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Provided are a thin film formation apparatus, a sputtering
cathode, and a method of forming thin film, capable of form-
ing a multilayer optical film at a high film deposition rate on
a large-sized substrate. The thin film formation apparatus
forms a thin film of a metal compound on a substrate in a
vacuum chamber by sputtering. The vacuum chamber is pro-
(21) Appl. No.: 14/437,708 vided in its inside with targets composed of metal or a con-
ductive metal compound, and an active species source for
generating an active species of a reactive gas. The active

(22) PCT Filed: Oct. 23,2012 species source is provided with gas sources for supplying the
reactive gas, and an energy source for supplying energy into
(86) PCT No.: PCT/IP2012/077345 the vacuum chamber to excite the reactive gas to a plasma
- state. The energy source is provided between itself and the
§ 371 (c)(1), vacuum chamber with a dielectric window for supplying the
(2) Date: Apr. 22, 2015 energy into the vacuum chamber.
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THIN FILM FORMATION APPARATTUS,
SPUTTERING CATHODE, AND METHOD OF
FORMING THIN FILM

TECHNICAL FIELD

[0001] The present invention relates to a thin film formation
apparatus, a sputtering cathode, and a method of forming a
thin film and, in particular, to a thin film formation apparatus,
a sputtering cathode, and a method of forming a thin film,
capable of forming an optical multilayer film on a substrate at
a high film deposition rate.

BACKGROUND ART

[0002] As a method of forming a thin film of a metal com-
pound by sputtering, an RF reactive sputtering method, where
a thin film is formed by reactive sputtering using a high
frequency power source to introduce a reactive gas to a metal
compound target or a metal target, a DC reactive sputtering
method, where a thin film is formed by reactive sputtering
using a DC power supply to introduce a reactive gas to a metal
compound target or a metal target, and the like are known.

[0003] A relation between a reactive gas flow rate/total gas
flow rate ratio and a film deposition rate (rate of forming thin
film) is shown in FIG. 8. The reactive gas flow rate and the
total gas flow rate in FIG. 8 are a gas flow rate measured in the
vicinity of the target. In FIG. 8, a region having the low
reactive gas flow rate ratio is called as a metal mode A, in
which the film deposition rate is substantially equal to the
case where the reactive gas flow rate is zero. In the region of
the metal mode, the film deposition rate is insensitive to
variations of the reactive gas flow rate values.

[0004] In a region where the reactive gas flow rate ratio is
higher than the metal mode, the film deposition rate decreases
rapidly as the reactive gas flow rate ratio increases, the region
referred to as a transitional region mode B. As the reactive gas
flow rate ratio further increases, the film deposition rate is
stabilized ata low level, entering a reactive mode C, where the
film deposition rate is again insensitive to variations of the
reactive gas flow rate values.

[0005] In the above-mentioned RF reactive sputtering
method and DC reactive sputtering method, the sputtering is
performed in the region of the reactive mode C in the graph of
FIG. 8, resulting in having about % to Yio of the film deposi-
tion rate when compared with the case of forming a metal thin
film without introducing the reactive gas.

[0006] As a technique for forming an optical multilayer
film with high quality while solving the problem of the low
film deposition rate observed in the RF reactive sputtering
method and the DC reactive sputtering method, there is a
known sputtering method, in which a radical source is pro-
vided in a vacuum chamber, whereby sputter particles from a
metal target, and deposits on a substrate are converted by
radicals through oxidation or the like to form metal com-
pounds (e.g., see Patent Document 1).

[0007] In the sputtering method described in Patent Docu-
ment 1, a film deposition area and a reaction area are sepa-
rated spatially as well as in a pressure-wise manner in a
vacuum chamber, so that after the sputtering is performed
with a metal target in the film deposition area, the thus formed
metal thin film is brought into contact with an active species
of a reactive gas in the reaction area to form a thin film of a
metal compound.
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[0008] According to the sputtering method described in
Patent Document 1, an optical multilayer film can be formed
at a high film deposition rate since the film formation is
performed in the metal mode A, instead of the reactive mode
CinFIG. 8.

[0009] However, according to the sputtering method of
Patent Document 1, the film deposition area where the sput-
tering is performed and the reaction area where oxidation and
nitriding occur by the radicals need to be spatially separated,
and further, the high-speed rotation of the substrate is
required, thus, a type of sputtering apparatus used in this
method is limited to a carousel type rotary drum. This
method, therefore, couldn’t be applied to an opposed-to-sub-
strate type or in-line type sputtering apparatus. As such, a
substrate that can be mounted is limited to the one with a
small size, and it has been difficult to form a film on a large-
sized substrate.

CITATION LIST

Patent Document

[0010] Patent Document 1: JP 2001-234338 A (Paragraphs
0067-0072 and FIG. 1)

DISCLOSURE OF THE INVENTION

Problem to be Solved by the Invention

[0011] The present invention has been made in view of the
above-described problems, and an object of the present inven-
tion is to provide a thin film formation apparatus, a sputtering
cathode, and a method of forming a thin film, capable of
forming an optical multilayer film on a large-sized substrate
at a high film deposition rate.

Means for Solving Problem

[0012] As aresultofan extensive study on the arrangement
of'a target and an active species source in a vacuum chamber,
the present inventors surprisingly found that it is possible to
form a thin film of a metal compound by sputtering in the
metal mode or the transitional region mode instead of the
reactive mode by arranging an energy source for exciting a
reactive gas into a plasma state in a defined position despite
that the target and the active species source are not separated
spatially or in a pressure-wise manner, but rather arranged to
produce mutual electromagnetic and pressure interactions,
and were able to complete the present invention.

[0013] That is, the above-mentioned problems can be
solved by a thin film formation apparatus for forming a thin
film of a metal compound on a substrate in a vacuum chamber
by sputtering according to an embodiment of the present
invention, wherein the thin film formation apparatus includes
in the vacuum chamber a target composed of metal or a
conductive metal compound, and an active species source for
generating an active species of a reactive gas, arranged to
produce mutual electromagnetic and pressure interactions
with the target, the active species source includes a gas source
for supplying the reactive gas, and an energy source for excit-
ing the reactive gas into a plasma state by supplying an energy
within the vacuum chamber, the energy source includes
between itself and the vacuum chamber a dielectric window
for supplying the energy within the vacuum chamber, and the
dielectric window is disposed in parallel with the substrate, or
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in such a way as inclining towards the target side at an angle
of less than 90° to the substrate.

[0014] Inaconventional reactive sputtering, where a target
such as metal is sputtered while a reactive gas is introduced,
ametal compound is formed on the surface of the target as the
introduction rate of the reactive gas increases, so that film
formation is performed in the reactive mode with a low film
deposition rate. In contrast, in the thin film formation method
of the present invention, a metal compound is deposited on a
film by sputtering in the metal or transitional region mode
instead of the reactive mode, thus an optical multilayer film
can be formed at a high film deposition rate.

[0015] That is, because the active species source is
arranged to produce mutual electromagnetic and pressure
interactions with the target, this configuration creates plasma
interactions between a plasma generated by applying a volt-
age to the target and a plasma generated by the active species
source, and thereby increases the plasma density in the area
between the target and the substrate. As the result, the amount
of the sputtering gas active species such as Ar* increases in
the vicinity of the target and the sputtering efficiency is
improved.

[0016] Further, because of the improvement of the sputter-
ing efficiency, metal or a conductive metal compound is
ejected from the target surface before a metal compound is
formed on the target surface. Thus, formation of the metal
compound is suppressed on the target surface, and the film
deposition rate is prevented from being decreased.

[0017] Further, the active species of the reactive gas is
generated by the active species source, thus making it pos-
sible to achieve a high reaction efficiency using a small
amount of the reactive gas. As the result, even if the introduc-
tion rate of the reactive gas is reduced, a particle that is not a
complete compound and ejected from the target, and a thin
film-shaped product that is not a complete compound and
formed by the accumulation of such particle on the substrate
can be brought into a sufficient reaction. In this way, a thin
film of a metal compound can be formed in the metal or
transitional region mode.

[0018] Further, the energy source includes between itself
and the vacuum chamber a dielectric window for supplying
energy within the vacuum chamber, and the dielectric win-
dow is disposed in parallel with the substrate, or in such a way
as inclining towards the target side at an angle of less than 90°
to the substrate. Thus, it becomes possible to disperse a par-
ticle that is not a complete compound and ejected from the
target composed of metal or a conductive metal compound by
sputtering in the direction toward the substrate, and in the
same time, convert a thin film-shaped product that is not a
complete compound and formed by the accumulation of the
particle that is not a complete compound on the substrate to a
complete metal compound. As the result, it becomes unnec-
essary to separate spatially as well as in a pressure-wise
manner between the target and the active species source, and
they can be instead arranged to produce mutual electromag-
netic and pressure interactions.

[0019] In this configuration, the vacuum chamber may
internally include a substrate conveyance section for convey-
ing a substrate, and the active species source may be disposed
on at least one of the upstream and downstream sides of the
target in the substrate conveyance direction.

[0020] By having the active species source disposed on at
least one of the upstream and downstream sides of the target,
it becomes possible to disperse a particle that is not a com-
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plete compound and ejected from the target composed of
metal by sputtering in the direction toward the substrate, and
in the same time, convert a thin film-shaped product that is not
a complete compound and formed by the accumulation of the
particle that is not a complete compound on the substrate to a
complete metal compound. It also becomes unnecessary to
separate spatially as well as in a pressure-wise manner
between the target and the active species source, and they can
be instead arranged to produce mutual electromagnetic and
pressure interactions.

[0021] In this configuration, the energy source may be a
plasma source for generating plasma by inductive coupling
and surface wave through the dielectric window.

[0022] Having such configuration makes it possible to
appropriately select a positional relation of a radical source
relative to the substrate and the target, and readily constitute
a thin film formation apparatus capable of forming a film at
optimum conditions.

[0023] In this configuration, the active species source may
be an inductive coupling type plasma (ICP) radical source.

[0024] Having such configuration makes it possible to
achieve a high film deposition rate by large diameter plasma
having low pressure and high density.

[0025] In this configuration, the thin film formation appa-
ratus may comprises an in-line type sputtering apparatus hav-
ing a plurality of film-forming stations including the target
and the active species source disposed on at least one of the
upstream and downstream sides of the target in the substrate
conveyance direction.

[0026] Having such configuration makes it possible to con-
stitute an apparatus for forming a thin film of a metal com-
pound by sputtering with a high film deposition rate in the
metal or transitional region mode without a need of adopting
acarousel type as before. As the result, it becomes possible to
form a thin film of a metal compound on a large-sized sub-
strate with a high film deposition rate without limiting the
shape and the size of a substrate.

[0027] In this configuration, the film-forming station may
include a detection unit for optically detecting a film deposi-
tion rate, and a control unit for controlling the film deposition
rate in each film-forming station accordingly by receiving a
signal from the corresponding film deposition rate detection
unit.

[0028] Having such configuration makes it possible to per-
form a feedback control of the film deposition rate, for
example, by independently controlling a power source and a
gas flow rate for sputtering, and a power source and a gas flow
rate of the active species source.

[0029] In addition, the thin film formation apparatus pref-
erably includes a sputtering section in the vacuum chamber
for sputtering the target and by the sputtering dispersing a
particle that is not a complete compound from the target to a
substrate, and a composition conversion section in the
vacuum chamber for converting the particle to a complete
metal compound by contacting the particle with an active
species of a reactive gas generated by the active species
source, thereby making it possible to form a thin film com-
posed of the complete metal compound on the substrate.

[0030] Having such configuration makes it possible to dis-
pose the target and the active species source to produce
mutual electromagnetic and pressure interactions and obviate
the need for separating spatially as well as in a pressure-wise
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manner between the target and the active species source, thus
enabling to provide a thin film formation apparatus with a
simple constitution.

[0031] The above-mentioned problems can be solved by a
sputtering cathode for forming a thin film of a metal com-
pound on a substrate by sputtering according to an embodi-
ment of the present invention, wherein the sputtering cathode
includes a target composed of metal or a conductive metal
compound, and an active species source for generating an
active species of the reactive gas, arranged to produce mutual
electromagnetic and pressure interactions with the target, the
active species source includes a gas source for supplying the
reactive gas, and an energy source for exciting the reactive gas
into a plasma state by supplying energy within the vacuum
chamber, the energy source includes a dielectric window for
supplying the energy to the outside of the energy source, and
the dielectric window is disposed in parallel with the sub-
strate, or in such a way as inclining towards the target side at
an angle of less than 90° to the substrate.

[0032] Inaconventional reactive sputtering, where a target
such as metal is sputtered while a reactive gas is introduced,
ametal compound is formed on the surface of the target as the
introduction rate of the reactive gas increases, so that film
formation is performed in the reactive mode with a low film
deposition rate. In contrast, in the thin film formation method
of the present invention, a metal compound is deposited on a
film by sputtering in the metal or transitional region mode
instead of the reactive mode, thus an optical multilayer film
can be formed at a high film deposition rate.

[0033] That is, because the active species source is
arranged to produce mutual electromagnetic and pressure
interactions with the target, this configuration creates plasma
interactions between a plasma generated by applying a volt-
age to the target and a plasma generated by the active species
source, and thereby increases the plasma density in the area
between the target and the substrate. As the result, the amount
of the sputtering gas active species such as Ar* increases in
the vicinity of the target and the sputtering efficiency is
improved.

[0034] Further, because of the improvement of the sputter-
ing efficiency, metal or a conductive metal compound is
ejected from the target surface before a metal compound is
formed on the target surface. Thus, formation of the metal
compound is suppressed on the target surface, and the film
deposition rate is prevented from being decreased.

[0035] Further, the active species of the reactive gas is
generated by the active species source, thus making it pos-
sible to achieve a high reaction efficiency using a small
amount of the reactive gas. As the result, even if the introduc-
tion rate of the reactive gas is reduced, a particle that is not a
complete compound and ejected from the target, and a thin
film-shaped product that is not a complete compound and
formed by the accumulation of such particle on the substrate
can be brought into a sufficient reaction. In this way, a thin
film of a metal compound can be formed in the metal or
transitional region mode.

[0036] In addition, the target and the active species source
may be arranged side by side in the same space of a vacuum
chamber in such a way that the sputtering face of the target
where erosion occurs and the active species source are
arranged to be opposed to the substrate, and the active species
source are disposed on at least one of the upstream and down-
stream sides of the target in the substrate conveyance direc-
tion.
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[0037] Having such configuration creates plasma interac-
tions between plasma generated by applying a voltage to the
target and plasma generated by the active species source, and
increases the plasma density in the area between the target
and the substrate, so that the amount of Ar* increases in the
vicinity of the target and the sputtering efficiency can be
improved.

[0038] The above-mentioned problems can be solved by a
method of forming a thin film according to an embodiment of
the present invention, wherein the method comprises a sput-
tering step for sputtering a target composed of metal or a
conductive metal compound and by the sputtering, dispersing
a particle that is not a complete compound from the target to
a substrate in a vacuum chamber, and a composition conver-
sion step for converting the particle to a complete metal
compound by contacting the particle with an active species of
a reactive gas generated by an active species source arranged
to produce mutual electromagnetic and pressure interactions
with the target in the vacuum chamber, thereby enabling to
form a thin film composed of the complete metal compound
on the substrate.

[0039] Inaconventional reactive sputtering, where a target
such as metal is sputtered while a reactive gas is introduced,
ametal compound is formed on the surface of the target as the
introduction rate of the reactive gas increases, so that film
formation is performed in the reactive mode with a low film
deposition rate. In contrast, in the thin film formation method
of the present invention, a metal compound is deposited on a
film by sputtering in the metal or transitional region mode
instead of the reactive mode, thus an optical multilayer film
can be formed at a high film deposition rate.

[0040] That is, because the active species source is
arranged to produce mutual electromagnetic and pressure
interactions with the target, this configuration creates plasma
interactions between a plasma generated by applying a volt-
age to the target and a plasma generated by the active species
source, and thereby increases the plasma density in the area
between the target and the substrate. As the result, the amount
of the sputtering gas active species such as Ar* increases in
the vicinity of the target and the sputtering efficiency is
improved.

[0041] Further, because of the improvement of the sputter-
ing efficiency, metal or a conductive metal compound is
ejected from the target surface before a metal compound is
formed on the target surface. Thus, formation of the metal
compound is suppressed on the target surface, and the film
deposition rate is prevented from being decreased.

[0042] Further, the active species of the reactive gas is
generated by the active species source, thus making it pos-
sible to achieve a high reaction efficiency using a small
amount of the reactive gas. As the result, even if the introduc-
tion rate of the reactive gas is reduced, a particle that is not a
complete compound and ejected from the target, and a thin
film-shaped product that is not a complete compound and
formed by the accumulation of such particle on the substrate
can be brought into a sufficient reaction, so that a thin film of
a metal compound can be formed in the metal or transitional
region mode.

[0043] Further, the thin film-shaped product that is not a
complete compound and formed by the accumulation of the
particle on the substrate is converted to a complete metal
compound by contacting with the active species of the reac-
tive gas generated by the active species source arranged to
produce mutual electromagnetic and pressure interactions
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with the target, thus it becomes possible to arrange the target
and the active species source to produce mutual electromag-
netic and pressure interactions, and obviate the need for sepa-
rating spatially as well as in a pressure-wise manner between
the target and the active species source, thereby enabling to
form a film using a thin film formation apparatus having a
simple constitution.

[0044] Additionally, the method of forming a thin film of
the present invention may include a film formation repetitive
step, in which the sputtering step and the composition con-
version step are repeated in parallel a plurality of times after
the composition conversion step.

[0045] In such configuration, it is possible to deposit a
metal compound to form a film by sputtering performed in the
metal or transitional region mode instead of the reactive
mode, and produce a thin film of the metal compound having
a desired film thickness.

[0046] Before the sputtering step, the method may also
include a step of introducing the substrate into an in-line type
thin film formation apparatus having a plurality of film-form-
ing stations each including the target and the active species
source disposed on at least one of the upstream and down-
stream sides of the target in the substrate conveyance direc-
tion. Then the method may further include an in-station film
formation step, where the sputtering step, the composition
conversion step, and the film formation repetitive step are
carried out in the film-forming stations while the substrate is
conveyed at a constant speed, a conveyance step for convey-
ing the substrate to the film-forming stations located on the
downstream side in the substrate conveyance direction, and a
multiple-station film formation step, where the in-station film
formation step and the conveyance step are repeated. After the
in-station film formation step is completed in the film-form-
ing station on the most downstream side in the substrate
conveyance direction, a discharge step for discharging the
substrate to the atmosphere may be performed.

[0047] Having such configuration makes it possible to form
a multilayer film composed of a metal compound having a
desired number of layers by appropriately selecting the num-
ber of the film-forming stations.

Effect of the Invention

[0048] In aconventional reactive sputtering, where a target
such as metal is sputtered while a reactive gas is introduced,
ametal compound is formed on the surface of the target as the
introduction rate of the reactive gas increases, so that film
formation is performed in the reactive mode with a low film
deposition rate. In contrast, in the thin film formation method
of the present invention, a metal compound can be deposited
on a film by sputtering in the metal or transitional region
mode instead of the reactive mode, thus an optical multilayer
film can be formed at a high film deposition rate.

[0049] That is, because the active species source is
arranged to produce mutual electromagnetic and pressure
interactions with the target, this configuration creates plasma
interactions between a plasma generated by applying a volt-
age to the target and a plasma generated by the active species
source, and thereby increases the plasma density in the area
between the target and the substrate. As the result, the amount
of the sputtering gas active species such as Ar* increases in
the vicinity of the target and the sputtering efficiency is
improved.

[0050] Further, because of the improvement of the sputter-
ing efficiency, metal or a conductive metal compound is
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ejected from the target surface before a metal compound is
formed on the target surface. Thus, formation of the metal
compound is suppressed on the target surface, and the film
deposition rate is prevented from being decreased.

[0051] Further, the active species of the reactive gas is
generated by the active species source, thus making it pos-
sible to achieve a high reaction efficiency using a small
amount of the reactive gas. As the result, even if the introduc-
tion rate of the reactive gas is reduced, a particle that is not a
complete compound and ejected from the target, and a thin
film-shaped product that is not a complete compound and
formed by the accumulation of such particle on the substrate
can be brought into a sufficient reaction. Thus, a thin film of
a metal compound can be formed in the metal or transitional
region mode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] FIG. 1 is an explanatory diagram illustrating an
in-line type sputtering apparatus according to an embodiment
of the present invention;

[0053] FIG. 2 is an enlarged explanatory diagram illustrat-
ing a configuration of a film-forming station of the in-line
type sputtering apparatus according to the embodiment of the
present invention;

[0054] FIG. 3 is a schematic explanatory diagram illustrat-
ing a radical source according to the embodiment of the
present invention;

[0055] FIG. 4 is a schematic explanatory diagram illustrat-
ing the radical source according to the embodiment of the
present invention;

[0056] FIG. 5 is an explanatory diagram illustrating an
in-line type sputtering apparatus according to another
embodiment of the present invention;

[0057] FIG. 6 is a graph showing a comparison of reflec-
tance values at the different wavelengths between a multi-
layer AR film formed in Example 9 and a multilayer AR film
in design, where a first layer is Si;N,, having the physical film
thickness of 123.9 nm, a second layer is SiO, having the
physical film thickness of 164.3 nm, a third layer is Si;N,
having the physical film thickness of 99.5 nm, and a fourth
layer is SiO, having the physical film thickness of 73.2 nm;
[0058] FIG. 7 is a graph showing a relation between an
oxygen partial pressure and a target voltage measured in the
in-line type sputtering apparatus according to the embodi-
ment of the present invention under the conditions where
oxygen gas flow rate is increased and decreased; and

[0059] FIG. 8 is a graph showing a relation between a
reactive gas flow rate/total gas flow rate ratio, and a film
deposition rate (rate of forming thin film) in a conventional
sputtering.

DETAILED DESCRIPTION OF THE INVENTION

[0060] Hereinafter, embodiments of the present invention
will be described with reference to the drawings. The mem-
bers, the arrangements, and the like described below do not
limit the invention of the present application, and may be, of
course, modified into various forms in accordance with the
spirit of the invention.

[0061] In the specification, an active species of a reactive
gas refers to a highly reactive particle generated as a result of
reactions such as ionization, dissociation, adhesion, excita-
tion, and the like caused by high-speed electrons colliding
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against reactive gas molecules and atoms in plasma, and
includes an ion, a radical, an excited species, and the like of a
reactive gas.

[0062] The radical of a reactive gas includes a reactive gas
radical, in which a molecular ion, an atom, and an inner shell
electron of the reactive gas are in an excited state and are more
active than a reactive gas molecule.

(Thin Film Formation Apparatus)

[0063] A sputtering apparatus 1 as a thin film formation
apparatus of the present embodiment is a so-called load
locked type and in-line type sputtering apparatus, and is com-
posed of a load lock chamber 11, a film deposition chamber
21, an unloading chamber 31, and a substrate conveyance
device not illustrated.

[0064] The load lock chamber 11 includes a gate valve 12
for making the load lock chamber 11 open to the atmosphere,
a gate valve 13 provided between itself and the film deposi-
tion chamber 21, and a rotary pump 14 for evacuating the load
lock chamber 11.

[0065] The unloading chamber 31 includes a gate valve 32
for making the unloading chamber 31 open to the atmosphere,
a gate valve 33 provided between itself and the film deposi-
tion chamber 21, and a rotary pump 34 for evacuating the
unloading chamber 31.

[0066] The substrate conveyance device not illustrated is a
known substrate conveyance device used in an in-line type
sputtering apparatus, and includes a substrate holder not illus-
trated for holding a substrate 43, and a substrate conveyance
mechanism not illustrated. By the substrate conveyance
device, the substrate 43 is introduced from the atmosphere to
the load lock chamber 11, the film deposition chamber 21, and
the unloading chamber 31, and then conveyed to the atmo-
sphere.

[0067] The substrate 43 is fixed to the substrate holder not
illustrated.
[0068] The substrate 43 is a so-called large-sized substrate,

such as optical members with a large area, large window
glasses for building, large FPDs (flat panel displays), and the
like.

[0069] A single substrate 43 may be fixed to the substrate
holder notillustrated, or a plurality of substrates, for example,
four substrates each having the size of one quarter of the
substrate 43, i.e. the single substrate 43 being horizontally
and vertically divided into two equal parts, may be fixed to the
substrate holder not illustrated.

[0070] The film deposition chamber 21 includes a plurality
of film-forming stations ST (ST1 to STn) (n is a positive
integer) which are connected together, and one end of the film
deposition chamber 21 is connected to the load lock chamber
11 via the gate valve 13, while the other end is connected to
the unloading chamber 31 via the gate valve 33. The bottom
part of the film deposition chamber 21 is connected to a pipe
955 for exhaust, and the pipe 955 is connected to a vacuum
pump 95 for evacuating the interior of the film deposition
chamber 21. A configuration is made to adjust the degree of
vacuum inside of the film deposition chamber 21 by the
vacuum pump 95 and a controller not illustrated.

[0071] The film deposition chamber 21 is a hollow casing
body extending in the conveyance direction of the substrate
43, and includes the plurality of film-forming stations ST
(ST1 to STn) that are connected together between a space part

Oct. 8, 2015

22 for loading located at the load lock chamber 11 side, and a
space part 23 for unloading located at the unloading chamber
31 side.

[0072] Thefilm-forming stations ST are formed as a hollow
casing body with both ends open to make a connection to the
precedent and following film-forming stations ST, or the
space part 22 for loading and the space part 23 for unloading.
All film-forming stations ST1 to STn include in their inside a
target mechanism 61, a radical source 80 as an energy source
for an active species source, and a pipe 75 for introducing an
reactive gas from a gas cylinder 76 as a gas source.

[0073] The target mechanism 61 is, as shown in FIG. 2,
connected to magnetron sputter electrodes 62a and b
arranged to be opposed to the substrate 43, and targets 63a
and b held by the magnetron sputter electrodes 62a and b via
a transformer not illustrated, and includes an AC power sup-
ply 64 capable of applying an alternating electric field, a gas
cylinder 65 for storing a sputtering gas composed of an inert
gas such as an argon gas, which serves as an operating gas in
sputtering, and a mass flow controller 66 for introducing the
sputtering gas stored in the gas cylinder 65.

[0074] The magnetron sputter electrodes 62a and b are
arranged to be parallel with the substrate 43 held by the
substrate holder not illustrated.

[0075] Thetargets 63a and b are disposed in such a way that
the sputtering surfaces where erosion occurs are arranged to
be parallel with the substrate 43. Erosion in this description
refers to a phenomenon where target-constituting elements
are sprung out by a sputtering phenomenon leading to a
consumption of the target.

[0076] The targets 63a and b are metal targets, conductive
metal compound targets, or composite targets, which are
known and generally used in sputtering. Examples of such
targets include silicon (Si), niobium (Nb), aluminum (Al),
titanium (T1), zirconium (Zr), tin (Sn), chromium (Cr), tanta-
Ium (Ta), tellurium (Te), iron (Fe), magnesium (Mg), hafnium
(Hf), nickel-chromium (Ni—Cr), indium-tin (In—Sn), and
the like.

[0077] The size of the targets 63a and b of the present
embodiment is 5x27 inches, and a distance D between the
targets 63a and b, and the substrate 43 is 70-400 mm.
[0078] By sputtering the targets 63a and b, a metal com-
pound is deposited to form a film in a film-forming effective
area A shown in FIG. 2.

[0079] An AC power supply 64 of the present embodiment
is constituted of an LF power supply, however, the present
invention is not limited thereto, and the AC power supply 64
may be constituted of an RF power supply, a dual frequency
RF power supply, and the like.

[0080] Inthe present embodiment, the degree of vacuum in
the film-forming stations ST is adjusted by the vacuum pump
95, and then an inert gas such as an argon gas is introduced
from the gas cylinder 65 by the mass flow controller 66 to
adjust a vacuum gas atmosphere of the film-forming stations
ST in order to perform a dual magnetron sputtering.

[0081] The dual magnetron sputtering uses a pair of mag-
netron sputter electrodes 62a and b, and a pair of targets 63a
and b, both of which are electrically insulated from ground
potential. Thus, although it is not illustrated, the magnetron
sputter electrodes 62a and b, and the targets 63a and b are
attached via an insulation material to the sputtering apparatus
1 body that is grounded. Further, the magnetron sputter elec-
trodes 62a and b, and the targets 63a and b are also mutually
electrically disconnected.
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[0082] Inthis configuration, when an operating gas such as
anargon gas is introduced in the vicinity of the targets 63a and
bto adjust a sputtering atmosphere, and a voltage is applied to
the magnetron sputter electrodes 62a and 4 from the AC
power supply 64 via the transformer not illustrated, the targets
63a and b are constantly applied with an alternating electric
field. That is, at a given time point, the target 63a becomes a
cathode (minus electrode), and the target 635 always
becomes an anode (plus electrode). At the next time point
when the direction of the AC current is reversed, the target
635 becomes a cathode, and the target 63a becomes an anode.
The paired targets 63a and b alternately become an anode and
a cathode in this manner to generate plasma, as the result, the
target on a cathode is sputtered to form an ultrathin film of
metal on a substrate.

[0083] In the process of sputtering, an incomplete reaction
product of metal with low or no conductivity may adhere to an
anode. However, when the anode is converted to a cathode by
the alternating electric field, the incomplete reaction product
of metal is sputtered, and the surface of the target becomes
clean again. By repeating this process, a potential state of an
anode is stably maintained at all times, thereby preventing
variations in plasma potential, which is usually substantially
equal to an anode potential. Thus, a metal particle can be
stably dispersed to a substrate 43 from targets 63a and b.
[0084] The targets 63a and b may contain the same metal,
or different metal. When the targets each containing the same
metal are used, a thin film containing one metal is formed,
while when the targets each containing different metal are
used, a thin film of an alloy product is formed.

[0085] The frequency of an AC voltage applying to the
targets 63a and b is preferably 10-120 KHz.

[0086] The radial source 80 consists of an inductive cou-
pling type plasma generator section having a high frequency
antenna, and as shown in FIG. 1 and FIG. 2, each radial source
80 is provided on the downstream side of the target mecha-
nism 61. As shown in FIG. 3, the radial source 80 includes a
case body 81, a dielectric plate 83, a fixed frame 84, antennas
85a and b, a fixture 88, a pipe 95a, and a vacuum pump 95.
[0087] As shownin FIG. 3, the case body 81 is an approxi-
mately rectangular container made of stainless steel, having
an opening portion in one face. The dielectric plate 83 is fixed
to the container to close the opening, thereby constituting a
dielectric window. The internal space of the case body 81
closed by the dielectric window constitutes an antenna stor-
age chamber 80A.

[0088] The antenna storage chamber 80A is partitioned
from the film-forming stations ST by the dielectric plate 83 to
form a space independently from the film-forming stations
ST. The dielectric plate 83 is a known dielectric having a
plate-like shape, and is made of quartz in the present embodi-
ment.

[0089] The fixed frame 84 is a rectangular frame. The fixed
frame 84 and the case body 81 are connected by bolts not
illustrated in such a way that the dielectric plate 83 is held and
fixed by the fixed frame 84 and the case body 81.

[0090] The antennas 85a and 4 are disposed in the antenna
storage chamber 80A.

[0091] The antennas 854 and b consist of spiral coil elec-
trodes in which the surface of round tubes made of copper is
coated with silver, and are disposed in the antenna storage
chamber 80A in such a way that the spiral face of the elec-
trodes is arranged in parallel with the bottom surface of the
case body 81 and the dielectric plate 83.
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[0092] The antennas 85a and b are connected in parallel
with a high frequency power source 89. Further, as shown in
FIG. 4, the antennas 85a and b are connected via conductive
wires 86a and b, respectively to a matching box 87 having
variable capacitors 87a and b, and further connected to the
high frequency power source 89.

[0093] The fixture 88 is composed of fixing plates 88a and
b, which are plates having grooves to which the antennas 85a
and b can be fitted, and fixing bolts 88¢ and d.

[0094] The antennas 85a and b are respectively fitted into
the fixing plates 88a and b, and fixed to the case body 81 by
the fixing bolts 88¢ and d. A plurality of bolt holes are formed
to the case body 81 in the up to down direction, and the fixing
plates 88a and b are fixed to the case body 81 using some of
the bolt holes.

[0095] In order to insulate the fixing plates 88a and b from
the antennas 854 and b, an insulating material is installed at
least in contact faces between the antennas 854 and b, and the
fixing plates 88a and b.

[0096] As shown in FIG. 3, the bottom surface of the case
body 81 is provided with the pipe 954 for exhaust, and con-
nected to the vacuum pump 95 via valves. This configuration
makes it possible to evacuate the inside of the antenna storage
chamber 80A through the operation of the valves by using the
vacuum pump 95 for evacuating the film-forming stations ST.
It should be noted that FIG. 1 only shows a portion of the pipe
95 connecting to some radical sources 80.

[0097] In the present embodiment, as shown in FIG. 3 and
FIG. 4, an inductive coupling type plasma source having
spiral antennas in a flat spiral shape is used, however, difterent
types of inductive coupling type plasma source may also be
used. Examples of the different types include the one in which
high-frequency current is applied to a coil having a cylindri-
cal helical antenna wound on a glass tube in a spiral manner,
and the one in which an antenna is inserted to the inside of
plasma.

[0098] Further, other plasma sources in which plasma is
generated by inductive coupling and surface wave through a
dielectric window may be used, and examples of such plasma
sources include electron cyclotron resonance plasma (ECP)
source, helicon wave excited plasma (HWP) source, micro-
wave-excited surface wave plasma (SWP) source, and the
like.

[0099] Instead of using the inductive-coupling type plasma
source, a capacitance-coupling type plasma source may also
be used, in which a plate-shaped electrode is disposed within
the antenna storage chamber 80A and applied with high fre-
quency power of 100 KHz-50 MHz to generate plasma.
[0100] Further, a plasma source generating plasma in
which inductive-coupling type plasma and capacitance-cou-
pling type plasma are mixed may also be used.

[0101] Inthe film-forming statins ST, as shown in FIG. 3, a
pipe 75 is provided between the radical source 80 and the
substrate 43, and is connected to a gas cylinder 76 for sup-
plying an reactive gas via a mass flow controller 77. This
configuration makes it possible to supply the reactive gas to
an area between the radical source 80 and the substrate 43.
[0102] In the present embodiment, oxygen gases, such as
oxygen (O,), ozone (O;), and dinitrogen oxide (N,O), nitro-
gen gases, such as nitrogen (N, ), carbon gases, such as meth-
ane (CH,), fluorine gases, such as fluorine (F,) and carbon
tetrafluoride (CF ), and the like may be used as a reactive gas.
[0103] Inthe present embodiment, the mass flow controller
66 for introducing the sputtering gas, and the mass flow
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controller 77 for introducing the reactive gas are indepen-
dently installed. Having such configuration makes it possible
to perform a feedback control of the film deposition rate by
independently controlling a power and a gas flow rate of the
sputtering, and a power and a gas flow rate of the active
species source while monitoring a film deposition rate and the
like.

[0104] As showninFIG. 2, the radical source 80 is inclined
toward the substrate 43 in such a way that the surface plane of
the dielectric plate 83, i.e. the surface plane of the dielectric
window formed by the dielectric plate 83 faces the center area
of'the substrate 43. The angle between the surface plane of the
dielectric plate 83 and the substrate 43 is in the range of 0°<
and <90°. In another words, the dielectric plate 83 is arranged
in parallel with the targets 63a and b, or in such a way as
inclining towards the substrate 43 held by the substrate holder
not illustrated at an angle of 0°< and <90°, so that the outside
of the film-forming stations ST becomes closer to the sub-
strate 43. The preferable angle between the surface plane of
the dielectric plate 83 and the substrate 43 is 0°-60° for
obtaining the highest film deposition rate.

[0105] Further, each film-forming station ST includes an
optical film-forming rate controller not illustrated, and thus
can control a film-forming rate to adjust the thicknesses of a
film by modifying sputtering conditions in each film-forming
station ST using the optical film-forming rate controller.
[0106] The optical film-forming rate controller not illus-
trated includes an optical film thickness meter not illustrated
for measuring the thin film thickness formed on the substrate
43, and a controller unit not illustrated for adjusting gas flow
rates by controlling mass flow controllers 66 and 67 on the
basis of film thickness measurement results obtained by the
optical film thickness meter.

[0107] As the optical film thickness meter, a transmission
type optical film thickness meter that measures light trans-
mitting through an optical thin film upon being emitted from
a projector is used. However, a reflection type optical film
thickness meter may also be used, in which the film thickness
is measured by using an interference phenomenon caused by
aphase difference occurring between the light reflected on the
surface of an optical thin film, and the light reflected on an
interface between a substrate and an optical film due to their
having different light paths.

[0108] During sputtering, the optical film thickness meter
not illustrated monitors the thickness of a thin film being
formed on the substrate 43 in each film-forming station ST,
and if the optical film thickness meter detects a decrease in a
film deposition rate, then it performs a control to return the
film deposition rate to the original level by increasing current
capacity of the AC power supply 64 and the high frequency
power source 89.

[0109] The radical source 80 of the present embodiment
induces a reactive gas stored in the reactive gas cylinder 76 to
the film-forming stations ST via the mass flow controller 77
while keeping the pressure in the antenna storage chamber
80A lower than that in the film-forming stations ST. The
antennas 85a and b are supplied with a voltage of 13.56 MHz
from the high frequency power source 89 in order to flow a
high-frequency current. In this manner, the generation of
plasma is suppressed in the antenna storage chamber 80A,
and the antennas 854 and b supplied with the voltage from the
high frequency power source 89 generate an induced electric
field within the film-forming stations ST, thereby generating
plasma of the reactive gas.
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[0110] In each film-forming station ST, the target mecha-
nism 61 is provided in the center of the film-forming stations
ST in the substrate conveyance direction, and a single radial
source 80 is provided on the downstream side of the target
mechanism 61 in the substrate conveyance direction.

[0111] The number of the film-forming stations ST (ST1 to
STn) constituting the film deposition chamber 21 is deter-
mined to be greater than or equal to the number of layers in a
multilayer film to be formed. If the number of the film-
forming stations ST to be installed is equal to the number of
layers in a multilayer film to be formed, each film-forming
station ST forms one layer of the multilayer film. If the
number of the film-forming stations ST to be installed is
greater than the number of layers in a multilayer film to be
formed, at least one layer of the multilayer film is formed by
a plurality of the film-forming stations ST.

[0112] The space part 22 for loading and the space part 23
for unloading have the same configuration as the film-form-
ing stations ST except that the target mechanism 61 or the
radical source 80 is not provided within the space part 22 or
23.

[0113] In the present embodiment, only one radical source
80 is disposed on the downstream side of the target mecha-
nism 61, however, like a sputtering apparatus 1' in FIG. 5, a
pair of radical sources 80 may be disposed on both the
upstream and downstream sides of the target mechanism 61 to
interpose the target mechanism 61. Other configuration of the
sputtering apparatus 1' is the same as in the sputtering appa-
ratus 1, thus the description thereof will be omitted.

[0114] A single radical source may be also disposed on the
downstream side of the target mechanism 61.

(Method of Foaming Thin Film)

[0115] A method of foaming a thin film using a sputtering
apparatus 1 of the present embodiment will be described
below.

[0116] First, the inside of the film deposition chamber 21 is
evacuated. Then, a prescribed number of substrates 43 with a
large size are prepared by mounting them on the substrate
folders not illustrated. The prescribed number of substrates
are introduced into the load lock chamber 11 of the sputtering
apparatus 1 by opening the gate valve 12, and then the gate
valve 12 is closed. The load lock chamber 11 in an atmo-
spheric state is evacuated until the degree of vacuum becomes
equivalent to that in the film deposition chamber 21.

[0117] Next, the target mechanism 61 and the radical
source 80 in each film-forming station ST are put in operation
to start the sputtering, while a first substrate 43 is introduced
into the space part 22 for loading in the film deposition cham-
ber 21 by opening the gate valve 13.

[0118] While the substrates 43 are moved at constant speed
toward the film-forming station STn by a substrate convey-
ance mechanism not illustrated, film deposition is sequen-
tially performed in the film-forming stations in the order of
ST1 to STn.

[0119] Ineach film-forming station ST1 to STn, a thin film
of'a metal compound is formed as follows.

[0120] When the substrate 43 is conveyed by the substrate
conveyance mechanism and introduced in the first film-form-
ing station ST1, the substrate 43 is gradually introduced in a
film-forming effective area A shown in FIG. 2 from the
upstream side in the substrate conveyance direction.

[0121] Whenthe substrate 43 enters the film-forming effec-
tive area A, first in the sputtering step, metal particles are
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beaten out from the targets 63a and b by sputtering and
dispersed toward the substrate 43 in an area surrounded by the
film-forming effective area A, and the targets 63a and b.
[0122] Next, some of dispersed metal particles are con-
verted to incomplete reaction products of metal by radicals of
a reactive gas generated in the radical source 80 while the
dispersed metal particles travel from the targets 63a and b to
the substrate 43. These metal particles and incomplete reac-
tion products of metal are equivalent to a particle that is not a
complete compound falling under the embodiments.

[0123] Then, the metal particles and the incomplete reac-
tion products of metal are deposited on the substrate 43 to
form a thin film-shaped product that is not a complete com-
pound.

[0124] In the following composition conversion step, the
thin film-shaped product that is not a complete compound on
the substrate 43 is converted to a complete compound of metal
by radicals of a reactive gas generated in the radical source 80.
[0125] While the substrate 43 is passing through the film-
forming effective area A, the sputtering step and the compo-
sition conversion step are executed repeatedly in parallel, so
that a thin film of a metal compound is formed on the substrate
43 by the time the substrate 43 is discharged from the film-
forming effective area A.

[0126] In the second and subsequent film-forming stations
ST2 to STn, the same steps are performed as in the film-
forming station ST1, and a thin film composed of a complete
compound of metal is formed in each station.

[0127] Ifacombination of metal in the targets 63a and b is
the same between adjacent film-forming stations STi and
STi+m (i and m each denotes a positive integer), the adjacent
film-forming stations STi and STi+m form a thin film having
an identical layer. That is, one layer of a thin film is formed by
a plurality of film-forming stations STi and STi+m.

[0128] On the other hand, if a combination of metal in the
targets 63a and b is different between adjacent film-forming
stations STi and STi+m (i and m each denotes a positive
integer), the adjacent film-forming stations STi and STi+m
form a thin film having multiple layers.

[0129] During the sputtering by the targets 63a and b, and
the radical formation of the reactive gas by the radical source
80, the film deposition rate is controlled by an optical film
deposition rate control mechanism not illustrated. The film
deposition rate control mechanism adjusts the gas flow rates
by regulating the mass flow controllers 66 and 77 based on the
data of the amount of the metal, the gases, and the metal
compounds detected by an optical fiber not illustrated,
thereby controlling the film deposition rates to a desired
value. As such, the film thickness is controlled in the film-
forming stations ST.

[0130] After the film formation and reaction are completed
in the film-forming stations ST, the substrate 43 is introduced
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becomes equivalent to that in the film deposition chamber 21.
The substrate 43 is introduced into the unloading chamber 31
by opening the gate valve 33 and stored in the unloading
chamber 31 after closing the gate valve 33.

[0131] Next, an upcoming substrate 43 stored in the load
lock chamber 11 is introduced into the film deposition cham-
ber 21, and after completing the same film formation and
reaction, introduced and stored in the unloading chamber 31
in the same manner. After completing the same treatments on
all substrates 43 stored in the load lock chamber 11, the
unloading chamber is switched to an atmospheric state and
then all the substrates 43 are taken out in the atmosphere by
opening the gate valve 32 to finish the film formation.
[0132] By performing the above-described method, a mul-
tilayer film of a metal compound having the number of layers
according to the number of the film-forming stations ST and
the kinds of metal and reactive gases is formed.

[0133] If different kinds of metal and reactive gases are
used in all film-forming stations ST that are adjacent to each
other, a multilayer film has the number of layers equivalent to
the number of the film-forming stations ST. If the same kinds
of metal and reactive gases are used in the film-forming
stations ST that are adjacent to each other, these adjacent
film-forming stations ST all together form one layer of a film.

EXAMPLES

[0134] The present invention is explained below in greater
detail through Examples.

Test Example 1

[0135] Inthe present Test Example, aradical source 80 was
disposed in such a way that the surface plane of a dielectric
plate 83 was in parallel with a substrate 43 as well as targets
63a and b. In Examples 1 to 4, a distance D between the
substrate 43, and the targets 63a and b in a film-forming
statins ST was respectively set to 40 mm, 70 mm, 200 mm,
and 400 mm for forming a film. Then, film deposition rates
and obtained films were compared among those Examples.
[0136] Inthe present Test example, a sputtering apparatus 1
having a single film-forming station ST was used to form a
single layer film of silicon oxide on a large-sized glass sub-
strate having a size of 600 cmx400 cm by the method of
forming a thin film according to the embodiment described
above.

[0137] Inthe film-forming station ST1, a silicon target was
used as the targets 634 and b, and an argon gas was supplied
at 800 sccm from a gas cylinder 65 as a sputtering gas. As a
reactive gas, oxygen (0O,) gas was introduced at 80 sccm and
converted to a radical by a radical source 80.

into the space part 23 for unloading. The space part 23 for [0138] Other specific conditions and results are shown in
unloading is evacuated in advance until the degree of vacuum Table 1.
TABLE 1
Angle of Radical Film
radical Target source deposition Index of
Distance source  LF Power RF Power rate refraction  Absorption
D (mm) (deg.) (kW) (kW) (nm - m/min) @550 nm  coefficient
Example 1 40 0 7.0 4.5 85.8 1.48 5.8x 107
Example 2 70 0 7.0 4.5 70.9 1.48 4.6 x 1074
Example 3 200 0 7.0 3 63.4 1.48 1.8x 107
Example 4 400 0 7.0 2.5 26.1 1.47 1.7x 107
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[0139] Based on the results in Table 1, it was found that
when the distance D was 40 mm, absorption coefficient of a
formed film ended up being high over 107>, This may be
because if the distance D is too short, the film deposition rate
becomes too high for a reaction to keep up and the absorption
occurs.

[0140] As optical thin film requires the absorption coeffi-
cient in a range of 10~ to obtain a sufficient transmittance, it
was found that the distance D needed to be longer than 40
mm.

Test Example 2

[0141] Inthe present Test Example, the distance D between
the substrate 43, and the targets 63a and b in the film-forming
statins ST was set to 200 mm, and the radical source 80 was
disposed in such a way that the surface plane of the dielectric
plate 83 was inclined toward the targets 63« and 4 side at an
angle of 0°, 30°, and 60° to the substrate 43 to form a film in
Examples 3, 5, and 6, respectively. Then, film deposition rates
and obtained films were compared among those Examples.
[0142] Specific conditions and results are shown in Table 2.
Other conditions of the present Test Example were the same
as those in the Test Example 1.
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[0146] The results in Table 3 showed that the film deposi-
tion rate was higher by around 10 percent in the case where
the pair of radical sources 80 were provided than the case
where one radical source 80 was provided, while the absorp-
tion coefficient values were substantially the same between
them. Therefore it was found that if the pair of radical sources
80 were provided, the reactivity came to improve while the
absorption coefficient was kept to an appropriate level, thus
making it possible to increase a target power and further
improve the film deposition rate.

Test Example 4

[0147] In the present Test Example, a multilayer AR film
was formed using the sputtering apparatus 1 according to the
embodiment described above to compare film-forming con-
ditions and obtained films between Example 8, where each
layer is formed by a single station ST and Example 9, where
each layer is formed by a plurality of stations ST.

[0148] In Examples 8 and 9, the multilayer AR film was
designed as follows: a first layer is Si;N,, having physical film

TABLE 2
Angle of Radical Film
radical Target source deposition  Index of
Distance source  LF Power RF Power rate refraction  Absorption
D (mm) (deg.) (kW) (kW) (nm* m/min) @550 nm  coefficient
Example 3 200 0 7.0 3 63.4 1.48 1.8x 107
Example 5 200 30 8.0 3 70.9 1.48 1.7x107%
Example 6 200 60 8.0 3 67.1 1.48 3.0x 107

[0143] The results in Table 2 showed that the film deposi-
tion rate was higher in the case where the surface plane of the
dielectric plate 83 was inclined at an angle of 30° and 60° to
the substrate 43 than the case where the surface plane was not
inclined. Therefore, it was found that if the radical source was
inclined toward the targets 63« and b side, the reactivity came
to improve while the absorption coefficient was kept to an
appropriate level, thus making it possible to increase a target
power and further improve the film deposition rate.

Test Example 3

[0144] In the present Test Example, a film was formed in a
sputtering apparatus 1 having a single film-forming station
ST. Film deposition rates and obtained films were compared
between the case where one radical source 80 was provided
and the case where a pair of radical sources 80 were provided
on both the upstream and downstream sides of the targets 63a
and b to interpose them.

[0145] Specific conditions and results are shown in Table 3.
Other conditions of the present Test Example were the same
as those in the Test Example 1.

thickness of 123.9 nm, a second layer is SiO, having physical
film thickness of 164.3 nm, a third layer is Si;N, having
physical film thickness 0f 99.5 nm, and a fourth layer is SiO,
having physical film thickness of 73.2 nm.

[0149] In Example 8, a sputtering apparatus 1 having four
film-forming stations ST was used, and in each film-forming
station ST1 to ST4, a silicon target was used as targets 63a and
b, and an argon gas was supplied at 800 sccm from a gas
cylinder 65 as a sputtering gas. Further, as a reactive gas,
nitrogen gas (N,) at 140 sccm was introduced in the film-
forming stations S1 and S3, and oxygen (O,) gas at 60 sccm
was introduced, and these gases were converted to radicals by
a radical source 80. The film-forming stations ST1-4 respec-
tively formed Si;N,, SiO,, Si;N,, and SiO, films.

[0150] Additionally, a substrate conveying speed was set to
4.4 mm/s, the distance D to 200 mm, and the angle between
the dielectric plate 83 and the substrate 43 to 30°.

[0151] Other specific conditions and results of Example 8
are shown in Table 4.

TABLE 3
Angle of Radical Film
radical Target source deposition  Index of
Distance source  LF Power RF Power rate refraction  Absorption
D (mm) (deg.) (kW) (kW) (nm* m/min) @550 nm  coefficient
Example 5 200 30 8.0 3 70.9 1.48 1.7x 1074
Example 7 200 30 9.0 3x2 78.3 1.48 1.7x 107




US 2015/0284842 Al

TABLE 4
Physical ~ Target  Radical Radical Radical
Film film LF source source source
compo- thickness Power RF Power gas gas flow
sition (nm) (kW) (kW) species  rate (sccm)
STI  SiLN, 1239 13.0 3 N, 140
ST2 SiO, 164.3 5.6 3 0O, 60
ST3 SN, 99.5 104 3 N, 140
ST4 Si0, 73.2 25 3 0, 40
[0152] InExample 9, a sputtering apparatus 1 having seven

film-forming stations ST was used. In the film-forming sta-
tions ST1-6, each pair of adjacent film-forming stations ST
formed a film having the same composition, so that all
together three layers, Si;N,, SiO,, and Si;N,, were formed,
while in the film-forming station ST7, a SiO, film was formed
on the top of the stack by the single film-forming station ST.
Film thickness of each four layer in an obtained film was
designed to be equal to the corresponding each four layer in
Example 8.

[0153] Additionally, the substrate conveying speed was set
to 8.7 mmy/s, the distance D to 200 mm, and the angle between
the dielectric plate 83 and the substrate 43 to 30°.

[0154] Other specific conditions and results of Example 9
are shown in Table 5.

TABLE 5
Physical ~ Target  Radical Radical Radical
Film film LF source source source
compo- thickness Power RF Power gas gas flow
sition (nm) (kW) (kW) species  rate (sccm)
STI SN, 62.0 13.0 3 N, 140
ST2  Si,N, 62.0 13.0 3 N, 140
ST3 SiO, 82.2 5.6 3 0O, 60
ST4 SiO, 82.2 5.6 3 0O, 60
STS SN, 49.8 104 3 N, 120
ST6  Si;N, 498 104 3 N, 120
ST7 SiO, 73.2 5.0 3 0O, 60
[0155] In Test Example 4, it was found that the film thick-

ness of each layer is approximately the same between
Example 9, where the plurality of film-forming stations ST
were used to form one layer of the film, and Example 8, where
the single film-forming station ST was used to form one layer
of'the film. Further, the substrate conveying speed in Example
9 was approximately twice as fast as that in Example 8,
however, since the first three layers were formed by two
film-forming stations ST in Example 9, the total time required
for forming a film per one substrate 43 was the same between
Example 9 and Example 8.

[0156] However, the substrate conveying speed in Example
9 is faster than that in Example 8, and there are more film-
forming stations ST in the sputtering apparatus 1 in Example
9, thus when the substrates 43 are continuously conveyed into
the sputtering apparatus 1 in an in-line manner, the maximum
number of the substrates 43 residing in the sputtering appa-
ratus 1 becomes higher and the productivity is improved.

[0157] FIG. 6 is a graph showing a comparison of reflec-
tance values at the different wavelengths between a multi-
layer AR film formed in Example 9 and a multilayer AR film
in design, where a first layer is Si;N,, having the physical film
thickness of 123.9 nm, a second layer is SiO, having the
physical film thickness of 164.3 nm, a third layer is Si;N,
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having the physical film thickness of 99.5 nm, and a fourth
layer is SiO, having the physical film thickness of 73.2 nm.
[0158] Asshown in FIG. 6, it was found that the multilayer
AR film formed in Example 9 had optical properties close to
those in a film design.

Test Example 5

[0159] In the present Test Example, the conditions used
were the same as those in Test Example 3 except for an
oxygen gas flow rate. A target voltage was measured when the
oxygen gas flow rate was at 0, 60, 70, 80, 90, 110, 120, 130,
150, and 200 sccm in a situation where the oxygen gas flow
rate was increased from 0 sccm to 200 scecm, and a situation
where the oxygen gas flow rate was decreased from 200 sccm
to 0 sccm to confirm if the target voltage exhibited variable
paths over oxygen partial pressures in the above situations,
i.e. if so-called a hysteresis phenomenon occurs.

[0160] Table 6 shows data on the oxygen gas flow rate, the
oxygen partial pressure, and the target voltage on oxygen
increase and decrease, while FIG. 7 shows a graph depicting
a relation between the oxygen partial pressure and the target
voltage on oxygen increase and decrease.

TABLE 6
Target Target
O, gas voltage voltage
partial on oxygen on oxygen

0O, gas flow pressure increase decrease
rate (sccm) (%) V) V)
0 0.0 762 767
60 7.0 767 773
70 8.0 772 777
80 9.1 767 770
90 10.1 750 735
110 12.1 411 404
120 13.0 386 378
130 14.0 369 366
150 15.8 357 356
200 20.0 349 349

[0161] FIG. 7 showed that the target voltage exhibited sub-
stantially the same variable paths over the oxygen partial
pressures whether the oxygen flow rate is increased or
decreased, and it was found that the hysteresis phenomenon
seen during a reactive sputtering didn’t occur.

[0162] Therefore, it was found that unlike the reactive sput-
tering, it was easy to control the film deposition rate by
adjusting the oxygen flow rate in sputtering using the sput-
tering apparatus 1 of the present Example by the method
according to the embodiment described above.

REFERENCE NUMERALS
[0163] A film-forming effective area A
[0164] D distance
[0165] ST, ST1-r film-forming station
[0166] 1 sputtering apparatus
[0167] 11 load lock chamber
[0168] 12,13, 32, 33 gate valve
[0169] 14, 34 rotary pump
[0170] 21 film deposition chamber
[0171] 22 space part for loading
[0172] 23 space part for unloading
[0173] 31 unloading chamber
[0174] 43 substrate
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[0175] 61 target mechanism

[0176] 624, 625 magnetron sputter electrode
[0177] 63a, 635 target

[0178] 64 AC power supply

[0179] 65, 76 gas cylinder

[0180] 66,77 mass flow controller
[0181] 75,954, 955 pipe

[0182] 80 radical source

[0183] 80A antenna storage chamber
[0184] 81 case body

[0185] 83 dielectric plate

[0186] 84 fixed frame

[0187] 85a, 854 antenna

[0188] 86a, 865 conductive wire
[0189] 87 matching box

[0190] 874, 87b variable capacitor
[0191] 88 fixture

[0192] 88a, 885 fixing plate

[0193] 88c, 88d fixing bolt

[0194] 89 high frequency power source
[0195] 95 vacuum pump

1. A thin film formation apparatus for forming a thin film of
a metal compound on a substrate in a vacuum chamber by
sputtering, the apparatus comprising:

a target, provided in the vacuum chamber, composed of

metal or a conductive metal compound, and

an active species source, provided in the vacuum chamber,

for generating an active species of a reactive gas that is
arranged to produce mutual electromagnetic and pres-
sure interactions with the target,

wherein:

the active species source comprises

a gas source for supplying the reactive gas, and
an energy source for supplying energy into the vacuum
chamber to excite the reactive gas to a plasma state;
the target that is arranged to be opposed to the substrate;
the energy source comprises between itself and the vacuum
chamber a dielectric window for supplying the energy
into the vacuum chamber; and
the dielectric window is arranged in parallel with the sub-
strate, or in such a way as inclining towards the target
side at an angle of less than 90° to the substrate.

2. The thin film formation apparatus according to claim 1,

wherein:

a substrate conveyance section for conveying the substrate

is provided within the vacuum chamber; and

the active species source is provided on at least one of

upstream and downstream sides of the target in a sub-
strate conveyance direction.

3. The thin film formation apparatus according to claim 1,
wherein the energy source is a plasma source for generating
plasma by inductive coupling and surface wave through the
dielectric window.

4. The thin film formation apparatus according to claim 1,
wherein the active species source is an inductive coupling
type plasma (ICP) radical source.

5. The thin film formation apparatus according to claim 2,
further comprising an in-line type sputtering apparatus hav-
ing a plurality of film-forming stations each comprising the
target and the active species source disposed on at least one of
the upstream and downstream sides of the target in the sub-
strate conveyance direction.
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6. The thin film formation apparatus according to claim 5,

wherein the film-forming stations each comprises:

a detection unit for optically detecting a film deposition
rate; and

a control unit for controlling the film deposition rate in each
film-forming station accordingly by receiving a signal
from the corresponding film deposition rate detection
unit.

7. The thin film formation apparatus according to claim 1,

further comprising:

a sputtering section for sputtering the target and by the
sputtering, dispersing a particle that is not a complete
compound from the target to a substrate in the vacuum
chamber; and

a composition conversion section for converting the par-
ticle to a complete metal compound by contacting the
particle with an active species of a reactive gas generated
by the active species source in the vacuum chamber,
thereby being capable of forming a thin film composed
of the complete metal compound on the substrate.

8. A sputtering cathode for forming a thin film of a metal

compound on a substrate by sputtering, comprising:

a target composed of metal or a conductive metal com-
pound; and

an active species source for generating an active species of
a reactive gas that is arranged to produce mutual elec-
tromagnetic and pressure interactions with the target,

wherein

the active species source comprises
a gas source for supplying the reactive gas, and
an energy source for supplying energy into a vacuum

chamber to excite the reactive gas to a plasma state,
the target that is arranged to be opposed to the substrate,
the energy source comprising a dielectric window for sup-
plying the energy to an outside of the energy source,
the dielectric window being arranged in parallel with the
substrate, or in such a way as inclining towards a target
side at an angle of less than 90° to the substrate.

9. The sputtering cathode according to claim 8,

wherein the target and the active species source are dis-
posed side by side in a same space of a vacuum chamber
in such a way that a sputtering face of the target where
erosion occurs and the active species source are arranged
to be opposed to the substrate, and the active species
source are disposed on at least one of upstream and
downstream sides of the target in a substrate conveyance
direction.

10. A method of forming a thin film comprising:

a sputtering step for sputtering a target composed of metal
or a conductive metal compound, the target being
arranged to be opposed to a substrate, and by the sput-
tering, dispersing a particle that is not a complete com-
pound from the target to the substrate in a vacuum cham-
ber; and

a composition conversion step for converting the particle to
a complete metal compound in the vacuum chamber by
providing a dielectric window for supplying the energy
into the vacuum chamber that is arranged in parallel with
the substrate, or in such a way as including towards the
target side at an angle of less than 90° to the substrate,
and by contacting the particle with an active species of a
reactive gas generated by an active species source for
generating the active species of the reactive gas that is
arranged to produce mutual electromagnetic and pres-
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sure interactions with the target, thereby forming a thin
film composed of the complete metal compound on the
substrate.

11. The method of forming a thin film according to claim
10, further comprising, after the composition conversion step,
a film formation repetitive step where the sputtering step and
the composition conversion step are repeated in parallel a
plurality of times.

12. The method of forming a thin film according to claim
10, further comprising:

before the sputtering step, a step of introducing the sub-

strate into an in-line type thin film formation apparatus
having a plurality of film-forming stations each includ-
ing the target and the active species source disposed on
at least one of the upstream and downstream sides of the
target in a substrate conveyance direction;

an in-station film formation step, where the sputtering step,

the composition conversion step, and the film formation
repetitive step are carried out in the film-forming sta-
tions while the substrate is conveyed at a constant speed;

a conveyance step for conveying the substrate to the film-

forming stations on the downstream side in a substrate
conveyance direction;

amultiple-station film formation step, where the in-station

film formation step and the conveyance step are
repeated; and

a discharge step for discharging the substrate to the atmo-

sphere after the in-station film formation step is com-
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pleted in the film-forming station on a most downstream
side in the substrate conveyance direction.

13. The thin film formation apparatus according to claim 1,

wherein the dielectric window is arranged in such a way as
inclining towards the target side at an angle of more than
or equal to 30° to the substrate which is arranged to be
opposed to the energy source in a direction perpendicu-
lar to a forwarding direction of the substrate.

14. The thin film formation apparatus according to claim 1,

wherein:

a substrate conveyance section for conveying the substrate
is provided within the vacuum chamber; and

the active species source is provided on upstream and
downstream sides of the target in a substrate conveyance
direction.

15. The thin film formation apparatus according to claim 1,

further comprising:

a mass flow controller for introducing the sputtering gas,
and a mass flow controller for introducing the reactive
gas, which are independently installed;

a detection unit for optically detecting a film deposition
rate; and

a control unit that receives a signal from the detection unit,
and independently controls at least a power of the sput-
tering, the mass flow controller for introducing the sput-
tering gas, a power of the active species source and the
mass flow controller for introducing the reactive gas,
thereby controlling the film deposition rate.
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