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SEMICONDUCTOR DEVICE
MANUFACTURING METHOD, SUBSTRATE
PROCESSING APPARATUS, AND
RECORDING MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a bypass continuation applica-
tion of international application No. PCT/JP2014/083880
having an international filing date of Dec. 22, 2014 and
designating the United States, 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 substrate process-
ing apparatus, and a recording medium.

BACKGROUND

[0003] As one process of manufacturing a semiconductor
device, a process is often carried out for forming a multi-
element film containing boron (B), nitrogen (N) and a
predetermined element (silicon (Si), a metal element, or the
like), or a multi-component film containing B, N, carbon (C)
and a predetermined element on a substrate.

SUMMARY

[0004] The present disclosure provides some embodi-
ments of a technique capable of enhancing controllability of
a composition ratio or a quality of a multi-element film
formed on a substrate.

[0005] According to one embodiment of the present dis-
closure, there is provided a method of manufacturing a
semiconductor device, including: forming a film on a sub-
strate by performing a cycle n times (where n is an integer
equal to or greater than 1), the cycle including alternately
performing: performing a set m times (where m is an integer
equal to or greater than 1), the set including supplying a
precursor to the substrate and supplying a borazine com-
pound to the substrate; and supplying an oxidizing agent to
the substrate.

[0006] According to the present disclosure, it is possible to
enhance controllability of a composition ratio or a quality of
a multi-component film formed on a substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a schematic configuration diagram of a
vertical type processing furnace of a substrate processing
apparatus suitably used in one embodiment of the present
disclosure, in which a portion of the processing furnace is
shown in a vertical cross sectional view.

[0008] FIG. 2 is a schematic configuration diagram of a
vertical type processing furnace of a substrate processing
apparatus suitably used in one embodiment of the present
disclosure, in which a portion of the processing furnace is
shown in a cross sectional view taken along line A-A in FIG.
1.

[0009] FIG. 3 is a schematic configuration diagram of a
controller of a substrate processing apparatus suitably used
in one embodiment of the present disclosure, in which a
control system of the controller is shown in a block diagram.
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[0010] FIG. 4A is a diagram illustrating a gas supply
timing in a film forming sequence according to one embodi-
ment of the present disclosure, FIG. 4B is a diagram
illustrating a gas supply timing of modification 1 of the film
forming sequence according to one embodiment of the
present disclosure, and FIG. 4C is a diagram illustrating a
gas supply timing of modification 2 of the film forming
sequence according to one embodiment of the present dis-
closure.

[0011] FIG. 5A is a diagram illustrating a chemical struc-
tural formula of HCDS and FIG. 5B is a diagram illustrating
a chemical structural formula of OCTS.

[0012] FIG. 6A is a diagram illustrating a chemical struc-
tural formula of BTCSM and FIG. 6B is a diagram illus-
trating a chemical structural formula of BTCSE.

[0013] FIG. 7A is a diagram illustrating a chemical struc-
tural formula of TCDMDS, FIG. 7B is a diagram illustrating
a chemical structural formula of DCTM DS, and FIG. 7C is
a diagram illustrating a chemical structural formula of
MCPMDS.

[0014] FIG. 8A is a diagram illustrating a chemical struc-
tural formula of borazine, FIG. 8B is a diagram illustrating
a chemical structural formula of a borazine compound, FIG.
8C is a diagram illustrating a chemical structural formula of
TMB, and FIG. 8D is a diagram illustrating a chemical
structural formula of TPB.

[0015] FIG. 9A is a schematic configuration diagram of a
processing furnace of a substrate processing apparatus suit-
ably used in another embodiment of the present disclosure,
in which a portion of the processing furnace is shown in a
vertical cross sectional view, and FIG. 9B is a schematic
configuration diagram of a processing furnace of a substrate
processing apparatus suitably used in yet another embodi-
ment of the present disclosure, in which a portion of the
processing furnace is shown in a vertical cross sectional
view.

DETAILED DESCRIPTION

One Embodiment of the Present Disclosure

[0016] One embodiment of the present disclosure will now
be described in detail with reference to FIGS. 1 to 3.

(1) Configuration of the Substrate Processing
Apparatus

[0017] As illustrated in FIG. 1, a processing furnace 202
includes a heater 207 as a heating means (heating mecha-
nism). The heater 207 has a cylindrical shape and is sup-
ported by a heater base (not shown) serving as a support
plate so as to be vertically installed. As will be described
later, the heater 207 functions as an activation mechanism
(an excitation part) configured to thermally activate (excite)
a gas.

[0018] A reaction tube 203 constituting a reaction vessel
(process vessel) is disposed inside the heater 207 to be
concentric with the heater 207. The reaction tube 203 is
made of a heat resistant material such as, e.g., quartz (SiO,),
silicon carbide (SiC) or the like and has a cylindrical shape
with its upper end closed and its lower end opened. A
process chamber 201 is formed in a hollow cylindrical
portion of the reaction tube 203. The process chamber 201
is configured to accommodate wafers 200 as substrates in a
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state that the wafers 200 are horizontally stacked at multiple
stages along a vertical direction in a boat 217 which will be
described later.

[0019] Nozzles 249a and 2495 are installed in the process
chamber 201 so as to penetrate a lower sidewall of the
reaction tube 203. The nozzles 249a and 2495 are made of
a heat resistant material such as quartz or SiC. Gas supply
pipes 232a and 232b are respectively connected to the
nozzles 249a and 249b6. Gas supply pipes 232¢ are con-
nected to the gas supply pipe 23254. In this way, the two
nozzles 2494 and 2495 and the three gas supply pipes 232a,
232b and 232e are installed in the reaction tube 203 and are
capable of supplying plural types of gases into the process
chamber 201.

[0020] However, the processing furnace 202 of the present
embodiment is not limited to the one mentioned above. For
example, a manifold made of metal and configured to
support the reaction tube 203 may be installed under the
reaction tube 203, and each nozzle may be installed to
penetrate a sidewall of the manifold. In this case, an exhaust
pipe 231, which will be described later, may be further
installed in the manifold. Even in this case, the exhaust pipe
231 may be installed not under the manifold but under the
reaction tube 203. In this manner, a furnace opening portion
of'the processing furnace 202 may be made of metal, and the
nozzles or the like may be attached to the furnace opening
portion made of metal.

[0021] Mass flow controllers (MFCs) 241a, 2415 and
241e, which are flow rate controllers (flow rate control
parts), and valves 243a, 24356 and 243e, which are opening/
closing valves, are installed in the gas supply pipes 232a,
232b and 232e sequentially from the corresponding
upstream sides, respectively. Gas supply pipes 232¢ and
232d, which supply an inert gas, are respectively connected
to the gas supply pipes 232a and 2325 at the downstream
sides of the valves 243a and 243b. MFCs 241¢ and 241d and
valves 243c¢ and 243d are respectively installed in the gas
supply pipes 232¢ and 232d sequentially from the corre-
sponding upstream sides.

[0022] The nozzle 249a is connected to a front end portion
of the gas supply pipe 232a. As illustrated in FIG. 2, the
nozzle 249q is disposed in a space having an annular shape
between the inner wall of the reaction tube 203 and the
wafers 200 such that the nozzle 249a extends upward along
an arrangement direction of the wafers 200 from a lower
portion of the inner wall of the reaction tube 203 to an upper
portion of the inner wall of the reaction tube 203. Specifi-
cally, the nozzle 249a is installed in a region horizontally
surrounding a wafer arrangement region in which the wafers
200 are arranged at a lateral side of the wafer arrangement
region, along the wafer arrangement region. That is, the
nozzle 249q is installed in a perpendicular relationship with
the surfaces (flat surfaces) of the wafers 200 at a lateral side
of the end portions (peripheral edge portions) of the wafers
200 which are carried into the process chamber 201. The
nozzle 249a is configured as an [-shaped nozzle. A hori-
zontal portion of the nozzle 249« is installed to penetrate a
lower sidewall of the reaction tube 203. A vertical portion of
the nozzle 249q is installed to extend upward at least from
one end portion of the wafer arrangement region toward the
other end portion of the wafer arrangement region. Gas
supply holes 250qa for supplying a gas are formed on the side
surface of the nozzle 249a. The gas supply holes 250a are
opened toward the center of the reaction tube 203 to allow
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a gas to be supplied toward the wafers 200. A plurality of gas
supply holes 250a may be formed between the lower portion
of'the reaction tube 203 and the upper portion of the reaction
tube 203. The respective gas supply holes 2504 may be
formed to have the same aperture area at the same aperture
pitch.

[0023] The nozzle 2495 is connected to a front end portion
of the gas supply pipe 232b. The nozzle 2496 is installed
within a buffer chamber 237. The buffer chamber 237 also
functions as a gas diffusion space. The buffer chamber 237
is installed in a space having an annular shape between the
inner wall of the reaction tube 203 and the wafers 200 such
that the buffer chamber 237 extends along the arrangement
direction of the wafers 200 from the lower portion of the
inner wall of the reaction tube 203 to the upper portion of the
inner wall of the reaction tube 203. That is, the buffer
chamber 237 is installed in a region horizontally surround-
ing the wafer arrangement region at the lateral side of the
wafer arrangement region, along the wafer arrangement
region. In other words, the buffer chamber 237 is installed at
the lateral side of the end portions of the wafers 200 which
are carried into the process chamber 201. Gas supply holes
250c¢ for supplying a gas are formed in an end portion of the
wall of the buffer chamber 237 which adjoins the wafers
200. The gas supply holes 250¢ are opened toward the center
of the reaction tube 203 to allow a gas to be supplied toward
the wafers 200. A plurality of gas supply holes 250¢ may be
formed between the lower portion of the reaction tube 203
and the upper portion of the reaction tube 203. The respec-
tive gas supply holes 250¢ may be formed to have the same
aperture area at the same aperture pitch.

[0024] The nozzle 2495 is installed in an end portion of the
buffer chamber 237, which is opposite to the end portion of
the buffer chamber 237 in which the gas supply holes 250¢
is installed, such that the nozzle 2495 extends upward along
the arrangement direction of the wafers 200 from the lower
portion of the inner wall of the reaction tube 203 to the upper
portion of the reaction tube 203. Specifically, the nozzle
2495 is installed in a region horizontally surrounding the
wafer arrangement region in which the wafers 200 are
arranged at the lateral side of the wafer arrangement region,
along the wafer arrangement region. That is, the nozzle 2495
is installed in a perpendicular relationship with the surfaces
of'the wafers 200 at the lateral side of the end portions of the
wafers 200 which are carried into the process chamber 201.
The nozzle 2495 is configured as an L-shaped nozzle. A
horizontal portion of the nozzle 2495 is installed to penetrate
the lower sidewall of the reaction tube 203. A vertical
portion of the nozzle 2495 is installed to extend upward at
least from one end portion of the wafer arrangement region
toward the other end portion of the wafer arrangement
region. Gas supply holes 2505 for supplying a gas are
formed on the side surface of the nozzle 2495. The gas
supply holes 2506 are opened toward the center of the buffer
chamber 237. Similar to the gas supply holes 250c¢, a
plurality of gas supply holes 2505 may be formed between
the lower portion of the reaction tube 203 and the upper
portion of the reaction tube 203. In the case where the
differential pressure between the interior of the buffer cham-
ber 237 and the interior of the process chamber 201 is small,
the aperture area and the aperture pitch of the gas supply
holes 2505 may be respectively set to remain constant
between the upstream side (lower portion) and the down-
stream side (upper portion) of the nozzle 2495. In the case
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where the differential pressure between the interior of the
buffer chamber 237 and the interior of the process chamber
201 is large, the aperture area of the gas supply holes 2505
may be set to become gradually larger from the upstream
side toward the downstream side of the nozzle 2495, or the
aperture pitch of the gas supply holes 2505 may be set to
become gradually smaller from the upstream side toward the
downstream side of the nozzle 2495.

[0025] By adjusting the aperture area or the aperture pitch
of the gas supply holes 2505 between the upstream side and
the downstream side as mentioned above, it is possible to
inject a gas from the gas supply holes 2505 at different flow
velocities but at a substantially equal flow rate. The gas
injected from the respective gas supply holes 25056 is first
introduced into the buffer chamber 237. This makes it
possible to equalize the flow velocities of the gas within the
buffer chamber 237. The gas injected from the respective gas
supply holes 2505 into the buffer chamber 237 is injected
from the gas supply holes 250¢ into the process chamber 201
after the particle velocity of the gas is relaxed within the
buffer chamber 237. The gas injected from the respective gas
supply holes 2505 into the buffer chamber 237 has a uniform
flow rate and a uniform flow velocity when injected from the
respective gas supply holes 250¢ into the process chamber
201.

[0026] As described above, in the present embodiment, a
gas is transferred through the nozzles 249a and 2495 and the
buffer chamber 237, which are disposed in a vertically-
elongated space with an annular shape, i.e., a cylindrical
space, defined by the inner surface of the sidewall of the
reaction tube 203 and the end portions (peripheral edge
portions) of the wafers 200 arranged within the reaction tube
203. The gas is initially injected into the reaction tube 203,
near the wafers 200, through the gas supply holes 250a to
250c¢ respectively formed in the nozzles 249a and 2496 and
the buffer chamber 237. Accordingly, the gas supplied into
the reaction tube 203 mainly flows in the reaction tube 203
in a direction parallel to surfaces of the wafers 200, i.e., in
a horizontal direction. With this configuration, the gas can be
uniformly supplied to the respective wafers 200. This makes
it possible to improve the uniformity in the thickness of a
thin film formed on each of the wafers 200. In addition, the
gas flowing on the surfaces of the wafers 200 after the
reaction, i.e., the reacted residual gas, flows toward an
exhaust port, i.e., the exhaust pipe 231 which will be
described later. The flow direction of the residual gas is not
limited to a vertical direction but may be appropriately
decided depending on a position of the exhaust port.
[0027] A precursor gas containing a predetermined ele-
ment, for example, a halosilane precursor gas containing
silicon (Si) as the predetermined element and a halogen
element, is supplied from the gas supply pipe 232« into the
process chamber 201 via the MFC 2414, the valve 243a and
the nozzle 249a.

[0028] The halosilane precursor gas refers to a gaseous
halosilane precursor, for example, a gas obtained by vapor-
izing a halosilane precursor which remains in a liquid state
under room temperature and atmospheric pressure, or a
halosilane precursor which remains in a gas state under
room temperature and atmospheric pressure. The halosilane
precursor refers to a silane precursor having a halogen
group. The halogen group includes a chloro group, a fluoro
group, a bromo group, an iodo group and the like. That is,
the halogen group contains halogen elements such as chlo-
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rine (Cl), fluorine (F), bromine (Br), iodine (I) and the like.
The halosilane precursor may be said to be a kind of halide.
When the term “precursor” is used herein, it may refer to “a
liquid precursor staying in a liquid state,” “a precursor gas
staying in a gaseous state,” or both.

[0029] As the halosilane precursor gas, it may be possible
to use, for example, a C-free precursor gas which contains
Si and Cl, i.e., an inorganic chlorosilane precursor gas. As
the inorganic chlorosilane precursor gas, it may be possible
to use, for example, a hexachlorodisilane (Si,Clg, abbrevia-
tion: HCDS) gas, an octachlorotrisilane (Si;Clg, abbrevia-
tion: OCTS) gas or the like. FIG. 5A illustrates a chemical
structural formula of HCDS and FIG. 5B illustrates a
chemical structural formula of OCTS. These gases may be
referred to as precursor gases which contain at least two Si
atoms in one molecule and further Cl, and which have an
Si—Si bond. These gases act as Si sources in a film forming
process which will be described later.

[0030] in addition, as the halosilane precursor gas, it may
be possible to use, for example, a precursor gas which
contains Si, Cl and an alkylene group and which has a Si—C
bond, i.e., an alkylene chlorosilane precursor gas which is an
organic chlorosilane precursor gas. The alkylene group
includes a methylene group, an ethylene group, a propylene
group, a butylene group and the like. The alkylene chlorosi-
lane precursor gas may be referred to as an alkylene halosi-
lane precursor gas. As the alkylene halosilane precursor gas,
it may be possible to use, for example, a bis(trichlorosilyl)
methane ((SiCly),CH,, abbreviation: BTCSM) gas, an eth-
ylene bis (trichlorosilane) gas, i.e., a 1,2-bis(trichlorosilyl)
ethane ((SiCl,C,H,, abbreviation: BTCSE) gas or the like.
FIG. 6A illustrates a chemical structural formula of BTCSM
and FIG. 6B illustrates a chemical structural formula of
BTCSE. These gases may be said to be precursor gases
which contain at least two Si atoms in one molecule and also
contain C and Cl, and which have Si—C bonds. These gases
act as Si sources and also as C sources in the film forming
process which will be described later.

[0031] Furthermore, as the halosilane precursor gas, it
may be possible use, for example, a precursor gas which
contains Si, Cl and an alkyl group, and which has Si—C
bonds, i.e., an alkylchlorosilane precursor gas which is an
organic chlorosilane precursor gas. The alkyl group includes
a methyl group, an ethyl group, a propyl group, a butyl group
and the like. The alkylchlorosilane precursor gas may be
referred to as an alkylhalosilane precursor gas. As the
alkylchlorosilane precursor gas, it may be possible use, for
example, a 1,1,2,2-tetrachloro-1,2-dimethyldisilane ((CH;)
,51,Cl,, abbreviation: TCDMDS) gas, 1,2-dichloro-1,1,2,2-
tetramethyldisilane ((CH,;),Si,Cl,, abbreviation: DCT-
MDS) gas, 1-monochloro-, 1,2,2,2-pentamethyldisilane
((CH;)581,Cl, abbreviation: MCPMDS) gas or the like. FIG.
7A illustrates a chemical structural formula of TCDMDS,
FIG. 7B illustrates a chemical structural formula of DCT-
MDS, and FIG. 7C illustrates a chemical structural formula
of MCPMDS. These gases may be referred to as precursor
gases which contain at least two Si atoms in one molecule
and further contain C and Cl, and which have Si—C bonds.
These gases further have a Si—Si bond. These gases act as
Si sources and also as C sources in the film forming process
which will be described later.

[0032] In the case of using a liquid precursor, such as
HCDS, BTCSM, TCDMDS or the like, which remains in a
liquid state under room temperature and atmospheric pres-
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sure, the liquid precursor is vaporized by a vaporization
system such as a vaporizer, a bubbler or the like and is
supplied as a precursor gas (an HCDS gas, a BTCSM gas,
a TCDMDS gas, or the like).

[0033] A reaction gas differing in a chemical structure
(molecular structure) from the precursor gas, for example, a
borazine-based gas which is a boron (B)-containing gas, is
supplied from the gas supply pipe 2325 into the process
chamber 201 via the MFC 2415, the valve 2435, the nozzle
249b and the buffer chamber 237.

[0034] As the borazine-based gas, it may be possible to
use, for example, a gas containing a borazine ring skeleton
and an organic ligand, i.e., an organic borazine-based gas. As
the organic borazine-based gas, it may be possible to use a
gas obtained by vaporizing an alkyl borazine compound as
an organic borazine compound. The organic borazine-based
gas may be referred to as a borazine compound or a borazine
compound gas.

[0035] Here, borazine is a heterocyclic compound com-
posed of three elements of B, N, and H, and may be
expressed by a composition formula of B;HNj or a chemi-
cal structural formula illustrated in FIG. 8A. The borazine
compound is a compound containing a borazine ring skel-
eton (also referred to as a borazine skeleton) which consti-
tutes a borazine ring composed of three B atoms and three
N atoms. The organic borazine compound is a borazine
compound containing C and may be a borazine compound
which contains a ligand containing C, i.e., an organic ligand.
The alkyl borazine compound is a borazine compound
containing an alkyl group and may be a borazine compound
containing an alkyl group as an organic ligand. The alkyl
borazine compound is a compound in which at least one of
six H atoms contained in borazine is substituted by a
hydrocarbon containing one or more C atoms, and may be
expressed by the chemical structural formula illustrated in
FIG. 8B. Here, in the chemical structural formula illustrated
in FIG. 8B, R,-Rq are alkyl groups containing H or one to
four C atoms. R;-R may be the same kind of alkyl groups
or may be different kinds of alkyl groups. However, a case
where R-Ry are all H is excluded. The alkyl borazine
compound may be a material which has a borazine ring
skeleton constituting a borazine ring and which contains B,
N, H, and C. Furthermore, the alkyl borazine compound may
be said to be a material which contains an alkyl ligand
having a borazine ring skeleton. In addition, R,-R, may be
alkenyl groups or alkynyl groups containing H or one to four
C atoms. R,-R,; may be the same kind of alkenyl groups or
alkynyl groups or may be different kinds of alkenyl groups
or alkynyl groups. However, a case where R, -R; are all H is
excluded.

[0036] The borazine-based gas acts as a B source, an N
source, or a C source in the film forming process which will
be described later.

[0037] As the borazine-based gas, it may be possible to
use, for example, an n, n', n"-trimethylborazine (abbrevia-
tion: TMB) gas, an n, n', n"-triethylborazine (abbreviation:
TEB) gas, an n, n', n"-tri-n-propylborazine (abbreviation:
TPB) gas, an n, n', n"-triisopropylborazine (abbreviation:
TIPB) gas, an n, n', n"-tri-n-butylborazine (abbreviation:
TBB) gas, an n, n', n"-triisobutylborazine (abbreviation:
TIBB) gas or the like. TMB is a borazine compound in
which R, R;, and R are H, and R,, R,, and R are methyl
groups in the chemical structural formula illustrated in FIG.
8B, and which may be expressed by the chemical structural
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formula illustrated in FIG. 8C. TEB is a borazine compound
in which R, R;, and R are H, and R,, R,, and R are ethyl
groups in the chemical structural formula illustrated in FIG.
8B. TPB is a borazine compound in which R, R;, and R are
H, and R,, R,, and Ry are propyl groups in the chemical
structural formula illustrated in FIG. 8B, and which may be
expressed by the chemical structural formula illustrated in
FIG. 8D. TIPB is a borazine compound in which R, R, and
R are H, and R,, R,, and Ry are isopropyl groups in the
chemical structural formula illustrated in FIG. 8B. TBB is a
borazine compound in which R, R;, and R are H, and R,
R,, and Ry are butyl groups in the chemical structural
formula illustrated in FIG. 8B. TIBB is a borazine com-
pound in which R, R;, and R are H, and R, R,,, and R are
isobutyl groups in the chemical structural formula illustrated
in FIG. 8B.

[0038] In the case of using a borazine compound such as
TMB or the like, which remains in a liquid state under room
temperature and atmospheric pressure, the borazine com-
pound of a liquid state is vaporized by a vaporization system
such as a vaporizer, a bubbler or the like and is supplied as
a borazine-based gas (a TMB gas or the like).

[0039] Furthermore, a reaction gas differing in a chemical
structure from the precursor gas, for example, an oxygen
(O)-containing gas, is supplied from the gas supply pipe
2325 into the process chamber 201 via the MFC 2415, the
valve 2435, the nozzle 2495 and the buffer chamber 237.
The O-containing gas acts as an oxidizing agent (oxidizing
gas), i.e., an O source, in the film forming process which will
be described later. As the O-containing gas, it may be
possible to use, for example, an oxygen (O,) gas.

[0040] In addition, a reaction gas differing in chemical
structure from the precursor gas, for example, a carbon
(C)-containing gas, is supplied from the gas supply pipe
232e into the process chamber 201 via the MFC 241e, the
valve 243e, the gas supply pipe 23254, the nozzle 2495 and
the buffer chamber 237. As the C-containing gas, it may be
possible to use, for example, a hydrocarbon-based gas. The
hydrocarbon-based gas may be a material composed of only
two elements of C and H, and acts as a C source in the film
formation process which will be described later. As the
hydrocarbon-based gas, it may be possible to use, for
example, a propylene (C;H,) gas.

[0041] An inert gas, for example, a nitrogen (N,) gas, is
supplied from the gas supply pipes 232¢ and 2324 into the
process chamber 201 via the respective MFCs 241¢ and
241d, the respective valves 243¢ and 243d, the respective
gas supply pipes 232a and 2325, the respective nozzles 249a
and 2495 and the buffer chamber 237.

[0042] In the case of supplying the precursor gas from the
gas supply pipe 232a, a precursor gas supply system is
mainly configured by the gas supply pipe 2324, the MFC
241a, and the valve 243a. The precursor gas supply system
may include the nozzle 249a. The precursor gas supply
system may be referred to as a precursor supply system. In
the case of supplying the halosilane precursor gas from the
gas supply pipe 2324, the precursor gas supply system may
be referred to as a halosilane precursor gas supply system or
a halosilane precursor supply system.

[0043] In the case of supplying the B-containing gas from
the gas supply pipe 2325, a B-containing gas supply system
is mainly configured by the gas supply pipe 2325, the MFC
2415, and the valve 243b6. The B-containing gas supply
system may include the nozzle 2495 and the buffer chamber
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237. In the case of supplying the borazine-based gas from
the gas supply pipe 23254, the B-containing gas supply
system may be referred to as a borazine-based gas supply
system, a borazine compound supply system, or a borazine
compound gas supply system. Since the borazine-based gas
is a gas containing N and C, which is also an N-containing
gas or a C-containing gas, the borazine-based gas supply
system may be included in a C-containing gas supply system
which will be described later.

[0044] In the case of supplying the O-containing gas from
the gas supply pipe 2325, an O-containing gas supply system
is mainly configured by the gas supply pipe 2325, the MFC
2415b, and the valve 243b. The nozzle 2495 and the buffer
chamber 237 may be included in the O-containing gas
supply system. The O-containing gas supply system may be
referred to as an oxidizing agent supply system or an oxide
gas supply system.

[0045] In the case of supplying the C-containing gas from
the gas supply pipe 232¢, a C-containing gas supply system
is mainly configured by the gas supply pipe 232e, the MFC
241e, and the valve 243e. A downstream side of the con-
nection part with the gas supply pipe 232¢ in the gas supply
pipe 2325, the nozzle 2495 and the buffer chamber 237 may
be included in the C-containing gas supply system. In the
case of supplying the hydrocarbon-based gas from the gas
supply pipe 232e, the C-containing gas supply system may
be referred to as a hydrocarbon-based gas supply system or
a hydrocarbon supply system.

[0046] One or all of the gas supply systems of the B-con-
taining gas supply system, the O-containing gas supply
system, and the C-containing gas supply system may be
referred to as a reaction gas supply system or a reactant
supply system. In addition, the precursor gas supply system
and the reaction gas supply system may be generally
referred to as a film-forming gas supply system.

[0047] Furthermore, an inert gas supply system is mainly
constituted by the gas supply pipes 232¢ and 2324, the
MFCs 241c¢ and 241d, and the valves 243¢ and 243d. The
inert gas supply system may be referred to as a purge gas
supply system, a dilution gas supply system, or a carrier gas
supply system.

[0048] As illustrated in FIG. 2, two rod-shaped electrodes
269 and 270 made of a conductive material and having an
elongated structure are disposed within the buffer chamber
237 to extend along the stacking direction of the wafers 200
from the lower portion to the upper portion of the reaction
tube 203. The respective rod-shaped electrodes 269 and 270
are installed in parallel to the nozzle 249d. Each of the
rod-shaped electrodes 269 and 270 is covered with an
electrode protection tube 275 for protection from the upper
portion to the lower portion of the rod-shaped electrodes 269
and 270. One of the rod-shaped electrodes 269 and 270 is
connected to a high-frequency power source 273 via a
matcher 272 and the other is connected to ground which is
a reference potential. By applying radio-frequency (RF)
power from the high-frequency power source 273 between
the rod-shaped electrodes 269 and 270 via the matcher 272,
plasma is generated in a plasma generation region 224
between the rod-shaped electrodes 269 and 270. A plasma
source as a plasma generator (plasma generation part) is
mainly configured by the rod-shaped electrodes 269 and 270
and the electrode protection tubes 275. The matcher 272 and
the high-frequency power source 273 may be included in the
plasma source. The plasma source functions as an excitation
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part (activation mechanism) for plasma-exciting a gas, i.e.,
exciting (or activating) a gas in a plasma state, as will be
described later.

[0049] The electrode protection tubes 275 have a structure
allowing the respective rod-shaped electrodes 269 and 270
to be inserted into the buffer chamber 237 in a state in which
the rod-shaped electrodes 269 and 270 are isolated from the
internal atmosphere of the buffer chamber 237. When an
internal O concentration within the electrode protection
tubes 275 is substantially equal to an O concentration in the
ambient air (atmosphere), the rod-shaped electrodes 269 and
270 respectively inserted into the electrode protection tubes
275 may be oxidized by heat generated from the heater 207.
Thus, by filling the interior of the electrode protection tube
275 with an inert gas such as an N, gas or by purging the
inside of the electrode protection tubes 275 with an inert gas
such as an N, gas using an inert gas purge mechanism, it is
possible to decrease the O concentration within the electrode
protection tubes 275, thereby preventing the rod-shaped
electrodes 269 and 270 from being oxidized.

[0050] The exhaust pipe 231 configured to exhaust the
internal atmosphere of the process chamber 201 is installed
in the reaction tube 203. A vacuum pump 246 as a vacuum
exhaust device is connected to the exhaust pipe 231 via a
pressure sensor 245 as a pressure detector (pressure detec-
tion part) which detects the internal pressure of the process
chamber 201, and an auto pressure controller (APC) valve
244 as a pressure regulator (pressure regulation part). The
APC valve 244 is a valve configured to perform/stop
vacuum exhaust of the interior of the process chamber 201
by opening and closing the APC valve 244 while operating
the vacuum pump 246 and further to regulate the internal
pressure of the process chamber 201 by adjusting the
opening degree of the APC valve 244 based on the pressure
information detected by the pressure sensor 245 while
operating the vacuum pump 246. An exhaust system is
mainly configured by the exhaust pipe 231, the APC valve
244 and the pressure sensor 245. The vacuum pump 246 may
be included in the exhaust system.

[0051] A seal cap 219, which serves as a furnace opening
lid configured to air-tightly seal a lower end opening of the
reaction tube 203, is installed under the reaction tube 203.
The seal cap 219 is configured to make contact with the
lower end of the reaction tube 203 at a lower side in the
vertical direction. The seal cap 219 is made of metal such as,
e.g., stainless steel (SUS) or the like, and is formed in a disc
shape. An O-ring 220, which is a seal member making
contact with the lower end portion of the reaction tube 203,
is installed on an upper surface of the seal cap 219. A
rotation mechanism 267 configured to rotate a boat 217,
which will be described later, is installed at the opposite side
of the seal cap 219 from the process chamber 201. A rotary
shaft 255 of the rotation mechanism 267, which penetrates
the seal cap 219, 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 and down by a boat elevator 115 which
is an elevator mechanism vertically installed outside the
reaction tube 203. The boat elevator 115 is configured to
load and unload the boat 217 into and from the process
chamber 201 by moving the seal cap 219 up and down. That
is, the boat elevator 115 is configured as a transfer device
(transfer mechanism) which transfers the boat 217, namely
the watfers 200, into and out of the process chamber 201.



US 2017/0294302 Al

[0052] The boat 217 serving as a substrate support is
configured to support a plurality of wafers 200, e.g., 25 to
200 wafers 200, in such a state that the wafers 200 are
arranged in a horizontal posture and in multiple stages along
avertical direction with the centers of the wafers 200 aligned
with one another. That is, the boat 217 is configured to
arrange the wafers 200 in a spaced-apart relationship. The
boat 217 is made of a heat resistant material such as quartz
or SiC. Heat insulating plates 218 made of a heat resistant
material such as quartz or SiC are installed below the boat
217 in a horizontal posture and in multiple stages. With this
configuration, it is hard for heat generated from the heater
207 to be transferred to the seal cap 219. However, the
present embodiment is not limited to this configuration. For
example, instead of installing the heat insulating plates 218
below the boat 217, a heat insulating tube configured with a
tubular member made of a heat resistant material such as
quartz or SiC may be installed under the boat 217.

[0053] A temperature sensor 263 serving as a temperature
detector is installed inside the reaction tube 203. Based on
temperature information detected by the temperature sensor
263, an amount of electric power supplied to the heater 207
is adjusted such that the interior of the process chamber 201
has a desired temperature distribution. Similar to the nozzles
249q and 2495, the temperature sensor 263 is formed in an
L shape. The temperature sensor 263 is installed along the
inner wall of the reaction tube 203.

[0054] As illustrated 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) 1214, a
random access memory (RAM) 1215, a memory device
121c¢, and an I/O port 121d. The RAM 1215, the memory
device 121¢ and the /O port 1214 are configured to
exchange data with the CPU 121a via an internal bus 121e.
An input/output device 122 formed of, e.g., a touch panel or
the like, is connected to the controller 121.

[0055] The memory device 121c¢ is configured by, for
example, a flash memory, a hard disk drive (HDD), or the
like. A control program for controlling operations of a
substrate processing apparatus, a process recipe for speci-
fying sequences and conditions of substrate processing as
described later, or the like is readably stored in the memory
device 121¢. The process recipe functions as a program for
causing the controller 121 to execute each sequence in a
substrate processing process to be described later, to obtain
a predetermined result. Hereinafter, the process recipe and
the control program will be generally and simply referred to
as a “program”.

[0056] When the term “program” is used herein, it may
indicate a case of including only the process recipe, a case
of including only the control program, or a case of including
both the process recipe and the control program. The RAM
12154 is configured as a memory area (work area) in which
a program or data read by the CPU 121a is temporarily
stored.

[0057] The I/O port 121d is connected to the MFCs 241a
to 241e, the valves 243a to 243e, the pressure sensor 245, the
APC valve 244, the vacuum pump 246, the heater 207, the
temperature sensor 263, the high-frequency power source
273, the matcher 272, the rotation mechanism 267, the boat
elevator 115 and the like, as described above.

[0058] The CPU 121a is configured to read the control
program from the memory device 121¢ and execute the
same. The CPU 121a¢ also reads the process recipe from the
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memory device 121¢ according to an input of an operation
command from the input/output device 122. The CPU 121a
is configured to control, according to the contents of the
process recipe thus read, the flow rate adjusting operation of
various kinds of gases by the MFCs 241a to 241le, the
opening/closing operation of the valves 243a to 243e, the
opening/closing operation of the APC valve 244, the pres-
sure regulating operation performed by the APC valve 244
based on the pressure sensor 245, the driving and stopping
of the vacuum pump 246, the temperature adjusting opera-
tion of the heater 207 based on the temperature sensor 263,
the power supply by the high-frequency power source 273,
the impedance adjustment operation using the matcher 272,
the operation of rotating the boat 217 with the rotation
mechanism 267 and adjusting the rotation speed of the boat
217, the operation of moving the boat 217 up and down with
the boat elevator 115, and the like.

[0059] The controller 121 is not limited to being config-
ured as a dedicated computer but may be configured as a
general-purpose computer. For example, the controller 121
according to the present embodiment may be configured by
installing, on the computer, the aforementioned program
stored in an external memory device 123 (for example, a
magnetic tape, a magnetic disc such as a flexible disk or a
hard disk, an optical disc such as a CD or DVD, a magneto-
optical disc such as an MO, a semiconductor memory such
as a USB memory or a memory card). However, a means for
supplying a program to the computer is not limited to the
case of supplying the program through the external memory
device 123. For example, the program may be supplied to
the computer using a communication means such as the
Internet or a dedicated line, instead of using the external
memory device 123. The memory device 121¢ or the exter-
nal memory device 123 is configured as a non-transitory
computer-readable recording medium. Hereinafter, the
memory device 121¢ and the external memory device 123
will be generally and simply referred to as a “recording
medium.” When the term “recording medium” is used
herein, it may indicate a case of including only the memory
device 121¢, a case of including only the external memory
device 123, or a case of including both the memory device
121¢ and the external memory device 123.

(2) Substrate Processing Process

[0060] A sequence example of forming a film on a sub-
strate using the aforementioned substrate processing appa-
ratus, which is one of the processes for manufacturing a
semiconductor device, will be described below with refer-
ence to FIG. 4A. In the following descriptions, the opera-
tions of the respective parts constituting the substrate pro-
cessing apparatus are controlled by the controller 121.

[0061] In the film forming sequence of the present
embodiment,
[0062] a silicon boron oxynitride film (SiBON film) con-

taining B, N, O and Si, or a silicon boric acid carbonitride
film (SiBOCN film) containing B, N, O, C and Si is formed
on the wafer 200 by performed a cycle n times (where n is
an integer equal to or greater than 1), the cycle including
alternately performing:

[0063] a step of performing a set m times (where m is an
integer equal to or greater than 1), the set including step 1
of supplying an HCDS gas as a precursor to a wafer 200 as
a substrate and step 2 of supplying a TMB gas as a borazine
compound to the wafer 200; and
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[0064] step 3 of supplying an O, gas as an oxidizing agent
to the wafer 200.

[0065] In the present disclosure, for the sake of conve-
nience, the film forming sequence mentioned above may
sometimes be denoted as follows. The same denotation will
be used in the embodiment, the modifications and other
embodiments to be described below.

[HCDS—TMB)xm—>0,]/xn => SiBON, SiBOCN

[0066] FIG. 4A illustrates an example in which a cycle of
alternately performing the step of performing a set including
step 1 of supplying an HCDS gas and step 2 of supplying a
TMB gas once, and step 3 of supplying an O, gas to the
wafer 200 is implemented n times. That is, FIG. 4A illus-
trates an example in which a cycle of performing a set
including step 1 and step 2 once (m=1), and then performing
step 3 is implemented n times. In other words, FIG. 4A
illustrates an example in which a cycle of non-simultane-
ously (non-synchronously) performing steps 1 to 3 is imple-
mented n times. FIG. 4A may be said to be an example in
which m is 1 and n is an integer equal to or greater than 2.

(HCDS—TMB—0,)x => SiBON, SiBOCN

[0067] When the term “wafer” is used in the present
disclosure, it may refer to “a wafer itself” or “a laminated
body (aggregate) of a wafer and a predetermined layer or
film formed on the surface of the wafer”. That is, a wafer
including a predetermined layer or film formed on its surface
may be referred to as a wafer. In addition, when the phrase
“a surface of a wafer” is used herein, it may refer to “a
surface (exposed surface) of a wafer itself” or “a surface of
a predetermined layer or film formed on a wafer, namely an
uppermost surface of the wafer as a laminated body”.
[0068] Accordingly, in the present disclosure, the expres-
sion “a predetermined gas is supplied to a wafer” may mean
that “a predetermined gas is directly supplied to a surface
(exposed surface) of a wafer itself” or that “a predetermined
gas is supplied to a layer or film formed on a wafer, namely
to an uppermost surface of a wafer as a laminated body.”
Furthermore, in the present disclosure, the expression “a
predetermined layer (or film) is formed on a wafer” may
mean that “a predetermined layer (or film) is directly formed
on a surface (exposed surface) of a wafer itself” or that “a
predetermined layer (or film) is formed on a layer or film
formed on a wafer, namely on an uppermost surface of a
wafer as a laminated body.”

[0069] In addition, similar to the case of using the term
“wafer”, when the term “substrate” is used in the present
disclosure, the term “substrate’ may be synonymous with the
term “wafer” in the foregoing descriptions.

(Water Charging and Boat Loading)

[0070] A plurality of wafers 200 is charged on the boat 217
(wafer charging). Thereafter, as illustrated in FIG. 1, the boat
217 supporting the plurality of wafers 200 is lifted up by the
boat elevator 115 to be loaded into the process chamber 201
(boat loading). In this state, the seal cap 219 seals the lower
end of the reaction tube 203 through the O-ring 220.

(Pressure Regulation and Temperature Adjustment)

[0071] The interior of the process chamber 201, namely
the space in which the wafers 200 are located, is vacuum-
exhausted (depressurization-exhausted) by the vacuum
pump 246 so as to reach a desired pressure (degree of
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vacuum). In this operation, the internal pressure of the
process chamber 201 is measured by the pressure sensor
245. The APC valve 244 is feedback-controlled based on the
measured pressure information (pressure regulation). The
vacuum pump 246 may be continuously activated at least
until the processing of the wafers 200 is completed. The
wafers 200 in the process chamber 201 are heated by the
heater 207 to a desired temperature. In this operation, the
state of supplying electric power 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. The heating of the interior of the process
chamber 201 by the heater 207 may be continuously per-
formed at least until the processing of the wafers 200 is
completed. In addition, the rotation of the boat 217 and the
wafers 200 by the rotation mechanism 267 begins. The
rotation of the boat 217 and the wafers 200 by the rotation
mechanism 267 may be continuously performed at least
until the processing of the wafers 200 is completed.

(Film Forming Process)

[0072] Next, the following three steps, for example, steps
1 to 3, are sequentially performed.

[Step 1]

(HCDS Gas Supply)

[0073] At this step, an HCDS gas is supplied to the wafer
200 within the process chamber 201.

[0074] The valve 243a is opened to allow an HCDS gas to
flow through the gas supply pipe 2324a. The flow rate of the
HCDS gas is adjusted by the MFC 241a. The HCDS gas is
supplied into the process chamber 201 via the nozzle 249a
and is exhausted from the exhaust pipe 231. At this time, the
HCDS gas is supplied to the wafer 200. Simultaneously, the
valve 243¢ is opened to allow an N, gas to flow through the
gas supply pipe 232¢. The flow rate of the N, gas is adjusted
by the MFC 241c¢. The N, gas is supplied into the process
chamber 201 together with the HCDS gas and is exhausted
from the exhaust pipe 231.

[0075] Furthermore, in order to prevent the HCDS gas
from entering the buffer chamber 237 or the nozzle 2495, the
valve 243d is opened to allow the N, gas to flow through the
gas supply pipe 232d. The N, gas is supplied into the process
chamber 201 via the gas supply pipe 2325, the nozzle 2495
and the buffer chamber 237 and is exhausted from the
exhaust pipe 231.

[0076] The supply flow rate of the HCDS gas controlled
by the MFC 2414 may be set to fall within a range of, for
example, 1 to 2,000 seem, specifically 10 to 1,000 sccm. The
supply flow rates of the N, gas controlled by the MFCs 241¢
and 2424 may be respectively set to fall within a range of,
for example, 100 to 10,000 sccm. The internal pressure of
the process chamber 201 may be set to fall within a range of,
for example, 1 to 2,666 Pa, specifically 67 to 1,333 Pa. The
time period, during which the HCDS gas is supplied to the
wafer 200, namely the gas supply time period (the irradia-
tion time period), may be set to fall within a range of, for
example, 1 to 120 seconds, specifically 1 to 60 seconds. The
temperature of the heater 207 is set to fall within a range of,
for example, 250 to 700 degrees C., specifically 300 to 650
degrees C., more specifically 350 to 600 degrees C.
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[0077] When the temperature of the wafer 200 is lower
than 250 degrees C., it is hard to chemisorb HCDS onto the
wafer 200, so that a practical deposition rate may not be
obtained. This may be solved by setting the temperature of
the wafer 200 to become 250 degrees C. or higher. By setting
the temperature of the wafer 200 to become 250 degrees C.
or higher, or further 350 degrees C. or higher, it is possible
to more sufficiently adsorb HCDS onto the wafer 200, so
that a more sufficient deposition rate can be obtained.
[0078] When the temperature of the wafer 200 exceeds
700 degrees C., a chemical vapor deposition (CVD) reaction
becomes too strong (an excessive gas phase reaction may
occur). Thus, the film thickness uniformity is likely to
deteriorate and the control of the film thickness uniformity
becomes difficult. By setting the temperature of the wafer
200 at 700 degrees C. or lower, an appropriate gas phase
reaction can occur to suppress the deterioration of the film
thickness uniformity and to control the film thickness uni-
formity. In particular, by setting the temperature of the wafer
200 to 650 degrees C. or lower, or further 600 degrees C. or
lower, the surface reaction becomes more dominant than the
gas phase reaction. This makes it easy to secure the film
thickness uniformity, so that control of the film thickness
uniformity becomes easy.

[0079] Accordingly, it is desirable that the temperature of
the wafer 200 be set to fall within a range of 250 to 700
degrees C., specifically 300 to 650 degrees C., more spe-
cifically 350 to 600 degrees C.

[0080] By supplying the HCDS gas to the wafer 200 under
the aforementioned conditions, a Si-containing layer con-
taining Cl and having a thickness of, e.g., less than one
atomic layer to several atomic layers is formed on the
uppermost surface of the wafer 200. The Si-containing layer
containing Cl may include a Si layer containing Cl, an
adsorption layer of HCDS, or both.

[0081] The Cl-containing Si layer generally refers to a
continuous or discontinuous layer formed of Si and contain-
ing Cl, or a Si thin film containing CI formed by laminating
the continuous layer and the discontinuous layer. The con-
tinuous layer formed of Si and containing Cl may be a Si thin
film containing Cl. Si constituting the Si layer containing Cl
includes Si whose bonding to Cl is completely broken as
well as Si whose bonding to Cl is not completely broken.
[0082] The adsorption layer of HCDS includes a continu-
ous adsorption layer and a discontinuous adsorption layer
constituted by HCDS molecules. That is, the adsorption
layer of HCDS includes an adsorption layer having a thick-
ness of one molecular layer or less constituted by HCDS
molecules. The HCDS molecules constituting the adsorption
layer of HCDS include molecules in which Si—Cl bonding
is broken. That is, the adsorption layer of HCDS may
include a physisorption layer of HCDS, a chemisorption
layer of HCDS, or both.

[0083] Here, the layer having a thickness of less than one
atomic layer means an atomic layer which is discontinuously
formed, and the layer having a thickness equal to one atomic
layer means an atomic layer which is continuously formed.
The layer having a thickness of less than one molecular layer
means a molecular layer which is discontinuously formed,
and the layer having a thickness equal to one molecular layer
means a molecule layer which is continuously formed. The
Si-containing layer containing Cl may include both the Si
layer containing Cl and the adsorption layer of HCDS.
However, as described above, the Si-containing layer con-
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taining Cl will be represented by the expression of “one
atomic layer,” “several atomic layers” or the like.

[0084] Under a condition in which the HCDS gas is
autolyzed (pyrolyzed), namely under a condition in which a
pyrolysis reaction of the HCDS gas occurs, Si is deposited
on the wafer 200 to form a Si layer containing Cl. Under a
condition in which the HCDS gas is not autolyzed (not
pyrolyzed), namely under a condition in which a pyrolysis
reaction of the HCDS gas does not occur, HCDS is adsorbed
onto the wafer 200 to form an adsorption layer of HCDS.
Forming the Si layer containing Cl on the wafer 200 is
desirable in view of providing a higher film formation rate
than forming the adsorption layer of HCDS on the wafer
200. Hereinafter, the Si-containing layer containing Cl is
also referred to simply as a Si-containing layer for conve-
nience’ sake.

[0085] When the thickness of the Si-containing layer
exceeds several atomic layers, a modifying action at steps 2
and 3 described later does not reach the entire Si-containing
layer. In addition, a minimum value of the thickness of the
Si-containing layer is less than one atomic layer. Accord-
ingly, it is desirable that the thickness of the Si-containing
layer be from less than one atomic layer to several atomic
layers. By setting the thickness of the Si-containing layer at
one atomic layer or less, namely one atomic layer or less
than one atomic layer, it is possible to relatively enhance the
modifying reaction at steps 2 and 3, which will be described
later, and to shorten the time required for the modifying
reactions at steps 2 and 3. Furthermore, it is possible to
shorten the time required in forming the Si-containing layer
at step 1. As a result, it is possible to shorten the processing
time per one cycle and to shorten the total processing time.
That is, it is also possible to increase the film formation rate.
Moreover, by setting the thickness of the Si-containing layer
at one atomic layer or less, it is possible to enhance the
controllability of the film thickness uniformity.

(Residual Gas Removal)

[0086] After the Si-containing layer is formed, the valve
243a is closed to stop the supply of the HCDS gas. At this
time, the interior of the process chamber 201 is vacuum-
exhausted by the vacuum pump 246 while opening the APC
valve 244. Thus, the unreacted HCDS gas or the HCDS gas
contributed to the formation of the Si-containing layer,
which remains within the process chamber 201, is removed
from the interior of the process chamber 201. At this time,
the supply of the N, gas into the process chamber 201 is
maintained while opening the valves 243¢ and 243d. The N,
gas acts as a purge gas. This makes it possible to enhance the
effect of removing the gas remaining within the process
chamber 201 from the interior of the process chamber 201.
[0087] At this time, the gas remaining within the process
chamber 201 may not be completely removed and the
interior of the process chamber 201 may not be completely
purged. If the amount of the gas remaining within the
process chamber 201 is small, there is no possibility that an
adverse effect is generated at step 2 which will be performed
later. In this case, it is not necessary to make the flow rate
of the N, gas supplied into the process chamber 201 large.
For example, by supplying the N, gas substantially in the
same amount as the volume of the reaction tube 203 (the
process chamber 201), it is possible to perform a purge
operation such that an adverse effect is not generated at step
2. By not completely purging the interior of the process
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chamber 201 in this way, it is possible to shorten the purge
time and to improve the throughput. It is possible to suppress
the consumption of the N, gas to a necessary minimum
level.

[0088] As the precursor, it may be possible to use, other
than the HCDS gas, for example, an inorganic halosilane
precursor gas such as an OCTS gas, a dichlorosilane
(SiH,Cl,, abbreviation: DCS) gas, a monochlorosilane
(SiH;Cl, abbreviation: MCS) gas, a tetrachlorosilane, i.e.,
silicon tetrachloride (SiC,, abbreviation: STC) gas, a trichlo-
rosilane (SiHCI,, abbreviation: TCS) gas or the like. Fur-
thermore, as the precursor, it may be possible to use, for
example, an organic halosilane precursor gas such as a
BTCSE gas, a BICSM gas, a TCDMDS gas, a DCTMDS
gas, an MCPMDS gas or the like. Furthermore, as the
precursor, it may be possible to use, for example, an inor-
ganic silane precursor gas not containing a halogen group,
such as a monosilane (SiH,, abbreviation: MS) gas, a
disilane (Si,Hg, abbreviation: DS) gas, a trisilane (Si;Hg,
abbreviation: TS) gas or the like. Moreover, as the precursor,
it may be possible to use, for example, an organic silane
precursor gas not containing a halogen group, such as a
dimethylsilane (SiC,Hjg, abbreviation: DMS) gas, a trimeth-
ylsilane (SiC;H,,, abbreviation: TMS) gas, a diethylsilane
(SiC,H,,, abbreviation: DES) gas, a 1.,4-disilabutane
(Si,C,H, o, abbreviation: DSB) gas or the like. In addition,
as the precursor, it may be possible to use, for example, an
amino-based (amine-based) silane precursor gas not con-
taining a halogen group, such as a tris-dimethylaminosilane
(Si[N(CH,),];H, abbreviation: 3DMAS) gas, a tetrakis-
dimethylaminosilane (SiIN(CH;)5 14, abbreviation:
4DMAS) gas, a bis-diethylaminosilane (Si[N(C,H,),],H.,,
abbreviation: BDEAS) gas, a bis-tertiary-butylaminosilane
(SiH,[NH(C,H,)],, abbreviation: BTBAS) gas or the like.
[0089] Furthermore, in the case of using the organic
halosilane precursor gas or the organic silane precursor gas,
which also acts as a C source as the precursor, C may be
contained in the Si-containing layer. As a result, it is possible
to increase a C concentration in a film formed on the wafer
200, compared with the case of using the inorganic halosi-
lane precursor gas or the inorganic silane precursor gas as
the precursor. Furthermore, in the case of using the amino-
based silane source gas, which also acts as a C source and
an N source as the precursor, C and N may be respectively
contained in the Si-containing layer. As a result, it is possible
to increase a C concentration and an N concentration in a
film formed on the wafer 200, compared with the case of
using the inorganic silane precursor gas as the precursor.
[0090] As the inert gas, it may be possible to use, other
than the N, gas, a rare gas such as an Ar gas, a He gas, a Ne
gas, a Xe gas or the like.

[Step 2]

(TMB Gas Supply)

[0091] After step 1 is completed, a TMB gas activated by
heat is supplied to the wafer 200 within the process chamber
201, namely to the Si-containing layer containing C1 formed
on the wafer 200.

[0092] At this step, the opening/closing control of the
valves 2435 to 243d is performed in the same procedure as
the opening/closing control of the valves 243a, 243¢, and
243d at step 1. The flow rate of the TMB gas is regulated by
the MFC 24156. The TMB gas is supplied into the process

Oct. 12,2017

chamber 201 via the nozzle 2495 and the buffer chamber 237
and is exhausted from the exhaust pipe 231. At this time, the
TMB gas is supplied to the wafer 200.

[0093] The supply flow rate of the TMB gas controlled by
the MFC 2415 may be set to fall within a range of, for
example, 1 to 1,000 sccm. The internal pressure of the
process chamber 201 may be set to fall within a range of, for
example, 1 to 2,666 Pa, specifically 67 to 1,333 Pa. The
partial pressure of the TMB gas within the process chamber
201 may be set to fall within a range of, for example, 0.0001
to 2,424 Pa. The time period, during which the TMB gas is
supplied to the wafer 200, namely the gas supply time period
(irradiation time period), may be set to fall within a range of,
for example, 1 to 120 seconds, specifically 1 to 60 seconds.
Other processing procedures and processing conditions may
be similar to, for example, those of step 1.

[0094] By supplying the TMB gas to the wafer 200 under
the aforementioned conditions, the Si-containing layer
formed at step 1 and the TMB gas react with each other. That
is, Cl (chloro group) contained in the Si-containing layer and
a ligand (methyl group, hereinafter, referred to as an
“organic ligand” or a “methyl ligand”) contained in TMB
react with each other. This makes it possible to separate
(extract) Cl of the Si-containing layer reacting with the
methyl ligand of TMB from the Si-containing layer and also
to separate the methyl ligand of TMB reacting with Cl of the
Si-containing layer from TMB. Furthermore, N constituting
the borazine ring of TMB from which the methyl ligand is
separated and Si of the Si-containing layer can be bonded.
That is, N having a dangling bond from which the methyl
ligand is separated, among B and N constituting the borazine
ring of TMB, and Si having a dangling bond contained in the
Si-containing layer or Si which has a dangling bond are
bonded to form an Si—N bond. At this time, the borazine
ring skeleton constituting the borazine ring of TMB is
maintained without being damaged. Furthermore, the bond
of'the borazine ring and the methyl ligand, namely the N—C
bond of TMB, is also partially maintained without being
broken. In addition, the methyl group is one of alkyl groups
and the methyl ligand may be referred to as an alkyl ligand.
[0095] By supplying the TMB gas under the aforemen-
tioned conditions, the Si-containing layer and TMB can
appropriately react, while maintaining the borazine ring
skeleton or the partial N—C bond of TMB without being
damaged, to cause the series of reactions described above. It
is considered that the most important factors (conditions)
causing the series of reactions with the borazine ring skel-
eton in TMB maintained are the temperature of the wafer
200 and the internal pressure of the process chamber 201, in
particular, the temperature of the wafer 200. It is possible to
cause an appropriate reaction by appropriately controlling
them.

[0096] By the series of reactions, a borazine ring is newly
introduced into the Si-containing layer. Furthermore, the
partial methyl ligand of TMB, namely the partial N—C bond
of TMB, may also be newly introduced into the Si-contain-
ing layer. Thus, the Si-containing layer is modified to a first
layer having the borazine ring skeleton and containing B, N,
C, and Si, namely a silicon boron carbonitride layer (SIBCN
layer) containing a borazine ring skeleton. The first layer
becomes a layer having a thickness of less than 1 atomic
layer to about several atomic layers. The SiBCN layer
containing the borazine ring skeleton may be a layer con-
taining Si, C, and a borazine ring skeleton.
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[0097] As the borazine ring is newly introduced into the
Si-containing layer, the B component and the N component
constituting the borazine ring are newly introduced into the
Si-containing layer. Furthermore, at this time, the C com-
ponent contained in the ligand of TMB is also introduced
into the Si-containing layer. In this way, as the Si-containing
layer and TMB react with each other and the C component
contained in the borazine ring or the methyl ligand is
introduced into the Si-containing layer, the B component,
the C component, and the N component can be newly added
to the Si-containing layer.

[0098] When the first layer is formed, Cl contained in the
Si-containing layer constitutes a gas phase material contain-
ing at least Cl in the course of the modifying reaction of the
Si-containing layer by the TMB gas and is discharged from
the interior of the process chamber 201. That is, an impurity
such as Cl of the Si-containing layer is pulled out or
desorbed from the Si-containing layer to be separated from
the Si-containing layer. Thus, the first layer becomes a layer
having less impurity such as Cl than the Si-containing layer.
[0099] When the first layer is formed, by maintaining
(retaining) the borazine ring skeleton constituting the bora-
zine ring contained in TMB, without being damaged, it is
possible to maintain (retain) the central space of the borazine
ring and to form a porous SiBCN layer.

[0100] Preferably, the TMB gas can be thermally activated
and supplied in a non-plasma state to allow the aforemen-
tioned reaction to softly proceed and to facilitate formation
of the first layer. That is, preferably, when the TMB gas is
thermally activated and supplied in a non-plasma state, the
introduction into the first layer can be facilitated while
maintaining the borazine ring skeleton or the partial N—C
bond of TMB without destruction, compared with a case
where the TMB gas is plasma-excited and supplied.

(Residual Gas Removal)

[0101] After the first layer is formed, the valve 2435 is
closed to stop the supply of the TMB gas. Furthermore, the
unreacted TMB gas or the TMB gas contributed to the
formation of the first layer, which remains within the process
chamber 201, is removed from the interior of the process
chamber 201 under the same processing procedures as those
of step 1. At this time, similar to step 1, it is not necessary
to completely remove the gas or the like remaining within
the process chamber 201.

[0102] As the borazine compound, it may be possible to
use, other than to the TMB gas, for example, a TEB gas, a
TPB gas, a TIPB gas, a TBB gas, a TIBB gas or the like. As
the inert gas, it may be possible to use, other than to the N,
gas, for example, a rare gas such as an Ar gas, a He gas, an
Ne gas, a Xe gas or the like.

[Step 3]

(O, Gas Supply)

[0103] After step 2 is completed, an O, gas activated by
heat is supplied to the wafer 200, i.e., the first layer formed
on the wafer 200, in the process chamber 201.

[0104] At this step, the opening/closing control of the
valves 2435 to 243d is performed in the same procedure as
that of the valves 243a, 243¢ and 243d. The flow rate of the
O, gas is regulated by the MFC 24154. The O, gas is supplied
into the process chamber 201 via the nozzle 2495 and the
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buffer chamber 237, and is exhausted from the exhaust pipe
231. At this time, the O, gas is supplied to the wafer 200.
[0105] The supply flow rate of the O, controlled by the
MEC 2415 may be set to fall within a range of, for example,
100 to 10,000 sccm. The internal pressure of the process
chamber 201 may be set to fall within a range of, for
example, 1 to 4,000 Pa, specifically, 1 to 3,000 Pa. The
partial pressure of the O, gas within the process chamber
201 may be set to fall within a range of, for example, 0.01
to 3,960 Pa. By setting the internal pressure of the process
chamber 201 to such a relatively high pressure, it is possible
to thermally activate the O, gas in a non-plasma state. The
supply of the O, gas thermally activated can cause a rela-
tively soft reaction and oxidation described later can be
performed softly. The time period, during which the O, gas
is supplied to the wafer 200, namely the gas supply time
period (irradiation time period), may be set to fall within a
range of, for example, 1 to 120 seconds, specifically, 1 to 60
seconds. Other processing conditions may be similar to, for
example, those of step 1.

[0106] At this time, the gas flowing into the process
chamber 201 is the thermally activated O, gas, and neither
the HCDS gas nor the TMB gas flows into the process
chamber 201. Thus, the activated O, gas does not cause a gas
phase reaction and is supplied to the first layer formed on the
wafer 200 at step 2, namely to the SiBCN layer containing
the borazine ring skeleton, and reacts with at least a portion
of the first layer.

[0107] At this time, the O component contained in the O,
gas is added to the first layer, so that an Si—O bond is
formed in the first layer. At this time, at least a portion of the
borazine ring skeleton in the first layer is maintained,
without being damaged. In addition, at this time, at least a
portion of the C component contained in the first layer is
desorbed from the first layer. As these reactions proceed, the
first layer is modified to a second layer, namely a layer
containing the borazine ring skeleton and containing B, O,
C, N, and Si (SiBOCN layer or a layer (SiBON layer)
containing the borazine ring skeleton and containing B, O,
N, and Si).

[0108] When the second layer is formed, an impurity such
as Cl contained in the first layer constitutes a gas phase
material containing at least Cl in the course of the modifying
reaction by the O, gas and is discharged from the interior of
the process chamber 201. That is, an impurity such as CI of
the first layer may be pulled out or desorbed from the first
layer to be separated from the first layer. Thus, the second
layer becomes a layer having less impurity such as Cl than
the first layer.

[0109] By thermally activating the O, gas under a non-
plasma atmosphere and allowing it to flow into the process
chamber 201, it is possible to softly progress the aforemen-
tioned reaction. This makes it easier to maintain the borazine
ring skeleton in the first layer. It is also easy to suppress
desorption of C from the first layer. It is considered that the
most important factors (conditions) for causing this reaction
with the borazine ring skeleton maintained in the first layer
are the temperature of the wafer 200 and the internal
pressure of the process chamber 201, in particular, the
temperature of the wafer 200. It is possible to cause an
appropriate reaction by appropriately controlling them.
[0110] At step 3, it is desirable not to saturate the modi-
fying reaction of the first layer. For example, when the first
layer having a thickness of from less than one atomic layer
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to several atomic layers is formed at steps 1 and 2, it is
desirable to oxidize at least a portion of the surface layer
(one atomic layer of the surface). In this case, oxidation is
performed under conditions in which the oxidation reaction
of' the first layer is unsaturated so as not to oxidize the entire
first layer. Although some layers under the surface layer of
the first layer may be oxidized according to conditions, it is
desirable to oxidize only the surface layer to enhance
controllability of a composition ratio of a film formed on the
wafer 200. By lowering an oxidizing power at step 3, it is
possible to suppress desorption of C from the first layer in
the course of oxidation reaction. Since the Si—O bond has
a stronger bond energy than the Si—C bond, when the
Si—O bond is formed, the Si—C bond tends to be broken.
Thus, by appropriately lowering the oxidizing power at step
3, it is possible to suppress the Si—C bond from being
broken when the Si—O bond is formed in the first layer and
to suppress C whose bond with Si is broken from being
desorbed from the first layer. By setting the processing
conditions at step 3 to conditions within the aforementioned
processing condition range, it is possible to make the oxi-
dation reaction of the first layer unsaturated.

[0111] At step 3, the processing conditions may be appro-
priately selected to lower the dilution ratio of the O, gas
(increase the concentration), lengthen the supply time of the
O, gas, or increase the partial pressure of the O, gas within
the aforementioned processing condition range. Further-
more, the processing conditions may be appropriately
selected to increase the dilution ratio of the O, gas (decrease
the concentration), shorten the supply time of the O, gas, or
decrease the partial pressure of the O, gas within the
aforementioned processing condition range. By appropri-
ately controlling the processing conditions of the oxidation
reaction at step 3, it is possible to precisely control a
composition of a film formed on the wafer 200, as described
later.

(Residual Gas Removal)

[0112] After the second layer is formed, the valve 2435 is
closed to stop the supply of the 02 gas. Furthermore, the
unreacted O, gas, the O, gas contributed to the formation of
the second layer, or the reaction byproduct, which remains
within the process chamber 201, is removed from the
interior of the process chamber 201 under the same process-
ing procedures as those of step 1. At this time, the concept
that it is not necessary to completely remove the gas or the
like remaining within the process chamber 201 is the same
as those in step 1.

[0113] As the oxidizing agent, it may be possible to use,
other than the O, gas, an O-containing gas such as water
vapor (H,O gas), a nitrogen monoxide (NO) gas, a nitrous
oxide (N,O) gas, a nitrogen dioxide (NO,) gas, a carbon
monoxide (CO) gas, a carbon dioxide (CO,) gas, an ozone
(O) gas, a hydrogen (H,) gas+O, gas, or an H, gas+0O; gas
or the like. As the inert gas, it may be possible use, other than
the N, gas, for example, various kinds of rare gases exem-
plified at step 1.

(Performing a Predetermined Number of Times)

[0114] A cycle which non-simultaneously, i.e., non-syn-
chronously, performs steps 1 to 3 described above is imple-
mented a predetermined number of times (n times), namely
once or more. Thus, an SiBOCN film or an SiBON film
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having a predetermined composition and a predetermined
film thickness can be formed on the wafer 200. This film
becomes a film containing a borazine ring skeleton. It is
desirable that the aforementioned cycle be repeated multiple
times. That is, it is desirable that the thickness of the second
layer formed per one cycle be set smaller than a desired
thickness and the aforementioned cycle be repeated multiple
times until the thickness of the second layer becomes equal
to the desired thickness.

(Purging and Atmospheric Pressure Restoration)

[0115] After the film forming process is completed, the
valves 243¢ and 243d are opened and the N, gas is supplied
from each of the gas supply pipes 232¢ and 232d into the
process chamber 201 and is exhausted from the exhaust pipe
231. The N, gas acts as a purge gas. Thus, the interior of the
process chamber 201 is purged and the gas or the reaction
byproduct, which remains within the process chamber 201,
is removed from the interior of the process chamber 201
(purging). Thereafter, the internal atmosphere of the process
chamber 201 is substituted by an inert gas (inert gas sub-
stitution). The internal pressure of the process chamber 201
is restored to atmospheric pressure (atmospheric pressure
restoration).

(Boat Unloading and Wafer Discharging)

[0116] The seal cap 219 is moved down by the boat
elevator 115 to open the lower end of the reaction tube 203.
The processed wafers 200 supported on the boat 217 are
unloaded from the lower end of the reaction tube 203 to the
outside of the reaction tube 203 (boat unloading). The
processed wafers 200 are discharged from the boat 217
(wafer discharging).

(3) Effects According to the Present Embodiment

[0117] According to the present embodiment, one or more
effects as set forth below may be achieved.

[0118] (a) By supplying the borazine compound such as
the TMB gas at step 2, the borazine ring skeleton can be
contained in the film formed on the wafer 200.

[0119] Therefore, it is possible to form a film with low
dielectric constant on the wafer 200. This is because the film
containing the borazine ring skeleton (porous film) has
lower atomic density in the film and lower dielectric con-
stant than a film which does not contain the borazine ring
skeleton (non-porous film). Thus, as the film forming pro-
cess using the TMB gas containing the borazine ring skel-
eton is performed to contain the borazinecyclic skeleton in
the film formed on the wafer 200, it is possible to appro-
priately lower the density of the film to thereby increase the
dielectric constant.

[0120] Furthermore, this film can become a film having
high oxidation resistance. This is because the B—N bond
constituting the borazine ring skeleton has a less bias of
shared electrons (small polarity) and is strong. Thus, as the
film forming process using the TMB gas containing the
borazine ring skeleton is performed to contain the borazine
ring skeleton in the film formed on the wafer 200, it is
possible to provide a film having a smaller probability of
desorption of B from the film by oxidation, oxidation
resistance, for example, high resistance to oxygen plasma or
the like, namely high ashing resistance, than that of a film
which does not contain the borazine ring skeleton. In addi-
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tion, the present inventors confirmed that, when oxygen
plasma or the like is supplied to the SiBCN film which does
not contain the borazine ring skeleton, B, C, and N are easily
desorbed sequentially from the film (i.e., B is most easily
desorbed among B, C and N, and then C is the next easily
desorbed).

[0121] Furthermore, by performing the film forming pro-
cess using the TMB gas containing the borazine ring skel-
eton at step 2, it is also possible to increase not only the
oxidation resistance of the film after the film formation but
also the oxidation resistance of the film during the film
formation. This is because, by containing the borazine ring
skeleton in the first layer formed at step 2, it is possible to
suppress desorption of B or N from the layer at step 3 which
will be subsequently performed. By suppressing desorption
of B or N from the first layer, it is possible to make a film
on the wafer 200 having a high B concentration and N
concentration.

[0122] (b) By supplying the O, gas as the oxidizing agent
to oxidize the first layer containing the borazine ring skel-
eton at step 3, O can be contained in the film formed on the
wafer 200.

[0123] Thus, it is possible to form a film on the wafer 200
having high insulating properties, i.e., a film with high leak
resistance, compared with the film containing the borazine
ring skeleton formed by alternately performing steps 1 and
2.

[0124] In addition, it is possible to form a film on the wafer
200 having high oxidation resistance, compared with a film
containing the borazine ring skeleton formed by alternately
performing steps 1 and 2. This is possible because the film
formed on the wafer 200 by performing step 3 contains a
strong Si—O bond in the film. By containing the Si—O
bond in the film containing the borazine ring skeleton, it is
possible to form a film having high oxidation resistance,
compared with a film which contains the borazine ring
skeleton and does not contain O.

[0125] Furthermore, by performing step 3, it is possible to
enhance the surface roughness of the film formed on the
wafer 200, compared with the film containing the borazine
ring skeleton formed by alternately performing steps 1 and
2. The term “surface roughness” refers to a difference in
height within a wafer surface or an arbitrary target surface,
and has the same meaning as the surface coarseness.
Enhancement of surface roughness means that the height
difference becomes smaller, i.e., the surface become smooth.
A deterioration of surface roughness means that the height
difference becomes larger, i.e., the surface become rough.
[0126] A film with a high content of borazine ring skel-
etons tends to have lower surface roughness than that of a
film with a low content of the borazine ring skeletons. As in
the present embodiment, by performing step 3 in addition to
steps 1 and 2, it is possible to break a portion of the borazine
ring skeleton contained in the first layer and to desorb the
borazine ring skeleton from the first layer. That is, it is
possible to appropriately adjust an amount of the borazine
ring skeleton contained in the film formed on the wafer 200.
As a result, it is possible to enhance the surface roughness
of the film, compared with the film containing the borazine
ring skeleton formed by alternately performing steps 1 and
2.

[0127] (¢) By appropriately controlling the processing
conditions of oxidation reaction at step 3 within a range
where the oxidation reaction of the first layer is not saturated
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at step 3, it is possible to precisely control the composition
of the film formed on the wafer 200.

[0128] For example, by strengthening the oxidizing power
of the O, gas supplied at step 3 or lengthening the supply
time of the O, gas, it is possible to increase an amount of O
added to the first layer or an amount of C desorbed from the
first layer. Thus, it is possible to increase an O concentration
or decrease a C concentration in the film formed on the
wafer 200. Furthermore, by strengthening the oxidizing
power of the O, gas supplied at step 3 or lengthening the
supply time of the Oz gas, it is easy to break a portion of the
borazine ring skeleton contained in the first layer to thereby
desorb the borazine ring skeleton itself from the first layer.
Thus, it is possible to promote desorption of B and N from
the first layer and to appropriately lower a B concentration
or an N concentration in the film formed on the wafer 200.
[0129] In addition, for example, by wakening the oxidiz-
ing power of the O, gas supplied at step 3 or shortening the
supply time of the O, gas, it is possible to reduce an amount
of O added to the first layer or an amount of C desorbed from
the first layer. Thus, it is possible to suppress an increase in
the O concentration or a decrease in the C concentration in
the film formed on the wafer 200. Furthermore, by weak-
ening the oxidizing power of the O, gas supplied at step 3
or shortening the supply time of the O, gas, it is possible to
easily maintain the borazine ring skeleton contained in the
first layer without being broken to thereby suppress desorp-
tion of the borazine ring skeleton from the first layer. That
is, since the desorption of B or N from the first layer can be
suppressed, the amount of B or N contained in the film
formed on the wafer 200 can be easily maintained, without
being reduced.

[0130] (d) By using the TMB gas obtained by vaporizing
the organic borazine compound at step 2, it is possible to
contain an appropriate amount of C in the finally formed
film. That is, by using the B-containing gas acting as the C
source containing the organic ligand such as the TMB gas at
step 2, it is possible to form the SiBON film containing C,
i.e., the SIBOCN film, on the wafer 200, without newly
adding a step of supplying a C-containing gas such as a
C;Hg gas or the like. In this manner, by containing an
appropriate amount of C in the film, it is possible to enhance
the resistance to hydrogen fluoride (HF) of the film, i.e.,
etching resistance.

[0131] (e) By using the halosilane precursor gas such as
the HCDS gas at step 1 and the organic borazine-based gas
such as the TMB gas at step 2, it is possible to effectively
perform the formation process of the first layer.

[0132] This is because, by supplying the HCDS gas con-
taining Cl, i.e., the halosilane precursor gas with high
adsorbability to an underlying layer, to the wafer 200 at step
1, the first layer can be effectively formed on the water 200.
Furthermore, after the formation of the Si-containing layer
containing Cl as the first layer at step 1, by supplying the
TMB gas containing an organic ligand to the first layer at
step 2, it is possible to effectively form the second layer. That
is, by using the reaction between Cl contained in the first
layer and the organic ligand contained in the TMB gas at
step 2, it is possible to enhance the reaction efficiency
between the first layer and the TMB gas. As a result, a
process of forming the second layer can effectively proceed.
[0133] In this manner, by supplying the gas containing the
organic ligand after the supply of the gas containing a
halogen element in performing the film forming process, the
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layer formed on the wafer 200 and the gas supplied to the
layer can effectively react with each other. As a result, it is
possible to increase the formation rate of the first layer and
to enhance the deposition rate of the film formed on the
wafer 200. In addition, it is possible to reduce the amount of
the gases (the HCDS gas and the TMB gas) which do not
contribute to the film forming process and are discharged
from the interior of the process chamber 201, and also to
reduce the film formation cost.

[0134] (f) By non-simultaneously performing steps 1 to 3,
namely by non-simultaneously supplying the HCDS gas, the
TMB gas, and the O, gas without synchronization, it is
possible to appropriately contribute these gases to a reaction
under a condition in which a gas phase reaction or a surface
reaction appropriately occurs. As a result, it is possible to
enhance the step coverage and the film thickness controlla-
bility of the film formed on the wafer 200. In addition, it is
possible to avoid an excessive gas phase reaction within the
process chamber 201 and also to suppress the generation of
particles.

[0135] (g) The effects mentioned above can be similarly
achieved in the case where a gas other than the HCDS gas
is used as the precursor, or in the case where a gas other than
the TMB gas is used as the borazine compound, or in the
case where a gas other than the O, gas is used as the
oxidizing agent.

(4) Modifications

[0136] The film forming sequence of the present embodi-
ment is not limited to the one illustrated in FIG. 4 and may
be modified as in the modifications to be described below.

Modification 1

[0137] As in the film forming sequence illustrated in FIG.
4B or shown below, a cycle of performing step 3 after
performing a set of performing steps 1 and 2 a plurality of
times (m times) may be implemented once (n=1). This
modification is an example in which m is an integer equal to
or greater than 2 and n is 1. Even in this modification, the
same effects as those of the film forming sequence of FIG.
4A may be achieved.

(HCDS—TMB)xm—0,=> SiBOCN, SiBON

Modification 2

[0138] As in the film forming sequence illustrated in FIG.
4C or shown below, a cycle of performing step 3 after
performing a set of performing steps 1 and 2 a plurality of
times (m times) may be implemented a plurality of times (n
times). This modification is an example in which m is an
integer equal to or greater than 2 and n is an integer equal
to or greater than 2. FIG. 4C illustrates an example in which
a cycle of performing step 3 after performing a set of
performing steps 1 and 2 two times is repeated n times. Even
in this modification, the same effects as those of the film
forming sequence of FIG. 4A may be achieved.

[0139] [(HCDS—TMB)xm—0,]/xn= SiBOCN, SiBON
Modification 3
[0140] As in the film forming sequence shown below, the

O, gas activated with plasma may be supplied, instead of
supplying the O, gas activated by heat, at step 3. That is, the
oxidation reaction of the first layer may be performed not
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under a non-plasma atmosphere but by using plasma. In this
case, most of C contained in the first layer can be desorbed
from the first layer, and an SiBON layer not containing C is
formed as the second layer. That is, an SiBON film con-
taining a borazine ring skeleton is formed on the wafer 200.
Even in this modification, the same effects as those of the
film forming sequence of FIG. 4A may be achieved.

[(HCDS—TMB)xm—0, plasma]x# =» SIBON

[0141] When the O, gas activated by plasma is supplied at
step 3, the supply flow rate of the O, gas controlled by the
MEC 2415 may be set to fall within a range of, for example,
100 to 10,000 sccm. The high-frequency power applied
between the rod-shaped electrodes 269 and 270 may be set
to fall within a range of, for example, 50 to 1,000 W. The
internal pressure of the process chamber 201 may be set to
fall within a range of, for example, 1 to 100 Pa. The partial
pressure of the O, gas within the process chamber 201 may
be set to fall within a range of, for example, 0.01 to 100 Pa.
The time period, during which the active species obtained by
plasma-exciting the O, gas are supplied to the wafer 200,
namely the gas supply time period (irradiation time period),
may be set to fall within a range of, for example, 1 to 12
seconds, specifically 1 to 60 seconds. Other processing
conditions may be similar to those of step 3 described above.

Modification 4

[0142] As in the film forming sequence shown below, an
O, gas having higher oxidizing power than that of the O, gas
may be used as the oxidizing agent at step 3. In this case,
most of C contained in the first layer can be desorbed from
the first layer, and an SiBON layer not containing C is
formed as the second layer. That is, an SiBON film con-
taining a borazine ring skeleton is formed on the wafer 200.
Even in this modification, the same effects as those of the
film forming sequence of FIG. 4A may be achieved.

[(HCDS—TMB)xm—>0,/x#n => SiBON

Modification 5

[0143] As in the film forming sequence shown below,
oxidation species not containing water (H,O) such as atomic
oxygen (O) as an oxidizing agent, the atomic oxygen being
generated through the reaction between an O, gas and an H,
gas at a pressure of less than atmospheric pressure (under the
depressurization), may be used at step 3. In this case, most
of C contained in the first layer can be desorbed from the first
layer, and an SiBON layer not containing C is formed as the
second layer. That is, an SiBON film containing a borazine
ring skeleton is formed on the wafer 200. Even in this
modification, the same effects as those of the film forming
sequence of FIG. 4A may be achieved.

[(HCDS—TMB)xm—>0,+H,/xn=> SiBON

[0144] When the O, gas and the Hz gas are supplied at step
3, it is desirable that the supply of the H, gas be performed
from, for example, the gas supply pipe 232a, so that the O,
gas and the H, gas are first mixed (post-mixed) in the
process chamber 201. The supply flow rate of the O, gas
controlled by the MFC 2415 and the supply flow rate of the
H, gas controlled by the MFC 2414 may be respectively set
to fall within a range of, for example, 100 to 10,000 sccm.
The internal pressure of the process chamber 201 may be set
to be lower than atmospheric pressure, for example, to fall
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within a range of 1 to 1,000 Pa. The time period, during
which the O, gas and the H, gas are supplied to the wafer
200, namely the gas supply time period (irradiation time
period), may be set to fall within a range of, for example, 1
to 120 seconds, specifically 1 to 60 seconds. Other process-
ing conditions may be similar to those of step 3 of the film
forming sequence of FIG. 4A.

Modification 6

[0145] The film forming sequence illustrated in FIG. 4A or
each of the modifications described above may further
include a step of supplying a C-containing gas such as a
C,Hg gas or the like to the wafer 200. The step of supplying
the C;H, gas may be performed non-simultaneously with a
step of supplying a precursor such as an HCDS gas, a step
of supplying a borazine compound such as a TMB gas, and
a step of supplying an oxidizing agent such as an O, gas, or
may be performed simultaneously with at least one of these
steps. For example, the step of supplying the C;Hy gas may
be performed simultaneously with the step of supplying the
TMB gas.

[0146] Even in this modification, the same effects as those
of the film forming sequence of FIG. 4A or each of the
modifications described above may be achieved. Further-
more, according to this modification, the C component
contained in the C;H gas can be added to the film formed
on the wafer 200 to increase the C concentration in the film.
However, preferably, when the C;H, gas is not supplied
simultaneously with the HCDS gas but supplied simultane-
ously with the TMB gas, it is possible to avoid an excessive
gas phase reaction in the process chamber 201 and to
suppress the generation of particles in the process chamber
201.

[0147] When the C;H, gas is supplied to the wafer 200,
the supply flow rate of the C,H, gas controlled by the MFC
241e may be set to fall within a range of, for example, 100
to 10,000 sccm. The internal pressure of the process cham-
ber 201 may be set to fall within a range of 1 to 5,000 Pa,
specifically 1 to 4,000 Pa. The partial pressure of the C;H
gas within the process chamber 201 may be set to fall within
a range of, for example, 0.01 to 4,950 Pa. The time period,
during which the C;H gas is supplied to the wafer 200,
namely the gas supply time period (irradiation time period),
may be set to fall within a range of, for example, 1 to 200
seconds, specifically 1 to 120 seconds, more specifically 1 to
60 seconds. Other processing conditions may be similar to
those of step 2 of the film forming sequence of FIG. 4A. As
the C-containing gas, it may be possible to use, other than
the C,Hg gas, for example, a hydrocarbon gas such as an
acetylene (C,H,) gas, an ethylene (C,H,) gas or the like.

Other Embodiments of the Present Disclosure

[0148] While one embodiment of the present disclosure
has been specifically described above, the present disclosure
is not limited to the aforementioned embodiment but may be
differently modified without departing from the spirit of the
present disclosure.

[0149] For example, there has been described an example
in which, in the aforementioned embodiment and the modi-
fications, a cycle of sequentially supplying the precursor, the
borazine compound and the oxidizing agent is implemented
a predetermined number of times, or an example in which,
in the aforementioned embodiment and the modifications, a
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cycle of supplying the oxidizing agent after performing a set
of sequentially supplying the precursor and the borazine
compound a predetermined number of times is implemented
a predetermined number of times. However, the present
disclosure is not limited thereto and the supply order of the
precursor, the borazine compound and the oxidizing agent
can be arbitrarily changed. By changing the supply order, it
is possible to change the quality or the composition ratio of
the thin film as formed. Furthermore, as in the film formation
sequence shown below, it is also possible to simultaneously
supply the precursor, the borazine compound and the oxi-
dizing agent in any combination, namely to mix them in any
combination so as to be used. This makes it possible to
change the quality or the composition ratio of the thin film
as formed.

(HCDS+TMB—0,)x#: => SiBON, SiBOCN
(HCDS+TMB)xm—>0, = SiBON, SiBOCN

[(HCDS+TMB)xm—+0,]/xn => SiBON, SiBOCN

[0150] In addition, for example, in the aforementioned
embodiment, there has been described an example of using
the TMB gas, which is an organic borazine-based gas, as the
borazine-based gas. The present disclosure is not limited
thereto. For example, as the borazine gas, it may be possible
to use, for example, a borazine-based gas not containing C
such as a borazine (B;HgN,) gas, i.e., an inorganic borazine-
based gas. In the film forming sequence illustrated in FIG.
4, when an inorganic borazine-based gas is used as the
borazine-based gas, a film (SiBON film) containing a bora-
zine ring skeleton and not containing C is formed as the
second film. As a result, it is possible to appropriately reduce
the C concentration in the film formed on the wafer 200.
[0151] By using a silicon-based insulating film, which is
formed by the film forming sequence illustrated in FIG. 4 or
the method of each of the modifications, as a sidewall spacer,
it is possible to provide a technique of forming a device
which is small in leak current and is superior in workability.
Furthermore, by using the silicon-based insulating film
mentioned above as an etch stopper, it is possible to provide
a technique of forming a device which is superior in work-
ability. In addition, according to the film forming sequence
illustrated in FIG. 4 and some modifications, it is possible to
form a silicon-based insulating film having an ideal stoichi-
ometry without using plasma. Since the silicon-based insu-
lating film can be formed without using plasma, it is also
applicable to a process that concerns plasma damage, for
example, an SADP film of DPT or the like.

[0152] The aforementioned film forming sequence may be
suitably applicable to a case where a multi-element metal
film containing a metal element such as titanium (Ti),
zirconium (Zr), hafnium (Hf), tantalum (Ta), niobium (Nb),
aluminum (Al), molybdenum (Mo), tungsten (W) or the like,
and at least one specific element selected from a group
consisting of B, O, C and N is formed on the wafer 200. That
is, the present disclosure may be suitably applicable to, e.g.,
a case where a TiBON film, a TIBOCN film, a ZrBON film,
a ZrBOCN film, an HfBON film, an HfBOCN film, a
TaBON film, a TaBOCN film, an NbBON film, an NbBOCN
film, an AIBON film, an AIBOCN film, an MoBON film, an
MoBOCN film, a WBON film, or a WBOCN film is formed.
[0153] In these cases, as the precursor gas, it may be
possible to use a precursor gas containing a metal element,
instead of a precursor gas containing a semiconductor ele-
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ment such as Si or the like in the aforementioned embodi-
ment. As the borazine compound and the oxidizing agent, it
may be possible to respectively use the same gas as in the
aforementioned embodiment. The processing procedures
and processing conditions at this time may be similar to, for
example, those of the aforementioned embodiment and
modifications. Even in these cases, the same effects as those
of the aforementioned embodiment and modifications may
be achieved.

[0154] That is, the present disclosure may be suitably
applicable to a case where a multi-element film containing
at least one specific element selected from a group consist-
ing of B, O, C and N and a predetermined element such as
a semiconductor element or a metal element is formed.
[0155] Process recipes (programs describing processing
procedures and processing conditions) used in these kinds of
films may be prepared individually (prepared in a plural
number) according to the contents of substrate processing
(the kind, composition ratio, quality, film thickness, process-
ing procedure and processing condition of the film as
formed). Hereinafter, the process recipe may be simply
referred to as a recipe. Moreover, at the start of substrate
processing, it may properly select an appropriate recipe from
the recipes according to the contents of substrate processing.
Specifically, the various recipes, which are individually
prepared according to the contents of substrate processing,
may be stored in the memory device 121¢ included in the
substrate processing device, via a telecommunication line or
a recording medium storing the corresponding recipes (the
external memory device 123). Further, at the start of sub-
strate processing, the CPU 121a¢ may properly select an
appropriate recipe from the recipes stored in the memory
device 121¢ according to the contents of substrate process-
ing. With this configuration, it is possible for a single
substrate processing apparatus to form films of different
kinds, composition ratios, qualities and thicknesses for gen-
eral purpose with enhanced reproducibility. In addition, it is
possible to reduce an operator’s burden (e.g., a burden borne
by an operator when inputting processing procedures and
processing conditions) and to quickly start the substrate
processing while avoiding an operation error.

[0156] The recipes mentioned above are not limited to
newly-prepared ones but may be prepared by, for example,
modifying the existing recipes already installed in the sub-
strate processing apparatus. In the case of modifying the
recipes, the modified recipes may be installed in the sub-
strate processing apparatus via a telecommunication line or
a recording medium storing the recipes. In addition, the
existing recipes already installed in the substrate processing
apparatus may be directly modified by operating the input/
output device 122 of the existing substrate processing appa-
ratus.

[0157] In the aforementioned embodiment, there has been
described an example in which films are formed using a
batch-type substrate processing apparatus capable of pro-
cessing a plurality of substrates at a time. The present
disclosure is not limited to the aforementioned embodiment
but may be appropriately applied to, for example, a case
where films are formed using a single-wafer-type substrate
processing apparatus capable of processing a single sub-
strate or several substrates at a time. In addition, in the
aforementioned embodiment, there has been described an
example in which films are formed using a substrate pro-
cessing apparatus provided with a hot-wall-type processing
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furnace. The present disclosure is not limited to the afore-
mentioned embodiment but may be appropriately applied to
a case where films are formed using a substrate processing
apparatus provided with a cold-wall-type processing fur-
nace. Even in these cases, the processing procedures and the
processing conditions may be similar to, for example, the
processing procedures and the processing conditions of the
aforementioned embodiment.

[0158] The present disclosure may be suitably applied to,
for example, a case where a film is formed using a substrate
processing apparatus provided with a processing furnace
302 illustrated in FIG. 9A. The processing furnace 302
includes a process vessel 303 which defines a process
chamber 301, a shower head 303s as a gas supply part
configured to supply a gas into the process chamber 301 in
a shower-like manner, a support table 317 configured to
horizontally support one or more wafers 200, a rotary shaft
355 configured to support the support table 317 from below,
and a heater 307 installed in the support table 317. A gas
supply port 332a configured to supply the precursor gas
mentioned above and a gas supply port 33256 configured to
supply the reaction gas mentioned above are connected to
inlets (gas introduction holes) of the shower head 303s. A
gas supply system similar to the precursor gas supply system
of the aforementioned embodiment is connected to the gas
supply port 332a. A remote plasma unit (plasma generation
device) 33956 as an excitation part for plasma-exciting and
supplying the reaction gas mentioned above and a gas
supply system similar to the reaction gas supply system of
the aforementioned embodiment are connected to the gas
supply port 332b. A gas distribution plate configured to
supply a gas into the process chamber 301 in a shower-like
manner is installed in outlets (gas discharge holes) of the
shower head 303s. The shower head 303s is installed in such
a position as to face the surfaces of the wafers 200 carried
into the process chamber 301. An exhaust port 331 config-
ured to evacuate the interior of the process chamber 301 is
installed in the process vessel 303. An exhaust system
similar to the exhaust system of the aforementioned embodi-
ment is connected to the exhaust port 331.

[0159] In addition, the present disclosure may be suitably
applied to, e.g., a case where a film is formed using a
substrate processing apparatus provided with a processing
furnace 402 illustrated in FIG. 9B. The processing furnace
402 includes a process vessel 403 which defines a process
chamber 401, a support table 417 configured to horizontally
support one or more wafers 200, a rotary shaft 455 config-
ured to support the support table 417 from below, a lamp
heater 407 configured to irradiate light toward the wafers
200 within the process vessel 403, and a quartz window
403w which transmits the light irradiated from the lamp
heater 407. A gas supply port 432a configured to supply the
precursor gas mentioned above and a gas supply port 4325
as a gas supply part configured to supply the reaction gas
mentioned above are connected to the process vessel 403. A
gas supply system similar to the precursor gas supply system
of the aforementioned embodiment is connected to the gas
supply port 432a. The aforementioned remote plasma unit
3396 and a gas supply system similar to the reaction gas
supply system of the aforementioned embodiment are con-
nected to the gas supply port 4325. The gas supply ports
432a and 43254 are respectively installed at the lateral side of
the end portions of the wafers 200 carried into the process
chamber 401, namely at such positions as not to face the
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surfaces of the wafers 200 carried into the process chamber
401. An exhaust port 431 configured to exhaust the interior
of the process chamber 401 is installed in the process vessel
403. An exhaust system similar to the exhaust system of the
aforementioned embodiment is connected to the exhaust
port 431.

[0160] In the case of using these substrate processing
apparatuses, a film forming process may be performed by
the sequences and processing conditions similar to those of
the embodiment and modifications described above. Effects
similar to those of the embodiment and modifications
described above may be achieved.

[0161] The embodiment and modifications described
above may be appropriately combined with one another. In
addition, the processing conditions used at this time may be
similar to, for example, the processing conditions of the
aforementioned embodiment.

What is claimed is:

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

forming a film on a substrate by performing a cycle n

times (where n is an integer equal to or greater than 1),

the cycle including alternately performing:

performing a set m times (where m is an integer equal
to or greater than 1), the set including supplying a
precursor to the substrate and supplying a borazine
compound to the substrate; and

supplying an oxidizing agent to the substrate.

2. The method of claim 1, wherein the act of forming the
film is performed under a condition in which a borazine ring
skeleton in the borazine compound is maintained.

3. The method of claim 1, wherein the film is a film
containing boron, nitrogen, oxygen, and an element con-
tained in the precursor, or a film containing boron, nitrogen,
oxygen, carbon and the element.

4. The method of claim 1, wherein m is 1 and n is an
integer equal to or greater than 2.

5. The method of claim 1, wherein m is an integer equal
to or greater than 2 and n is 1.

6. The method of claim 1, wherein m is an integer equal
to or greater than 2 and n is an integer equal to or greater
than 2.

7. The method of claim 1, wherein the borazine compound
is an organic borazine compound, and

wherein, in the act of performing the set m times, a first

layer containing boron, nitrogen, oxygen, carbon and
an element contained in the precursor is formed.

8. The method of claim 7, wherein, in the act of supplying
the oxidizing agent, a second layer containing boron, nitro-
gen, oxygen, carbon and the element is formed by oxidizing
and modifying the first layer under a condition in which the
carbon contained in the first layer is not desorbed, and

in the act of forming the film, a film containing boron,

nitrogen, oxygen, carbon and the element is formed as
the film.

9. The method of claim 7, wherein, in the act of supplying
the oxidizing agent, a second layer containing boron, nitro-
gen, oxygen, carbon and the element is formed by thermally
oxidizing and modifying the first layer, and

in the act of forming the film, a film containing boron,

nitrogen, oxygen, carbon and the element is formed as
the film.

10. The method of claim 7, wherein, in the act of
supplying the oxidizing agent, a second layer containing
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boron, nitrogen, oxygen and the element is formed by
oxidizing and modifying the first layer under a condition in
which the carbon contained in the first layer is desorbed, and
in the act of forming the film, a film containing boron,
nitrogen, oxygen and the element is formed as the film.
11. The method of claim 7, wherein, in the act of sup-
plying the oxidizing agent, a second layer containing boron,
nitrogen, oxygen and the element is formed by plasma-
oxidizing and modifying the first layer, and
in the act of forming the film, a film containing boron,
nitrogen, oxygen and the element is formed as the film.
12. The method of claim 7, wherein, in the act of
supplying the oxidizing agent, a second layer containing
boron, nitrogen, oxygen and the element is formed by
oxidizing and moditying the first layer using ozone as the
oxidizing agent, and
in the act of forming the film, a film containing boron,
nitrogen, oxygen and the element is formed as the film.

13. The method of claim 7, wherein, in the act of
supplying the oxidizing agent, a second layer containing
boron, nitrogen, oxygen and the element is formed by
oxidizing and modifying the first layer using atomic oxygen
as the oxidizing agent, the atomic oxygen being generated
through a reaction between an oxygen-containing gas and a
hydrogen-containing gas at a pressure of less than an atmo-
spheric pressure, and

in the act of forming the film, a film containing boron,

nitrogen, oxygen and the element is formed as the film.

14. A substrate processing apparatus, comprising:

a process chamber configured to accommodate a sub-
strate;

a precursor supply system configured to supply a precur-
sor to the substrate in the process chamber,

a borazine compound supply system configured to supply
a borazine compound to the substrate in the process
chamber;

an oxidizing agent supply system configured to supply an
oxidizing agent to the substrate in the process chamber;
and

a control part configured to control the precursor supply
system, the borazine compound supply system, and the
oxidizing agent supply system to perform the following
in the process chamber:
forming a film on the substrate by performing a cycle

n times (where n is an integer equal to or greater than

1), the cycle including alternately performing:

a first process of performing a set m times (where m
is an integer equal to or greater than 1), the set
including supplying the precursor to the substrate
and supplying the borazine compound to the sub-
strate; and

a second process of supplying the oxidizing agent to
the substrate.

15. A non-transitory computer-readable recording
medium storing a program that causes a computer to per-
form a process, the process comprising:

forming a film on a substrate by performing a cycle n
times (where n is an integer equal to or greater than 1),
the cycle including alternately performing:
performing a set m times (where m is an integer equal

to or greater than 1), the set including supplying a
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precursor to the substrate and supplying a borazine
compound to the substrate; and
supplying an oxidizing agent to the substrate.
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