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LCOMPOSHE FINE PARTIOLE A
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COMPOSITE FINE PARTICLES, SOLAR
CELL, MEMBER FOR PHOTOELECTRIC
CONVERSION ELEMENTS, AND
PHOTOELECTRIC CONVERSION ELEMENT

TECHNICAL FIELD

The present invention relates to a composite fine particle,

a solar cell, a member for a photoelectric conversion ele-
ment, and a photoelectric conversion element.

The present application claims priority based on Japanese
Patent Application No. 2021-147994, filed in Japan on Sep.
10, 2021, the content of which 1s incorporated herein by
reference.

BACKGROUND ART

Photoelectric conversion elements such as solar cells and
photodiodes are widely used in various fields. However,
conventional photoelectric conversion elements have a
problem that detection sensitivity 1s lower for light in a
near-infrared range than light in a visible light range. If the
detection sensitivity for light in a near-infrared range can be
increased as 1n the case of visible light, for example, 1n solar
cells, the photoelectric conversion efliciency can be
improved. Therefore, a photoelectric conversion element
having high detection sensitivity as well as visible light 1s
required for light in a near-infrared range.

As a technique for improving detection sensitivity for
light 1n a near-infrared range, Patent Document 1 discloses
a core/shell type Ln complex nanoparticle having a core/
shell structure, in which the core includes a nanoparticle
contaiming Ln, the shell includes an Ln metal layer, and
turther, 1n the shell, a ligand having a portion represented by
the following formula: —O-(A)_-(B) -NH— (wherein A
and B are the same or different and represent —CR'R? or
— CR’—CR*— m represents 0 to 2, n represents 0 to 2, and
R', R*, R® and R* each independently represent a hydrogen
atom or a substituent having a C, N or O atom.) 1s coordi-
nated.

CITATION LIST

Patent Document

|Patent Document 1|

Japanese Unexamined Patent Application, First Publica-
tion No. 2018-168036

SUMMARY OF INVENTION

Technical Problem

Currently, a material having higher detection sensitivity
than that of Patent Document 1 for light in a near-infrared
range 1s required.

The present invention has been made 1n view of the above
circumstances, and an object of the present invention 1s to
provide a composite fine particle, a solar cell, a member for
a photoelectric conversion element, and a photoelectric
conversion element having excellent detection sensitivity
for light 1n a near-infrared or inirared range.

Solution to Problem

In order to solve the above problems, the present inven-
tion proposes the following means.
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(1) A composite fine particle according to an aspect of the
present invention includes an norganic fine particle having
a light wavelength conversion ability; a continuous or dis-
continuous first coating layer formed on the whole or a part
of a surface of the morganic fine particle; a second coating
layer formed on the first coating layer; and a third coating
layer formed on the second coating layer, in which the
second coating layer contains a multidentate organic ligand
that 1s an organic compound having light absorption 1n a
near-infrared or infrared range and has at least two or more
coordination sites, and the first coating layer 1s a metal layer
or an inorganic compound layer containing a coordination
metal capable of forming a coordination bond with the
multidentate organic ligand and a transition metal 1dentical
to or diflerent from the coordination metal, and the third
coating layer 1s a metal layer or an 1norganic compound
layer containing a coordination metal capable of forming a
coordination bond with the multidentate organic ligand.

(2) In the composite fine particle according to (1), the
inorganic fine particle may contain a metal that 1s a rare earth
clement capable of emitting excitation light 1n a visible or
ultraviolet range.

(3) In the composite fine particle according to (2), the
multidentate organic ligand may transier energy generated
by light absorption in the near-infrared or infrared range
between metals to a metal that 1s a rare earth element capable
of emitting excitation light 1n the visible or ultraviolet range
contained 1n the inorganic fine particle via the transition
metal contained 1n the first coating layer, whereby wave-
length conversion light emission by the mnorganic fine par-
ticle may become possible.

(4) In the composite fine particle according to any one of
(1) to (3), the transition metal contained 1n the first coating
layer may be a lanthanoid metal.

(5) In the composite fine particle according to any one of
(1) to (4), the third coating layer may be an inorganic
compound layer formed of an inorganic perovskite type
substance.

(6) In the composite fine particle according to any one of
(1) to (5), the first coating layer may be a multilayer
including a metal layer or an inorganic compound layer
containing the coordination metal and a metal layer or an
inorganic compound layer containing a transition metal
identical to or diflerent from the coordination metal.

(7) The composite fine particle according to any one of (1)
to (6) may have a substantially spherical or polygonal
parallelepiped shape and an average particle size of 1 nm or
more and 1 um or less.

(8) A solar cell according to an aspect of the present
invention mcludes a photoelectric conversion layer contain-
ing the composite fine particle according to any one of (1)
to (7) and an inorganic perovskite type substance.

(9) The solar cell according to (8) may further include an
clectron transport layer made of titammum (IV) oxide.

(10) A member for a photoelectric conversion element
according to an aspect of the present invention 1s obtained by
laminating a layer containing the composite fine particle
according to any one of (1) to (7) and a layer formed of an
aggregate or a thin film containing an organic semiconductor
or an 1norganic semiconductor as a main component.

(11) A photoelectric conversion element according to an
aspect of the present mnvention includes the member for a
photoelectric conversion element according to (10), a hole
transport layer, and an electron transport layer,

in which the member for a photoelectric conversion

clement 1s disposed between the hole transport layer
and the electron transport layer.
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Advantageous Eflects of Invention

According to the above aspect of the present invention, it
1s possible to provide a composite fine particle, a solar cell,
a member for a photoelectric conversion element, and a
photoelectric conversion element having excellent detection
sensitivity for light 1n a near-infrared or inifrared range.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a cross-sectional view ol a composite fine
particle according to one embodiment of the present inven-
tion.

FIG. 2 1s a cross-sectional view of a composite fine
particle according to a modified example of the present
invention.

FIG. 3 1s a cross-sectional view of a photoelectric con-
version element including the composite fine particle in FIG.
1.

FIGS. 4(a)-4(c) show a structure of an energy band of
cach layer during operation of the photoelectric conversion
clement 1n FIG. 3.

FIG. 5 1s a cross-sectional view of a modified example of
the photoelectric conversion element including the compos-
ite fine particle 1n FIG. 1.

FIG. 6 1s a cross-sectional view of a modified example of
the photoelectric conversion element including the compos-
ite fine particle in FIG. 1.

FIGS. 7(a)-7(d) show structures of energy bands of
respective layers during operation of the photoelectric con-
version element in FIG. 6.

FIGS. 8(a)-8(e) show cross-sectional views of an object
to be processed 1n a process of producing the photoelectric
conversion element 1n FIG. 3.

FIGS. 9(a)-9(d) show SEM 1mages of a first intermediate
particle, a second 1ntermediate particle, and a third interme-
diate particle, and an AFM 1mage of a fourth intermediate
particle.

FIGS. 10(a) and 10(») show SEM images ol composite
fine particle A and composite fine particles B.

FI1G. 11 1s a graph showing changes 1n absorption rates of
excitation light with which composite fine particles A and
nanoparticles A (comparative fine particle in which the
second coating layer 1s not present) are irradiated.

FI1G. 12 1s a graph showing a light emission spectrum of
composite fine particles A.

FIG. 13 1s a graph showing light emission spectrums of
composite fine particles B.

FI1G. 14 1s a graph showing current-voltage characteristics
of the photoelectric conversion element of Example 1.

DESCRIPTION OF EMBODIMENTS

Hereinafter, a composite fine particle, a solar cell, a
member for a photoelectric conversion element, and a pho-
toelectric conversion element according to embodiments to
which the present invention 1s applied will be described in
detail with reference to the drawings. Here, in the drawings
used in the following description, 1 order to {facilitate
understanding of features, featured parts are enlarged for
convenience of illustration 1n some cases, and dimensional
ratios ol components and the like are not necessarily the
same as actual ones. In addition, materials, dimensions, and
the like exemplified in the following description are
examples, and the present mvention 1s not limited thereto,
and can be appropriately changed and implemented without
changing the gist thereof.
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(Composite Fine Particle)

FIG. 1 1s a cross-sectional view schematically showing a
configuration of a composite fine particle 10 of the present
invention. The composite fine particle 10 includes an 1nor-
ganic fine particle 1 having a light wavelength conversion
ability, a continuous or discontinuous {irst coating layer 2
formed on the whole or a part of a surface of the 1norganic
fine particle 1, a second coating layer 3 formed on the first
coating layer 2, and a third coating layer 4 formed on the
second coating layer 3.

The composite fine particle 10 has an average particle size
of, for example, 1 nm or more and 1 um or less. The
composite fine particle 10 has an average particle size of
preferably 1 nm or more and 100 nm or less. The composite
fine particle 10 has an average particle size of more prefer-
ably 10 nm or more and 100 nm or less. The composite fine
particle 10 has an average particle size of more preferably 10
nm or more and 30 nm or less. The particle size can be
measured, for example, from an observation 1image of the
composite fine particles 10 obtained by observation with a
scanning electron microscope. In the observation image, the
average particle size of the composite fine particles 10 may
be an average value of particle sizes of arbitrarily selected
ten composite fine particles 10.

The shape of the composite fine particle 10 1s not par-
ticularly limited, and 1s, for example, a substantially spheri-
cal shape, polygonal parallelepiped shape, a scale shape, or
a needle shape. The shape of the composite fine particle 10
1s particularly preferably a substantially spherical or a
polygonal parallelepiped shape.

“Inorganic Fine Particle”

The 1norganic fine particle 1 has a light wavelength
conversion ability. Here, the light wavelength conversion
ability means an ability to convert a wavelength of incident
light and emit light having a wavelength different from that
of incident light. In the present embodiment, a case 1n which
light 1n a near-infrared or infrared range whose wavelength
1s converted 1s emitted as visible light will be described as
an example.

Examples of main materials of the inorganic fine particle
1 include metals that are rare earth elements capable of
emitting excitation light in a visible or ultraviolet range,
such as erbium (Er), thulium (ITm), ytterbium (Yb), neo-
dymium (Nd), holmium (Ho), praseodymium (Pr), gado-
limum (Gd), europium (Eu), terbium (Tb), samarium (Sm),
certum (Ce), promethium (Pm), and dysprostum (Dy), or
something containing at least one compound thereof. The
light 1n the visible or ultraviolet range refers to light having
a wavelength of less than 700 nm. The matenial of the
inorganic fine particle 1 i1s preferably lanthanoid metal
among rare earth elements. Examples of the mnorganic fine
particles 1 include inorganic fine particles of NaErF,,
Tm,O,, TmCl;, TmF;, Er,O;, ErCl;, ErF;, Ho,O,, HoCl;,
HoF,, and the like. The 1inorganic fine particle 1 may be a
fine particle doped with a sensitizer (for example, Yb*) and
a light emitter (for example, Er'*, Ho>*, Tm>™*) as guests.
Such fine particles include inorganic fine particles such as
Yb, Er-doped Gd,0,S(Gd,0,S: Er, Yb), Yb>*, Er-*-doped
NaYF, (NaYF,: Er, Yb), Tm, and Yb-doped NaYF,
(NaYF,: Tm, Yb).

The morganic fine particle 1 has an average particle size
of, for example, 1 nm to 1 um. The inorganic fine particle 1
has an average particle size of preferably 1 nm to 100 nm.
The inorganic fine particle 1 has an average particle size of
more preferably 10 nm to 100 nm. The inorganic {ine
particle 1 has an average particle size of more preferably 10
nm to 50 nm.
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The shape of the 1norganic fine particle 1 1s not particu-
larly limited, and 1s, for example, a substantially spherical
shape, a polygonal parallelepiped shape, a scale shape, or a
needle shape. The shape of the 1norganic fine particle 1 1s
particularly preferably a substantially spherical or a polygo-
nal parallelepiped shape.

“First Coating Layer”

The first coating layer 2 1s a continuous or discontinuous
layer formed on the whole or a part of a surface of the
inorganic fine particle 1. An example of the continuous {first
coating layer 2 1s a case where the first coating layer 2 is
laminated on the entire surface of the morganic fine particle
1. In the case of the continuous first coating layer 2, there 1s
an interface between the morganic fine particle 1 and the first
coating layer 2. An example of the discontinuous first
coating layer 2 1s an example 1n which a component of the
iorganic {ine particle 1 and a component of the first coating
layer 2 are partially mixed (admixed). In the case of the
discontinuous {irst coating layer 2, there 1s a mixed range
having no clear interface between the 1norganic fine particle
1 and the first coating layer 2.

The first coating layer 2 1s a metal layer or an inorganic
compound layer containing a coordination metal that can
form a coordination bond with a multidentate organic ligand
of the second coating layer 3 and a transition metal 1dentical
to or different from the coordination metal. Here, the coor-
dination metal refers to a metal that can form a coordination
bond with the multidentate organic ligand.

The coordination metal 1s not particularly limited as long
as 1t can form a coordination bond with the multidentate
organic ligand of the second coating layer 3. Examples of the
coordination metal include transition metals. The coordina-
tion metal 1s more preferably a metal which 1s a rare earth
clement. The coordination metal 1s more preferably a lan-
thanoid metal (LLn) such as Ce, Pr, Nd, Sm, Dy, Ho, Er, Tm,
or Yb. When the first coating layer 2 contains a coordination
metal, a coordination bond 1s formed between the multiden-
tate organic ligand of the second coating layer 3 and the first
coating layer 2. As a result, energy transfer from the mul-
tidentate organic ligand 1n the second coating layer 3 can be
ciliciently promoted.

The first coating layer 2 contains a transition metal
identical to or different from the coordination metal. Energy
generated by light absorption 1n the second coating layer 3
1s transierred between metals to the morganic fine particle 1
via the transition metal 1in the first coating layer 2. The
transition metal of the first coating layer 2 1s a metal that
mediates energy transier (energy-mediating metal). The
energy-mediating metal of the first coating layer 2 1s pret-
crably a metal which 1s a rare earth element. The energy-

mediating metal of the first coating layer 2 1s more prefer-
ably a lanthanoid metal (LLn) such as Ce, Pr, Nd, Sm, Dy, Ho,

Er, Tm, or Yb.

The first coating layer 2 1s a metal layer or an 1norganic
compound layer containing a coordination metal and a
transition metal (energy-mediating metal). When the first
coating layer 2 1s an inorganic compound layer, examples
thereof 1include NaYbF,, NaNdF,, Yb(NO,);, Yb(CH,
COO);, Yb(CF350;5)5, Yby(SO,);, Yby(CO3);, YbCL,
YbBr,, Ybl,, Er,O,, and the like.

The thickness of the first coating layer 2 1s not particularly
limited, but may be 3% or more of the particle size of the
inorganic fine particle 1, and 1s preferably substantially
uniform over the surface of the inorganic fine particle 1. The
thickness of the first coating layer 2 1s, for example, 1 to 10
nm. More preferably, the thickness of the first coating layer
2 1s 1 to 5 nm. The coverage of the first coating layer 2 on
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the surface of the mnorganic fine particle 1 1s preterably 50%
or more. In the inorganic fine particle 1, the coverage of the
first coating layer 2 1s more preferably 100%.

“Second Coating Layer”

The second coating layer 3 1s provided on the first coating
layer 2. The second coating layer 3 contains a multidentate
organic ligand that 1s an organic compound having light
absorption 1n a near-infrared or infrared range and has at
least two or more coordination sites. The near-infrared or
inirared range refers to, for example, a wavelength range of
700 nm to 3,000 nm. The multidentate organic ligand of the
second coating layer 3 1s an organic compound having a high
absorption coetlicient in the near-infrared or inifrared range.
The multidentate organic ligand of the second coating layer
3 forms a coordination bond with the first coating layer 2, so
that the energy absorbed by the multidentate organic ligand
can be efliciently transierred to the mnorganic fine particle 1
through the energy-mediating metal of the inorganic fine
particle 1. When energy transfers to a rare earth element
capable of emitting excitation light 1n a visible or ultraviolet
range contained in the 1norganic fine particle 1, light having
a wavelength different from that of incident light can be
emitted.

That 1s, the multidentate organic ligand transfers energy
generated by light absorption in the near-infrared or infrared
range between metals to a metal that 1s a rare earth element
capable of emitting excitation light 1n the visible or ultra-
violet range contained 1n the inorganic fine particle 1 via the
transition metal (energy-mediating metal) contained in the
first coating layer 2, whereby wavelength conversion light
emission by the composite fine particle 10 becomes pos-
sible.

The multidentate organic ligand 1s not particularly limited
as long as it has light absorption in the near-infrared or
infrared range and has two or more coordination sites.
Specific examples thereof include a bidentate ligand having
two coordination sites, a tetradentate ligand having four
coordination sites, a hexadentate ligand having six coordi-
nation sites, and the like.

Examples of representative multidentate organic ligands
include indocyanine dyes, quinone (quinoid) dyes, squary-
llum dyes, cyanine dyes, phthalocyamine dyes, porphyrin
dyes, azo compounds, coumarin dyes, indoline dyes, eosin,
fluorescein, rhodamine, merocyanine, coumarin, indoline,
and the like as the ligand compound. An example of pre-
terred multidentate organic ligands includes an indocyanine
dye represented by the following formula (1) and a deriva-
tive thereof, an mdigo dye represented by the following
formula (2) and a denivative thereof (here, examples of R 1n
the formula include a sulfonic acid group and the like.), and
a squarylium dye represented by the following formula (3)
and a derivative thereof (examples of R in the formula
include an alkyl group, an alkyl group that forms a ring
together with an atom on an adjacent aromatic ring, and the
like.).

The indocyanine dyes and derivatives thereol are com-
pounds having a hexatriene basic skeleton, and examples of
representative compounds include indocyanine green (ICG)
and the like. In addition, the indigo dye and a dernivative
thereol are compounds having a b1 (2,3-dihydroxy-3-oxoin-
dolylidene) basic skeleton, and examples of representative
compounds include indigo carmine and the like. In addition,
the squarylium dye and the derivative thereof are com-
pounds having a squaric acid skeleton 1n the central part of
the molecule and having a basic skeleton having substituents
composed ol an aromatic compound at two carbon atoms
located diagonally, and representative compounds include
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2.4-bis [4-(diethylamino)-2-hydroxyphenyl]|squaraine, 2,4-
bis [8-hydroxy-1,1,7,7-tetramethyldurolidin-9-yl]squaraine,
and the like.

|Chemical Formula 1]

(1)

- g
= ‘ /\‘
N T/ (CH==CH);CH T/ e

(CH»)4503"

|Chemical Formula 2]

(CH)4505

(2)

|Chemical Formula 3]

OH O HO\

R — R
\N_</_§_<>_< >7N/
/ L o \

R R

|

The thickness of the second coating layer 3 1s not par-
ticularly limited as long as 1t can absorb incident light. The

thickness of the second coating layer 3 1s, for example, not
less than a thickness of a monomolecular film. Preferably, 1t
1s substantially a monomolecular film.

“Third Coating Layer”

The third coating layer 4 1s provided on the second
coating layer 3. The third coating layer 4 1s a metal layer or
an 1morganic compound layer containing a coordination
metal that can form a coordination bond with the multiden-
tate organic ligand of the second coating layer 3. Since the
third coating layer 4 contains a coordination metal, a coor-
dination bond 1s formed with the multidentate organic ligand
of the second coating layer 3. Similarly, a coordination bond
1s formed between the first coating layer 2 and the multi-
dentate organic ligand of the second coating layer 3. As a
result, the multidentate organic ligand of the second coating,
layer 3 1s firmly bound between the first coating layer 2 and
the second coating layer 3. When an organic molecule 1s
present 1n the composite fine particle, light emission 1s
dissipated through thermal vibration of the organic mol-
ecule. In the composite fine particle 10, the multidentate
organic ligand 1s firmly bound, so that thermal vibration of
the multidentate organic ligand 1s suppressed. As a result, the
conversion efliciency of the composite fine particle 10 can
be 1mproved.

The coordination metal of the third coating layer 4 1s not
particularly limited as long as it can form a coordination
bond with the multidentate organic ligand of the second
coating layer 3. Examples of the coordination metal include
transition metals. The coordination metal 1s more preferably
a metal which 1s a rare earth element. The coordination metal

(3)
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1s more preferably a lanthanoid metal (Ln) such as Ce, Pr,
Nd, Sm, Dy, Ho, Er, Tm, or Yb.

When the third coating layer 4 1s used for a photoelectric
conversion layer of a solar cell, the third coating layer 4 1s
preferably an 1morganic compound layer formed of an 1nor-
ganic perovskite type substance. By using the inorganic
perovskite type substance, the atlinity with the photoelectric
conversion layer 1s improved, and the photoelectric conver-
sion efliciency 1s improved. Examples of materials of inor-
ganic perovskite type substances constituting the third coat-
ing layer 4 include a composite composed of three kinds of
inorganic elements, for example, CsPbX,(X—CI", Br™, I7)
and the like. X includes at least one of halogen ions. For
example, when ErYF, or Er, Yb-doped NaYF, (NaYF,: Er,
Yb) 1s used as the mmorganic fine particle 1, it 1s preferable
to use C,PbBr, or CsPbl, because the photoelectric conver-
sion efliciency 1s improved. When Tm, Yb-doped NaYF,
(NaYF,: Tm, Yb) 1s used, it 1s preferable to use CsPb(l,
because the photoelectric conversion efliciency 1s improved
thereby.

The thickness of the third coating layer 4 1s not particu-
larly limited, and may be 3% or more of the particle size of
the 1norganic fine particle 1, and 1s preferably substantially
uniform over the surface of the second coating layer 3. The
thickness of the third coating layer 4 1s, for example, 1 to 10
nm. More preferably, the thickness of the third coating layer
4 1s 1 to 5 nm. The coverage of the third coating layer 4 on
the surtace of the second coating layer 3 1s preferably 50%
or more. More preferably, the coverage of the third coating
layer 4 on the surface of the second coating layer 3 1s 90%
or more. In the morganic fine particle 1, the coverage of the
second coating layer 3 may be 100%.

Modified Example of Composite Fine Particle

Next, a modified example of the composite fine particle
will be described with reference to FIG. 2. In this modified
example, the same components as those 1n the composite
fine particle 10 will be denoted by the same reference signs,
the description of the components will be omitted, and only
different points will be described. The composite fine par-
ticle 10A includes an 1norganic fine particle 1 having a light
wavelength conversion ability, a continuous or discontinu-
ous first coating layer 2A formed on the whole or a part of
a surface of the morganic fine particle 1, a second coating
layer 3 formed on the first coating layer 2A, and a third
coating layer 4 formed on the second coating layer
“First Coating Layer”

The first coating layer 2 A 1s a continuous or discontinuous
layer formed on the whole or a part of a surface of the
inorganic fine particle 1. The first coating layer 2A 1s a
multilayer mcluding a coordination metal-containing layer
5A containing a coordination metal and an energy-mediating
metal-containing layer 5B containing a transition metal
identical to or different from the coordination metal of the
coordination metal-containing layer SA. The energy-medi-
ating metal-containing layer 5B 1s formed on the surface of
the morganic fine particle 1, and the coordination metal-
containing layer 5A 1s formed on the energy-mediating
metal-containing layer SB. For example, when an indocya-
nine dye 1s used, 1t 1s preferable that Nd 1s contained as a
coordination metal 1n the coordination metal-containing
layer 5A, and Yb 1s contained as an energy-mediating metal
in the energy-mediating metal-containing layer 3SB. For
example, energy transfer from Nd to emaitter metals Er and
Tm 1s methcient, but such a layer composition can make
energy transier more eflicient.

The coordination metal-containing layer SA 1s a metal
layer or an mmorganic compound layer containing a coordi-
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nation metal that can form a coordination bond with the
multidentate organic ligand of the second coating layer 3.
The coordination metal contained 1n the coordination metal-
containing layer SA is not particularly limited as long as 1t
can form a coordination bond with the multidentate organic 5
ligand of the second coating layer 3. Examples of the
coordination metal include transition metals. The coordina-
tion metal 1s more preferably a metal which 1s a rare earth
clement. The coordination metal 1s more preferably a lan-
thanoid metal such as Ce, Pr, Nd, Sm, Dy, Ho, Er, Tm, or Yb. 10
When the coordination metal-containing layer 5A contains a
coordination metal, a coordination bond 1s formed between
the multidentate organic ligand of the second coating layer

3 and the coordination metal-containing layer SA.

Examples of the coordination metal-containing layer SA 15
include NaYbF,, NaNdF,, Yb(NO,),, Yb(CH,COO),,
Yb(CF350;3)5, Yb,(SO4);, Yb,(CO3),, YbCly, YbBr;, Ybls,
Er,O,, and the like.

The energy-mediating metal-containing layer 3B i1s a
metal layer or an inorganic compound layer containing a 20
transition metal 1identical to or different from the coordina-
tion metal of the coordination metal-containing layer SA.
The energy-mediating metal-containing layer 5B contains a
transition metal 1dentical to or different from the coordina-
tion metal. Energy generated by light absorption i the 25
second coating layer 3 1s transferred between metals to the
inorganic fine particle 1 via the transition metal n the
energy-mediating metal-containing layer 5B. The transition
metal of the energy-mediating metal-containing layer 5B 1s
a metal that mediates energy transier (energy-mediating 30
metal). The transition metal of the energy-mediating metal-
contaiming layer 5B 1s preferably a metal which 1s a rare
carth element. More preferably, the transition metal 1s a
lanthanoid metal (Ln) such as Ce, Pr, Nd, Sm, Dy, Ho, Er,
Tm, or Yb. 35

Examples of the energy-mediating metal-containing layer
5B include NaYbF,, NaNdF,, Yb(NO,);, Yb(CH,COO),,
Yb(CF3805)3, Yb,(SO,)5, Yb,(CO;);, YbCl,, YbBr;, Ybl,
Er,O,, and the like.

The thickness of the first coating layer 2A 1s not particu- 40
larly limited, but may be 5% or more of the particle size of
the inorganic fine particle 1, and 1s preferably substantially
uniform over the surface of the inorganic fine particle 1. The
thickness of the first coating layer 2A 1s, for example, 1 to
10 nm. More preferably, the thickness of the first coating 45
layer 2A 1s 1 to 5 nm. The thickness of the coordination
metal-containing layer 5A and the thickness of the energy-
mediating metal-contaiming layer 5B can be appropriately
set so as to be the thickness of the first coating layer 2A. The
coverage of the first coating layer 2A on the surface of the 50
inorganic fine particle 1 1s preferably 50% or more. In the
iorganic fine particle 1, the coverage of the first coating
layer 2A 1s more preferably 100%.

(Photoelectric Conversion Element)

FIG. 3 1s a cross-sectional view of a photoelectric con- 55
version element 100 including the composite fine particle
10. The photoelectric conversion element 100 1s a photo-
clectric conversion element suitable for a solar cell. The
photoelectric conversion element 100 1s mainly composed of
a positive electrode layer (positive electrode member) 101, 60
a negative electrode layer (negative electrode member) 102,
and a photoelectric conversion layer 103 interposed ther-
cbetween.

A bufler layer 107 may be interposed between the nega-
tive electrode layer 102 and the photoelectric conversion 65
layer 103, in which E_, as an energy level 1n a conduction
band 1s present between E _, and E_; as energy levels of the
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negative electrode layer 102 and the photoelectric conver-
sion layer 103 (that1s, E_,<E _,<E .). Examples of materials
constituting the bufler layer 107 include europium oxide
(Eu,0,), titanium oxide, tin oxide, and the like. Examples of
the structure of the bufler layer 107 include a structure in
which one or more kinds of the constituent materials are
laminated on the surface of the photoelectric conversion
layer 103 on the negative electrode layer 102 side.

In order to allow the photoelectric conversion layer 103 to
receive light, the negative electrode layer 102 may be
formed of a material having light transmitting properties, for
example, antimony-doped tin oxide (ATO), indium tin oxide
(ITO), zinc oxide, tin oxide, fluorine-doped tin oxide (FTO),
or the like. In the process of producing the photoelectric
conversion layer 103 of the present embodiment, 1t 1s
necessary to perform heat treatment. Therefore, as the mate-
rial of the negative electrode layer 102, ATO having heat
resistance 1s preferable among the above materials.

The positive electrode layer 101 does not have to be
transparent, and a metal, a conductive polymer or the like
can be used as the electrode material of the electrode.
Specific examples of electrode maternals include metals such
as gold (Au), silver (Ag), aluminum (Al), and zinc (Zn), an
alloy of two or more among the metals, graphite, graphite
interlayer compounds, polyanilines and derivatives thereof,
polythiophene and derivatives thereof. Examples of mate-
rials of the transparent positive electrode layer 101 include
ITO.

As shown 1n FIG. 3, mainly, the photoelectric conversion
layer 103 may be a laminate including a first layer (electron
transport layer) 104 composed of a plurality of particles 20
including an 1morganic semiconductor as a main component
(heremaiter referred to as “inorganmic semiconductor par-
ticles”), a second layer 105 which 1s formed on the surface
of the first layer 104, and 1s composed of an aggregate or a
thin film (composite) including an 1norganic perovskite type
substance as a main component, and additionally including
the composite fine particle 10, and a third layer 106 com-
posed of a plurality of particles including an organic or an
inorganic semiconductor (including a metal complex) as a
main component or an aggregate thereof, or a thin film
including the organic or the mnorganic semiconductor (in-
cluding a metal complex) as a main component. That 1s, the
photoelectric conversion element 100 may have a configu-
ration 1 which the positive electrode layer 101, the third
layer 106, the second layer 105, the first layer 104, and the
negative electrode layer 102 are arranged 1n that order, and
at least a current path 1s formed from the positive electrode
layer 101 to the negative electrode layer 102. The photo-
clectric conversion layer 103 contains the composite fine
particle 10 and the inorganic perovskite type substance.
Here, “including an inorganic semiconductor as a main
component” means that, in morganic semiconductor par-
ticles 20, the inorganic semiconductor 1s contained in an
amount in which functions of the present invention can be
exhibited, and specifically, for example, the amount of the
inorganic semiconductor 1s more than 30 volume % with
respect to the total volume of the first layer 104. The amount
1s preferably more than 90 volume %, and more preferably,
the main component 1s composed of a substantially 1nor-
ganic semiconductor. “Including an inorganic perovskite
type substance as a main component” means that the 1nor-
ganic perovskite type substance 1s contained 1n an amount 1n
which functions of the present invention can be exhibited
with respect to the total volume of the second layer 105, and
specifically, for example, the amount of the inorganic per-
ovskite type substance 1s more than 50 volume % with
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respect to the total volume of the second layer 105. The
amount thereof 1s preferably 70 volume % or more. In
addition, “including an organic or an morganic semiconduc-
tor (including a metal complex) as a main component™
means that the aggregate or thin film (composite) containing,
the composite fine particle 10 1s contained 1n an amount in
which functions of the present invention can be exhibited
with respect to the total volume of the third layer 106, and
specifically, for example, the amount of the organic or
inorganic semiconductor 1s more than 350 volume % with
respect to the total volume of the third layer 106. The
amount thereotf 1s preferably more than 90 volume %, and
more preferably, the main component 1s composed of a
substantially organic or inorganic semiconductor (including
a metal complex). A larger number of current paths to be
formed 1s more preierable, but adjacent current paths may or
may not be electrically connected to each other. Here,
“layer” 1n the present embodiment refers to a film that 1s
formed by performing a film formation process once or
multiple times, and the film 1s not limited to being flat and
1s not necessarily an integrated film.

Furthermore, materials and compositions of the three
layers 104 to 106 are determined such that energy levels 1n
the conduction band (LUMO, excited state) increase 1n order
of the first layer 104, the second layer 1035, and the third
layer 106. For example, in the first layer 104, the energy
level 1n the valence band can be set to -8 €V or higher, and
the energy level 1n the conduction band can be set to -4 eV
or lower. In this case, 1n the second layer 105, the energy
level 1n the valence band can be set to —6.0 €V or higher, and
the energy level in the conduction band can be set to -3 eV
or lower. In addition, 1n the third layer 106, the energy level
in the conduction band 1s preferably -2 eV or lower.

The first layer 104 1s an aggregate of a plurality of
inorganic semiconductor particles 20 formed on the negative
clectrode layer 102 and 1s a porous film including a plurality
of voids between the mnorganic semiconductor particles 20.
The morganic semiconductor particle 20 1n contact with the
second layer 105 comes into direct contact with the negative
clectrode layer 102 or comes into indirect contact with the
negative electrode layer 102 via another mnorganic semicon-
ductor particle 20 so that it 1s electrically connected to the
negative electrode layer 102. The presence of the first layer
104 which 1s a porous film can increase the contact area with
the second layer 105.

As the morganic semiconductor contained i1n the inor-
ganic semiconductor particle 20, one having an absorption
wavelength 1 the ultraviolet light range 1s preferable, and
examples thereol include titantum (IV) oxide, zinc oxide,
and the like. The inorganic semiconductor particle 20 1s, for
example, titanium (IV) oxide. In this case, the photoelectric
conversion element 100 includes an electron transport layer
made of titantum (IV) oxide. The thickness of the first layer
104 1s preferably about 10 nm or more and 1,000 nm or less
and more preferably about 50 nm or more and 500 nm or
less. In the case of application to a solar cell, the first layer
104 may not be formed.

In the production step, the second layer 105 1s a thin film
that covers an exposed portion on the surface of the 1nor-
ganic semiconductor particle 20, that 1s, a portion that 1s not
in contact with the negative electrode layer 102 and the
inorganic semiconductor particle 20. The second layer 1035
does not need to cover the entire exposed portion, but should
cover at least the side of the positive electrode layer 101 1n
order to form the current path.

The morganic perovskite type substance constituting the
second layer 105 1s composed of a plurality of molecules
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including metal cations such as Pb** and Sn**, halogenated
amons such as I, C17, and Br~, and organic cations such as
CH,NH,;"(MA), NH—CHNH,"(FA), and C_". The size and
shape of the band gap can be changed depending on the
number of 10ns selected from among metal cations, halide
anions, and organic cations. When tin 1s added to the
inorganic perovskite type substance, the band gap i1s nar-
rowed, and the morganic perovskite type substance responds
to long-wavelength light such as near-infrared light, but
oxidation easily occurs 1n the atmosphere and characteristics
deteriorate. For respective molecules constituting the 1nor-
ganic perovskite type substance, the halogenated anion 1s
disposed at a vertex of a regular octahedron around a metal
ion, and the organic cation 1s disposed in the vicinmity of a
cube containing a regular octahedron, centered on metal
ions. Specifically, a regular octahedron formed of metal 10ns
and halogenated anions forms a three-dimensional lattice,
and organic cations enter gaps thereof 1n the structure.

When the third coating layer 4 of the composite fine
particle 10 1s an inorganic compound layer formed of an
inorganic perovskite type substance, a boundary between the
third coating layer 4 and the inorganic perovskite type
substance 1n the composite fine particle 10 1s substantially
climinated when the second layer 105 1s formed while being
in contact with the inorganic perovskite type substance
constituting the second layer 103. Therefore, light converted
into visible light 1n the composite fine particle 10 1s etli-
ciently absorbed by the morganic perovskite type substance
including the third coating layer 4. As a result, the conver-
sion efliciency of light 1n a near-infrared range of the
photoelectric conversion element 100 can be improved.

When a proportion of the composite fine particle 10 1n the
second layer 105 1s 5 wt % or more with respect to the total
mass of the second layer 105, the sensitivity to light in the
near-infrared range 1s improved, which is preferable. When
the proportion of the composite fine particle 10 in the second
layer 105 1s more than 30 wt %, 1t 1s difficult to form a
perovskite type substance, and therefore 30 wt % or less 1s
preferable.

Also, preferably, the energy level of the valence band of
the second layer 105 1s lower than the energy level of the
valence band of the third layer 106 and 1s intermittently
connected to the same energy level. Examples of the com-
position of the second layer 105 (inorganic perovskite type
substance) satisiying these conditions include CH,NH,PblI,,
NH—CHNH,Pbl;,, CsPbl,, and the like. In addition,
examples thereol include those 1n which a composition ratio
of I and Cl or Br among halide anions 1s changed.

The third layer 106 may be a thin film that covers a
surface (exposed surface) of the mmorganic perovskite type
substance contained 1n the second layer within a photoelec-
tric conversion element precursor including the first layer
104 and the second layer 105. The third layer 106 1s formed
of any of a p-type organic semiconductor, an inorganic
semiconductor, and an organometallic complex. The thick-
ness of the third layer 106 1s preferably, for example, 1 nm
or more and 100 nm or less.

Examples of the p-type organic semiconductor constitut-
ing the third layer include bathocupromne (BCP), 2,2'.7,7'-
tetrakis(IN,N'-di-p-methoxyphenylamine)-9,9'-spirobifluo-
rene (Spiro-OMeTAD), poly(3,4-ethylenedioxythiophene):
poly(styrenesulionate) (PEDOT: PSS), N,N,N'.N'-tetrakis
(4-methoxyphenyl)-benzidine (TPD), and the like.

Examples of the p-type inorganic semiconductor consti-
tuting the third layer 106 include Cul, CuSCN, and the like.

The member for a photoelectric conversion element of the
present disclosure 1s formed by laminating the second layer
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105 containing the composite fine particle 10 and the third
layer 106 formed of an aggregate or a thin film containing
an organic semiconductor or an 1morganic semiconductor as
a main component. A photoelectric conversion element
including the member for a photoelectric conversion ele-
ment of the present disclosure may 1nclude a hole transport
layer and an electron transport layer, and the member for a
photoelectric conversion element of the present disclosure
may be disposed between the hole transport layer and the
clectron transport layer.
(Energy Band Structure)

FIGS. 4(a) to 4(c) show structures of energy bands of

respective layers during an operation of the photoelectric
conversion element 100 according to the present embodi-
ment.

When light 1s not emitted, the energy level of the third
layer 106 1n the conduction band is higher than the Fermi
level of the positive electrode layer 101 on the side of the
positive electrode layer 101, and as shown n FIG. 4(a), a
current from the positive electrode layer 101 to the negative
clectrode layer 102 1s blocked.

When light having a wavelength of 700 nm or more 1s
emitted to the photoelectric conversion element, the com-
posite fine particle 10 constituting the second layer 105
absorbs the light and converts the wavelength 1nto a visible
light wavelength. The 1norganic perovskite type substance
absorbs the light whose wavelength has been converted
(FIG. 4(b)). Here, 1n FIG. 4(b), the broken line arrow and the
solid line arrow 1n the composite fine particle 10 indicate the
same degree of energy. The inorganic perovskite type sub-
stance generates electrons e and holes h by absorbing light,
and the electrons e transition to the conduction band E _,
(energy level 1n the conduction band of the first layer 104)
and the holes h transition to the valence band E . (energy
level 1n the valence band of the third layer 106) (FI1G. 4(c¢)).

In the above example, the case where the first layer 104a
1s a porous film has been described as an example, but the
photoelectric conversion element 1s not limited to this con-
figuration. FIG. 5 1s a cross-sectional view of a modified
example of the photoelectric conversion element including
the composite fine particle of FIG. 1. A photoelectric con-
version element 100a 1s composed of a positive electrode
layer (positive electrode member) 101, a negative electrode
layer (negative electrode member) 102, and a photoelectric
conversion layer 103a interposed therebetween. The photo-
clectric conversion layer 103a 1s composed of a layered
second layer 105 and a layered third layer 106. As 1n the
photoelectric conversion element 100qa, the second layer 105
and the third layer 106 may be formed in a uniform film.
Modified Example of Photoelectric Conversion Element

Next, a photoelectric conversion element 100B as a
modified example of the photoelectric conversion element
will be described with reference to FIG. 6. The photoelectric
conversion element 100B 1s a photoelectric conversion
clement having a configuration suitable for photosensor
application. FIG. 6 1s a cross-sectional view of a photoelec-
tric conversion element 100B including the composite fine
particle 10. The photoelectric conversion element 100B 1s
mainly composed of a positive electrode layer (positive
clectrode member) 101, a negative electrode layer (negative
clectrode member) 102, and a photoelectric conversion layer
103B interposed therebetween. Hereinatter, similar compo-
nents will be distinguished by different letters appended to
the same sign. However, the description of the same com-
ponents will be omitted. In addition, among similar com-
ponents, when components have substantially the same
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functional configuration as the components that have
described, the description of the components will be omiut-
ted.

The photoelectric conversion layer 103B includes a first
layer 104, a second layer 105, and a third layer 106B. As
shown 1n FIG. 6, mainly, the photoelectric conversion layer
103 may be a laminate including the first layer (electron
transport layer) 104 composed of a plurality of particles 20
including an morganic semiconductor as a main component,
the second layer 105 which 1s formed on the surface of the
first layer 104, and 1s composed of an aggregate or a thin film
(composite) mncluding an inorganic perovskite type sub-
stance as a main component, and additionally 1including the
composite fine particle 10, and the third layer 106B com-
posed of a plurality of particles including an organometallic
complex as a main component or an aggregate thereot, or a
thin film including the organometallic complex as a main
component. Here, “including an organometallic complex as
a main component” means that, 1n particles or an aggregate
thereof, or a thin film, the amount of the organometallic
complex 1s more than 50 volume % with respect to the total
volume of the third layer. The amount thereof 1s preferably
more than 90 volume %, and more preferably, the main
component 1s composed of a substantially mmorganic semi-
conductor. That 1s, the photoelectric conversion element 100
may have a configuration in which the positive electrode
layer 101, the third layer 106B, the second layer 105, the first
layer 104, and the negative electrode layer 102 are arranged
in that order, and at least a current path 1s formed from the
positive electrode layer 101 to the negative electrode layer
102.

Furthermore, maternials and compositions of the three
layers 104 to 106B are determined such that the energy
levels 1n the conduction band (LUMO, excited state)
increase in order of the first layer 104, the second layer 105,
and the third layer 106B, and the energy level of the second
layer 105 1n the valence band (HOMO, ground state) is
higher than the energy level of the third layer 106B 1n the
valence band. In the conduction band, the energy level of the
second layer 105 1s higher than the energy level of the first
layer 104, and the energy level of the third layer 106B 1is
higher than the energy level of the second layer 105. For
example, in the first layer 104, the energy level in the
valence band can be set to —8 eV or higher, and the energy
level 1 the conduction band can be set to —4 eV or lower.
In this case, 1n the second layer 105, the energy level 1n the
valence band can be set to —6.0 €V or higher, and the energy
level m the conduction band can be set to -3 eV or lower.
In addition, 1n the third layer 106, the energy level 1n the
conduction band is preferably -2 eV or lower.

The third layer 1068 may be a thin film that covers a
surface (exposed surface) of a molecule of the inorganic
perovskite type substance contained 1n the second layer 1035
within a photoelectric conversion element precursor includ-
ing the first layer 104 and the second layer 105. A molecule
of the organometallic complex constituting the third layer
1068 1s obtained by forming a coordination bond between
an 1norganic transition metal and an organic ligand. Here,
108 A indicates an mnorganic transition metal 1on of the third
layer 1068, and 108B indicates an organic ligand of the third
layer 106B.

In the organometallic complex, inorganic transition metal
ions 108 A may be localized 1n a film shape on the side of the
second layer so that they are directly bonded to the 1norganic
perovskite type substance of the second layer 105. On the
other hand, the organic ligand 1088 may be localized 1n a
film shape on the side opposite to the second layer (on the
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side of the positive electrode). Then, 1n order to realize
amplification of a photocurrent to be described below,
molecules of the organometallic complex of the third layer
106B may be bonded to molecules of the morganic perov-
skite type substance such that the organic ligand 108B and
inorganic transition metal 1ons 108 A are arranged 1n that
order on the current path from the side of the positive
clectrode layer 101 to the side of the second layer 105. That
1s, the third layer 106B 1s divided into a layer formed of
inorganic transition metal 1ons and a layer formed of organic
ligand 10ns. Here, a boundary between the two layers can be
confirmed using, for example, a transmission electron
microscope (TEM).

Examples of the inorganic transition metal 1on here
include Eu”*, Cr’*, and the like where the reduction poten-
tial is LUMO, and Ru**, Fe**, Mn**, Co**, and the like
where the oxidation potential 15 HOMO. In addition,
examples of the organic ligand here include a ligand of a
general metal complex, for example, (1) an organic com-
pound having a carboxyl group, a nitro group, a sulfo group,
a phosphate group, a hydroxy group, an oxo group or an
amino group; (11) an ethylenediamine derivative; (111) a ring
heteroatom-containing organic ligand such as a terpyridine
derivative, a phenanthroline derivative, or a bipyridine
derivative; (1v) an acetylacetonato-based organic ligand
(here, “acetylacetonato-based organic ligand” refers to an
organic ligand that can form a coordination bond with many
transition metal 1ons through two oxygen atoms (for
example, while forming a six-membered ring)) such as a
catechol derivative, a quinone dernivative, a naphthoic acid
derivative, or an acetylacetonato derivative (specifically for
example, acetylacetone), and the like.

The thickness of the third layer 106B 1s preferably, for
example, about 1 nm or more and 10 nm or less. It the third
layer 1068 1s thicker than 10 nm, the energy barrier becomes
too thick, a suflicient tunneling probability cannot be
obtained, and amplification of a photocurrent in the photo-
clectric conversion layer 103B i1s hindered. In addition, if the
third layer 106B 1s thinner than 1 nm, light 1s not emuitted, a
tunneling current flows even when the band 1s not bent, and
thus the light detection function of the photoelectric con-
version layer 103B becomes meaningless.

(Energy Band Structure)

FIGS. 7(a) to 7(d) show structures of energy bands of
respective layers during an operation of the photoelectric
conversion element 100B according to the present embodi-
ment. Here, 108 A indicates an 1norganic transition metal 1on
of the third layer 106B, and 108B indicates an organic ligand
of the third layer 106B.

When light 1s not emitted, the energy level of the third
layer 1068 1n the conduction band 1s higher than the Fermi
level of the positive electrode layer 101 on the side of the
positive electrode layer 101, and as shown i FIG. 7(a), a
current from the positive electrode layer 101 to the negative
clectrode layer 102 1s blocked.

When light L1 having a wavelength of 800 nm or more 1s
emitted to the photoelectric conversion element, the core
(the 1norganic fine particle 1) of the composite fine particle
10 constituting the second layer 105 absorbs the light and
converts the wavelength into a visible light wavelength. The
inorganic perovskite type substance absorbs the light whose
wavelength has been converted, and generates electrons e
and holes h, and the electrons e transition to the conduction
band E_, and the holes h transition to the valence band E_,
(F1G. 7(b)).

In this case, since the energy levels E ., E_,, and E_; of the
first layer 104, the second layer 105, and the third layer 1068
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in the conduction bands have a relationship of E_;>E_,>E ,,
the electrons e that are generated in the second layer 105 and
transitioned to the conduction band of the same layer
transition to the conduction band E_; of the first layer 104
which 1s 1n a lower energy state.

On the other hand, since the energy levels E ;, E ., and
E . of the first layer 104, the second layer 105, and the third
layer 106B 1n the valence bands have relationships of
E .>E  layer,and E ,>E ., as shown in FIG. 7(c), the holes
that are generated in the second layer and transitioned to the
valence band are trapped in the valence band of the second
layer which 1s 1in an energy state higher than (for the holes,
lower than) those of the first layer and the third layer.

Due to the effect (positive potential) of the holes that are
trapped and distributed 1n a concentrated manner, 1in the
vicinity of the valence band of the second layer 105, the
potential energy of the electrons decreases, and the energy
level 1n the conduction band decreases. Since the energy
level 1 the conduction band significantly decreases toward
the second layer 105 in which the holes are trapped, the
energy level of the third layer 1068 in the conduction band
decreases more significantly on the side of the second layer
and has a shape 1n which the side of the positive electrode
layer 1s sharp. Accordingly, for the electrons 1n the positive
clectrode layer 101, the energy barrier of the third layer 106
becomes thinner and as shown in FIG. 7(d), and the elec-
trons can be tunneled to the side of the negative electrode
layer. That 1s, when light 1s emitted to the photoelectric
conversion element, a large number of electrons (electrons
to which light 1s not emitted) on the side of the positive
clectrode that are blocked by the energy barrier of the third
layer tunnel (are transmitted) through the thinner energy
barrier, and they can flow to the side of the negative
clectrode. Therefore, the photoelectric conversion element
1008 of this modified example can realize significant ampli-
fication of a current directly generated with light emaitted.
Therefore, the photoelectric conversion element 100B of
this modified example 1s suitable for photosensor applica-
tion.

Here, when the photoelectric conversion elements 100
and 100B of the present disclosure are mounted on a
semiconductor substrate such as silicon or a glass substrate,
for example, the following device configurations can be
used.

(1) a form 1 which the positive electrode layer 101
having transparency 1s formed on the uppermost layer
most distant from the semiconductor substrate (that 1s,
a configuration 1 which the (transparent) positive
clectrode layer 101/the third layer 106/the second layer
105/the first layer 104/the negative electrode layer
102/(S1) substrate are laminated 1n that order from the
uppermost layer on the light incidence side)

(2) a form 1 which the negative electrode layer 102
having transparency 1s formed adjacent to the glass
substrate (that 1s, a configuration 1 which the (glass)
substrate/the negative electrode layer 102/the first layer
104/the second layer 105/the third layer 106/the posi-
tive electrode layer 101 are laminated 1n that order from
the uppermost layer on the light incidence side)

(3) a form 1n which the negative electrode layer 102
having transparency 1s formed on the uppermost layer
most distant from the semiconductor substrate (that 1s,
a configuration 1 which the (transparent) negative
clectrode layer 102/the first layer 104/the second layer
105/the third layer 106/the positive electrode layer
101/(S1) substrate are laminated 1n that order from the
uppermost layer on the light incidence side)
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(Method for Producing Composite Fine Particle)

Next, a method for producing the composite fine particle
10 of the present disclosure will be described. The method
for producing the composite fine particle 10 of the present
disclosure includes an inorganic fine particle synthesizing
step, a first coating layer forming step, a second coating
layer forming step, and a third coating layer forming step.
“Inorganic Fine Particle Synthesizing Step”

In the morganic fine particle synthesizing step, the 1nor-
ganic fine particles 1 are synthesized. The method {for
synthesizing the morganic fine particles 1 1s not particularly
limited, and examples thereof include a precipitation
method, a hydrothermal synthesis method, and the like. For
example, a trifluoroacetate or an acetylacetonate 1s synthe-
sized using Ln (lanthanoid) oxides, for example, Gd,O,,
Er,O;, Tm,0;, Ho,O,, Yb,0O;, Y,O;, or Ln halides, for
example, ErCl,, ErF,, TmC(Cl,, TmF,, HoCl,, HoF,, or the
like, as a main raw maternial. Subsequently, a raw material
substance of any one of (1) sodium tritluoroacetate and chain
organic molecules or (1) sulfur (S8) and chain organic
molecules 1s added to the obtained trifluoroacetate salt or
acetylacetonate salt, and then the obtained mixture 1s reacted
under high temperature conditions (100 to 400° C.) in a N,
or Ar atmosphere. The solution obtained after the reaction
(reactant) 1s cooled, as necessary, an organic solvent such as
cthanol 1s added thereto, then the resulting mixture is
centrifuged using a centrifugal separator to separate the
inorganic fine particles 1, and thus the mmorganic fine par-
ticles 1 are obtained.

“First Coating Layer Forming Step”

In the first coating layer forming step, the first coating
layer 2 1s formed on the 1morganic fine particles 1 obtained
in the morganic fine particle synthesizing step. The method
for forming the first coating layer 2 1s not particularly
limited. Examples thereof include a precipitation method, a
hydrothermal synthesis method, and the like. Specifically,
trifluoroacetic acid salts are synthesized using lanthanoid
oxides Gd,O;, Er,O,, Tm,O;, Ho,O,, Yb,0O,, and Nd,Os;.
The morganic fine particles 1 and sodium trifluoroacetate are
further added thereto, and the mixture 1s reacted under a
nitrogen or argon atmosphere at a high temperature condi-
tion (100 to 400° C.). The solution after the reaction 1s
cooled, an organic solvent such as ethanol 1s added as
necessary, and then centrifugation is performed to obtain the
inorganic fine particles 1 coated with the first coating layer
2 (first coated particles). The first coating layer may be
formed a plurality of times.

“Second Coating Layer Forming Step”

In the second coating layer forming step, the second
coating layer 3 1s formed on a surface of the first coated
particles. The method for forming the second coating layer
3 1s not particularly limited. Specifically, for example, a
NaBF, dimethylformamide solution 1s added dropwise to a
solvent 1n which the first coated particles are dispersed, the
mixture 1s stirred at room temperature (20 to 30° C.) for 30
minutes to 120 minutes under a nitrogen atmosphere, and a
powder 1s obtained by centrifugation. The resulting powder

1s dispersed 1n a solvent, a multidentate organic ligand (for
example, an mndocyanine dye) to which a transition metal 10n
(for example, Y-, Pb*, or the like) is bonded is added, and
the mixture 1s stirred at room temperature for 10 minutes or
more 1n ultrasound. An organic solvent such as ethanol 1s
added as necessary, and then the mixture i1s separated by
centrifuging to obtain first coated particles coated with the
second coating layer (second coated particles).
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“Third Coating Layer Forming Step”

In the third coating layer forming step, the third coating
layer 4 1s formed on a surface of the second coated particles.
The method for forming the third coating layer 4 1s not
particularly limited. Examples of the method for forming the
third coating layer 4 include a precipitation method, a
hydrothermal synthesis method, and the like. Specifically,
for example, the second coated particles are reacted with a
solution containing cestum oleate synthesized from cesium
carbonate and lead halide (PbX,). The temperature 1s 120 to
200° C., and the atmosphere 1s a nitrogen atmosphere. The
solution after the reaction 1s cooled, and fine particles are
separated by centrifuging. The separated fine particles are
fired (for example, 100° C. to 200° C.) to obtain composite
fine particles 10.

(Method for Producing Photoelectric Conversion Element)

FIGS. 8(a) to 8(e) show cross-sectional views of an object
to be processed 1n a process of producing the photoelectric
conversion element 100. The photoelectric conversion ele-
ment 100 can be produced mainly according to the following

procedure.

First, as shown in FIG. 8(a), a substrate on which the
negative electrode layer 102 1s provided for forming the
photoelectric conversion layer 103 1s prepared. As the nega-
tive electrode layer 102 on the substrate, an electrode
member that functions as a negative electrode layer and has
transparent conductivity 1s used. Here, the case where the
bufler layer 107 1s formed on one surface of the negative
clectrode layer 102 1s exemplified, but the builer layer 107
may not be formed. Here, the bufler layer 107 functions as
an electron transport layer or a hole blocking layer. The
bufler layer 107 can be formed by applying a material
solution to the negative electrode layer 102 using a spin
coating method or the like and heating (drying) 1t. This
heating may be performed, for example, at about 120 to 450°
C. for about 10 to 60 minutes. Conditions of the material
application (application time, and the like) may be adjusted
such that the thickness of the bufler layer 107 1s, for
example, about 1 to 100 nm.

Next, as shown in FIG. 8(b), the first layer 104 composed
of a plurality of particles 20 including an inorganic semi-
conductor as a main component (that 1s, 1norganic semicon-
ductor particles) 1s formed on one surface side of the
negative electrode layer 102 (1f the bufler layer 107 1s
included, with the bufler layer 107 interposed therebe-
tween). As the bufler layer 107, the first layer 104 can also
be formed by applying a material solution and heating it.
This heating may also be performed, for example, at about
120 to 450° C. for about 10 to 60 minutes. Conditions of the
material application (application time, and the like) may be
adjusted such that the thickness of the first layer 104 1s, for
example, about 10 to 1,000 nm, and preferably about 50 to
500 nm.

Next, as shown in FIG. 8(c¢), a solution containing a raw
material of an 1norganic perovskite type substance as a main
component and the composite fine particle 10 may be
applied to the surface of the mmorganic semiconductor par-
ticle 20 using a spin coating method, a dip method or the
like, and heated to form the second layer 105. This heating
may be performed, for example, at about 40 to 100° C. for
about 5 to 10 minutes. The thickness of the second layer 105
1s adjusted according to conditions of the maternial applica-
tion (application time, and the like).

Next, as shown 1n FIG. 8(d), the third layer 106 may be
formed on the second layer 105. More specifically, a mate-
rial including a p-type organic semiconductor or an 1nor-
ganic semiconductor as a main component 1s deposited or a
solution containing the material 1s applied on the second
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layer 105 using a spin coating method, a dip method or the
like, and thus the third layer 106 may be formed. Actually,

when the second layer 105 1s formed, substantially all the
gaps between the 1norganic semiconductor particles 20 of
the first layer 104 are buried. Therefore, the third layer 106
1s formed 1n a film shape on an exposed portion of the
surface of the second layer 105 mainly on the side of the
positive electrode layer 101 (the side opposite to the nega-
tive electrode layer 102).

When the organometallic complex 1s formed as the third
layer (that 1s, when the third layer 106B 1s formed), appli-
cation and heating of the solution here may be performed 1n
two steps. That 1s, 1n the first step, a solution containing an
inorganic transition metal such as europium may be applied
and heated, and subsequently, 1n the second step, a solution
contaiming an organic ligand such as terpyridine may be
applied and heated. In this manner, as a result of performing
formation of the third layer 106B in two steps, the third layer
106B has a structure 1n which the layer 108 A formed of an
inorganic transition metal and the layer 108B formed of an
organic ligand are laminated in order from the side of the
second layer 105.

Finally, as shown in FIG. 8(e), when the electrode mem-
ber (positive electrode layer) 101 that functions as a positive
clectrode and has conductivity 1s formed on the third layer
106, the photoelectric conversion element 100 of the present
embodiment can be obtained.

In the method for producing the photoelectric conversion
clement, a case 1 which the first layer 104 formed of a
porous material 1s used has been described, but the photo-
clectric conversion element can be produced by the same
method as described above even when the first layer 104 1s
not provided.

As described above, the composite fine particle 10 of the
present embodiment has a configuration 1n which the mul-
tidentate organic ligand of the second coating layer 3 con-
verts the absorbed long-wavelength light in a near-intrared
or infrared range into short-wavelength light such as visible
light and ultraviolet light, and the converted light is re-
absorbed by the inorganic perovskite type substance of the
second layer 105 and converted into power. Therefore,
according to the composite fine particle 10 of the present
embodiment, 1t 1s possible to generate photoelectric conver-
sion or an electromotive force from long-wavelength light,
which has been conventionally diflicult.

In addition, the composite fine particle 10 of the present
embodiment can suppress thermal vibration of the multi-
dentate organic ligand and can reliably and efliciently per-
form energy transier. As a result, 1t 1s possible to reduce
energy loss. Therefore, even when light to be absorbed by
the multidentate organic ligand 1s weak light, it 1s possible
to realize excellent photosensitizing characteristics.

EXAMPLES

Hereinafter, the eflects of the present invention will
become more apparent from examples. However, the present
invention 1s not limited to the following examples, but can
be appropriately changed and implemented within ranges
without changing the gist of the imnvention.

(1. First Intermediate Particles, Second Intermediate Par-
ticles, and Third Intermediate Particles to be Precursor of
Composite Fine Particles, and Preparation Thereot)

First, 3 mol of acetylacetone and 1 mol of LnCl;-nH,O
were added to water. The obtained mixture was adjusted to
pH7 using an aqueous ammonia solution and then stirred to
obtain rare earth acetylacetonate hydrate (Ln(acac),-nH,O).
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Then, 11 ml of oleylamine, 1.6 ml of oleic acid, and 21 ml
of octadecene were added to 383 mg of Gd(acac), nH,O,
101 mg of Yb(acac),'-nH,O, 10 mg of Er(acac),, nH,O, 16
mg of sulfur powder S8, and 152 mg of sodium oleate. The
resulting mixture was stirred at 120° C. for 20 minutes under
vacuum. Thereaiter, the temperature was further set to 310°
C., and the mixture was stirred for 30 minutes 1n a N,
atmosphere.

The resulting mixture was cooled to room temperature 1n
a N, atmosphere, ethanol was added thereto, and then the
mixture was centrifuged to obtain first intermediate particles
(Gd,O,S doped with Er and Yb: Er (5%), Yb (20%), particle
s1ze 10 to 20 nm). The particle size of the first intermediate
particles was obtained from an observation image (FIG.
9(a)) obtained by SEM observation.

Next, 197 mg of Yb,0O, was added to 10 mL of a 50%
trifluoroacetic acid aqueous solution, and the mixture was
stirred at 80° C. for 30 minutes under a reduced pressure.
Thereafter, 10 mL of octadecene and 10 ml. of oleic acid
were Turther added to 272 g of sodium trifluoroacetate and
205 g of the first intermediate particles obtained above, and
the mixture was stirred at 120° C. for 30 minutes under
vacuum. Thereatter, the temperature was further set to 320°
C., and the mixture was stirred for 30 minutes mm a N,
atmosphere. Then, the powder was collected from the result-
ing mixture by centrifugation to obtain 210 mg of second
intermediate particles (first intermediate particles coated
with NaYbF ,, particle size 25 nm or less). The particle size
of the second intermediate particles was obtained from an
observation 1image (FIG. 9(b)) obtained by SEM observa-
tion.

Next, 50 mg of Nd,O; and 79 mg of Y,O, were added to
10 mL of a 50% trifluoroacetic acid aqueous solution, and
the mixture was stirred at 95° C. for 30 minutes under a
reduced pressure. Therealter, 272 mg of sodium trifluoro-
acetate and 210 mg of the second intermediate particles
obtained above were further added, and the mixture was
stirred at 120° C. for 30 minutes under vacuum. Thereafter,
the temperature was further set to 320° C., and the mixture
was stirred for 30 minutes in a N, atmosphere. Then, the
powder was collected from the obtained mixture by cen-
trifugation to obtain 230 mg of third intermediate particles
(second 1intermediate particles coated with NaYF ,: 30% Nd,
particle size 30 nm or less). The particle size of the third
intermediate particles was obtained from an observation
image (FI1G. 9(¢)) obtained by SEM observation. ]

(2. Composite Fine Particles a and Production Thereot)

220 mg of the third intermediate particles prepared as
described 1n 1 above were added to 2 mL of hexane, 0.4 mL
(concentration 117 g/L.) of a NOBF, dimethylformamide
solution was added dropwise thereto, and the obtained
mixture after dropwise addition was stirred at room tem-
perature (20 to 30° C.) for 10 minutes. Next, the DMF layer
(lower layer) was collected and centrifuged to obtain a
powder. The resulting powder was dispersed in hexane and
gently dried. The resulting mixture was added to 5 mL of a
solution of 1 mg of indocyanine green (ICG) and 0.25 mg of
YCIl; 1n ethanol, and 1t was stirred at room temperature for
10 minutes 1n ultrasound. The mixture thus obtained was
centrifuged to obtain 170 mg of fourth intermediate particles
(third intermediate particles coated with ICG-Y, particle size
40 nm or less, nanoparticles B). The particle size of the
fourth intermediate particles was obtained from an obser-
vation 1image (FI1G. 9(d)) obtained by SEM observation.

Next, 130 g of Y,O, was added to 10 mL of a 50%
tritfluoroacetic acid aqueous solution, and the mixture was
stirred at 80° C. for 30 minutes under a reduced pressure.
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Thereatter, 272 g of sodium trifluoroacetate and 170 mg of
the fourth intermediate particles obtained above were further
added, and the mixture was stirred with nitrogen at 150° C.
for 180 minutes. Then, the powder was collected from the
resulting mixture by centrifugation to obtain 200 mg of
composite fine particles A (fourth intermediate particles
coated with NaYF ,, particle size S0 nm or less). The particle
s1ze ol the composite fine particles A was obtained from a
SEM 1mage obtained from SEM observation (FIG. 10(a)).
(3. Composite Fine Particles B and Production Thereoft)

First, 814 mg of cesium carbonate (Cs,CO;) was dis-
solved 1n 2.5 mL of oleic acid and 40 mL of octadecene, and
the resulting mixture was stirred at 120° C. for 60 minutes
under a nitrogen atmosphere. A cesium oleate solution was
prepared beforehand by further stirring the mixture at 160°
C. for 30 minutes.

220 mg of the third intermediate particles prepared as
described 1n 1 above were added to 2 mL of hexane, 0.4 mL
(concentration 117 g/L) of a NOBF, dimethylformamide
solution was added dropwise thereto, and the obtained
mixture after dropwise addition was stirred at room tem-
perature (20 to 30° C.) for 10 minutes. Next, the DMF layer
(lower layer) was collected and centrifuged to obtain a
powder. The resulting powder was dispersed 1n hexane and
gently dried. The resulting mixture was added to 5 mL of a
solution of 1 mg of indocyanine green (ICG) and 0.5 mg of
PbBr, in ethanol, and 1t was stirred at room temperature for
10 minutes 1n ultrasound. The mixture thus obtained was
centrifuged to obtain 200 mg of fourth intermediate particles
(third intermediate particles coated with ICG-Pb, particle
s1ize 40 nm or less).

147 mg of PbBr, and 200 mg of the fourth intermediate
particles obtained above were dispersed 1 10 mL of octa-
decene, and then the resulting dispersion was stirred at 120°
C. for 1 hour under a nitrogen atmosphere. Then, 1 mL of
oleic acid and 1 mL of oleylamine were added to the
resulting mixture, and then the temperature of the resulting,
mixture was set to 180° C. Then, 0.85 mL of the cesium
oleate solution prepared in advance as described above was
added thereto, and the mixture was reacted, then cooled
immediately. The powder was collected from the mixture by
centrifugation to obtain composite fine particles B (particle
s1ze 50 nm or less). The particle size of the composite fine
particles B was obtained from a SEM image obtained from
SEM observation (FIG. 10(5)).

(4. Nanoparticles a (Comparative Fine Particles in which
Second Coating Layer 1s not Present) and Production

Thereol)
130 g of Y,O, was added to 10 mL of a 50% tritluoro-

acetic acid aqueous solution to obtain a mixture. The result-
ing mixture was stirred at 80° C. for 30 minutes under a
reduced pressure. Thereafter, 272 g of sodium trifluoroac-
ctate and 170 mg of the third intermediate particles obtained
above were further added to the muxture. The resulting
mixture was then stirred at 150° C. for 180 minutes under
nitrogen. Then, the powder was collected from the resulting
mixture by centrifugation to obtain nanoparticles A (com-
parative fine particles i which the second coating layer 1s
not present).

(5. Photoelectric Conversion Element)

As a member provided on a substrate and serving as a
negative electrode layer, a member substantially formed of
an antimony-doped tin oxide (ATO) was prepared. One
surface of the member was spin-coated with 200 ul of an
cthanol solution of 0.18 M titanium diisopropylate diacety-
lacetonate at a rotational speed of 3,000 rpm. Subsequently,
the mixed liquid spin-coated on the member was heated at
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500° C. for 30 minutes to form a builer layer substantially
formed of a titanium oxide (110,) dense film.

Next, the bufler layer formed as described above was
spin-coated with 120 ul of a mixed liquid containing a
titanium oxide (110,) paste (PST18NR, manufactured by
JGC Catalysts and Chemicals Ltd.) and ethanol at a weight
ratio of 1:3.5 at a rotational speed of 6,000 rpm. Subse-
quently, the mixed liquid spin-coated on the bufler layer was
heated at 120° C. for 10 minutes and at 450° C. for 1 hour
in that order to form a first layer (porous film) composed of
a plurality of particles substantially formed of titanium
oxide.

Next, with respect to the first layer (porous film) formed
as described above, 500 ul of a mixed solution of dimeth-
ylformamide (DMF) and dimethyl sulfoxide (DMSO)
(DMF:DMSO=3:2) containing 288 mg of lead 1odide (Pbl,),
163 mg of cesium 1odide (Csl) and the composite fine
particles B obtained in the above 3 at 8 wt % concentration
(w %) were dissolved at a concentration of 1.25 M, and the
resulting mixed liquid was stirred at room temperature for 1
hour. 100 ul of the mixed liquid was spin-coated at a
rotational speed of 5,000 rpm. Subsequently, the mixed
liquid spin-coated on the first layer (porous film) was left
standing at room temperature for 10 minutes and then heated
at 180° C. for 15 minutes to form a second layer.

Next, to the second layer formed as described above, 36
mg of Spiro-OMeTAD, 14 ul of tertiary-butylpyridine and
8.75 uLL of a 1.8 M lithium bis(trifluoromethanesulionyl)
imide (Li1-TFSI) acetonitrile solution were mixed, and the
resulting mixed liquid was stirred at room temperature for 1
hour, and then 70 ul of the mixed liquid was spin-coated at
a rotational speed of 3,000 rpm.

Finally, a positive electrode layer (Au) was formed (de-
posited) to be in contact with the third layer and on the side
opposite to the negative electrode layer with a laminate
including the first layer, the second layer, and the third layer
therebetween, and thereby a photoelectric conversion ele-
ment was produced.

(6. Light Emission Spectrum of Composite Fine Particles)

The spectrum when near-infrared light having a wave-
length of 700 nm or more was emitted to the composite fine
particles A obtained in the above 2 was measured with an
absolute PL. quantum yield measurement device manuiac-
tured by Hamamatsu Photonics K.K.

(Light Absorption Spectrum of Composite Fine Particles)

Light absorption spectra of the composite fine particles A
obtained in the above 2 and the nanoparticles A (compara-
tive fine particles in which the second coating layer 1s not
present) were measured with an absolute PL quantum yield
measuring device manuiactured by Hamamatsu Photonics
K.K.

(7. Current-Voltage Characteristics of Photoelectric Conver-
sion Element)

The current-voltage characteristics of the photoelectric
conversion element produced in the above 5 were measured.
The wavelength of the 1rradiated light was 750 nm or more,
and the rradiance was 1 sun.

FIG. 11 1s a graph showing changes 1n absorption rates of
excitation light. The horizontal axis 1n FIG. 11 represents
wavelength (nm), and the vertical axis in FIG. 11 represents
intensity (Counts/s). A solid line 1n FIG. 11 indicates the
intensity of the original excitation light, and a dotted line 1n
FIG. 11 indicates the intensity aiter the composite fine
particles A obtained in the above 2 are iwrradiated with
excitation light. From the results of FIG. 11, 1t was con-
firmed that the composite fine particles A obtained 1n the
above 2 ethiciently absorbed light of 700 nm or more. The
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broken line in FIG. 11 shows the result of the nanoparticles
A prepared by the same method as that of the composite fine
particles A except that the second coating layer (infrared
absorption dye) 1s not formed. When the second coating
layer was not provided, 1t was confirmed that light of 700 nm
or more was hardly absorbed. Also, in the composite fine
particles B obtained in the above 3, the same results as
described above were obtained.

FIG. 12 1s a graph showing a spectrum of light whose
wavelength has been converted when the excitation light
shown 1n FIG. 11 was emitted to the composite fine particles
A obtained 1n the above 2. The horizontal axis in FIG. 12
represents wavelength (nm), and the vertical axis in FIG. 12
represents intensity (Counts/s). Peaks are shown at three
wavelengths (around about 530 nm, around about 350 nm,
around about 680 nm). From the results of FIGS. 11 and 12,
it can be understood that the emitted light having a wave-
length of 700 nm or more was converted 1nto these three
light beams. The internal emission quantum vield (visible
light range) of the composite fine particles A obtained in the
above 2 by near-infrared light excitation was 5.98%.

FIG. 13 1s a graph showing a spectrum of light whose
wavelength has been converted when the excitation light
shown 1n FIG. 11 was emitted to the composite fine particles
B obtained in the above 3. The horizontal axis in FIG. 13
represents wavelength (nm), and the vertical axis in FIG. 13
represents intensity (Counts/s). Peaks are shown at four
wavelengths (around about 405 nm, around 520 nm, around
about 550 nm, around about 680 nm). From the results of
FIGS. 11 and 13, it can be understood that the emitted light
having a wavelength of 700 nm or more was converted into
these four light beams. The internal emission quantum yield
(visible light range) of the composite fine particles B
obtained 1n the above 3 by near-infrared light excitation was
6.12%. A dotted line 1n FIG. 13 1s the result of the fourth
intermediate particles (third intermediate particles coated
with ICG-Y, nanoparticles B) in which the third coating
layer 1s not present. When the third coating layer was not
provided (nanoparticles B), the emission intensities around
about 405 nm, around 520 nm, and around about 550 nm
among the four wavelengths decreased, and the internal
emission quantum vyield (visible light range) was 2.54%.
This 1s presumed to be because energy deactivation 1s likely
to occur since the nanoparticles B do not have the third
coating layer. Since the nanoparticles B do not have the third
coating layer, a decrease 1n emission intensity (efliciency)
and a decrease 1n up-conversion intensity (up-conversion 1s
less likely to occur, and only light emission on the long
wavelength side 1s observed) occur.

FIG. 14 1s a diagram showing current-voltage character-
istics of the photoelectric conversion element produced 1n
the above 5. In FIG. 14, the horizontal axis represents
voltage (V), and the vertical axis represents current density
(mA/cm?®). As shown in FIG. 14, it can be understood that
the photoelectric conversion element produced in the above
5 generates power by irradiation with light having a wave-
length of 750 nm or more. This 1s considered to be because
the morganic perovskite type substance absorbed the light
whose wavelength had been efliciently converted by the
composite fine particles B obtained in the above 3. The fill
factor fI determined from the open circuit voltage of 1.06 V
and the short circuit current of 2.47 mA/cm” for the photo-
clectric conversion element produced in the above 5 was
0.45. From the above, 1t can be understood that by using the
composite fine particles and the photoelectric conversion
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clement of the present invention, excellent detection sensi-
tivity can be obtained for light in the near-infrared or
inirared range.

REFERENCE SIGNS LIST

1 Inorganic fine particle

2 First coating layer

3 Second coating layer

4 Third coating layer

10 Composite fine particle

100 Photoelectric conversion element
101 Positive electrode layer

102 Negative electrode layer

103 Photoelectric conversion layer
104 First layer

105 Second layer

106 Third layer

107 Bufler layer

What 1s claimed 1s:

1. A composite fine particle, comprising:

an 1morganic fine particle having a light wavelength con-
version ability;

a continuous or discontinuous first coating layer formed
on the whole or a part of a surface of the mnorganic fine
particle;

a second coating layer formed on the first coating layer;
and

a third coating layer formed on the second coating layer,
wherein

the second coating layer contains a multidentate organic
ligand that 1s an organic compound having light absorp-
tion 1n a near-infrared or infrared range and has at least
two or more coordination sites, and

the first coating layer 1s a metal layer or an inorganic
compound layer containing a coordination metal
capable of forming a coordination bond with the mul-
tidentate organic ligand and a transition metal 1dentical
to or different from the coordination metal, and

the third coating layer 1s a metal layer or an inorganic
compound layer containing a coordination metal
capable of forming a coordination bond with the mul-
tidentate organic ligand.

2. The composite fine particle according to claim 1,
wherein the 1norganic fine particle contains a metal that 1s a
rare earth element capable of emitting excitation light 1n a
visible or ultraviolet range.

3. The composite fine particle according to claim 2,
wherein the multidentate organic ligand transfers energy
generated by light absorption in the near-infrared range or
inirared range, by forming a coordination bond with the
coordination metal contained 1n the first coating layer, from
the coordination metal contained 1n the first coating layer to
the metal that 1s a rare earth element capable of emitting
excitation light in the visible or the ultraviolet range con-
tained 1n the inorganic fine particle via the transition metal
contained 1n the first coating layer, whereby wavelength
conversion light emission by the inorganic fine particle
becomes possible.

4. The composite fine particle according to claim 1,
wherein the transition metal contained 1n the first coating
layer 1s a lanthanoid metal.

5. The composite fine particle according to claim 1,
wherein the third coating layer 1s an inorganic compound
layer formed of an 1norganic perovskite type substance.

6. The composite fine particle according to claim 1,
wherein the first coating layer 1s a multilayer including a
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metal layer or an inorganic compound layer containing the
coordination metal and a metal layer or an inorganic com-
pound layer containing a transition metal identical to or
different from the coordination metal.

7. The composite fine particle according to claim 1,
having a substantially spherical or polygonal parallelepiped
shape and having an average particle size of 1 nm or more
and 1 um or less.

8. A solar cell comprising a photoelectric conversion layer
containing the composite fine particle according to claim 1,
and an inorganic perovskite type substance.

9. The solar cell according to claim 8, further comprising,
an electron transport layer made of titanium(IV) oxide.

10. A member for a photoelectric conversion element, 1n
which

a layer containing the composite fine particle according to

claim 1, and

a layer formed of an aggregate or a thin film containing an

organic semiconductor or an inorganic semiconductor
as a main component

are laminated.

11. A photoelectric conversion element, comprising:

the member for a photoelectric conversion element

according to claim 10;

a hole transport layer; and

an electron transport layer, wherein

the member for a photoelectric conversion element 1s

disposed between the hole transport layer and the
clectron transport layer.
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