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(57) ABSTRACT

A quantum dot including a semiconductor crystal particle
having a particle diameter of 20 nm or less, and a ligand
having two or more functional groups for interaction with
the semiconductor crystal particle coordinates to two or
more sites on a surface of the semiconductor crystal particle.
A quantum dot with enhanced stability through surface
modification on the semiconductor crystal particle by using
a ligand which has two or more functional groups for
interaction with the semiconductor crystal particle, and
which coordinates to two or more sites on the semiconductor
particle surface.
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QUANTUM DOT, METHOD FOR
PRODUCING THE SAME, RESIN
COMPOSITION, WAVELENGTH
CONVERSION MATERIAL, AND LIGHT
EMITTING DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a quantum dot, a
method for producing the quantum dot, a resin composition,
a wavelength conversion material, and a light emitting
device.

BACKGROUND ART

[0002] In quantum dots including semiconductor crystal
particles with nanosized particle diameters, excitons gener-
ated upon light absorption are confined in a nanosized
region, so that the semiconductor crystal particles have
discrete energy levels, while the band gap varies depending
on particle diameter. Due to these effects, the fluorescence
by quantum dots is brighter and more efficient than those by
common fluorescent materials and exhibits sharp light emis-
sion. Moreover, based on such nature that the band gap
varies depending on the particle diameter, quantum dots are
characterized in that the emission wavelength is control-
lable. The applications as wavelength conversion materials
for solid-state lighting and displays are expected (Patent
Document 1).

[0003] However, semiconductor crystal particles having
particle diameters as small as nanometer size have large
specific surface area and high surface energy. The surfaces
are highly active and likely to become unstable. Hence,
surface defects such as oxidation reaction and dangling
bonds are likely to occur on the surfaces, consequently
degrading the fluorescence properties. Currently-available
quantum dots have stability problem, and the luminous
properties are sometimes adversely influenced by heat,
humidity, light excitation, also aggregation in a dispersion
medium, etc. Meanwhile, for use in wavelength conversion
material or the like, quantum dots dispersed in a resin or the
like are used. However, it is known that quantum dots
aggregate in a resin and the stability is lowered, so that the
luminous properties are degraded.

[0004] Against such problems, methods have been studied
in which the surface of quantum dot is coated with a
polymer, an inorganic oxide, or the like in order to enhance
the stability.

[0005] Nevertheless, in such a step of coating quantum-
dot surface to enhance the stability, the luminous properties
of the quantum dots cannot be maintained, resulting in a
problem of property degradation.

CITATION LIST

Patent Literature

[0006] Patent Document 1: Japanese Unexamined Patent
Application Publication No. 2015-111518

SUMMARY OF INVENTION

Technical Problem

[0007] The present invention has been made in view of the
problems as described above. An object of the present
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invention is to provide a quantum dot with enhanced sta-
bility through surface modification on the semiconductor
crystal particle.

Solution to Problem

[0008] To achieve the object, the present invention pro-
vides a quantum dot comprising a semiconductor crystal
particle having a particle diameter of 20 nm or less, wherein
[0009] a ligand having two or more functional groups for
interaction with the semiconductor crystal particle coordi-
nates to two or more sites on a surface of the semiconductor
crystal particle.

[0010] By modifying the surface of the semiconductor
crystal particle as described above, the quantum dot has
higher stability.

[0011] Additionally, the surface of the quantum dot may
be further coated with an inorganic oxide.

[0012] In this manner, further coating with an inorganic
oxide enhances the stability and the compatibility with a
resin to higher extents.

[0013] Moreover, the surface of the quantum dot may be
further coated with a polymer.

[0014] In this manner, further coating with a polymer
enhances the stability and the compatibility with a resin to
higher extents.

[0015] The present invention also provides a resin com-
position comprising at least one of the above-described
quantum dots dispersed in a resin.

[0016] Such a resin composition contains stable quantum
dot and is suitably usable as a wavelength conversion
material, for example.

[0017] The present invention further provides a wave-
length conversion material comprising a cured product of
the above-described resin composition.

[0018] Such a wavelength conversion material has higher
reliability.
[0019] The present invention further provides a light emit-

ting device comprising the wavelength conversion material.

[0020] In a light emitting device using the wavelength
conversion material as described above, the quantum dot is
stable, so that the reliability is particularly excellent.

[0021] Moreover, the present invention provides a method
for producing a quantum dot comprising a semiconductor
crystal particle having a particle diameter of 20 nm or less,
the method comprising a step of surface-treating the semi-
conductor crystal particle with a ligand which has two or
more functional groups for interaction with the semiconduc-
tor crystal particle, and which coordinates to two or more
sites on the semiconductor crystal particle.

[0022] Such a method makes it possible to produce a
quantum dot having enhanced stability.

[0023] Furthermore, the present invention provides a
method for producing a quantum dot comprising a semicon-
ductor crystal particle having a particle diameter of 20 nm or
less, the method comprising substituting a ligand present on
a surface of the semiconductor crystal particle with a ligand
which has two or more functional groups for interaction with
the semiconductor crystal particle, and which coordinates to
two or more sites on the semiconductor crystal particle.
[0024] A quantum dot having enhanced stability can be
produced according to this method, too.
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Advantageous Effects of Invention

[0025] As described above, the inventive quantum dot has
enhanced stability. Moreover, a resin composition contain-
ing the inventive quantum dot dispersed in a resin is suitably
usable as a wavelength conversion material, and the wave-
length conversion material using a cured product of this
resin composition is more reliable. Further, a light emitting
device using the wavelength conversion material has par-
ticularly excellent reliability.

DESCRIPTION OF EMBODIMENTS

[0026] As described above, it has been desired to enhance
the stability of quantum dots so as to enhance the reliability
as a wavelength conversion material. Hence, there have been
demands for the development of such quantum dot having
enhanced stability.

[0027] The present inventor and colleagues have earnestly
studied the above-described problems. As a result, the
inventor has conceived that the stability of quantum dot is
improved by disposing the following ligand on the surface
of a semiconductor crystal particle.

[0028] Specifically, the ligand has two or more functional
groups for interaction with the semiconductor crystal par-
ticle, and is capable of coordinating at two or more sites
(hereinafter, the ligand may also be referred to as chelating
ligand). Thus, the present invention has been completed.
[0029] Specifically, the present invention is a quantum dot
comprising a semiconductor crystal particle having a par-
ticle diameter of 20 nm or less, wherein

[0030] a ligand having two or more functional groups for
interaction with the semiconductor crystal particle coordi-
nates to two or more sites on a surface of the semiconductor
crystal particle.

[0031] In the present invention, the composition and pro-
duction method of the semiconductor crystal particle are not
particularly limited, and the semiconductor crystal particle
can be selected in accordance with the purpose.

[0032] Moreover, the semiconductor crystal particle may
have only a core, or may have a core-shell structure. The
structure of the semiconductor crystal particle is not limited
and can be appropriately selected. Examples of the semi-
conductor crystal particle as a core include CdTe, PbS, etc.
Examples of the core-shell structure of the semiconductor
crystal particle include InP/ZnS, CdSe/ZnS, etc.

[0033] Further, the semiconductor crystal particle may be
spherical, cubic, or rod shaped. The shape of the semicon-
ductor crystal particle is not limited and can be selected
freely.

[0034] In the present invention, the average particle diam-
eter of the semiconductor crystal particles is 20 nm or less.
If the average particle diameter exceeds 20 nm, the quantum
size effect is not obtained, the luminous efficiency is con-
siderably decreased, or the band gap cannot be controlled
through particle diameter adjustment.

[0035] The particle diameters of semiconductor crystal
particles can be calculated from an average value of maxi-
mum diameters in a specified direction, that is, Feret diam-
eters, of 20 particles or more which are measured from a
particle image taken with a transmission electron micro-
scope (TEM). It is a matter of course that the measurement
method of the average particle diameter is not limited
thereto, and the measurement can be performed by other
methods.
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[0036] Moreover, in the present invention, a chelating
ligand coordinates to the semiconductor crystal particle
surface.

[0037] The chelating ligand has two or more functional
groups for interaction with the semiconductor crystal par-
ticle. The chelating ligand coordinates to two or more sites
and is present on the surface of the semiconductor crystal
particle.

[0038] Here, the functional groups which interact with the
semiconductor crystal particle are not particularly limited,
and can be selected appropriately in accordance with the
purpose. Examples of the functional groups include a car-
boxyl group, a phosphate group, a thiol group, a sulfonic
acid group, an amino group, an imine group, an imide group,
an amide group, etc.

[0039] The two or more functional groups may be iden-
tical to each other, or two or more different types of
functional groups may exist. Alternatively, the functional
groups may have such a form that neighboring functional
groups are condensed like acid anhydride. Nevertheless, all
of these functional groups have a steric configuration
enabling the coordination to the semiconductor crystal par-
ticle, and need to coordinate at two or more sites.

[0040] Moreover, as the chelating ligand, cyclic ligands
such as crown ethers, porphyrins, and derivatives thereof are
also suitably used.

[0041] Examples of the ligand as described above include
sodium N,N-diethyldithiocarbamate trihydrate, [3-(trimeth-
ylsilyl)propyl]succinic anhydride, salen, dithizone, etc. Fur-
ther, examples of the cyclic ligands include phthalocyanine,
tetrakis(4-carboxyphenyl)porphyrin, 5-(4-carboxyphenyl)-
10,15,20-triphenylporphyrin, 1-aza-18-crown-6-ether, 1,4,7,
10,13,16-hexaazacyclooctadecane, 1,4,8,11-tetrathiacyclo-
tetradecane, etc.

[0042] As described above, by disposing the chelating
ligand on the surface of the semiconductor crystal particle,
a stable quantum dot is obtained.

[0043] Further, while the ligand is disposed on the inven-
tive quantum dot, a layer of an inorganic oxide or a polymer
can be formed by utilizing, as a reaction point, another
functional group which the ligand has, but which is different
from the functional groups coordinating to the semiconduc-
tor crystal particle. Additionally forming such a layer(s) on
the surface of the quantum dot makes it possible to further
enhance the stability and the compatibility with a resin.
[0044] The compositions and production methods of the
inorganic oxide layer and the polymer layer are not particu-
larly limited, and can be selected appropriately in accor-
dance with the purpose.

[0045] Examples of the inorganic oxide layer include
silicon oxide, zinc oxide, aluminum oxide, zirconium oxide,
titanium oxide, cerium oxide, etc.

[0046] Examples of the polymer layer include polysilses-
quioxane, poly (methyl methacrylate), polyacrylonitrile,
polyethylene glycol, etc.

[0047] The inorganic oxide layer can be formed by adding
a metal alkoxide such as tetraethoxysilane or aluminum
isopropoxide, or an organometallic complex such as zirco-
nium acetylacetone, to a quantum dot solution for the
reaction with the functional group of the chelating ligand
disposed on the surface of the semiconductor crystal par-
ticle.

[0048] The polymer layer can also be formed by the
reaction between a functional group in the polymer and the
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functional group of the chelating ligand disposed on the
surface of the semiconductor crystal particle. Alternatively,
the polymer layer can be formed by polymerization at the
functional group, as a reaction point, of the chelating ligand
disposed on the surface of the semiconductor crystal par-
ticle.

[0049] When such reactions are carried out, a ligand such
as trioctylphosphine, trioctylphosphine oxide, hexadecylam-
ine, octylamine, palmitic acid, or myristic acid is separated
from common quantum dots by the influence of reaction
conditions such as catalyst, temperature, and side reaction in
the above-described reactions. As a result, dangling bonds
are increased on the semiconductor crystal particle surface,
and aggregation occurs. These lower the luminous proper-
ties and shift the emission wavelength. In contrast, the
inventive quantum dot has the ligand stably disposed on the
surface of the semiconductor crystal particle. This makes it
possible to suppress such degradation in luminous proper-
ties.

[0050] The thicknesses of the inorganic oxide layer and
the polymer layer are not particularly limited. Nevertheless,
if the quantum dot coated with the inorganic oxide layer or
the polymer layer has a particle diameter of more than 100
nm, the dispersibility is lowered, so that the aggregation is
likely to occur. For this reason, the inorganic oxide layer and
the polymer layer desirably have such a thickness that the
quantum dot coated therewith has a particle diameter of less
than 100 nm.

[0051] The present invention further provides a resin
composition containing the above-described quantum dot
dispersed in a resin.

[0052] The inventive quantum dot is mixed with a resin
and thereby dispersed in the resin. In this process, the
quantum dot dispersed in a solvent can be added to and
mixed with a resin for the dispersion in the resin. Mean-
while, after the solvent is removed, the quantum dot in a
powder form can be added to and kneaded with a resin for
the dispersion in the resin. As an alternative method, a
constituent monomer or oligomer of such a resin is polym-
erized in the co-presence of the quantum dot. The method of
dispersing the quantum dot into a resin is not particularly
limited, and can be selected appropriately depending on the
purpose.

[0053] The solvent where the quantum dot is dispersed is
not particularly limited, as long as the solvent is compatible
with the resin. Moreover, the resin material is not particu-
larly limited, and a silicone resin, an acrylic resin, an epoxy
resin, a urethane resin, or the like can be selected appropri-
ately in accordance with desired properties. The transmit-
tance of these resins is desirably high so as to enhance the
efficiency as a wavelength conversion material. The trans-
mittance is particularly desirably 80% or more.

[0054] Such a resin composition in which the inventive
quantum dot is dispersed in a resin is suitably usable for a
wavelength conversion material described below.

[0055] The present invention further provides a wave-
length conversion material using a cured product of the
above-described resin composition. In the present invention,
the quantum dots are stable and uniformly dispersed. This
makes the wavelength conversion material highly efficient.
[0056] The method for preparing the inventive wavelength
conversion material is not particularly limited, and can be
selected appropriately according to the purpose.
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[0057] For example, the wavelength conversion material
can be obtained by: dispersing the quantum dot in a resin;
applying the resulting resin composition to a transparent film
such as PET or polyimide; and curing the resultant, followed
by lamination process.

[0058] For the application to the transparent film, it is
possible to employ a spray method with a spray, inkjet, or
the like, or a method with a spin coater, bar coater, or doctor
blade. By these applications, a resin layer is formed. Addi-
tionally, the thicknesses of the resin layer and the transparent
film are not particularly limited, and can be selected appro-
priately depending on the usage.

[0059] The method for curing the resin composition is not
particularly limited. For example, the film to which the resin
composition has been applied can be heated at 60° C. for 2
hours, and then heated at 150° C. for 4 hours.

[0060] Such a wavelength conversion material has
enhanced reliability.

[0061] Further, the present invention provides a light
emitting device using the wavelength conversion material.
[0062] The light emitting device is not particularly lim-
ited. Examples thereof include light-emitting diodes, etc.
[0063] In such a light emitting device using the inventive
wavelength conversion material, the quantum dot is so
stable that the reliability is particularly excellent.

[0064] Moreover, the present invention provides a method
for producing a quantum dot including a semiconductor
crystal particle having a particle diameter of 20 nm or less,
the method including a step of surface-treating the semicon-
ductor crystal particle with a ligand which has two or more
functional groups for interaction with the semiconductor
crystal particle, and which coordinates to two or more sites
on the semiconductor crystal particle.

[0065] In the treatment method with the ligand, for
example, an organic solvent used in producing the semicon-
ductor crystal particle may be used, and this organic solvent
contains the above-described ligand.

[0066] Furthermore, the present invention provides a
method for producing a quantum dot including a semicon-
ductor crystal particle having a particle diameter of 20 nm or
less, the method including substituting a ligand present on a
surface of the semiconductor crystal particle with a ligand
which has two or more functional groups for interaction with
the semiconductor crystal particle, and which coordinates to
two or more sites on the semiconductor crystal particle.
[0067] As the ligand substitution method, for example,
semiconductor crystal particles having a ligand coordinating
thereto and the ligand used in the present invention may be
stirred in a solvent for ligand exchange.

[0068] These production methods make it possible to
produce the inventive quantum dot having enhanced stabil-

ity.
EXAMPLE

[0069] Hereinafter, the present invention will be specifi-
cally described by way of Examples and Comparative
Examples, but the present invention is not limited thereto.
[0070] Note that, in the following Examples and Com-
parative Examples, the fluorescence properties of quantum
dots and wavelength conversion materials were evaluated
with a spectrofluorometer (Fluorolog-3 manufactured by
HORIBA, Ltd.) by measuring the emission wavelengths and
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internal quantum efficiencies of the quantum dots and the
wavelength conversion materials with an excitation wave-
length set at 450 nm.

Example 1

[0071] InP/ZnS core-shell semiconductor crystal particles
(emission wavelength: 534 nm, internal quantum efficiency:
62%) having spherical shape and particle diameters of 6 nm
were used to prepare a dispersion in toluene with a semi-
conductor crystal particle concentration of 1.0 wt % for use.
As aligand, palmitic acid coordinated to the semiconductor
crystal particle surfaces.

(Step 1)

[0072] To 10 mL of this toluene solution containing 1 wt
% of the semiconductor crystal particles, 5 wt % of [3-
(trimethylsilyl)propyl|succinic anhydride was added and
stirred for 6 hours.

(Step 2)

[0073] To this solution, acetone was added in an excess
amount. After the semiconductor crystal particles were pre-
cipitated, the solid was collected with a centrifuge.

(Step 3)

[0074] The collected solid was dispersed again in 10 mL
of'toluene. As in Step 1, 2 wt % of [3-(trimethylsilyl)propyl]
succinic anhydride was added and stirred for 6 hours.

(Step 4)

[0075] As in Step 2, acetone was added in an excess
amount. After the semiconductor crystal particles were pre-
cipitated, the solid was collected with a centrifuge.

(Step 5)

[0076] The collected solid was dispersed again in toluene.
In the manner described above, quantum dots were obtained
in which [3-(trimethylsilyl)propyl]succinic anhydride was
disposed on the surfaces of the semiconductor crystal par-
ticles.

[0077] The luminous properties of the quantum dot solu-
tion thus obtained were checked with the spectrofluorom-
eter. The emission wavelength was 534 nm and did not
change. The internal quantum efficiency was 61% and
hardly changed.

Example 2

[0078] To a solution in which 100 mL of cyclohexane had
been mixed with 1.0 g of polyoxyethylene (5) nonylphenyl
ether (IGEPAL-00520 manufactured by Rhodia S.A.), 1.0
ml of tetracthoxysilane was added and vigorously stirred.
Under this condition, 3.0 mL of the solution containing the
semiconductor crystal particles obtained in Step 1 was added
dropwise. Without interrupting the stirring, 5 mL of 10%
ammonia water was added dropwise little by little and
stirred for 20 hours. After the stirring, quantum dots having
an Si0, layer thereon were obtained by centrifugation.

[0079] The obtained SiO,-coated quantum dots were dis-
persed in ethanol, and the particle diameters were checked
using a particle size analyzer (ELSZ-2000ZS manufactured
by Otsuka Electronics Co., Ltd.). The particle diameters
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were 56 nm according to the dynamic light scattering
method. Moreover, the TEM observation showed that the
particles had spheroid shape and the average particle diam-
eter was 48 nm.

[0080] The luminous properties of the SiO,-coated quan-
tum dots were checked with the spectrofluorometer. The
emission wavelength was 535 nm and did not change. The
internal quantum efficiency was 56%, and the emission
intensity was not decreased greatly.

Example 3

[0081] The SiO,-coated quantum dots obtained in
Example 2 were used to prepare a wavelength conversion
material.

[0082] First, 1.0 g of an alcohol solution containing 1.0 wt
% of the Si0O,-coated quantum dots was mixed with 10.0 g
of a silicone resin (LPS-5547 manufactured by Shin-Etsu
Chemical Co., Ltd.) and stirred and heated at 50° C. Under
this condition, the solvent was removed under reduced
pressure. Then, the resultant was subjected to vacuum
degassing and applied onto a polyethylene terephthalate
(PET) film with a thickness of 50 um. A quantum dot resin
layer having a thickness of 100 um was formed using a bar
coater. Further, a PET film was laminated on this resin layer
for the lamination process. The films were heated at 60° C.
for 2 hours, and then heated at 150° C. for 4 hours to cure
the quantum dot resin layer.

[0083] The emission wavelength of the obtained wave-
length conversion material was 535 nm and did not change.
The internal quantum efficiency was 50%.

Comparative Example 1

[0084] The semiconductor crystal particles not subjected
to the treatment (Steps 1 to 5) in Example 1 were used to
prepare SiO,-coated quantum dots by the same procedure as
in Example 2 without performing Steps 1 to 5.

[0085] To a solution in which 100 mL of cyclohexane had
been mixed with 1.0 g of polyoxyethylene (5) nonylphenyl
ether (IGEPAL-00520 manufactured by Rhodia S.A.), 1.0
ml of tetracthoxysilane was added and vigorously stirred.
Under this condition, 3.0 mL of a solution containing the
semiconductor crystal particles was added dropwise. With-
out interrupting the stirring, 5 mL of 10% ammonia water
was added dropwise little by little and stirred for 20 hours.
After the stirring, quantum dots having an SiO, layer thereon
were obtained by centrifugation.

[0086] The obtained SiO,-coated quantum dots were dis-
persed in ethanol, and the particle diameters were checked
using a particle size analyzer (ELSZ-2000ZS manufactured
by Otsuka Electronics Co., [.td.). The particle diameters
were 60 nm according to the dynamic light scattering
method. Moreover, the TEM observation showed that the
particles had spheroid shape and the average particle diam-
eter was 55 nm.

[0087] The luminous properties of the SiO,-coated quan-
tum dots were checked with the spectrofluorometer. The
emission wavelength was 541 nm, and the emission wave-
length was shifted to a longer wavelength. The internal
quantum efficiency was 29%, indicating that the emission
intensity was decreased.
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Comparative Example 2

[0088] The SiO,-coated quantum dots obtained in Com-
parative Example 1 were used to prepare a wavelength
conversion material.

[0089] First, 1.0 g of an alcohol solution containing 1.0 wt
% of the SiO,-coated quantum dots was mixed with 10.0 g
of a silicone resin (LPS-5547 manufactured by Shin-Etsu
Chemical Co., Ltd.) and stirred and heated at 50° C. Under
this condition, the solvent was removed under reduced
pressure. Then, the resultant was subjected to vacuum
degassing and applied onto a polyethylene terephthalate
(PET) film with a thickness of 50 um. A quantum dot resin
layer having a thickness of 100 um was formed using a bar
coater. Further, a PET film was laminated on this resin layer
for the lamination process. The films were heated at 60° C.
for 2 hours, and then heated at 150° C. for 4 hours to cure
the quantum dot resin layer.

[0090] The emission wavelength of the obtained wave-
length conversion material was further changed to 552 nm.
The internal quantum efficiency was 9% and greatly
decreased.

[0091] As noted above, in Example 1 to 3, the emission
wavelengths did not change, and the internal quantum
efficiencies did not decreased, either. These verified that the
inventive quantum dots are stable. Meanwhile, in Compara-
tive Examples 1 and 2 using the quantum dots in which the
ligand did not coordinate to two or more sites on the surfaces
of the semiconductor crystal particles, the emission wave-
lengths were shifted to a longer wavelength, and the internal
quantum efficiencies were considerably decreased. These
verified that the comparative quantum dots are unstable.

[0092] The foregoing demonstrated that the inventive
quantum dots are stable and the wavelength conversion
material using the inventive quantum dots has high reliabil-
ity.

[0093] It should be noted that the present invention is not
limited to the above-described embodiments. The embodi-
ments are just examples, and any examples that have sub-
stantially the same feature and demonstrate the same func-
tions and effects as those in the technical concept disclosed
in claims of the present invention are included in the
technical scope of the present invention.
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1-8. (canceled)

9. A quantum dot comprising a semiconductor crystal
particle having a particle diameter of 20 nm or less, wherein

a ligand having two or more functional groups for inter-

action with the semiconductor crystal particle coordi-
nates to two or more sites on a surface of the semicon-
ductor crystal particle.

10. The quantum dot according to claim 9, wherein the
surface of the quantum dot is further coated with an inor-
ganic oxide.

11. The quantum dot according to claim 9, wherein the
surface of the quantum dot is further coated with a polymer.

12. A resin composition comprising the quantum dot
according to claim 9 dispersed in a resin.

13. A resin composition comprising the quantum dot
according to claim 10 dispersed in a resin.

14. A resin composition comprising the quantum dot
according to claim 11 dispersed in a resin.

15. A wavelength conversion material comprising a cured
product of the resin composition according to claim 12.

16. A wavelength conversion material comprising a cured
product of the resin composition according to claim 13.

17. A wavelength conversion material comprising a cured
product of the resin composition according to claim 14.

18. A light emitting device comprising the wavelength
conversion material according to claim 15.

19. A light emitting device comprising the wavelength
conversion material according to claim 16.

20. A light emitting device comprising the wavelength
conversion material according to claim 17.

21. A method for producing a quantum dot comprising a
semiconductor crystal particle having a particle diameter of
20 nm or less, the method comprising a step of surface-
treating the semiconductor crystal particle with a ligand
which has two or more functional groups for interaction with
the semiconductor crystal particle, and which coordinates to
two or more sites on the semiconductor crystal particle.

22. A method for producing a quantum dot comprising a
semiconductor crystal particle having a particle diameter of
20 nm or less, the method comprising substituting a ligand
present on a surface of the semiconductor crystal particle
with a ligand which has two or more functional groups for
interaction with the semiconductor crystal particle, and
which coordinates to two or more sites on the semiconductor
crystal particle.



