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ORGANIC LIGHT-EMITTING DIODE,
METHOD OF MANUFACTURING THE SAME,
AND METHOD OF FORMING MATERIAL
LAYER

INCORPORATION BY REFERENCE TO ANY
PRIORITY APPLICATIONS

[0001] Any and all priority claims identified in the Appli-
cation Data Sheet, or anty correction thereto, are hereby incor-
porated by reference under 37 CFR 1.57. For example, this
application claims priority to and the benefit of Korean Patent
Application No. 10-2012-0113829, filed on Oct. 12,2012, in
the Korean Intellectual Property Office, the disclosure of
which is incorporated herein in its entirety by reference.

BACKGROUND

[0002] 1.Field

[0003] One or more embodiments of the present invention
relate to an organic light-emitting diode, a method of manu-
facturing the same, and a method of forming a material layer.
[0004] 2. Description of the Related Technology

[0005] Organic light-emitting diodes (OLEDs), which are
self-emitting diodes, have advantages such as wide viewing
angles, excellent contrast, quick response, high brightness,
excellent driving voltage characteristics, and can provide
multicolored images.

[0006] A typical OLED has a structure including a sub-
strate, and an anode, a hole transport layer (HTL), an emis-
sion layer (EML), an electron transport layer (ETL), and a
cathode which are sequentially stacked on the substrate. In
this regard, the hole transport layer, the emission layer, and
the electron transport layer are organic thin films formed of
organic compounds.

[0007] An operating principle of an OLED having the
above-described structure is as follows.

[0008] Whenavoltage is applied between the anode and the
cathode, holes injected from the anode move to the emission
layer via the hole transport layer, and electrons injected from
the cathode move to the emission layer via the electron trans-
port layer. The holes and electrons recombine in the emission
layer to generate excitons. When the excitons drop from an
excited state to a ground state, light is emitted.

SUMMARY

[0009] One or more embodiments of the present invention
include an organic light-emitting diode (OLED) with high
efficiency and improved lifetime through using an electron
transport layer having a novel structure.

[0010] One or more embodiments of the present invention
include a method of manufacturing the organic light-emitting
diode, and a method of forming a material layer.

[0011] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent from
the description, or may belearned by practice ofthe presented
embodiments.

[0012] According to one or more embodiments of the
present invention, an organic light-emitting diode includes: a
substrate; a first electrode disposed on the substrate; a second
electrode disposed opposite to the first electrode; an emission
layer disposed between the first electrode and the second
electrode; and an electron transport layer disposed between
the emission layer and the second electrode,
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[0013] wherein the electron transport layer includes a stack
structure including n number of electron transport units
(where n is an integer of 1 or greater) each including a stack
of a first layer, a first mixed layer, a second layer, a second
mixed layer, and a third layer that are sequentially stacked
upon one another,

[0014] the first mixed layer and the second mixed layer
each include an electron-transporting organic material and an
electron migration-facilitating material, and

[0015] the first layer includes a first electron migration-
facilitating material and excludes the electron-transporting
organic material, the second layer includes a second electron
migration-facilitating material and excludes the electron-
transporting organic material, and the third layer includes a
third electron migration-facilitating material and excludes the
electron-transporting organic material.

[0016] According to one or more embodiments of the
present invention, a method of manufacturing an organic
light-emitting diode includes: forming a first electrode on a
substrate; forming an emission layer on the first electrode;
forming an electron transport layer on the emission layer; and
forming a second electrode on the electron transport layer,

[0017] wherein the forming of the electron transport layer
includes:
[0018] preparing a first deposition source discharging an

electron migration-facilitating material, a second deposition
source discharging an electron-transporting organic material,
and a third deposition source discharging an electron migra-
tion-facilitating material;

[0019] arranging the first deposition source, the second
deposition source and the third deposition source at predeter-
mined intervals therebetween so that a discharging domain of
the electron migration-facilitating material from the first
deposition source and a discharging domain of the electron-
transporting organic material from the second deposition
source overlap with each other, and a discharging domain of
the electron-transporting organic material from the second
deposition source and a discharging domain of the electron
migration-facilitating material from the third deposition
source overlap with each other; and

[0020] reciprocating the first deposition source, the second
deposition source and the third deposition source from a first
end via asecond end of'a region in which an electron transport
layer is formed and then back to the first end of the region in
which the electron transport layer is formed,

[0021] wherein the reciprocating is performed n times,
where n is an integer of 1 or greater, to form the organic
light-emitting diode including: a substrate; a first electrode
disposed on the substrate; a second electrode disposed oppo-
site to the first electrode; an emission layer disposed between
the first electrode and the second electrode; and an electron
transport layer disposed between the emission layer and the
second electrode,

[0022] wherein the electron transport layer includes a stack
structure including n number of electron transport units
(where 1 is an integer of 1 or greater) each including a stack
of a first layer, a first mixed layer, a second layer, a second
mixed layer, and a third layer that are sequentially stacked
upon one ancther,

[0023] the first mixed layer and the second mixed layer
each include an electron-transporting organic material and an
electron migration-facilitating material, and

[0024] the first layer includes a first electron migration-
facilitating material and excludes the electron-transporting
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organic material, the second layer includes a second electron
migration-facilitating material and excludes the electron-
transporting organic material, and the third layer includes a
third electron migration-facilitating material and excludes the
electron-transporting organic material.

[0025] According to one or more embodiments of the
present invention, a method of forming a material layer
includes:

[0026] preparing a substrate;

[0027] preparing a first deposition source discharging a first
material, a second deposition source discharging a second
material, and a third deposition source discharging a third
material;

[0028] arranging the first deposition source, the second
deposition source and the third deposition source at predetet-
mined intervals therebetween so that a discharging domain of
the first material from the first deposition source and a dis-
charging domain of the second material from the second
deposition source overlap with each other, and a discharging
domain of the second material from the second deposition
source and a discharging domain of the third material from
the third deposition source overlap with each other; and
[0029] reciprocating the first deposition source, the second
deposition source and the third deposition source from a first
end to a second end of the substrate and then back to the first
end of the substrate;

[0030] wherein the reciprocating is performed n times,
wheren is an integer of 1 or greater, to form the material layer
having a stack structure including n number of stack units on
the substrate, where n is an integer of 1 or greater, each stack
unitincluding: a third material layer, a mixed layer of the third
material and the second material, a mixed layer of the first
material and the third material, a mixed layer of the first
material and the second material, and a first material layer that
are sequentially stacked upon one another on the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] These and/or other aspects will become apparent
and more readily appreciated from the following description
of the embodiments, taken in conjunction with the accompa-
nying drawings of which:

[0032] FIG. 1 is a schematic view of a structure of an
organic light-emitting diode according to an embodiment of
the present invention; and

[0033] FIGS. 2A to 2G are views illustrating a method of
forming a first electron transport unit of a electron transport
layer of the organic light-emitting diode of FIG. 1, according
to an embodiment of the present invention.

DETAILED DESCRIPTION

[0034] Reference will now be made in detail to embodi-
ments, examples of which are illustrated in the accompanying
drawings, wherein like reference numerals refer to the like
elements throughout. In this regard, the present embodiments
may have different forms and should not be construed as
being limited to the descriptions set forth herein. Accord-
ingly, the embodiments are merely described below, by refer-
ring to the figures, to explain aspects of the present descrip-
tion. As used herein, the term “and/or” includes any and all
combinations of one or more of the associated listed. Expres-
sions such as “at least one of,” when preceding a list of
elements, modify the entire list of elements and do not modify
the individual elements of the list.
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[0035] An organic light-emitting diode 100 according to an
embodiment of the present invention will be described with
reference to FIG. 1.

[0036] Referring to FIG. 1, the organic light-emitting diode
100 has a stack structure in which a substrate 110, a first
electrode 120, a hole injection layer 130, a hole transport
layer 140, an emission layer 150, an electron transport layer
160, and a second electrode 180 are sequentially stacked upon
one another. The electron transport layer 160 has a stack
structure including:

[0037] a first electron transport unit 10 including a first
layer 11, a first mixed layer 13, a second layer 15, a second
mixed layer 17, and a third layer 19 that are sequentially
stacked upon one another; and

[0038] asecond electron transport unit 20 including a first
layer 21, a first mixed layer 23, a second layer 25, a second
mixed layer 27, and a third layer 29 that are sequentially
stacked upon one another.

[0039] That is, the number (n) of electron transport units in
the electron transport layer 160 of the organic light-emitting
diode 100 is 2.

[0040] Insomeembodiments, the substrate 110 may be any
substrate that is used in existing organic light-emitting
diodes. In some embodiments, the substrate 11 may be a glass
substrate or a transparent plastic substrate with strong
mechanical strength, thermal stability, transparency, surface
smoothness, ease of handling, and water resistance.

[0041] In some embodiments, the first electrode 120 may
be formed by depositing or sputtering a first electrode-form-
ing material on the substrate 110. When the first electrode 120
constitutes an anode, a material having a high work function
may be used as the first electrode-forming material to facili-
tate hole injection. In some embodiments, the first electrode
120 may be a reflective electrode, a semi-transmission elec-
trode, or a transmission electrode. Transparent and conduc-
tive materials such as ITO, IZ0, SnO,, and ZnO may be used
to form the first electrode 13. In some embodiments, the first
electrode 120 may be formed as a reflective electrode using
magnesium (Mg), aluminum (Al), aluminum-lithivm (Al—
Li), calcium (Ca), magnesium-indium (Mg—In), magne-
sium-silver (Mg—Ag), or the like.

[0042] In some embodiments, the first electrode 120 may
have a single-layer structure or a multi-layer structure includ-
ing at least two layers. For example, the first electrode 120
may have a three-layered structure of [TO/Ag/ITO, but is not
limited thereto.

[0043] In some embodiments, a hole injection layer 130
may be disposed on the first electrode 120. In some embodi-
ments, the hole injection layer 130 may be formed on the first
electrode 120 by vacuum deposition, spin coating, casting,
Langmuir-Blodgett (L.B) deposition, or the like.

[0044] When the hole injection layer 130 is formed using
vacuum deposition, vacuum deposition conditions may vary
according to the compound that is used to form the hole
injection layer 130, and the desired structure and thermal
properties of the hole injection layer 130 to be formed. For
example, vacuum deposition may be performed at a tempera-
ture of about 100° C. to about 500° C., a pressure of about
107® torr to about 1073 torr, and a deposition rate of about 0.01
to about 100 A/sec. However, the deposition conditions are
not limited thereto.

[0045] When the hole injection layer 130 is formed using
spin coating, the coating conditions may vary according to a
compound that is used to form the hole injection layer 130,
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and the structure and thermal properties of the hole injection
layer 121 to be formed. For example, the spine coating may be
performed at a coating rate of about 2000 to about 5000 rpm,
and a temperature for heat treatment which is performed to
remove a solvent after the coating may be from about 80 to
about 200° C.

[0046] The hole injection layer 130 may be formed of any
material that is commonly used to form a hole injection layer.
Non-limiting examples of the material that can be used to
form the hole injection layer are N,N'-diphenyl-N,N'-bis-[4-
(phenyl-m-tolyl-amino)-phenyl]-biphenyl-4,4'-diamine,
(DNTPD), a phthalocyanine compound such as copperphtha-
locyanine, 4,4'4"-tris(3-methylphenylphenylamino )triph-
enylamine (m-MTDATA), N,N'-di(1-naphthyl)-N,N'-diphe-
nylbenzidine (NPB), TDATA, 2T-NATA, polyaniline/
dodecylbenzenesulfonic acid (Pani/DBSA), poly(3.4-
ethylenedioxythiophene)/poly(4-styrenesulfonate) (PEDOT/
PSS), polyaniline/camphor sulfonicacid (Pani/CSA), and
polyaniline)/poly(4-styrenesulfonate (PANI/PSS).
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[0047] In some embodiments, the thickness of the hole
injection layer 130 may be from about 100 A to about 10000
A, and in some embodiments, may be from about 100 A to
about 1000 A. When the thickness of the hole injection layer
130 is within these ranges, the hole injection layer 130 may
have good hole injecting ability without a substantial increase
in driving voltage.

[0048] In some embodiments, a hole transport layer 140
may be formed on the hole injection layer 130 by using
vacuum deposition, spin coating, casting, Langmuir-Blodgett
(LB) deposition, or the like. When the hole transport layer
140 is formed using vacuum deposition or spin coating, the
conditions for deposition and coating may be similar to those
for the formation of the hole injection layer 130, although the
conditions for the deposition and coating may vary according
to the material that is used to form the hole transport layer
122,

[0049] Non-limiting examples of suitable known hole
transport materials are carbazole derivatives, such as N-phe-
nylcarbazole or polyvinylcarbazole, N,N-bis(3-methylphe-
nyl)-N,N-diphenyl-[1,1-biphenyl]-4,4'-diamine (TPD), 4,4,
4"-tris(N-carbazolyl)triphenylamine (TCTA), and N,N'-di(1-
naphthyl)-N,N'-diphenylbenzidine) (NPB).

2-TNATA

Qo O
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[0050] In some embodiments, the hole transport layer 140
may have a thickness of from about 50 A to about 2000 A, and
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in some embodiments, from about 100 A to about 1500 A.
When the thickness of the hole transport layer 140 is within
these ranges, the hole transport layer 140 may have satisfac-
tory hole transporting ability without a substantial increase in
driving voltage.

[0051] Insome embodiments, at least one layer of the hole
injection layer 130 and the hole transport layer 140 may
include at least one compounds represented by Formulae 300
and 350 below:

Formula 300

Reo Reg
R
R¢7
Rey
Res
Res
R,
Ry 6
Formula 350
IR71 R\72

[0052] InFormula300,Ar,,and Ar,, may be each indepen-
dently a substituted or unsubstituted C¢-C,, arylene group.
For example, Ar;, and Ar,, may be each independently
selected from a substituted or unsubstituted phenylene group,
a substituted or unsubstituted naphthylene group, a substi-
tuted or unsubstituted fluorenylene group, and a substituted or
unsubstituted anthrylene, but are not limited thereto. At least
one of substituents of the substituted phenylene group, the
substituted naphthylene group, the substituted fluorenylene
group and the substituted anthrylene group may be selected
from a deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, a C,-C,,alkyl group, a C,-C,alkoxy group, a
phenyl group, a naphthyl group, an anthryl group, a carba-
zolyl group, and a phenyl-substituted carbazolyl group, but is
not limited thereto.
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[0053] In Formula 350, Ar,, and Ar,, may be each inde-
pendently selected from a substituted or unsubstituted C4-Cg,
alkyl group, and a substituted or unsubstituted C,-C, het-
eroaryl group. For example, Ar, | and Ar,, may be each inde-
pendently, selected from a substituted or unsubstituted phenyl
group, a substituted or unsubstituted naphthyl group, a sub-
stituted or unsubstituted phenanthrenyl group, a substituted
or unsubstituted anthryl group, a substituted or unsubstituted
pyrenyl group, a substituted or unsubstituted chrysenyl
group, a substituted or unsubstituted fluorenyl group, a sub-
stituted or unsubstituted carbazolyl group, a substituted or
unsubstituted dibenzofuranyl group, and a substituted or
unsubstituted dibenzothiophenyl group. Atleast one substitu-
ents from among the substituted phenyl group, the substituted
naphthyl group, the substituted phenanthrenyl group, the sub-
stituted anthryl group, the substituted pyrenyl group, substi-
tuted chrysenyl group, the substituted fluorenyl group, the
substituted carbazolyl group, the substituted dibenzofuranyl
group, and the substituted dibenzothiophenyl group may be a
deuterium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group, a
hydrazine, a hydrazone, a carboxyl group or a salt thereof, a
sulfonic acid group or a salt thereof, a phosphoric acid group
or a salt thereof, a C,-C, jalkyl group, a C, -C, jalkoxy group,
a phenyl group, a naphthyl group, a fluorenyl group, a
phenanthrenyl group, an anthryl group, a tyouriphenylenyl
group, a pyrenyl group, a chrysenyl group, an imidazolyl
group, an imidazolinyl group, an imidazopyridinyl group, an
imidazopyrimidinyl group, a pyridinyl group, a pyrazinyl
group, a pyrimidinyl group, and an indolyl group; and a
phenyl group, a naphthyl group, a fluorenyl group, a phenan-
threnyl group, an anthryl group, a triphenylenyl group, a
pyrenyl group, a chrysenyl group, an imidazolyl group, an
imidazolinyl group, an imidazopyridinyl group, an imida-
zopyrimidinyl group, a pyridinyl group, a pyrazinyl group, a
pyrimidinyl group, and an indolyl group, substituted with at
least one of a deuterium atom a halogen atom, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, a carboxyl group or
a salt thereof, a sulfonic acid group or a salt thereof, phos-
phoric acid group or a salt thereof, a C,-C, jalkyl group, and
a C,-C,,alkoxy group.

[0054] In Formula 300, e and f may be each independently
an integer from 0 to 5, for example, may be 0, 1, or 2. In a
non-limiting embodiment, e may be 1, and f may be 0.

[0055] In Formulae 300 and 350 above, Ry, to Rgq, R, 10
Rees R5;, and R, may be each independently selected from a
hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine group, a hydrazone, a
carboxyl group or a salt thereof, a sulfonic acid group or asalt
thereof, a phosphoric acid group or a salt thereof, a substituted
or unsubstituted C,-C, alkyl group, a substituted or unsub-
stituted C,-Cg, alkenyl group, a substituted or unsubstituted
C,-Cgoalkynyl group, a substituted or unsubstituted C,-Cq,
alkoxy group, a substituted or unsubstituted C;-Cg,
cycloalkyl group, a substituted or unsubstituted C,-Cg, aryl
group, a substituted or unsubstituted C.-C,, aryloxy group,
and a substituted or unsubstituted C4-Cg,, arylthio group. In
some embodiments, R, to Rsq, R, to Reo. Ryp, and R, may
be each independently selected from a hydrogen atom, a
deuterium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group, a
hydrazine, a hydrazone, a carboxyl group or a salt thereof, a
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sulfonic acid group or a salt thereof, a phosphoric acid group
or a salt thereof, a C,-C, , alkyl group (for example, a methyl
group, an ethyl group, a propyl group, a butyl group, a pentyl
group, a hexyl group, or the like) and a C,-C, , alkoxy group
(for example, a methoxy group, an ethoxy group, a propoxy
group, a butoxy group, a pentoxy group, or the like); aC,-C,,
alkyl group and a C,-C,, alkoxy group, substituted with at
least one of a deuterium atom, a halogen atom, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, a carboxyl group or
a salt thereof, a sulfonic acid group or a salt thereof, and a
phosphoric acid group or a salt thereof; a phenyl group, a
naphthyl group, an anthryl group, a fluorenyl group, and a
pyrenyl group; and a phenyl group, a naphthyl group, an
anthryl group, a fluorenyl group, and a pyrenyl group, substi-
tuted with at least one of a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a C,-C,,
alkyl group, and a C,-C, , alkoxy group.

[0056] In Formula 300, R, may be selected from a phenyl
group, a naphthyl group, an anthryl group, a biphenyl group,
and a pyridyl group; and a phenyl group, a naphthyl group, an
anthryl group, a biphenyl group, and a pyridyl group, substi-
tuted with at least one of a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a substituted
or unsubstituted C,-C,, alkyl group, and a substituted or
unsubstituted C, -C,, alkoxy group.

[0057] In an embodiment the compound of Formula 300
may be a compound represented by Formula 300A below:

Formula 300A
Rsy

\
N

O

P
¥

[0058] In Formula300A, Rs,, Reo, R, and Ryg may be as
defined above.
[0059] For example, at least one layer of the hole injection

layer 130 and the hole transport layer 140 may include at least
one of Compounds 301 to 310 below, but is not limited
thereto:
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-continued

[0060] Insome embodiments, at least one of the hole injec-
tion layer 130 and the hole transport layer 140 may further
include a charge-generating material for improving conduc-
tivity of the layer.

[0061] Insomeembodiments, the charge-generating mate-
rial may be, for example, a p-dopant. In some embodiments,
the p-dopant may be one of quinine derivatives, metal oxides,
and compounds with a cyano group, but are not limited
thereto. Non-limiting examples of the p-dopant are quinone
derivatives such as tetracyanoquinonedimethane (TCNQ),
2,3,5,6-tetrafluoro-tetracyano-1,4-benzoquinonedimethane
(F4-TCNQ), and the like; metal oxides such as tungsten
oxide, molybdenum oxide, and the like; and cyano-contain-
ing compounds such as Compound 390 below.
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Compound 390
CN
NC
% N
N N, CN
A | N
F
I\i N CN
N
NC 7
CN
F4-TCNQ
F F
NC CN
NC CN
F F
[0062] When atleast one of the hole injection layer 130 and

the hole transport layer 140 further includes a charge-gener-
ating material, the charge-generating material may be homo-
geneously dispersed or inhomogeneously distributed in the at
least one of the hole injection layer 130 and the hole transport
layer 140.

[0063] Anintermediate layer (not shown in FIG. 1) may be
between the hole transport layer 140 and the emission layer
150. In some embodiments, the intermediate layer may com-
pensate foran optical resonance distance oflight according to
awavelength of the light emitted from the emission layer 150,
and thus may increase efficiency. The intermediate layer may
include a known hole injection material, a known hole trans-
port material, or the like. In some embodiments, the interme-
diate may include the same maternal as used in one of the hole
injection layer 130 and/or the hole transport layer 140 under-
lying the intermediate layer.

[0064] In some embodiments, the emission layer 150 may
be formed on the hole transport layer 140 using any of a
variety of methods, for example, by vacuum deposition, spin
coating, casting, LB deposition, or the like. When the emis-
sion layer 150 is formed using vacuum deposition or spin
coating, the deposition and coating conditions may be similar
to those for the formation of the hole injection layer 130,
though the conditions for deposition and coating may vary
according to the material that is used to form the emission
layer 150.

[0065] Insome embodiments, the emission layer 150 may
include any known light-emitting material. For example, the
emission layer 150 may include a known host and a known
dopant.

[0066] Non-limiting example of the host are Alg3, 4,4-N,
N'-dicarbazole-biphenyl (CBP), poly(n-vinylcarbazole)
(PVK), 9,10-di(naphthalene-2-ylanthracene (ADN), TCTA,
1,3,5-tris(N-phenylbenzimidazole-2-yl)benzene ~ (TPBI),
3-tert-butyl-9,10-di-2-naphthylanthracene (TBADN), E3,
distyrylarylene (DSA), dmCBP (see a formula below), and
Compounds 501 to 509 below.
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-continued -continued

507

508

509

[0067] Insome embodiments, a compound represented by
Formula 400 below may be used as the host.
506

Q Formula 400
N\ (Arygs);
Q X /%
==
/ Aryy——(Ari2)n (Aryy1)g—Ar;
N
N Y,
O \ /\(Arns)j

O Q [0068] InFormula400 above,Ar,,, and Ar, |, may be each
independently a substituted or unsubstituted C,-C, arylene
group; Ar,,; to Ar,,, may be selected from each indepen-

dently a substituted or unsubstituted C,-C, alkyl group, and
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a substituted or unsubstituted C-Cgqaryl group; g, h, i and j _continued
may be each independently an integer from 0 to 4.

[0069] Insome non-limitingembodiments, Ar,,, and Ar,,,
in Formula 400 may be each independently selected from a
phenylene group, a naphthylene group, a phenanthrenylene
group, and a pyrenylene group; and a phenylene group, a
naphthylene group, a phenanthrenylene group, a fluorenyl
group, and a pyrenylene group, substituted with at least one of
a phenyl group, a naphthyl group, and an anthryl group.

[0070] In Formula 400 above, g, h, i, and j may be each
independently 0, 1, or 2.

[0071] In Formula 400, Ar, 5 to Ar,, may be each inde-
pendently selected from aC,-C  ; alkyl group substituted with
atleast one of a phenyl group, a naphthyl group and an anthryl
group; a phenyl group, a naphthyl group, an anthryl group, a
pyrenyl group, a phenanthrenyl group, and a fluorenyl group;
a phenyl group, a naphthyl group, an anthryl group, a pyrenyl
group, a phenanthrenyl group, and a fluorenyl group, substi-
tuted with at least one a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
C,-Coalkyl group, a C,-Cyalkenyl group, a C,-Cyialkynyl
group, a C,-Cgalkoxy group, a phenyl group, an naphthyl
group, an anthryl group, a pyrenyl group, a phenanthrenyl
group, and a fluorenyl group; and

O’QQ

but is not limited thereto.

*

&

[0072] For example, the anthracene compound of Formula
400 above may be one of the compounds represented by the
following formulae, but is not limited thereto:
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-continued -continued
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-continued

[0073] Insome embodiments, a compound represented by
Formula 401 below may be used as the host.

Formula 401
[0074] In Formula 401, Ar,,, to Ar,,s are as defined in
conjunction of Ar,, ; in Formula 400.

[0075] InFormula401, Ar,,, and Ar, ,, may be each inde-
pendently a C,-C, jalkyl group, for example, a methyl group,
an ethyl group, or a propyl group.

[0076] In Formula 401,k and 1 may be each independently
an integer from 0 to 4, for example, 0, 1, or 2.

[0077] For example, the compound of Formula 401 above
may be one of the compounds represented by the following
formulae, but is not limited thereto:

OO

Apr. 17,2014

-continued
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[0078] Non-limiting examples of the host are Compound
H1, Compound H2, and Compound H3 below.
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-continued
Compound H1
Compound H2
Tr(dfppz)s
B IL 7 0 N |
O O e | X |
Compound H3 N
27N
/ \ 2NN ™,
N > | N e
"Al. F
B |
O N
3 N P
L Pl
[0079] In some embodiments, the emission layer 150 may — L

include a blue dopant, a green dopant, or a red dopant. —
[0080] Non-limiting examples of the blue dopant are com-
pounds represented by the following formulae. |

(F2ppy)2Ir(tmd)
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-continued

DPAVBI

-continued

TBPe

[0081] Non-limiting examples of the red dopant are com-
pounds represented by the following formulae. In some
embodiments, the red dopant may be DCM or DCITB, which

will be described later.

. PtOEP

O AN
/N

. . O \\Ir
I I ‘

Ir(pig)s

[
w

DPVBI
Btp,IR(acac)
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-continued -continued
O O O
>Ir/ \ pt
A o= | # |N/
L 1, L —I3
Ir(pq);(acac) Ir(2-phq);
— — Me
Q Do
S N,
V8RN 0
NS\
AN
0= t-Bu
— —2
Ir(BT)s(acac)

Compound RD1

Ir(flg)(acac)
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-continued
Compound RD2

[0082] Non-limiting examples ofthe green dopant are com-
pounds represented by the following formulae. In an embodi-
ment, the green dopant may be C545T represented below.

O—

N,/
N/

= >

Ir(ppy)a(acac)

\/

Ir{mpyp)s

20
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-continued
C545T
Compound GD1
N Yy N\\
e
— =3

Compound GD2

[0083] Non-limiting examples of the dopant that may be
used in the emission layer are complexes represented by the
following formulae.

D1

D2
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D14 D19
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D21
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-continued -continued
D36 D41

D37
D42
D33 D43
D39
D44
D40
D45
Bu’
I\i AN /N_
N.
2N V4
\./
Pt
/ N/ \N/
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D46 5
Bu’
| A /N_
X
Va N\ /N Va N
/Pt\ F
% /N NZ
— §
Bu
D47
Os(fppz)2(CO),
D48
Os(fppz)>(PPhy)Me},
D49
Os(bppz)2(PPh3)
D50
CF;
>=N 7
\ Ph,Me
N N P N
X A
\(|)S e
N N/Il’ \N Ny
PhoMe \
e N_<
CF,
[0084] Non-limiting examples of the dopant that may be
used in the emission layer are Os complexes represented by Os(fptz)a(PPhoMe)s

the following formulae.
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7

CsF;

>=N\ gthe

N N N

X \(LS/ X
\N/}L \N \N

| PhbMe \
N—=
C;F;
Os(hptz),(PPhMe;),

[0085] When the emission layer 150 includes both a host
and a dopant, the amount of the dopant may be, but is not
limited to, from about 0.01 to about 15 parts by weight based
on 100 parts by weight of the host.

[0086] In some embodiments, a thickness of the emission
layer 150 may be from about 100 A to about 1000 A, and in
some embodiments, may be from about 100 A to about 600 A.
When the thickness of the emission layer 150 is within these
ranges, the emission layer 160 may have improved light emit-
ting ability without a substantial increase in driving voltage.
[0087] Insome embodiments, the emission layer 150 may
include a red emission layer, a green emission layer, and a
blue emission layer that are patterned within a red sub-pixel,
a green sub-pixel, and a blue sub-pixel, respectively, or may
include a stack of a red emission layer, green emission layer
and a blue emission layer that are sequentially stacked upon
one other and thus may emit white light. The emission layer
150 is not limited thereto and may have any of a variety of
structures. For example, the emission layer 150 may include
a blue emission layer emitting blue light, but is not limited
thereto.

[0088] In some embodiments, the electron transport layer
160 is on the emission layer 150, wherein the electron trans-
port layer 160 is a stack of the first electron transport unit 10
including the first layer 11, the first mixed layer 13, the second
layer 15, the second mixed layer 17, and the third layer 19,
and the second electron transport unit 20 including the first
layer 21, the first mixed layer 23, the second layer 25, the
second mixed layer 27, and the third layer 29.

[0089] Insomeembodiments, the firstlayers 11 and 21, the
second layers 15 and 25, and the third layers 19 and 29 may
each include electron migration-facilitating materials. For
example, the first layers 11 and 21, the second layers 15 and
25, and the third layers 19 and 29 may each consistof electron
migration-facilitating materials. For example, the first layers
11 and 21, the second layers 15 and 25, and the third layers 19
and 29 may exclude the electron-transporting organic mate-
rials in the first mixed layers 13 and 23, and the second mixed
layers 17 and 27, which will be described below.

[0090] In some embodiments, the electron migration-fa-
cilitating material in the first layers 11 and 21, the electron
migration-facilitating material in the second layers 15 and 25,
and the electron migration-facilitating material in the third
layers 19 and 29 may each be one electron migration-facili-
tating material or a mixture of at least two different electron
migration-facilitating materials.

[0091] In some embodiments, the electron migration-fa-
cilitating material in the first layers 11 and 21, the electron
migration-facilitating material in the second layers 15 and 25,

26

Apr. 17,2014

and the electron migration-facilitating material in the third
layers 19 and 29 may be the same. In some embodiments, at
least two of the electron migration-facilitating material in the
first layers 11 and 21, the electron migration-facilitating
material in the second layers 15 and 25, and the electron
migration-facilitating material in the third layers 19 and 29
may differ from one another.

[0092] In some embodiments, the electron migration-fa-
cilitating material in the first layers 11 and 21 may differ from
the electron migration-facilitating material in the third layers
19 and 29, and the second layers 15 and 25 may each consist
of the electron migration-facilitating material in the first layer
11 and 21 and the electron migration-facilitating material in
the third layers 19 and 29.

[0093] In some embodiments, the electron migration-fa-
cilitating material in the first layers 11 and 21, the electron
migration-facilitating material in the second layers 15 and 25,
and the electron migration-facilitating materials in the third
layers 19 and 29 may each independently include a n-dopant.
For example, the electron migration-facilitating material in
the first layers 11 and 21, the electron migration-facilitating
material in the second layers 15 and 25, and the electron
migration-facilitating materials in the third layers 19 and 29
may each independently include at least one of a Li complex,
LiF, CsF, AL, O;, Si0,, Si;N,, and Cs,CO;, but are not limited
thereto. In some other embodiments, the electron migration-
facilitating material in the first layers 11 and 21, the electron
migration-facilitating material in the second layers 15 and 25,
and the electron migration-facilitating materials in the third
layers 19 and 29 may each independently include Compound
250 or Compound 251, but are not limited thereto:

Compound 250

Compound 251

[0094] For example, the first layers 11 and 21, the second
layers 15 and 25, and the third layers 19 and 29 each may
consist of Compound 250 above, but are not limited thereto.

[0095] Insomeembodiments, the firstlayers 11 and 21, the
second layers 15 and 25, and the third layers 19 and 29 may
each independently have a thickness of from about 0.1 A to
about 500 A, and in some embodiments, a thickness of from
about 1 A to about 200 A, and in some other embodiments, a
thickness of from about 1 A to about 10 A. When the thick-
nesses of the first layers 11 and 21, the second layers 15 and
25, and the third layers 19 and 29 are within these ranges,
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improved electron injection characteristics may be obtained
without a substantial increase in driving voltage.

[0096] For examples, the thicknesses of the first layers 11
and 21 may be the same as those of the third layers 19 and 29.

[0097] In some embodiments, the thicknesses of the first
layers 11 and 21 may be the same as those of the third layers
19 and 29, and the thicknesses of the second layers 15 and 25
may be twice those of the first layers 11 and 21. However, the
present invention is not limited thereto.

[0098] Insomeembodiments, the first mixed layers 13 and
23 and the second mixed layers 17 and 27 each include an
electron-transporting organic material and an electron migra-
tion-facilitating material.

[0099] In some embodiments, at least one of the electron
migration-facilitating material in the first layers 11 and 21,
the electron migration-facilitating material in the second lay-
ers 15 and 25, and the electron migration-facilitating material
in the third layers 19 and 29 may be the same as at least one of
the electron migration-facilitating material in the first mixed
layers 13 and 23 and the electron migration-facilitating mate-
rial in the second mixed layers 17 and 27.

[0100] In some embodiments, the electron migration-fa-
cilitating material in the first layers 11 and 21, the electron
migration-facilitating material in the second layers 15 and 25,
the electron migration-facilitating material in the third layers
19 and 29, the electron migration-facilitating material in the
first mixed layers 13 and 23, and the electron migration-
facilitating material in the second mixed layers 17 and 27 may
be the same.

[0101] For example, the first layers 11 and 21, the second
layers 15 and 25, and the third layers 19 and 29 may consist of
Compound 250, and the electron migration-facilitating mate-
rials in the first mixed layers 13 and 23 and in the second
mixed layers 17 and 27 may be Compound 250, but are not
limited thereto.

[0102] With regard to the electron migration-facilitating
materials in the first mixed layers 13 and 23 and in the second
mixed layers 17 and 27, the detailed description of the elec-
tron migration-facilitating materials provided above in con-
Junction with the first layer 11 and 21, the second layers 15
and 25, and the third layers 19 and 29 may be referred to
herein.

[0103] In some embodiments, the electron-transporting
organic materials in the first mixed layers 13 and 23 and the
second mixed layers 17 and 27 may be selected from among
the materials known as electron transport layer materials with
good electron transporting characteristics for use in organic
light-emitting diodes.

[0104] In some embodiments, the electron-transporting
organic material in the first mixed layers 13 and 23 and the
electron-transporting organic material in the second mixed
layers 17 and 27 may be the same as or differ from each other.
For example, the electron-transporting organic material in the
first mixed layers 13 and 23 and the electron-transporting
organic material in the second mixed layers 17 and 27 may be
the same, but are not limited thereto.

[0105] In some embodiments, the electron-transporting
organic material in the first mixed layers 13 and 23 and the
electron-transporting organic material in the second mixed
layers 17 and 27 may each independently include at least one
of 1) compounds of Formulae 10A, 10B, and 10C, and ii) a
compound of Formula 20A below:
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Formula 10A
Aty
R
Ve
Li)e
Atyy
Formula 10B
Aryy
Ry
-
Lpa
(L2)p
R
Aryy
Formula 10C
Ary R
PRy
Q (Ll)a\ R
Aryp 1
Formula 20A
TAIZII
(Ar201)p
7 N,
(Ann), T (AR203)r
Anpn ATy 13-
[0106] InFormulae 10Ato 10C, Ar,, and Ar,,, may be each

independently selected from a substituted or unsubstituted
C-Cyoaryl group, and a substituted or unsubstituted C,-C,
heteroaryl group.

[0107] For example, Ar,, and Ar,, may be each indepen-
dently selected from a Cy-Cgparyl group and a C,-Cg, het-
eroaryl group; and a Cg-Cgparyl group and a C,-Cg, het-
eroaryl group, substituted with at least one of a deuterium
atom, —F, —Cl, —Br, —I, —CN; a hydroxyl group, a nitro
group, an amino group, an amidino group, a hydrazine, a
hydrazone, a carboxyl group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C, -Cgpalkyl group, aC, -Cyalkoxy group,a C,-Ce,
alkenyl group, a C,-Cyualkynyl group, a C-Cyoaryl group,
and a C,-C, heteroaryl group.

[0108] For example, Ar,, and Ar,, may be each indepen-
dently selected from a phenyl group, a naphthyl group, an
anthryl group, a pyrenyl group, a fluorenyl group, a pyridinyl
group, a pyrazinyl group, and a pyrimidinyl group; and a
phenyl group, a naphthyl group, an anthryl group, a pyrenyl
group, a fluorenyl group, a pyridinyl group, a pyrazinyl group,
and a pyrimidiny] group, substituted with at least one of a
phenyl group, a naphthyl group, an anthryl group, a pyrenyl
group, a fluorenyl group, a pyridinyl group, a pyrazinyl group,
and a pyrimidiny] group.
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[0109] Ar,, and Ar,, may be the same, but are not limited
thereto.
[0110] In Formulae 10A to 10C, L, and L, may be each

independently selected from a substituted or unsubstituted
Cs-Ceoarylene group, and a substituted or unsubstituted
C,-Cg hetero arylene group.

[0111] For example, L, and L, may be each independently
selected from a C4-Cy, arylene group and a C,-Cg, hetero
arylene group; and a C-C, arylene group and a C,-Cg,
hetero arylene group, substituted with at least one of a deu-
terium atom, —F, —Cl, —Br, —I, —CN, a hydroxy] group,
anitro group, an amino group, anamidino group, ahydrazine,
ahydrazone, a carboxyl group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-Cgpalkyl group, aC,-Cyalkoxy group,a C,-Ce,
alkenyl group, a C,-Cgualkynyl group, a C4-Cyoaryl group,
and a C,-Cy, heteroaryl group.

[0112] Insome other embodiments, [, and L, may be each
independently selected from a phenylene group, a naphthyl-
ene group, an anthrylene group, a pyrenylene group, a fluo-
renylene group, a pyridinylene group, a pyrazinylene group,
and a pyrimidinylene group; and a phenylene group, a naph-
thylene group, an anthrylene group, a pyrenylene group, a
fluorenylene group, a pyridinylene group, a pyrazinylene
group, and a pyrimidinylene group, substituted with at least
one of a phenyl group, a naphthyl group, an anthryl group, a
pyrenyl group, a fluoreny! group, a pyridinyl group, a pyrazi-
nyl group, and a pyrimidinyl group, but are not limited
thereto.

[0113] In Formulae 10A to 10C, a and b may be each
independently 0, 1 or 2. For example, in Formulae 10A to
10C, a and b may be each independently O or 1.

[0114] In Formulae 10A to 10C, R, and R, may be each
independently selected from a substituted or unsubstituted
benzoimidazolyl group, a substituted or unsubstituted ben-
zoxazolyl group, a substituted or unsubstituted benzothiaz-
olyl group, a substituted or unsubstituted benzopyrimidinyl
group, a substituted or unsubstituted imidazopyridinyl group,
a substituted or unsubstituted quinolyl group, a substituted or
unsubstituted isoquinolyl group, a substituted or unsubsti-
tuted quinazoly! group, a substituted or unsubstituted pyridi-
nyl group, a substituted or unsubstituted pyrimidinyl group, a
substituted or unsubstituted pyrazinyl group, a substituted or
unsubstituted phenyl group, a substituted or unsubstituted
naphthyl group, a substituted or unsubstituted pyrenyl group,
a substituted or unsubstituted chrysenyl group, a substituted
or unsubstituted fluorenyl group, and a substituted or unsub-
stituted phenanthrenyl group.

[0115] For example, in Formulae 10A to 10C, R, and R,
may be each independently selected from a benzoimidazolyl
group, a benzoxazolyl group, a benzothiazolyl group, a ben-
zopyrimidinyl group, an imidazopyridinyl group, a quinolyl
group, an isoquinolyl group, a quinazolyl group, a pyridinyl
group, a pyrimidinyl group, a pyrazinyl group, a phenyl
group, a naphthyl group, a pyrenyl group, a chrysenyl group,
a fluorenyl group, and a phenanthrenyl group; and a ben-
zoimidazolyl group, a benzoxazolyl group, a benzothiazolyl
group, a benzopyrimidinyl group, an imidazopyridinyl group,
a quinolyl group, an isoquinolyl group, a quinazolyl group, a
pyridinyl group, a pyrimidinyl group, a pyrazinyl group, a
phenyl group, a naphthyl group, a pyrenyl group, a chrysenyl
group, a fluorenyl group, and a phenanthrenyl group, substi-
tuted with at least one of a deuterium atom, —F, —Cl1, —Br,
—1I, —CN, a hydroxyl group, a nitro group, an amino group,
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an amidino group, a hydrazine, a hydrazone, a carboxyl group
or a salt thereof, a sulfonic acid group or a salt thereof, a
phosphoric acid group or a salt thereof, a C,-Calkyl group,
a C,-Cgpalkoxy group, a C,-Cypalkenyl group, a
C,-Cyoalkynyl group, a C,-Cgaryl group, and a C,-Cg, het-
eroaryl group.

[0116] In Formula 10C, R, and R, may be each indepen-
dently selected from a C,-C,qalkyl group, and a C¢-C,aryl
group; and a C,-C,,alkyl group, and a C,-C,qaryl group,
substituted with at least one of a deuterium atom, —F, —Cl,
—Br, —I, —CN, a hydroxyl group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, and a phosphoric acid group or a salt thereof. For
example, R, and R, may be each independently selected from
amethyl group, an ethyl group, a propyl group, a butyl group,
a pentyl group, a hexyl group, a phenyl group, and a naphthyl
group, but are not limited thereto.

[0117] Forexample, R, and R, may be each independently
one of Formulae 11(1) to 11(24), but are not limited thereto:

Formula 11(1)

=N\ “Zaoke

Formula 11(2)

Formula 11(3)

Formula 11(4)

Formula 11(5)

Formula 11(6)
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Formula 11(7)

Formula 11(8)
Formula 11(9)
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Formula 11(18)
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[0118]

[0119] R,,may be selected from a substituted or unsubsti-
tuted C,-Cgyalkyl group, and a substituted or unsubstituted
Co-Ceoaryl group:

[0120] Z,, may be selected from a hydrogen atom, a deu-
terium atom, —F, —Cl, —Br, —I, —CN, a hydroxyl group,
—NO,, an amino group, an amidino group, a hydrazine, a
hydrazone, a carboxyl group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-Cgpalkyl group, a C,-Cgjalkoxy group, a
Ce-Ceoaryl group, and a C,-Cg, heteroaryl group; and a
C,-Cgoalkyl group, a C,-Cgualkoxy group, a C,Cyuaryl
group, anda C,-C, heteroaryl group, substituted with at least
one a deuterium atom, —F, —Cl, —Br, —I, —CN, a
hydroxyl group, a nitro group, an amino group, an amidino
group, a hydrazine, a hydrazone, a carboxyl group or a salt

In Formulae 11(1) to 11(24),
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thereof, a sulfonic acid group or a salt thereof, and a phos- -continued

phoric acid group or a salt thereof; and Formula 10A(3)

[0121] ¢ may be an integer from 1 to 5.

[0122] For example, R,, may be selected from a methyl
group, an ethyl group, a propyl group, a butyl group, a pentyl
group, a hexyl group, a heptyl group, an octyl group, a phenyl
group, a naphthyl group, an anthryl group, a fluorenyl group,
and a phenanthrenyl group; a methyl group, an ethyl group, a
propyl group, a butyl group, a pentyl group, a hexyl group, a
heptyl group, an octyl group, a phenyl group, a naphthyl
group, an anthryl group, a fluorenyl group, and a phenanthre-
nyl group, substituted with at least one of a deuterium atom,
—F, —Cl, —Br, —I, —CN, a hydroxyl group, a nitro group,
an amino group, an amidino group, a hydrazine, a hydrazone,
a carboxyl group or a salt thereof, a sulfonic acid group or a
salt thereof, and a phosphoric acid group or a salt thereof.

wLr

[0123] Insome embodiments, at least one of the electron-

transporting organic material in the first mixed layer 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layer 17 and 27 may include a compound repre-
sented by one of Formulae 10A(1) to 10A(12), 10B(1) to
10B(12), and 10C(1) to 10C(6), but is not limited thereto:
Formula 10A(1) O
R
w7
Ry
w7
X X
F A

Formula 10A(2)

Formula 10A(4)
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Formula 10A(5)
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Formula 10A(6)
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Formula 10A(7)
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Formula 10A(8)

Formula 10A(9)
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Formula 10A(10)
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[0124] InFormulae 10A(1)to 10A(12), 10B(1) to 10B(12),
and 10C(1)to 10C(6), L1,L.2,a,b, and R, to R, are as defined
above.

[0125] Insome embodiments, at least one of the electron-
transporting organic material in the first mixed layers 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include a compound repre-
sented by one of Formulae 10A(1) to 10A(6), 10B(1) to
10B(6), and 10C(1) to 10C(6). In this regard, in Formulae
10A(1) to 10A(6), 10B(1) to 10B(6), and 10C(1) to 10C(6),
R, and R, may be each independently selected from a substi-
tuted or unsubstituted benzoimidazolyl group, a substituted
or unsubstituted benzoxazolyl group, a substituted or unsub-
stituted benzothiazolyl group, a substituted or unsubstituted
benzopyrimidinyl group, a substituted or unsubstituted imi-
dazopyridinyl group, a substituted or unsubstituted quinolyl
group, a substituted or unsubstituted isoquinolyl group, a
substituted orunsubstituted quinazolyl group, a substituted or
unsubstituted pyridinyl group, a substituted or unsubstituted
pyrimidinyl group, and a substituted or unsubstituted pyrazi-
nyl group (for example, one of Formulae 11(1) to 11(22)).
[0126] In some embodiment, at least one of the electron-
transporting organic material in the first mixed layers 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include a compound repre-
sented by one of Formulae 10A(1) to 10A(6), 10B(1) to
10B(6), and 10C(1) to 10C(6). In this regard, in Formulae
10A(1) to 10A(6), 10B(1) to 10B(6), and 10C(1) to 10C(6),
R, and R, may be each independently selected from a substi-
tuted or unsubstituted benzoimidazolyl group, a substituted
or unsubstituted benzoxazolyl group, and a substituted or
unsubstituted benzothiazolyl group (for example, one of For-
mulae 11(1) to 11(3)).

[0127] In some embodiments at least one of the electron-
transporting organic material in the first mixed layers 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include a compound repre-
sented by one of Formulae 10A(7) to 10A(12), and 10B(7) to
10B(12). In this regard, in Formulae 10A(7) to 10A(12), and
10B(7) to 10B(12), R, and R, may be each independently
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selected from a substituted or unsubstituted phenyl group,
and a substituted or unsubstituted naphthyl group (for
example, Formula 11(23) or 11(24)), but is not limited
thereto.

[0128] In some embodiments, the electron-transporting
organic material in the first mixed layers 13 and 23 and the
electron-transporting organic material in the second mixed
layers 17 and 27 may be one of Compounds 200to 210, but is
not limited thereto:

Compound 200
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Compound 210

[0129] In some embodiments, at least one of the electron-
transporting organic material in the first mixed layers 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include a compound of
Formula 20a above.

[0130] In Formula20A, i) all of T, to T; may be N; 11) T,
may be C(R, ) and T, and T; may be N; iii) or all of T, to T
may be C(R ), but not limited thereto.

[0131] In Formula 20A, Ar,,, to Ar,,, may be each inde-
pendently selected from a substituted or unsubstituted C4-Cg,
arylene group, and a substituted or unsubstituted C,-Cy, het-
ero arylene group. Ar,, to Ar,,; may be each independently
selected from a phenylene group, a naphthylene group, an
anthrylene group, a pyrenylene group, a fluorenylene group,
a pyridinylene group, a pyrazinylene group, and a pyrimidi-
nylene group; and a phenylene group, a naphthylene group,
an anthrylene group, a pyrenylene group, a fluorenylene
group, a pyridinylene group, a pyrazinylene group, and a
pyrimidinylene group, substituted with at least one of a phe-
nyl group, a naphthyl group, an anthryl group, a pyrenyl
group, a fluorenyl group, a pyridinyl group, a pyrazinyl group,
and a pyrimidinyl group, but are not limited thereto.

[0132] In Formula 20A, p, q and r may be each indepen-
dently 0, 1 or 2. For example, in Formula 20A, p, q and r may
be each independently O or 1, but are not limited thereto.

[0133] In Formula 20A, Ar,,, to Ar,,; may be each inde-
pendently selected from a substituted or unsubstituted
C¢-Cyoaryl group, and a substituted or unsubstituted C,-C,
heteroaryl group. For example, Ar,,, to Ar,,; may be each
independently selected from a substituted or unsubstituted
benzoimidazolyl group, a substituted or unsubstituted ben-
zoxazolyl group, a substituted or unsubstituted benzothiaz-
olyl group, a substituted or unsubstituted benzopyrimidinyl
group, a substituted or unsubstituted imidazopyridinyl group,
a substituted or unsubstituted quinolyl group, a substituted or
unsubstituted isoquinolyl group, a substituted or unsubsti-
tuted quinazolyl group, a substituted or unsubstituted pyridi-
nyl group, a substituted or unsubstituted pyrimidinyl group, a
substituted or unsubstituted pyrazinyl group, a substituted or
unsubstituted phenyl group, a substituted or unsubstituted
naphthyl group, a substituted or unsubstituted pyrenyl group,
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a substituted or unsubstituted chrysenyl group, a substituted
or unsubstituted fluorenyl group, and a substituted or unsub-

stituted phenanthrenyl group.

[0134] Insome embodiments, Ar,,, to Ar,,, may be each
independently one of Formulae 11(1) to 11(26), but are not

limited thereto:
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Formula 11(9)

Formula 11(10)

Formula 11(11)

Formula 11(12)
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[0135]
defined above.
[0136]

Apr. 17,2014

-continued
AN
1 (Zao)e
P

Formula 11(26)

In Formulae 11(1) to 11(26), R10, Z,,, and ¢ are as

For example, in Formula 204, at least one of Ar,,

to Ar,, ; may be a substituted or unsubstituted phenanthrenyl

group.
[0137]

In some embodiments, at least one of the electron-

transporting organic material in the first mixed layers 13 and
23, and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include a compound repre-
sented by Formula 20A(1) or 20A(2), but is not limited

thereto:
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[0138]

~
Any3.

Ar,, 5, and Ar, |, are as defined above.
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In Formulae 20A(1) to 20A(3), Ar,g,, ALz, 4, 5
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[0139] Insome embodiments, at least one of the electron-
transporting organic material in the first mixed layers 13 and
23 and the electron-transporting organic material in the sec-
ond mixed layers 17 and 27 may include one of Compounds

600 to 604 below, but is not limited thereto:
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[0140] A thickness ratio of each of the first layers (11, 21)
and the third layers (19, 29) to each of the first mixed layer
(13, 23) and the second mixed layer (17, 27) may be varied
within a range of from about 1:99 to about 99:1. For example,
the thickness ratio of each of the first layers (11, 21) and the
third layers (19, 29) to each of the first mixed layer (13, 23)
and the second mixed layer (17, 27) may be from about 1:99
to about 1:10, and in some embodiments, may each be fro
about 1:50 to about 1:20, but are not limited thereto. In some
embodiments, the first mixed layers 13 and 23 may each have
a thickness of from about 30 A to about 100 A. In some
embodiments, the second mixed layers 17 and 27 may each
have a thickness of from about 30 A to about 100 A. When the
thickness ratios and the thicknesses of the first mixed layers
13 and 23 and the second mixed layers 17 and 27 are within
these ranges, an organic light-emitting diode with high effi-
ciency and long lifetime may be implemented.

[0141] In some embodiments, the thicknesses of the first
electron transport unit 10 and the second electron transport
unit 20 may be the same as or different from each other, or
may be varied, not limited thereto.

[0142] Insome embodiments, the thickness of the electron
transport layer 160 may be from about 300 A to about 5,00 A,
and in some embodiments, may be from about 300 A to about
400 A. When the thickness of the electron transport layer 160
is within these ranges, the electron transport layer 160 may
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have satisfactory electron transporting ability without a sub-
stantial increase in driving voltage.

[0143] Hereinafter, a method of forming the first electron
transport unit 10 of the electron transport layer 160, according
to an embodiment of the preset invention will be described
with reference to FIGS. 2A to 2G.

[0144] FIGS. 2A to 2G are views illustrating a method of
forming the first electron transport unit 10 of the electron
transport layer 160 on the emission layer 150, according to an
embodiment. Although not illustrated in FIGS. 2A to 2G for
convenience, the surface 110, the first electrode 120, the hole
injection layer 130, and the hole transport layer 140 described
above are on a surface of the emission layer 150 opposite to
the surface having the electron transport layer 160 thereon.
[0145] Referring to FIG. 2A, a first deposition source 300,
a second deposition source 400, and a third deposition source
301 may be below the surface of the emission layer 150
(without the hole injection layer 130 and the hole transport
layer 140 thereon). The first deposition source 300 is a depo-
sition source for discharging an electron migration-facilitat-
ing material, the second deposition source 400 is a deposition
source for discharging an electron-transporting organic mate-
rial, and the third deposition source 301 is a deposition source
for discharging an electron migration-facilitating material. In
some embodiments, the electron migration-facilitating mate-
rial discharged from the first deposition source 300 and the
electron migration-facilitating material discharged from the
third deposition source 301 may be the same or different from
each other. In some embodiments, the electron migration-
facilitating material discharged from the first deposition
source 300 and the electron migration-facilitating material
discharged from the third deposition source 301 may be the
same, but are not limited thereto. In some embodiments, a
discharging domain of the electron migration-facilitating
material from the first deposition source 300, a discharging
domain of the electron-transporting organic material from the
second deposition source 400, and a discharging domain of
the electron migration-facilitating material from the third
deposition source 301 may have a fan shape at a predeter-
mined angle as illustrated in FIG. 2A.

[0146] In some embodiments, the first deposition source
300, the second deposition source 400, and the third deposi-
tion source 301 may be at predetermined intervals so that the
discharging domain of the electron migration-facilitating
material from the first deposition source 300 and the discharg-
ing domain of the electron-transporting organic material from
the second deposition source 400 have an overlapping
domain therebetween, and the discharging domain of the
electron-transporting organic material from the second depo-
sition source 400 and the discharging domain of the electron
migration-facilitating material from the third deposition
source 301 have an overlapping domain therebetween (refer
to adomain C1 in FIG. 2A). As a result, the first mixed layer
13 and the second mixed layer 17 can be formed, which will
be described below with reference to FIG. 3B.

[0147] Insome embodiments, the first layer 11, the second
layer 15, and the third layer 19 that include the electron
migration-facilitating material may be formed through non-
overlapping domains between the discharging domain of the
electron migration-facilitating material of the first deposition
source 300 and the discharging domain of the electron-trans-
porting organic material of the second deposition source 400,
and non-overlapping domains between the discharging
domain of the electron-transporting organic material of the
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second deposition source 400 and the discharging domain of
the electron migration-facilitating material of the third depo-
sition source 301. In some embodiments, the areas of these
non-overlapping domains may be controllable by adjusting
the discharge angles at which the electron migration-facili-
tating material is emitted from the first deposition source 300
and the electron migration-facilitating material is discharged
from the third deposition source 301. In some embodiments,
the thicknesses of the first layer 11, the second layer 15, and
the third layer 19 may also be controllable by adjusting the
areas of the non-overlapping domains.

[0148] In some embodiments, the first deposition source
300, the second deposition source 400, and the deposition
source 301 may be mounted on a base 350. In some embodi-
ments, the base 350 may be loaded to be reciprocally movable
along a guide rail 340 laid in a chamber. In some embodi-
ments, the base 350 may be operated in connection with a
driving unit (not shown).

[0149] In some embodiments, the base 350 with the first
deposition source 300, the second deposition source 400, and
the third deposition source 301 loaded thereon and disposed
at predetermined intervals may be moved under the emission
layer 150 from a first end A toward a direction B, while the
first deposition source 300, the second deposition source 400,
and the third deposition source 301 are turned on, as illus-
trated in FIG. 2A. In this regard, only the electron migration-
facilitating material discharged from the third deposition
source 301 starts to be deposited on the emission layer 150 to
form the first layer 11 (refer to D1) consisting of the electron
migration-facilitating material. With the base 350 continuing
to moving in direction B, the first layer 11 is extended and
deposited on the emission layer 150.

[0150] When the base 350 with the first deposition source
300, the second deposition source 400, and the third deposi-
tion source 301 loaded thereon continues to move in direction
B, as illustrated in FIG. 2B, a domain in which the electron
migration-facilitating material discharged from the third
deposition source 301 and the electron-transporting organic
material discharged from the second deposition source 400
are simultaneously deposited (refer to D2) is formed, so that
a first mixed layer 13 including both the electron migration-
facilitating material and the electron-transporting organic
material starts to be formed on a lower surface of the first layer
11. With the base 350 continuing to moving in direction B, the
first mixed layer 13 is extended and deposited on the first layer
11.

[0151] Subsequently, when thebase 350 with the first depo-
sition source 300, the second deposition source 400, and the
third deposition source 301 continues to move further in
direction B, as illustrated in FIG. 2C, a second “a” layer 15'
including the electron migration-facilitating material dis-
charged from the first deposition source 300 starts to be
formed on a lower surface of the first mixed layer 13 (refer to
D3).

[0152] Subsequently. when thebase 350 with the first depo-
sition source 300, the second deposition source 400, and the
third deposition source 301 disposed thereon continues to
move further in direction B and reaches a second end E under
the emission layer 150, as illustrated in FIG. 2D, the forma-
tion of 1) the first layer 11 including the electron migration-
facilitating material, i1) the first mixed layer 13 including the
electron migration-facilitating material and the electron-
transporting organic material, and iii) the second “a” layer 15'
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including the electron migration-facilitating material on the
lower surface of the emission layer 150 is completed.
[0153] Next, the base 350 at the second end E under the
emission layer 150 changes the direction of movement and
starts to move direction F opposite to direction B, as illus-
trated in FIG. 2E. As illustrated in FIG. 2E, a second “b” layer
15" including the electron migration-facilitating material
emitted from the first deposition source 300 starts to be depos-
ited to form the second layer 15.

[0154] Subsequently, when the base 350 continues to move
further in direction F, as illustrated in FIG. 2F, i) a second
mixed layer 17 including the electron migration-facilitating
material emitted from the first deposition source 300 and the
electron-transporting organic material discharged from the
second deposition source 400, and ii) a third layer 19 includ-
ing the electron migration-facilitating material discharged
from the third deposition source 301 may be sequentially
formed on a lower surface of the second layer 15.

[0155] When the electron migration-facilitating material in
the second “a” layer 15" and the electron migration-facilitat-
ing material in the second “b” layer 15" are the same, an
interface between the second “a” layer 15' and the second “b”
layer 15" may not be distinct, and the second “a” layer 15' and
the second “b” layer 15" may appear as one layer, that is, the
second layer 15. For this reason, the interface between the
second “a” layer 15" and the second “b” layer 15" is denoted
by dashed lines, not solid lines, in FIG. 2F. Accordingly, in
some embodiments, the second “a” layer 15" and the second
“b” layer 15" may appear as one layer, i.e., the second layer
15, but are not limited thereto.

[0156] Subsequently, when thebase 350 with the first depo-
sition source 300, the second deposition source 400, and the
third deposition source 301 disposed thereon reaches the first
end A under the emission layer 150, as illustrated in FIG. 2G,
the formation of 1) the first layer 11 including the electron
migration-facilitating material, ii) the first mixed layer 13
including the electron migration-facilitating material and the
electron-transporting organic material, iii) the second layer
15 including the electron migration-facilitating material, 1iv)
the second mixed layer 17 including the electron migration-
facilitating material and the electron-transporting organic
material, and v) the third layer 19 including the electron
migration-facilitating material that are sequentially deposited
upon one another is completed.

[0157] The thickness of the first layer 13, the thickness of
the second “a” layer 15', the thickness of the second “b” 15",
and the thickness of the third layer 19 may be the same.
Accordingly, the thickness of the second layer 15 may be
twice the thickness of the first layer 13.

[0158] According to the method, the first electron transport
unit 10 may be formed through one reciprocation of the base
350 with the first deposition source 300, the second deposi-
tion source 400, and the third deposition source 301 disposed
thereon from the first end A under the emission layer 150 back
to the first end A via the second end E.

[0159]  Accordingly, the electron transport layer 160 with a
stack structure in which the first electron transport unit 10 and
the second electron transport unit 20 are sequentially stacked
upon one another may be formed easily by reciprocating
twice the base 350 with the first deposition source 300, the
second deposition source 400, and the third deposition source
301 disposed thereon from the first end A under the emission
layer 150 back to the first end A via the second end E. Since
the third layer 19 of the first electron transport unit 10 and the

Apr. 17,2014

first layer 21 of the second electron transport unit 20 are
formed of the same material, an interface between the third
layer 19 and the first layer 21 may not be distinct, and the third
layer 19 and the first layer 21 may appear as one layer. That is,
although the interface between the third layer 19 of the first
electron transport unit 10 of the electron transport layer 160 of
FIG. 1 and the first layer the second electron transport unit 20
is denoted by solid lines in FIG. 1, the third layer 19 and the
first layer 21 of the second electron transport unit 20 may
appear as one layer.

[0160] When the electron transport layer 160 is formed by
repeating twice the method illustrated in FIGS. 2A to 2G, the
formation of the electron transport layer 160 may be more
simple and facilitated. Since the formation processes of mul-
tiple layers are performed almost the same time within a
single chamber, an additional chamber exhausting process
may not be performed between the formations of each layer.
[0161] The method of forming the first electron transport
unit 10 is described as an embodiment with reference to the
present invention, but the present invention is not limited
thereto.

[0162] Since the third layer 29 of the electron transport
layer 160 thatis in contact with the second electrode 180 does
not include the electron-transporting organic material, inter-
facial characteristics between the second electrode 180 and
the electron transport layer 160 may be stabilized, and an
electron injection efficiency from the second electrode 180 to
the electron transport layer 160 may be improved. As a result,
the emission layer 150 may have hole-electron balance, and
thus improved lifetime characteristics, and a continuous
increase in driving voltage and voltage overshoot may be
prevented.

[0163] In some embodiments, the second electrode 180 is
ontheelectron transport layer 160. In some embodiments, the
second electrode 180 may be a cathode, which is an electron
injecting electrode. In some embodiments, a metal for form-
ing the second electrode 9 may be a metal, an alloy, an
electrically conductive compound, which have a low-work
function, or a mixture thereof. In this regard, the second
electrode 9 may be formed of lithium (Li), magnesium (Mg),
aluminum (Al), aluminum (Al)-lithium (Li), calcium (Ca),
magnesium (Mg)-indium (In), magnesium (Mg)-silver (Ag),
or the like, and may be formed as a thin film type transmission
electrode. In some embodiments, to manufacture a top-emis-
sion light-emitting diode, the transmission electrode may be
formed of indium tin oxide (ITO) or indium zinc oxide (IZ0).
[0164] Although the embodiments of the organic light-
emitting diodes with n=2 are described above with reference
to FIGS. 1, and 2A to 2G, the present invention is not limited
thereto.

[0165] As used herein, examples of the unsubstituted
C,-Cq alkyl group (or C,-Cgpalkyl group are linear or
branched C,-C,, alkyl groups, such as methyl, ethyl, propyl,
isobutyl, sec-butyl, pentyl, iso-amyl, and hexyl. Examples of
the substituted C,-Cg, alkyl group are an unsubstituted
C,-Cg, alkyl group of which at least one hydrogen atom is
substituted with a deuterium atom, —F, —Cl, —Br, —1,
—CN, a hydroxyl group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, a carboxyl group or
a salt thereof, a sulfonic acid group or a salt thereof, a phos-
phoric acid group or a salt thereof, a C,-C,alkyl group, a
C,-Cgalkoxy group, a C,-Cgpalkenyl group and a
C,-Cgoalkynyl group; a C,-C,palkyl group, a C,-Cgjalkoxy
group, a C,-Cyoalkenyl group, and a C,-Cqyalkynyl group,
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substituted with at least one of a deuterium atom, —F, —Cl,
—Br, —I, —CN, a hydroxyl group, a nitro group, an amino
group, an amidino group, a hydrazine, a hydrazone, a car-
boxyl group or a salt thereof, a sulfonic acid group or a salt
thereof, and a phosphoric acid group or a salt thereof; a
C;-C, jeycloalkyl group, a Cg-Cguaryl group, a C,-C, het-
eroaryl group, a C4-Cgyoaralkyl group and a Cy-Cgoaryloxy
group; and a C;-C,jcycloalkyl group, a C,-Cgoaryl group, a
C,-C4, heteroaryl group, a C,-Cgparalkyl group, and a
Cs-Ceoaryloxy group, substituted with at least one of a deu-
terium atom, —F, —Cl1, —Br, —I, —CN, a hydroxy] group,
anitro group, an amino group, anamidino group, ahydrazine,
ahydrazone, a carboxy! group or a salt thereof, a sulfonic acid
group or a salt thereof, a phosphoric acid group or a salt
thereof, a C,-Cgpalkyl group, a C,-Cqpalkoxy group, a
C,-Cyoalkenyl group, a C,-Cynalkynyl group, a C-Cyqaryl
group, and a C,-Cg,, heteroaryl group.

[0166] As used herein, the unsubstituted C,-Cg, alkoxy
group (or C,-C, alkoxy group) may be a group represented
by —OA, wherein A is an unsubstituted C, -Cs,, alkyl group as
described above. Examples of the unsubstituted C,-C,
alkoxy group are a methoxy group, an ethoxy group, and an
isopropyloxy group. At least one hydrogen atom in these
alkoxy groups may be substituted with those substituents
described above in conjunction with the substituted C,-Cy,
alkyl group.

[0167] As used herein, the unsubstituted C,-Cg, alkynyl
group (or C,-Cy,, alkynyl group) is an unsubstituted C,-Cy,
alkyl group having at least one carbon-carbon double bond in
the center or at a terminal thereof. Examples of the alkenyl
group are an ethenyl group, a propenyl group, a butenyl
group, and the like. At least one hydrogen atom in the unsub-
stituted C,-C,, alkenyl group may be substituted with those
substituents described above in conjunction with the substi-
tuted C,-Cq, alkyl group.

[0168] The unsubstituted C,-Cg, alkyny! group (or C,-Cg,
alkynyl group) is a C,-Cq, alkyl group having at least one
carbon-carbon triple bond in the center or at a terminal
thereof. Examples of the unsubstituted C,-C,,, alkynyl group
(or C,-Cy, alkynyl group) are an ethenyl group, a propynyl
group, and the like. At least one hydrogen atom in the alkynyl
group may be substituted with those substituents described
above in conjunction with the substituted C, -Cy, alkyl group.
[0169] The unsubstituted C4-Cg, aryl group is a monova-
lent group having a carbocyclic aromatic system having 6 to
60 carbon atoms including at least one aromatic ring. The
unsubstituted C,-Cy, arylene group s a divalent group having
a carbocyclic aromatic system having 6 to 60 carbon atoms
including at least one aromatic ring. When the aryl group and
the arylene group have at least two rings, they may be fused to
each other via a single bond. Atleast one hydrogen atom in the
aryl group and the arylene group may be substituted with
those substituents described above in conjunction with the
C,-Cyg, alkyl group.

[0170] Examples of the substituted or unsubstituted C4-Cg,
aryl group are a phenyl group, a C,-C,, alkylphenyl group
(e.g., an ethylphenyl group), a C,-C,,, alkylbiphenyl group
(e.g., an ethylbiphenyl group), a halophenyl group (e.g., an o-,
m- or p-fluorophenyl group and a dichlorophenyl group), a
dicyanophenyl group, a trifluoromethoxyphenyl group, an o-,
m- or p-tolyl group, an o-, m- or p-cumenyl group, a mesityl
group, a phenoxyphenyl group, a (a,a-dimethylbenzene)
phenyl group, a (N,N'-dimethyl)aminopheny] group, a (N,N'-
diphenyl)aminophenyl group, a pentalenyl group, an indenyl
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group, a naphthyl group, a halonaphthyl group (e.g., a fluo-
ronaphthyl group), a C,-C,, alkylnaphthyl group (e.g., a
methylnaphthyl group), aC,-C, , alkoxynaphthyl group (e.g.,
amethoxynaphthyl group), an anthracenyl group, an azulenyl
group, a heptalenyl group, an acenaphthylenyl group, a phe-
nalenyl group, a fluorenyl group, an anthraquinolyl group, a
methylanthryl group, a phenanthryl group, a triphenylenyl
group, a pyrenyl group, a chrysenyl group, an ethyl-chrysenyl
group, a picenyl group, a perylenyl group, a chloroperylenyl
group, a pentaphenyl group, a pentacenyl group, a tetraphe-
nylenyl group, a hexaphenyl group, hexacenyl group, a rubi-
cenyl group, a coronenyl group, a trinaphthylenyl group, a
heptaphenyl group, a heptacenyl group, a pyranthrenyl group,
and an ovalenyl group. Examples of the substituted C4-Cq,
aryl group may be inferred based on those of the unsubstituted
Cs-Cyo aryl group and the substituted C,-C,, alkyl group
described above. Examples of the substituted or unsubstituted
CeCqo arylene group may be inferred based on those
examples of the substituted or unsubstituted C4-Cy, aryl
group described above.

[0171] The unsubstituted C,-C,, heteroaryl group is a
monovalent group having at least one aromatic ring having at
least one of the heteroatoms selected from the group consist-
ing of N, O, P, and S. The unsubstituted C,-C, heteroarylene
group is a divalent group having at least one aromatic ring
having at least one of the heteroatoms selected from the group
consisting of N, O, P, and S. In this regard, when the het-
eroaryl group and the heteroarylene group have at least two
rings, they may be fused to each other via a single bond. At
least one hydrogen atom in the heteroaryl group and the
heteroarylene group may be substituted with those substitu-
ents described with reference to the C,-Cy, alkyl group.
[0172] Examples of the unsubstituted C,-Cg, heteroaryl
group are a pyrazolyl group, an imidazolyl group, an oxazolyl
group, a thiazolyl group, a triazolyl group, a tetrazolyl group,
an oxadiazolyl group, a pyridinyl group, a pyridazinyl group,
a pyrimidinyl group, a triazinyl group, a carbazolyl group, an
indolyl group, a quinolinyl group, an isoquinolinyl group, a
benzoimidazolyl group, an imidazopyridinyl group and an
imidazopyrimidinyl group. Examples of the unsubstituted
C,-Cg, heteroarylene group may be understood with refer-
ence to those examples of the substituted or unsubstituted
C,-Cyg, arylene group described above.

[0173] The substituted or unsubstituted C4-Cg, aryloxy
group indicates —OA, (where A, is a substituted or unsub-
stituted C4-Cy, aryl group described above). The substituted
or unsubstituted C,-Cg, arylthiol group indicates —SA,
(where A, is a substituted or unsubstituted C4-C, aryl group
described above).

[0174] The method of forming the electron transport unit
described with reference to FIGS. 2A to 2G may be modified
in a variety of ways, for example, as a method of forming
multiple material layers including at least two different mate-
rials, by using a variety of materials as materials discharged
from the first deposition source 300, the second deposition
source 400, and the third deposition source 301.

[0175] In some embodiments, a method of forming mul-
tiple material layers may be provided, for example, by using
i) a substrate, instead of the emission layer 150 used in the
method described with reference to FIGS. 2A to 2G, ii) a first
material as a material discharged from the first deposition
source 300, instead of the electron migration-facilitating
material, iii) a second material discharged as a material from
the second deposition source 400, instead of the electron-
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transporting organic material, and iv a third material as a
material discharged from the third deposition source 301,
instead of the electron migration-facilitating material, the
method including:

[0176] preparing the substrate;

[0177] preparing a first deposition source discharging the
first material, a second deposition source discharging the
second material, and a third deposition source discharging the
third material;

[0178] arranging the first deposition source, the second
deposition source and the third deposition source at predeter-
mined intervals therebetween so that a discharging domain of
the first material from the first deposition source and a dis-
charging domain of the second material from the second
deposition source overlap with each other, and a discharging
domain of the second material from the second deposition
source and a discharging domain of the third material from
the third deposition source overlap with each other; and
[0179] reciprocating the first deposition source, the second
deposition source and the third deposition source from a first
end via a second end of the substrate and then back to the first
end of the substrate;
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mm and then sonicated in isopropyl alcohol and pure water
each for five minutes, and then cleaned by irradiation of
ultraviolet rays for 30 minutes and exposure to ozone. The
resulting glass substrate was loaded into a vacuum deposition
device.

[0184] 4.4'-bis|N-(1-naphthyl)-N-phenylamino|biphenyl
(NPB)was deposited on the [TO layer to form a hole transport
layer having a thickness of 1400 A.

[0185] Subsequently, 9,10-di-naphthalene-2-yl-an-
thracene (AND, a host) and 4,4'-bis[2-(4-(N,N-dipheny-
lamino )phenyl)vinyl]biphenyl (DPAVBI, a dopant) were co-
deposited on the hole transport layer in a weight ratio of 98:2
to form an emission layer having a thickness of about 300 A.

[0186] Afterward, a first electron transport unit (180 A) and
a second electron transport unit (180 A) each having a struc-
ture of Table 1 below were sequentially formed on the emis-
sion layer to form an electron transport layer having a thick-
ness of about 360 A.

TABLE 1

First electron

transport

unit (180 A)

Second electron

transport

unit (180 A)

First layer (3 A)
First mixed

layer (84 A)
Second layer (6 A)
Second mixed
layer (84 A)

Third layer (3 A)
First layer (3 A)
First mixed layer
(84 A)

Second layer (6 A)
Second mixed
layer (84 A)

Third layer (3 A)

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250

[0180] wherein the reciprocating is performed n times,
wheren is an integer of 1 or greater, to form the material layer
having a stack structure including n number of stack units on
the substrate, where n is an integer of 1 or greater, each stack
unitincluding: a third material layer, a mixed layer ofthe third
material and the second material, a mixed layer of the first
material and the third material, a mixed layer of the first
material and the second material, and a first material layer that
are sequentially stacked upon one another.

[0181] The method of forming the material layer may be
the same as the method described with reference to FIGS. 2A
to 2@, except that the substrate with a region for multiple
material layers is any substrate, and the first, second, and third
materials may be any depositable material and may be the
same or differ from each other. Thus, a detailed description of
the material layer formation method is not provided here, and
the method described above in detail with reference to FIGS.
2A to 2G may be referred to in this regard.

[0182] The first material is same as the third material.

EXAMPLES

Example 1B

[0183] To manufacture ananode, a corning 15 €/cm? (1200
A)ITO glass substrate was cut to a size of 50 mmx50 mmx0.7

[0187] The first electron transport unit and the second elec-
tron transport unit were each formed according to the method
described with reference to FIGS. 2A to 2G above. In par-
ticular, after a base with a first deposition source for discharg-
ing Compound 250, a second deposition source for discharg-
ing Compound 202, and a third deposition source for
discharging Compound 250 disclosed thereon were prepared,
a) intervals between and discharge angles of the first deposi-
tion source, the second deposition source, and the third depo-
sition source were adjusted so that 1) a discharging domain of
the Compound 250 from the first deposition source and a
discharging domain of Compound 202 from the second depo-
sition source appropriately overlap with one another and ii) a
discharging domain of Compound 202 from the second depo-
sition source and a discharging domain of Compound 250
from the third deposition source appropriately overlap with
one another, and b) the base was reciprocated twice under the
emission layer between opposite ends of the base, so that an
electron transport layer as described above was formed on a
lower surface of the emission layer.

[0188] Subsequently. Al was deposited on the electron
transport layer to form a second electrode (cathode) having a
thickness of about 3000 A, thereby manufacturing an organic
light-emitting diode.
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DPAVBI

Compound 202

Example 1G

[0189] To manufacture ananode, a corning 15 ©/cm? (1200
A) ITO glass substrate was cut to a size of 50 mmx50 mmx0.7
mm and then sonicated in isopropyl alcohol and pure water
each for five minutes, and then cleaned by irradiation of
ultraviolet rays for 30 minutes and exposure to ozone. The
resulting glass substrate was loaded into a vacuum deposition
device.

[0190] 2-TNATA was deposited on the ITO glass substrate
to form an hole injection layer having a thickness 0f 350 A on
the anode, and then 4,4'-bis[N-(1-naphthyl)-N-phenylamino]
biphenyl (NPB) was deposited on the hole injection layer to
form a hole transport layer having a thickness of 1400 A.

[0191] Compound H1 (host) and Compound GD1 (dopant)
were co-deposited on the hole transport layer in a weight ratio

of about 98:5 to form an emission layer having a thickness of
about 400 A.

[0192] Afterward, afirst electron transport unit (180 A) and
a second electron transport unit (180 A) each having the
structure of Table 1 above were sequentially formed on the
emission layer to form an electron transport layer having a
thickness of about 360 A.

[0193] Subsequently, Al was deposited on the electron
transport layer to form a second electrode (cathode) having a
thickness of about 3000 A, thereby completing the manufac-
ture of an organic light-emitting diode.

Compound 250

Compound H1

Compound GD1

\/

Example 1R

[0194]
in the same manner as in Example 1G, except that the thick-

An organic light-emitting diode was manufactured
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ness of the hole injection layer was adjusted to about 780 A,
and Compound RD1 below was used as a dopant in forming
the emission layer.

Compound RD1

| N
=N 0
\>Ir \
=
Example 2B

[0195] An organic light-emitting diode was manufactured
in the same manner as in Example 1B, except that an electron
transport layer having a structure of Table 2 below was
formed.

TABLE 2
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Example 2G

[0196] An organic light-emitting diode was manufactured
in the same manner as in Example 1G, except that Compound
H1 as a host, and Compound GD1 as a dopant were used to
form the emission layer, and the electron transport layer hav-
ing the structure of Table 2 in Example 1B was formed.

Example 2R

[0197] An organic light-emitting diode was manufactured
in the same manner as in Example 2G, except that the thick-
ness of the hole injection layer was adjusted to about 780 A,
and Compound RD1 below was used as a dopant in forming
the emission layer.

Example 3B

[0198] An organic light-emitting diode was manufactured
in the same manner as in Example 1B, except that an electron
transport layer having a structure of Table 3 below was
formed.

First electron
transport
unit(180 A)

Second electron
transport
unit(180 A)

First layer(3.5 A)
First mixed
layer(83 A)
Second layer(7 A)
Second mixed
layer(83 A)

Third layer(3.5 A)
First layer(3.5 A)
First mixed
layer(83 A)
Second layer(7 A)
Second mixed
layer(83 A)

Third layer(3.5 A)

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 202 and
Compound 250

formed by deposition of Compound 250

TABLE 3

First electron
transport
unit(180 A)

Second electron
transport
unit(180 A)

First layer (2.5 A)
First mixed

layer (85 A)
Second layer (5 A)
Second mixed
layer (85 A)

Third layer (2.5 A)
First layer (2.5 A)
First mixed
layer(85 A)
Second layer (5 A)
Second mixed
layer (85 A)

Third layer (2.5 A)

formed by deposition of Compound 250
formed by co-deposition of Compound 600 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 600 and
Compound 250

formed by deposition of Compound 250
formed by deposition of Compound 250
formed by co-deposition of Compound 600 and
Compound 250

formed by deposition of Compound 250
formed by co-deposition of Compound 600 and
Compound 250

formed by deposition of Compound 250
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Example 3G

[0199] An organic light-emitting diode was manufactured
in the same manner as in Example 1G;, except that Compound
H1 as a host and Compound GD1 as a dopant were used to
form the emission layer, and the electron transport layer hav-
ing the structure of Table 3 in Example 3B was formed.

Example 3R

[0200] An organic light-emitting diode was manufactured
in the same manner as in Example 3G, except that the thick-
ness of the hole injection layer was adjusted to about 780 A,
and Compound RD1 below was used as a dopant in forming
the emission layer.

Evaluation Example 1

[0201] Driving voltages, efficiencies and color coordinates
of the organic light-emitting diodes of Examples 1B to 3R
were measured using a PR650 (Spectroscan) Source Mea-
surement Unit. (available from PhotoResearch, Inc.). The
results are shown in Table 4 below.

TABLE 4
Driving Efficiency

voltage(V) (Cd/A) CIEx CIEy
Example 1B 4.7 65.1 0.141 0.054
Example 2B 6.7 49.7 0.140 0.058
Example 3B 4.5 68.6 0.138 0.047
Example 1G 3.9 97.5 0.230 0.719
Example 2G 5.6 99.3 0.241 0.711
Example 3G 4.4 105.7 0.234 0.716
Example 1R 5.0 30.3 0.667 0.333
Example 2R 7.1 26.7 0.669 0.331
Example 3R 52 30.3 0.668 0.330

[0202] Referring to Table 4 above, the organic light-emit-
ting diodes of Examples 1b to 3R are found to have high
efficiencies and good color purity characteristics.

[0203] As described above, according to the one or more of
the above embodiments of the present invention, an organic
light-emitting diode including an electron transport layer
having a novel structure as describe above may have high
efficiency and long lifetime. According to a method of manu-
facturing the organic light-emitting diode, the electron trans-
port layer may be easily formed. A multi-layered material
layer including at least two different materials may be easily
formed using the organic light-emitting diode manufacturing
method.

[0204] It should be understood that the exemplary embodi-
ments described therein should be considered in a descriptive
sense only and not for purposes of limitation. Descriptions of
features or aspects within each embodiment should typically
be considered as available for other similar features or aspects
in other embodiments.

What is claimed is:

1. An organic light-emitting diode comprising:

a substrate; a first electrode on the substrate; a second
electrode opposite to the first electrode; an emission
layer between the first electrode and the second elec-
trode; and an electron transport layer between the emis-
sion layer and the second electrode,

wherein the electron transport layer comprises a stack
structure including n number of electron transport units
(where n is an integer of 1 or greater) each including a
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stack of a first layer, a first mixed layer, a second layer, a
second mixed layer, and a third layer that are sequen-
tially stacked upon one another,

the first mixed layer and the second mixed layer each
comprise an electron-transporting organic material and
an electron migration-facilitating material, and

the first layer comprises a first electron migration-facilitat-
ing material and excludes the electron-transporting
organic material, the second layer comprises a second
electron migration-facilitating material and excludes the
electron-transporting organic material, and the third
layer comprises a third electron migration-facilitating
material and excludes the electron-transporting organic
material.

2. The organic light-emitting diode of claim 1, wherein n is
equal to 2.

3. The organic light-emitting diode of claim 1, wherein the
first electron migration-facilitating material, the second elec-
tron migration-facilitating material, and the third electron
migration-facilitating material are the same material.

4. The organic light-emitting diode of claim 1, wherein the
first electron migration-facilitating material, the second elec-
tron migration-facilitating material, and the third electron
migration-facilitating material each independently comprise
atleast one ofa i complex, LiF, CsF, Al,0;, Si0,, Si;N,, and
Cs,CO,.

5. The organic light-emitting diode of claim 1, wherein the
first electron migration-facilitating material, the second elec-
tron migration-facilitating material, and the third electron
migration-facilitating material each independently comprise
at least one of Compounds 250 and 251 below:

Compound 250

Compound 251

6. The organic light-emitting diode of claim 1, wherein the
first layer, the second layer, and the third layer each indepen-
dently have a thickness of from about 0.1 nm to about 50 nm.

7. The organic light-emitting diode of claim 1, wherein at
least one of the first electron migration-facilitating material,
the second electron migration-facilitating material and the
third electron migration-facilitating material is the same
material as at least one of the electron migration-facilitating
material in the first mixed layer and the electron migration-
facilitating material in the second mixed layer.
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8. The organic light-emitting diode of claim 1, wherein the
electron-transporting organic material in the first mixed layer
and the electron-transporting organic material in the second
mixed layer are the same.

9. The organic light-emitting diode of claim 1, wherein the
electron-transporting organic material in the first mixed layer
and the electron-transporting organic material in the second
mixed layer each independently comprise at least one of 1) a
compound represented by one of Formulae 10A, 10B and
10C below, and i1) a compound represented by Formula 20A
below:

Formula 10A
Aty
Ry
Ve
l l (L1a
Argy
Formula 10B
Ary,
R
-
(Ll)a
L2)s
RS

Argp

Formula 10C
Ay R
3R
Q (Ll)a\ N
Arp !
Formula 20A
Trzll
(Ar01),
7 N,
(Anp)y T2 (ARa03),
Anys Aty 13

wherein, in Formulae 10A to 10C,

Ar,, and Ar,, are each independently selected from a sub-
stituted or unsubstituted C4-C,, aryl group and a substi-
tuted or unsubstituted C,-C, heteroaryl group;

L, and L, are each independently selected from a substi-
tuted or unsubstituted C,-C,,, arylene group and a sub-
stituted or unsubstituted C,-Cg, heteroarylene group;

aand b are each independently 0, 1 or 2;

R, and R, are each independently selected from a substi-
tuted or unsubstituted benzoimidazolyl group, a substi-
tuted or unsubstituted benzoxazolyl group, a substituted
or unsubstituted benzothiazolyl group, a substituted or
unsubstituted benzopyrimidinyl group, a substituted or
unsubstituted imidazopyridinyl group, a substituted or
unsubstituted quinolinyl group, a substituted or unsub-

Apr. 17,2014

stituted isoquinolinyl group, a substituted or unsubsti-
tuted quinazolyl group, a substituted or unsubstituted
pyridinyl group, a substituted or unsubstituted pyrimidi-
nyl group, a substituted or unsubstituted pyrazinyl
group, a substituted or unsubstituted phenyl group, a
substituted or unsubstituted naphthyl group, a substi-
tuted or unsubstituted pyrenyl group, a substituted or
unsubstituted chrysenyl group, a substituted or unsub-
stituted fluorenyl group, and a substituted or unsubsti-
tuted phenanthrenyl group; and

R, and R, are each independently selected from a C,-C,,

alkyl group and a C,-C,, aryl group, each unsubstituted

or substituted with at least one of a deuterium atom, —F,

—Cl,—Br, —I, —CN, a hydroxyl group, a nitro group,

an amino group, a amidino group, a hydrazine, a hydra-

zone, a carboxyl group or a salt thereof, sulfonic acid

group or a salt thereof, and a phosphoric acid group or a

salt thereof, and

in Formula 20A,

T, to T are each independently N (nitrogen) or C(R100),

wherein R100 is selected from,

a hydrogen atom, a deuterium atom, —F, —Cl, —Br,
—1I,—CN, hydroxyl group, —NO,, amino group, an
amidino group, a hydrazine, a hydrazone, a carboxyl
group or a salt thereof, a sulfonic acid group or a salt
thereof, a phosphoric acid group or a salt thereof, a
C,-Cy, alkyl group and a C;-Cgualkoxy group, said
C,-Cgpalkyl group and a C-Cq,alkoxy group each
unsubstituted or substituted with at least one of a
deuterium atom, —F, —Cl, —Br, —I, —CN, a
hydroxyl group, a nitro group, an amino group, an
amidino group, a hydrazine, a hydrazone, a carboxyl
group or a salt thereof, a sulfonic acid group or a salt
thereof, and a phosphoric acid group or a salt thereof;,

Ar,,, 10 Ar,g; are each independently selected from a sub-

stituted or unsubstituted C,-Cy, arylene group and a

substituted or unsubstituted C,-C4, heteroarylene

group;

p, q and r are each independently, 0, 1 or 2; and

Ar,,, to Ar, | ; are each independently selected from a sub-

stituted or unsubstituted C-Cgqaryl group and a substi-

tuted or unsubstituted C,-C,, heteroaryl group.

10. The organic light-emitting diode of claim 9, wherein at
least one of the electron-transporting organic material in the
first mixed layer and the electron-transporting organic mate-
rial in the second mixed layer comprises a compound repre-
sented by one of Formula 10A(1) to 10A(12), 10B(1) to
10B(12), and 10C(1) to 10C(6) below:

Formula 10A(1)

Ry
-
l l L)a
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-continued -continued
Formula 10A(2) Formula 10A(5)

i
Ry
F

O

\

Dot
/N7 \

Formula 10A(6)

4
\

Formula 10A(3)

SaO=Uh
=
=\

Formula 10A(7)

Formula 10A(4)

)

D

\

OO0~ X
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-continued -continued
Formula 10A(8) Formula 10A(10)
N |
A ‘/\
ji
Ry
-
Li)a
| NN A
F ji F
g
| A P
NFHA
Formula 10A(9)

Formula 10A(11)
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-continued -continued
Formula 10A(12) Formula 10B(3)

Ry
-
l l l (Ll)a
1L2)s
R R
L1)a ‘ O

Formula 10B(4)
Formula 10B(1) O
R
v
(Ll)a
R
-~
La)p
A O
Formula 10B(2) O
0
‘ X
F Formula 10B(5)
R
NN Ly
(La)s NN
R

7\

\
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-continued -continued
Formula 10B(6) Formula 10B(8)
SOVe g
‘/\ AN ‘/\
7 7
AR R,
| A I\ij/(“)” CI j/mf
A A
N /(Lz)b I L, F f Va
2 RZ/
Z | 7
F
Formula 10B(7) Formula 10B(9)

W

/
AN
Z

V4

D
N\

Z

s Ry
(Ll)a

l Ly

/(Lz)b

L
Ry /( 2)b

Ry

\

\_/
_ 2J8
{9
<0<

/' \_/
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-continued -continued
Formula 10B(10) Formula 10B(12)

N N
/J \ 7/

(
\2

L)y
R

D
7N\ /

—Z

g N_/

Formula 10C(1)

Formula 10B(11) O
Ry g,
Q (R
R
vl O

Formula 10C(2)
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-continued
Formula 10C(3)
! R
Q (M
Formula 10C(4)
R3 R4
OOO l R
Q Lo
Formula 10C(5)
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-continued
Formula 10c(6)
®
Z
Lox
| N Y
ravv a\v R
I wy ™
~ )

¢

11. The organic light-emitting diode of claim 10, wherein
at least one of the electron-transporting organic material in
the first mixed layer and the electron-transporting organic
material in the second mixed layer comprises a compound
represented by one of Formulae 10A(1) to 10A(6), 10B(1) to
10B(6), and 10C(1) to 10C(6), wherein R1 and R2 are each
independently selected from a substituted or unsubstituted
benzoimidazolyl group, a substituted or unsubstituted ben-
zoxazolyl group, and a substituted or unsubstituted ben-
zothiazoly! group.

12. The organic light-emitting diode of claim 10, wherein
at least one of the electron-transporting organic material in
the first mixed layer and the electron-transporting organic
material in the second mixed layer comprises a compound
represented by one of Formulae 10A(7) to 10A(12) and 10B
(7) to 10B(12), wherein R, and R, are each independently
selected from a substituted or unsubstituted phenyl group and
a substituted or unsubstituted naphthyl group.

13. The organic light-emitting diode of claim 9, wherein at
least one of the electron-transporting organic material in the
first mixed layer and the electron-transporting organic mate-
rial in the second mixed layer comprises a compound repre-
sented by Formula 20A, wherein T, to T, in Formula 20A are
N (nitrogen); or T, is C(R o), and T, and T; are N (nitrogen);
or T, to T; are CR, ).

14. The organic light-emitting diode of claim 13, wherein
Ar,,, to Ar,,; in Formula 20A are each independently
selected from,

a phenylene group, a naphthylene group, an anthrylene
group, a pyrenylene group, a fluorenylene group, a
pyridinylene group, a pyrazinylene group, and a pyrim-
idinylene group; and

a phenylene group, a naphthylene group, an anthrylene
group, a pyrenylene group, a fluorenylene group, a
pyridinylene group, a pyrazinylene group, and a pyrim-
idinylene group, substituted with at least one of a phenyl
group, a naphthyl group, an anthryl group, a pyrenyl
group, a fluorenyl group, a pyridinyl group, a pyrazinyl
group, and a pyrimidinyl group.

15. The organic light-emitting diode of claim 1, wherein

the electron-transporting organic material in the first mixed
layer and the electron-transporting organic material in
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the second mixed layer each independently comprise _continued
one of Compounds 200 to 210 and Compounds 600 to Compound 202
604 below.
Compound 200
N Z
Compound 203

I Q
Compound 201 -

¢
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Compound 204

O N
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-continued -continued
Compound 205 Compound 208
N
Compound 206
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O O O Compound 209

Compound 207
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-continued -continued
Compound 210 Compound 602

Compound 603
Compound 600 l l
P
N
N N
AN
F
N Nz
| AN Compound 604
N S
Compound 601
INGEAON
&
OO N O
B
N /
O 16. The organic light-emitting diode of claim 1, wherein
the first mixed layer and the second mixed layer each inde-

pendently have a thickness of from about 30 A toabout 100 A.

17. The organic light-emitting diode of claim 1, wherein

the emission layer comprises a blue emission layer config-
ured to emit blue light.
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18. A method of manufacturing an organic light-emitting

diode, the method comprising:
forming a first electrode on a substrate;
forming an emission layer on the first electrode;
forming an electron transport layer on the emission layer;
and
forming a second electrode on the electron transport layer,
wherein the forming of the electron transport layer com-
prises:
preparing a first deposition source discharging an elec-
tron migration-facilitating material, a second deposi-
tion source discharging an electron-transporting
organic material, and a third deposition source dis-
charging an electron migration-facilitating material;

arranging the first deposition source, the second depo-
sition source and the third deposition source at prede-
termined intervals therebetween so that a discharging
domain of'the electron migration-facilitating material
from the first deposition source and a discharging
domain of the electron-transporting organic material
from the second deposition source overlap with each
other, and a discharging domain of'the electron-trans-
porting organic material from the second deposition
source and a discharging domain of the electron
migration-facilitating material from the third deposi-
tion source overlap with each other; and

reciprocating the first deposition source, the second
deposition source and the third deposition source
from a first end via a second end of a region in which
an electron transport layer is formed and then back to
the first end of the region in which the electron trans-
port layer is formed.,

wherein the reciprocating is performed n times, where n is
an integer of 1 or greater, to form the organic light-
emitting diode comprising:

a substrate; a first electrode disposed on the substrate; a
second electrode disposed opposite to the first electrode;
an emission layer disposed between the first electrode
and the second electrode; and an electron transport layer
disposed between the emission layer and the second
electrode,

wherein the electron transport layer comprises a stack
structure including n number of electron transport units
(where n is an integer of 1 or greater) each including a
stack of a first layer, a first mixed layer, a second layer, a
second mixed layer, and a third layer that are sequen-
tially stacked upon one another,
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the first mixed layer and the second mixed layer each
comprise an electron-transporting organic material and
an electron migration-facilitating material, and

the first layer comprises a first electron migration-facilitat-

ing material and excludes the electron-transporting
organic material, the second layer comprises a second
electron migration-facilitating material and excludes the
electron-transporting organic material, and the third
layer comprises a third electron migration-facilitating
material and excludes the electron-transporting organic
material.

19. The method of claim 18, wherein the electron migra-
tion-facilitating material discharged from the first deposition
source and the electron migration-facilitating material dis-
charged from the third deposition source are the same.

20. A method of forming a material layer, the method
comprising:

preparing a substrate;

preparing a first deposition source discharging a first mate-

rial, a second deposition source discharging a second
material, and a third deposition source discharging a
third material;

arranging the first deposition source, the second deposition

source and the third deposition source at predetermined
intervals therebetween so that a discharging domain of
the first material from the first deposition source and a
discharging domain of the second material from the
second deposition source overlap with each other, and a
discharging domain of the second material from the
second deposition source and a discharging domain of
the third material from the third deposition source over-
lap with each other; and

reciprocating the first deposition source, the second depo-

sition source and the third deposition source from a first
end to a second end of the substrate and then back to the
first end of the substrate;

wherein the reciprocating is performed n times, where n is

an integer of 1 or greater, to form the material layer
having a stack structure comprising n number of stack
units on the substrate, where n is an integer of 1 or
greater, each stack unit comprising: a third material
layer, a mixed layer of the third material and the second
material, a mixed layer of the first material and the third
material, a mixed layer of the first material and the
second material, and a first material layer that are
sequentially stacked upon one another on the substrate.
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