



sensor 263 is configured as an L-shape, like the nozzles 410, 420, and 430, and is installed along
the inner wall of the inner tube 204.

[0034] As shown in FIG. 3, a controller 121, which is a control part (control means), may be
configured as a computer including a central processing unit (CPU) 121a, a random access
memory (RAM) 121b, a memory device 121c, and an I/O port 121d. The RAM 121b, the
memory device 121c, and the I/O port 121d are configured to be capable of exchanging data with
the CPU 121a via an internal bus. An input/output device 122 formed of, for example, a touch
panel or the like, is connected to the controller 121.

[0035] The memory device 121c includes, for example, a flash memory, a hard disk drive
(HDD), or the like. A control program that controls operations of a substrate processing
apparatus and a process recipe, in which sequences and conditions of a method of manufacturing
a semiconductor device to be described below, and the like are written, are readably stored in the
memory device 121c. The process recipe functions as a program configured to cause the
controller 121 to execute each process (each step) in the method of manufacturing a
semiconductor device to be described below, to obtain a predetermined result. Hereinafter, the
process recipe and the control program may be generally and simply referred to as a "program."
When the term "program" is used herein, it may indicate a case of including the process recipe
only, a case of including the control program only, or a case of including both the process recipe
and the control program. The RAM 121b is configured as a memory area (work area) in which
a program or data read by the CPU 121a is temporarily stored.

[0036] The I/O port 121d is connected to the MFCs 312, 322, 332, 512, 522, and 532, the valves
314, 324, 334, 514, 524, and 534, the pressure sensor 245, the APC valve 243, the vacuum pump
246, the heater 207, the temperature sensor 263, the rotation mechanism 267, the boat elevator
115, and the like.

[0037] The CPU 121a is configured to read and execute the control program from the memory
device 121c. The CPU 121a also reads the recipe and the like from the memory device 121c

according to an input of an operation command and the like from the input/output device 122.



The CPU 121a is configured to control the flow rate regulating operation of various kinds of
gases by the MFCs 312, 322, 332, 512, 522, and 532, the opening/closing operation of the valves
314, 324, 334, 514, 524, and 534, the opening/closing operation of the APC valve 243, the
pressure regulating operation performed by the APC valve 243 based on the pressure sensor 245,
the temperature regulating operation performed by the heater 207 based on the temperature
sensor 263, the actuating and stopping of the vacuum pump 246, the operation of rotating the
boat 217 with the rotation mechanism 267 and adjusting the rotation speed of the boat 217, the
operation of moving the boat 217 up or down by the boat elevator 115, the operation of
accommodating the wafers 200 in the boat 217, and the like, according to contents of the read
recipe.

[0038] The controller 121 may be configured by installing, on the computer, the aforementioned
program stored in an external memory device (for example, a magnetic tape, a magnetic disk
such as a flexible disk or a hard disk, an optical disc such as a CD or a DVD, a magneto-optical
disc such as an MO, a semiconductor memory such as a USB memory or a memory card, and the
like) 123.  The memory device 121c and the external memory device 123 are configured as a
computer-readable recording medium. Hereinafter, the memory device 121c¢ and the external
memory device 123 may be generally and simply referred to as a "recording medium." When
the term "recording medium" is used herein, it may indicate a case of including the memory
device 121c only, a case of including the external memory device 123 only, or a case of
including both the memory device 121c and the external memory device 123. Furthermore, the
program may be provided to the computer by using a communication means such as the Internet

or a dedicated line, instead of using the external memory device 123.

(2) Substrate Processing Process (Film-Forming Process)
[0039] As a process of manufacturing a semiconductor device, an example of a process of
forming a molybdenum (Mo) film, which is an example of a metal film forming a gate electrode,

on the wafer 200 will be described with reference to FIG. 4. The process of forming the Mo
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film is performed by using the process furnace 202 of the above-described substrate processing
apparatus 10. In the following description, operations of various parts constituting the substrate
processing apparatus 10 are controlled by the controller 121.

[0040] A substrate processing process (a process of manufacturing a semiconductor device)
according to embodiments of the present disclosure includes: (a) a step of supplying a Mo-
containing gas containing Mo and O to a wafer 200 in a process chamber 201; (b) a step of
supplying a SiH4 gas, which is an additive gas containing H, to the wafer 200; and (c) a step of
supplying a H» gas, which is a reducing gas containing H and having a chemical composition
different from that of the additive gas, to the wafer 200 (c), wherein at least two of the steps (a),
(b), and (c) are performed simultaneously or to partially overlap with each other in time or (a),
(b), and (c) are performed sequentially and alternately to form a Mo film on the wafer.

[0041] When the term "wafer" is used in the present disclosure, it may refer to "a wafer itself" or
"a wafer and a laminated body of a certain layer, a film, and the like formed on a surface of a
wafer." When the phrase "a surface of a wafer" is used in the present disclosure, it may refer to
"a surface of a wafer itself" or "a surface of a certain layer, a film, and the like formed on a
wafer". When the term "substrate" is used in the present disclosure, it may be synonymous

with the term "wafer."

(Wafer Loading)

[0042] A plurality of wafers 200 are charged on the boat 217 (wafer charging). Then, as shown
in FIG. 1, the boat 217 supporting the plurality of wafers 200 is lifted up by the boat elevator 115
and is loaded into the process chamber 201 (boat loading). In this state, the seal cap 219 seals

the lower end of the outer tube 203 via the O-ring 220.

(Pressure Regulation and Temperature Regulation)

[0043] The interior of the process chamber 201 is vacuum-exhausted by the vacuum pump 246 to

reach a desired pressure (degree of vacuum). In this operation, the internal pressure of the
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process chamber 201 is measured by the pressure sensor 245. The APC valve 243 is feedback-
controlled based on the measured pressure information (pressure regulation). The vacuum pump
246 is constantly operated at least until processing on the wafers 200 is completed. The interior
of the process chamber 201 is heated by the heater 207 to a desired processing temperature. At
this time, an amount of electric currents supplied to the heater 207 is feedback-controlled based
on the temperature information detected by the temperature sensor 263 such that the interior of the
process chamber 201 has a desired temperature distribution (temperature regulation). Heating
the interior of the process chamber 201 by the heater 207 may be continuously performed at least

until the processing on the wafers 200 is completed.

[First Step] (MoO2Cl> Gas Supply)

[0044] The valve 314 is opened to allow a MoO-Cl, gas, which is a precursor gas and contains
Mo and O, to flow into the gas supply pipe 310. The flow rate of the MoO,Cl, gas is regulated
by the MFC 312, and the MoO»Cl; gas is supplied into the process chamber 201 from the gas
supply hole 410a of the nozzle 410 and is exhausted via the exhaust pipe 231. In this operation,
the MoO:Cl, gas is supplied to a wafer 200. At the same time, the valve 514 is opened to allow
an inert gas such as a N> gas to flow into the gas supply pipe 510. A flow rate of the N gas
flowing through the gas supply pipe 510 is regulated by the MFC 512, and the N> gas is supplied
into the process chamber 201 together with the MoO>Cl. gas and is exhausted via the exhaust
pipe 231. At this time, the valves 524 and 534 are opened to allow a N2 gas to flow into the gas
supply pipes 520 and 530, thereby preventing the MoO>Cl> gas from infiltrating into the nozzles
420 and 430. The N> gas is supplied into the process chamber 201 via the gas supply pipes 320
and 330 and the nozzles 420 and 430 and is exhausted via the exhaust pipe 231.

[0045] At this time, the APC valve 243 is regulated such that the internal pressure of the process
chamber 201 is within the range of, for example, 1 to 3,990Pa, for example, 1,000Pa. The
supply flow rate of the MoO>Cl, gas controlled by the MFC 312 is within the range of, for

example, 0.1 to 1.0slm, specifically 0.1 to 0.3slm. The supply flow rate of the N> gas
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controlled by the MFCs 512, 522, and 532 is within the range of, for example, 0.1 to 20slm. At
this time, the temperature of the heater 207 is set to a temperature such that the temperature of
the wafer 200 is within the range of, for example, 300 to 600 degrees C.

[0046] At this time, only the MoO»Cl, gas and the N> gas flow through the process chamber 201.
By supplying the MoO,Cl» gas, a Mo-containing layer is formed on the wafer 200 (a base film
on a surface thereof). The Mo-containing layer may be a Mo layer containing CI or O, an

adsorption layer of MoO>Cla, or both of them.

(SiH4 Gas Supply)

[0047] After a lapse of a predetermined time from the start of supply of the MoO>Cl. gas, for
example, 0.01 to 5 seconds later, the valve 324 is opened to allow a SiHg gas, which is an
additive gas containing H, to flow through the gas supply pipe 320. A flow rate of the SiH4 gas
is regulated by the MFC 322, and the SiH4 gas is supplied into the process chamber 201 from the
gas supply hole 420a of the nozzle 420 and is exhausted via the exhaust pipe 231. At the same
time, the valve 524 is opened to allow an inert gas such as a N; gas to flow through the gas
supply pipe 520. A flow rate of the N> gas flowing through the gas supply pipe 520 is regulated
by the MFC 522, and the N> gas is supplied into the process chamber 201 together with the SiHy4
gas and 1s exhausted via the exhaust pipe 231. At this time, the valve 534 is opened to allow a
N> gas to flow through the gas supply pipe 530 to prevent the MoO->Cl> gas and the SiH4 gas
from infiltrating into the nozzle 430. The N gas is supplied into the process chamber 201 via
the gas supply pipe 330 and the nozzle 430 and is exhausted via the exhaust pipe 231. In this
operation, the MoO»Cl gas, the SiH4 gas, and the N> gas are simultaneously supplied to the
wafer 200. That is, there is a timing when at least the MoO:Cl» gas and the SiH4 gas are
supplied in parallel at the same time, and there is a timing when at least the MoO,Cl, gas and the
SiH4 gas are supplied to partially overlap with each other. By providing the timing of
supplying at least the MoOCl, gas and the SiH4 gas in parallel, it is possible to adsorb Mo while

removing Cl that inhibits the adsorption of Mo.
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[0048] At this time, the APC valve 243 is regulated such that the internal pressure of the process
chamber 201 is within the range of, for example, 130 to 3,990Pa, for example, 1,000Pa. The
supply flow rate of the SiH4 gas controlled by the MFC 322 is within the range of, for example,
0.1 to 10slm, specifically 0.5 to 2slm. The supply flow rate of the N> gas controlled by the
MFCs 512, 522, and 532 is, for example, 0.01 to 20slm, specifically 0.1 to 10slm, more
specifically 0.1 to 1slm. At this time, the temperature of the heater 207 is set to, for example,
475 degrees C.  When the internal temperature of the process chamber 201 is 550 degrees C or
higher, a content of Si in a Mo film formed by the supply of the SiH4 gas increases, which may
result in a MoSi film. In addition, Cl and HCI may not be completely removed, which may
result in the decrease in deposition rate. By lowering the internal temperature of the process
chamber 201 below 550 degrees C, Cl and HCI can be removed from the Mo-containing layer
without containing Si.

[0049] After a lapse of a predetermined time from the start of supply of the MoO,Cl, gas, for
example, 0.01 to 10 seconds later, the valve 314 of the gas supply pipe 310 is closed to stop the
supply of the MoO2Cl» gas. That is, time during which the MoOCl, gas is supplied to the
wafer 200 is within the range of, for example, 0.01 to 10 seconds. At this time, the valves 514
and 534 are opened to allow a N> gas to flow through the gas supply pipes 510 and 530 to
prevent the SiHy gas from infiltrating into the nozzles 410 and 430. The N> gas is supplied into
the process chamber 201 via the gas supply pipes 310 and 330 and the nozzles 410 and 430 and
is exhausted via the exhaust pipe 231. In this operation, the SiH4 gas and the N> gas are

supplied to the wafer 200.

[Second Step (First Purging Step)] (Removal of Residual Gas)

[0050] After a lapse of a predetermined time from the start of supply of the SiH4 gas, for
example, 0.01 to 60 seconds later, specifically 0.1 to 30 seconds later, more specifically 1 to 20
seconds later, the valve 324 is closed to stop the supply of the SiHs gas. That is, time during

which the SiH4 gas is supplied to the wafer 200 is within the range of, for example, 0.01 to 60
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seconds, specifically 0.1 to 30 seconds, more specifically 1 to 20 seconds. That is, the supply
of the MoO,Cl» gas is started in a state where the SiHy gas is not supplied to the wafer 200, and
the supply of the MoO:Cl; gas is stopped while the SiH4 gas is being supplied to the wafer 200.
At this time, with the APC valve 243 of the exhaust pipe 231 left open, the interior of the process
chamber 201 is vacuum-exhausted by the vacuum pump 246 to remove an unreacted MoO>Cl
gas and SiH4 gas or the MoO,Cl> gas and SiH4 gas after contributing to the formation of the Mo-
containing layer, which remain in the process chamber 201, from the process chamber 201.

That is, the interior of the process chamber 201 is purged. At this time, with the valves 514,
524, and 534 left open, the supply of the N> gas into the process chamber 201 is maintained.

The N2 gas acts as a purge gas to further remove the unreacted MoO2Cl» gas and SiH4 gas or the
MoO:Cl; gas and SiHs gas after contributing to the formation of the Mo-containing layer, which
remain in the process chamber 201, from the process chamber 201. Here, Cl and HCI, which
are the growth-inhibiting factors, react with SiHs to be desorbed from the Mo-containing layer
and are discharged as silicon tetrachloride (SiCls) and hydrogen (H») from the process chamber
201. Cland HClI inhibit adsorption of Mo and become a factor of lowering a deposition rate.
By supplying the SiHs gas, which is an additive gas, Cl and HCI are desorbed and removed from
the Mo-containing layer before supplying a H> gas, which is a reducing gas to be described
below, such that Mo adsorption sites in one cycle may be increased. Here, an example in which
the first purging step is started after the supply of the SiH4 gas is stopped is shown. However,
the present disclosure is not limited thereto, and the first purging step may be performed after the

supply of the MoO-Cl, gas is stopped.

[Third Step] (H2 Gas Supply)

[0051] After the residual gas in the process chamber 201 is removed, the valve 334 is opened to
allow a H» gas, which is a reducing gas containing H and having a chemical composition
different from that of the additive gas, to flow through the gas supply pipe 330. A flow rate of

the H» gas is regulated by the MFC 332, and the H» gas is supplied into the process chamber 201
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from the gas supply hole 430a of the nozzle 430 and is exhausted via the exhaust pipe 231. In
this operation, the H> gas is supplied to the wafer 200. At the same time, the valve 534 is
opened to allow a N> gas to flow through the gas supply pipe 530. A flow rate of the N2 gas
having flowed through the gas supply pipe 530 is regulated by the MFC 532. The N gas is
supplied into the process chamber 201 together with the H> gas and is exhausted via the exhaust
pipe 231. At this time, the valves 514 and 524 are opened to allow a N> gas to flow through the
gas supply pipes 510 and 520 to prevent the H> gas from infiltrating into the nozzles 410 and
420,. The N> gas is supplied into the process chamber 201 via the gas supply pipes 310 and 320
and the nozzles 410 and 420 and is exhausted via the exhaust pipe 231.

[0052] At this time, the APC valve 243 is regulated such that the internal pressure of the process
chamber 201 is within the range of, for example, 1 to 3,990Pa, for example, 2,000Pa. The
supply flow rate of the H» gas controlled by the MFC 332 is within the range of, for example, 1
to 50slm, specifically 15 to 30slm. The supply flow rate of the N> gas controlled by the MFCs
512, 522, and 532 is within the range of, for example, 0.1 to 30slm. Time during which the H>
gas is supplied to the wafer 200 is within the range of, for example, 0.01 to 30 seconds. A
temperature of the heater 207 at this time is set to the same temperature as that of the SiH4 gas
supply step.

[0053] At this time, only the H> gas and the N> gas are flowing through the process chamber
201. The H> gas makes a substitution reaction with at least a portion of the Mo-containing
layer formed on the wafer 200 in the first step. That is, O in the Mo-containing layer reacts
with Hz to be desorbed from the Mo-containing layer and be discharged as water vapor (H20)
from the process chamber 201. Time in this third step can be shorter than the time when the
supply of the SiH4 gas, which is an additive gas, is not executed in the above-described first step.
Further, a total of a supply time of the SiH4 gas as the additive gas and a supply time of the Ha
gas as the reducing gas is set to be a predetermined time. That is, the supply time of the
reducing gas may be lengthened when the supply time of the additive gas is shortened, and the

supply time of the reducing gas may be shortened when the supply time of the additive gas is
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lengthened. Then, a Mo layer containing Mo and substantially not containing Cl and O is

formed on the wafer 200.

[Fourth Step (Second Purging Step)] (Removal of Residual Gas)

[0054] After the Mo layer is formed, the valve 334 is closed to stop the supply of the H> gas.
Then, according to the same processing procedure as in the above-described second step, an
unreacted H» gas or the H> gas after contributing to the formation of the Mo layer and reaction
by-products, which remain in the process chamber 201, are removed from the process chamber
201. That is, the interior of the process chamber 201 is purged.

[0055] Here, the supply flow rate of the SiH4 gas, which is the additive gas in the first step, is set
to be larger than the supply flow rate of the MoO>Cl> gas, which is the precursor gas in the first
step, and smaller than the supply flow rate of the H» gas, which is the reducing gas in the third
step. The reason why the supply flow rate of the SiH4 gas, which is the additive gas, is set to be
larger than the supply flow rate of the MoO-Cl» gas, which is the precursor gas, is to cause Cl in
the Mo-containing layer to react with SiH4 and to be desorbed and removed from the Mo-
containing layer. However, if the supply flow rate of the SiH4 gas is too large, Si contained in
the SiH4 gas may enter the Mo-containing layer, and the Mo film formed may contain Si to
become a MoSi film. Therefore, the supply flow rate of the SiHs gas, which is the additive gas,
is set to be smaller than that of the H gas, which is the reducing gas. That is, it is possible to
form a Si-free Mo film while removing CI. In other words, the SiH4 gas, which is the additive
gas, is supplied until HCI and Cl are desorbed and removed from the Mo-containing layer and
before O is desorbed from the Mo-containing layer, and the H> gas, which is the reducing gas, is
supplied until O is desorbed and removed from the Mo-containing layer.

[0056] Further, the internal pressure of the process chamber 201 when the SiH4 gas, which is the
additive gas in the first step, is supplied is set to be equal to the internal pressure of the process
chamber 201 when the MoO,Cl, gas, which is the precursor gas in the first step, is supplied, and

is set to be lower than the internal pressure of the process chamber 201 when the H» gas, which
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is the reducing gas in the third step, is supplied.

[0057] Further, the purge time in the first purging step, which is the above-described second
step, is set to be equal to or less than the purge time in the second purging step, which is the
above-described fourth step. That is, the purge time in the second purging step is set to be
longer than the purge time in the first purging step. This is because the Mo-containing gas that
has not been adsorbed is removed in the first purging step and H,O and the like, which are
produced reaction by-products, are removed in the second purging step.

[0058] Further, when MoOxCly" is adsorbed on the Mo-containing layer, the adsorption of Mo is
inhibited due to the large size of molecules of O and CI. In other words, a structure such as
MoOxCly" acts as steric hindrance, reducing adsorption sites on which Mo can be adsorbed. In
this case, x and y are, for example, natural numbers. Cl and HCI are desorbed and removed
from the Mo-containing layer by the supply of the SiH4 gas, and then O is desorbed and removed
from the Mo-containing layer by the supply of the H> gas, such that the Mo-containing layer may
be reduced in two steps to form a Mo film in which Cl and HCI, which are the factors that

inhibits film formation, are decreased while the adsorption sites of Mo is increased.

(Performing Predetermined Number of Times)

[0059] By performing a cycle one or more times (a predetermined number of times (n times)),
the cycle including sequentially performing the described-above first to fourth steps, a Mo film
having a predetermined thickness (for example, 0.5 to 5.0nm) is formed on the wafer 200. The
above-mentioned cycle may be performed a plurality of times. That is, by cyclically
performing the supply of the MoO-Cl, gas as the precursor gas, the supply of the SiH4 gas as the
additive gas, and the supply of the H» gas as the reducing gas, in a pulsed manner, the Mo film

having the predetermined thickness is formed on the wafer 200.

(After-Purge and Returning to Atmospheric Pressure)

[0060] A N> gas is supplied into the process chamber 201 from each of the gas supply pipes 510,
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520, and 530 and is exhausted via the exhaust pipe 231. The N> gas acts as a purge gas,
whereby the interior of the process chamber 201 is purged with the inert gas to remove a gas and
reaction by-products remaining in the process chamber 201 from the process chamber 201 (after-
purge). Thereafter, the internal atmosphere of the process chamber 201 is substituted with the
inert gas (inert gas substitution), and the internal pressure of the process chamber 201 is returned

to the atmospheric pressure (returning to atmospheric pressure).

(Wafer Unloading)

[0061] Thereafter, the seal cap 219 is moved down by the boat elevator 115 to open the lower
end of the outer tube 203. Then, the processed wafers 200 supported by the boat 217 are
unloaded from the lower end of the outer tube 203 to the outside of the outer tube 203 (boat
unloading). Then, the processed wafers 200 are discharged from the boat 217 (wafer

discharging).

(3) Effects According to the Embodiments
[0062] According to the embodiments, one or more effects set forth below may be achieved.

(a) It is possible to form a Mo film in which Cl and HCI, which are the factors of
inhibiting film formation, are reduced.

(b) It is possible to increase Mo adsorption sites in one cycle by removing Cl and HCl,
which are factors of inhibiting film formation.

(c) It is possible to increase a throughput since a supply time of a reducing gas can be
shortened, as compared with a case where an additive gas is not used.

(d) It is possible to improve film characteristics of the Mo film. That is, it is possible to
form the Mo film having good step coverage by reducing a content of Cl (concentration of Cl) in
the Mo film and lowering a resistivity, as compared with a case where the additive gas is not

used.
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<Modifications>

[0063] In a modification of the above-described embodiments of the present disclosure, as
shown in FIG. 5, the above-described third and fourth steps are performed after the above-
described first and second steps are alternately repeatedly performed one or more times (a
predetermined number of times (n times)). That is, the supply of the H> gas, which is the
reducing gas, is performed after the supply of the MoO-Cl» gas, which is the precursor gas, and
the supply of the SiH4 gas, which is the additive gas, are alternately performed a plurality of
times such that the supply of the MoOCl, gas and the supply of the SiH4 gas partially overlap
with each other. That is, the supply of the H» gas, which is the reducing gas, is performed after
the supply of the MoO-Cl, gas, which is the precursor gas, and the supply of the SiH4 gas, which
is the additive gas, are cyclically performed in a pulsed manner. Even in such a case, since the
Mo film in which Cl and HCI, which are the factors of inhibiting film formation, are reduced can
be formed on the wafer 200, the same effects as the above-described film-forming sequence
shown in FIG. 4 can be obtained.

[0064] Further, in the above-described embodiments and modifications, a configuration having a
timing at which the supply of the MoO:Cl» gas, which is the precursor gas, and the supply of the
SiH4 gas, which is the additive gas, partially overlap with each other, has been described.
However, the present disclosure is not limited thereto, and the supply of the MoO-Cl, gas, which
1s the precursor gas, and the supply of the SiH4 gas, which is the additive gas, may be performed
in parallel at the same time. That is, the MoO:Cl» gas supply and the SiHs gas supply may be
started in parallel at the same time and stopped at the same time. That is, the supply of the H>
gas, which is the reducing gas, may be performed after the supply of the MoO>Cl, gas, which is
the precursor gas, and the supply of the SiH4 gas, which is the additive gas, are performed at the
same time. By cyclically performing the supply of each gas in a pulsed manner, Mo can be
adsorbed while desorbing and removing Cl and HCI that inhibit the adsorption of Mo from the
Mo-containing layer, such that a Mo film in which Cl and HCI, which are the factors of

inhibiting film formation, are reduced, can be formed on the wafer 200. That is, even in such a

20



case, the same effects as the above-described film-forming sequence shown in FIG. 4 can be
obtained.

[0065] Further, in the above-described embodiments and modifications, a configuration in which
the supply of the SiH4 gas, which is the additive gas, is performed simultaneously or to partially
overlap in time with the supply of the MoO,Cl» gas, which is the precursor gas, and then the H»
gas, which is the reducing gas, is supplied, has been described. However, the present disclosure
is not limited thereto, and the MoO>Cl, gas supply, the SiH4 gas supply, and the H» gas supply
may be performed sequentially, and the H> gas, which is the reducing gas, may be supplied after
the MoO,Cl, gas supply and the SiHs gas supply are alternately performed.

[0066] Further, in the above-described embodiments and modifications, an example in which the
MoO:Cl; gas, which is the Mo-containing gas containing Mo and O, is used as the precursor gas
has been described. However, the present disclosure is not limited thereto, and a gas such as
molybdenum oxytetrachloride (MoOCls) or molybdenum pentachloride (MoCls), which is a Mo-
containing gas containing Mo and Cl, may be used as the precursor gas.

[0067] Further, in the above-described embodiments and modifications, an example in which the
SiH4 gas containing H and Si is used as the additive gas has been described. However, the
present disclosure is not limited thereto, and a gas such as disilane (SioHs) may be used as the
additive gas. Further, even when a gas such as an ammonia (NH3) containing H or pyridine
(CsHsN) containing H and C is used as the additive gas, Cl is removed as HCI, and the same
effects as the above-described film-forming sequence shown in FIG. 4 may be obtained.

[0068] Further, in the above-described embodiments and modifications, an example in which the
Hb> gas is used as the reducing gas has been described. However, the present disclosure is not
limited thereto, and any H-containing gas containing H may be used as the reducing gas.

[0069] Further, in the above-described embodiments and modifications, a configuration in which
a film is formed by using a batch-type substrate processing apparatus capable of processing a
plurality of substrates at a time has been described. However, the present disclosure is not

limited thereto, and the present disclosure may be suitably applied to a case where a film is
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formed by using a single-wafer type substrate processing apparatus capable of processing a
single substrate or several substrates at a time.

[0070] Although various typical embodiments of the present disclosure have been described
above, the present disclosure is not limited to those embodiments, but may be used in proper
combination.

[0071] Examples will be described below, but the present disclosure is not limited to the

examples.

<Examples>

[0072] In this Example, a Mo film having a film thickness of 200A is formed on a wafer by
using the timing of gas supply shown in FIG. 4 in the above-described embodiments. That is,
supply of the additive gas (SiH4 gas) is performed to partially overlap with supply of the
precursor gas (MoO2Cl, gas), and then the reducing gas (H> gas) is supplied. In a Comparative
Example, among the gas supplies shown in FIG. 4, the supply of the additive gas (SiH4 gas) is
not supplied. Specifically, in the Comparative Example, the MoOCl gas supply, the residual
gas removal, the H> gas supply, and the residual gas removal are repeatedly performed to form a
Mo film having a thickness of 200A on the wafer.

[0073] In the Comparative Example, a processing time of a first step in one cycle is 12 seconds,
a processing time of a second step is 6 seconds, a processing time of a third step is 24 seconds,
and a processing time of a fourth step is 18 seconds, taking 400 minutes to perform 400 cycles to
form a Mo film having a thickness of 200A. The number of wafers processed per hour is 10.91.
[0074] In contrast, in the Example of the present disclosure, a processing time of a first step in
one cycle is 12 seconds, a processing time of a second step is 6 seconds, a processing time of a
third step is 12 seconds, and a processing time of a fourth step is 18 seconds, taking 320 minutes
to perform 400 cycles to form a Mo film having a thickness of 200A.  Further, the number of
wafers processed per hour is 12.77.

[0075] That is, in the Example, the supply time of the H> gas serving as the reducing gas, which
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is the processing time of the third step in one cycle, may be shortened as compared with the
comparative example. That is, in this Example, by supplying the additive gas, the supply time
of the reducing gas in one cycle may be shortened to be about half the supply time of the
reducing gas in one cycle in the Comparative Example. Therefore, since a film formation time
of the Mo film may be shortened, the number of wafers processed per hour may be increased.
That is, a throughput may be increased. This may be because HCI and Cl are removed when
the H» gas serving as the reducing gas is supplied such that Mo is more easily adsorbed.

[0076] According to the present disclosure in some embodiments, it is possible to reduce a factor
of inhibiting formation of a molybdenum film.

[0077] 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 method of manufacturing a semiconductor device, comprising:

(a) supplying a molybdenum-containing gas containing molybdenum and oxygen to a
substrate in a process chamber;

(b) supplying an additive gas containing hydrogen to the substrate; and

(c) supplying a reducing gas containing hydrogen and having a chemical composition
different from that of the additive gas to the substrate,

wherein at least two of (a), (b), and (c) are performed simultaneously or to partially
overlap with each other in time one or more times or (a), (b), and (c) are performed sequentially
one or more times to form a molybdenum film on the substrate,

wherein in (a) and (b), the supply of the molybdenum-containing gas is started in a state
where the additive gas is not supplied to the substrate, and

wherein the supply of the molybdenum-containing gas is stopped in a state where the

additive gas is supplied to the substrate.

2. The method of Claim 1, wherein the molybdenum-containing gas contains a halogen
element.
3. The method of Claim 1, wherein the molybdenum-containing gas contains MoO-Cl»

(molybdenum dichloride dioxide), and
wherein the additive gas contains at least one selected from the group of SiHa

(monosilane), NH3; (ammonia), and CsHsN (pyridine).

4. The method of Claim 2, wherein the molybdenum-containing gas contains MoO-Cl»

(molybdenum dichloride dioxide), and
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wherein the additive gas contains at least one selected from the group of SiHg

(monosilane), NH3 (ammonia), and CsHsN (pyridine).

5. The method of Claim 1, wherein a supply flow rate of the additive gas is larger than a
supply flow rate of the molybdenum-containing gas and smaller than a supply flow rate of the

reducing gas.

6. The method of Claim 2, wherein a supply flow rate of the additive gas is larger than a
supply flow rate of the molybdenum-containing gas and smaller than a supply flow rate of the

reducing gas.

7. The method of Claim 3, wherein a supply flow rate of the additive gas is larger than a
supply flow rate of the molybdenum-containing gas and smaller than a supply flow rate of the

reducing gas.

8. The method of Claim 1, wherein (b) is executed to overlap partially in time with (a) and

time in (c) is shortened as compared with a case where (b) is not executed simultaneously with

(a).

9. The method of Claim 2, wherein (b) is executed to overlap partially in time with (a) and

time in (c) is shortened as compared with a case where (b) is not executed simultaneously with

(a).

10. The method of Claim 3, wherein (b) is executed to overlap partially in time with (a) and

time in (c) is shortened as compared with a case where (b) is not executed simultaneously with
(a).

25



11. The method of Claim 5, wherein (b) is executed to overlap partially in time with (a) and

time in (c) is shortened as compared with a case where (b) is not executed simultaneously with

(a).

12. The method of Claim 1, wherein a total of a supply time of the additive gas and a supply

time of the reducing gas is set to be a predetermined time.

13. The method of Claim 1, further comprising:
a first purge act of purging the process chamber after (a); and
a second purge act of purging the process chamber after (c),

wherein time in the first purge act is equal to or less than time in the second purge act.

14. The method of Claim 1, wherein (c) is performed after (a) and (b) are alternately

performed one or more times.

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

(a) supplying a molybdenum-containing gas containing molybdenum and oxygen to a
substrate in a process chamber of the substrate processing apparatus;

(b) supplying an additive gas containing hydrogen to the substrate; and

(c) supplying a reducing gas containing hydrogen and having a chemical composition
different from that of the additive gas to the substrate,

wherein at least two of (a), (b), and (¢) are performed simultaneously or to partially
overlap with each other in time one or more times or (a), (b), and (c) are performed sequentially

one or more times to form a molybdenum film on the substrate,
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wherein in (a) and (b), the supply of the molybdenum-containing gas is started in a state
where the additive gas is not supplied to the substrate, and
wherein the supply of the molybdenum-containing gas is stopped in a state where the

additive gas is supplied to the substrate.

16. A substrate processing apparatus comprising:

a process chamber configured to accommodate a substrate;

a gas supply system configured to supply a molybdenum-containing gas containing
molybdenum and oxygen, an additive gas containing hydrogen, and a reducing gas containing
hydrogen and having a chemical composition different from that of the additive gas into the
process chamber, respectively;

an exhaust system configured to exhaust an interior of the process chamber; and

a controller configured to be capable of controlling the gas supply system and the
exhaust system to perform a process on the substrate accommodated in the process chamber, the
process comprising:

(a) supplying the molybdenum-containing gas;
(b) supplying the additive gas; and
(c) supplying the reducing gas,

wherein at least two of (a), (b), and (¢) are performed simultaneously or to partially
overlap with each other in time one or more times or (a), (b), and (c) are performed sequentially
one or more times to form a molybdenum film on the substrate,

wherein in (a) and (b), the supply of the molybdenum-containing gas is started in a state
where the additive gas is not supplied to the substrate, and

wherein the supply of the molybdenum-containing gas is stopped in a state where the

additive gas is supplied to the substrate.
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