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(57) ABSTRACT

A light emitting device including a semiconductor nanoc-
rystal and a ligand bound to a surface of the semiconductor
nanocrystal, wherein the ligand includes an organic thiol
ligand or a salt thereof and a polyvalent metal compound
including a metal including Zn, In, Ga, Mg, Ca, Sc, Sn, Tj,
V, Cr, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, Nb, Mo, Cd, Ba, Au,
Hg, Tl, or a combination thereof, and a display device
including the light emitting device.
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FIG. 1
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FIG.2A
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FIG. 2B
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FIG. 3
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FIG. 4
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FIG. 5
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LIGHT EMITTING DEVICE AND DISPLAY
DEVICE INCLUDING QUANTUM DOT

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to Korean Patent
Application No. 10-2016-0158704 filed in the Korean Intel-
lectual Property Office on November 25, and 10-2016-
0174971, and Korean Patent Application No. filed in the
Korean Intellectual Property Office on Dec. 20, 2016, and all
the benefits accruing therefrom under 35 U.S.C. § 119, the
contents of which are incorporated herein in their entireties
by reference.

BACKGROUND

1. Field

[0002] Alight emitting device and a display device includ-
ing quantum dots are disclosed.

2. Description of the Related Art

[0003] Quantum dots (e.g., nano-sized semiconductor
nanocrystals) may have different energy bandgaps by con-
trolling their sizes and compositions. Such quantum dots
may emit light of various wavelengths. In a colloidal syn-
thesis, organic materials such as a dispersing agent or a
solvent may coordinate, e.g., be bound, to a surface of a
semiconductor nanocrystal during the growth thereof. As a
result, quantum dots having a controlled size and showing
desired luminous properties may be prepared.

[0004] The quantum dots may be used in various elec-
tronic devices including a display device and it is desirable
to develop techniques for enhancing properties (e.g., a
quantum yield) of the quantum dots in an electronic device
(e.g., a light emitting device).

SUMMARY

[0005] An embodiment is related to a light emitting device
including a quantum dot that may show an enhanced hole
transporting property and an increased quantum efliciency
by improving an electron-hole balance in a light emitting
layer.

[0006] An embodiment provides a display device includ-
ing the light emitting device.

[0007] Inan embodiment, a light emitting device includes
a first electrode and a second electrode facing each other,
and a light emitting layer disposed between the first elec-
trode and the second electrode and including a quantum dot
(e.g., a plurality of quantum dots), whetein the quantum dot
includes a semiconductor nanocrystal and a ligand bound to
a surface of the semiconductor nanocrystal, and wherein the
ligand includes an organic thiol ligand or a salt thereof and
a polyvalent metal compound including a metal including
Zn, In, Ga, Mg, Ca, Sc, Sn, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
St, Y, Zr, Nb, Mo, Cd, Ba, Au, Hg, T, or a combination
thereof.

[0008] The quantum dot may include a core including a
first semiconductor nanocrystal and a shell disposed on the
core and including a second semiconductor nanocrystal.
[0009] The first semiconductor nanocrystal and the second
semiconductor nanocrystal may be the same or different, and
may be independently a Group II-VI compound, a Group
1II-V compound, a Group IV-VI compound, a Group IV
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element or compound, a Group I-ITI-VI compound, a Group
[-II-IV-VI compound, or a combination thereof.

[0010] The organic thiol ligand or a salt thereof may
include a compound represented by Chemical Formula 1:

R LY —(SR)]e

[0011] wherein,

[0012] R!ishydrogen, a substituted or unsubstituted C1 to
C40 (or C1 to C30) linear or branched alkyl group, a C1 to
C40 (or C1 to C30) linear or branched alkenyl group, a
substituted or unsubstituted C6 to C30 aryl group, a substi-
tuted or unsubstituted C7 to C30 arylalkyl group, a substi-
tuted or unsubstituted C3 to C30 heteroaryl group, a sub-
stituted or unsubstituted C4 to C30 heteroarylalkyl group, a
substituted or unsubstituted C3 to C30 cycloalkyl group, a
substituted or unsubstituted C2 to C30 heterocycloalkyl
group, a C1 to C10 alkoxy group, a hydroxy group, —NH,,
a substituted or unsubstituted C1 to C30 amine group
(—NRR', wherein R and R" are the same or different, and are
independently hydrogen or a C1 to C30 linear or branched
alkyl group, and provided that R and R' are not hydrogen
simultaneously), an isocyanate group, a halogen, —ROR'
(wherein R is a substituted or unsubstituted C1 to C20
alkylene group and R' is hydrogen or a C1 to C20 linear or
branched alkyl group), an acyl halide (—RC(=0)X,
wherein R is a substituted or unsubstituted C1 to C20
alkylene group and X is a halogen), —C(—O)OR' (wherein
R' is hydrogen or a C1 to C20 linear or branched alkyl
group), —CN, —C(—O)NRR' (wherein R and R' are the
same or different, and are independently hydrogen or a C1
to C20 linear or branched alkyl group), —C(—O)ONRR'
(wherein R and R' are the same or different, and are
independently hydrogen or a C1 to C20 linear or branched
alkyl group) or a combination thereof,

[0013] L, is a carbon atom, a nitrogen atom, a substituted
or unsubstituted C1 to C30 alkylene group, a substituted or
unsubstituted C2 to C30 alkenylene group, a substituted or
unsubstituted C3 to C30 cycloalkylene group, a substituted
or unsubstituted C2 to C30 heterocycloalkylene group, a
substituted or unsubstituted C6 to C30 arylene group, a
substituted or unsubstituted C3 to C30 heteroarylene group,
or a substituted or unsubstituted C2 to C30 alkylene group
or a substituted or unsubstituted C3 to C30 alkenylene group
wherein at least one methylene (—CH,—) is replaced with
sulfonyl (—S(=0),—), carbonyl (—C(=0)—), ether
(—0—), sulfide (—S—), sulfoxide (—S(—O)—), ester
(—C(=0)0—), amide (—C(=O)NR—) (wherein R is
hydrogen or a C1 to C10 alkyl group), or a combination
thereof,

[0014] Y, is a single bond, —C(=—S)—, a substituted or
unsubstituted C1 to C30 alkylene group, a substituted or
unsubstituted C2 to C30 alkenylene group, or a C2 to C30
alkylene group or a C3 to C30 alkenylene group wherein at
least one methylene (—CH,—) is replaced by sulfonyl
(—S(=0),—), carbonyl (—C(=0)—), ether (—O—), sul-
fide (—S—), sulfoxide (—S(=0)—), ester (—C(=0)
0O—), amide (—C(—O)NR—) (wherein R is hydrogen or a
C1 to C10 linear or branched alkyl group), imine (—NR—)
(wherein R is hydrogen or a C1 to C10 linear or branched
alkyl group), or a combination thereof,

[0015] R ishydrogen or a monovalent metal (e.g., an alkali
metal such as Li, Na, K, or the like);

[0016]

Chermical Formula 1

k1 is 0 or an integer of 1 or more,
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[0017] k2 is 1 or 2 wherein when the k2 is 2, the Y, is a
single bond and the two SR moieties are bonded to adjacent
two carbon atoms in the T, moiety, respectively, and

[0018] a sum ofkl and k2 does not exceed the valence of
L,.
[0019] The organic thiol ligand or a salt thereof may

include a compound represented by Chemical Formula 1-1,
Chemical Formula 1-2, or Chemical Formula 1-3:

Chemical Formula 2-1
R?—L—(CRR),SM

Chemical Formula 2-2
SM SM

R”—ECRZ-]—T—?—R
n

R R
Chemical Formula 2-3
RRNCSSM
[0020] wherein
[0021] R“is a substituted or unsubstituted C1 to C24 alkyl

group, a substituted or unsubstituted C2 to C24 alkenyl
group, or a substituted or unsubstituted C6 to C20 aryl
group, each R is the same or different, and is independently
hydrogen or a substituted or unsubstituted C1 to C24 alkyl
group, 1 is 0 or an integer of 1 to 15, L is a direct bond, a
sulfonyl (—S(=0),—), carbonyl (—C(=0)—), ether
group (—O—), sulfide group (—S—), sulfoxide group
(—S(=0)—), ester group (—C(=0)O—), amide group
(—C(=0O)NR—) (wherein R is hydrogen or a C1 to C10
alkyl group), a substituted or a unsubstituted C1 to C10
alkylene, a C2 to C10 alkenylene, or a combination thereof,
and M is hydrogen, lithium, sodium, potassium, or a com-
bination thereof.

[0022] The organic thiol ligand may or a salt thereof
include a substituted or unsubstituted C1 to C40 alkyl thiol
compound, a C2 to C40 mercapto carboxylic acid com-
pound, a C2 to C40 mercapto carboxylic acid alkyl ester
compound, a dithiocarbamate compound having a C1 to C40
alkyl group, or a combination thereof.

[0023] The organic thiol ligand or a salt thereof may
include butanethiol, pentanethiol, hexanethiol, heptanethiol,
octanethiol, nonanethiol, decanethiol, undecanethiol, dode-
canethiol,  octadecanethiol,  2-(2-methoxyethoxy )eth-
anethiol, 3-methoxybutyl 3-mercaptopropionate,
3-methoxybutyl mercaptoacetate, thioglycolic acid, 3-mer-
captopropionic acid, thiopronine, 2-mercaptopropionic acid,
2-mercapto propionate, 2-mercaptoethancl, cysteamine,
1-thioglycerol, mercaptosuccinic acid, L-cysteine, dihydro-
lipoic acid, 2-(dimethylamino)ethanethiol, 5-mercaptom-
ethyl tetrazole, 2.3-dimercapto-1-propanol glutathione,
methoxy polyethylene glycol thiol (m(PEG)-SH), di(C1 to
C30 alkyl)dithiocarbamic acid or a salt thereof, e.g., dieth-
yldithiocarbamic acid or diethyldithiocarbamate, or a com-
bination thereof.

[0024] The organic thiol ligand or a salt thereof may not
include a carboxylic acid moiety.

[0025] The polyvalent metal compound may include an
organic metal compound, an organic metal salt, an inorganic
metal salt, or a combination thereof.

[0026] The polyvalent metal compound may include a
metal halide, an alkylated metal, a metal carboxylate, a
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metal acrylate, a metal methacrylate, a metal dialkyldithio-
carbamate, or a combination thereof.

[0027] The polyvalent metal compound may include zinc
chloride, indium chloride, cadmium chloride, aluminum
chloride, manganese chloride, diethyl zinc, dipropyl zinc,
dibutyl zinc, triethyl aluminum, tributyl aluminum, a zinc
(meth)acrylate compound, a zinc carboxylate compound
(e.g., zinc acetate, zinc propionate, zinc butyrate, or the
like), indium acetate, or a combination thereof.

[0028] The polyvalent metal compound may include a
compound represented by Chemical Formula 2:

MA,

[0029] wherein M is Mg, Ca, Sc, Sn, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, S, Y, Zr, Nb, Mo, Cd, In, Ba, Au, Hg, or T1,
n is determined depending on the valency of the M and is an
integer of greater than or equal to 2, each A is the same or
different, and is independently a C1-C10 organic group (e.g,,
hydrocarbyl group, an alkyl ester group, or the like), a
halogen (such as F, Cl, Br or I), or a combination thereof.
[0030] Insome embodiments, the A of Chemical Formula
2 may include a C1-C5 (or C2-C5) organic group, a halogen
containing group, or a combination thereof.

[0031] The A of Chemical Formula 2 may include a C2 to
C5 hydrocarbyl group, RCOO— or ROCO— (wherein R is
a Cl to C4 hydrocarbyl group), a halogen (e.g., fluorine,
chlorine, bromine, or iodine), or a combination thereof.
[0032] The polyvalent metal compound may include a
metal that is the same as the metal present on a surface of the
quantum dot. For example, when the outermost layer of the
quantum dot includes zinc, the M of Chemical Formula 2
may be zinc.

[0033] The polyvalent metal compound may be present in
an amount of about 10 percent by weight (wt %) to about 90
wt % based on the total amount of the organic thiol ligand
or a salt thereof and the polyvalent metal compound.
[0034] The quantum dot may have a 5% weight loss
temperature (that is, the temperature at which 5% of the
weight of the quantum dot is lost) of less than or equal to
about 400° C. as determined by a thermogravimetric analy-
sis.

[0035] In the quantum dot, an amount of a C10+ mono-
carboxylic acid compound (i.e., a monocarboxylic acid
compound having a carbon number of at least 10) may be
less than 5 wt % based on a total weight of the quantum dot.
[0036] The light emitting device may further include a
hole auxiliary layer including a hole injection layer (HIL), a
hole transport layer (HTL), an electron blocking layer
(EBL), or a combination thereof between the first electrode
and the light emitting layer.

[0037] The light emitting device may further include an
electron auxiliary layer including an electron injection layer
(EIL), an electron transport layer (ETL), a hole blocking
layer, or a combination thereof between the second electrode
and the light emitting layer.

[0038] An embodiment provides a display device includ-
ing the light emitting device.

[0039] In the light emitting device of the embodiments,
the aforementioned quantum dot may have a controlled
energy level and thereby a balance between the electrons and
the holes and the quantum yield may be improved. The
quantum dot may show improved charge mobility, thereby
enhancing electroluminescent properties (e.g., EQE) of a
device including the same. When used in a light emitting

Chemical Formula 2
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device, the quantum dot may increase the efficiency of the
device. The light emitting device of the embodiments may
have improved brightness and lifetime.

BRIEF DESCRIPTION OF THE DRAWINGS

[0040] These and/or other aspects will become apparent
and more readily appreciated from the following description
of the embodiments, taken in conjunction with the accom-
panying drawings in which:

[0041] FIG. 1 is a view schematically illustrating an
exemplary embodiment of a quantum dot,

[0042] FIG. 2A is an energy diagram of an exemplary
embodiment of a light emitting device including a light
emitting layer of a quantum dot;

[0043] FIG. 2B is an energy diagram of an exemplary
embodiment of a light emitting device of an embodiment;
[0044] FIG. 3 is a cross-sectional view of an exemplary
embodiment of a light emitting device;

[0045] FIG. 4 is a cross-sectional view of an exemplary
embodiment of a light emitting device;

[0046] FIG. 5 is a cross-sectional view of an exemplary
embodiment of a light emitting device;

[0047] FIG. 6 is a cross-sectional view of an exemplary
embodiment of a display device;

[0048] FIG. 7is a view showing the results of Experimen-
tal Example 1;

[0049] FIG. 8is a view showing the results of Experimen-
tal Example 2;

[0050] FIG. 9 is a view showing the results of a thermal
gravimetric analysis made in Experimental Example 4;
[0051] FIG. 10 is a view showing the results of a thermal
gravimetric analysis made in Experimental Example 4;
[0052] FIG. 11 and FIG. 12 are views showing the results
of Experimental Example 5;

[0053] FIG. 13 is a view showing the summary of the
results of Experimental Example 7;

[0054] FIG. 14 and FIG. 15 are views showing the sum-
mary of the results of Experimental Example 8;

[0055] FIG. 16 is a view showing the summary of the
results of Experimental Example 9; and

[0056] FIG. 17 and FIG. 18 are views showing the sum-
mary of the results of Experimental Example 10.

DETAILED DESCRIPTION

[0057] Advantages and characteristics of this disclosure,
and a method for achieving the same, will become evident
referring to the following example embodiments together
with the drawings attached hereto. However, the embodi-
ments should not be construed as being limited to the
embodiments set forth herein. If not defined otherwise, all
terms (including technical and scientific terms) in the speci-
fication may be defined as commonly understood by one
skilled in the art. The terms defined in a generally-used
dictionary may not be interpreted ideally or exaggeratedly
unless clearly defined. In addition, unless explicitly
described to the contrary, the word “comprise” and varia-
tions such as “comprises” or “comprising”, will be under-
stood to imply the inclusion of stated elements but not the
exclusion of any other elements.

[0058] Further, the singular includes the plural unless
mentioned otherwise.
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[0059] 1In the drawings, the thickness of layers, films,
panels, regions, etc., are exaggerated for clarity. Like refer-
ence numerals designate like elements throughout the speci-
fication.

[0060] It will be understood that when an element such as
a layer, film, region, or substrate is referred to as being “on”
another element, it can be directly on the other element or
intervening elements may also be present. In contrast, when
an element is referred to as being “directly on” another
element, there are no intervening elements present.

[0061] Inorder to clearly illustrate the embodiments in the
drawings, some portions not really relevant to the explana-
tion may be omitted.

[0062] It will be understood that, although the terms
“first,” “second,” “third” etc. may be used herein to describe
various elements, components, regions, layers and/or sec-
tions, these elements, components, regions, layers and/or
sections should not be limited by these terms. These terms
are only used to distinguish one element, component, region,
layer or section from another element, component, region,
layer or section. Thus, “a first element,” “component,”
“region,” “layer” or “section” discussed below could be
termed a second element, component, region, layer or sec-
tion without departing from the teachings herein

[0063] Furthermore, relative terms, such as “lower” or
“bottom” and “upper” or “top,” may be used herein to
describe one element’s relationship to another element as
illustrated in the Figures. It will be understood that relative
terms are intended to encompass different orientations of the
device in addition to the orientation depicted in the Figures.
For example, if the device in one of the figures is turned
over, elements described as being on the “lower” side of
other elements would then be oriented on “upper” sides of
the other elements. The exemplary term “lower,” can there-
fore, encompasses both an orientation of “lower” and
“upper,” depending on the particular orientation of the
figure. Similarly, if the device in one of the figures is turned
over, elements described as “below” or “beneath” other
elements would then be oriented “above” the other elements.
The exemplary terms “below” or “beneath” can, therefore,
encompass both an orientation of above and below.

[0064] “About” or “approximately” as used herein is
inclusive of the stated value and means within an acceptable
range of deviation for the particular value as determined by
one of ordinary skill in the art, considering the measurement
in question and the error associated with measurement of the
particular quantity (i.e., the limitations of the measurement
system). For example, “about” can mean within one or more
standard deviations, or within +30%, 20%, 10%, or 5% of
the stated value.

[0065] Exemplary embodiments are described herein with
reference to cross section illustrations that are schematic
illustrations of idealized embodiments. As such, variations
from the shapes of the illustrations as a result, for example,
of manufacturing techniques and/or tolerances, are to be
expected. Thus, embodiments described herein should not
be construed as limited to the particular shapes of regions as
illustrated herein but are to include deviations in shapes that
result, for example, from manufacturing. For example, a
region illustrated or described as flat may, typically, have
rough and/or nonlinear features. Moreover, sharp angles that
are illustrated may be rounded. Thus, the regions illustrated
in the figures are schematic in nature and their shapes are not
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intended to illustrate the precise shape of a region and are
not intended to limit the scope of the present claims.
[0066] As used herein, when a definition is not otherwise
provided, the term “substituted” refers to the case where in
a compound or a group or a moiety, hydrogen is substituted
with a substituent including a C1 to C30 alkyl group, a C2
to C30 alkenyl group, a C2 to C30 alkynyl group, a C6 to
C30 aryl group, a C7 to C30 alkylaryl group, a C1 to C30
alkoxy group, a C1 to C30 heteroalkyl group, a C3 to C30
heteroalkylaryl group, a C3 to C30 cycloalkyl group, a C3
to C15 cycloalkenyl group, a C6 to C30 cycloalkynyl group,
a C2 to C30 heterocycloalkyl group, a halogen (—F, —Cl,
—Br, or —I), a hydroxy group (—OH), a nitro group
(—NO,), a cyano group (—CN), an amino group (—NRR/,
wherein R and R’ are independently hydrogen or a C1 to C6
alkyl group), an azido group (—N;), an amidino group
(—C(=NH)NH,), a hydrazino group (—NHNH,), a hydra-
zono group (—N(NH,), an aldehyde group (—C(—0)H), a
carbamoyl group (—C(O)NH,), a thiol group (—SH), an
ester group (—C(—0)OR, wherein R is a C1 to C6 alkyl
group or a C6 to C12 aryl group), a carboxylic acid group
or a salt thereof (—C(—0)OM, wherein M is an organic or
inorganic cation), a sulfonic acid group (—SO,H) or a salt
thereof (—SO;M, wherein M is an organic or inorganic
cation), a phosphoric acid group (—PO,H,) or a salt thereof
(—PO;MH or —PO;M,, wherein M is an organic or inor-
ganic cation), or a combination thereof.

[0067] As used herein, when a definition is not otherwise
provided, the term “(meth)acrylate” refers to acrylate and/or
methacrylate.

[0068] As used herein, when a definition is not otherwise
provided, the term “Group” in the term Group II1, Group II,
and the like refers to a group of Periodic Table.

[0069] As used herein, when a definition is not otherwise
provided, “Group II1” refers to Group IIIA and Group IIIB,
and examples of Group III metal may be Al, In, Ga, and T1,
but are not limited thereto.

[0070] As used herein, when a definition is not otherwise
provided, “Group IV” refers to Group IVA and Group IVB,
and examples of a Group IV metal may be Si, Ge, and Sn,
but are not limited thereto. As used herein, the term “metal”
may include a semi-metal such as Si.

[0071] As used herein, when a definition is not otherwise
provided, “Group I” refers to Group IA and Group IB, and
examples may include Li, Na, K, Rb, and Cs, but are not
limited thereto.

[0072] As used herein, when a definition is not otherwise
provided, “Group V” refers to Group VA, and examples may
include N, P, As, Sb, and Bi, but are not limited thereto.
[0073] As used herein, when a definition is not otherwise
provided, “Group VI” refers to Group VIA, and examples
may include S, Se, and Te, but are not limited thereto.
[0074] Quantum dot (e.g., a semiconductor nanocrystal
particle) may have a theoretical quantum yield of 100% and
may emit light of high color purity (e.g., having a full width
half maximum of less than or equal to about 40 nanometers
(nm)). The quantum dot may contribute to achieving
enhanced luminous efliciency and improved color reproduc-
ibility when used as a luminous material.

[0075] An electroluminescent display device is a type of a
display device that can be operated without an external light
source. The electroluminescent display device may provide
a wide viewing angle, a high contrast, and a quick response
time.
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[0076] The electroluminescent display device includes a
light emitting device including an electroluminescent mate-
rial, wherein an electron and a hole injected from two
electrodes respectively combine with each other at a light
emitting layer to form an exciton, emitting an energy in a
form of light.

[0077] The electroluminescent device including a conven-
tional quantum dot shows a high turn-on voltage, a low
brightness/quantum efficiency, and a short luminous life-
time. In a conventional quantum dot electroluminescent
device, the injection of the holes may lag while the injection
of the electrons may be too active, such that obtaining a
balance of the electrons and the holes is not easy.

[0078] A light emitting device of an embodiment includes
a first electrode and a second electrode facing each other;
and a light emitting layer disposed between the first elec-
trode and the second electrode and including a quantum dot
(e.g., a plurality of quantum dots). The quantum dot includes
a semiconductor nanocrystal and a ligand bound to a surface
of the semiconductor nanocrystal. The ligand includes an
organic thiol ligand or a salt thereof and a polyvalent metal
compound including a metal including Zn, In, Ga, Mg, Ca,
Sc, Sn, T1, V, Cr, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, Nb, Mo, Cd,
Ba, Au, Hg, Tl, or a combination thereof. The quantum dot
may not include a heavy metal such as cadmium, mercury,
and/or lead.

[0079] The quantum dot of the embodiment will be
explained below, referring to FIG. 1. FIG. 1 shows a
schematic view of the quantum dot of a non-limiting
embodiment. The quantum dot 10 includes a semiconductor
nanocrystal 11 and an organic thiol ligand or a salt thereof
13 and a polyvalent metal compound 15, both of which are
bound to a surface of the semiconductor nanocrystal 11. The
polyvalent metal compound may be present in the form of a
moiety (e.g., as a metal cation and/or its counter ion) derived
therefrom. The organic thiol ligand or a salt thereof may be
bound to a surface of the quantum dot in the form of a
moiety derived from a corresponding thiol compound. The
quantum dot may include a core including a first semicon-
ductor nanocrystal and a shell disposed on the core and
including a second semiconductor nanocrystal. The second
semiconductor nanocrystal may include a different compo-
sition from that of the first semiconductor nanocrystal.

[0080] As used herein, the semiconductor nanocrystal may
refer to a nanocrystal compound not including a ligand.

[0081] Types of the semiconductor nanocrystal are not
particularly limited and may be any one that is prepared by
any method or is a commercially available. For example, the
semiconductor nanocrystal (e.g., the first semiconductor
nanocrystal and/or the second semiconductor nanocrystal)
may include a Group II-VI compound, a Group II-V
compound, a Group IV-VI compound, a Group IV element
or compound, a Group I-III-VI compound, a Group I-1I-IV-
VI compound, or a combination thereof.

[0082] The Group II-VI compound may include:

[0083] abinary element compound including CdSe, CdTe,
Zn8, ZnSe, ZnTe, ZnO, HgS, HgSe, HgTe, MgSe, MgS, or
a combination thereof;

[0084] a ternary element compound including CdSeS,
CdSeTe, CdSTe, ZnSeS, ZnSeTe, ZnSTe, HgSeS, HgSeTe,
HgSTe, CdZnS, CdZnSe, CdZnTe, CdHgS, CdHgSe, CdH-
gle, HgZnS, HgZnSe, HgZnTe, MgZnSe, MgZnS, or a
combination thereof; and
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[0085] a quaternary element compound including ZnS-
eSTe, HgZnTeS, CdZnSeS, CdZnSele, CdZnSTe,
CdHgSeS, CdHgSeTe, CdHgSTe, HgZnSeS, HgZnSeTe,
HgZnSTe, or a combination thereof.

[0086] The Group II-VI compound may further include a
Group I metal.

[0087] The Group lI-V compound may include:

[0088] a binary element compound including GaN, GaP,
GaAs, GaSbh, AIN, AIP, AlAs, AISb, InN, InP, InAs, InSb, or
a combination thereof;,

[0089] a ternary element compound including GaNP,
GaNAs, GaNSb, GaPAs, GaPSbh, AINP., AINAs, AINSb,
AlPAs, AIPSb, InNP, InNAs, InNSb, InPAs, InPSh, InZnP,
or a combination thereof; and

[0090] a quaternary element compound including
GaAINP, GaAlNAs, GaAINSb, GaAlPAs, GaAlPSb,
GalnNP, GalnNAs, GaInNSb, GalnPAs, GalnPSb, InAINP,
InAINAs, InAINSD, InAIPAs, InAIPSb, or a combination
thereof.

[0091] The Group III-V compound may further include a
Group II metal (e.g., InZnP).

[0092] The Group IV-VI compound may include:

[0093] a binary element compound including SnS, SnSe,
SnTe, PbS, PbSe, PbTe, or a combination thereof;

[0094] a ternary element compound including SnSeS,
SnSeTe, SnSTe, PbSeS, PbSeTe, PbSTe, SnPbS, SnPbSe,
SnPbTe, or a combination thereof; and

[0095] a quaternary element compound including SnPb-
SSe, SnPbSeTe, SnPbSTe, or a combination thereof.
[0096] Examples of the Group I-III-VI compound may
include CulnSe,, CulnS,, CulnGaSe, and CulnGaS, but are
not limited thereto.

[0097] Examples of the Group I-II-IV-VI compound may
include CuZnSnSe and CuZnSnS, but are not limited
thereto.

[0098] The Group IV element or compound may include:
[0099] asingle-element including Si, Ge, or a combination
thereof; and

[0100] a binary element compound including SiC, SiGe,

or a combination thereof.

[0101] The binary element compound, the ternary element
compound, or the quaternary element compound may be
respectively included in the particle at a uniform concen-
tration or at partially different concentrations. The quantum
dot may include a core including a first semiconductor
nanocrystal and a shell disposed on at least a portion (or the
entirety) of a surface of the core and including a second
semiconductor nanocrystal having a different composition
from that of the first semiconductor nanocrystal. At the
interface between the core and the shell, an alloyed inter-
layer may be present or may not be present. The alloyed
layer may include a homogeneous alloy. The alloyed layer
may have a concentration gradient. In the gradient alloy, the
concentration of an element of the shell radially changes
(e.g., decreases or increases toward the core). In addition,
the shell may include a multi-layered shell having at least
two layers wherein adjacent two layers have different com-
positions from each other. In the multi-layered shell, each
layer may have a single composition. In the multi-layered
shell, each layer may independently have an alloy. In the
multi-layered shell, each layer may have a concentration
gradient that radially changes in light of a composition of a
semiconductor nanocrystal.
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[0102] In the core-shell semiconductor nanocrystal par-
ticle, the materials of the shell may have a bandgap energy
that is larger than that of the core, but it is not limited thereto.
The materials of the shell may have a bandgap energy that
is smaller than that of the core. In the case of the multi-
layered shell, the energy bandgap of the outermost layer
material of the shell may be greater than those of the core
and the inner layer material of the shell (a layer that is closer
to the core). In the case of the multi-layered shell, a
semiconductor nanocrystal of each layer is selected to have
an appropriate bandgap energy, thereby effectively showing
a quantum confinement effect.

[0103] The light emitting wavelength of the semiconduc-
tor nanocrystal is not particularly limited and may be
selected appropriately. The photoluminescent peak wave-
length of the semiconductor nanocrystal may be present in
a range from an ultraviolet region to a near infrared region.
For example, the maximum peak wavelength of the semi-
conductor nanocrystal may be present within a range from
about 420 nm to about 750 nm (e.g., about 460 nm to about
700 nm), but it is not limited thereto.

[0104] The semiconductor nanocrystal may have a full
width at half maximum (FWHM) of less than or equal to
about 45 nm, for example less than or equal to about 40 nm,
or less than or equal to about 30 nm. While not wishing to
be bound by any theory, it is understood that within such
ranges, a device including the semiconductor nanocrystal
may have enhanced color purity or improved color repro-
ducibility.

[0105] The semiconductor nanocrystal 11 may have a size
(e.g., a diameter of a particle, or in the case of a non-
spherically shaped particle, a diameter calculated from a two
dimensional area determined in an electron microscopic
analysis) of about 1 nm to about 100 nm. In some embodi-
ments, the semiconductor nanocrystal 11 may have a particle
size of about 1 nm to about 50 nm, for example, from 2 nm
(or from 3 nm) to 35 nm. In some embodiments, the
semiconductor nanocrystal 11 have a size of greater than or
equal to about 1 nm, greater than or equal to about 2 nm,
greater than or equal to about 3 nm, greater than or equal to
about 4 nm, or greater than or equal to about 5 nm. In some
embodiments, the quantum dot have a size of less than or
equal to about 50 nm, less than or equal to about 45 nm, less
than or equal to about 40 nm, less than or equal to about 35
nm, less than or equal to about 30 nm, less than or equal to
about 25 nm, less than or equal to about 20 nm, less than or
equal to about 19 nm, less than or equal to about 18 nm, less
than or equal to about 17 nm, less than or equal to about 16
nm, or less than or equal to about 15 nm.

[0106] The semiconductor nanocrystal 11 may have a
shape generally-used in the art, and is not particularly
limited. For example, the semiconductor nanocrystal 11 may
have a spherical shape, a pyramidal shape, a multi-armed
shape, or a cubic shape. The semiconductor nanocrystal 11
may be a nanotube, a nanowire, a nanofiber, or a nanosheet.

[0107] The semiconductor nanocrystal 11 may be com-
mercially available or may be synthesized in any method.
For example, several nano-sized quantum dots may be
synthesized by a wet chemical process. In the wet chemical
process, precursors react in an organic solvent to grow
nanocrystal particles, and the organic solvent or a ligand
compound may coordinate (or be bound) to the surface of
the semiconductor nanocrystal, thereby controlling the
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growth of the semiconductor nanocrystal. Examples of the
organic solvent and ligand compound are known.

[0108] The quantum dot as prepared may be recovered by
pouring an excess amount of a non-solvent to a reaction
solution including the quantum dot in order to remove an
extra amount of an organic substance that is not coordinate
to a surface of the semiconductor nanocrystal and centri-
fuging the resulting mixture. Examples of the non-solvent
may include acetone, ethanol, methanol, and the like, but are
not limited thereto.

[0109] After the removal of the extra amount of the
organic substance, the amount of the organic substance
coordinating to the surface of the semiconductor nanocrystal
may be less than or equal to about 50 wt %, for example, less
than or equal to about 30 wt %, less than or equal to about
20 wt %, less than or equal to about 10 wt %, based on the
total weight of the quantum dot. The organic substance may
include a ligand compound, an organic solvent, or a com-
bination thereof.

[0110] In a light emitting device of an embodiment, the
quantum dot 10 includes an organic thiol ligand or a salt
thereof 13 and a polyvalent metal compound 15, both of
which are bound to (or coordinate to) a surface of the
semiconductor nanocrystal 11. The organic thiol ligand or a
salt thereof 13 and the polyvalent metal compound 15 may
linked to a surface of the semiconductor nanocrystal 11 to
provide passivation with the same.

[0111] As the quantum dot of the embodiments includes
the organic thiol ligand or a salt thereof and the polyvalent
metal compound, it may show an enhanced charge (e.g.,
hole) transporting property. The quantum dot of the embodi-
ment may reduce electron leakage in the electroluminescent
device while increasing a hole mobility therein to achieve
improved balance between the electrons and holes. In addi-
tion, the polyvalent metal compound 15 may be bound to a
defect site that may be present on a surface of the semicon-
ductor nanocrystal 11 to improve the quantum yield of the
quantum dot 10.

[0112] The quantum dot may have a quantum yield (or a
quantum efficiency) of greater than or equal to about 10%,
for example, greater than or equal to about 20%, greater than
or equal to about 30%, greater than or equal to about 40%,
greater than or equal to about 50%, greater than or equal to
about 60%, greater than or equal to about 70%, greater than
or equal to about 80%, greater than or equal to about 90%,
or even about 100%.

[0113] The organic thiol ligand or a salt thereof may
include a monothiol or monothiolate having one thiol group.
The organic thiol ligand or a salt thereof may include a
dithiol or a derivative thereof, wherein two thiol groups are
bonded to adjacent two carbon atoms (i.e., disposed in a
cis-type configuration), respectively.

[0114] The organic thiol ligand or a salt thereof may
include a compound represented by Chemical Formula 1:

R4G-LiHY (SRl

[0115] wherein,

[0116] R'is hydrogen, a substituted or unsubstituted C1 to
C40 (or C1 to C30) linear or branched alkyl group, a C2 to
C30 linear or branched alkenyl group, a substituted or
unsubstituted C6 to C30 aryl group, a substituted or unsub-
stituted C7 to C30 arylalkyl group, a substituted or unsub-
stituted C3 to C30 heteroaryl group, a substituted or unsub-
stituted C4 to C30 heteroarylalkyl group, a substituted or

Chemical Formula 1
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unsubstituted C3 to C30 cycloalkyl group, a substituted or
unsubstituted C2 to C30 heterocycloalkyl group, a C1 to
C10 alkoxy group, a hydroxy group, —NH,, a substituted or
unsubstituted C1 to C30 amine group (—NRR', wherein R
and R’ are independently hydrogen or a C1 to C30 linear or
branched alkyl group, and provided that R and R' are not
hydrogen simultaneously), an isocyanate group, a halogen,
—ROR' (wherein R is a substituted or unsubstituted C1 to
C20 alkylene group and R' is hydrogen or a C1 to C20 linear
or branched alkyl group), an acyl halide (—RC(—0)X,
wherein R is a substituted or unsubstituted C1 to C20
alkylene group and X is a halogen), —C(—O)OR' (wherein
R' is hydrogen or a C1 to C20 linear or branched alkyl
group), —CN, —C(—O)NRR' (wherein R and R' are the
same or different, and are independently hydrogen or a C1
to C20 linear or branched alkyl group), —C(—O)ONRR'
(wherein R and R' are independently hydrogen or a C1 to
C20 linear or branched alkyl group) or a combination
thereof,

[0117] L, is a carbon atom, a nitrogen atom, a substituted
or unsubstituted C1 to C30 alkylene group, a substituted or
unsubstituted C2 to C30 alkenylene group, a substituted or
unsubstituted C3 to C30 cycloalkylene group, a substituted
or unsubstituted C2 to C30 heterocycloalkylene group, a
substituted or unsubstituted C6 to C30 arylene group, a
substituted or unsubstituted C3 to C30 heteroarylene group,
or a substituted or unsubstituted C2 to C30 alkylene group
or a substituted or unsubstituted C3 to C30 alkenylene group
having at least one methylene (—CH,—) replaced with
sulfonyl (—S(=0),—), carbonyl (—C(=0)—), ether
(—0—), sulfide (—S—), sulfoxide (—S(—O)—), ester
(—C(=0)0—), amide (—C(—O)NR—) (wherein R is
hydrogen or a C1 to C10 alkyl group), or a combination
thereof,

[0118] Y, is a single bond, —C(=—S)—, a substituted or
unsubstituted C1 to C30 alkylene group, a substituted or
unsubstituted C2 to C30 alkenylene group, or a substituted
or unsubstituted C2 to C30 alkylene group or a substituted
or unsubstituted C3 to C30 alkenylene group wherein at
least one methylene (—CH,—) is replaced by sulfonyl
(—S(=0),—), carbonyl (—C(=0)—), ether (—O—), sul-
fide (—S—), sulfoxide (—S(=0)—), ester (—C(=0)
0O—), amide (—C(—O)NR—) (wherein R is hydrogen or a
C1 to C10 linear or branched alkyl group), imine (—NR—)
(wherein R is hydrogen or a C1 to C10 linear or branched
alkyl group), or a combination thereof,

[0119] Rishydrogen or a monovalent metal (e.g., an alkali
metal such as lithium, sodium, potassium, or the like);
[0120] k1 is O or an integer of 1 or more,

[0121] k2 is 1 or 2 provided that when k2 is 2, Y, is a
single bond and the two SR moieties are bonded to adjacent
two carbon atoms in the L, moiety, respectively, and pro-
vided that a sum of k1 and k2 does not exceed the valence
of Li.

[0122] The organic thiol ligand or a salt thereof may not
include a carboxylic acid moiety.

[0123] The organic thiol ligand or a salt thereof may
include a compound represented by Chemical Formula 1-1,
Chemical Formula 1-2, or Chemical Formula 1-3:

Chemical Formula 1-1
R4—1L—(CRR),SM
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-continued

Chemical Formula 1-2
SM SM

Rﬂ—fCRﬁ—T—T—R
n

R R
Chemical Formula 1-3
RRNCSSM
[0124] wherein
[0125] R“is a substituted or unsubstituted C1 to C24 alkyl

group, a substituted or unsubstituted C2 to C24 alkenyl
group, or a substituted or unsubstituted C5 to C20 aryl
group, each R is the same or different and is independently
hydrogen or a substituted or unsubstituted C1 to C24 alkyl
group, 1 is 0 or an integer of 1 to 15, L is a direct bond, a
sulfonyl (—S(=0),—), carbonyl (—C(=0)—), ether
group (—O—), sulfide group (—S—), sulfoxide group
(—S(=0)—), ester group (—C(—=0)O—), amide group
(—C(=—0O)NR—) (wherein R is hydrogen or a C1 to C10
alkyl group), a substituted or a unsubstituted C1 to C10
alkylene, a C2 to C10 alkenylene, or a combination thereof,
and M is hydrogen or monovalent metal such as a Group I
metal (e.g., lithium, sodium, potassium, or the like) or a
combination thereof.

[0126] In some embodiments, R* of Chemical Formula
1-1 may include a C1 to C24 alkyl or C2 to C24 alkynyl
group substituted with an alkyloxy group (e.g., methoxy,
ethoxy, or propoxy), a hydroxyl group, or a combination
thereof. In some embodiments, L. of Chemical Formula 1-1
may be a unsubstituted C2 to C10 alkylene or a C3 to C10
alkenylene wherein at least one methylene group may be
replaced by a sulfonyl (—S(=0),—), carbonyl (—C
(=0)—), ether group (—O—), sulfide group (—S—),
sulfoxide group (—S(=0)—), ester group (—C(=0)0—),
amide group (—C(—O)NR—) (wherein R is hydrogen or a
C1 to C10 alkyl group), or a combination thereof.

[0127] The organic thiol ligand or a salt thereof may
include a substituted or unsubstituted C1 to C40 (e.g., C2 to
C18) alkyl thiol compound, a substituted or unsubstituted
C2 to C40 (e.g., C2 to C18) mercapto carboxylic acid
compound, a substituted or unsubstituted C2 to C40 (e.g,,
C2 to C18) mercapto carboxylic acid alkyl ester compound,
a dithiocarbamate compound having a C1 to C40 (e.g., C2
to C18) alkyl group, or a combination thereof.

[0128] The organic thiol ligand or a salt thereof may
include a thiol compound such as methanethiol, ethanethiol,
propanethiol, butanethiol, pentanethiol, hexanethiol, octa-
nethiol, dodecanethiol, hexadecanethiol, octadecanethiol, a
benzyl thiol, or the like; a salt thereof wherein the hydrogen
of the SH moiety is replaced with a monovalent metal, or the
like.

[0129] The organic thiol ligand or a salt thereof may
include butanethiol, pentanethiol, hexanethiol, heptanethiol,
octanethiol, nonanethiol, decanethiol, undecanethiol, dode-
canethiol, hexadecanethiol, octadecanethiol, 2-(2-methoxy-
ethoxy)ethanethiol, 3-methoxybutyl 3-mercaptopropionate,
3-methoxybutyl mercaptoacetate, thioglycolic acid, 3-mer-
captopropionic acid, thiopronine (a sulthydryl acylated
derivative of glycine), 2-mercaptopropionic acid, 2-met-
capto propionate, 2-mercaptoethanol, cysteamine, 1-thio-
glycerol, mercaptosuccinic acid, L-cysteine, dihydrolipoic
acid, 2-(dimethylamino )ethanethiol, 5-mercaptomethyl tet-
razole, 2,3-dimercapto-1-propanol glutathione, methoxy
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polyethylene glycol thiol (m(PEG)-SH), di(C1 to C30 alkyl)
dithiocarbamic acid or a salt thereof, e.g., diethyldithiocar-
bamic acid or diethyldithiocarbamate, or a combination
thereof.

[0130] The polyvalent metal compound 15 is a compound
including a metal having a valency of at least 2 and
including Zn, In, Ga, Mg, Ca, Sc, Sn, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, Sr, Y, Zr, Nb, Mo, Cd, Ba, Au, Hg, Tl, or a
combination thereof. The polyvalent metal compound may
include an organic metal compound, an organic metal salt,
an inorganic metal salt, or a combination thereof.

[0131] The polyvalent metal compound 15 may include a
metal halide, an alkylated metal, a metal carboxylate such as
a metal acetate, a metal (meth)acrylate, a metal dialkyldi-
thiocarbamate, or a combination thereof. The metal halide
may include a metal chloride, a metal bromide, a metal
iodide, a combination thereof, or the like.

[0132] The polyvalent metal compound 15 may include a
metal chloride such as zinc chloride, indium chloride, cad-
mium chloride, aluminum chloride, iron chloride, or man-
ganese chloride; an alkylated metal (e.g., diethyl zinc,
dipropyl zinc, dibutyl zinc, triethyl aluminum, tributyl alu-
minum, or the like); an organometallic compound such as a
zinc carboxylate (e.g., zinc acetate), zinc (meth)acrylate,
zine diethyldithiocarbamate), a indium carboxylate (e.g.,
indium acetate); or a combination thereof.

[0133] The polyvalent metal compound may include a
metal halide and/or an organic metal compound having a
relatively short organic functional group. In some embodi-
ments, the polyvalent metal compound may include a com-
pound represented by Chemical Formula 2:

MA

[0134] Wherein M is Mg, Ca, Sc, Sn, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ga, Sr, Y, Zr, Nb, Mo, Cd, In, Ba, Au, Hg,
or Tl, n is determined depending on the valency of the M and
is an integer of greater than or equal to 2, each A is the same
or different, and is independently a C1-C10 (e.g., C1-C9,
C1-C8, C1-C7, C1-Ce6, C1-C5, C1-C4, C1-C3, or C1-C2)
organic group (a hydrocarbyl group or an alkyl ester group,
or a combination thereof), a halogen (such as F, C1, Br or I),
or a combination thereof.

[0135] In some embodiments, the polyvalent metal com-
pound may include a metal that is the same as the metal
present on a surface of the quantum dot. For example, when
the outermost layer of the quantum dot includes zinc, the M
of Chemical Formula 2 may be zinc.

[0136] In some embodiments, the A of Chemical Formula
2 may include a C2-C5 organic functional group or a
halogen containing group. The A of Chemical Formula 2
may include a C2 to C5 hydrocarbyl group, RCOO— or
ROCO— (wherein R is a C1 to C4 hydrocarbyl group), a
halogen (e.g., fluorine, chlorine, bromine, or iodine), or a
combination thereof.

[0137] In some embodiments, the polyvalent metal com-
pound may include an organic metal salt (e.g., a metal
acetate, a metal propionate, a metal butyrate, a metal (meth)
acrylate, and the like), a halogenated metal such as a metal
chloride, a metal bromide, or a metal iodide, a hydrocarbyl
metal such as an alkylated metal or an arylated metal, a
hydrocarbyl metal halide, or a combination thereof. In some
embodiments, the polyvalent metal compound may include
a metal chloride such as zinc chloride, indium chloride,
cadmium chloride, aluminum chloride, iron chloride, or a

Chemical Formula 2
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manganese chloride; an alkylated metal such as diethyl zinc,
dipropyl zinc, dibutyl zinc, triethyl aluminum, tributyl alu-
minum, or the like; a metal (zinc or indium) carboxylate
such as zinc acetate, zinc acrylate, indium acetate, or the
like; or a combination thereof. In some embodiments, the
polyvalent metal compound may include a zinc acetate, zinc
propionate, zinc butyrate, zinc (meth)acrylate, zinc chloride,
or a combination thereof.

[0138] When used in a quantum dot passivation process,
an organic metal ligand having a carbon number of greater
than or equal to 11 may not provide sufficient passivation
due to the steric hindrance of the organic moiety. A metal
ligand having a relatively short carbon chain may efficiently
passivate a surface of the quantum dot, thereby increasing
the luminous efficiency of the quantum dot. However, the
quantum dot passivated only by the metal ligand or the
quantum dot passivated by the organic metal ligand having
a carbon number of greater than or equal to 11 may cause a
sharp increase in a composition viscosity or may cause a
gelation of the composition, and thus may not provide a
processability necessary for the fabrication of the device.
The quantum dot of the embodiments includes the organic
thiol ligand or a salt thereof that is bound to a surface thereof
together with the polyvalent metal compound, making it
possible to realize enhanced luminous properties and desired
processability at the same time.

[0139] The ratio between the organic thiol ligand or a salt
thereof and the polyvalent metal compound may be con-
trolled to provide effective passivation. The polyvalent metal
compound 15 may be present in an amount of from about 10
wt % to about 90 wt %, for example, from about 10 wt %
to about 50 wt %, from about 15 wt % to about 45 wt %,
based on the total amount of the organic thiol ligand or a salt
thereof and the polyvalent metal compound. The organic
thiol ligand or a salt thereof 13 may be present in an amount
of from about 90 wt % to about 10 wt %, for example, from
about 50 wt % to about 90 wt %, from about 55 wt % to
about 85 wt %, based on the total amount of the organic thiol
ligand or a salt thereof and the polyvalent metal compound.
The aforementioned ranges may further enhance the hole
transporting properties and the quantum yield.

[0140] A total amount of the ligand including the organic
thiol ligand or a salt thereof and the polyvalent metal
compound may be greater than or equal to about 0.1 wt %,
for example, greater than or equal to about 1 wt %, greater
than or equal to about 2 wt %, greater than or equal to about
3 wt %, greater than or equal to about 4 wt %, greater than
or equal to about 5 wt % and less than equal to about 30 wt
%, for example, less than equal to about 20 wt %, less than
or equal to about 19 wt %, less than or equal to about 18 wt
%, less than or equal to about 17 wt %, less than or equal to
about 16 wt %, less than or equal to about 15 wt %, less than
or equal to about 14 wt %, less than or equal to about 13 wt
%, less than or equal to about 12 wt %, or less than or equal
to about 10 wt %, based on the total weight of the quantum
dot. The foregoing ranges may further enhance the quantum
yield of the quantum dot of the embodiments.

[0141] In the case of the quantum dot of some embodi-
ments, the organic thiol ligand or a salt thereof and the
polyvalent metal compound may efficiently (e.g., more
densely) passivate more sites on a surface of the quantum
dot. Without wishing to be bound by any theory, the organic
thiol ligand or a salt thereof and the polyvalent metal
compound may bind the metal element (e.g., zinc) and the
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non-metal element (e.g., sulfur, selenium, or the like),
respectively, and thus more sites present on the surface of
the quantum dot may be passivated thereby. In addition, the
organic thiol ligand or a salt thereof and the polyvalent metal
compound may interact with each other, making it possible
to carry out passivation under a minimized steric hindrance.
In addition, the surface exchanged quantum dots of the
embodiments may show improved compatibility with
respect to more types of mediums and thus may be dispersed
therein while deterioration of the efliciency may be inhib-
ited, providing improved processability.

[0142] The quantum dot 10 including the organic thiol
ligand or a salt thereof 13 and the polyvalent metal com-
pound 15 as a first ligand may further include a second
organic ligand including RC(—O)OH, RC(=—0O)OM,
RNH,, R,NH, R;N, R,PO, R,;P, ROH, RP(=0)(OH),,
R,P(=—0)OH, (wherein R is each independently a substi-
tuted or unsubstituted C5 to C24 aliphatic hydrocarbon
group (e.g., alkyl or alkenyl) or a substituted or unsubsti-
tuted C6 to C24 aryl group and M' is a monovalent metal
such as a Group 1 element (e.g., Na)), a polymeric organic
ligand, or a combination thereof, In the quantum dots of the
embodiments, the amount of the second organic ligand (e.g.,
a C10+ monocarboxylic acid compound (i.e., a monocat-
boxylic acid compound having a carbon number of at least
10)) may be less than about 5 wt %, less than or equal to
about 4 wt %, less than or equal to about 3 wt %, less than
or equal to about 2 wt %, or less than or equal to about 1 wt
% based on a total weight of the quantum dot.

[0143] Examples of the second organic ligand may
include:
[0144] carboxylic acid compounds such as methanoic

acid, ethanoic acid, propanoic acid, butanoic acid, pentanoic
acid, hexanoic acid, heptanoic acid, octanoic acid, dode-
canoic acid, hexadecanoic acid, octadecanoic acid, oleic
acid, or benzoic acid, or an ester thereof;

[0145] amine compounds such as methylamine, ethylam-
ine, propylamine, butylamine, pentylamine, hexylamine,
octylamine, nonylamine, decylamine, dodecylamine, hexa-
decylamine, octadecylamine, dimethylamine, diethylamine,
dipropylamine, tributylamine, or trioctylamine;

[0146] alkyl phosphine compounds such as methyl phos-
phine, ethyl phosphine, propyl phosphine, butyl phosphine,
pentyl phosphine, octyl phosphine, dioctyl phosphine, tribu-
tyl phosphine, or trioctyl phosphine;

[0147] phosphine oxide compounds such as methyl phos-
phine oxide, ethyl phosphine oxide, propyl phosphine oxide,
butyl phosphine oxide, pentyl phosphine oxide, tributyl
phosphine oxide, octylphosphine oxide, dioctyl phosphine
oxide, or trioctyl phosphine oxide;

[0148] diphenyl phosphine, triphenyl phosphine, or oxide
compounds thereof

[0149] a C5 to C20 alkylphosphinic acid such as hexyl-
phosphinic acid, octylphosphinic acid, dodecylphosphinic
acid, tetradecylphosphinic acid, hexadecylphosphinic acid,
or octadecyl phosphinic acid,

[0150] and the like, but are not limited thereto.

[0151] The quantum dot 10 of the embodiments may be
prepared by adding a compound providing the organic thiol
ligand or a salt thereof 13 and a polyvalent metal compound
15 to a semiconductor nanocrystal solution and stirring the
same to carry out a surface exchange. For example, the
quantum dots of the embodiments may be prepared by
obtaining a colloidal semiconductor nanocrystal with an
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organic ligand coordinating to a surface thereof (e.g., pre-
pared by the wet chemical method) and carrying out a
surface exchange reaction for the obtained colloidal semi-
conductor nanocrystal with a compound for the organic thiol
ligand or a salt thereof and a compound for the polyvalent
metal compound. In some embodiments, the surface
exchange reaction may be carried out under relatively
simple and mild conditions in terms of a temperature and a
reaction time. In some embodiments, the surface exchange
reaction may be carried out by contacting the semiconductor
nanocrystal with the compound for the organic thiol ligand
or a salt thereof and the polyvalent metal compound in an
organic solvent under predetermined conditions.

[0152] The organic solvent may include a halogenated
(e.g., chlorinated) hydrocarbon (e.g., chloroform, dichlo-
roethane, or the like), a substituted or unsubstituted C6 to
C40 aromatic hydrocarbon or a derivative thereof such as
toluene, xylene, or the like, a substituted or unsubstituted C6
to C40 cycloaliphatic hydrocarbon such as cyclohexane, a
cyclohexyl acetate, or the like, a C1 to C10 alcohol such as
ethanol, or a combination thereof.

[0153] Details for the semiconductor nanocrystals, the
polyvalent metal compound, and the organic thiol ligand or
a salt thereof are the same as set forth above. The conditions
of the surface exchange are not particularly limited and may
be selected appropriately depending on the types of the
semiconductor nanocrystals, the polyvalent metal com-
pound, and the organic thiol ligand or a salt thereof. In some
embodiments, the temperature of the surface exchange may
be less than or equal to about 90° C., less than or equal to
about 80° C., less than or equal to about 70° C., or even less
than or equal to about 65° C. In some embodiments, the
surface exchange of the semiconductor nanocrystals may be
performed at a relatively low temperature and thus it may
become possible to provide a surface exchanged semicon-
ductor nanocrystals (hereinafter, also referred to as a surface
exchanged quantum dot) without having an adverse effect on
the luminous properties of the semiconductor nanocrystals.
In some embodiments, the surface exchange temperature
may be greater than or equal to room temperature, for
example, greater than or equal to about 20° C., greater than
or equal to about 30° C., greater than or equal to about 40°
C., or greater than or equal to about 50° C. For example, the
temperature of the surface exchange may be from about 40°
C. to about 70° C. The surface exchange may be carried out
for greater than or equal to about 10 minutes, for example,
greater than or equal to about 20 minutes, greater than or
equal to about 30 minutes, greater than or equal to about 40
minutes, or greater than or equal to about 50 minutes.
[0154] The concentration of the quantum dots in the
organic solvent may be selected appropriately and is not
particularly limited. For example, the amount of the quan-
tum dots may be greater than or equal to about 0.001 grams
(g), for example, greater than or equal to about 0.01 grams
(g), greater than or equal to about 0.5 g per 1 milliliter (m[.)
of the organic solvent. The amount of the quantum dot may
be less than or equal to about 3 g, for example, less than or
equal to about 2 g per 1 mL of the organic solvent.

[0155] With respect to the amount of the quantum dot, the
amount of the polyvalent metal compound used in the
surface exchange reaction may be greater than or equal to
about 5 mol eq. (i.e., 5 molecules of the compound per one
quantum dot), for example, greater than or equal to about 10
mol eq., greater than or equal to about 15 mol eq., greater
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than or equal to about 20 mol eq., greater than or equal to
about 30 mol eq., greater than or equal to about 40 mol eq.,
greater than or equal to about 50 mol eq., greater than or
equal to about 60 mol eq., greater than or equal to about 70
mol eq., greater than or equal to about 80 mol eq., greater
than or equal to about 90 mol eq., or greater than or equal
to about 100 mol eq., but it is not limited thereto. With
respect to the amount of the quantum dot, the amount of the
polyvalent metal compound may be less than or equal to
about 1500 mol eq., for example, less than or equal to about
1000 mol eq., less than or equal to about 900 mol eq., less
than or equal to about 800 mol eq.. less than or equal to
about 700 mol eq., less than or equal to about 600 mol eq.,
less than or equal to about 500 mol eq., less than or equal to
about 400 mol eq., less than or equal to about 300 mol eq.,
or less than or equal to about 250 mol eq., but it is not limited
thereto.

[0156] With respect to the amount of the quantum dot, the
amount of the organic thiol ligand or a salt thereof used in
the surface exchange reaction may be greater than or equal
to about 20 mol eq., for example, greater than or equal to
about 40 mol eq., greater than or equal to about 50 mol eq.,
greater than or equal to about 60 mol eq., greater than or
equal to about 70 mol eq., greater than or equal to about 80
mol eq., greater than or equal to about 90 mol eq., or greater
than or equal to about 100 mol eq., but it is not limited
thereto. With respect to the amount of the quantum dot, the
amount of the organic thiol ligand or a salt thereof may be
less than or equal to about 6000 mol eq., for example, less
than or equal to about 5000 mol eq., less than or equal to
about 4000 mol eq., less than or equal to about 3000 mol eq.,
less than or equal to about 2000 mol eq., less than or equal
to about 1000 mol eq., less than or equal to about 900 mol
eq., less than or equal to about 800 mol eq., less than or equal
to about 700 mol eq., less than or equal to about 600 mol eq.,
less than or equal to about 500 mol eq., or less than or equal
to about 400 mol eq., but it is not limited thereto.

[0157] The amount ratio between the polyvalent metal
compound and the organic thiol ligand or a salt thereof used
in the surface exchange reaction may be selected appropri-
ately. In some embodiments, for a stable ligand exchange,
the polyvalent metal compound may be used in an appro-
priate amount (e.g., in an amount that is smaller than that of
the thiol compound). For example, per one mole of the
polyvalent metal compound, the used amount of the organic
thiol ligand or a salt thereof may be greater than or equal to
about 0.5 mole, for example, greater than or equal to about
1 mole, greater than 1 mole, greater than or equal to about
2 moles, greater than or equal to about 3 moles, greater than
or equal to about 4 moles, greater than or equal to about 5
moles, greater than or equal to about 6 moles, greater than
or equal to about 7 moles, greater than or equal to about 8
moles, greater than or equal to about 9 moles, or greater than
or equal to about 10 moles. In some embodiments, per one
mole of the polyvalent metal compound, the used amount of
the organic thiol ligand or a salt thereof may be from about
1 moles to about 10 moles, but it is not limited thereto.

[0158] The surface exchanged quantum dot may show
improved medium dispersability in comparison with the one
that does not undergo the surface exchange reaction. The
non-solvent for recovering the surface exchanged quantum
dots may be selected considering such changes in the
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dispersability. In some embodiments, the surface exchanged
quantum dots may be recovered using a hydrocarbon solvent
such as hexane.

[0159] In some embodiments, the quantum dot may be
prepared by obtaining a dispersion solution including a
quantum dot as synthesized (i.e., prior to the ligand
exchange) and an organic solvent, applying the dispersion
solution to form a film, and then immersing (contacting) the
film with a solution including the organic thiol ligand or a
salt thereof and the polyvalent metal compound to carry out
the surface exchange. The organic solvent is the same as set
forth above. The immersing of the film may be carried out
at a temperature of about 20° C. to about 100° C., for
example, about 20° C. to about 90° C., about 20° C. to about
80° C., about 30° C. to about 50° C., or about 40° C. to about
50° C.

[0160] The quantum dot 10 may show improved hole
transporting properties and enhanced quantum yield. Thus,
a light emitting (e.g., electroluminescent) device including
the quantum dot of the embodiments in a light emitting layer
may show an improved electron-hole balance and increased
luminous properties. The electronic device including the
quantum dot of the embodiments may have a reduced
resistance, thereby having a lowered turn on voltage and an
increased power efficiency.

[0161] The quantum dot 10 of the embodiments may be
used in a light emitting device to improve the balance
between the electrons and the holes, which will be further
explained with reference of FIGS. 2A and 2B. FIGS. 2A and
2B are schematic diagrams that show an energy level of the
light emitting device including the quantum dot.

[0162] FIGS. 2A and 2B represent an energy level (eV)
with reference to a vacuum level (VL), and the term “work
function” means energy required to migrate a charge at a
Fermi level to a vacuum level (VL). The HOMO (highest
occupied molecular orbital) energy level of each layer is
represented as “H” and the LUMO (lowest unoccupied
molecular orbital) energy level is denoted as “L..”

[0163] The light emitting devices of FIGS. 2A and 2B
include a first electrode 21, a hole injection layer and a hole
transporting layer 22, a emissive layer 23, an electron
transport layer 24, and a second electrode 25.

[0164] With reference to FIGS. 2A and 2B, a hole is
injected from the first electrode 21 (e.g., indium tin oxide
(ITO) first electrode), passes the highest occupied molecular
orbital (HOMO) 22¢H of the hole injection layer (HIL) and
the HOMO 225H of the hole transport layer (HTL) (e.g.,
collectively 22H; in contrast to the lowest unoccupied
molecular orbital (LUMO) 224l of the HIL and the LUMO
2251, of the HTL, collectively 221), and reaches the HOMO
23H of the emissive layer 23, and the electron is injected
from the second electrode 25 (e.g., Ag second electrode),
passes the LUMO 24L of the electron transport layer (ETL)
(in contrast to the HOMO 24H of ETL), and reaches the
LUMO 23L of the emissive layer 23. The hole and the
electron are recombined at the emissive layer (e.g., QD
emissive layer). Conventional quantum dots tend to have a
low HOMO energy level 23H and thus the hole may have
difficulties in its move. However, the quantum dot including
the modifying ligand of the embodiments may have a
controlled (e.g., increased) HOMO energy level 23H to
improve the mobility of the hole.

[0165] In the light emitting device (e.g., diode) of the
embodiments, the emissive layer including the aforemen-
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tioned quantum dots (e.g., a plurality of the quantum dots)
are disposed between the anode and the cathode facing each
other.

[0166] In some embodiments, an anode disposed on a
transparent substrate may include a metal oxide transparent
electrode (e.g., ITO electrode) and a cathode facing the
anode may include a metal (Mg, Al, etc.) having a prede-
termined (e.g., relatively low) work function. For example,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate
(PEDOT:PSS) and/or a p-type metal oxide (, and/or TFB
and/or PVK) may be disposed between the transparent
electrode and the emission layer, as a hole injection layer
(and/or a hole transport layer HTL, respectively). An elec-
tron auxiliary layer (e.g., electron transport layer) may be
disposed between the quantum dot emissive layer and the
cathode (see FIG. 3).

[0167] A device according to an embodiment may have an
inverted structure.

[0168] Herein, a cathode disposed on a transparent sub-
strate may include a metal oxide transparent electrode (e.g,,
ITO, fluorine doped tin oxide (FTO)) and an anode facing
the cathode may include a metal (Au, Ag etc.) of a prede-
termined (e.g., relatively high) work function. For example,
an n-type metal oxide (ZnO) may be disposed between the
transparent electrode and the emissive layer as an electron
auxiliary layer (e.g., an electron transport layer). MoO, or
another p-type metal oxide may be disposed between the
metal anode and the quantum dot emission layer as a hole
auxiliary layer (e.g., a hole injection layer (see FIG. 4). The
TFB and/or the PVK may be disposed between the trans-
parent electrode and the emission layer as a hole transport
layer HTL.

[0169] Hereinafter, explanation regarding the light emit-
ting device of the embodiments and a display device includ-
ing the same will be provided with reference to FIG. 5 and
FIG. 6. FIG. 5 is a cross-sectional view of a light emitting
device according to an exemplary embodiment, and FIG. 6
is a cross-sectional view of a display device according to an
exemplary embodiment. Although the structure of the dis-
play device shown in FIG. 6 includes a driving thin film
transistor and a light emitting device, the structure of the
display device may further include a switching thin film
transistor, a signal line, and the like.

[0170] Referring to FIG. 5, the light emitting device
according to an exemplary embodiment may have a struc-
ture in which a first electrode 160, a hole auxiliary layer 172,
an emission layer 173, an electron auxiliary (e.g., transport)
layer 174, and a second electrode 180 are sequentially
stacked. A light emitting element layer 170 of FIG. 6, which
will be described below, includes the hole auxiliary layer
172, the emission layer 173, and the electron transport layer
174 of FIG. 5.

[0171] When the first electrode 160 is an anode, the first
electrode 160 may include a material having a high work
function for easy hole injection.

[0172] The first electrode 160 according to the exemplary
embodiment is a transparent electrode, and may be formed
of a conductive oxide such as indium tin oxide (ITO),
indium zinc oxide (IZO), zinc tin oxide (ZTO), copper
indium oxide (CIO), copper zinc oxide (CZ0), gallium zinc
oxide (GZ0O), aluminum zinc oxide (AZQO), tin oxide
(Sn0,), zinc oxide (ZnO), or a combination thereof, a metal
such as calcium (Ca), ytterbium (Yb), aluminum (Al), silver
(Ag), and magnesium (Mg), a conductive carbon such as
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graphene or carbon nanotubes, or a conductive polymer such
as PEDOT:PSS, for example, with a small thickness.
[0173] The first electrode 160 is not limited thereto and
may have a structure in which two or more layers are
layered.

[0174] The hole auxiliary layer 172 may be provided
between the first electrode 160 and the emission layer 173.
In this case, the hole auxiliary layer 172 may be a hole
injection layer facilitating the injection of the hole from the
first electrode 160 to the emissive layer 173 and/or a hole
transport layer facilitating the transport of the holes.
[0175] In addition, the hole auxiliary layer 172 may
include an electron blocking layer that block the move of the
electron.

[0176] The hole injection layer and/or the hole transport
layer may include for example poly(3,4-ethylenedioxythio-
phene):poly(styrenesulfonate (PEDOT:PSS), poly(9,9-dioc-
tyl-fluorene-co-N-(4-butylphenyl)-diphenylamine) (TFB),
polyarylamine, poly(N-vinylcarbazole) (PVK), polyaniline,
polypyrrole, N,N,N'N'-tetrakis(4-methoxypheny!)-benzi-
dine (TPD), 4, 4'-bis[N-(1-naphthyl)-N-phenyl-amino]bi-
phenyl (a-NPD), m-MTDATA (4,4',4"-Tris[phenyl(m-tolyl)
amino|triphenylamine), 4,4' 4"-tris(N-carbazolyl)-
triphenylamine (TCTA), 1,1-bis[ (di-4-toylamino)
phenyleyclohexane (TAPC), or a combination thereof, but is
not limited thereto.

[0177] InFIG. 5, the hole auxiliary layer 172 is formed as
a single layer, but it is not limited thereto and may include
a plurality of layers including at least two stacked layers.
[0178] The difference between the energy level of the hole
auxiliary layer and the energy level of the emissive layer
including a conventional quantum dot may be inappropriate
(e.g., the gap therebetween being too wide) and thus the hole
injection from the hole transport layer to the emissive layer
may not go smoothly, e.g., may lag. However, adopting the
quantum dot of the embodiments may make it possible to
control the energy level difference therebetween, thereby
facilitating the hole injection from the hole transport layer to
the emissive layer.

[0179] The facilitated hole injection may further improve
the balance between the electrons and the holes, both of
which are recombined in the emissive layer and this may in
turn enhance the stability and increase the luminous effi-
ciency of the light emitting device of the embodiments.
[0180] The emissive layer 173 may be disposed on the
hole auxiliary layer 172. The emissive layer 173 includes the
quantum dots of the foregoing embodiments. For example,
the emissive layer 173 may represent a basic color such as
blue, green, or red or a combined color thereof. The emissive
layer may be formed by preparing a dispersion including the
quantum dots dispersed in a solvent, applying the dispersion
via a spin coating, an ink jet coating, or a spray coating, and
drying the same. The emissive layer may have a thickness of
greater than or equal to about 5 nm, for example, from about
10 nm to about 100 nm, for example, from about 10 nm to
about 50 nm or about 15 nm to about 30 nm.

[0181] An electron auxiliary layer 174 may be disposed on
the emissive layer 173. The electron auxiliary layer 174 may
be disposed between the emissive layer 173 and the second
electrode 180. The electron auxiliary layer 174 may be an
electron injection layer facilitating the injection of the
electrons from the second electrode to the emissive layer
173 and/or an electron transport layer facilitating the trans-
port of the electrons.
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[0182] The electron auxiliary layer 174 may include a hole
blocking layer that blocks the holes.

[0183] The electron transport and/or injection layer may
include, for example, at least one of 1,4,5,8-naphthalene-
tetracarboxylic  dianhydride (NTCDA), bathocuproine
(BCP), tris[3-(3-pyridyl)-mesityl]borane (3TPYMB), LiF,
Alq,, Gaqs, Ings, Znq,, Zn(BTZ),, BeBq,, or a combination
thereof, but is not limited thereto.

[0184] The hole blocking layer may include, for example,
at least one of 1,4,5,8-naphthalene-tetracarboxylic dianhy-
dride (NTCDA), bathocuproine (BCP), tris[3-(3-pyridyl)-
mesityl[borane (3TPYMB), LiF, Alg;, Gaqs, Ing;, Zng,,
Zn(BT7),, BeBq,, or a combination thereof, but is not
limited thereto.

[0185] InFIG.5, the electron auxiliary layer 174 is formed
as a single layer, but it is not limited thereto and may include
a plurality of layers including at least two stacked layers.
[0186] The second electrode 180 is disposed on the elec-
tron auxiliary layer 174. In the light emitting device of the
embodiments, the first electrode 160 may be an anode, and
the second electrode 180 may be a cathode, but it is not
limited thereto. The first electrode 160 may be a cathode,
and the second electrode 180 may be an anode.

[0187] The second electrode 180 may be a transparent
electrode. The second electrode 180 may be formed of a
conductive oxide such as indium tin oxide (ITO), indium
zine oxide (1Z0), zinc tin oxide (ZTO), copper indium oxide
(CIO), copper zinc oxide (CZ0), gallium zinc oxide (GZ0),
aluminum zinc oxide (AZ0), tin oxide (SnO,), zinc oxide
(ZnO), or a combination thereof, a metal such as calcium
(Ca), ytterbium (Yb), aluminum (Al), silver (Ag), and
magnesium (Mg), a conductive carbon such as graphene or
carbon nanotubes, or a conductive polymer such as PEDOT:
PSS, with a small thickness.

[0188] Hereafter, in a non-limiting embodiment, a display
device including the foregoing light emitting device will be
described with reference to FIG. 6.

[0189] Referring to FIG. 6, a buffer layer 126 may be
provided on a substrate 123. The buffer layer 126 may
prevent permeation of an impurity, and may flatten the
surface of the substrate 123.

[0190] A semiconductor layer 137 may be provided on the
buffer layer 126. The semiconductor layer 137 may be
formed with a polycrystalline silicon.

[0191] The semiconductor layer 137 may include a chan-
nel region 135 that is not doped with an impurity, a source
region 134, and a drain region 136. The source region 134
and the drain region 136 are disposed at opposite sides of the
channel region 135, and each of the source region 134 and
the drain region 136 may be doped, respectively. Here, the
doped ion impurity may vary with the type of a thin film
transistor.

[0192] A gate insulating layer 127 may be provided on the
semiconductor layer 137, and a gate wire including a gate
electrode 133 may be provided on the gate insulating layer
127. In this case, the gate electrode 133 may be disposed to
overlap at least a part of the semiconductor layer 137,
particularly, the channel region 135.

[0193] An interlayer insulating layer 128 may be provided
on the gate insulating layer 127 and the gate electrode 133.
A first contact hole 1224 and a second contact hole 1225 that
overlap the source region 134 and the drain region 136 of the
semiconductor layer 137 may be provided in the gate
insulating layer 127 and the interlayer insulating layer 128.
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[0194] Data wires including a source electrode 131 and a
drain electrode 132 may be provided on the interlayer
insulating layer 128.

[0195] The source electrode 131 and the drain electrode
132 are respectively electrically connected with the source
region 134 and the drain region 136 of the semiconductor
layer 137 through the first contact hole 1224 and the second
contact hole 1225 respectively provided in the interlayer
insulating layer 128 and the gate insulating layer 127.
[0196] The aforementioned semiconductor layer 137, the
gate electrode 133, the source electrode 131, and the drain
electrode 132 may constitute a thin film transistor 130, but
the configuration of the thin film transistor 130 is not limited
to the aforementioned example, and may be variously modi-
fied as a known configuration which may be easily imple-
mented by those skilled in the art.

[0197] Next, a planarization layer 124 may be provided on
the interlayer insulating layer 128 and the data wire. The
planarization layer 124 may remove and/or planarized a
step, e.g., a height difference between the insulating layer
128 and the source electrode 131 and/or the drain electrode
132 included in the data wire, in order to increase emission
efficiency of the light emitting element to be provided
thereon.

[0198] The planarization layer 124 may have a third
contact hole 122¢ overlapping the drain electrode 132.
[0199] An exemplary embodiment is not limited to the
aforementioned structure, and in some cases, one of the
planarization layer 124 and the interlayer insulating layer
128 may be omitted.

[0200] Next, a first electrode 160 included in a light
emitting device 100 may be provided on the planarization
layer 124. The first electrode 160 may be a pixel electrode.
The first electrode 160 may be connected with the drain
electrode 132 through the third contact hole 122¢ of the
planarization layer 124.

[0201] A pixel defining layer 125 having an opening
overlapping the first electrode 160 may be provided on the
planarization layer 124. The light emitting element layer 170
may be provided for each opening that is included in the
pixel defining layer 125. That is, a pixel area in which each
light emitting element layer 170 is formed by the pixel
defining layer 125 may be defined.

[0202] The light emitting element layer 170 may be pro-
vided on the first electrode 160. As described with reference
to FIG. 5, the light emitting element layer 170 may include
the hole auxiliary layer 172, the emission layer 173, and the
electron auxiliary layer 174, its configuration is the same as
that described above, and the description thereof will be
omitted below.

[0203] The second electrode 180 may be provided on the
light emitting element layer 170. The second electrode 180
may be a common electrode. The first electrode 160, the
light emitting element layer 170, and the second electrode
180 may constitute the light emitting device 100.

[0204] The first electrode 160 and the second electrode
180 may be made of a transparent conductive material or a
transflective or reflective conductive material. Depending on
the types of the materials that form the first electrode 160
and the second electrode 180, the display device 200 may be
a top emission type, a bottom emission type, or a double-
sided emission type.

[0205] An overcoat 190 protecting the second electrode
180 may be provided on the second electrode 180.
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[0206] A thin film encapsulation layer 121 may be pro-
vided on the overcoat 190. The thin film encapsulation layer
121 may encapsulate and protect the light emitting device
and a circuit part (not shown) provided on the substrate 123
from the external environment.

[0207] The thin film encapsulation layer 121 may include
organic encapsulation layers 121a and 121¢ and inorganic
encapsulation layers 1216 and 1214 which are alternately
laminated. In FIG. 2, for example, a case where two organic
encapsulation layers 121a and 121c¢ and two inorganic
encapsulation layers 1215 and 1214 are alternately lami-
nated to configure the thin film encapsulation layer 121 is
illustrated, but it is not limited thereto, and the structure of
the thin film encapsulation layer 121 can be variously
modified as necessary.

[0208] Hereinafter, the embodiments are illustrated in
more detail with reference to examples. However, the pres-
ent disclosure is not limited thereto.

EXAMPLES
Analysis Method

[1] Photoluminescence Analysis

[0209] A Hitachi F-7000 spectrometer is used to perform
a photoluminescence spectrum analysis with irradiation
light of 458 nanometers (nm) (532 nm for red QD). The
photoluminescence spectrum of the quantum dots is
obtained.

[2] Quantum Yield

[0210] The quantum yield is obtained by dividing the
number of the photons emitted from the sample by the
number of the photons absorbed by the sample. The quan-
tum yield is measured by using HAMAMATSU-Quantau-
rus-QY, C11347 (purchased from Hamamatsu Co., Ltd.)
with respect to a quantum dot containing composition or a
quantum dot polymer composite.

[3] Thermogravimetric Analysis

[0211] A thermogravimetric analysis is carried out by
using TA Q5000 (Q5000IR) (manufactured from TA instru-
ments Co. Ltd.)

[4] XPS Analysis

[0212] Quantum 2000 made by Physical Electronics, Inc.
is used to perform an XPS element analysis under a condi-
tion of an acceleration voltage: 0.5-15 kiloelectron volts
(keV), 300 watts (W), and a minimum analysis area: 200x
200 micrometers squared (um?).

[5] Electroluminescence Analysis

[0213] An electroluminescent spectrum is obtained by
using a current-voltage (IV) tester 2635B manufactured by
Keithley Co., Ltd. and CS-2000A of Konica Minolta Co.,
Ltd.

[6] Gas Chromatography Mass Spectrometry (GC-MS)

[0214] A GC-MS analysis is made using Agilent 7890A
GC system manufactured by Agilent Technologies Co. Ltd.
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Preparation of Quantum Dots

Reference Example 1

[0215] [1] Preparation of InP Core

[0216] 0.4 millimoles (mmol) of indium acetate, 1.2 mmol
of palmitic acid, and 10 milliliters (mL) of trioctylamine are
placed in a flask, subjected to a vacuum state at 120° C. for
one hour (h), and heated to 280° C. after the atmosphere in
the flask is exchanged with N,. Then, a solution including
0.2 mmol of tris(trimethylsilyl)phosphine (TMS;P) is
quickly injected, and the reaction proceeds for a predeter-
mined time. The resulting solution is then rapidly cooled to
room temperature and acetone is added thereto to make a
precipitation, which is then separated by centrifugation and
dispersed in toluene.

[0217] [2] Preparation of InP/ZnSeS Core/Shell Quantum
Dot Emitting Red Light (RQD)

[0218] 0.9 mmol of zinc acetate, 1.8 mmol of oleic acid,
and 10 mL of trioctylamine are placed in a flask, subjected
to a vacuum state at 120° C. for 10 minutes, and then heated
to 280° C. after the atmosphere in the flask is exchanged
with N,. Then, a toluene dispersion of the InP core nanoc-
rystals prepared as described above (OD=optical density of
1* excitonic absorption, OD=0.45) is quickly injected and
then 0.6 mmol Se/trioctylphosphine (TOP) (i.e., Se dis-
persed in TOP) and 0.2 mmol S/TOP (i.e., S dispersed in
TOP) are added to the flask, and then the reaction proceeds
for 120 minutes. After the completion of the reaction, the
reaction solution is quickly cooled to room temperature and
ethanol is added thereto to make a precipitation, which is
then centrifuged to obtain quantum dots, and the quantum
dots are redispersed in toluene. The prepared InP/ZnSeS
quantum dots have a PL peak wavelength of about 630 nm
and a quantum yield of about 60%.

Reference Example 2

[0219] [1] Preparation of InZnP Core

[0220] 0.6 mmol of indium acetate, 1.8 mmol of palmitic
acid, 0.3 mmol of zinc oleate, and 10 milliliters (mL) of
trioctylamine are placed in a flask, subjected to a vacuum
state at 120° C. for one hour, and heated to 280° C. after the
atmosphere in the flask is exchanged with N,. Then, a
solution including 0.3 mmol of tris(trimethylsilyl)phosphine
(TMS,P) is quickly injected, and the reaction proceeds for
a predetermined time. The resulting solution is then rapidly
cooled to room temperature and acetone is added thereto to
make a precipitation, which is then separated by centrifu-
gation and dispersed in toluene.

[0221] [2] Preparation of InZnP/ZnSeS Core/Shell Quan-
tum Dot Emitting Green Light (GQD)

[0222] 0.9 mmol of zinc acetate, 1.8 mmol of oleic acid,
and 10 mL of trioctylamine are placed in a flask, subjected
to a vacuum state at 120° C. for 10 minutes, and then heated
to 280° C. after the atmosphere in the flask is exchanged
with N,. Then, a toluene dispersion of the InZnP core
nanocrystal prepared as described above (OD=optical den-
sity of 1°* excitonic absorption, OD=0.45) is quickly injected
and then 0.6 mmol Se/TOP and 0.2 mmol S/TOP are added
to the flask, and then the reaction proceeds for 120 minutes.
After the completion of the reaction, the reaction solution is
quickly cooled to room temperature and ethanol is added
thereto to make a precipitation, which is then centrifuged to
obtain quantum dots, and the quantum dots are redispersed
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in toluene or chloroform. The prepared InZnP/ZnSeS quan-
tum dots have a PL peak wavelength of about 530 nm and
a quantum yield of about 60%.

Reference Example 3

[0223]

[0224] A 2 M Se/TOP stock solution containing selenium
in trioctylphosphine (TOP) is prepared. In a 400 mL reaction
flask, a trioctylamine solution including 0.125 mmol of zinc
acetate and 0.25 mmol of palmitic acid is prepared and then
heated under a vacuum at 120° C. After one hour, an
atmosphere in the reactor is replaced with nitrogen.

[0225] After being heated at 300° C., the prepared Se/TOP
stock solution is rapidly injected and the reaction process for
one hour. After the reaction, the resulting solution is then
cooled to room temperature and acetone is added thereto to
make a precipitation, which is then separated by centrifu-
gation and dispersed in toluene.

[0226] [2] Preparation of ZnSe Based Core/ZnSeS Shell
(Hereinafter Also Referred to ZnSe/ZnSeS Quantum Dot)
Emitting Blue Light (BQD)

[0227] 0.9 mmol of zinc acetate, 1.8 mmol of oleic acid,
and 10 mL of trioctylamine are placed in a flask, subjected
to a vacuum state at 120° C. for 10 minutes, and then heated
to 280° C. after the atmosphere in the flask is exchanged
with N,. Then, a toluene dispersion of the ZnSe core
nanocrystal prepared as described above (OD=optical den-
sity of 1* excitonic absorption, OD=0.45) is quickly injected
and then 0.6 mmol Se/TOP and 0.2 mmol S/TOP are added
to the flask, and then the reaction proceeds for 120 minutes.
After the completion of the reaction, the reaction solution is
quickly cooled to room temperature and ethanol is added
thereto to make a precipitation, which is then centrifuged to
obtain quantum dots, and the quantum dots are redispersed
in toluene or chloroform. The prepared ZnSe/ZnSeS quan-
tum dots have a PL peak wavelength of about 450 nm and
a quantum yield of about 60%.

[1] Preparation of ZnSe Based Core

Preparation Example 1: Synthesis and
Characterization of ZA-DDT Exchanged RQD and
GQD

[0228] [1] To 100 g of the InP/ZnSeS red light emitting
quantum dot (RQD) solution of Reference Example 1 or the
InZnP/ZnSeS green light emitting quantum dot (GQD)
solution of Reference Example 2 (quantum dot amount: 1.5
2), 0.2 g of zinc acrylate (ZA) and 1.4 g of dodecanethiol
(DDT) are added. The obtained reaction solution is stirred at
40° C. for 30 minutes.

[0229] After the stirring, a non-solvent is added to the
reaction solution to precipitate quantum dots, which is then
centrifuged to provide a quantum dot surface exchanged
with the zinc acrylate and the dodecanethiol (hereinafter,
ZA-DDT RQD or ZA-DDT GQD). The ZA-DDT RQD or
the ZA-DDT GQD is re-dispersed in chloroform.

[0230] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZA-DDT RQD and the
obtained ZA-DDT GQD. The results confirm that most of
the original surface ligand (i.e., the oleic acid) of the
as-synthesized quantum dot is replaced with the zinc acry-
late (ZA) and the dodecanethiol (DDT).
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Preparation Example 2: Synthesis and
Characterization of ZnCl-OT Exchanged RQD and
GQD

[0231] The surface exchange treatment is conducted in the
same manner as set forth in Preparation Example 1 except
for using zinc chloride (ZnCl,, hereinafter ZnCl) instead of
the zinc acrylate and using octanethiol instead of the dode-
canethiol to obtain a quantum dot surface exchanged with
the zinc chloride and the octanethiol (hereinafter, ZnCI1-OT
RQD and ZnCI-OT GQD). The surface exchanged quantum
dot as obtained is re-dispersed in chloroform.

[0232] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZnCIl-OT RQD and the
obtained ZnCI-OT GQD. The results confirm that most of
the original surface ligand (i.e., the oleic acid) of the
as-synthesized quantum dot is replaced with the zinc chlo-
ride (ZnCl) and the octanethiol (OT).

Preparation Example 3: Synthesis and
Characterization of ZA-DDT Exchanged BQD

[0233] [1] To 100 g of the ZnSe/ZnSeS blue light emitting
quantum dot (BQD) solution of Reference Example 3 (quan-
tum dot amount: 1.5 g), 0.2 g of zinc acrylate (ZA) and 1.4
¢ of dodecanethiol (DDT) are added. The obtained reaction
solution is stirred at 40° C. for 30 minutes.

[0234] After the stirring, a non-solvent is added to the
reaction solution to precipitate quantum dots, which is then
centrifuged to provide a blue light emitting quantum dot
surface exchanged with the zinc acrylate and the dode-
canethiol (hereinafter, ZA-DDT BQD). The ZA-DDT BQD
is re-dispersed in chloroform.

[0235] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZA-DDT BQD. The
results confirm that most of the original surface ligand (i.e.,
the oleic acid) of the as-synthesized quantum dot is replaced
with the zinc acrylate (ZA) and the dodecanethiol (DDT).

Preparation Example 4: Synthesis and
Characterization of ZnCl-OT Exchanged BQD

[0236] The surface exchange treatment is conducted in the
same manner as set forth in Preparation Example 3 except
for using zinc chloride (ZnCl,, hereinafter ZnCl) instead of
the zinc acrylate and using octanethiol instead of the dode-
canethiol to obtain a blue light emitting quantum dot surface
exchanged with the zinc chloride and the octanethiol (here-
inafter, ZnCl-OT BQD). The surface exchanged quantum
dot as obtained is re-dispersed in chloroform.

[0237] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZnCl-OT BQD. The
results confirm that most of the surface ligand (i.e., the oleic
acid) of the as-synthesized quantum dot is replaced with the
zine chloride (ZnCl) and the octanethiol (OT).

Preparation Example 5-1: Synthesis and
Characterization of ZnCI-DDT Exchanged BQD-1

[0238] [1] The surface exchange treatment is conducted in
the same manner as set forth in Preparation Example 3
except for using zinc chloride (ZnCl,, hereinafter ZnCI)
instead of the zinc acrylate to obtain a blue light emitting
quantum dot surface exchanged with the zinc chloride and
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the dodecanethiol (hereinafter, ZnCl-DDT BQD-1). The
surface exchanged quantum dot as obtained is re-dispersed
in chloroform.

[0239] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZnCI-DDT BQD-1. The
results confirm that most of the original surface ligand (i.e.,
the oleic acid) of the as-synthesized quantum dot is replaced
with the zinc chloride (ZnCl) and the dodecanethiol (DDT).

Preparation Example 5-2: Synthesis and
Characterization of ZnCl-DDT Exchanged BQD-2

[0240] [1] The surface exchange treatment is conducted
twice in the same manner as set forth in Preparation
Example 3 except for using zinc chloride (ZnCl,, hereinafter
7nCl) instead of the zinc acrylate to obtain a blue light
emitting quantum dot surface exchanged with the zinc
chloride and the dodecanethiol (hereinafter, ZnCIl-DDT
BQD-2). The surface exchanged quantum dot as obtained is
re-dispersed in chloroform.

[0241] [2] A thermogravimetric analysis and a GC-Mass
analysis are made for the obtained ZnCI-DDT BQD-2. The
results confirm that most of the original surface ligand (i.e.,
the oleic acid) of the as-synthesized quantum dot is replaced
with the zinc chloride (ZnCl) and the dodecanethiol (DDT).
[0242] [3] The quantum yield of the obtained ZnCl-DDT
BQD-2 is about 90% as measured.

Comparative Preparation Example 1: DDT
Exchanged RQD

[0243] To 100 g of the InP/ZnSeS red light emitting
quantum dot (RQD) solution of Reference Example 1, 2 g of
dodecanethiol (DDT) is added and the obtained reaction
solution is stirred at 40° C. for 30 minutes.

[0244] After the stirring, a non-solvent is added to the
reaction solution to precipitate quantum dots, which is then
centrifuged to provide a red light emitting quantum dot
surface exchanged with the dodecanethiol (hereinafter, DDT
RQD). The DDT RQD thus obtained is re-dispersed in
chloroform.

Comparative Preparation Example 2: DDT
Exchanged BQD

[0245] The surface exchange treatment is conducted in the
same manner as set forth in Preparation Example 3 except
for not using the zinc acrylate and only adding 2 g of
dodecanethiol to 100 g of the ZnSe/ZnSeS blue light emit-
ting quantum dot (BQD) to obtain a blue light emitting
quantum dot surface exchanged with the dodecanethiol
(hereinafter, DDT BQD). The surface exchanged quantum
dot as obtained is re-dispersed in chloroform.

Comparative Preparation Example 3: OT
Exchanged BQD

[0246] The surface exchange treatment is conducted in the
same manner as set forth in Preparation Example 3 except
for not using the zinc acrylate and the DDT and adding 2 g
of octanethiol to 100 g of the ZnSe/ZnSeS blue light
emitting quantum dot (BQD) to obtain a blue light emitting
quantum dot surface exchanged with the octanethiol (here-
inafter, OT BQD). The surface exchanged quantum dot as
obtained is re-dispersed in chloroform.
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Experimental Example 1: Dispersion Stability in
Cyclohexane 1

[0247] The quantum dots of Reference Example 1 and the
surface exchanged red-light emitting quantum dots obtained
in Preparation Example 1 (i.e., ZA-DDT RQD) are separated
and dispersed in cyclohexane, respectively to obtain quan-
tum dot dispersion A including the quantum dots having the
oleic acid as a surface ligand (hereinafter OA RQD) and
quantum dot dispersion B including the ZA-DDT RQD.
[0248] The relative ratios of the photoluminescence (PL)
quantum yield (PLQY) of each of quantum dot dispersion A
(containing the OA RQD) and quantum dot dispersion B
(containing the ZA-DDT RQD) are measured with respect to
the PLQY of the quantum dot chloroform dispersion of
Reference Example 1 (the crude solution), respectively. The
results are shown in FIG. 7. The results of FIG. 7 confirm
that quantum dot dispersion B including the surface
exchanged quantum dot may have a quantum yield increased
by 24% and 28% in comparison with the crude solution and
quantum dot dispersion A, respectively.

Experimental Example 2: Dispersion Stability in
Cyclohexane 11

[0249] Each of the quantum dots of Reference Example 3
and the surface exchanged blue-light emitting quantum dots
obtained in Preparation Example 5-1 (i.e., ZnCI-DDT BQD-
1) is separated and dispersed in cyclohexane, respectively, to
obtain a quantum dot dispersion. The prepared quantum dot
dispersion is left in air at room temperature and the changes
of the quantum yield of the dispersion are observed. The
results are shown in FIG. 8. The results of FIG. 8 confirmed
that the surface exchanged quantum dot of Preparation
Fxample 5-1 may have improved stability.

Fxperimental Example 3: XPS Analysis

[0250] An XPS analysis is made for the quantum dot of
Reference Example 3 including the oleic acid as a surface
ligand, the quantum dot of Preparation Example 4 (surface
exchanged with ZnCl, and the octanethiol), and the quantum
dot of Comparative Preparation Example 3 (surface
exchanged with the octanethiol), respectively. The results
are shown in Table 1.

TABLE 1
S2p Cl2p Zn2p3
Reference Example 3 5.35 — 11.85
Comparative Preparation 6.3 — 11.03
Example 3
Preparation Example 4 7.97 2.9 14.94
[0251] The results of Table 1 confirm that the quantum dot

surface exchanged with the zinc chloride and the octanethiol
has an increased ratio of the zinc, the sulfur, and the
chlorine.

Experimental Example 4: TGA Analysis

[0252] An TGA analysis is made for the quantum dot of
Reference Example 3 including the oleic acid as a surface
ligand and the quantum dot of Preparation Example 5-1
(surface-exchanged with ZnCl, and the dodecanethiol),
respectively. The results are shown in FIG. 9 and FIG. 10.
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[0253] The results of FIG. 9 and FIG. 10 confirm that
when the surface ligand oleic acid is replaced with the zinc
chloride and the dodecanethiol, the amount of the organic
substance included in the quantum dot may substantially
change. In the thermogravimetric curve of the quantum dot
of Preparation Example 5-1, the intensity of the peak attrib-
uted to the decomposition of the oleic acid at a temperature
of greater than or equal to about 400° C. is significantly
decreased while the intensity of the peak attributed to the
decomposition of the dodecanethiol at a temperature of
about 300° C. to 400° C. is sharply increased. In addition,
the results may imply that the amount of the oleic acid
included in the quantum dot of Preparation Example 5-1 is
less than or equal to about 1 wt % based on the total weight
of the quantum dot.

Preparation of Light Emitting Device

Comparative Example 1

[0254] A light emitting device is fabricated by using the
quantum dot of Reference Example 1 including the oleic
acid as a surface ligand (hereinafter, the OA-RQD). The ITO
electrode (cathode) is vapor deposited on a substrate and a
Zn0 layer is formed as an electron transport layer thereon.
The quantum dot solution obtained in Reference Example 1
is spin-coated thereon to form an emissive layer having a
thickness of about 15 nm.

[0255] A TFB layer and a PEDOT:PSS layer are spin-
coated on the emissive layer as a hole transport layer and a
hole injection layer, respectively, and a silver (Ag) electrode
1s vapor-deposited on the PEDOT:PSS layer to obtain a light
emitting device.

Comparative Example 2

[0256] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 1 except for
using the surface exchanged quantum dot (DDT RQD)
prepared in Comparative Preparation Example 1 instead of
the OA-RQD.

Example 1

[0257] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 1 except for
using the surface exchanged quantum dot (ZA-DDT RQD)
prepared in Preparation Example 1 instead of the OA-RQD.

Comparative Example 3:
ITO/PEDOT:PSS/TFB/QD Layer/ET204:Liq;
Lig/Al

[0258] A light emitting device is fabricated by using the
quantum dot of Reference Example 3 (i.e., the OA-BQD).
The ITO electrode (anode) is vapor deposited on a substrate
and a PEDOT:PSS layer and a TFB layer are formed in this
order as a hole injection layer and a hole transport layer on
the ITO electrode, respectively. On the TFB layer, the
quantum dot solution including the quantum dot of Refer-
ence Example 3 (i.e., the OA-BQD) is spin-coated to form
an emissive layer having a thickness of about 15 nm.

[0259] On the emissive layer, a ET204 (i.e., 8-(4-(4,6-di
(naphthalen-2-y1)-1,3,5-triazin-2-yl)phenyl)quinolone):

lithium-8-hydroxy-quinolinolate (Liq) layer and a Liq layer
are formed in this order as an electron transport layer,
respectively, via vapor deposition and a silver (Ag) electrode
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(cathode) is vapor-deposited on the electron transport layer
to obtain a light emitting device.

Example 2

[0260] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 3 except for
using the surface exchanged quantum dot (ZnC1l-DDT BQD-
1) prepared in Preparation Example 5-1 instead of the
OA-BQD.

Example 3

[0261] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 3 except for
using the surface exchanged quantum dot (ZnCIl-DDT BQD-
2) prepared in Preparation Example 5-2 instead of the
OA-BQD.

Example 4

[0262] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 3 except for
using the surface exchanged quantum dot (ZnCI-OT BQD)
prepared in Preparation Example 4 instead of the OA-BQD.

Example 5

[0263] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 3 except for
using the surface exchanged quantum dot (ZA-DDT BQD)
prepared in Preparation Example 1 instead of the OA-BQD.

Comparative Example 4

[0264] A light emitting device is fabricated in the same
manner as set forth in Comparative Example 3 except for
using the surface exchanged quantum dot (DDT BQD)
prepared in Comparative Preparation Example 2 instead of
the OA-BQD.

Reference Example 4: Fabrication of Hole Only
Device (HOD)

[0265] A hole only device (HOD) (ITO/PEDOT:PSS/QD
emissive layer/PEDOT:PSS/AI) is fabricated in the follow-
ing manner. An ITO patterned substrate is subject to a
ultraviolet-ozone (UVO) surface treatment and a PEDOT:
PSS layer (a hole transport layer) is spin-coated thereon to
have a thickness of about 40 nm and then heat-treated to
remove a remaining organic matter. A quantum dot disper-
sion is spin-coated thereon to form an emissive layer with a
thickness of about 35 to 40 nm, which is then heat-treated to
remove a remaining organic matter. On the emissive layer,
another PEDOT:PSS layer is formed via a spin-coating
method to have a thickness of about 40 nm as a hole
transport layer then heat-treated to remove a remaining
organic matter. Under a mask, aluminum (Al) is thermal-
deposited on the hole transport layer to form an electrode.
Using an encapsulating resin/glass, the resulting structure is
encapsulated.

Reference Example 5: Fabrication of Electron Only
Device (EOD)

[0266] An electron only device (EOD) (ITO/ZnO/QD
emissive layer/ET204:Lig/Al) is fabricated in the following
manner. An [TO patterned substrate is subject to a UVO
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surface treatment and a ZnO layer (an electron transport
layer) is formed to have a thickness of about 40 nm via
spin-coating. A quantum dot dispersion is spin-coated
thereon to form an emissive layer with a thickness of about
35 to 40 nm, which is then heat-treated to remove a
remaining organic matter. On the emissive layer, a ET204:
Liq layer is formed via vapor deposition to have a thickness
of about 40 nm as an electron transport layer. Under a mask,
an aluminum (Al) is thermal-deposited on the ET204:Liq
layer to form an electrode. Using an encapsulating resin/
glass, the resulting structure is encapsulated.

Evaluation of the Properties of the Light Emitting
Device

Experimental Example 5

[0267] A voltage of 0 to 7 volts (V) is applied to each of
the light emitting devices of Comparative Example 1, Com-
parative Example 2, and Example 1 to measure the elec-
troluminescent properties (i.e., the current efficiency and the
current-voltage characteristics) of the device. The results are
shown in FIG. 11 and FIG. 12.

[0268] The results of FIG. 11 confirm that the light emit-
ting device of Example 1 may have significantly improved
current density in comparison with the devices of Compara-
tive Examples 1 and 2. The results of FIG. 12 confirm that
the light emitting device of Example 1 may have a turn on
voltage that is significantly lower than that of the device of
Comparative Example 1.

Experimental Example 6

[0269] A voltage of 0 to 7 V is applied to each of the light
emitting device of Comparative Example 3 and Example 3
to measure the electroluminescent properties (i.e., max EQE,
EQE at 100 nit, voltage V (at 5 milliamps (mA)), and
Maximum brightness) of the device. The results are shown
in Table 2.

TABLE 2
solution EQE EQE voltage V Max.
Device # PLQY (Max.) (100 nit) (at 5> mA) Brightness
Comparative 60% 1.1% 0.8% 4.8 ~1000 nits
Example 3
Example 3 90% 6.0% 6.0% 37 ~2000 nits

nit: candela per square meter (Cd/mz)

[0270] The results of Table 2 confirm that the device of
Example 3 may have significantly improved electrolumi-
nescent properties in comparison with the device of Com-
parative Example 3 that includes the quantum dots without
being surface-exchanged.

Experimental Example 7

[0271] Three hole only devices (HODs) are fabricated in
the same manner as set forth in Reference Example 4 by
using the quantum dots of Reference Example 1 (InP/ZnSeS
RQD), the quantum dots of Comparative Preparation
Example 1 (DDT-RQD), and the quantum dots of Prepara-
tion Example 1 (ZA-DDT RQD), respectively.

[0272] For each of the HODs, a current density is mea-
sured while a voltage of 5V is applied thereto and the results
are shown in FIG. 13. The results of FIG. 13 confirm that the
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quantum dots of Preparation Example 1 may have a signifi-
cantly improved hole transport (HT) property.

Experimental Example 8

[0273] [1] Two hole only devices (HODs) are fabricated in
the same manner as set forth in Reference Example 4 by
using the quantum dots of Reference Example 3 (ZnSe/
ZnSeS BQD) and the quantum dots of Preparation Example
5-1 (ZnCl-DDT BQD-1), respectively. For each of the
HODs, a current density is measured while a voltage of 5V
is applied thereto and the results are shown in FI1G. 14. The
results of FIG. 14 confirm that the surface exchanged
quantum dots of Preparation Example 5-1 may have a
significantly improved hole transport (HT) property.

[0274] [2] Two electron only devices (EODs) are fabri-
cated in the same manner as set forth in Reference Example
5 by using the quantum dots of Reference Example 3
(ZnSe/ZnSeS BQD) and the quantum dots of Preparation
Example 5-1 (ZnCIl-DDT BQD-1), respectively. For each of
the EODs, a current density is measured while a voltage of
5V is applied thereto and the results are shown in FIG. 15.
The results of FIG. 15 confirm that the surface exchanged
quantum dots of Preparation Example 5-1 may have a
significantly improved electron transport (ET) property.

[0275] [3] The results of the foregoing HT and ET prop-
erties indicate that the surface exchanged quantum dots of
Preparation Example 5-1 may contribute to the improvement
on the hole-electron balance in an electroluminescent
device.

Experimental Example 9

[0276] FEach of the devices of Comparative Example 3 and
Example 2 is operated at a predetermined current density to
obtain an electroluminescent spectrum. The device of Com-
parative Example 3 includes the ZnSe/ZnSeS BQD of
Reference Example 3 having the oleic acid as a surface
ligand while the device of Example 2 includes the surface
exchanged quantum dots of Reference Example 5-1 (ZnCl-
DDT BQD-1). The results are shown in FIG. 16. The results
of FIG. 16 confirm that the device of Comparative Example
3 shows an electroluminance due to the electron-hole recom-
bination occurring at the interface between the hole transport
layer (TFB) and the quantum dot while the device of
Example 2 does not include an electroluminance due to the
electron-hole recombination occurring at the interface.
Without wishing to be bound by any theory, in the case of
the device of Example 2, the ligand exchange moves the
position of the recombination between the electron and the
hole into the quantum dot, and thereby only the light
emission due to the quantum dot occurs.

Experimental Example 10: Lifetime Evaluation of
the Device

[0277] Lifetime evaluation is made for the devices of
Comparative Example 3 and Example 2 in the following
mannet.

[0278] The device is placed in a jig under a dark environ-
ment and a constant current that may achieve an initial
brightness of 100 nits is applied to the device that are further
equipped with a photo-diode and a 1V tester. Using the
photodiode and the IV tester, the changes in the brightness
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(i.e., the photocurrent) and the voltage of the device are
observed over the time and the results are shown in FIG. 17
and FIG. 18, respectively.

[0279] The results of FIG. 17 and FIG. 18 confirm that the
device of Example 2 shows a higher stability than the device
of Comparative Example 3.

Experimental Example 11: Determination of
HOMO Level

[0280] [1] For the quantum dots of Preparation Example 4
(ZnCl-OT BQD) and Comparative Preparation Example 3
(OT-BQD), the HOMO level of the quantum dots are
measured by using an atmospheric pressure photoelectron
spectrometer AC3 (manufactured by Riken Keiki Co., Ltd.).
The results confirm that the HOMO level of the quantum
dots of Preparation Example 4 (ZnCI-OT BQD) has a
HOMO level of about 5.7 electronvolts (eV) while the
HOMO level of the quantum dots of Comparative Prepara-
tion Example 3 (OT-BQD) has a HOMO level of about 5.3
eV. Without wishing to be bound by any theory. the quantum
dots included in the device of the Example have a controlled
HOMO level and thereby may show an improved injection
efficiency, which may cause improved electroluminescent
properties of the device.

[0281] [2] For the quantum dots of Preparation Example
5-1 (ZnC1-DDT BQD-1) and Reference Example 3 (Zn(Te)
Se/ZnSeS BQD with the oleic acid), the HOMO level of the
quantum dots are measured by using an atmospheric pres-
sure photoelectron spectrometer AC3 (manufactured by
Riken Keiki Co., Ltd.). The results confirm that the HOMO
level of the quantum dots of Preparation Example 5-1
(ZnCIl-DDT BQD-1) is about 5.9 eV while the HOMO level
of the quantum dots of Reference Example 3 (OA-BQD) is
about 5.4 eV.

Experimental Example 12: Evaluation of the
Electroluminescence (EL) Properties of the Devices

[0282] A voltage of 0to 7 V is applied to each of the light
emitting device of Comparative Example 4, Example 2, and
BExample 4 to measure the electroluminescent properties
(i.e., max EQE, EQE at 100 nit, voltage V (at 5 mA), and
Maximum brightness) of the device. With respect to those of
the EL properties of the devices of Comparative Example 4,
the relative ratios of the EL properties of the devices of
Examples 2 and 4 are calculated and compiled in Table 3.

TABLE 3
Relative Relative ratio  Relative
ratio of of voltage (V)  ratio of
Surface Maximum @ 5 milliamps brightness
Device # Ligand EQE (mA) @ 5 mA
Comp. DDT only 100% 100% 100%
Example
4
Example ZnCI2 + 254% 78% 462%
2 DDT One time
of surface
exchange
Example ZA + DDT 95% 80% 168%
5
[0283] The results of Table 3 confirm that the devices of

Examples 2 and 5 may have significantly improved elec-
troluminescent properties in comparison with the device of
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Comparative Example 4 that includes the quantum dots
surface-exchanged only with the DDT.

[0284] While this disclosure has been described in con-
nection with what is presently considered to be practical
exemplary embodiments, it is to be understood that the
invention is not limited to the disclosed embodiments, but,
on the contrary, is intended to cover various modifications
and equivalent arrangements included within the spirit and
scope of the appended claims.

What is claimed is:

1. A light emitting device comprising:

a first electrode and a second electrode facing each other,

and

a light emitting layer disposed between the first electrode

and the second electrode and comprising a quantum
dot,

wherein the quantum dot comprises a semiconductor

nanocrystal and a ligand bound to a surface of the
semiconductor nanocrystal, and

wherein the ligand comprises an organic thiol ligand or a

salt thereof and a polyvalent metal compound compris-
ing a metal comprising Zn, In, Ga, Mg, Ca, Sc, Sn, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, Sr, Y, Zr, Nb, Mo, Cd, Ba,
Au, Hg, T, or a combination thereof.

2. A light emitting device of claim 1, wherein the quantum
dot comprises a core comprising a first semiconductor
nanocrystal and a shell disposed on the core and comprising
a second semiconductor nanocrystal.

3. A light emitting device of claim 2, wherein the first
semiconductor nanocrystal and the second semiconductor
nanocrystal are the same or different, and are independently
a Group 1I-VI compound, a Group III-V compound, a Group
IV-VI compound, a Group IV element or compound, a
Group I-111I-VI compound, a Group I-II-IV-VI compound, or
a combination thereof.

4. A light emitting device of claim 1, wherein the organic
thiol ligand or a salt thereof comprises a compound repre-
sented by Chemical Formula 1:

[Rl+kl_Ll+Y17(SR)]kZ

wherein,

R! is hydrogen, a substituted or unsubstituted C1 to C40
linear or branched alkyl group, a C1 to C40 linear or
branched alkenyl group, a substituted or unsubstituted
C6 to C30 aryl group, a substituted or unsubstituted C7
to C30 arylalkyl group, a substituted or unsubstituted
C3 to C30 heteroaryl group, a substituted or unsubsti-
tuted C4 to C30 heteroarylalkyl group, a substituted or
unsubstituted C3 to C30 cycloalkyl group, a substituted
or unsubstituted C2 to C30 heterocycloalkyl group, a
C1 to C10 alkoxy group, a hydroxy group, —NH,, a
substituted or unsubstituted C1 to C30 amine group
(—NRR', wherein R and R' are the same or different,
and are independently hydrogen or a C1 to C30 linear
or branched alkyl group, and provided that R and R' are
not hydrogen simultaneously), an isocyanate group, a
halogen, —ROR' (wherein R is a substituted or unsub-
stituted C1 to C20 alkylene group and R' is hydrogen
or a C1 to C20 linear or branched alkyl group), an acyl
halide (—RC(=0)X, wherein R is a substituted or
unsubstituted C1 to C20 alkylene group and X is a
halogen), —C(—0O)OR' (wherein R' is hydrogen or a
C1 to C20 linear or branched alkyl group), —CN,
—C(=O0O)NRR' (wherein R and R' are the same or

Chemical Formula 1
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different, and are independently hydrogen or a C1 to
C20 linear or branched alkyl group), —C(—O)ONRR'
(wherein R and R' are the same or different, and are
independently hydrogen or a Cl1 to C20 linear or
branched alkyl group) or a combination thereof,

L, is a carbon atom, a nitrogen atom, a substituted or
unsubstituted C1 to C30 alkylene group, a substituted
or unsubstituted C2 to C30 alkenylene group, a sub-
stituted or unsubstituted C3 to C30 cycloalkylene
group, a substituted or unsubstituted C2 to C30 hetero-
cycloalkylene group, a substituted or unsubstituted C6
to C30 arylene group, a substituted or unsubstituted C3
to C30 heteroarylene group, or a substituted or unsub-
stituted C2 to C30 alkylene group or a substituted or
unsubstituted C3 to C30 alkenylene group wherein at
least one methylene (—CH,—) is replaced with sulfo-
nyl (—S(=0),—), carbonyl (—C(=0)—), ether
(—0—), sulfide (—S—), sulfoxide (—S(=0)—),
ester (—C(=0)0—), amide (—C(=0)NR—)
(wherein R is hydrogen or a C1 to C10 alkyl group), or
a combination thereof,

Y, is a single bond, —C(=—S)—, a substituted or unsub-
stituted C1 to C30 alkylene group, a substituted or
unsubstituted C2 to C30 alkenylene group, or a C2 to
C30 alkylene group or a C3 to C30 alkenylene group
wherein at least one methylene (—CH,—) is replaced
by sulfonyl (—S(—0),—), carbonyl (—C(—0)—),
ether (—O—), sulfide (—S—), sulfoxide (—S
(=0)—), ester (—C(—0)0—), amide (—C(—O0)
NR—) (wherein R is hydrogen or a C1 to C10 linear or
branched alkyl group), imine (—NR—) (wherein R is
hydrogen or a C1 to C10 linear or branched alkyl
group), or a combination thereof,

R is hydrogen or a monovalent metal,

k1 is 0 or an integer of 1 or more,

k2 is 1 or 2 wherein when the k2 is 2, the Y| is a single
bond and the two SR moieties are bonded to adjacent
two carbon atoms in the L, moiety, respectively, pro-
vided that a sum of k1l and k2 does not exceed the
valence of Li.

5. A light emitting device of claim 1, wherein the organic
thiol ligand or a salt thereof comprises a compound repre-
sented by Chemical Formula 1-1, Chemical Formula 1-2, or
Chemical Formula 1-3:

Chemical Formula 1-1
R?—L—(CRR),SM

Chemical Formula 1-2

SM SM
R”—[-CRZ-]—T—C—R
n

R R
Chemical Formula 1-3
RRNCSSM

wherein

R?is a substituted or unsubstituted C1 to C24 alkyl group,
a substituted or unsubstituted C2 to C24 alkenyl group,
or a substituted or unsubstituted C6 to C20 aryl group,
each R is the same or different, and is independently
hydrogen or a substituted or unsubstituted C1 to C24
alkyl group, n is 0 or an integer of 1 to 15, L is a direct
bond, a sulfonyl (—S(=0),—), carbonyl (—C
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(=0)—), ether group (—O—), sulfide group (—S—),
sulfoxide group (—S(=—0)—), ester group (—C(—0)
0—), amide group (—C(=0O)NR—) (wherein R is
hydrogen or a C1 to C10 alkyl group), a substituted or
a unsubstituted C1 to C10 alkylene, a C2 to C10
alkenylene, or a combination thereof, and M is hydro-
gen, lithium, sodium, potassium, or a combination
thereof.

6. A light emitting device of claim 1, wherein the organic
thiol ligand or a salt thereof comprises butanethiol, penta-
nethiol, hexanethiol, heptanethiol, octanethiol, nonanethiol,
decanethiol, undecanethiol, dodecanethiol, octadecanethiol,
2-(2-methoxyethoxy)ethanethiol, 3-methoxybutyl 3-met-
captopropionate, 3-methoxybutyl mercaptoacetate, thiogly-
colic acid, 3-mercaptopropionic acid, thiopronine, 2-met-
captopropionic acid, 2-mercapto propionate,
2-mercaptoethanol, cysteamine, 1-thioglycerol, mercapto-
succinic acid, L-cysteine, dihydrolipoic acid, 2-(dimethyl-
amino)ethanethiol, 5-mercaptomethyl tetrazole, 2,3-di-
mercapto-1-propanol glutathione, methoxy polyethylene
glycol thiol, di(C1 to C30 alkyl)dithiocarbamic acid or a salt
thereof, or a combination thereof.

7. A light emitting device of claim 1, wherein the poly-
valent metal compound comprises a compound represented
by Chemical Formula 2:

MA, Chemical Formula 2

wherein M is Mg, Ca, Sc, Sn, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, 7Zn, Ga, Sr, Y, Zr, Nb, Mo, Cd, In, Ba, Au, Hg, or
T1, n is determined depending on the valency of the M
and is an integer of greater than or equal to 2, each A
is the same or different, and is independently a C1-C10
organic group, a halogen, or a combination thereof.

8. A light emitting device of claim 1, wherein the poly-
valent metal compound comprises a metal halide, an alky-
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lated metal, a metal carboxylate, a metal acrylate, a metal
methacrylate, a metal dialkyldithiocarbamate, or a combi-
nation thereof.

9. A light emitting device of claim 1, wherein the poly-
valent metal compound comprises zinc chloride, indium
chloride, cadmium chloride, aluminum chloride, manganese
chloride, diethyl zinc, dipropyl zinc, dibutyl zinc, triethyl
aluminum, tributyl aluminum, a zinc carboxylate compound,
a zinc (meth)acrylate compound, an indium acetate, or a
combination thereof.

10. A light emitting device of claim 1, wherein the
polyvalent metal compound is present in an amount of about
10 percent by weight to about 90 percent by weight based on
a total amount of the organic thiol ligand or a salt thereof and
the polyvalent metal compound.

11. A light emitting device of claim 1, wherein the organic
thiol ligand or a salt thereof does not comprise a carboxylic
acid moiety.

12. A light emitting device of claim 1, wherein in the
quantum dot, an amount of a monocarboxylic acid com-
pound having a carbon number of at least 10 is less than 5
percent by weight based on a total weight of the quantum
dot.

13. A light emitting device of claim 1, wherein the light
emitting device further comprises a hole auxiliary layer
comprising a hole injection layer, a hole transport layer, an
electron blocking layer, or a combination thereof between
the first electrode and the light emitting layer.

14. A light emitting device of claim 1, wherein the light
emitting device further comprises an electron auxiliary layer
comprising an electron injection layer, an electron transport
layer, a hole blocking layer, or a combination thereof
between the second electrode and the light emitting layer.

15. A display device comprising a light emitting device of
claim 1.
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