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FIG. 10
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FIG. 12

Absorbance at 350 nm (a.u.)
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1
NANOCLUSTER LIQUID DISPERSION,
NANOCLUSTER FILM, NANOCLUSTER
SOLID DISPERSION, METHOD FOR
PRODUCING NANOCLUSTER LIQUID
DISPERSION, AND DEVICE FOR
PRODUCING NANOCLUSTER LIQUID
DISPERSION

TECHNICAL FIELD

The present invention relates to a nanocluster liquid
dispersion, a nanocluster film, a nanocluster solid disper-
sion, a method for producing a nanocluster liquid dispersion
and a device for producing a nanocluster liquid dispersion.

BACKGROUND ART

Nanoclusters are ultrafine particles in which several to
several thousands of atoms or molecules are collected.
Nanoclusters are larger than atoms and smaller than bulk
solids and have a particle diameter of about 0.2 to 8 nm.
Nanoclusters have unique properties and functions and are
expected to be able to be applied to various applications such
as catalysts, optoelectronic devices, magnetic devices, bio-
sensors, probes, and diagnostic agents (indicators).

Nanoclusters are generated by various methods.

For example, Patent Document 1 and 2, and Non Patent
Document 1 to 3 describe that nanoclusters are generated by
neutral atoms or atomic ions generated by a magnetron
sputtering method being injected into a liquid phase, and
atoms aggregating on a surface of or in the liquid phase.

Patent Document 3 discloses a method of aggregating
neutral atoms or atomic ions generated by a magnetron
sputtering method in a gas phase. According to aggregation
in the gas phase, a distribution of the number of atoms
constituting a nanocluster (hereinafter referred to as a cluster
size) is controlled.

CITATION LIST

Patent Document

[Patent Document 1]

Japanese Unexamined Patent Application, First Publica-
tion No. 2007-231306

[Patent Document 2]

Japanese Unexamined Patent Application, First Publica-
tion No. 2012-158785

[Patent Document 3]
Japanese Patent No. 5493139

Non Patent Document

[Non Patent Document 1]

Hatakeyama Yoshikiyo, Kato Junichi, Ohnishi Kei,
Nishikawa Keiko; Nano Society Proceedings, Vol, 10, No. 1.

[Non Patent Document 2]

M. Wagener et al., Progr Colloid Polym Sci, 1998, 111,
78-81.
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2
[Non Patent Document 3]
Yujin Hwang et al., Powder Technology, 186 (2008)
145-153.

SUMMARY OF INVENTION
Technical Problem

The properties of nanoclusters may change greatly with
an increase or decrease of a single atom. Therefore, it is
required to efficiently obtain nanoclusters having uniform
cluster sizes.

However, in the methods described in Patent Document 1
and 2, and Non Patent Document 1 to 3, neutral atoms or
atomic ions aggregate on the surface of or in a liquid phase.
Thus, neutral atoms or atomic ions that self-aggregate need
to be elements that have a low ionization tendency (are
easily reduced) and easily aggregate. When neutral atoms or
atomic ions that self-aggregate are not elements that easily
aggregate, it is not possible to generate nanoclusters.

In addition, in the methods described in Patent Document
1 and 2, and Non Patent Document 1 to 3, when the
temperatures, stirring conditions, amounts of additives, and
the like are changed, the nanocluster size distributions
become wider. That is, it is not possible to efficiently obtain
nanoclusters with uniform cluster sizes.

In the method described in Patent Document 3, fine
particles were generated by aggregating neutral atoms and
atomic ions in a gas phase. For this reason, unlike Patent
Document 1 and 2, and Non Patent Document 1 to 3, types
of atoms (elements) for generating nanoclusters are not
limited. In addition, the nanoclusters obtained by the method
described in Patent Document 3 have uniform cluster sizes.
However, when nanoclusters in a gas phase are collected,
they are deposited on a solid substrate. When nanoclusters
are deposited on a solid substrate, the nanoclusters may
aggregate and combine with each other on the substrate. In
addition, it is extremely difficult to peel off the nanoclusters
and collect them from the solid substrate. That is, while it is
possible to generate nanoclusters whose cluster sizes are
controlled, it is difficult to efficiently collect the nanoclus-
ters.

An object of the present invention is to provide a nano-
cluster liquid dispersion in which nanoclusters with a pre-
determined number of atoms (clusters with a controlled
cluster size) are dispersed, a nanocluster solid dispersion and
a nanocluster dispersion film. In addition, an object of the
present invention is to provide a method for producing a
nanocluster liquid dispersion through which it is possible to
efficiently collect nanoclusters and a production device.

Solution to Problem

The inventors postulated that nanoclusters could be col-
lected three-dimensionally using a liquid phase to increase a
yield of the nanoclusters. Thus, the inventors found that,
when nanoclusters with a predetermined cluster size are
generated and the generated nanoclusters are collected in a
dispersion medium, it is possible to efficiently collect nano-
clusters whose cluster sizes are controlled.

That is, in order to solve the above problem, the following
aspects are used.

(1) In a nanocluster liquid dispersion according to a first
aspect, nanoclusters with a predetermined number of atoms
are dispersed.

(2) In the nanocluster liquid dispersion according to the
above aspect, nanoclusters with a predetermined number of
atoms may be uniformly dispersed.
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(3) In the nanocluster liquid dispersion according to the
above aspect, a dispersion medium in which the nanoclus-
ters are dispersed may be a solvent having low volatility.

(4) In the nanocluster liquid dispersion according to the
above aspect, the dispersion medium may have an ether
bond or a siloxane bond.

(5) In the nanocluster liquid dispersion according to the
above aspect, an end of the ether bond or the siloxane bond
may have an inert substituent terminal.

(6) In the nanocluster liquid dispersion according to the
above aspect, a dispersion medium in which the nanoclus-
ters are dispersed may be a volatile solvent.

(7) In the nanocluster liquid dispersion according to the
above aspect, the dispersion medium may be any one
selected from the group consisting of acyclic ethers, cyclic
ethers, acyclic siloxanes, nitriles, haloalkanes, alcohols,
amides, sulfoxides, and benzene derivatives.

(8) In the nanocluster liquid dispersion according to the
above aspect, a constituent unit of the nanocluster may be a
metal element or a main group element whose ionization
tendency is higher than Ag, or a complex thereof.

(9) In the nanocluster liquid dispersion according to the
above aspect, the nanocluster may be a metal-ion-encapsu-
lating silicon cage cluster represented by M@Si.

(10) In the nanocluster liquid dispersion according to the
above aspect, the nanocluster may be any one selected from
the group consisting of a binary cluster of Ta and Si, a binary
cluster of Ti and Si, a binary cluster of Lu and Si, a binary
cluster of Mo and Si, a binary cluster of W and Si, and a
binary cluster of Ru and Si.

(11) In the nanocluster liquid dispersion according to the
above aspect, a proportion of the nanoclusters with a pre-
determined number of atoms with respect to nanoclusters
included in the nanocluster liquid dispersion may be 5% or
more.

(12) A nanocluster solid dispersion according to an aspect
of the present invention includes nanoclusters with a pre-
determined number of atoms.

(13) A nanocluster film according to an aspect of the
present invention includes nanoclusters with a predeter-
mined number of atoms

(14) A method for producing a nanocluster liquid disper-
sion according to a second aspect includes generating nano-
clusters and collecting the nanoclusters in a dispersion
medium while flowing the dispersion medium on which the
generated nanoclusters are incident.

(15) In the method for producing a nanocluster liquid
dispersion according to the above aspect, the dispersion
medium may flow so that a density of nanoclusters on the
surface of the dispersion medium may not exceed an aggre-
gation limit in the collecting.

(16) In the method for producing a nanocluster liquid
dispersion according to the above aspect, the dispersion
medium may be a solvent having low volatility with a
boiling point of 160° C. or more and a vapor pressure of 100
Pa or less at room temperature.

(17) In the method for producing a nanocluster liquid
dispersion according to the above aspect, after the collect-
ing, replacing the dispersion medium with a volatile disper-
sion medium having a lower boiling point than the disper-
sion medium may be additionally included.

(18) In the method for producing a nanocluster liquid
dispersion according to the above aspect, detecting whether
predetermined nanoclusters are generated in the generating
may be additionally included between the generating and the
collecting.
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(19) A device for producing a nanocluster liquid disper-
sion according to a third aspect includes a nanocluster
generation unit; and a nanocluster collection unit that is
arranged in a traveling direction of nanoclusters generated in
the nanocluster generation unit.

(20) In the device for producing a nanocluster liquid
dispersion according to the above aspect, the nanocluster
generation unit may include a vacuum chamber, a sputtering
source including a target as a cathode and configured to
perform magnetron sputtering and generate a plasma, a pulse
power supply configured to supply power to the sputtering
source, a first inert gas supply unit configured to supply a
first inert gas to the sputtering source, and a nanocluster
growth cell that is housed in the vacuum chamber.

(21) In the device for producing a nanocluster liquid
dispersion according to the above aspect, the nanocluster
collection unit may include a storage chamber in which a
dispersion medium is able to be stored and a flowing unit
that is able to flow the dispersion medium on a surface on
which the nanoclusters are incident.

(22) In the device for producing a nanocluster liquid
dispersion according to the above aspect, the flowing unit
may be a stirring bar that is provided in the storage chamber.

(23) In the device for producing a nanocluster liquid
dispersion according to the above aspect, the flowing unit
may be a rotating body having an axis of rotation in a
direction perpendicular to a direction in which the nano-
clusters travel, and the rotating body may be arranged so that
a part thereof is immersed in the dispersion medium stored
in the storage chamber.

(24) In the device for producing a nanocluster liquid
dispersion according to the above aspect, the nanocluster
collection unit may include a substrate that intersects the
traveling direction of the nanocluster, a cooling mechanism
configured to cool the substrate, a dispersion medium supply
unit configured to spray a dispersion medium onto the
substrate, and a collection container that is provided below
the substrate.

(25) In the device for producing a nanocluster liquid
dispersion according to the above aspect, a detection unit
configured to detect the nanoclusters may be additionally
included between the nanocluster generation unit and the
nanocluster collection unit.

Advantageous Effects of Invention

In a nanocluster liquid dispersion according to an aspect
of the present invention, nanoclusters with a controlled
cluster size (number of atoms) are dispersed. Thus, it is
possible to prepare a nanocluster film by an existing method
such as coating.

In a nanocluster film according to an aspect of the present
invention, a cluster size is controlled and functions unique to
nanoclusters can be exhibited. Thus, it can be appropriately
used for various applications, for example, catalysts, elec-
tronic devices, magnetic devices, biosensors, probes, and
diagnostic agents (indicators).

In a method for producing a nanocluster liquid dispersion
according to an aspect of the present invention, it is possible
to efficiently collect nanoclusters without aggregating in the
liquid dispersion.

In a device for producing a nanocluster liquid dispersion
according to an aspect of the present invention, it is possible
to efficiently collect nanoclusters.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a first
embodiment.
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FIG. 2 is a schematic cross-sectional view of a storage
chamber in the device for producing a nanocluster liquid
dispersion according to the first embodiment.

FIG. 3 is a schematic cross-sectional view of another form
of the storage chamber in the device for producing a
nanocluster liquid dispersion according to the first embodi-
ment.

FIG. 4 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a
second embodiment.

FIG. 5 is a schematic cross-sectional view of an enlarged
nanocluster collection unit according to the second embodi-
ment.

FIG. 6 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a
third embodiment.

FIG. 7 is a mass spectrum of nanoclusters in a gas phase
obtained when nanoclusters including Ta and Si as constitu-
ent elements were generated in a nanocluster generation
unit.

FIG. 8 is a high performance liquid chromatograph of a
nanocluster liquid dispersion in which nanoclusters includ-
ing Ta and Si as constituent elements were dispersed.

FIGS. 9A and 9B show negative ion mass spectra of a
sample obtained by performing column purification on a
nanocluster liquid dispersion prepared using a method for
producing a nanocluster liquid dispersion according to an
aspect of the present invention, FIG. 9A shows the entire
image of the mass spectrum, and FIG. 9B is an enlarged
view in which the peak part is enlarged.

FIG. 10 is a high performance liquid chromatograph of a
single component polystyrene.

FIG. 11 is a high performance liquid chromatograph of a
nanocluster liquid dispersion in which nanoclusters includ-
ing Ti and Si as constituent elements are dispersed.

FIG. 12 is a high performance liquid chromatograph of a
nanocluster liquid dispersion in which nanoclusters includ-
ing Ru and Si as constituent elements are dispersed.

FIG. 13 is a picture of a nanocluster solid dispersion
obtained when a dispersion medium of a nanocluster liquid
dispersion is removed.

FIG. 14 is a picture of a nanocluster dispersion film
obtained when a dispersion medium of a nanocluster liquid
dispersion is removed.

DESCRIPTION OF EMBODIMENTS

Configurations of the present invention will be described
below with reference to the drawings as necessary. In the
drawings used in the following description, in order to
facilitate understanding of features, characteristic parts are
enlarged for convenience of illustration in some cases, and
dimensional ratios between components may not be the
same as actual ones. The exemplified materials, dimensions,
and the like are only examples, and the present invention is
not limited thereto and can be appropriately changed and
implemented within a range not changing the scope and
spirit of the invention.

Nanocluster Liquid Dispersion

A nanocluster liquid dispersion according to an aspect of
the present invention includes nanoclusters and a dispersion
medium. The nanoclusters mainly include a nanocluster
with a predetermined number of atoms (cluster size). Here,
“mainly” means that, when the horizontal axis represents the
number of atoms in the nanocluster and the vertical axis
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6

represents the number of nanoclusters (signal strength), a
peak can be observed. The number of atoms in which a peak
occurs is a predetermined number of atoms. The number of
peaks generated is not limited to one.

Nanoclusters are dispersed in the dispersion medium
without aggregating, and preferably uniformly dispersed.

Here, “dispersion” means that no precipitation, which is
nanocluster aggregates in a macro-perspective, is observed
visually. In addition, “uniform dispersion” means that no
precipitation, which is nanocluster aggregates in a macro-
perspective, is observed visually, and nanoclusters are not
associated with each other in a micro-perspective.

Here, “not associated” means that, among nanoclusters in
a dispersion medium immediately after dispersion, 60% or
more of the nanoclusters are not associated with each other
after one day. In addition, among nanoclusters in a disper-
sion medium immediately after dispersion, preferably, 80%
or more of the nanoclusters are not associated with each
other after one day and more preferably, 90% or more of the
nanoclusters are not associated with each other after one day.
In addition, preferably, nanoclusters are not associated with
each other even after 1 week.

Among nanoclusters in a dispersion medium immediately
after dispersion, a proportion of the associated nanoclusters
can be measured by the following procedure.

First, nanoclusters are dispersed in a dispersion medium.
Then, immediately after dispersion (within 1 hour), part
thereof is extracted, and a particle size distribution is mea-
sured through chromatography or the like. Then, the same
operation is performed after one day. The obtained particle
size distribution immediately after dispersion and the
obtained particle size distribution after one day are com-
pared. At this time, in the particle size distribution after one
day, when a peak occurs in part of an integer multiple of the
main peak in the particle size distribution immediately after
dispersion, it is said that they are associated. Since associa-
tion means that nanoclusters are bonded to each other, an
apparent size of nanoclusters after association is an integer
multiple of nanoclusters before association.

When it is confirmed that association has occurred, a
proportion of the associated nanoclusters is calculated. First,
nanoclusters with a predetermined cluster size that are most
abundant in the liquid dispersion immediately after disper-
sion are identified. Then, an area (first area) occupied by the
identified nanoclusters with a predetermined cluster size in
a dispersion curve of the particle size distribution immedi-
ately after dispersion is calculated. Next, an area (second
area) occupied by the identified nanoclusters with a prede-
termined cluster size in a dispersion curve of the particle size
distribution after one day is calculated. When predetermined
nanoclusters are associated with each other, the second area
is smaller than the first area. A change in the area is caused
by a decrease in the number of nanoclusters with a prede-
termined cluster size due to association. That is, when a ratio
of'the second area with respect to the first area is determined,
a proportion of the associated nanocluster is calculated.

Here, while details will be described below, in a nano-
cluster liquid dispersion according to an aspect of the
present invention, in principle, a reaction of M,+M—
M,.; - .. (1) through which atoms are bonded to nanoclus-
ters is unlikely to occur and a reaction of M, +M,—
M,, . . . (2) is likely to occur. In the above chemical
formulae, a subscript indicates the number of constituent
atoms. Formula (1) indicates that one atom is bonded to a
cluster including n constituent atoms. Formula (2) indicates
that a cluster including n constituent atoms and a cluster
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including n constituent atoms are bonded to form a cluster
including 2n constituent atoms.

When the reaction of Formula (1) is dominant, with
respect to the particle size distribution immediately after
dispersion, a position of the main peak in the particle size
distribution after one day is significantly deviated. In this
case, although it does not mean association occurs, it does
not mean that nanoclusters are uniformly dispersed. Here,
“significantly deviated” means that a particle size showing
the main peak in the particle size distribution after one day
is larger than a particle size showing the main peak in the
particle size distribution immediately after dispersion by
20% or more.

Among nanoclusters dispersed in a nanocluster liquid
dispersion according to an aspect of the present invention,
preferably, 5% or more of the nanoclusters have a predeter-
mined cluster size. That is, a proportion of nanoclusters with
a predetermined number of atoms with respect to all nano-
clusters is preferably 5% or more.

Among nanoclusters dispersed in a nanocluster liquid
dispersion, a ratio of the predetermined nanoclusters can be
calculated through liquid chromatography, thin layer chro-
matography, high performance liquid chromatography,
X-ray small angle scattering, dynamic light scattering, elec-
tron microscopy, mass spectrometry or the like.

When a case in which high performance liquid chroma-
tography is performed is exemplified, a proportion of nano-
clusters with a cluster size showing a representative peak
selected from peaks appearing in the high performance
liquid chromatograph (HPLC) of the nanocluster liquid
dispersion with respect to all nanoclusters is preferably 5%
or more. A higher proportion of nanoclusters with a cluster
size showing the representative peak is more preferable. For
example, a proportion of nanoclusters with a predetermined
number of atoms with respect to all nanoclusters is prefer-
ably 10% or more, and more preferably 15% or more.

In the field of nanoclusters, when one atom increases,
properties and functions of nanoclusters change. Therefore,
control of the nanocluster size using the number of atoms as
a unit is extremely important. On the other hand, when
nanoclusters are generated, nanoclusters with various cluster
sizes are generated in many cases. This is because an energy
gain according to the growth of nanoclusters is always
positive and, nanoclusters grow. That is, it is extremely
difficult to control the cluster size. Here, the growth of
nanoclusters means that atoms are bonded to nanoclusters
and a reaction of M, +M—M_ , , ... (1) occurs. A nanocluster
liquid dispersion in which a cluster size is controlled with
high accuracy has not been available until now.

In addition, the fact that a proportion of nanoclusters with
a predetermined cluster size among the all nanoclusters is
5% or more means that the number of nanoclusters with a
predetermined cluster size is extremely large in consider-
ation of the number of generated nanoclusters. For example,
when there is 100 g of a nanocluster liquid dispersion with
a concentration of 1 weight %, a weight of nanoclusters
included in the liquid dispersion is 1 g, and 5% (50 mg) of
them are nanoclusters with a predetermined cluster size.
Since the number of atoms included in 1 mol of a material
is 6.02x10** (Avogadro’s number), the number of nanoclus-
ters with a predetermined cluster size is about 6.0x10'® to
6.02x10'?. That is, it is possible to obtain quite a large
number of nanoclusters with a predetermined size from the
nanocluster liquid dispersion according to an aspect of the
present invention.

On the other hand, in a nanocluster liquid dispersion of
the related art, nanoclusters in which neutral atoms aggre-
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gate with each other or atomic ion and neutral atoms
aggregate in a liquid dispersion are prepared. The nanoclus-
ter liquid dispersion of the related art refers to a liquid
dispersion prepared by a method in which neutral atoms or
atomic ions generated by a magnetron sputtering method are
injected into a liquid phase. In principle, since neutral atoms
aggregate to each other or atomic ions and neutral atoms
aggregate in a liquid, it is extremely difficult to control in
units of one atom. In this method also, it is possible to
control a nanocluster size to a certain extent by examining
various conditions, but it is not possible to control it to the
extent of the nanocluster liquid dispersion according to an
aspect of the present invention.

A representative peak of the nanocluster can be measured
through thin layer chromatography, high performance liquid
chromatography, or the like. A procedure of setting a rep-
resentative peak will be described below based on the
example of high performance liquid chromatography.

First, based on measurement results of HPLC, a peak
having the highest intensity is set as a first representative
peak. An intensity obtained by multiplying an intensity of
the first representative peak by 0.9 is set as a threshold value,
and when a peak has an intensity that exceeds the threshold
value, the peak is set as a representative peak. That is, there
may be a plurality of representative peaks.

As will be described below, when a device for producing
a nanocluster liquid dispersion according to an aspect of the
present invention is used, it is possible to prepare a nano-
cluster liquid dispersion whose representative peak is iso-
lated as one and a nanocluster liquid dispersion whose
representative peaks are intentionally plural.

Various nanoclusters constituting a nanocluster liquid
dispersion according to an aspect of the present invention
can be used. For example, nanoclusters such as a metal
nanocluster consisting of a single metal element, an alloy
nanocluster including a plurality of metal elements as con-
stituent elements, and a semiconductor nanocluster includ-
ing silicon as a constituent element are exemplified. As an
example of the semiconductor nanocluster including silicon
as a constituent element, a metal-ion-encapsulating silicon
cage cluster represented by M@Si (M is a metal ion) is
exemplified.

The constituent unit of the nanocluster is preferably a
transition metal element or a main group element whose
ionization tendency is higher than Ag, or a complex thereof.
Examples of the transition metal element whose ionization
tendency is higher than Ag include Cr, Fe, Cu, and Ti,
examples of the main group element include B, Al, and Si,
and examples of the complex thereof include TaSi, TiSi,
RuSi, and AIB.

In the method in which neutral atoms or atomic ions
generated by a magnetron sputtering method of the related
art are injected into a liquid phase, neutral atoms or atomic
ions are assumed to aggregate in the liquid phase. However,
transition metal elements or main group elements whose
ionization tendency is higher than Ag, or complexes thereof
are unlikely to aggregate in the liquid phase. Thus, a
nanocluster liquid dispersion in which the constituent unit of
the nanocluster is a transition metal element or a main group
element whose ionization tendency is higher than Ag or a
complex thereof cannot be obtained in the method of the
related art.

The dispersion medium constituting the nanocluster lig-
uid dispersion may be a solvent having low volatility or a
volatile solvent. The solvent having low volatility refers to
a solvent with a boiling point of 160° C. or more and a vapor
pressure of 100 Pa or less at room temperature. On the other
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hand, the volatile solvent refers to a solvent whose boiling
point is lower than the solvent having low volatility. A liquid
dispersion in which nanoclusters are uniformly dispersed in
a solvent having low volatility can be particularly appropri-
ately used for applications for which volatilization of a
solvent causes a problem such as a radiator. In addition, in
consideration of a production process to be described below,
the solvent having tow volatility is preferable. On the other
hand, the volatile solvent can be particularly appropriately
used for applications in which a solvent is removed and a
nanocluster film or the like is formed.

The hardly volatile dispersion medium constituting the
nanocluster liquid dispersion preferably has an ether bond or
a siloxane bond. It is experimentally confirmed that nano-
clusters do not easily aggregate in a solvent having oxygen
atoms in molecules. It is thought that unshared electron pairs
(also referred to as a lone pair of electrons) of oxygen in a
molecular chain are coordinately bonded with nanoclusters,
and are attached to the surface of nanoclusters, and aggre-
gation between nanoclusters is inhibited. In the case of
nanoclusters polarized in a liquid, for example TaSi, TiSi,
RuSi or the like, an effect thereof is significant.

More preferably, ends of the ether bond and the siloxane
bond have an inert substituent terminal. Termination of the
end with an inert substituent refers to termination with an
alkyl group, for example, a methyl group. When the ends of
the ether bond and the siloxane bond have an inert substitu-
ent terminal, it is possible to prevent molecular species used
in the dispersion medium from reacting with the nanocluster.
That is, it is possible to further suppress denaturation and
aggregation of nanoclusters.

On the other hand, in consideration of the use mode, a
volatile dispersion medium with a lower boiling point is
preferably used. If the volatile solvent is used, it is possible
to avoid the residual solvent when a nanocluster film is
produced.

As the volatile dispersion medium with a low boiling
point constituting the nanocluster liquid dispersion, anyone
selected from the group consisting of acyclic ethers, cyclic
ethers, acyclic siloxanes, cyclic siloxanes, nitrites, haloal-
kanes, alcohols, amides, sulfoxides and benzene derivatives
is preferable. It has been experimentally confirmed that, in
such dispersion mediums, even if a liquid dispersion after
nanoclusters are dispersed is left for a long time, the
nanoclusters do not aggregate again. That is, it is possible to
stably retain the form of a nanocluster liquid dispersion.

As specific examples of the dispersion medium, examples
of the acyclic ether include polyethylene glycol, polypro-
pylene glycol, methoxy polyethylene glycol, examples of
the acyclic siloxane include polydimethylsiloxane and
polymethylphenylsiloxane, examples of the cyclic siloxane
include hexamethylcyclotrisiloxane, and decamethylcyclo-
hexasiloxane, examples of the cyclic ether include tetrahy-
drofuran, and crown ether, examples of the nitriles include
acetonitrile and benzonitrile, examples of the haloalkanes
include chloroform and dichloromethane, examples of the
alcohols include methanol and ethanol, and examples of the
benzene derivative include toluene, and dichlorobenzene.

In the nanocluster liquid dispersion according to an aspect
of the present invention, it is possible to easily transport
nanoclusters with a predetermined cluster size without
aggregating, and it is easy to handle when used. In addition,
when the cluster size is controlled, a nanocluster film or the
like prepared using a nanocluster liquid dispersion can have
uniform performance.

In the nanocluster liquid dispersion according to an aspect
of'the present invention, it is possible to separate nanocluster
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with a predetermined cluster size with a high yield using
high performance liquid chromatography, a recrystallization
method, or the like. In addition, since nanoclusters are
dispersed in a liquid phase, it is possible to produce a
nanocluster film including nanoclusters by a method of
coating and the like more easily. That is, it is possible to
increase applicability of nanoclusters for various applica-
tions such as catalysts, electronic devices, magnetic devices,
biosensors, probes, and diagnostic agents (indicators).

Nanocluster Solid Dispersion

A nanocluster solid dispersion according to an aspect of
the present invention mainly includes nanoclusters with a
predetermined number of atoms (nanocluster size). The
nanocluster solid dispersion is obtained by drying the above
nanocluster liquid dispersion. In addition, the dispersion
medium may be removed from the liquid dispersion using
column chromatography, a recrystallization method, or the
like. FIG. 13 is a picture of the nanocluster solid dispersion
obtained by drying the nanocluster liquid dispersion. FIG.
13 is a picture of the nanocluster solid dispersion repre-
sented by TaSi, ¢ as an example.

Here, a proportion of the nanoclusters with a predeter-
mined number of atoms with respect to all nanoclusters
included in the nanocluster solid dispersion is preferably 5%
or more, more preferably 10% or more, and most preferably
15% or more.

The nanocluster solid dispersion is put into the dispersion
medium to prepare a nanocluster liquid dispersion. That is,
nanoclusters constituting the nanocluster solid dispersion do
not aggregate with each other.

The surface of nanoclusters constituting the nanocluster
solid dispersion is covered with an organic substance. The
organic substance may be a molecule constituting the dis-
persion medium or a protective agent that is intentionally
added in a process of producing a liquid dispersion. When
the surface of nanoclusters is covered with the organic
substance, it is possible to prevent nanoclusters from aggre-
gating with each other in a dried state.

Nanocluster Dispersion Film

A nanocluster dispersion film according to an aspect of
the present invention is formed by applying a nanocluster
liquid dispersion on a substrate. The nanocluster dispersion
film mainly includes nanoclusters with a predetermined
number of atoms (nanocluster size). According to applica-
tions, the dispersion medium in the liquid dispersion may be
removed. FIG. 14 is a picture of a nanocluster dispersion
film obtained by spin coating a nanocluster liquid disper-
sion. In the nanocluster dispersion film shown in FIG. 14, a
nanocluster dispersion film CL with a thickness of 60 nm is
formed on a Si substrate Sub.

As described above, 5% or more of nanoclusters dis-
persed in the nanocluster liquid dispersion with respect to all
generated nanoclusters have a predetermined nanocluster
size. Therefore, a proportion of nanoclusters with a prede-
termined nanocluster size constituting the nanocluster dis-
persion film with respect to all nanoclusters is 5% or more.
In addition, according to high performance liquid chroma-
tography or a recrystallization method, a liquid dispersion in
which a content of nanoclusters with a predetermined cluster
size increases is used, and thus it is possible to increase a
proportion of nanoclusters with a predetermined nanocluster
size constituting the dispersion film. A proportion of nano-
clusters with a predetermined nanocluster size constituting
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the nanocluster dispersion film with respect to all nanoclus-
ters is preferably 10% or more and more preferably 15% or
more.

Device for Producing a Nanocluster Liquid
Dispersion

A device for producing a nanocluster liquid dispersion
includes a nanocluster generation unit and a nanocluster
collection unit that is arranged in a direction in which
nanoclusters generated in the nanocluster generation unit
travel.

The nanocluster generation unit generates nanoclusters in
a gas phase. A generation method is not particularly limited
and various methods can be used. For example, a DC
discharging method, a laser evaporation method, an ion
sputtering method, or a vacuum evaporation method using a
Knudsen cell or the like can be used.

As the nanocluster generation unit, a nanocluster genera-
tion device described in Patent Document 3 is preferably
used. Specifically, the nanocluster generation unit preferably
includes a vacuum chamber, a sputtering source, a power
supply, a first inert gas supply unit, and a nanocluster growth
cell. The sputtering source performs magnetron sputtering
and generates a plasma. A target is provided on a cathode of
the sputtering source. The power supply supplies power to
the sputtering source. The first inert gas supply unit supplies
a first inert gas to the sputtering source. The nanocluster
growth cell is housed in the vacuum chamber. In addition, as
necessary, a second inert gas introduction unit configured to
introduce a second inert gas in the nanocluster growth cell
may be included. In magnetron sputtering, in order to
increase uniformity of generated nanoclusters, pulse dis-
charging is preferably performed.

In a device for producing nanocluster liquid dispersion,
the nanoclusters generated in the nanocluster generation unit
are collected in the nanocluster collection unit without
change. When a cluster size of the nanoclusters generated in
the nanocluster generation unit is uniform, the cluster size in
the obtained nanocluster liquid dispersion is controlled.

A case in which the nanocluster generation device
described in Patent Document 3 which is an aspect of the
nanocluster generation unit is used will be described below
in detail with reference to the drawings.

First Embodiment

FIG. 1 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a first
embodiment. A device for producing a nanocluster liquid
dispersion 100 according to the first embodiment includes a
nanocluster generation unit 10 and a nanocluster collection
unit 20.

The nanocluster generation unit 10 includes a vacuum
chamber 11, a nanocluster growth cell 12, a sputtering
source 13, a liquid nitrogen jacket 14, a control device 15,
a pulse power supply 16, a first inert gas introduction unit
17, and a second inert gas introduction unit 18.

As the vacuum chamber 11, a known vacuum chamber
can be used. An exhaust unit 19 is connected to the vacuum
chamber 11. The exhaust unit 19 increases a degree of
vacuum in the vacuum chamber 11. As the exhaust unit 19,
a turbo molecular pump or the like can be used. The exhaust
unit 19 can increase a degree of vacuum in the vacuum
chamber 11 to, for example, a 10" to 107 Pa.

The nanocluster growth cell 12 is installed in the vacuum
chamber 11. The outer circumference of the nanocluster
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growth cell 12 is surrounded by the liquid nitrogen jacket 14.
Liquid nitrogen (N,) flows in a region surrounded by the
outer circumference of the nanocluster growth cell 12 and
the inner circumference of the liquid nitrogen jacket 14.
When liquid nitrogen flows in the region, it is possible to
prevent a temperature in the nanocluster growth cell 12 from
increasing and it is possible to cool helium supplied from the
second inert gas introduction unit 18 to be described below.

The sputtering source 13 includes a target 131, an anode
132, and a magnet unit 133. The sputtering source 13 is
arranged inside the nanocluster growth cell 12 that is
arranged in the vacuum chamber 11. The sputtering source
13 is freely movable in a tube axis direction in the nano-
cluster growth cell 12. Thus, it is possible to freely set a
stretching distance of a region in which nanoclusters grow in
the tube axis direction. In other words, it is possible to freely
set a length of a growth region that is a distance from the
surface of the target 131 to a nanocluster outlet 121 of the
nanocluster growth cell 12.

The target 131 functions as a cathode and is connected to
the pulse power supply 16. The pulse power supply 16 is
controlled by the control device 15. When power with a
pulse is supplied from the pulse power supply 16 to the
sputtering source 13, a voltage is applied between the target
131 and the anode 132. The magnet unit 133 applies a
magnetic field to the vicinity of the surface of the target 131.

A material used for the target 131 can be variously
changed according to nanoclusters to be prepared. For
example, in order to prepare platinum nanoclusters, plati-
num is used for the target 131, and in order to prepare TaSi
nanoclusters, TaSi is used for the target 131.

The control device 15 controls the pulse power supply 16.
The pulse power supply 16 applies a voltage at an on time
t,,, and stops voltage application at an off time t,raccording
to an on signal and an off signal from the control device 15,
and applies a voltage with a pulse to the sputtering source
13. For example, as the pulse power supply 16, a modulated
pulse power supply that can control power according to a
duty ratio (t,,/t,,+t,, and a DC voltage DCV can be used.

When a duty ratio (t,,/t,,+t,z) of the pulse signal of the
pulse power supply 16 and the like are changed, it is possible
to separately form a nanocluster liquid dispersion having
one representative peak and a nanocluster liquid dispersion
having two or more representative peaks.

The first inert gas introduction unit 17 is a gas flow path
of which an end is arranged between the target 131 and the
anode 132. The gas flow path can be constituted by a known
pipe or the like. In FIG. 1, an inlet of the first inert gas
introduction unit 17 is provided at only one place between
the target 131 and the anode 132. The first inert gas
introduction unit 17 is not limited to this configuration, and
the first inert gas introduction unit 17 may be branched along
the way with inlets provided at a plurality of places. A
configuration in which a first inert gas can be introduced to
the surface of the target 131 may be used.

The first inert gas may be any gas that can be used for
general sputtering, and argon gas can be generally used.

When a first inert gas is supplied from the first inert gas
introduction unit 17 to the surface of the target 131, strong
glow discharging is generated in the vicinity of the surface
of the target 131. When the first inert gas is ionized due to
the glow discharging and collides with the target 131,
sputtered particles are released from the target. The sput-
tered particles are made of neutral atoms, ions and the like
derived from the target 131.

The second inert gas introduction unit is a gas flow path
which spirally circulates inside the liquid nitrogen jacket 14
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and whose end protrudes into the nanocluster growth cell 12.
The gas flow path can be constituted by a known pipe or the
like. The second inert gas is not particularly limited as long
as it is a gas species that does not react with the generated
sputtered particles. For example, helium gas or the like can
be appropriately used.

The second inert gas introduction unit 18 supplies a
second inert gas that is cooled by liquid nitrogen into the
nanocluster growth cell 12. The second inert gas introduc-
tion unit 18 is preferably controlled by a pressure gauge, a
mass flow controller, or the like. A pressure in the nano-
cluster growth cell 12 can be maintained at about 10 to 40
Pa by the pressure gauge or the like.

The second inert gas introduced from the second inert gas
introduction unit 18 has a certain flow direction and the
sputtered particles generated in the target 131 move in the
flow direction. In this case, in a second inert gas atmosphere,
the sputtered particles are bonded to each other and various
nanoclusters are generated.

As described in Patent Document 3, the nanocluster size
can be freely selected by controlling discharging power in
the sputtering source 13, a duty ratio in the pulse power
supply 16, a length of a growth region in the nanocluster
growth cell 12, a flow rate of the first inert gas supplied from
the first inert gas introduction unit 17, a flow rate of the
second inert gas supplied from the second inert gas intro-
duction unit 18, and the like.

The nanocluster collection unit 20 shown in FIG. 1
includes a storage chamber 21 in which a dispersion medium
23 can be stored, and a stirring bar 22 for flowing the
dispersion medium 23 of nanoclusters. The stirring bar 22 is
an aspect of a flowing unit in the scope of the claims.

The nanocluster collection unit 20 is arranged in direction
in which nanocluster generated in the nanocluster generation
unit 10 travel. While the nanocluster collection unit 20 is
arranged in the vacuum chamber 11 constituting the nano-
cluster generation unit 10 in FIG. 1, it may be arranged in
another chamber connected to the side of the vacuum
chamber 11 in the direction in which nanoclusters travel.

The nanocluster collection unit 20 collects nanoclusters in
the dispersion medium 23 without aggregating. Thus, when
the nanocluster size is controlled in the nanocluster genera-
tion unit 10, it is possible to isolate desired nanoclusters.

The storage chamber 21 is a container in which the
dispersion medium 23 is stored. The storage chamber 21 is
preferably made of a material that does not serve as a gas
generation source in the vacuum chamber. For example, a
material such as stainless steel, glass, or the like can be used
for the storage chamber 21.

It is possible to appropriately set a capacity at which the
dispersion medium 23 of the storage chamber 21 can be
stored. When the capacity is too small, there is an increased
risk of nanoclusters aggregating in the dispersion medium
23. That is, a yield of nanoclusters with a desired nanocluster
size decreases. On the other hand, when the capacity is too
large, it is necessary to continue sputtering for about several
days to several weeks in order to obtain a liquid dispersion
in which nanoclusters are dispersed at a high concentration.
For example, when a time average discharging power of the
pulse power supply 16 is 300 W, a flow rate of the first inert
gas is 70 sccm, and a flow rate of the second inert gas is O
sccm, an amount of the dispersion medium 23 is preferably
40 ml or more.

FIG. 2 is a schematic cross-sectional view of a storage
chamber of the device for producing a nanocluster liquid
dispersion according to the first embodiment of the present
invention.
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The shape of the storage chamber 21 in a plan view in the
direction in which nanoclusters travel may be a circular
shape or a rectangular shape. When the storage chamber 21
is viewed in a plan view in the direction in which nanoclus-
ters travel, a diameter r of a circle inscribed in the storage
chamber 21 is preferably 60 mm or more. The sputtered
particles generated in the target 131 generate nanoclusters in
the nanocluster growth cell 12. The generated nanoclusters
are released from the nanocluster outlet 121 to the vacuum
chamber 11 with a high degree of vacuum and move toward
the storage chamber 21. When the diameter of the nano-
cluster outlet 121 is 12 mm, and the distance between the
nanocluster outlet 121 and the storage chamber 21 is 90 mm,
a spatial extent of nanoclusters on the surface of the disper-
sion medium 23 falls within a range of a circle with a
diameter of 40 mm around a center axis of the cluster growth
cell 12. Thus, when the diameter r of the circle inscribed in
the storage chamber 21 is 60 mm or more, it is possible to
collect the generated nanoclusters without leakage.

When flow rates of the first and second inert gases are
high, or when the length of the growth region in the
nanocluster growth cell 12 is long, a case in which a position
at which nanoclusters are incident is not fallen within a
range of a circle with a diameter of 40 mm can be conceiv-
able. In this case, preferably, a position of the storage
chamber 21 in the tube axis direction is set close to the
nanocluster outlet 121 so that nanoclusters can be collected
without leakage, or the diameter of the circle inscribed in the
storage chamber 21 is set to be larger.

A depth d of the storage chamber 21 is preferably 2 cm or
more. The generated nanoclusters are collected in the dis-
persion medium 23 stored in the storage chamber 21. A
depth from a liquid surface of the dispersion medium 23 to
the bottom of the storage chamber 21 is preferably 2 cm or
more although it depends on a generation rate of the nano-
clusters that are incident on the dispersion medium 23 and
a rotational speed of the stirring bar 22. This is because the
incident nanoclusters do not reach the bottom of the storage
chamber 21 and the nanoclusters are appropriately dispersed
in the dispersion medium 23. While it is possible to lower a
generation rate of nanoclusters that are incident on the
dispersion medium 23, a yield per unit time of nanoclusters
decreases.

An inner wall 21A in which the dispersion medium 23 of
the storage chamber 21 is stored is preferably formed of a
curved surface as shown in FIG. 2. When the shape of the
inner wall 21A is formed in a curved surface, it is possible
to secure an area in a plan view when viewed the direction
in which nanoclusters travel and prevent the capacity of the
dispersion medium 23 from increasing too much.

The storage chamber 21 preferably includes a liquid spill
prevention structure that prevents the dispersion medium 23
from spilling out of the storage chamber 21. This is because,
when the dispersion medium 23 spills out of the storage
chamber 21, an amount of the dispersion medium 23 in the
storage chamber 21 decreases and there is an increased risk
of aggregation.

As the liquid spill prevention structure, for example, as
shown in FIG. 3, a lid 24 having an opening may be provided
in the storage chamber 21. In order to return the dispersion
medium adhered to the inner wall of the lid 24 into the
storage chamber 21, the inner wall of the lid 24 is preferably
arranged inside the inner wall of the storage chamber 21.

Since nanoclusters are incident on the dispersion medium
23 through the opening, the diameter of the opening is
preferably 40 mm or more.
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The liquid spill prevention structure is not limited to this
form, and, for example, an inclined surface that increases in
diameter from the uppermost part of the storage chamber 21
may be provided. In this structure, the dispersion medium 23
overflowing from the storage chamber 21 is supplied again
into the storage chamber 21 along the inclined surface.

The storage chamber 21 is preferably arranged so that a
center position on the storage chamber 21 and the nanoclus-
ter outlet 121 do no overlap in a plan view, and the center
position of the storage chamber 21 and the nanocluster outlet
121 are preferably separated by 20 mm or more in a plan
view.

Nanoclusters generated in a nanocluster generation device
10 are emitted in the form of a beam from the nanocluster
outlet 121. On the other hand, the dispersion medium 23
stored in the storage chamber 21 is rotated by the stirring bar
22. According to rotation by the stirring bar 22, a liquid
amount of the dispersion medium 23 decreases at the central
part and increases at the peripheral part of the storage
chamber 21. In addition, a flow rate of the dispersion
medium 23 is higher at the peripheral part than at the center.
When the storage chamber 21 is arranged so that the center
position of the storage chamber 21 and the nanocluster outlet
121 do not overlap in a plan view, it is possible to ensure a
sufficient liquid amount of apart on which nanoclusters are
incident. In addition, since a flow rate of the part (peripheral
part) is high, dispersibility of nanoclusters in the dispersion
medium 23 is further improved.

The stirring bar 22 rotates the dispersion medium 23
stored in the storage chamber 21. A direction in which the
stirring bar 22 rotates the dispersion medium 23 is an
in-plane direction perpendicular to the direction in which
nanoclusters travel. That is, the dispersion medium 23 of
nanoclusters always flows in the direction in which nano-
clusters travel. When the dispersion medium 23 flows, a
concentration of nanoclusters on the surface on which
nanoclusters are incident is prevented from being extremely
higher. As a result, aggregation of nanoclusters on the
incidence surface of the dispersion medium 23 and inside
the dispersion medium 23 is avoided.

The rotational speed of the stirring bar 22 is set as a
rotational speed at which nanoclusters do not aggregate in
the dispersion medium 23. The rotational speed at which
nanoclusters do not aggregate differs according to a volume
of the storage chamber 21, a type of a solution of the
dispersion medium 23, a generation rate of nanoclusters that
are incident, and the like, and an appropriate rotational speed
can be confirmed by a prior examination. When it is
described that nanoclusters do not aggregate, this means that
a cluster size of a representative peak of nanoclusters
collected in the dispersion medium 23 is not larger than a
cluster size of a representative peak of nanoclusters in a gas
phase state prepared in the nanocluster generation unit 10 by
10% or more. Determination of whether nanoclusters have
aggregated with each other can be confirmed according to
whether precipitation has occurred in the dispersion medium
23.

For example, when the storage chamber 21 has a cylin-
drical shape with a diameter of 90 mm, the stirring bar 22
has a size of 8 mm in diameter and 40 mm in length, and the
dispersion medium 23 is polyethylene glycol, the rotational
speed of the stirring bar 22 is preferably 400 rpm or more
and 1000 rpm or less. In this case, when the rotational speed
of the stirring bar 22 is less than 400 rpm, aggregation of
nanoclusters proceeds and precipitation in the dispersion
medium 23 is confirmed. On the other hand, when the
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rotational speed exceeds 1000 rpm, rotation becomes faster
and there is an increased risk of a liquid spilling out.

As the dispersion medium 23 stored in the storage cham-
ber 21, dispersion mediums constituting the above nano-
cluster liquid dispersion can be used. Among them, a dis-
persion medium is preferably a solvent having low volatility
with a boiling point of 160° C. or more and a vapor pressure
of 100 Pa or less at room temperature. The dispersion
medium 23 is stored in the storage chamber 21 provided in
the vacuum chamber 11. When a boiling point of the
dispersion medium 23 is low, an amount of the dispersion
medium 23 decreases with the passages of time, and there is
an increased risk of nanoclusters aggregating the dispersion
medium 23.

A detection unit 30 configured to detect nanoclusters may
be provided between the nanocluster generation unit 10 and
the nanocluster collection unit 20. The detection unit 30 is a
probe plate that is retractable in the vertical direction with
respect to the direction in which nanoclusters travel.

When the detection unit 30 as a probe plate is inserted
between the nanocluster outlet 121 of the nanocluster gen-
eration unit 10 and the storage chamber 21 of the nanocluster
collection unit 20, nanoclusters emitted from the nanocluster
outlet 121 collide on the probe plate. For example, when Ta
and Si are used as elements constituting nanoclusters, if
nanoclusters are appropriately generated, the probe plate is
colored. On the other hand, if nanoclusters are not appro-
priately generated, a transparent film is formed on the
surface of the probe plate.

The detection unit 30 confirms whether desired nanoclus-
ters have been generated. When it is confirmed using the
detection unit 30 that desired nanoclusters are generated in
the nanocluster generation unit 10, it is possible to increase
a concentration of nanoclusters with a desired cluster size in
the obtained nanocluster liquid dispersion.

In the device for producing a nanocluster liquid dispersion
100 according to the first embodiment, the nanocluster size
can be controlled by the nanocluster generation unit 10 and
the nanoclusters can be dispersed without aggregating by the
nanocluster collection unit 20. That is, it is possible to isolate
nanoclusters with a desired cluster size.

Second Embodiment

FIG. 4 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a
second embodiment. A difference between a device for
producing a nanocluster liquid dispersion 200 according to
the second embodiment and the device for producing a
nanocluster liquid dispersion 100 according to the first
embodiment is a nanocluster collection unit 40. Description
of the same parts as in the first embodiment will be omitted
below.

The configuration of the nanocluster generation unit 10 is
the same as that in the first embodiment. The only difference
is that the nanocluster generation unit 10 is of a vertical type
in the first embodiment and is of a horizontal type in the
second embodiment. The nanocluster generation unit 10
may also be of a vertical type in the second embodiment.

The nanocluster collection unit 40 in the device for
producing a nanocluster liquid dispersion 200 according to
the second embodiment includes a storage chamber 41 and
a rotating body 42. In FIG. 4, a dispersion medium 43 is
stored in the storage chamber 41. The vacuum chamber 11
constituting the nanocluster generation unit 10 and a vacuum
chamber 44 constituting the nanocluster collection unit 40
are shown as separate members in FIG. 4, but they may be
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one large chamber. An exhaust device 47 for increasing a
degree of vacuum of the inside is connected to the vacuum
chamber 44. As the exhaust device 47, a turbo molecular
pump or the like can be used. The exhaust device 47 can
increase a degree of vacuum in the vacuum chamber 44 to,
for example, 1072 to 107° Pa.

The size, shape, and the like of the storage chamber 41
can be the same as those in the storage chamber 21 of the
first embodiment. As shown in FIG. 4, a configuration in
which a flow path is provided below the storage chamber 41,
and the dispersion medium 43 stored in the storage chamber
41 can be easily discharged by opening a petcock 45 may be
used. The same dispersion medium as in the first embodi-
ment can be used as a dispersion medium stored.

The rotating body 42 is a rotating body having an axis of
rotation in a direction perpendicular to the direction in which
nanoclusters travel. The rotating body 42 is an aspect of a
flowing unit in the scope of the claims. The rotating body 42
is supported by a support 46 and is disposed so that a part
thereof is immersed in the dispersion medium stored in the
storage chamber 41. In FIG. 4, the support 46 supports the
rotating body from above, but it is not limited to this form.
The support 46 may support the rotating body 42 from below
or side. In consideration of maintenance, the support 46
preferably supports the rotating body 42 from below. Pref-
erably, the rotating body 42 and the support 46 are freely
attachable. This is because it is preferable to replace the
rotating body 42 for each type of the dispersion medium
used and for each type of the nanocluster.

FIG. 5 is a schematic cross-sectional view in which a part
of the nanocluster collection unit 40 according to the second
embodiment is enlarged. As shown in FIG. 5, when the
rotating body 42 rotates, the dispersion medium 43 stored in
the storage chamber 41 is pulled up. The pulled-up disper-
sion medium 43 follows the surface of the rotating body 42
according to the rotation of the rotating body 42.

Nanoclusters emitted from the nanocluster outlet 121 of
the nanocluster generation unit 10 are incident on a side
surface of the rotating body 42. A liquid dispersion with a
high nanocluster concentration on the surface on which one
nanocluster is incident the rotating body 42 is transported in
the rotation direction. Thus, when the next nanocluster is
incident, it is possible to lower a nanocluster concentration
on the incidence surface. That is, a nanocluster concentra-
tion on the surface on which nanocluster are incident is
prevented from being extremely higher. When a nanocluster
concentration is prevented from being extremely higher at a
part, aggregation of nanoclusters on the incidence surface of
the dispersion medium 43 and inside the dispersion medium
43 is avoided.

The rotational speed of the rotating body 42 is set as a
rotational speed at which nanoclusters do not aggregate in
the dispersion medium 43. A higher rotational speed of the
rotating body 42 is preferable.

The rotational speed at which nanoclusters do not aggre-
gate differs according to a volume of the storage chamber
41, an amount of the dispersion medium 43 pulled-up on the
surface of the rotating body 42, a type of a solution of the
dispersion medium 43, a speed of nanoclusters that are
incident, and the like. An appropriate level of the rotational
speed can be confirmed by a prior examination. When the
rotational speed is higher, it is possible to increase an
amount of the dispersion medium 43 pulled-up on the
surface of the rotating body 42. When the liquid dispersion
is efficiently transported in the rotation direction, it is
possible to prevent the occurrence of a part in which a
nanocluster concentration is high locally.
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Diamond-like carbon is preferably applied to the surface
of the rotating body 42. When diamond-like carbon is
applied, it is possible to increase wettability of the dispersion
medium 43 and it is possible to increase an amount of the
dispersion medium 43 pulled-up on the surface of the
rotating body 42.

The interior of the rotating body 42 preferably has a
hollow structure. When the interior of the rotating body 42
has a hollow structure, it is possible to reduce a weight of the
rotating body 42 and increase a rotational speed.

A position at which the rotating body 42 is disposed is
preferably within 350 mm from the nanocluster outlet 121.
When the position is too far from the nanocluster outlet 121,
nanoclusters diffuse and do not collide on the surface of the
rotating body 42 appropriately.

A squeegee 48 is preferably provided behind the rotating
body 42 in the rotation direction. The squeegee 48 may be
supported by the support 46 or may be connected to another
part and supported. The squeegee 48 is substantially in close
contact with the rotating body 42 and it is preferable to
control a distance lo the rotating body 42 with an accuracy
of 0.1 mm or less.

The squeegee 48 removes apart of the dispersion medium
43 applied to the surface of the rotating body 42. The
dispersion medium 43 is a liquid dispersion after nanoclus-
ters are dispersed. When the squeegee 48 is provided, it is
possible to separate the dispersion medium 43 pulled-up on
the rotating body 42 and the liquid dispersion after nano-
clusters are dispersed. A liquid dispersion separated by
providing a guide plate or the like may be prevented from
being mixed into inside the storage chamber 41.

Preferably, in the storage chamber 41, a stirring unit 49
configured to stir the dispersion medium 43 stored in the
storage chamber 41 may be provided. As shown in FIG. 5,
the staring unit 49 may be a stirring blade provided below
the rotating body 42, a stirring bar, or the like. When the
stored dispersion medium 43 is stirred by the stirring unit 49,
it is possible to obtain a uniform concentration of nanoclus-
ters dispersed in the dispersion medium 43.

In the device for producing a nanocluster liquid dispersion
200 according to the second embodiment, the detection unit
may also be provided.

In the device for producing a nanocluster liquid dispersion
200 according to the second embodiment, the nanocluster
size can be controlled by the nanocluster generation unit 10.
In addition, according to the rotating body 42 of the nano-
cluster collection unit 40, the dispersion medium 43 on the
surface on which nanoclusters are incident can flow about at
a speed at which nanoclusters do not aggregate on the
surface of the dispersion medium 43. Accordingly, it is
possible to prepare a nanocluster liquid dispersion on which
nanoclusters are incident the dispersion medium 43 do not
aggregate, but they are uniformly dispersed. That is, it is
possible to isolate nanoclusters with a desired cluster size.

Third Embodiment

FIG. 6 is a schematic cross-sectional view of a device for
producing a nanocluster liquid dispersion according to a
third embodiment. A difference between a device for pro-
ducing a nanocluster liquid dispersion 300 according to the
third embodiment and the device for producing a nanoclus-
ter liquid dispersion 100 according to the first embodiment
is a nanocluster collection unit 50. Description of the same
parts as in the first embodiment will be omitted below.

The nanocluster generation unit 10 in the third embodi-
ment is of a horizontal type as in the second embodiment.
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The nanocluster collection unit 50 includes a substrate 51,
a cooling mechanism 52, a dispersion medium supply unit
53, and a collection container 54. In FIG. 6, the vacuum
chamber 11 constituting the nanocluster generation unit 10
and a vacuum chamber 56 constituting the nanocluster
collection unit 50 are shown as separate members, but they
may be one large chamber. The exhaust device 57 for
increasing a degree of vacuum in the inside is connected to
the vacuum chamber 56. As the exhaust device 57, a turbo
molecular pump or the like can be used. The exhaust device
57 can increase a degree of vacuum in the vacuum chamber
56 to, for example, 1072 to 107° Pa.

The substrate 51 is arranged to cross the direction in
which nanoclusters travel. The material of the substrate 51
is preferably a material with favorable conductivity, and
oxygen-free copper or the like can be used.

A dispersion medium is sprayed onto the substrate 51
from the dispersion medium supply unit 53. As the disper-
sion medium, a highly volatile solvent can also be used in
addition to the same dispersion medium as in the first
embodiment. For example, tetrahydrofuran can be used. In
the third embodiment, since the dispersion medium is not
stored, but it is sprayed, a solvent that is more volatile than
the dispersion mediums of the first embodiment and the
second embodiment can be used.

One end of the dispersion medium supply unit 53 is
connected to an external tank in which a dispersion medium
is stored and the other end thereof is provided in the vicinity
of the substrate 51. When the dispersion medium supplied
from the dispersion medium supply unit 53 is sprayed onto
the substrate 51, it is cooled by the cooling mechanism 52
and becomes a solid. At this time, nanoclusters and the
dispersion medium are co-deposited, and the nanoclusters
are dispersed in a solvent matrix. Then, when the solvent
matrix is dissolved, a liquid dispersion is obtained. As the
cooling mechanism 52, a known cold trap or the like can be
used.

The nanocluster and the dispersion medium that are
co-deposited on the surface of the substrate 51 become a
nanocluster liquid dispersion when the substrate 51 is
heated. The nanocluster liquid dispersion flows on the
surface of the substrate 51 and is added dropwise to the
collection container 54. A configuration in which a flow path
is provided below the collection container 54 and the liquid
dispersion collected in the collection container 54 can be
easily discharged by opening a petcock 55 may be used.

In the device for producing a nanocluster liquid dispersion
300 according to the third embodiment, a nanocluster liquid
dispersion is prepared by spraying the dispersion medium
onto the surface of the substrate 51 on which nanoclusters
are incident by the dispersion medium supply unit 53.
Therefore, whenever nanoclusters are incident on the sub-
strate 51, a new dispersion medium is supplied by spraying.
Therefore, it is possible to prevent a cluster concentration in
the liquid dispersion from increasing. Accordingly, it is
possible to prepare a nanocluster liquid dispersion in which
nanoclusters do not aggregate, but they are uniformly dis-
persed.

In the device for producing a nanocluster liquid dispersion
300 according to the third embodiment, when the nanoclus-
ter size generated in the nanocluster generation unit 10 is
controlled, it is possible to isolate nanoclusters with a
desired cluster size.

Method for Producing Nanocluster Liquid
Dispersion

A method for producing a nanocluster liquid dispersion
according to the present embodiment includes a nanocluster
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generation process in which nanoclusters are generated and
a nanocluster collection process in which nanoclusters are
collected in a dispersion medium while flowing on an
incidence surface of the dispersion medium on which the
generated nanoclusters are incident.

The nanocluster generation process is not particularly
limited. The nanocluster generation process can be appro-
priately set according to a type and a cluster size of nano-
clusters dispersed in the nanocluster liquid dispersion.

On the other hand, in the nanocluster generation process,
it is preferable to control the cluster size. This is because the
nanoclusters generated in the nanocluster generation process
are collected in the nanocluster collection process. The
nanocluster generation process in which the cluster size is
controlled refers to a process in which a nanocluster with a
cluster size showing a representative peak selected from a
peak of a mass spectrum of the nanocluster generated in a
gas phase is generated. A proportion of nanoclusters with a
predetermined cluster size (showing a representative peak)
with respect to all of the generated nanoclusters is preferably
5% or more.

Specifically, in the nanocluster generation process, the
nanocluster generation device described in Patent Document
3 and the nanocluster generation unit in the above device for
producing a nanocluster liquid dispersion can be used. The
cluster size of the nanoclusters generated in the nanocluster
generation process is controlled with an extremely high
accuracy in a gas phase state. In the nanocluster generation
process, when nanoclusters with a desired cluster size are
generated in advance, the cluster size of the nanoclusters
collected in a liquid dispersion collection process to be
described below can be constant.

A type of the nanocluster generated in the nanocluster
generation process is not particularly limited. Elements
constituting the nanocluster may aggregate in a gas phase.
Examples of the generated nanocluster include a metal
nanocluster including a single metal element as a constituent
element, an alloy nanocluster including a plurality of metal
elements as constituent elements, and a semiconductor
nanocluster including silicon as a constituent element. A
nanocluster of Pt, Au, Ag, Cu, Cr, Ti, or Fe can be generated
as the metal nanocluster, a nanocluster of CoPt, FePt, or the
like can be generated as the alloy nanocluster, and Si, TaSi,
TiSi, LuSi, RuSi, WSi, and MoSi can be generated as the
semiconductor nanocluster.

Preferably, a nanocluster detection process is performed
between the nanocluster generation process and the nano-
cluster collection process. In the nanocluster detection pro-
cess, it is cheeked whether predetermined nanoclusters have
been formed. As a result, it is possible to confirm that
nanoclusters with a predetermined cluster size are included
in the liquid dispersion and it is possible to increase a
concentration of predetermined nanoclusters in the prepared
nanocluster liquid dispersion.

In the nanocluster collection process, the dispersion
medium on which nanoclusters are incident flows. This is
because the nanoclusters generated in the nanocluster gen-
eration process are collected without aggregating.

For example, as in the above detection unit 30, when a
probe plate is installed in the direction in which nanoclusters
travel, the probe plate is colored in about several seconds.
That is, nanoclusters are incident on the dispersion medium
with a high frequency. Thus, when the dispersion medium
does not flow, the nanoclusters that are incident on the
dispersion medium aggregate with each other on the liquid
surface or in the liquid. When the dispersion medium on
which nanoclusters are incident flows, it is possible to
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prevent a nanocluster concentration from locally increasing
on the surface of the dispersion medium and in the disper-
sion medium, and it is possible to increase dispersibility of
the nanoclusters.

In the nanocluster collection process, on the surface of the
liquid dispersion, nanoclusters are most likely to aggregate
with each other. This is because, when nanoclusters are
incident on the liquid surface, they receive resistance, and a
speed of the nanoclusters temporarily decreases on the
surface of the liquid dispersion.

Thus, in the nanocluster collection process, preferably, the
dispersion medium flows so that a density of nanoclusters on
the surface of the dispersion medium is equal to or less than
an aggregation limit.

The aggregation limit refers to a density at which nano-
clusters do not come in contact with each other on the
surface of the dispersion medium. For example, if the
nanocluster has a size of 1 nm in diameter, when there are
10** nanoclusters or more in 1 cm?, the nanoclusters come
in contact with each other. Although the nanoclusters con-
tacting with each other do not immediately aggregate, a
density of nanoclusters on the surface of the dispersion
medium is preferably 10'* nanoclusters/cm® or less for the
nanocluster having a size of 1 nm in diameter.

The density of nanoclusters on the surface of the disper-
sion medium is greatly influenced also by a nanocluster
incident flux. The incident flux refers to the number of
particles of nanocluster that are incident in 1 cm? per second.
When the incident flux is high, it is preferable to increase a
flow velocity. When the incident flux is low, it is not as
necessary to accelerate a stirring speed. In both cases, the
dispersion medium flows so that the density of nanoclusters
on the surface of the dispersion medium is an aggregation
limit or less, and thus it is possible to further suppress
aggregation of nanoclusters.

More specifically, for example, in order to collect 10 mg
nanoclusters per hour, nanoclusters are incident on the liquid
dispersion at 6 nmol (=3.3x10" nanoclusters)/sec in an area
of 12 cm? (calculated area of nanoclusters on the incidence
surface at a diameter of 40 mm). An incident amount when
the dispersion medium is fixed, 2.8x10'* nanoclusters/
sec.cm” is obtained. In this case, when a flow velocity is 10
cm/sec or more, the density of nanoclusters on the surface of
the dispersion medium can be to 10* nanoclusters/cm? or
less. In consideration of a limit value of the current nano-
cluster incident flux, a surface speed of the nanocluster
liquid dispersion is preferably 20 cm/sec or more and more
preferably 100 cm/sec or more.

A method of flowing the dispersion medium on which
nanoclusters are incident is not particularly limited. For
example, the stirring bar, the rotating body, or the like
described in the device for producing a nanocluster liquid
dispersion can be used.

As described in the device for producing a nanocluster
liquid dispersion, in principle, since the nanocluster liquid
dispersion is prepared in the vacuum chamber, a solvent
having low volatility with a high boiling point is preferably
used. On the other hand, in consideration of the use mode,
when a solvent having low volatility is used, the residual
solvent is conceivable. Thus, the dispersion medium of the
nanocluster liquid dispersion is preferably a volatile solvent.

Thus, a replacement process in which a dispersion
medium is replaced with a volatile solvent having a lower
boiling point than the dispersion medium used during col-
lection may be additionally included after the nanocluster
collection process. For replacement of the dispersion
medium, first, only nanoclusters are extracted from the
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liquid dispersion according to, for example, column chro-
matography or a recrystallization method. Then, when the
extracted nanoclusters are added to the volatile solvent again
while stirring, a liquid dispersion in winch nanoclusters are
dispersed in the volatile solvent is obtained. When the
replacement process is performed in the presence of oxygen
or water, there is a risk of nanoclusters aggregating. The
replacement process is preferably performed under oxygen-
free and anhydrous conditions using a glove box or the like.
The solvent used for replacement is preferably subjected to
a degassing and dehydration treatment.

When such a liquid dispersion is used, it is possible to
easily apply the nanocluster liquid dispersion to the sub-
strate. For coating, a spray coating method, a dispenser
coating method, a spin coating method, a knife coating
method, an inkjet coating method, a screen printing method,
an offset printing method, or a die coating method can be
used. When the solvent is removed from the applied liquid
dispersion, a nanocluster dispersion film is easily obtained.
A proportion of nanoclusters with a predetermined nano-
cluster size constituting the obtained nanocluster dispersion
film with respect to all nanoclusters is 5% or more.

Here, the substrate is not particularly limited, and a
conductive substrate, a non-conductive substrate, and the
like are appropriately selected according to applications.
Examples of the conductive substrate include a metal such
as gold, silver, and aluminum, a metal oxide such as indium
tin oxide (ITO), fluorine-doped tin oxide (FTO), and sap-
phire, and an organic conductor such as graphite and carbon
nanotubes. In addition, examples of the non-conductive
substrate include glass, a ceramic, and a resin. In addition,
examples of the semiconductors include a semiconductor of
Si, GaAs, and the like.

When the method for producing a nanocluster liquid
dispersion according to the present embodiment is used, a
nanocluster liquid dispersion in which nanoclusters are
uniformly dispersed is obtained. In addition, in the nano-
cluster generation process, when the nanocluster size is
controlled in advance, it is possible to isolate nanoclusters
with a desired cluster size.

EXAMPLES

Hereinafter, effects of the present invention will become
more apparent from examples. The present invention is not
limited to the following examples, but can be appropriately
changed and implemented within ranges in which the scope
and spirit of the invention are not changed.

Example 1

First, nanocluster including Ta and Si as constituent
elements in a gas phase were generated using the nanoclus-
ter generation unit described in the first embodiment.

FIG. 7 is a mass spectrum of nanoclusters generated in a
gas phase. The nanoclusters generated in tire gas phase were
confirmed as TaSi;¢* from the mass spectrum.

Next, the nanoclusters generated in a gas phase were
incident on the dispersion medium stored in the storage
chamber to obtain a nanocluster liquid dispersion. As the
dispersion medium, a polyethylene glycol dimethyl ether
(PEG, molecular weight of about 250 u, boiling point 250°
C. or more) having a methyl group as an inert substituent
terminal was used. The dispersion medium was stirred by
the stirring bar.

FIG. 8 is a high performance liquid chromatograph
(HPLC) of a nanocluster liquid dispersion of TaSi. The
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horizontal axis represents an amount of a solution supplied
to a column and the vertical axis represents an absorbance
As the dispersion medium, a polyethylene glycol dimethyl
ether (PEG, molecular weight of about 250 u, boiling point
250° C. or more) whose end was terminated with an inert
methyl group was used and TaSi,,”, TaSi,*, and TaSi,® were
generated as nanoclusters.

In the HPLC, while a solution was supplied from one side
of an analysis column, an absorbance was measured using a
spectrophotometer installed at the other side of the column.
A size exclusion column was used for analysis. The analysis
column had a porous structure therein, and a traveling speed
in the analysis column differed according to the nanocluster
size. Since nanoclusters with a small size traveled past the
interior of the porous structure in the traveling direction,
they had a lower traveling speed than nanoclusters with a
large size. Therefore, nanoclusters with a relatively large
size (large mass) were confirmed in a stage in which a
volume of supplied solution into the analysis column was
small. Subsequently, the nanocluster size decreased (small
mass) as a volume of the solution supplied increased.

That is, the HPLC spectrum shown in FIG. 8 shows an
abundance ratio of all nanoclusters included in the liquid
dispersion. The horizontal axis represents an elution volume,
that is, a cluster size, and the vertical axis represents an
absorbance, that is, an abundance of clusters. Based on the
graph, it was confirmed that there was a maximum peak at
8.5 mL (supply rate of a solvent at 0.5 mL./min, 17 minutes
after the solvent was supplied) in the horizontal axis.

Next, a mass spectrum of a fraction component with
respect to the representative peak of the nanocluster liquid
dispersion was confirmed. FIGS. 9A and 9B show negative
ion mass spectra of a sample obtained by performing column
purification on a nanocluster liquid dispersion prepared
using the method for producing a nanocluster liquid disper-
sion according to an aspect of the present invention, FIG. 9A
shows the entire image of the mass spectrum, and FIG. 9B
is an enlarged view in which the peak part is enlarged. The
mass spectrum in FIGS. 9A and 9B was measured using the
sample at a part of 8.5 mL in FIG. 8. The horizontal axis
represents an m/z value obtained by dividing a mass number
by a charge and the vertical axis represents a detection
intensity.

As shown in FIGS. 9A and 9B, based on the result of mass
analysis, it was found that TaSi ;—(m/z=545 ),
TaSi, ,~(m/z =574 wu), TaSi;s—(m/z=602 u), and
TaSi, ;—(m/z=630 u) were generated. These were assumed as
fragmented products of TaSi;,". That is, a nanocluster
showing the representative peak was TaSi, s and it showed
that TaSi, ;* was included in the liquid dispersion as a main
component. On the other hand, Si,,” with different sizes and
different compositions were not observed. That is, in FIG. 7
and FIGS. 9A and 9B, it was confirmed that nanoclusters in
a gas phase were dispersed in the dispersion medium with-
out aggregating.

Next, a proportion of the confirmed nanoclusters with a
predetermined cluster size (TaSi;s*) with respect to all
nanoclusters was calculated. The calculation was performed
according to the following procedure.

First, the HPLC result obtained when a material of a
single component (molecular weight was determined in one
operation) was measured was confirmed.

FIG. 10 is an HPLC of a single component polystyrene.
A half width of a peak obtained in this case was 0.63 mL and
a peak value was 8.28 mL. The polystyrene having the same
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molecular weight was used as a reference material, and was
detected as a peak curve with a certain width in the chro-
matogram.

That is, in the HPLC of the nanocluster liquid dispersion
of' TaSi shown in FIG. 8, a single TaSi 4 is detected as a peak
curve with a certain width. Thus, the HPLC shown in FIG.
8 was fitted to a peak curve with a half width of 0.63 mL
around a top point of the peak. A dotted line in FIG. 8 shows
a fitting result. In other words, in the HPLC of the nano-
cluster liquid dispersion of TaSi, a dotted line part shows a
peak generated due to TaSi, ;. Thus, an area proportion of the
dotted line part with respect to the area of the solid line part
can be converted into a proportion of the confirmed nano-
clusters with a predetermined cluster size (TaSi ") with
respect to all nanoclusters.

As the result obtained by conversion in the above proce-
dure, a proportion of the confirmed nanoclusters with a
predetermined cluster size (TaSi,s*) with respect to all
nanoclusters was 57.2%.

As described above, a nanocluster liquid dispersion in
which nanoclusters including TaSi as a constituent element
were dispersed was obtained. In addition, the obtained
nanocluster liquid dispersion was stable and precipitation of
nanoclusters was not observed after the liquid dispersion
was left for about 6 months. That is, it was found that
nanoclusters with a predetermined size were uniformly
dispersed in the nanocluster liquid dispersion.

Example 2

The PEG liquid dispersion of the TaSi nanoclusters pre-
pared in Example 1 was recrystallized using a hexane/
acetonitrile mixture solvent and the TaSi nanoclusters were
separated from the dispersion medium. The separated TaSi
nanoclusters were dispersed in tetrahydrofuran, and toluene
again. In both cases, the TaSi nanoclusters after re-disper-
sion were not precipitated, but they were stably dispersed. It
was confirmed that the dispersion medium could be replaced
with a volatile organic solvent with a high volatility from a
PEG with a low volatility. In addition, the liquid dispersion
after replacement was stable and precipitation of the nano-
clusters was not observed.

Example 3

Example 3 was the same as Example 1 except that
elements constituting nanoclusters generated in a gas phase
in the nanocluster generation unit were Ti and Si. The
obtained nanocluster was TiSi,,.

FIG. 11 is an HPLC of a nanocluster liquid dispersion of
TiSi prepared using the method for producing a nanocluster
liquid dispersion according to an aspect of the present
invention. The solid line shows HPLC results of all nano-
clusters, and the dotted line shows a distribution of nano-
clusters with a cluster size in the process confirmed through
fitting.

In the same procedure as in Example 1, a calculated
proportion of nanoclusters with a predetermined cluster size
with respect to all nanoclusters was 40.2%. In addition, the
obtained nanocluster liquid dispersion was stable and pre-
cipitation of nanoclusters was not observed after the liquid
dispersion was left for about 6 months.

Example 4

The PEG liquid dispersion of the TiSi nanoclusters pre-
pared in Example 3 was recrystallized using a hexane/
acetonitrile mixture solvent. Then, the TiSi nanoclusters
were separated from the dispersion medium. The TiSi nano-
cluster sample separated from the dispersion medium
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included Si at 15 weight % or more and Ti at 1 weight % or
more, and the remaining component that was polyethylene
glycol dimethyl ether bonded to the nanocluster. The TiSi
nanoclusters separated from the dispersion medium were
dispersed in tetrahydrofuran again. The TiSi nanoclusters
after re-dispersion were not precipitated and were stably
dispersed. It was confirmed that the dispersion medium
could be replaced with a volatile organic solvent with a high
volatility from a PEG with a low volatility. In addition, the
liquid dispersion after replacement was stable and precipi-
tation of the nanoclusters was not observed.

Example 5

Example 5 was the same as Example 1 except that
elements constituting nanoclusters generated in a gas phase
in the nanocluster generation unit were Ru and Si. The
obtained nanocluster was RuSi,".

FIG. 12 is an HPLC of a nanocluster liquid dispersion of
RuSi prepared using the method for producing a nanocluster
liquid dispersion according to an aspect of the present
invention. The solid line shows HPLC results of all nano-
clusters, and the dotted line shows a distribution of nano-
clusters with a cluster size in the process confirmed through
fitting.

In the same procedure as in Example 1, a calculated
proportion of nanoclusters with a predetermined cluster size
with respect to all nanoclusters was 42.1%. In addition, the
obtained nanocluster liquid dispersion was stable and pre-
cipitation of nanoclusters was not observed after the liquid
dispersion was left for about 3 months.

Examples 6 and 7

TaSi and TiSi nanocluster liquid dispersions that were
dispersed in tetrahydrofuran again, which were obtained in
Example 2 and Example 4, were applied to a glass substrate
and a Si substrate. More specifically, a solution of 10 mg/mL
was applied to a Si substrate with an oxide film (111) using
a spin coater (device: model number SC2005 commercially
available from Aiden) at a rotational speed of 3000 rpm. The
coated sample was dried by air to prepare a TaSi nanocluster
dispersion film. FIG. 14 is a cross-sectional view of the
nanocluster dispersion film.

Example 8 to 10

TiSi nanocluster liquid dispersions were prepared in the
same method as in Example 4 except that, as a hardly
volatile dispersion medium used when a nanocluster liquid
dispersion was prepared, a dimethyl silicone oil (Example 7,
viscosity 200 mm?/s), a dimethyl silicone oil (Example 8,
viscosity 1000 mm?®/s) and a methylphenyl silicone oil
(Example 9, viscosity 160 mm?/s) were used in place of the
polyethylene glycol dimethyl ether. In addition, the obtained
nanocluster liquid dispersion was stable and precipitation of
nanoclusters was not observed after the liquid dispersion
was left for about 6 months. Precipitation of the nanoclusters
was visually evaluated.

Examples 11 and 12

An ionic liquid was used as a hardly volatile dispersion
medium used when a nanocluster liquid dispersion was
prepared. As the ionic liquid, 1-butyl-3-methylimidazolium
hexafluorophosphate was used in Example 11 and 1-butyl-
1-methylpyrrolidinium  bis(trifluoromethanesulfonyl)imide
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was used in Example 12. When the TiSi nanocluster liquid
dispersion was prepared using such anionic liquid and left
for 1 week, slight association between the nanoclusters was
observed. Compared to the nanocluster liquid dispersions
prepared in Examples 1 to 5 and 8 to 10, dispersibility was
not favorable.

Example 13

A TiSi nanocluster liquid dispersion was prepared using a
liquid paraffin as a hardly volatile dispersion medium used
when a nanocluster liquid dispersion was prepared. When
the prepared nanocluster liquid dispersion was left for 1
week, slight association between the nanoclusters was
observed. Compared to the nanocluster liquid dispersions
prepared in Examples 1 to 5 and 8 to 10, dispersibility was
not favorable.

REFERENCE SIGNS LIST

100 Device for producing nanocluster liquid dispersion
10 Nanocluster generation unit

11, 44, 56 Vacuum chambers

12 Nanocluster growth cell

13 Sputtering source

14 Liquid nitrogen jacket

15 Control device

16 Pulse power supply

17 First inert gas introduction unit
18 Second inert gas introduction unit
19, 47, 57 Exhaust device

20, 40, 50 Nanocluster collection unit
21,41 Storage chamber

22 Stirring bar

23, 43 Dispersion medium

30 Detection unit

42 Rotating body

45, 55 Petcock

46 Support

48 Squeegee

49 Stirring unit

51 Substrate

52 Cooling unit

53 Dispersion medium supply unit
54 Collection container

The invention claimed is:
1. A method for producing a nanocluster liquid dispersion,
the method comprising:

generating nanoclusters, thereby forming generated nano-
clusters; and

collecting the nanoclusters in a dispersion medium that is
flowing in a direction in which the nanoclusters travel,
wherein the nanoclusters are in contact with the dis-
persion medium, and wherein at least a part of the
dispersion medium flows along and follows an outer
surface of a rotating body.

2. The method according to claim 1,

wherein, the dispersion medium flows so that a density of
nanoclusters on a surface of the dispersion medium
does not exceed an aggregation limit, in the collecting.

3. The method according to claim 1,

wherein the dispersion medium is a solvent having low
volatility with a boiling point of 160° C. or more and
a vapor pressure of 100 Pa or less at room temperature.

4. The method according to claim 1, further comprising

after the collecting:
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replacing the dispersion medium with a volatile disper-
sion medium having a boiling point lower than a
boiling point of the dispersion medium.

5. The method according to claim 1, further comprising
between the generating and the collecting: 5
detecting whether predetermined nanoclusters are gener-

ated in the generating.
6. The method according to claim 1, wherein the disper-
sion medium has an ether bond or a siloxane bond, and
wherein an end of the ether bond or the siloxane bond has 10
an inert substituent terminal.
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