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(57) ABSTRACT

A manufacturing method of a barium zirconate titanate
nanocrystal is provided.

The manufacturing method of a barium zirconate titanate
nanocrystal according to the present invention includes
mixing a barium hydroxide aqueous solution, an aqueous
solution of a water-soluble titanium complex, an aqueous
solution of a water-soluble zirconium complex, a sodium
hydroxide aqueous solution, an amine compound, and
organic carboxylic acid and a solution is thereby obtained,
and heating the solution and thereby performing synthesis.
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NANOCRYSTAL FILM-COATED
SUBSTRATE, MANUFACTURING METHOD
OF SAME, AND MANUFACURING METHOD

OF BARIUM ZIRCONATE TITANATE
NANOCRYSTAL

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] The present invention relates to a nanocrystal film-
coated substrate, a manufacturing method of the same, and
a manufacturing method of a barium zirconate titanate
nanocrystal.

Description of Related Art

[0002] Barium titanate (BaTiO,) is known as a ferroelec-
tric material. Barium titanate is used in a multilayer capaci-
tor and the like because of high relative permittivity. Regard-
ing barium zirconate titanate (Ba(Zr,Ti)O,) which is a solid
solution of barium titanate (BaTiO;) and barium zirconate
(BaZrO,), the followings are reported. In particular, in a
composition in which a ratio of zirconium:titanium is in the
vicinity of 20:80, integration, that is, pinching of phase
transition temperatures (rhombohedron phase—orthorhom-
bus phase—stetragon phase—cube phase) of barium titanate
causes temperature dependency of permittivity to be
smoothed and causes the maximum value thereof to be
shown in the vicinity of room temperature.

[0003] Size reduction, capacity enlargement, and high
reliability of a multilayer capacitor are progressing with
recent miniaturization of electronic devices. In such a situ-
ation, there are various requirements for forms and particle
diameters of dielectric particles to be used. A barium zir-
conate titanate nanocrystal is a very interesting material in a
point that the barium zirconate titanate nanocrystal has
monodispersity, is fine, and has a controlled hexahedral
structure. In addition, it is possible to expect improvement of
reliability for an operating temperature of a device and to
expect an increase of permittivity in the vicinity of room
temperature.

[0004] Regrading barium zirconate titanate, synthesis
examples using methods such as a sintering method, a
sonochemical method, a hydrothermal method, a coprecipi-
tation method, or a sol-gel method are reported. For
example, in the article of Non-Patent Literature 1, a method
in which nanocrystals of barium zirconate titanate (Zr:
Ti=20:80) are synthesized under a hydrothermal condition
of a temperature of 130° C. by using a peroxo-hydroxide
precursor is reported. In the article of Non-Patent Literature
2, a method in which nanocrystals of barium zirconate
titanate (10 mol % to 30 mol % which is the substituted Zr
content) are synthesized by a coprecipitation method is
reported.

CITATION LIST

Non-Patent Literature

[0005] [NPL 1] Byeong Woo Lee, Seung-Beom Cho,
Journal of the FEuropean Ceramic Society 25 (2005)
2009-2012.

[0006] [NPL 2] S. Bhaskar Reddy, K. Prasad Rao and M.
S. Ramachandra Rao, Scripta Materialia 57 (2007) 591-
594
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SUMMARY OF THE INVENTION

[0007] However, controlling the form and the particle
diameter of a barium zirconate titanate nanocrystal has
hardly been reported.

[0008] Considering the above circumstances, an object of
the present invention is to provide a nanocrystal film-coated
substrate, a manufacturing method of the same, and a
manufacturing method of a barium zirconate titanate nanoc-
rystal.

[0009] The inventor performed close examination for
achieving the above object. As a result, the inventor found
that a solution was obtained by mixing a barium hydroxide
aqueous solution, an aqueous solution of a water-soluble
titanium complex, an aqueous solution of a water-soluble
zirconium complex, a sodium hydroxide aqueous solution,
an amine compound, and organic carboxylic acid, and the
solution was heated and thereby performing synthesis, and
thus a barium zirconate titanate nanocrystal which had
monodispersity, was fine, and had a hexahedral structure
was obtained, and finished the present invention.

[0010] According to an aspect of the present invention,
there is provided a nanocrystal film-coated substrate which
includes a substrate and a nanocrystal film in which barium
zirconate titanate nanocrystals are arranged on the substrate.
[0011] In the nanocrystal film-coated substrate, barium
zirconate titanate in the barium zirconate titanate nanocrys-
tal may be represented by a general formula BaZr, Ti, O,
(0<x=0.5).

[0012] Inthe nanocrystal film-coated substrate, the barium
zirconate titanate nanocrystal may have a hexahedral shape
and a size of 10 nm to 50 nm.

[0013] The nanocrystal film-coated substrate may have at
least one peak in a range of 310 cm™ to 240 cm™ in a
Raman spectroscopy spectrum.

[0014] Inthe nanocrystal film-coated substrate, an average
of absolute values of saturation values of piezoelectric
constants d;;_p,, obtained by measurement of a piezore-
sponse force microscope may be 15 pm/V to 200 pm/V.
[0015] In the nanocrystal film-coated substrate, an abso-
lute value of a coercive electric field may be 0.1 kV/cm or
more and less than 142 kV/cm.

[0016] In the nanocrystal film-coated substrate, heat treat-
ment may be performed on the nanocrystal film-coated
substrate and thereby interface bonding between the barium
zirconate titanate nanocrystals is formed.

[0017] In the nanocrystal film-coated substrate, the sub-
strate may be selected from the group consisting of fluorine
doped tin oxide (FTO), indium tin oxide (ITO), glass,
silicon, metal, ceramics, polymer, paper, rubber, and a low
heat-resistant base material.

[0018] According to another aspect of the present inven-
tion, there is provided a manufacturing method of a barium
zirconate titanate nanocrystal, which includes mixing a
barium hydroxide aqueous solution, an aqueous solution of
a water-soluble titanium complex, an aqueous solution of a
water-soluble zirconium complex, a sodium hydroxide
aqueous solution, an amine compound, and organic carbox-
ylic acid and thereby a solution is obtained, and heating the
solution and thereby performing synthesis.

[0019] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, a ligand of the water-soluble titanium
complex may be hydroxycarboxylic acid.
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[0020] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, a ligand of the water-soluble zirconium
complex is hydroxycarboxylic acid.

[0021] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, the amine compound may be tert-
butylamine, and the organic carboxylic acid may be oleic
acid.

[0022] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, concentration of sodium hydroxide in
the solution may be 1 mol/LL to 2 mol/L.

[0023] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, a molar ratio of titanium/zirconium in
the solution may be 0.01:0.99 to 0.99:0.01.

[0024] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, in the solution, the number of moles of
the amine compound with respect to 1 mol of barium may
be 2 to 16, and the number of moles of the organic
carboxylic acid with respect to 1 mol of barium may be 2 to
16.

[0025] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, the heating may be performed at a
temperature of 150° C. to 240° C. for a period of one hour
to 120 hours.

[0026] Inthe manufacturing method of a barium zirconate
titanate nanocrystal, after the synthesis, centrifugation of the
solution may be performed and a precipitate is thereby
collected.

[0027] According to still another aspect of the present
invention, there is provided a manufacturing method of a
nanocrystal film-coated substrate, which includes a process
of dispersing barium zirconate titanate nanocrystals manu-
factured by using the manufacturing method of a barium
zirconate titanate nanocrystal, in a nonpolar solvent, a
process of performing centrifugation of a nanocrystal dis-
persion liquid and collecting a supernatant and a nanocrystal
dispersion liquid is thereby obtained, and a process of
immersing a substrate into the nanocrystal dispersion liquid
in a half-closed state, and pulling the substrate up from the
nanocrystal dispersion liquid and barium zirconate titanate
nanocrystals are thereby arranged on the substrate.

[0028] According to the nanocrystal film-coated substrate
of the present invention, it is possible to provide a nanoc-
rystal film-coated substrate in which barium zirconate titan-
ate nanocrystals having a controlled shape are arranged on
a substrate.

[0029] According to the manufacturing method of a
barium zirconate titanate nanocrystal of the present inven-
tion, it is possible to manufacture a barium zirconate titanate
nanocrystal having a controlled shape.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a SEM image of a surface of a sample in
which barium zirconate titanate nanocrystals (Zr:Ti=20:80)
produced in Example 1 are arranged on a substrate.

[0031] FIG. 2A is a HR-TEM image in a state where a
dispersion liquid of barium zirconate titanate nanocrystals
(Zr:Ti=20:80) used in Example 1 is dropped onto a grid, and
FIG. 2B is a HR-TEM image obtained by further enlarging
FIG. 2A, and a FFT pattern.

[0032] FIG. 3A is a BF-STEM image of one nanocrystal
of the sample used in Example 1, and FIG. 3B is a HAADF-
STEM image of one nanocrystal of the sample in Example
1.
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[0033] FIG. 4 shows a result obtained by performing
STEM-EDX mapping on the sample used in Example 1.
[0034] FIG. 5 is a SEM image of a surface of a sample in
which barium zirconate titanate nanocrystals (Zr:Ti=15:85)
produced in Example 2 are arranged on a substrate.

[0035] FIG. 6 is a SEM image of a surface of a sample in
which barium zirconate titanate nanocrystals (Zr:Ti=5:95)
produced in Example 4 are arranged on a substrate.

[0036] FIG. 7 is a SEM image of a surface of a sample in
which barium zirconate titanate nanocrystals (Zr:Ti=50:50)
produced in Example 5 are arranged on a substrate.

[0037] FIG. 8 is a SEM image of a surface of a sample in
which barium zirconate nanocrystals (Zr:Ti=100:0) pro-
duced in Example 6 are arranged on a substrate.

[0038] FIG. 9 shows a result obtained by performing
powder XRD measurement on the nanocrystal (BZT, , in
FIG. 9) produced in Example 1, the nanocrystal (BZT, |5 in
FIG. 9) produced in Example 2, the nanocrystal (BZT, , in
FIG. 9) produced in Example 3, the nanocrystal (BZT, ,5 in
FIG. 9) produced in Example 4, and a barium titanate
nanocrystal (Zr:Ti=0:100) (BT in FIG. 9) by using an X-ray
diffraction device.

[0039] FIG. 10 is a graph obtained by plotting a lattice
constant of the nanocrystal, which is obtained by powder
XRD measurement, with respect to the amount of zirco-
nium.

[0040] FIGS. 11A, 11B and 11C show results obtained by
performing XPS measurement on the nanocrystal produced
in Example 1 by using an X-ray photoelectron spectrometer;
in particular, FIG. 11A shows a result for Ba 3d, FIG. 11B
shows a result for Ti 2p, and FIG. 11C shows a result for Zr
3d.

[0041] FIG. 12A is a SEM image of a surface of a
nanocrystal film-coated substrate of barium zirconate titan-
ate (Zr:Ti=20:80) before firing, and FIG. 12B is a SEM
image of the nanocrystal film-coated substrate after firing.
[0042] FIG. 13A is a SEM image of a surface of a
nanocrystal film-coated substrate of barium zirconate titan-
ate (Zr:Ti=10:90) before firing, and FIG. 13B is a SEM
image of the nanocrystal film-coated substrate after firing.
[0043] FIG. 14A is a SEM image of a surface of a
nanocrystal film-coated substrate of barium zirconate titan-
ate (Zr:Ti=5:95) before firing, and FIG. 14B is a SEM image
of the nanocrystal film-coated substrate after firing.

[0044] FIG. 15 shows a result obtained by performing
Raman spectroscopy measurement on a nanocrystal film-
coated substrate after firing.

[0045] FIG. 16 shows a result obtained by measuring a
nanocrystal film-coated substrate with a piezoresponse force
microscope.

DETAILED DESCRIPTION OF THE
INVENTION

[0046] Hereinafter, a nanocrystal film-coated substrate, a
manufacturing method of the same, and a manufacturing
method of a barium zirconate titanate nanocrystal, which are
one embodiment to which the present invention is applied,
will be described in detail.

[0047] Nanocrystal Film-Coated Substrate

[0048] A nanocrystal film-coated substrate according to
the embodiment of the present invention includes a substrate
and a nanocrystal film in which barium zirconate titanate
nanocrystals are arranged on the substrate.
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[0049] In this specification, “a nanocrystal” refers to a
hexahedral crystal (so-called nanocube) which has a
nanoscale size and includes an incomplete hexahedral crys-
tal which has a nanoscale size, has beveled vertices of a
hexahedron, and is generated simultaneously in a process of
synthesizing or producing a nanocube. The incomplete
hexahedral crystal having in which beveled vertices of a
hexahedron is an intermediate for a hexahedral crystal. The
size thereof is not limited if the size is a nanometer size
which allows barium zirconate titanate to have a hexahedral
shape. For example, the size thereof is about 1 to 40 nm. The
above-described size means the length of the longest side
when each nanocrystal is viewed in a plan view.

[0050] In this specification, “barium zirconate titanate” is
represented by a general formula Ba(Zr, Ti, )O; (0<x<1).
Thus, a case of x=1, that is, a case of barium zirconate is also
included.

[0051] As the substrate, a substrate which is stable in a
solvent and have no hygroscopicity can be applied. A
substrate having a flat surface is preferable. For example, a
substrate selected from the group consisting of FTO, 1TO,
glass, silicon, metal, ceramics, polymer, paper, rubber, and
a low heat-resistant base material can be used.

[0052] A composition of a barium zirconate titanate (gen-
eral formula of BaZr, Ti; ,O;) nanocrystal constituting a
nanocrystal film in the nanocrystal film-coated substrate of
the present invention preferably satisfies 0<x=<0.5, more
preferably satisfies 0.1=x=<0.5, further preferably satisfies
0.1=x<0.3, and most preferably satisfies 0.1=x=0.2.

[0053] In the nanocrystal film-coated substrate according
to the present invention, it is preferable that the barium
zirconate titanate nanocrystal has a hexahedral shape and a
size of 10 nm to 50 nm.

[0054] Here, it is preferable that 80% or more of barium
zirconate titanate nanocrystals constituting the nanocrystal
film have a size of 10 nm to 50 nm, and it is more preferable
that 90% or more thereof have a size of 10 nm to 50 nm.

[0055] The nanocrystal film-coated substrate according to
the present invention preferably has at least one peak in a
range of 310 cm™! to 240 cm™" and more preferably has at
least one peak in a range of 305 cm™! to 250 cm™, in a
Raman spectroscopy spectrum. A peak in the vicinity of 305
cm™ is a peak belonging to a tetragon, and a crystal structure
becomes a cubic structure as the amount of a solid solution
of Zr is increased. Thus, peaks are integrated to be a broad
peak in the vicinity of 285 cm™". This case corresponds to a
case where barium zirconate titanate (general formula of
Ba(Zr,Ti, ,)O;) constituting the nanocrystal film satisfies
0<x=0.2.

[0056] In the nanocrystal film-coated substrate according
to the present invention, an average of absolute values of
saturation values of piezoelectric constants d;;_pz,, Obtained
by measurement of a piezoresponse force microscope is
preferably 15 pm/V to 200 pm/V.

[0057] In the nanocrystal film-coated substrate according
to the present invention, an absolute value of a coercive
electric field is preferably 0.1 kV/cm or more and less than
142 kV/em.

[0058] In the nanocrystal film-coated substrate according
to the present invention, it is preferable that heat treatment
is performed on the nanocrystal film-coated substrate, and
thus interface bonding between barium zirconate titanate
nanocrystals is formed.
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[0059] Manufacturing Method of Barium Zirconate Titan-
ate Nanocrystal

[0060] A manufacturing method of a barium zirconate
titanate nanocrystal according to the present invention
includes mixing a barium hydroxide aqueous solution, an
aqueous solution of a water-soluble titanium complex, an
aqueous solution of a water-soluble zirconium complex, a
sodium hydroxide aqueous solution, an amine compound,
and organic carboxylic acid and a solution is thereby
obtained, and heating the solution and thereby performing
synthesis.

[0061] Here, when “the solution is obtained by mixing a
barium hydroxide aqueous solution, an aqueous solution of
a water-soluble titanium complex, an aqueous solution of a
water-soluble zirconium complex, a sodium hydroxide
aqueous solution, an amine compound, and organic carbox-
ylic acid”, a method of the mixing is not particularly limited.
For example, the above-described substances may be mixed
at the same time, may be individually mixed, and some
thereof may be mixed earlier. Specifically, for example, a
mixed solution of the aqueous solution of the water-soluble
titanium complex and the aqueous solution of the water-
soluble zirconium complex may be obtained, and then, this
mixed solution may be mixed with others.

[0062] In a case of manufacturing barium zirconate (case
of' x=1), the manufacturing method according to the present
invention includes mixing a barium hydroxide aqueous
solution, an aqueous solution of a water-soluble zirconium
complex, a sodium hydroxide aqueous solution, an amine
compound, and organic carboxylic acid and thereby a solu-
tion was obtained, and heating the solution and synthesis
was thereby performed.

[0063] The molar ratio (barium:zirconium:titanium) of
barium included in the barium hydroxide aqueous solution,
zirconium included in the aqueous solution of the water-
soluble zirconium complex, and titanium included in the
aqueous solution of the water-soluble titanium complex (the
above solutions are used in the present invention) is pref-
erably in a range of (1:0.01:0.99) to (1:0.99:0.01), and more
preferably in a range of (1:0.01:0.99) to (1:0.3:0.7). The
molar ratio is preferably in a range of (1:0.1:0.9) to (1:0.3:
0.7) in a viewpoint that nanocrystals are arranged more flat
on the substrate so as to have two dimensions. The molar
ratio is preferably in a range of (1:0.4:0.6) to (1:0.6:0.4) in
a viewpoint that nanocrystals are caused to grow up to about
100 nm.

[0064] As the water-soluble titanium complex used in the
present invention, for example, a compound in which a
ligand are left from a titanium atom after the compound is
dissolved in water, and the titanium atom and an oxygen
atom are bonded can be used. As such a compound, a
compound in which a ligand of a water-soluble titanium
complex is hydroxycarboxylic acid is preferable. Specifi-
cally, examples of hydroxycarboxylic acid can include lactic
acid, malic acid, citric acid, tartaric acid, glyceric acid,
2-hydroxybutyric acid, leucic acid (=2-hydroxy-4-methyl-
pentanoic acid), quinic acid, mandelic acid (=2-hydroxy-2-
phenylacetic acid), and glycolic acid. Examples of the
water-soluble titanium complex include Titanium bis(am-
monium lactate) dihydroxide (hereinafter “TALH”) having
lactic acid as a ligand, (NH,,)4[ Ti,(C,H,0;),(C,H;05),(0,)
40,].6H,0 having glycolic acid (HOCH,COOH) as a
ligand, (NH,,)s[ Ti,(CsH,0,),(0,),].8H,0 having citric acid
((CH,COOH),C(OH)COOH) as a ligand, and a titanium



US 2018/0247767 Al

complex having malic acid (CH,CHOH(COOH),) or tar-
taric acid ((CHOH),(COOH),) as a ligand.

[0065] According to the manufacturing method of a
barium zirconate titanate nanocrystal used in the present
invention, it is possible to synthesize a barium zirconate
titanate nanocrystal having a controlled hexahedral struc-
ture, by using a water-soluble titanium complex which has
hydroxycarboxylic acid as a ligand.

[0066] As the water-soluble zirconium complex used in
the present invention, for example, a compound in which a
ligand is left from a zirconium atom after the compound is
dissolved in water, and the zirconium atom and an oxygen
atom are bonded can be used. As such a compound, a
compound in which a ligand of a water-soluble zirconium
complex is hydroxycarboxylic acid is preferable. Specifi-
cally, examples of hydroxycarboxylic acid can include lactic
acid, malic acid, citric acid, tartaric acid, glyceric acid,
2-hydroxybutyric acid, leucic acid (=2-hydroxy-4-methyl-
pentanoic acid), quinic acid, mandelic acid (=2-hydroxy-2-
phenylacetic acid), and glycolic acid. Examples of the
water-soluble zirconium complex include a zirconium lac-
tate ammonium salt.

[0067] According to the manufacturing method of a
barium zirconate titanate nanocrystal used in the present
invention, it is possible to synthesize a barium zirconate
titanate nanocrystal having a controlled hexahedral struc-
ture, by using a water-soluble zirconium complex which has
hydroxycarboxylic acid as a ligand.

[0068] As the amine compound used in the present inven-
tion, a compound in which an unshared electron pair of a
nitrogen atom can contribute to a reaction can be used.
Examples of such a compound include tert-butylamine or
n-butylamine. In particular, tert-butylamine is preferably
used.

[0069] As the organic carboxylic acid used in the present
invention, a compound which is coordinated with a (100)
plane of a nanocrystal during the synthesis of nanocrystals,
and thus can suppress crystal growth in the (100) plane of
the nanocrystal can be used. As such a compound, oleic acid
is exemplified. However, if a compound is carboxylic acid
having a long carbon chain, such as decanoic acid (capric
acid) (CH;(CH,)sCOOH), the compound which does not
have a double bond may also be used.

[0070] According to the manufacturing method of a
barium zirconate titanate nanocrystal according to the pres-
ent invention, it is possible to synthesize a barium zirconate
titanate nanocrystal having a controlled hexahedral struc-
ture, by using tert-butylamine as the amine compound and
using oleic acid as the organic carboxylic acid.

[0071] pH of a reaction solution used in the present
invention is adjusted by adding a sodium hydroxide aqueous
solution. The amount of the sodium hydroxide aqueous
solution to be added is preferably determined to cause the
concentration of sodium hydroxide in the obtained reaction
solution to be 1 mol/LL to 2 mol/LL, and more preferably
determined to cause the concentration thereof to be 1.5
mol/L.

[0072] In a case where the concentration thereof is less
than 1 mol/L, there is a problem in that a synthesis reaction
does not sufficiently proceed. In a case where the concen-
tration thereof is more than 2 mol/L, there is a problem that
aggregation of nanocrystals is easily caused.

[0073] Here, the sodium hydroxide (NaOH) aqueous solu-
tion is added as a pH regulator. Ammonia which is used well
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as a pH regulator in hydrothermal synthesis does not cause
a sufficient strong base condition which causes synthesis to
easily proceed (a stronger base is not obtained even though
ammonia is further added in a condition of pH 14). How-
ever, if sodium hydroxide (NaOH) is used, the sufficient
strong base condition is made, and thus synthesis of barium
zirconate titanate nanocrystals easily proceeds.

[0074] According to the manufacturing method of a
barium zirconate titanate nanocrystal of the present inven-
tion, the concentration of sodium hydroxide in a solution
obtained by mixing a barium hydroxide aqueous solution, an
aqueous solution of a water-soluble titanium complex, an
aqueous solution of a water-soluble zirconium complex, a
sodium hydroxide aqueous solution, an amine compound,
and organic carboxylic acid is 1 mol/LL to 2 mol/L. Thus, it
is possible to cause a synthesis reaction to sufficiently
proceed and to sufficiently suppress aggregation of nanoc-
rystals.

[0075] In the solution in the present invention, it is pref-
erable that the number of moles of the amine compound with
respect to 1 mol of barium is 2 to 16, and the number of
moles of the organic carboxylic acid with respect to 1 mol
of barium is 2 to 16.

[0076] In other words, a molar ratio of barium, the amine
compound, and the organic carboxylic acid which are
included in the solution in the present invention is preferably
in a range of 1:2:2 to 1:16:16.

[0077] In a case where the number of moles of the amine
compound with respect to 1 mol of barium is less than 2,
there is a problem in that the synthesis reaction does not
sufficiently proceed. In a case where the number of moles of
the organic carboxylic acid with respect to 1 mol of barium
is less than 2, there is a problem that the shape of a
nanocrystal is not sufficiently controlled and a clear hexa-
hedron is not formed. Further, in a case where the number of
moles of the amine compound with respect to 1 mol of
barium is more than 16, and/or in a case where the number
of' moles of the organic carboxylic acid with respect to 1 mol
of barium is more than 16, there is a problem in that it is
difficult to completely remove the amine compound and the
organic carboxylic acid after the synthesis reaction is ended.
[0078] According to the manufacturing method of a
barium zirconate titanate nanocrystal of the present inven-
tion, in the solution obtained by mixing a barium hydroxide
aqueous solution, an aqueous solution of a water-soluble
titanium complex, a sodium hydroxide aqueous solution, an
amine compound, and organic carboxylic acid, the number
of moles of the amine compound with respect to 1 mol of
barium is 2 to 16, and the number of moles of the organic
carboxylic acid with respect to 1 mol of barium is 2 to 16.
Thus, the synthesis reaction sufficiently proceeds, the shape
of a nanocrystal is appropriately controlled, and a situation
in which the amount of the substance which is to be removed
after the synthesis reaction is ended is excessively increased
does not occur.

[0079] At the beginning of growth, the barium zirconate
titanate nanocrystals have a regular octahedron surrounded
by (111) planes which has the smallest surface energy. A
state of a shape in which six (100) planes as the maximum,
in which vertices of an octahedron are beveled are provided
along with the (111) plane occurs at an intermediate stage for
forming an octahedral nanocrystal. At this time, the (100)
plane has surface energy larger than that of the (111) plane.
Thus, molecules of organic carboxylic acid such as oleic
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acid adhere to the (100) plane easier than the (111) plane.
Thus, when barium zirconate titanate nanocrystals are syn-
thesized, crystal growth proceeds in a state where organic
carboxylic acid such as oleic acid adheres to the (100) plane.
As a result, crystal growth in the (100) plane proceeds with
difficultly, but crystal growth in the (111) plane proceeds
without being disturbed by organic carboxylic acid mol-
ecules. Thus, growth in all of eight (111) planes proceeds,
and vertices are formed. Thus, a complete hexahedral nanoc-
rystal having a cubic shape as a whole is easily formed.
[0080] If the amount of the organic carboxylic acid is
large, crystal growth in the (111) plane is also suppressed. If
the number of moles of the amine compound is set to be
equal to or more than the number of moles of the organic
carboxylic acid, the shape of a nanocrystal to be generated
approaches a complete hexahedron.

[0081] The reaction solution used in the present invention
is preferably heated at a temperature of 150° C. to 240° C.,
and is more preferably heated at a temperature of 200° C. to
230° C. In a case where a heating temperature is lower than
150° C., there is a problem in that a synthesis reaction does
not sufficiently proceed. In a case where the heating tem-
perature is higher than 240° C., there is a problem in that
organic carboxylic acid which has been coordinated with the
surface of a nanocrystal is desorbed during a reaction, or the
organic carboxylic acid is separated in a reaction solution,
and thus, finally, the controlled hexahedral structure is not
obtained.

[0082] The reaction solution used in the present invention
is preferably heated for a period of one hour to 120 hours,
and more preferably heated for a period of 70 hours to 100
hours. In a case where a heating period is less than one hour,
there is a problem in that a synthesis reaction does not
sufficiently proceed. Since the shape of a nanocrystal is
hardly changed even though the heating period is longer
than 120 hours, it is considered that heating is not required
for a period of 120 hours or longer.

[0083] When the reaction proceeds by heating the reaction
solution in the present invention, various known methods
can be appropriately used. Hydrothermal synthesis is pref-
erably used.

[0084] According to the manufacturing method of a
barium zirconate titanate nanocrystal in the present inven-
tion, heating is performed at a temperature of 150° C. to
240° C. for a period of one hour to 120 hours, and thus it is
possible to cause the synthesis reaction to sufficiently pro-
ceed, and to obtain the controlled hexahedral structure
without performing excessive heating.

[0085] In the present invention, it is preferable that, after
synthesis, centrifugation of the solution is performed and a
precipitate is collected.

[0086] According to the manufacturing method of a
barium zirconate titanate nanocrystal in the present inven-
tion, the solution after synthesis is subjected to centrifuga-
tion and a precipitate is collected. Thus, it is possible to
remove unnecessary small crystals and the like, and to
obtain a nanocrystal having the controlled hexahedral struc-
ture.

[0087] According to the manufacturing method of a
barium zirconate titanate nanocrystal according to the pres-
ent invention, it is possible to synthesize a barium zirconate
titanate nanocrystal which has monodispersity, is fine, and
has a controlled hexahedral structure. The barium zirconate
titanate nanocrystal manufactured in this manner has a
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determined size and a determined shape, and thus can form,
for example, a structure body integrated so as to provide
two-dimensional or three-dimensional arrangement on a
substrate. Thus, application to a device having new perfor-
mance or a new function is expected. The barium zirconate
titanate nanocrystal is fine, and thus can correspond to
miniaturization of an electronic device. Further, a nanocube
manufactured by the manufacturing method in this applica-
tion easily performs self-arrangement.

[0088] Manufacturing Method of Nanocrystal Film-
Coated Substrate

[0089] A nanocrystal film-coated substrate according to
the present invention can be manufactured, for example, in
a manner that powder of barium zirconate titanate nanoc-
rystals is dispersed in a nonpolar solvent by performing
ultrasonic treatment on the nonpolar solvent for about 1 to
10 minutes, centrifugation is performed, a supernatant
(nanocrystal dispersion liquid) thereof is collected, and a
substrate is immersed in a nanocrystal dispersion liquid.
[0090] At this time, it is preferable that the substrate and
the nanocrystal dispersion liquid are put into a box made of
quartz glass, and a pulling-up operation is performed in a
half-closed state. Thus, it is possible to suppress volatiliza-
tion of a solvent during coating, and to constantly maintain
a pulling rate, and thus it is possible to manufacture a
nanocrystal film-coated substrate in which nanocrystals are
disposed more regularly. The pulling rate may be about 10
to 50 nm/sec.

[0091] Further, firing may be performed on the obtained
nanocrystal film-coated substrate, for example, at a tempera-
ture of 800° C. to 900° C. for about 1 to 24 hours.

[0092] With performing the firing, it is possible to obtain
an effect of largely improving electrical characteristics by
interface bonding.

EXAMPLES

[0093] Synthesis and Identification of Barium Zirconate
Titanate Nanocrystal

[0094] (1) Synthesis (Manufacturing) of Barium Zirconate
Titanate (Ba:Zr:Ti=1:0.2:0.8, Described as BZT, Below, x
Indicates a Composition of Zr) Nanocrystal

[0095] A barium zirconate titanate nanocrystal was syn-
thesized in accordance with the following procedures (Ex-
ample 1).

[0096] 3 mmol of barium hydroxide was dissolved in 22.8
ml of water. A mixed solution of 0.576 ml of a TALH
aqueous solution and 1.085 ml of an aqueous solution of a
zirconium lactate ammonium salt (manufactured by Matsu-
moto Fine Chemical Co., LTd., ZC-300 (product name)) was
added to a barium hydroxide aqueous solution with stirring.
Then, 7.2 ml of a sodium hydroxide aqueous solution having
a concentration of 5 mol/L, 1.92 ml of tert-butylamine, and
5.7 ml of oleic acid were added, thereby a reaction solution
is prepared. The concentration of sodium hydroxide in the
obtained reaction solution was 1.2 mol/L and a molar ratio
(barium:tert-butylamine:oleic acid) of barium, tert-butylam-
ine, and oleic acid was 1:12:12. The solution prepared in this
manner was put into an autoclave and the autoclave was
closed. The autoclave was heated at a temperature of 220°
C. for 72 hours, and then was cooled to room temperature.
Then, centrifugation (5800 rpm, for 5 minutes) was per-
formed on a solution including a reaction product, and a
precipitate was collected. As a centrifuge, HORH model
manufactured by Kokusan Co., Ltd was used.
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[0097] Barium zirconate titanate in Examples 2 to 6 was
synthesized by using a method in which a molar ratio of a
titanium complex and a zirconium complex, a heating tem-
perature (synthesis temperature) at a time of synthesis, and
a heating period (synthesis period) are set to conditions
shown in Table 1, and others are similar to those in Example
1. Descriptions as Example 1 (Zr:Ti=20:80), Example 2
(Zr:Ti=15:85), Example 3 (Zr:Ti=10:90), Example 4 (Zr:
Ti=5:95), Example 5 (Zr:Ti=50:50), and Example 6 (Zr:
Ti=100:0) will be made below.
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thesis conditions. However, in Example 1, nanocrystals
having a size of 15 to 20 nm corresponded to about 90% of
the entirety.

[0104] Nanocrystals synthesized in Example 1 were two-
dimensionally arranged on the substrate with a gap hardly
provided.

[0105] The synthesized nanocrystals had a FFT pattern
which was the same as a single crystal.

[0106] FIG. 3A shows a BF (Bright Field)-STEM image
of one nanocrystal in the sample produced in Example 1.

[0098] Table 1 shows synthesis conditions for Examples 1 FIG. 3B shows a HAADF (High-angle Annular Dark Field)-
t0 6. STEM image.
TABLE 1
Ba NaOH Synthesis  Synthesis
concentration Ba:Zr:Ti concentration  temperature period
(mol/L) molar ratio (mol/L) °C) (hours)

Example 1 0.1 1:0.2:0.8 1.2 220 72
Example 2 0.1 1:0.15:0.85 1.2 230 96
Example 3 0.1 1:0.1:0.9 1.2 230 96
Example 4 0.1 1:0.05:0.95 1.2 230 96
Example 5 0.1 1:0.5:0.5 1.2 230 96
Example 6 0.1 1:1:0 1.2 220 96
[0099] (2) Identification of Barium Zirconate Titanate [0107] Here, the BF-STEM image corresponds to a case
Nanocrystal where an image is formed only by using transmitted elec-
[0100] Regarding a barium zirconate titanate nanocrystal, trons. In a case where an image is formed only by using

a SEM image was obtained by using a scanning electron
microscope (manufactured by JEOL Corporation, JSM-
6335FM, 10 kV), and a HR-TEM image, a BF-STEM
image, and a HAADF-STEM image were obtained by using
a high-resolution transmission microscope (manufactured
by Hitachi, Ltd., Hitachi H-9000UHR III). A crystal phase
was identified by using an X-ray diffraction device (manu-
factured by Rigaku Corporation, Smartlab, 40 kV/30 mA)
and a lattice constant was calculated from the result of the
identification. Binding energy of each element and a Ba:Ti:
Zr composition ratio were identified by an X-ray photoelec-
tron spectrometer (manufactured by Shimadzu Corporation,
ESCA-3400).

[0101] Various identification samples of barium zirconate
titanate nanocrystals were produced in a manner that a
colloidal solution in which powder collected by centrifuga-
tion was redispersed in toluene was dropped on a silicon
wafer substrate and was dried at room temperature. The
sample was irradiated with ultraviolet light for 2 hours, and
then was held at 200° C. in an incubator for 1.5 hours and
thereby purification of a surface is performed.

[0102] FIG. 1 shows a SEM image of a surface of a sample
in which barium zirconate titanate nanocrystals (Zr:Ti=20:
80) produced in Example 1 are arranged on a silicon wafer
substrate by the above sample producing method. FIG. 2A
shows a HR-TEM image obtained by enlarging a region
having low density of barium zirconate titanate nanocrystals
in the sample shown in the SEM image in FIG. 1. FIG. 2B
shows a HR-TEM image obtained by further performing
enlargement, and a FFT pattern of one barium zirconate
titanate nanocrystal in the HR-TEM image.

[0103] It could be confirmed that, in Example 1, nanoc-
rystals having a substantially hexahedron and a size of about
15 to 20 nm could be synthesized, from the SEM image. The
size and distribution of nanocrystals depended on the syn-

scattered electrons, a DF (Dark Field)-STEM image is used.
An image obtained in a manner that scattered electrons
having a higher angle than those in DF-STEM are detected
in an annular detector is a HAADF-STEM image. In a
contrast image obtained by HAADF-STEM, an intensity
difference obtained by squaring an atom number of Z is
obtained.

[0108] From FIGS. 3(a) and 3(b), it was understood that
the obtained nanocrystals had no defects and the crystallinity
was significantly high.

[0109] FIG. 4 shows a result obtained by performing
STEM-EDX mapping on the sample in Example 1. STEM-
EDX mapping was performed by using JEOL JEM-
ARM200F Dual-X and JED-2300 (manufactured by JEOL
Corporation). AHAADF-STEM image, a distribution image
of oxygen atoms, and a distribution image of titanium atoms
are provided in an order of the right image from the left
image on the top. A distribution image of zirconium atoms
and a distribution image of barium atoms are provided in an
order of the right image from the left image in the bottom.

[0110] It is understood that all of the elements are uni-
formly distributed in a nanocrystal.

[0111] The lower right table shows a result (average)
obtained by composition analysis of EDX. Since Ba-L. and
Ti-K overlap each other, it is difficult to perform complete
separation.

[0112] FIG. 5 shows a SEM image of a surface of a sample
in which barium zirconate titanate nanocrystals (Zr:Ti=15:
85) produced in Example 2 are arranged on a silicon wafer
substrate.

[0113] It could be confirmed that, in Example 2, nanoc-
rystals having a substantially hexahedron and a size of about
15 to 20 nm could be synthesized, from the SEM image. The
size and distribution of nanocrystals depended on the syn-
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thesis conditions. However, in Example 2, nanocrystals
having a size of 15 to 20 nm corresponded to about 90% of
the entirety.

[0114] Nanocrystals synthesized in Example 2 were two-
dimensionally arranged on the substrate with a gap hardly
provided.

[0115] FIG. 6 shows a SEM image of a surface of a sample
in which barium zirconate titanate nanocrystals (Zr:Ti=5:95)
produced in Example 4 are arranged on a silicon wafer
substrate.

[0116] It could be confirmed that, in Example 4, nanoc-
rystals having a substantially hexahedron and a size of about
15 to 20 nm could be synthesized, from the SEM image. The
size and distribution of nanocrystals depended on the syn-
thesis conditions. However, in Example 4, nanocrystals
having a size of 15 to 20 nm corresponded to about 90% of
the entirety.

[0117] Nanocrystals synthesized in Example 4 were two-
dimensionally arranged on the substrate with a gap hardly
provided.

[0118] FIG. 7 shows a SEM image of a surface of a sample
in which barium zirconate titanate nanocrystals (Zr:Ti=50:
50) produced in Example 5 are arranged on a silicon wafer
substrate by the above sample producing method.

[0119] It could be confirmed that, in Example 5, nanoc-
rystals in which the hexahedral shape was collapsed in
comparison to that in FIG. 1, but which had a substantially
hexahedron and a size of about 15 to 20 nm could be
synthesized, from the SEM image. The size and distribution
of nanocrystals depended on the synthesis conditions. How-
ever, in Example 2, nanocrystals having a size of 15 to 20
nm corresponded to about 90% of the entirety.

[0120] Nanocrystals synthesized in Example 5 were
aggregated with a cubic shape of about 100 nm.

[0121] FIG. 8 shows a SEM image of a surface of a sample
in which barium zirconate nanocrystals (Zr:Ti=100:0) pro-
duced in Example 6 are arranged on a silicon wafer substrate
by the above sample producing method.

[0122] It could be confirmed that, in Example 6, nanoc-
rystals having a substantially hexahedron and a size of about
20 to 40 nm could be synthesized, from the SEM image. The
size and distribution of nanocrystals depended on the syn-
thesis conditions. However, in Example 6, nanocrystals
having a size of 20 to 40 nm corresponded to about 90% of
the entirety.

[0123] Nanocrystals synthesized in Example 6 were
aggregated to have an island shape.

[0124] FIG. 9 shows a result obtained by performing
powder XRD measurement on the nanocrystal (BZT, , in
FIG. 9) produced in Example 1, the nanocrystal (BZT, ;5 in
FIG. 9) produced in Example 2, the nanocrystal (BZT, , in
FIG. 9) produced in Example 3, the nanocrystal (BZT, o5 in
FIG. 9) produced in Example 4, and a barium titanate
nanocrystal (Zr:Ti=0:100) (BT in FIG. 9) by using an X-ray
diffraction device.

[0125] FIG. 10 shows a graph obtained by plotting a lattice
constant of the nanocrystal, which is obtained by powder
XRD measurement, with respect to the amount of zirco-
nium.

[0126] Zr=0 (mol %) corresponds to a barium titanate
nanocrystal. Zr=5 (mol %) corresponds to a nanocrystal
produced in Example 4. Zr=10 (mol %) corresponds to a
nanocrystal produced in Example 3. Zr=15 (mol %) corre-
sponds to a nanocrystal produced in Example 2. Zr=20 (mol
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%) corresponds to a nanocrystal produced in Example 1.
Zr=50 (mol %) corresponds to a nanocrystal produced in
Example 5. Zr=100 (mol %) corresponds to a nanocrystal
produced in Example 6.

[0127] FIGS. 11A, 11B and 11C results obtained by per-
forming XPS measurement on the nanocrystal produced in
Example 1 by using an X-ray photoelectron spectrometer;
FIG. 11A shows a result for Ba 3d, FIG. 11B shows a result
for Ti 2p, and FIG. 11C shows a result for Zr 3d.

[0128] Table 2 shows a Ba:Ti:Zr composition ratio of the
nanocrystal produced in Example 1. The Ba:Ti:Zr compo-
sition ratio has been obtained from the XPS measurement
results.

[0129] A value approximate to a defined composition
(Ba:Ti:Zr=50:40:10) was obtained.
TABLE 2
Element Amount (mol %)
Ba 51.49
Ti 40.86
Zr 7.65

[0130] Producing of Nanocrystal Film-Coated Substrate
[0131] Firstly, an operation as follows was repeated twice.
Ethanol was added to a precipitate (including a barium
zirconate titanate (Zr:Ti=20:80) nanocrystal in Example 1)
obtained by the above synthesis and collection method and
ultrasonic treatment was performed for 1 to 10 minutes.
Then, centrifugation (5800 rpm, for 5 minutes) was per-
formed again and a precipitate was collected. This corre-
sponds to washing treatment for removing a raw material
which does not react, an extra surfactant, or the like.
[0132] The obtained precipitate was dried, and then redis-
persion was performed by performing ultrasonic treatment
on toluene for 1 to 10 minutes. The solution was subjected
to centrifugation (5800 rpm, for 15 minutes), and then a
supernatant was collected. Further, centrifugation (5800
rpm, for 45 minutes) was performed on the supernatant and
a precipitate was collected. Thus, powder of barium zircon-
ate titanate (Zr:Ti=20:80) nanocrystals was obtained. 0.1 g
of powder of barium zirconate titanate (Zr:Ti=20:80) nanoc-
rystals and 20 ml of mesitylene (nonpolar solvent) were put
into a container. Ultrasonic treatment was performed for 5
minutes, and thereby performing re-dispersion (acceleration
of dispersion of crystals). The solution was further subjected
to centrifugation (5800 rpm, for 5 minutes), and a superna-
tant was collected. This solution was set as a nanocrystal
dispersion liquid for producing an integrated body. This
operation has a purpose for causing the size and dispersity
of nanocrystals to be uniform, and is a technique suitable for
separating and collecting nanocrystals of a predetermined
size (for example, 15 to 20 nm).

[0133] 15 ml of the obtained nanocrystal dispersion liquid
were put into a cylindrical bottle, and a platinum-coated
silicon substrate (Pt/TiO,/Si0,/Si) was vertically immersed.
Then, the substrate was pulled up at a rate of 20 nm/sec, and
thus an integrated body in which nanocrystals were three-
dimensionally arranged with regularity was obtained. At this
time, an operation in which the substrate and the dispersion
liquid were put into a box made of quartz glass and the
substrate was pulled up was performed in order to suppress
volatilization of a solvent during coating and to constantly
maintain the pulling rate.
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[0134] The obtained integrated body was irradiated with
ultraviolet light for 2 hours, and then, was held at 200° C. in
an incubator for 1.5 hours and thereby performing purifica-
tion of a surface. Then, prefiring was performed at 400° C.
for 1 hour in an oxygen flow in a box type electric furnace,
and firing treatment was performed at 850° C. for 1 hour.
Thus, a nanocrystal film-coated substrate was obtained.

[0135] FIG. 12A shows an electron microscopic (SEM)
image of a surface of a barium zirconate titanate nanocrystal
film-coated substrate produced by using the barium zircon-
ate titanate (Zr:Ti=20:80) nanocrystals in Example 1, before
firing. It is understood that nanocrystals are arranged with a
gap hardly provided.

[0136] FIG. 12B shows an electron microscopic (SEM)
image of a surface of the barium zirconate titanate nanoc-
rystal film-coated substrate after firing. If the SEM image is
enlarged, it is understood that nanocrystals are arranged with
a gap hardly provided and nanocrystals which are adjacent
to each other are bonded.

[0137] Regarding the barium zirconate titanate (Zr:Ti=10:
90) nanocrystal in Example 3, a barium zirconate titanate
nanocrystal film-coated substrate was produced in a manner
similar to that in the above descriptions, and then, firing
treatment was performed in the same conditions. That is, a
nanocrystal film-coated substrate was obtained by perform-
ing a method similar to that in a case of Example 1 on the
above nanocrystals except that the nanocrystals were
obtained in Example 3. Then, a firing treatment was per-
formed.

[0138] FIG. 13A shows an electron microscopic (SEM)
image of a surface of a barium zirconate titanate nanocrystal
film-coated substrate produced by using the barium zircon-
ate titanate (Zr:Ti=10:90) nanocrystals in Example 3, before
firing. It is understood that nanocrystals are arranged with a
gap hardly provided.

[0139] FIG. 13B shows an electron microscopic (SEM)
image of a surface of the barium zirconate titanate nanoc-
rystal film-coated substrate after firing. If the SEM image is
enlarged, it is understood that nanocrystals are arranged with
a gap hardly provided and nanocrystals which are adjacent
to each other are bonded.

[0140] Regarding the barium zirconate titanate (Zr:Ti=5:
95) nanocrystal in Example 4, a barium zirconate titanate
nanocrystal film-coated substrate was produced in a manner
similar to that in the above descriptions, and then, firing
treatment was performed in the same conditions. That is, a
nanocrystal film-coated substrate was obtained by perform-
ing a method similar to that in a case of Example 1 on the
above nanocrystals except that the nanocrystals were
obtained in Example 4. Then, firing treatment was per-
formed.

[0141] FIG. 14A shows an electron microscopic (SEM)
image of a surface of a barium zirconate titanate nanocrystal
film-coated substrate produced by using the barium zircon-
ate titanate (Zr:Ti=5:95) nanocrystals in Example 4, before
firing. It is understood that nanocrystals are arranged with a
gap hardly provided.

[0142] FIG. 14B shows an electron microscopic (SEM)
image of a surface of the barium zirconate titanate nanoc-
rystal film-coated substrate after firing. If the SEM image is
enlarged, it is understood that nanocrystals are arranged with
a gap hardly provided and nanocrystals which are adjacent
to each other are bonded.
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[0143] FIG. 15 shows a result obtained in a manner that
regarding a nanocrystal film-coated substrate produced, as
described above, by using each of the nanocrystal (BZT, , in
FIG. 15) produced in Example 1, the nanocrystal (BZT,, |5
in FIG. 15) produced in Example 2, the nanocrystal (BZT, ,
in FIG. 15) produced in Example 3, the nanocrystal (BZT,, o5
in FIG. 15) produced in Example 4, and a barium titanate
nanocrystal (Zr:Ti=0:100) (BT in FIG. 15), the firing treat-
ment is performed and then Raman measurement is per-
formed.

[0144] The laser Raman spectroscopy device XploRA
(manufactured by Horiba Ltd.) was used for Raman mea-
surement.

[0145] In the Raman spectrum of BZT, in FIG. 15, two
peaks which are shown at 305 cm™" and 250 cm™ in BT
come to be fused to form a single wide peak which is shown
at 288 cm™!, as the amount (the amount of a solid solution)
of Zr is increased. That is, two peaks are changed to be a
single peak in a range of x of 0.15 or more.

[0146] FIG. 16 shows a result obtained by measuring
piezoelectric characteristics after firing treatment on a
nanocrystal film-coated substrate produced, as described
above, by using each of the nanocrystal (BZT, , in FIG. 16)
produced in Example 1, the nanocrystal (BZT, ; in FIG. 16)
produced in Example 3, and a barium titanate nanocrystal
(Zr:Ti=0:100) (BT in FIG. 16). Measurement was performed
in a piezoresponse force microscopy (PFM) mode of a
scanning probe microscopy (SPM). As the device,
SPI3800N and SPA400 which were manufactured by SII
Nanotechnologies Corporation and has an attached nanona-
viS image were used.

[0147] The average of absolute values of saturation values
of piezoelectric constants d;;_pz, (that is, a value obtained
by dividing the sum of absolute values at the right end and
the left end in each curve by 2) is 28 pm/V in BZT, , and is
42 pm/V in BZT, . Thus, it is understood that the average
thereof is equal to or more than 15 pm/V in any case.

[0148] Meanwhile, an absolute value of a coercive electric
field (intersection of an x axis) is about 17 kV/cm in BZT, ,
and is about 1 kV/cm in BZT, ,. Thus, it is understood that
the absolute value thereof is reduced as the amount (the
amount of the solid solution) of Zr is increased.

[0149]

[0150] When nanocrystals are integrated, if a crystal face
unique to the crystal is exposed to the surface, crystal faces
are two-dimensionally arranged on the surface of a substrate,
and this causes the nanocrystals to be most stable. That is,
nanocrystals manufactured by the manufacturing method
according to the present invention have excellent self-
arrangement. For example, close arrangement can be gen-
erated only in a manner that, after the obtained nanocrystals
are dispersed in toluene, the solution is dropped onto a
silicon substrate and then the solvent is removed by drying.

[0151] While preferred embodiments of the invention
have been described and shown above, it should be under-
stood that these are exemplary of the invention and are not
to be considered as limiting. Additions, omissions, substi-
tutions, and other modifications can be made without depart-
ing from the spirit or scope of the present invention. Accord-
ingly, the invention is not to be considered as being limited

Self-Arrangement
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by the foregoing description, and is only limited by the
scope of the appended claims.

1. A nanocrystal film-coated substrate comprising:

a substrate; and

a nanocrystal film in which barium zirconate titanate

nanocrystals are arranged on the substrate.

2. The nanocrystal film-coated substrate according to
claim 1,

wherein barium zirconate titanate in the barium zirconate

titanate nanocrystal is represented by a general formula
Ba(Zr, Ti, )O; (0<x=<0.5).

3. The nanocrystal film-coated substrate according to
claim 1,

wherein the barium zirconate titanate nanocrystal has a

hexahedral shape, and a size of 10 nm to 50 nm.

4. The nanocrystal film-coated substrate according to
claim 1, which has at least one peak in a range of 310 cm™
to 240 cm™ in a Raman spectroscopy spectrum.

5. The nanocrystal film-coated substrate according to
claim 1,

wherein an average of absolute values of saturation values

of piezoelectric constants d;;_pz,, Obtained by mea-
surement of a piezoresponse force microscope is 15
pm/V to 200 pm/V.

6. The nanocrystal film-coated substrate according to
claim 1,

wherein an absolute value of a coercive electric field is 0.1

kV/ecm or more and less than 142 kV/cm.

7. The nanocrystal film-coated substrate according to
claim 1,

wherein heat treatment is performed on the nanocrystal

film-coated substrate and thereby forming interface
bonding between the barium zirconate titanate nanoc-
rystals.

8. The nanocrystal film-coated substrate according to
claim 1,

wherein the substrate is selected from the group consist-

ing of fluorine doped tin oxide (FTO), indium tin oxide
(ITO), glass, silicon, metal, ceramics, polymer, paper,
rubber, and a low heat-resistant base material.

9. A manufacturing method of a barium zirconate titanate
nanocrystal, comprising:

mixing a barium hydroxide aqueous solution, an aqueous

solution of a water-soluble titanium complex, an aque-
ous solution of a water-soluble zirconium complex, a
sodium hydroxide aqueous solution, an amine com-
pound, and organic carboxylic acid and thereby a
solution is obtained, and heating the solution and
thereby performing synthesis.
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10. The manufacturing method of a barium zirconate
titanate nanocrystal according to claim 9,

wherein a ligand of the water-soluble titanium complex is
hydroxycarboxylic acid.

11. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein a ligand of the water-soluble zirconium complex
is hydroxycarboxylic acid.

12. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein the amine compound is tert-butylamine, and

the organic carboxylic acid is oleic acid.

13. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein concentration of sodium hydroxide in the solu-
tion is 1 mol/L to 2 mol/L.

14. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein a molar ratio of titaniuny/zirconium in the solu-
tion is 0.01:0.99 to 0.99:0.01.

15. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein, in the solution, the number of moles of the amine
compound with respect to 1 mol of barium is 2 to 16,
and the number of moles of the organic carboxylic acid
with respect to 1 mol of barium is 2 to 16.

16. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein the heating is performed at a temperature of 150°
C. to 240° C. for a period of one hour to 120 hours.

17. The manufacturing method of a barium zirconate

titanate nanocrystal according to claim 9,

wherein, after the synthesis, centrifugation of the solution
is performed and thereby a barium zirconate titanate
nanocrystal is collected.

18. A manufacturing method of a nanocrystal film-coated

substrate, comprising:

a process of dispersing barium zirconate titanate nanoc-
rystals manufactured by using the manufacturing
method of a barium zirconate titanate nanocrystal
according to claim 9, in a nonpolar solvent;

a process of performing centrifugation of a nanocrystal
dispersion liquid and collecting a supernatant and
thereby obtaining a nanocrystal dispersion liquid; and

a process of immersing a substrate into the nanocrystal
dispersion liquid in a half-closed state, and pulling the
substrate up from the nanocrystal dispersion liquid and
thereby arranging barium zirconate titanate nanocrys-
tals on the substrate.
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