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An organic light-emitting diode including: a first mixed layer
between an emission layer and a first electrode and including
first and second compounds; a second mixed layer between
the emission layer and the first mixed layer and including
third and fourth compounds; a first charge generation layer
between the first mixed layer and the first electrode and
including the first and second compounds and a first charge
generation material; a second charge generation layer
between the first mixed layer and the second mixed layer and
including the third and fourth compounds and a second
charge generation material; and a buffer layer between the
emission layer and the second mixed layer, the first and the
third compounds are each independently a compound repre-
sented by Formula 1 below, and the second compound and
fourth compounds are each independently a compound rep-
resented by Formula 2 below:
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FIG. 1
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ORGANIC LIGHT-EMITTING DIODE
INCLUDING MULTI-LAYERED HOLE
TRANSPORTING LAYER, AND FLAT
DISPLAY DEVICE INCLUDING THE
ORGANIC LIGHT-EMITTING DIODE

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

[0001] This application claims priority to and the benefit of
Korean Patent Application No. 10-2011-0128526, filed on
Dec. 2, 2011, in the Korean Intellectual Property Office, the
disclosure of which is incorporated herein in its entirety by
reference.

BACKGROUND

[0002] 1.Field

[0003] The following description relates to an organic
light-emitting diode including a multi-layered hole transport-
ing layer and a flat display device including the organic light-
emitting diode.

[0004] 2. Description of Related Art

[0005] Organic light emitting diodes are self-emission
devices and enable generation of multi-color images. In addi-
tion, the organic light emitting diodes have a wide viewing
angle, a high contrast ratio, a short response time, and excel-
lent brightness, driving voltage, and response speed charac-
teristics.

[0006] Inatypical organic light-emitting diode, an anode is
formed on a substrate, and a hole transport layer, an emission
layer, an electron transport layer, and a cathode are sequen-
tially formed in this stated order on the anode. In this regard,
the hole transport layer, the emission layer, and the electron
transport layer are organic films including organic com-
pounds. When a voltage is applied between the anode and the
cathode, holes injected from the anode pass through the hole
transport layer and migrate toward the emission layer, and
electrons injected from the cathode pass through the electron
transport layer and migrate toward the emission layer. The
holes and electrons, which are carriers, are recombined in the
emission layer to generate excitons, and then the excitons
change from an excited state to a ground state, thereby gen-
erating light.

[0007] A hole transport material used in a hole transporting
layer has, in general, excellent hole injection function or hole
transport function, thereby forming a device with a low driv-
ing voltage. That is, if a hole transport material having high
hole mobility is used in a hole transporting layer, the driving
voltage of the formed device is substantially decreased. How-
ever, charges are excessively injected and thus, a formed
device may have low efficiency and a short lifespan (lifetime).
To resolve these problems, many efforts have been made.

SUMMARY

[0008] An aspect of an embodiment of the present inven-
tion is directed toward an organic light-emitting diode includ-
ing a multi-layered hole transporting layer that includes two
different hole transporting compounds to improve the effi-
ciency and lifespan (lifetime) of a formed device.

[0009] An aspect of an embodiment of the present inven-
tion is directed toward a flat display device including the
organic light-emitting diode.

[0010] Aspects of embodiments of the present invention are
directed toward an organic light-emitting diode including: a
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hole transporting layer that includes a plurality of layers
including combinations of materials having different hole
injection characteristics, electrical stability characteristics
and/or charge generation characteristics; and a flat display
device including the organic light-emitting diode. Here, the
organic light-emitting diode has high stability due to
improved charge balance.

[0011] According to an embodiment of the present inven-
tion, there is provided an organic light-emitting diode that
includes: a first electrode; a second electrode facing the first
electrode; an emission layer interposed between the first elec-
trode and the second electrode; a first mixed layer that is
disposed between the emission layer and the first electrode
and includes a first compound and a second compound; a
second mixed layer that is disposed between the emission
layer and the first mixed layer and includes a third compound
and a fourth compound; a first charge generation layer that is
disposed between the first mixed layer and the first electrode
and includes the first compound, the second compound, and a
first charge generation material; a second charge generation
layer that is disposed between the first mixed layer and the
second mixed layer and includes the third compound, the
fourth compound, and a second charge generation material;
and a buffer layer that is disposed between the emission layer
and the second mixed layer, wherein the first compound and
the third compound are each independently a compound rep-
resented by Formula 1 below, and the second compound and
the fourth compound are each independently a compound
represented by Formula 2 below:

Formula |

[0012] wherein in Formula 1, Ar,; and Ar,, are each inde-
pendently a substituted or unsubstituted C5-Cg4, arylene
group; e and f are each independently an integer of O to 5; Ry,
to Rsg and Ry, to Rg, are each independently a hydrogen
atom, a deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, hydrazine, hydrazone, a carboxylic group or salt
thereof, a sulfonic acid group or salt thereof, a phosphoric
acid group or salt thereof, a substituted or unsubstituted
C,-Cq alkyl group, a substituted or unsubstituted C,-Cg,
alkenyl group, a substituted or unsubstituted C,-Cg, alkynyl



US 2013/0140530 Al

group, a substituted or unsubstituted C,-Cg, alkoxy group, a
substituted or unsubstituted C,-Cg, cycloalkyl group, a sub-
stituted or unsubstituted C5-Cg, aryl group, a substituted or
unsubstituted Cs-Cg, aryloxy group, or a substituted or
unsubstituted C5-Cg, arylthio group; and Ry, is a phenyl
group, a naphthyl group, an anthryl group, a biphenyl group,
or a pyridyl group or is a phenyl group, a naphthyl group, an
anthryl group, a biphenyl group, or a pyridyl group of which
at least one hydrogen atom is 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,
hydrazine, hydrazone, a carboxylic group or salt thereof, a
sulfonic acid group or salt thereof, a phosphoric acid group or
salt thereof, a substituted or unsubstituted C, -C,, alkyl group,
and a substituted or unsubstituted C,-C,, alkoxy; and

Formula 2

[0013] wherein in Formula 2, Ar, to Ar; are each indepen-
dently a substituted or unsubstituted Cs-Cg,, arylene group; a
and b are each independently an integer of O to 5; ¢ is an
integer of 1 to 5; R, to R; are each independently a hydrogen
atom, a deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, hydrazine, hydrazone, a carboxylic group or salt
thereof, a sulfonic acid group or salt thereof, a phosphoric
acid group or salt thereof, a substituted or unsubstituted
C,-Cq alkyl group, a substituted or unsubstituted C,-Cg,
alkenyl group, a substituted or unsubstituted C,-C, alkynyl
group, a substituted or unsubstituted C,-Cg, alkoxy group, a
substituted or unsubstituted C;-Cg, cycloalkyl group, a sub-
stituted or unsubstituted C,-C, aryl group, a substituted or
unsubstituted C5-Cg, aryloxy group, a substituted or unsub-
stituted Cs-C4o arylthio group, —Si(R;,)(R5,)(R;5),
—N(R;,)(R;5), or a nitrogen atom-containing group, and at
least one of R, to Rs is a nitrogen atom-containing group; d is
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an integer of 0 to 5; R,; to R,; are each independently a
hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a substituted or unsub-
stituted C,-Cg, alkyl group, a substituted or unsubstituted
C,-C4, alkenyl group, a substituted or unsubstituted
C,-Cyoalkynyl group, a substituted or unsubstituted C,-C,
alkoxy group, a substituted or unsubstituted C;-Cgq
cycloalkyl group, a substituted or unsubstituted C-Cg, aryl
group, a substituted or unsubstituted Cs-Cg4, aryloxy group, a
substituted or unsubstituted C5-C, arylthio group, —Si(R )
(R57)(R55), or —N(R35)(R,p); and R5; to R, are each inde-
pendently a hydrogen atom, a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, hydrazine, hydrazone, a
carboxylic group or salt thereof, a sulfonic acid group or salt
thereof, a phosphoric acid group or salt thereof, a substituted
or unsubstituted C,-C, alkyl group, a substituted or unsub-
stituted C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cg, alkynyl group, a substituted or unsubstituted C,-Cg,
alkoxy group, a substituted or unsubstituted C;-Cg,
cycloalkyl group, a substituted or unsubstituted C5-Cg, aryl
group, a substituted or unsubstituted C5-Cy, aryloxy group, a
substituted or unsubstituted Cs-Cy,, arylthio group, or a sub-
stituted or unsubstituted C,-Cg, heteroaryl group, wherein
the nitrogen atom-containing group is a S-membered aro-
matic ring group that includes a nitrogen atom as a ring atom,
a 6-membered aromatic ring group that includes a nitrogen
atom as a ring atom, or a 9-membered aromatic ring group
that includes a nitrogen atom as a ring atom and is formed by
fusing a 5-membered aromatic group and a 6-membered aro-
matic group.

[0014] A highest occupied molecular orbital (HOMO)
energy level of the second compound may be 0.1 eV t0 0.2 eV
lower than a HOMO energy level of the second compound,
and a lowest unoccupied molecular orbital (LUMO) energy
level of the second compound may be 0.1 eV t0 0.2 eV lower
than a LUMO energy level of the first compound.

[0015] A hole mobility of the first compound may be higher
than a hole mobility of the second compound.

[0016] A mixed weight ratio of the first compound to the
second compound may be in a range of 6:4 to 8:2.

[0017] A mixed weight ratio of the third compound to the
fourth compound may be in a range of 6:4 to 8:2.

[0018] Thicknesses of the first mixed layer and the second
mixed layer may each be independently in a range of 40 nm to
60 nm.

[0019] An amount of the first charge generation material
may be ina range of 1 to 3 parts by weight based on 100 parts
by weight of the first charge generation layer.

[0020] Anamountofthe second charge generation material
may be ina range of 1 to 3 parts by weight based on 100 parts
by weight of the second charge generation layer.

[0021] Thicknesses of the first charge generation layer and
the second charge generation layer may each be indepen-
dently in a range of 10 nm to 20 nm.

[0022] The buffer layer may include the compound repre-
sented by Formula 1.

[0023] A thickness of the buffer layer may be in a range of
0.1 nm to 30 nm.

[0024] The first mixed layer and the first charge generation
layer may contact each other.
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[0025] The second mixed layer and the second charge gen-
eration layer may contact each other.

[0026] The organic light-emitting diode may include at
least one layer of a hole blocking layer, an electron transport-
ing layer, an electron injection layer, and a functional layer
having an electron transport function and an electron injec-
tion function, wherein the at least one layer is interposed
between the emission layer and the second electrode.

[0027] According to another embodiment of the present
invention, there is provided a flat display device including: a
transistor including a source, a drain, a gate, and an active
layer; and the above described organic light-emitting diode,
wherein the first electrode of the organic light-emitting diode
is electrically connected to the source or the drain.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The above and other features and advantages of the
present invention will become more apparent by describing in
detail exemplary embodiments thereof with reference to the
attached drawings in which:

[0029] FIG. 1 is a schematic view of an organic light-
emitting diode according to an embodiment of the present
invention;

[0030] FIG. 2 shows energy levels of an organic light-
emitting diode according to an embodiment of the present
invention; and

[0031] FIG. 3 is a graph of lifetime characteristics of
organic light-emitting diodes manufactured according to
Examples 1 to 4 and organic light-emitting diodes manufac-
tured according to Comparative Examples 1 and 2.

DETAILED DESCRIPTION

[0032] Expressions such as “at least one of,” when preced-
ing a list of elements, modify the entire list of elements and do
not modify the individual elements of the list.

[0033] According to an embodiment of the present inven-
tion, there is provided an organic light-emitting diode that
includes a first electrode; a second electrode facing the first
electrode; an emission layer interposed between the first elec-
trode and the second electrode; a first mixed layer that is
disposed between the emission layer and the first electrode
and includes a first compound and a second compound; a
second mixed layer that is disposed between the emission
layer and the first mixed layer and includes a third compound
and a fourth compound; a first charge generation layer that is
disposed between the first mixed layer and the first electrode
and includes the first compound, the second compound, and a
first charge generation material; a second charge generation
layer that is disposed between the first mixed layer and the
second mixed layer and includes the third compound, the
fourth compound, and a second charge generation material;
and a buffer layer that is disposed between the emission layer
and the second mixed layer, wherein the first compound and
the third compound may each be independently a compound
represented by Formula 1 below, and the second compound
and the fourth compound may each be independently a com-
pound represented by Formula 2 below.

[0034] That is, in one embodiment, the first compound and
the third compound are each independently a compound rep-
resented by Formula 1:
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Formula 1

[0035] wherein in Formula 1, Ar,, and Ar,, may each be
independently a substituted or unsubstituted C,-Cy, arylene
group.

[0036] For example, Ar,, and Ar,, may each be indepen-

dently a substituted or unsubstituted phenylene group, a sub-
stituted or unsubstituted pentalenylene group, a substituted or
unsubstituted indenylene group, a substituted or unsubsti-
tuted naphthylene group, a substituted or unsubstituted azu-
lenylene group, a substituted or unsubstituted heptalenylene
group, a substituted or unsubstituted indacenylene group, a
substituted or unsubstituted acenaphthylene group, a substi-
tuted or unsubstituted fluorenylene group, a substituted or
unsubstituted phenalenylene group, a substituted or unsubsti-
tuted phenanthrenylene group, a substituted or unsubstituted
anthrylene group, a substituted or unsubstituted fluoranthe-
nylene group, a substituted or unsubstituted triphenylenylene
group, a substituted or unsubstituted pyrenylene group, a
substituted or unsubstituted chrysenylene group, a substi-
tuted or unsubstituted naphthacenylene group, a substituted
or unsubstituted picenylene group, a substituted or unsubsti-
tuted perylenylene group, a substituted or unsubstituted pen-
taphenylene group, or a substituted or unsubstituted hexace-
nylene.

[0037] InFormula 1, e and f may each be independently an
integer of 0 to 5.

[0038] Ifeand/orfis 0, acarbazol ring and/or fluorine ring
of Formula 1 may be directly linked to a nitrogen atom
located at the center of the chemical structure represented by
Formula 1. For example, e and f may each be 0, 1, or 2, but are
not limited thereto. If e is two or more, two (2) or more Ar,
may be identical to or different from each other. Also, if fis
two or more, two or more Ar, , may be identical to or different
from each other.

[0039] InFormulal,Rs,; to Rsgand Ry, to Ry, may each be
independently a hydrogen atom, a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, hydrazine, hydrazone, a
carboxylic group or salt thereof, a sulfonic acid group or salt
thereof, a phosphoric acid group or salt thereof, a substituted
or unsubstituted C,-Cg, alkyl group, a substituted or unsub-
stituted C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cq, alkynyl group, a substituted or unsubstituted C,-Cg,
alkoxy group, a substituted or unsubstituted C;-Cgq
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cycloalkyl group, a substituted or unsubstituted Cs-Cg, aryl
group, a substituted or unsubstituted C5-Cy, aryloxy group, or
a substituted or unsubstituted C5-Cg, arylthio group.
[0040] In Formula 1, Ry, may be at least one of a phenyl
group; a naphthyl group; an anthryl group; a biphenyl group;
a pyridyl group; or a phenyl group, a naphthyl group, an
anthryl group, a biphenyl group, or a pyridyl group of which
at least one hydrogen atom is 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,
hydrazine, hydrazone, a carboxylic group or salt thereof, a
sulfonic acid group or salt thereof, a phosphoric acid group or
salt thereof, a substituted or unsubstituted C, -C,, alkyl group,
and a substituted or unsubstituted C,-C,, alkoxy.
[0041] According to an embodiment of the present inven-
tion, the first compound and the third compound may each be
independently represented by Formula 1A below:

Formula [ A

Rs,

\
N

[0042] wherein in Formula 1A, Ry, Ry, Rg;, and R, are
the same as described with reference to Formula 1.
[0043] For example, the first compound and the third com-
pound may each be Compound 301 below, but are not limited
thereto:

Compound 301

ase QQ

)
)
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[0044] In one embodiment, the second compound and the
fourth compound are each independently a compound repre-
sented by Formula 2:

Formula 2

~Ria

(Ar))q /(Af3)c

~

Z

E__

(
Ray Ry
Ryg ' Raz
Rs
Ry

Ry

2)b

Rs

[0045] wherein in Formula 2, Ar, to Ar, may each be inde-
pendently a substituted or unsubstituted C5-Cg4, arylene
group.

[0046] Forexample, Ar, to Ar, may each be independently
a substituted or unsubstituted phenylene group, a substituted
or unsubstituted pentalenylene group, a substituted or unsub-
stituted indenylene group, a substituted or unsubstituted
naphthylene group, a substituted or unsubstituted azule-
nylene group, a substituted or unsubstituted heptalenylene
group, a substituted or unsubstituted indacenylene group, a
substituted or unsubstituted acenaphthylene group, a substi-
tuted or unsubstituted fluorenylene group, a substituted or
unsubstituted phenalenylene group, a substituted or unsubsti-
tuted phenanthrenylene group, a substituted or unsubstituted
anthrylene group, a substituted or unsubstituted fluoranthe-
nylene group, a substituted or unsubstituted triphenylenylene
group, a substituted or unsubstituted pyrenylene group, a
substituted or unsubstituted chrysenylene group, a substi-
tuted or unsubstituted naphthacenylene group, a substituted
or unsubstituted picenylene group, a substituted or unsubsti-
tuted perylenylene group, a substituted or unsubstituted pen-
tacenylene group, or a substituted or unsubstituted hexace-
nylene group.

[0047] InFormula2, aand b may each be independently an
integer of 0 to 5. If a and/or b is 0, a carbazol ring and/or
fluorine ring of Formula 1 may be directly linked to a nitrogen
atom located at the center of the chemical structure repre-
sented by Formula 1. For example, a and b may each be 0, 1,
or 2, but are not limited thereto. If a is two or more, two or
more Ar, may be identical to or different from each other.
Also, if b is two or more, two or more Ar, may be identical to
or different from each other.

[0048] InFormula2,cisanintegeroflto5. Becausecisan
integer of 1 to 5, Ar; is necessarily present in Formula 1. For
example, c may be 1 or 2, but is not limited thereto. If ¢ is two
or more, two or more Ar; may be identical to or different from
each other.
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[0049] InFormula?2, R, to R may each be independently a
hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a substituted or unsub-
stituted C,-C, alkyl group, a substituted or unsubstituted
C,-Cq, alkenyl group, a substituted or unsubstituted C,-Cg,
alkynyl group, a substituted or unsubstituted C,-C, alkoxy
group, a substituted or unsubstituted C,-Cg, cycloalkyl
group, a substituted or unsubstituted C5-Cg, aryl group, a
substituted or unsubstituted C5-Cg, aryloxy group, a substi-
tuted or unsubstituted C,5-C, arylthio group, —Si(R;,)(R;,)
(R53), —N(R;4)(R55), or a nitrogen atom-containing group,
wherein at least one of R, to R; is a nitrogen atom-containing
group (R;, to R, are presented below).

[0050] Forexample, R, to Rs may each be independently a
hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a substituted or unsub-
stituted C,-C,, alkyl group, a substituted or unsubstituted
C,-C,, alkoxy group, a substituted or unsubstituted C,-C,,
aryl group, or a nitrogen atom-containing group, and at least
one of R, to R5 may be a nitrogen atom-containing group.

[0051] Herein, the nitrogen atom-containing group is a
5-membered aromatic ring group that includes a nitrogen
atom as a ring atom, a 6-membered aromatic ring group that
includes a nitrogen atom as a ring atom, or a 9-membered
aromatic ring group that includes a nitrogen atom as a ring
atom and is formed by fusing a 5-membered aromatic group
and a 6-membered aromatic group. For example, the nitrogen
atom-containing group may be represented by one of Formu-
lae 4A to 4P below:

Formula 4A
*
x
| - Z12)p
N. P
Formula 4B
*
X
| @
F
N)
Formula 4C
*
x
| @
= N
Formula 4D
¥
R N
1
| e,
F
N)
Formula 4E
*
\(\
(Z12)p

»
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-continued
Formula 4F
N
Y \
| @
N\/N
Formula 4G
/*
C
[ 2
/
s
Formula 4H
/*
[ .
[ 2
N
Formula 41
/*
N
\
[
N Zi)
Formula 4]
/*
N
\
| /4 N
N X
~7 Z12)p
Formula 4K
Zy
Zys
|
/
. Z12)p
Formula 4L
Zy
Zys
W
*
Zy3
Formula 4M
/=N
* N
% \
5\
NN
Z12)p
Formula 4N
/SN
* N
\F
(Z12)p
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-continued
Formula 40
S
* N
ﬁ\:\
(Z12)p
ECDYA 4P
Z13
/
N

B
LN(le)p

[0052] In Formulae 4A to 4P, Z,,, Z,5, Z,,, and Z, 5 may
each be a hydrogen atom, a deuterium atom, a halogen atom,
a hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a methyl group, an ethyl
group, a propyl group, or a butyl group. For example, in
Formulae 4At0 4P, Z,,, 7,5, 2, ,and Z, s may all be hydrogen
atoms. In Formulae 4A to 4P, p is an integer of 1 to 6. Here, p
may be appropriately determined according to the structures
of Formulae 4A to 4P within this range. If p is two or more,
two or more Z,, may be identical to or different from each
other.

[0053] In Formula 2, d may be an integer of 0 to 5. For
example, d may be 0, 1, or 2, but is not limited thereto. D may
be appropriately (suitably) determined according to the struc-
ture of Ar; within this range. If d is two or more, two or more
R, may be identical to or different from each other.

[0054] InFormula2, R, to R,; may each be independently
a hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a substituted or unsub-
stituted C,-Cg,, alkyl group, a substituted or unsubstituted
C,-Cq, alkenyl group, a substituted or unsubstituted C,-Cg,
alkynyl group, a substituted or unsubstituted C,-C, alkoxy
group, a substituted or unsubstituted C,;-Cg, cycloalkyl
group, a substituted or unsubstituted C5-Cg, aryl group, a
substituted or unsubstituted C5-Cg, aryloxy group, a substi-
tuted or unsubstituted C5-Cg, arylthio group, —Si(R;6)(R5,)
(Rsg), or —NR50)(R,)-

[0055] Forexample,R;,to R, and R,; to R,; may each be
independently a hydrogen atom, a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, hydrazine, hydrazone, a
carboxylic group or salt thereof, a sulfonic acid group or salt
thereof, or a phosphoric acid group or salt thereof, and R,
R,,, and R,, may each be independently a hydrogen atom, a
methyl group, an ethyl group, a propyl group, a butyl group,
a pentyl group, a phenyl group, a naphthyl group, an anthryl
group, a fluorenyl group, or a pyrenyl group, but are not
limited thereto.

[0056] In regard to —Si(Rs;)(Rs5)(Rsz), —NR;4)(R;5),
—Si(R36)(R37)(Ras) and —N(R30)(Rao)s Rs; to Ryo may
each be independently a hydrogen atom, a deuterium atom, a
halogen atom, a hydroxyl group, a cyano group, a nitro group,
an amino group, an amidino group, hydrazine, hydrazone, a
carboxylic group or salt thereof, a sulfonic acid group or salt
thereof, a phosphoric acid group or salt thereof, a substituted
or unsubstituted C,-Cq, alkyl group, a substituted or unsub-

*
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stituted C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cy, alkynyl group, a substituted or unsubstituted C,-Cg,
alkoxy group, a substituted or unsubstituted C,-Cg,
cycloalkyl group, a substituted or unsubstituted Cs5-Cg, aryl
group, a substituted or unsubstituted C;-Cg, aryloxy group, a
substituted or unsubstituted C,-Cy, arylthio group, or a sub-
stituted or unsubstituted C,-Cg, heteroaryl. For example, R4,
to R,, may each be independently a hydrogen atom; a deute-
rium atom; a halogen atom; a hydroxyl group; a cyano group;
a nitro group; an amino group; an aminidino group; hydra-
zine; hydrazone; a carboxylic group or salt thereof; a sulfonic
acid group or salt thereof; a phosphoric acid group or salt
thereof; a C,-C,, alkyl group (for example, a methyl group,
an ethyl group, a propyl group, a butyl group, a pentyl group,
or a hexyl group); a C,-C,, alkoxy group (for example, a
methoxy group, an ethoxy group, a propoxy group, a butoxy
group, or a pentoxy group); a C,-C,, alkyl group; a C,-C,,
alkoxy group of which at least one hydrogen atom is 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, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, and
a phosphoric acid group or salt thereof; a phenyl group; a
naphthyl group; an anthryl group; a fluorenyl group; a pyrenyl
group; or a pheny] group, a naphthyl group, an anthryl group,
a fluorenyl group, or a pyrenyl group of which at least one
hydrogen atom is 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, hydrazine,
hydrazone, a carboxylic group or salt thereof, a sulfonic acid
group or salt thereof, a phosphoric acid group or salt thereof,
a C,-C,, alkyl group, and a C,-C, , alkoxy group, but are not
limited thereto.

[0057] InFormula2,R, may bea nitrogen atom-containing
group, and ¢ and d may each be independently 1 or 2. In some
embodiments, in Formula 2, at least one of R, to R may be a
nitrogen atom-containing group.

[0058] According to an embodiment of the present inven-
tion, the second compound and the fourth compound may
each be independently a compound represented by one of
Formulae 2A to 2K:

<Formula 2A>

CAA L
| (Z)x

(An)p

Riq
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-continued
<Formula 2B>
Ry
\N
O Rig
(Ary),
C N
(Ar2)p
\
Z1)x
Rao O
Ryg
<Formula 2C>
Ri
N
= |
(Ary)
O TSNS
(Zl)x
(Arz)p
Rao O
Ryg
<Formula 2D>
Ry R
N 1
N.
/ |
(Arl)a
O SN \ Ria
| (Z)x
(Ar2)p
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-continued
<Formula 2E>
Ry
(Ary)
NN X
(Zpx

(An2)p

<Formula 2F>

(Z1)x

<Formula 2G>
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-continued

<Formula 2H>

(Z])x
(Arl)a\

(Zl)x
(Ar 2)b

<Formula 2I>

N O Rla

(Z s

<Formula 2J>
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-continued
<Formula 2K>
7z |
(Arl)a\ \ \
@Z -
(Ar2)p
Rao

[0059] InFormulae2A to 2K, Ar,, Ar,, a, andb are the same
as described with reference to Formula 2, and R, ,, R,,, and
R; may each be independently a nitrogen atom-containing
group. The nitrogen atom-containing group has been already
described above.

[0060] InFormulae2Ato2K,R,;,R,;andR,,mayeachbe
independently a substituted or unsubstituted C,-C, alkyl
group, or a substituted or unsubstituted C5-Cg, aryl group.
[0061] In Formulae 2A to 2K, Z, to Z, may each be inde-
pendently a hydrogen atom, a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, an
amino group, an amidino group, hydrazine, hydrazone, a
carboxylic group or salt thereof, a sulfonic acid group or salt
thereof, a phosphoric acid group or salt thereof, a substituted
or unsubstituted C,-C, alkyl group, a substituted or unsub-
stituted C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cy, alkynyl group, a substituted or unsubstituted C,-C,
alkoxy group, a substituted or unsubstituted C;-Cgq
cycloalkyl group, a substituted or unsubstituted C5-Cg, aryl
group, a substituted or unsubstituted Cs5-Cg, aryloxy group, a
substituted or unsubstituted C5-Cg, arylthio group, —Si(Q,)
(Q2)(Q3), or —N(Q)(Qs), and if x or y is 2 or more, a
plurality of Z, or Z, may be identical to or different from each
other. Also, x may be an integer of 1 to 8, and y may be an
integer of 1 to 3.

[0062] Herein, Q, to Q5 may each be independently a
hydrogen atom, a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, an amino
group, an amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt thereof, a
phosphoric acid group or salt thereof, a substituted or unsub-
stituted C,-Cg, alkyl group, a substituted or unsubstituted
C,-Cy, alkenyl group, a substituted or unsubstituted C,-Cg,
alkynyl group, a substituted or unsubstituted C,-Cy,, alkoxy
group, a substituted or unsubstituted C;-Cg4, cycloalkyl
group, a substituted or unsubstituted Cs-Cy, aryl group, a
substituted or unsubstituted Cs-Cg, aryloxy group, a substi-
tuted or unsubstituted C,-Cy, arylthio group, or a substituted
or unsubstituted C,-Cy, heteroaryl group.

[0063] For example, the second compound and the fourth
compound may each be independently one of Compounds 2,
8, 14,15, 16, 20, 31, and 35, but are not limited thereto:
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COMPOUND 35
N
7 \
S
N

[0064] The first compound has high hole mobility and
facilitates hole transport due to its high hole mobility. The

second compound is a material that has better electron trap-
ping function than the first compound.

[0065] Ifthe first compound is mixed with the second com-
pound that has a lower lowest unoccupied molecular orbital
(LUMO) energy level than the first compound by 0.1 eV to
0.2 eV, the electron trapping function of the first compound
may be enhanced. Thus, quenching of excitons may be
reduced and a formed device may have prolonged lifespan
(lifetime).

[0066] For example, a highest occupied molecular orbital
(HOMO) energy level ofthe second compound may be 0.1 eV
t0 0.2 eV lower than a HOMO energy level of the first com-
pound, and the LUMO energy level of the second compound
may be 0.1 eV to 0.2 eV lower than a LUMO energy level of
the first compound. If the HOMO and LUMO energy level
differences between the first and second compounds are
within these ranges, electrons may be trapped without a sub-
stantial increase in driving voltage and thus, injected charges
may easily migrate and energy transition may easily occur,
and a formed device may have improved lifespan (lifetime)
characteristics.

[0067] An amount of the second compound may be in a
range of 20 to 40 wt % based on the total amount of the first
and second compounds. If the amount of the second com-
pound is within this range, the electron trapping characteris-
tics and driving voltage increase prevention characteristics
caused by the addition of the second compound may reach
satisfactory levels.

[0068] A hole mobility of the first compound may be higher
than a hole mobility of the second compound. That is, the
second compound traps electrons to reduce quenching of
excitons, and the first compound contributes to high hole
mobility.
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[0069] The first charge generation material and the second
charge generation material may each be, for example, a com-
pound having at least one cyano group. The first charge gen-
eration material and the second charge generation material
may each function as a charge generation material. Non-
limiting examples of the first charge generation material and
the second charge generation material are quinon derivaties,
such as tetracyanoquinonedimethane (TCNQ) and 2,3,5,6-
tetrafluoro-tetracyano-1,4-benzoquinonedimethane(F4-
CTNQ), but are not limited thereto.

[0070] The first charge generation material and the second
charge generation material may each independently include
at least one of Compounds 501 and 502 below.

<Compound 501>
CN
NC
N
N N CN
A
P
N N CN
N
NC 7
CN
<Compound 502>
NC CN
F | F
F | F
NC CN

[0071] The term “substituted A in the term “substituted or
unsubstituted A (where A is an arbitrary substituent)” used
herein refers to a case in which one or more hydrogen atoms
of the A are substituted with a deuterium atom, a halogen
atom, a hydroxyl group, a cyano group, a nitro group, a
carboxyl group, a silyl group, or a salt derivative thereof, a
sulfonic acid group or a salt derivative thereof, a phosphoric
acid group or a salt derivative thereof, a C,-C,, alkyl group, a
C,-Cs, alkenyl group, a C,-Cs, alkynyl group, a C,-Cs,
alkoxy group, a C5-Cs, cycloalkyl group, a C;-Cs, cycloalk-
enyl group, a C5-Cg, aryl group, a C5-Cg, aryloxy group, a
C5-Cyq arylthio group, a C,-Cg, heteroaryl group, a C,-Cg,
fused polycyclic group, a group represented by N(Q,,,)
(Qi02); or a group represented by Si(Q;03)(Q;04)(Qi05)s
wherein Q, ; to Q, s may each be independently a hydrogen
atom, a deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, an amino group, a nitro group, a nitrile group, a
carboxyl group, a silyl group, a C,-Cy, alkyl group, a C,-Cs,
alkenyl group, a C,-Cs, alkynyl group, a C,-Cs, alkoxy
group, a C,;-C;, cycloalkyl group, a C;-Cy, cycloalkenyl
group, a Cs-Cg, aryl group, a C5-Cgy, aryloxy group, a C5-Cg,
arylthio group, a C5-Cg, heteroaryl group, or a C,-C, fused
polycyclic.

[0072] For example, the term “substituted A refers to a
case in which one or more hydrogen atoms of the A are
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substituted with a deuterium atom, a halogen atom, a
hydroxyl group, a cyano group, a nitro group, a nitrile group,
a carboxyl group, a silyl group, a methyl group, an ethyl
group, a propyl group, a butyl group, an isobutyl group, a
pentyl group, a phenyl group, a non-phenyl group, a pental-
enyl group, an indenyl group, a naphthyl group, an azulenyl
group, a heptalenyl group, an indacenyl group, an acenaph-
thyl group, a fluorenyl group, a spiro-fluorenyl group, a phe-
nalenyl group, a phenanthrenyl group, an anthryl group, a
fluorantenyl group, a triphenylenyl group, a pyrenyl group, a
chricenyl group, a naphthacenyl group, a pycenyl group, a
perylenyl group, a pentaphenyl group, a hexacenyl group, a
pyrrolyl group, an imidazolyl group, a benzoimidazolyl
group, a phenylbenzoimidazolyl group, a pyrazolyl group, a
pyridinyl group, a phenylpyridinyl group, a phenylimida-
zopyridinyl group, a pyrazinyl group, a pyrimidinyl group, a
phenylimidazopyrimidinyl group, a pyridazinyl group, an
indolyl group, an isoindolyl group, an indazolyl group, a
purinyl group, a quinolinyl group, a benzoquinolinyl group, a
phthallazinyl group, a naphthyridinyl group, a quinoxalinyl
group, a quinazolinyl group, a cynolinyl group, a carbazolyl
group, a phenanthridinyl group, an acridinyl group, a phenan-
throlinyl group, a phenazinyl group, a puranyl group, a ben-
zopuranyl group, a dibenzopuranyl group, a thiophenyl
group, a benzo[b]thiophenyl group, a dibenzothiophenyl
group, a thiazolyl group, an isothiazolyl group, a benzothia-
zolyl group, an oxazolyl group, an isoxazolyl group, a ben-
zooxazolyl group, isoxazolyla triazolyl group, a phenyltriaz-
olyl group, a tetrazolyl group, an oxadiazolyl group, a
phenyloxadiazolyl group, a triazinyl group, a phenyltriazinyl
group, a group represented by N(Q,,;)(Q;q5), Or a group
represented by Si(Q,03)(Q104)(Q105)-

[0073] The unsubstituted C,-Cs, alkyl group refers to a
linear or branched saturated hydrocarbonyl group of alkane
from which one hydrogen atom is deficient. Examples of the
unsubstituted C,-Cs, alkyl group are methyl, ethyl, propyl,
isobutyl, sec-butyl, pentyl, iso-amyl, hexyl, etc. A substituent
of the substituted C,-Cs, alkyl group may be any one of the
substituents presented above where the term “substituted A”
is described in more detail.

[0074] The unsubstituted C,-Cs, alkenyl group used herein
refers to a terminal group having at least one carbon-carbon
double bond at the center or at a terminal of the substituted
and unsubstituted C,-Cs, alkyl group. Non-limiting
examples of the unsubstituted C,-C,, alkenyl group are an
ethenyl group, a propenyl group, a butenyl group, a pentenyl
group, a hexenyl group, a heptenyl group, an octenyl group, a
propadienyl group, an isoprenyl group, and an allyl group. A
substituent of the substituted C,-Cs, alkenyl group may be
any one of the substituents presented above where the term
“substituted A” is described in more detail.

[0075] Theunsubstituted C,-Cs,alkynyl group used herein
refers to a terminal group having at least one carbon-carbon
triple bond at the center or at a terminal of the substituted and
unsubstituted C,-Cs, alkyl group. Non-limiting examples of
the unsubstituted C,-Cs, alkynyl group are acetylenyl group,
etc. A substituent of the substituted C,-Cs, alkynyl group may
be any one of the substituents presented above where the term
“substituted A” is described in more detail.

[0076] Theunsubstituted C,-Cs, alkoxy group used herein
has a formula represented by —OY whereY is the unsubsti-
tuted C,-Cs, alkyl group as defined above. Non-limiting
examples of the unsubstituted C,-Cs, alkoxy group are meth-
oxy, ethoxy, isopropyloxy, butoxy, pentoxy, etc. A substituent
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of the substituted C, -Cs, alkoxy group may be any one of the
substituents presented above where the term “substituted A”
is described in more detail.

[0077] The unsubstituted C;-Cs, cycloalkyl group used
herein refers to a cyclic saturated hydrocarbonyl group. Non-
limiting examples of the unsubstituted C;-Cs, cycloalkyl
group are cyclopropyl group, cyclobutyl group, cyclopentyl
group, cyclohexyl group, cyclooctyl group, etc. A substituent
of the substituted C, -C, cycloalkyl group may be any one of
the substituents presented above where the term “substituted
A” is described in more detail.

[0078] The unsubstituted C,-C,, cycloalkenyl group used
herein refers to a cyclic unsaturated hydrocarbonyl group
having one or more carbon double bonds that are not an
aromatic ring. Non-limiting examples of the unsubstituted
C5-Cs, cycloalkenyl group are a cyclopropenyl group, a
cyclobutenyl group, a cyclopentenyl group, a cyclohexenyl
group, a cycloheptenyl group, a 1,3-cyclohexadienyl group, a
1,4-cyclohexadienyl group, a 2,4-cycloheptadienyl group, a
1,5-cyclooctadienyl group, etc. A substituent of the substi-
tuted C;-Cs,, cycloalkenyl group may be any one of the sub-
stituents presented above where the term “substituted A” is
described in more detail.

[0079] The unsubstituted C5-Cgy, aryl group used herein
refers to a monovalent group having a carbocyclic aromatic
system in which the number of carbon atoms is 5 to 60, and
may be a monocyclic group or a polycyclic group. If the
unsubstituted C5-Cg, aryl group is a polycyclic group, two or
more rings contained in the unsubstituted C5-Cg, aryl group
may be fused. Non-limiting examples of the unsubstituted
C;-Cy, aryl group are a phenyl group, a pentalenyl group, an
indenyl group, a naphthyl group, an azulenyl group, a heptal-
enyl group, an indacenyl group, an acenaphthyl group, a
fluorenyl group, a spiro-fluorenyl group, a phenalenyl group,
a phenanthrenyl group, an anthryl group, a fluoranthenyl
group, a triphenylenyl group, a pyrenyl group, a chrysenyl
group, a naphthacenyl group, a picenyl group, a perylenyl
group, a pentaphenyl, and a hexacenyl. A substituent of the
substituted C5-Cg, aryl group may be any one of the substitu-
ents presented above where the term “substituted A” is
described in more detail.

[0080] Theunsubstituted C5-Cg, aryloxy group used herein
refers to a monovalent group wherein a carbon atom of the
C5-Cg4paryl group is attached via an oxygen linker (—O—). A
substituent of the substituted C5-Cg, aryloxy group may be
any one of the substituents presented above where the term
“substituted A” is described in detail.

[0081] The unsubstituted Cs-Cg, arylthio group used
herein refers to a monovalent group wherein a carbon atom of
the C5-Cg, aryl group is attached via a sulfur linker (—S—).
Examples of the unsubstituted C5-Cy, arylthio group are a
phenyl thio group, a naphthyl thio group, an indanylthio
group, and an indeny] thio group. A substituent of the substi-
tuted C5-Cg, arylthio group may be any one of the substitu-
ents presented above where the term “substituted A” is
described in more detail.

[0082] The unsubstituted C,-Cg, heteroaryl group used
herein refers to a monovalent group that has at least one ring
having one or more heteroatoms selected from the group
consisting of nitrogen (N), oxygen (O), phosphorous (P), and
sulfur (S) and that has 2 to 60 carbon atoms, and may be a
monocyclic or polycyclic group. If the unsubstituted C,-Cg,,
heteroaryl group is a polycyclic group, two or more rings
contained in the unsubstituted C,-Cg, heteroaryl group may
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be fused. Examples of the unsubstituted C,-Cg, heteroaryl
group are a pyrrolyl group, an imidazolyl group, a pyrazolyl
group, a pyridinyl group, a pyrazinyl group, a pyrimidinyl
group, a pyridazinyl group, an isoindolyl group, an indolyl
group, an indazolyl group, a purinyl group, a quinolinyl
group, a benzoquinoliny] group, a phthalazinyl group, anaph-
thyridinyl group, a quinoxalinyl group, a quinazolinyl group,
a cinnolinyl group, a carbazolyl group, phenanthridinyl
group, an acridinyl group, a phenanthrolinyl group, a phena-
zinyl group, a benzooxazolyl group, a benzoimidazolyl
group, a furanyl group, a benzofuranyl group, a thiophenyl
group, a benzothiophenyl group, a thiazolyl group, an isothia-
zolyl group, a benzothiazolyl group, an isoxazolyl group, an
oxazolyl group, a triazolyl group, a tetrazolyl group, an oxa-
diazolyl group, a triazinyl group, a benzooxazolyl group, etc.
A substituent of the substituted C,-C, heteroaryl group may
be any one of the substituents presented above where the term
“substituted A” is described in more detail.

[0083] The unsubstituted C,-Cg, fused polycyclic group
used herein refers to a monovalent group that includes two or
more fused rings and 2 to 60 carbon atoms. The unsubstituted
C,-C4, fused polycyclic group may be a polycyclic group, or
the like. A substituent of the substituted C,-Cg, fused poly-
cyclic group may be any one of the substituents presented
above where the term “substituted A” is described in more
detail.

[0084] The unsubstituted C,-Cs, alkylene group used
herein is a linear or branched divalent group of alkane from
which two hydrogen atoms are deficient. Examples of the
unsubstituted C,-C, alkylene group may be understood by
referring to the examples of the unsubstituted C,-Cs, alkyl
group presented above. A substituent of the substituted
C,-C;, may be any one of the substituents presented above
where the term “substituted A” is described in more detail.
[0085] The unsubstituted C5-Cg, arylene used herein refers
to a divalent group having a carbocyclic aromatic system
having 5 to 60 carbon atoms, and the divalent group may be a
monocyclic or polycyclic group. Examples of the unsubsti-
tuted C5-Cg, arylene may be understood by referring to the
examples of the unsubstituted C5-Cg, aryl group. A substitu-
ent of the substituted C5-Cg, arylene may be any one of the
substituents presented above where the term “substituted A”
is described in more detail.

[0086] The unsubstituted C5-Cg,, aryleneoxy group refers
to a divalent group wherein a carbon atom of the Cs-Cq
arylene group is attached via an oxygen linker (—O—). A
substituent of the substituted C5-Cg, arylene may be any one
of the substituents presented above where the term “substi-
tuted A” is described in more detail.

[0087] The unsubstituted C5-Cg, arylenethio group refers
to a divalent group wherein a carbon atom of the C5-Cy,
arylene is attached via a sulfur linker (—S—). A substituent
of the substitute C,-C,, arylenethio group may be any one of
the substituents presented above where the term “substituted
A” is described in more detail.

[0088] The unsubstituted C,-Cg, heteroarylene group used
herein refers to a divalent group that has at least one ring
having one or more heteroatoms selected from the group
consisting of nitrogen (N), oxygen (O), phosphorous (P), and
sulfur (S) and that has 2 to 60 carbon atoms, and may be a
monocyclic or polycyclic group. If the unsubstituted C,-Cg,,
heteroaryl group is a polycyclic group, two or more rings
contained in the unsubstituted C,-Cg, heteroaryl group may
be fused. Examples of the unsubstituted C,-C, heteroarylene
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group may be understood by referring to the examples of the
unsubstituted C,-Cg, heteroaryl group. A substituent of the
substituted C,-Cg, heteroarylene group may be any one of the
substituents presented above where the term “substituted A”
is described in more detail.

[0089] The organic light-emitting diode including the
multi-layered hole transporting layer may include a structure
with the following order: a first charge generation layer in
which first and second compounds having different energy
levels are doped with the first charge generation material
having a charge generation capability/a first mixed layer
including the first and second compounds/a second charge
generation layer in which third and fourth compounds having
different energy levels are doped with the second charge
generation material having a charge generation capability/a
second mixed layer including the third and fourth com-
pounds/a buffer layer/an emission layer.

[0090] In this regard, the first compound (or third com-
pound) and the second compound (or fourth compound) may
each independently have a triarylamine structure, a carbazole
structure, and a fluorene structure, and due to the inclusion of
such structures, these compounds have a high glass transition
temperature and/or melting point and have stability with
respect to injection of electrons. Accordingly, when the
organic light-emitting diode is driven and when a hole related
layer including the first compound (or third compound) and
the second compound (or fourth compound) is interposed
between a pair of electrodes of an organic light-emitting
diode, the hole related layer may show a strong heat resistance
against Joul’s heat occurring among organic layers disposed
between a pair of electrodes, or between an organic layer and
an electrode. Also, the first compound (or third compound)
and the second compound (or fourth compound) each essen-
tially have a fluorine ring, and thus, a layer including the
compounds may have a high planarization property, and an
organic light-emitting diode including the layer may have
excellent electrical characteristics. For example, if a mixture
including the first compound (or third compound) and the
second compound (or fourth compound) is interposed
between an emission layer and an anode, deterioration of an
organic light-emitting diode due to electrons that migrate
through the emission layer may not substantially occur.

[0091] Also, in the second compound (or fourth com-
pound), at least one of R, to Ry is essentially a nitrogen
atom-containing group, and due to the nitrogen atom-con-
taining group, hole mobility may be easily controlled.
Accordingly, in an organic light-emitting diode including the
second compound (or fourth compound), the balance
between electrons and holes is increased or maximized due to
the nitrogen atom-containing group and thus, luminescence
efficiency of the emission layer may be increased. Typically,
a hole mobility speed is relatively faster than an electron
mobility speed. Accordingly, too many holes reach an emis-
sion layer through an anode compared to electrons the reach
the emission layer though a cathode, and due to the excess
holes, either an exciton formation region in the emission layer
may be biased toward the cathode, or an organic layer, such as
the emission layer, may deteriorate, and thus the lifetime of an
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organic light-emitting diode may be reduced. The second
compound (or fourth compound), however, has at least one of
R, to R being a nitrogen atom-containing group and due to
the inclusion of the nitrogen atom-containing group, hole
mobility is controlled. Thus, the balance between holes and
electrons reaching the emission layer may be increased or
maximized, and thus a formed organic light-emitting diode
may have a long lifetime. Also, because electrons diffused
from the emission layer are stabilized due to the nitrogen
atom-containing group in the second compound (or fourth
compound), a formed organic light-emitting diode may have
a long lifetime.

[0092] Also, the nitrogen atom-containing group of the sec-
ond compound (or fourth compound) is not directly linked to
nitrogen located at the center of the chemical structure rep-
resented by Formula 2, but is linked to the nitrogen located at
the center of the chemical structure represented by Formula 2
through a fluorene ring or Ar;. By doing so, a nitrogen atom-
containing group which may be at least one of R, to Ry may
not be directly linked to nitrogen and thus, change in hole
related characteristics, such as hole mobility characteristics,
may be reduced or prevented, and thus, efficiency of a formed
organic light-emitting diode may be improved.

[0093] Accordingly, the first mixed layer (or second mixed
layer) including a mixture including the second compound
(or fourth compound) and the first compound (or third com-
pound) has excellent electrical characteristics, and also in the
first mixed layer (or second mixed layer), due to the second
compound (or fourth compound), hole mobility is controlled
and non-emission quenching occurring near the interface
between the emission layer and an adjacent layer to the emis-
sion layer is reduced, and thus, the efficiency and lifetime of
a formed organic light-emitting diode may be increased.
[0094] For example, the organic light-emitting diode may
have a structure with the following order: a first electrode/a
first charge generation layer/a first mixed layer/a second
charge generation layer/a second mixed layer/a buffer layer/
an emission layer/an electron transporting layer/an second
electrode.

[0095] The HOMO energy level of the first compound may
be 0.1 eV100.2 eV higher than the HOMO energy level of the
second compound, and the LUMO energy level of the first
compound may be 0.1 eV to 0.2 eV higher than the LUMO
energy level of the second compound. If the HOMO and
LUMO energy level differences between the first and second
compounds are within these ranges, electrons may be trapped
without a substantial increase in driving voltage and thus,
injected charges may easily migrate and energy transition
may easily occur, and a formed device may have improved
lifetime characteristics.

[0096] For example, the HOMO energy level and the
LUMO energy level of the first compound may be from -4.7
to —4.8 eV and from -0.9 to —-1.0 eV, respectively, and the
HOMO energy level and the LUMO energy level of the sec-
ond compound may be from —4.8 to —4.9 eV and from -1.0 to
-1.1 eV, respectively.

[0097] The hole mobility of the first compound may be
higher than the hole mobility of the second compound. Due
the mixing of the first compound having relatively high hole
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mobility with the second compound having relatively low
hole mobility, hole mobility is controlled and excess charge
injection may be reduced or prevented, and thus a formed
device may have prolonged lifespan (lifetime).

[0098] A mixed weight ratio of the first compound to the
second compound may be in a range 0f6:4 to 8:2. If the mixed
weight ratio of the first compound to the second compound is
within this range, hole mobility may be controlled and thus
the efficiency and lifetime of a formed device may be
increased. A mixed weight ratio of the third compound to the
fourth compound may be in a range of 6:4 to 8:2. If the mixed
weight ratio of the third compound to the second compound is
within this range, hole mobility may be controlled and thus
the efficiency and lifetime of a formed device may be
increased.

[0099] A thickness of each of the first mixed layer and the
second mixed layer may be in arange 0of40 nm to 60 nm. If the
thicknesses of the first mixed layer and the second mixed
layer are within this range, hole mobility may be appropri-
ately (suitably) controlled without a substantial increase in
driving voltage.

[0100] An amount of the first charge generation material
may be in arange of 1 to 3 parts by weight based on 100 parts
by weight of the first charge generation layer. The first charge
generation material is a material for generating charges, and
may be homogeneously dispersed or non-homogeneously
distributed in the first charge generation layer. However, the
distribution of the first charge generation material in the first
charge generation layer may not be limited to the above
disclosure. If the amount of the first charge generation mate-
rial is within this range, an appropriate (suitable) amount of
charge may be generated in the first charge generation layer.
[0101] Anamountof the second charge generation material
may be in arange of 1 to 3 parts by weight based on 100 parts
by weight of the second charge generation layer. The second
charge generation material may be homogeneously dispersed
or non-homogeneously distributed in the second charge gen-
eration layer. However, the distribution of the second charge
generation material in the second charge generation layer
may not be limited to the above disclosure. If the amount of
the second charge generation material is within this range, an
appropriate (suitable) amount of charge may be generated in
the second charge generation layer.

[0102] A thickness of each of the first charge generation
layer and the second charge generation layer may be in a
range of 10 nm to 20 nm. If the thicknesses of the first charge
generation layer and the second charge generation layer are
within this range, an appropriate (suitable) amount of charge
may be generated without a substantial increase in driving
voltage.

[0103] A buffer layer may be interposed between the emis-
sion layer and the second mixed layer. If the emission layer
directly contacts the second mixed layer, the second mixed
layer may attract electrons and thus, the lifetime of the emis-
sion layer may be reduced. Accordingly, the insertion of the
buffer layer between the emission layer and the second mixed
layer may prevent or reduce the attracting of electrons,
thereby contributing to improved lifetime. Also, the buffer
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layer may compensate an optical resonance distance accord-
ing to a wavelength of light emitted from the emission layer,
thereby improving efficiency of a formed organic light-emit-
ting diode.

[0104] The buffer layer may include the compound repre-
sented by Formula 1 having excellent hole mobility, but is not
limited thereto. For example, as a material for forming a
buffer layer, a mixed material including the first compound
and a light emission host material may be used. In this case, a
HOMO energy level of the buffer layer may be present
between the HOMO energy level of the second mixed layer
and the HOMO energy level of the emission layer, and thus
holes may be easily transported.

[0105] A thickness of the buffer layer may be in a range of
0.1 nm to 30 nm. If the thickness of the buffer layer is within
this range, the efficiency of a formed organic light-emitting
diode may be increased due to the compensation of an optical
resonance distance according to a wavelength of light emitted
from the emission layer without a substantial increase in
driving voltage.

[0106] The first mixed layer may contact the first charge
generation layer. If the first mixed layer contacts the first
charge generation layer, a charge balance may be improved.
[0107] The second mixed layer may contact the second
charge generation layer. If the second mixed layer contacts
the second charge generation layer, a charge balance may be
improved.

[0108] An organic light-emitting diode according to an
embodiment of the present invention may include at least one
layer of a hole blocking layer, an electron transporting layer,
an electron injection layer, and a functional layer having an
electron transport function and an electron injection function,
which are interposed between the emission layer and the
second electrode.

[0109] For example, the organic light-emitting diode may
have a structure with the following order: a first electrode/a
first charge generation layer in which first and second com-
pounds having different energy levels are doped with the first
charge generation material/a first mixed layer including the
first and second compounds/second charge generation layer
in which third and fourth compounds having different energy
levels are doped with the second charge generation material/a
second mixed layer including the third and fourth com-
pounds/a buffer layer/an emission layer/an electron trans-
porting layer/an electron injection layer/a second electrode.

[0110] FIG. 1 is a schematic view of an organic light-
emitting diode 100 according to an embodiment of the
present invention. Hereinafter, with reference to FIG. 1, the
structure of an organic light-emitting diode according to an
embodiment of the present invention, and a method of manu-
facturing the organic light-emitting diode, according to an
embodiment of the present invention, will be described in
more detail.

[0111] The organic light-emitting diode 100 sequentially
includes a substrate 110, a first electrode 120, a hole injection
layer 130, a first charge generation layer 141, a first mixed
layer 142, a second charge generation layer 143, a second
mixed layer 144, a buffer layer 150, an emission layer 160, an
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electron transporting layer 170, an electron injection layer
180, and a second electrode 190 in this stated order.

[0112] The substrate 110 may be any one of various suit-
able substrates that are used in an organic light-emitting
device, and may be a glass substrate or a transparent plastic
substrate with excellent mechanical strength, thermal stabil-
ity, transparency, surface smoothness, ease of handling, and
water repellency.

[0113] The first electrode 120 may be formed by providing
a first electrode material on a substrate by deposition or sput-
tering. If the first electrode 120 is an anode, to allow holes to
beinjected thereinto easily, the first electrode material may be
selected from materials having a high work function. Also,
the first electrode 120 may be a reflection electrode or a
transmission electrode. The first electrode material may be a
transparent and highly conductive material, such as indium
tin oxide (ITO), indium zinc oxide (IZO), tin oxide (Sn0O,),
zinc oxide (ZnO), etc. Alternatively, if magnesium (Mg),
aluminum (Al), aluminum-lithium (Al—Li), calcium (Ca),
magnesium-indium (Mg—In), magnesium-silver (Mg—
Ag), etc., are used as the first electrode material, the first
electrode 120 may be formed as a reflection electrode. The
first electrode 120 may include two different materials. For
example, the first electrode 120 may have a two-layer struc-
ture including two different materials. However, the structure
of the first electrode 120 is not limited thereto.

[0114] The hole injection layer 130 is formed on the first
electrode 120. However, according to purpose, the hole injec-
tion layer 130 may not be formed.

[0115] The hole injection layer 130 may be formed on the
first electrode 120 by using various suitable methods, such as

vacuum deposition, wet process, laser transferring, etc., as
described above.

[0116] When the hole injection layer 130 is formed by
vacuum deposition, the deposition conditions may vary
according to a material that is used to form the hole injection
layer 130, and the structure and thermal characteristics of the
hole injection layer 130. For example, the deposition condi-
tions may include a deposition temperature of about 100° C.
to about 500° C., a vacuum pressure of about 10~® to about
1072 torr, and a deposition rate of about 0.01 A/sec to about
100 A/sec. However, the deposition conditions are not limited
thereto.

[0117] When the hole injection layer 130 is formed using
spin coating as a wet process, coating conditions may vary
according to the material used to form the hole injection layer
130, and according to the structure and thermal properties of
the hole injection layer 130. For example, a coating speed
may be from about 2000 rpm to about 5000 rpm, and a
temperature at which a heat treatment is performed to remove
a solvent after coating may be from about 80° C. to about 200°
C. However, the coating conditions are not limited thereto.
[0118] A hole injection layer material may be any one of
known hole injecting materials. Non-limiting examples of the
hole injection layer material are a phthalocyanine compound,
such as copperphthalocyanine, m-MTDATA (a structure
thereof is illustrated below), TDATA (a structure thereof is
illustrated below), 2-TNATA (a structure thereof is illustrated
below), polyaniline/dodecylbenzenesulfonic acid (Pani/
DBSA), poly(3,4-ethylenedioxythiophene)/poly(4-styrene-
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sulfonate) (PEDOT/PSS), polyaniline/camphor sulfonic acid
(Pani/CSA), polyaniline/poly(4-styrenesulfonate) (Pani/
PSS), etc.
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[0119] Thehole injection layer 130 may have a thickness of
about 100 A to about 10,000 A, for example, a thickness of
about 100 A to about 1,000 A. When the thickness of the hole
injection layer 130 is within these ranges, the hole injection
layer 130 may have satisfactory hole injection characteristics
without an increase in driving voltage.

[0120] Then, a hole transporting layer 140 may be formed
on the hole injection layer 130. The hole transporting layer
140 may include the first charge generation layer 141, the first
mixed layer 142, the second charge generation layer 143, and
the second mixed layer 144 which are sequentially deposited
in this stated order.

[0121] First, the first charge generation layer 141 may be
formed on the hole injection layer 130 by vacuum deposition,
wet process, laser transferring, or the like. When the first
charge generation layer 141 is formed by vacuum deposition
or spin coating, the deposition or coating conditions may be
similar to those applied to form the hole injection layer 130,
although the deposition or coating conditions may vary
according to the material that is used to form the first charge
generation layer 141.

[0122] As amaterial for forming the first charge generation
layer 141, a mixture including a first compound and a second
compound, doped with a first charge generation material,
may be used. In this regard, a weight ratio of the first com-
pound and the second compound may be in a range of 6:4 to
8:2 and an amount of the first charge generation material may
be in a range of 1 to 3 parts by weight based on 100 parts by
weight of the first charge generation layer 141.

[0123] A thickness of the first charge generation layer 141
may be in a range of 10 nm to 20 nm. If the thickness of the
first charge generation layer 141 is within this range, the first
charge generation layer 141 may have satisfactory hole trans-
port characteristics and a sufficient amount of charge without
a substantial increase in driving voltage.

[0124] The first mixed layer 142 may be formed on the first
charge generation layer 141 by, for example, vacuum depo-
sition, wet process, or laser transferring. When the first mixed
layer 142 is formed by vacuum deposition or spin coating, the
deposition or coating conditions may be similar to those
applied to form the hole injection layer 130, although the
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deposition or coating conditions may vary according to the
material that is used to form the first mixed layer 142.
[0125] As a material for forming the first mixed layer 142,
amixture including a first compound and a second compound
may be used. In this regard, a weight ratio of the first com-
pound to the second compound may be in arange of 6:4 to 8:2.
[0126] A thickness of the first mixed layer 142 may be in a
range of 40 nm to 60 nm.

[0127] Ifthe thickness of the first mixed layer 142 is within
this range, the first mixed layer 142 may have satisfactory
hole transport characteristics and hole mobility without a
substantial increase in driving voltage.

[0128] The second charge generation layer 143 may be
formed on the first mixed layer 142 by, for example, vacuum
deposition, wet process, or laser transferring. When the sec-
ond charge generation layer 143 is formed by vacuum depo-
sition or spin coating, the deposition or coating conditions
may be similar to those applied to form the hole injection
layer 130, although the deposition or coating conditions may
vary according to the material that is used to form the second
charge generation layer 143.

[0129] As amaterial for forming the second charge genera-
tion layer 143, a mixture including a third compound and a
fourth compound, doped with a second charge generation
material, may be used. In this regard, a weight ratio of the
third compound to the fourth compound may be in a range of
6:4 to 8:2 and an amount of the second charge generation
layer material may be in a range of 1 to 3 parts by weight
based on 100 parts by weight of the second charge generation
layer.

[0130] A thickness of the second charge generation layer
143 may be in a range of 10 nm to 20 nm. If the amount of the
second charge generation layer 143 is within this range, the
second charge generation layer 143 may have satisfactory
hole transport characteristics and a sufficient amount of
charge without a substantial increase in driving voltage.
[0131] The second mixed layer 144 may be formed on the
second charge generation layer 143 by, for example, vacuum
deposition, wet process, or laser transferring. When the sec-
ond mixed layer 144 is formed by vacuum deposition or spin
coating, the deposition or coating conditions may be similar
to those applied to form the hole injection layer 130, although
the deposition or coating conditions may vary according to
the material that is used to form the second mixed layer 144.
[0132] As a material for forming the second mixed layer
144, In this regard, a weight ratio of the third compound to the
fourth compound may be in a range of 6:4 to 8:2.

[0133] A thickness of the second mixed layer 144 may be in
a range of 40 nm to 80 nm. If the thickness of the second
mixed layer 144 is within this range, the second mixed layer
144 may have satisfactory hole transport characteristics and
hole mobility without a substantial increase in driving volt-
age.

[0134] The buffer layer 150 may be formed on the second
mixed layer 144 by, for example, vacuum deposition, wet
process, or laser transferring. When the buffer layer 150 is
formed by vacuum deposition or spin coating, the deposition
or coating conditions may be similar to those applied to form
the hole injection layer 130, although the deposition or coat-
ing conditions may vary according to the material that is used
to form the buffer layer 150.

[0135] A material for forming the buffer layer 150 may be
the first compound. According to an embodiment of the
presentinvention, a mixture including the first compound and
a luminescent host material may be used as the buffer layer
forming material.

[0136] A thickness ofthe buffer layer 150 may be in a range
of 0.1 nm to 30 nm. If the thickness of the buffer layer 150 is
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within this range, a driving voltage may not be excessively
increased, and due to the compensation for an optical reso-
nance distance according to a wavelength of light emitted
from the emission layer 160, efficiency of a formed organic
light-emitting diode may be improved.

[0137] Theemission layer 160 may be formed on the buffer
layer 150 by, for example, vacuum deposition, wet process, or
laser transferring. When the emission layer 160 is formed by
vacuum deposition or spin coating, the deposition or coating
conditions may be similar to those applied to form the hole
injection layer 130, although the deposition or coating con-
ditions may vary according to the material that is used to form
the emission layer 160.

[0138] The emission layer 160 may include a known phos-
phorescent host, a fluorescent host, a phosphorescent dopant,
or a fluorescent dopant. As a known host, 4,4'-N,N'-dicarba-
zole-biphenyl (CBP), 9,10-di-naphthalene-2-yl-anthracene
(AND, a structure thereof is illustrated below), TPBI (a struc-
ture thereofis illustrated below), TBADN (a structure thereof
is illustrated below), E3 (a structure thereof is illustrated
below), etc. may be used, but are not limited thereto.

ADN

TPBI

Jun. 6, 2013

-continued

OO0

[0139] As ared dopant, PtOEP (a structure thereof is illus-
trated below), Ir(piq);(a structure thereof is illustrated
below), Btp,Ir(acac) (a structure thereof is illustrated below),
etc. may be used, but are not limited thereto.

PtOEP

Ir(piq)s
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Btp,Ir(acac)

[0140] Also, as a green dopant, Ir(ppy); (ppy=phenyl pyri-
dine, a structure thereof is illustrated below), Ir(ppy),(acac)
(a structure thereof is illustrated below), Ir(mpyp);(a struc-
ture thereofis illustrated below), etc. may be used, but are not
limited thereto.
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Ir(ppy)2(acac)
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[0141] As a blue dopant, F,Irpic (a structure thereof is
illustrated below), (F,ppy),Ir(tmd) (a structure thereof is
illustrated below), Ir(dfppz);(a structure thereof is illustrated
below), DPVBI (a structure thereof is illustrated below), 4,4'-
bis(4-diphenyl aminostaryl)biphenyl (DPAVBI, a structure
thereof is illustrated below), 2,5,8,11-tetra-tert-butyl
perylene (TBPe, a structure thereof is illustrated below), etc.
may be used, but are not limited thereto.

(F2ppy )olr(tmd)
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[0142] If the emission layer 160 includes a host and a HBL is formed by vacuum deposition or spin coating, the

dopant, an amount of the dopant may be from about 0.01 to
about 15 parts by weight based on about 100 parts by weight
of the host, but are not limited thereto.

[0143] A thickness of the emission layer 160 may be from
about 100 A to about 1000 A, for example, about 200 A to
about 600 A. If the thickness of the emission layer 160 is
within these ranges, excellent luminescence characteristics
may be obtained without a substantial increase in driving
voltage.

[0144] Ifthe emission layer 160 includes a phosphorescent
dopant, to prevent diffusion of a triple exciton or a hole into
the electron transporting layer 170, a hole blocking layer
(HBL, not shown in FIG. 1) may be formed between the
electron transporting layer 170 and the emission layer 160 by
vacuum deposition, wet process, or laser transferring. If the

deposition or coating conditions may be similar to those
applied to form the hole injection layer 130, although the
deposition or coating conditions may vary according to the
material that is used to form the HBL. As an HBL material,
any one of known hole blocking materials may be used, and
examples thereof are an oxadiazole derivative, a triazole
derivative, a phenanthroline derivative, etc.

[0145] A thickness of the HBL may be from about 50 A to
about 1000 A, for example, about 100 A to about 300 A. Ifthe
thickness of the HBL is within the ranges described above,
excellent hole blocking characteristics may be obtained with-
out a substantial increase in driving voltage.

[0146] Then, the electron transporting layer 170 may be
formed by using various methods, such as vacuum deposi-
tion, wet process, laser transferring, etc., as described above.
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The electron transporting layer may include a known electron
transport material. Non-limiting examples of the known elec-
tron transport material are a quinoline derivative, such as
tris(8-quinolinolate)aluminum (Alqg,), TAZ (a structure
thereof is illustrated below), BAIq (a structure thereof is
illustrated below), and beryllium bis(benzoquinolin-10-olate
(Bebqy).

ke

N—N

BAlq

[0147] The electron transporting layer 170 may include an
electron transportable organic compound. Non-limiting
examples of the electron transportable organic compound are
9,10-di(naphthalene-2-yl)anthracene (ADN); and
anthracene-based compounds, such as Compounds 601 and
602 below:

<Compound 601>
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<Compound 602>

[0148] A thickness of the electron transporting layer 170
may be from about 100 A to about 1000 A, for example, about
150 A to about 500 A. If the thickness of the electron trans-
porting layer 170 is within the ranges described above, excel-
lent electron transporting characteristics may be obtained
without a substantial increase in driving voltage. If the elec-
tron transporting layer 170 is formed by vacuum deposition or
spin coating, the deposition or coating conditions may be
similar to those applied to form the hole injection layer 130,
although the deposition or coating conditions may vary
according to the material that is used to form the electron
transporting layer 170.

[0149] The electron injection layer 180 may be deposited
on the electron transporting layer 170 by using a material that
allows electrons to be easily injected from an anode. As a
material for forming the electron injection layer 180, any
known electron injection layer material, such as LiF, NaCl,
CsF, Li,0, BaO, or LIQ, may be used. Alternatively, the
heterocyclic compound of Formula 1 may also be used. The
deposition conditions of the electron injection layer 180 may
be similar to those applied to form the hole injection layer
130, although the deposition or coating conditions may vary
according to the material that is used to form the electron
injection layer 180.

[0150] A thickness of the electron injection layer 180 may
be in a range of about 1 A to about 100 A, for example, about
3 A to about 90 A. If the thickness of the electron injection
layer 180 is within the ranges described above, excellent
electron injection characteristics may be obtained without a
substantial increase in driving voltage.

[0151] The second electrode 190 is formed as a reflection
electrode on the electron injection layer 180. The second
electrode 190 may be a cathode as an electron injection elec-
trode, and in this case, a low work function metal, alloy,
electrically conductive compound, and a mixture thereof may
be used as a second electrode metal. In detail, lithium (Li),
magnesium (Mg), aluminum (Al), aluminum-lithium (Al—
Li), calcium (Ca), magnesium-indium (Mg—In), magne-
sium-silver (Mg—Ag), etc. may be formed as a thin film for
use as a reflection electrode. Also, if the organic light-emit-
ting diode is used in a top-emission light-emitting device, a
transmission electrode may be formed using ITO or 1ZO.
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[0152] Hereinbefore, the organic light-emitting diode has
been described with reference to FIG. 1. However, the struc-
ture of the organic light-emitting diode is not limited to the
structure illustrated in FIG. 1.

[0153] FIG. 2 shows energy levels of an organic light-
emitting diode 200 according to an embodiment of the
present invention.

[0154] The organic light-emitting diode may include a first
charge generation layer 241, a first mixed layer 242, a second
charge generation layer 243, a second mixed layer 244, a
buffer layer 250, an emission layer 260, an electron transport-
ing layer 270, and an electron injection layer 280. Because the
first charge generation layer 241 includes a first compound, a
second compound, and a first charge generation material, and
the second charge generation layer 243 includes a third com-
pound, a fourth compound, and a second charge generation
material, the first and second charge generation layers 241
and 243 may have similar levels of HOMO energy and
LUMO energy. The first and second charge generation layers
241 and 243 include a first charge generation material and a
second charge generation material, respectively, and a
HOMO energy level and a LUMO energy level thereof are
indicated by a dotted line.

[0155] The HOMO and LUMO energy levels of each of the
first and second charge generation materials are relatively
very low, the first and second charge generation materials
may contribute to a decrease in a driving voltage of the first
charge generation layer 241 and the second charge generation
layer 243.

[0156] The first mixed layer 242 includes a first compound
and a second compound, and the second mixed layer 244
includes a third compound and a fourth compound, and the
first and second mixed layers 242 and 244 have similar levels
of HOMO energy and LUMO energy.

[0157] The organic light-emitting diode may be included in
a flat display device including a transistor. Accordingly,
another aspect of the present invention provides a flat display
device that includes: a transistor including a source, a drain, a
gate, and an active layer; and the organic light-emitting diode
(including the multi-layered hole transporting layer), wherein
the first electrode of the organic light-emitting diode is elec-
trically connected to the source or the drain.

[0158] According to embodiments of the present invention,
as shown in FIG. 4, a flat display device includes a driving
circuit 420 electrically connected to a pixel unit on a substrate
411. An insulating layer 412 such as a barrier layer and/or a
buffer layer may be formed on the substrate 411 to planarize
the surface of the substrate and to substantially prevent the
diffusion of impurities and the penetration of external mois-
ture and air. A transistor as the driving circuit 420 is formed on
the insulating layer 412. According to some embodiments, a
top gate TFT may be used. However, it is understood that
various other types of transistors may also be used. An acti-
vation layer 421 of the transistor includes a semiconductor
material and is disposed on the insulating layer 412. A gate
insulating layer 413 covers the activation layer 421. The
activation layer 421 may include inorganic semiconductor
materials (such as amorphous silicon or polysilicon), or
organic semiconductor materials, and may have a source
region, a drain region, and a channel region between the
source region and the drain region. A gate electrode 422 is
disposed on the gate insulating layer 413, and an interlayer
insulating layer 414 covers the gate electrode 422. Source and
drain electrodes 423 are disposed on the interlayer insulating
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layer 414 and contact the activation layer through contact
holes 424. A planarization layer 415 covers the source and
drain electrodes 423. It is understood that the stack structure
of the transistor is not limited to this constructions, but rather
the transistor may have any suitable structure. The first elec-
trode 431 of the organic light emitting device is formed on the
planarization layer 415, and is electrically connected to the
source and drain electrodes 423 via a through hole 430. A
pixel definition layer (not shown) is a thin inorganic layer
formed on the first electrode 431. An opening is formed in the
pixel definition layer to expose the first electrode 431 through
the opening.

[0159] The active layer of the transistor may be, for
example, an amorphous silicon layer, a crystalline silicon
layer, an organic semiconductor layer, an oxide semiconduc-
tor layer, or the like.

[0160] Hereinafter, an organic light-emitting diode accord-
ing to an embodiment of the present invention will be
described in detail with reference to Examples. However, the
present invention is not limited to Examples below.

Example 1

[0161] Asananode, 15 Q/cm?(1200 A)ITO glass substrate
manufactured by Corning Co., Ltd was cut to a size of 50
mmx50 mmx0.7 mm and sonicated with isopropyl alcohol
and pure water each for 5 minutes, and then an ultraviolet ray
was irradiated thereto for 30 minutes, followed by exposure to
ozone. Then, the resultant ITO glass substrate was installed in
a vacuum deposition device.

[0162] Compound 301, Compound 35, and Compound 502
were vacuum co-deposited at a weight ratio of 60:40:1 on the
ITO glass substrate to form a first charge generation layer
having a thickness of 100 A, and then Compound 301 and
Compound 35 were vacuum co-deposited at a weight ratio of
60:40 on the first charge generation layer to form a first mixed
layer having a thickness of 400 A. Then, Compound 301,
Compound 35, and Compound 502 were vacuum co-depos-
ited at a weight ratio of 60:40:1 on the first mixed layer to
form a second charge generation layer having a thickness of
100 A, and then Compound 301 and Compound 35 were
vacuum co-deposited at a weight ratio of 60:40 on the second
charge generation layer to form a second mixed layer having
a thickness of 400 A.

[0163] Compound 301 was vacuum deposited on the sec-
ond mixed layer to form a buffer layer having a thickness of
230 A.

[0164] ADN and DPVBi were vacuum co-deposited at a
weight ratio of 98:2 on the buffer layer to form an emission
layer having a thickness of 300 A.

[0165] Then, Alq, was vacuum deposited on the emission
layer to form an electron transporting layer having a thickness
of 300 A.

[0166] LiF, which is a halogenated alkali metal, was
vacuum deposited on the electron transporting layer to form
an electron injection layer having a thickness of 10

[0167] A, followed by vacuum deposition of Al thereon to
a thickness 0of 3000 A (cathode), to form an LiF/Al electrode,
thereby completing the manufacture of an organic light-emit-
ting diode.

Example 2

[0168] An organic light-emitting diode was manufactured
in the same manner as in Example 1, except that when the first
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charge generation layer and the second charge generation
layer were formed, Compound 301, Compound 35, and Com-
pound 502 were used at a weight ratio of 70:30:1, and when
the first mixed layer and the second mixed layer were formed,
Compound 301 and Compound 35 were used at a weight ratio
of 70:30.

Example 3

[0169] An organic light-emitting diode was manufactured
in the same manner as in Example 1, except that when the first
charge generation layer and the second charge generation
layer were formed, Compound 301, Compound 35, and Com-
pound 502 were used at a weight ratio of 70:30:3, and when
the first mixed layer and the second mixed layer were formed,
Compound 301 and Compound 35 were used at a weight ratio
of 70:30.

Example 4

[0170] An organic light-emitting diode was manufactured
in the same manner as in Example 1, except that when the first
charge generation layer and the second charge generation
layer were formed, Compound 301, Compound 35, and Com-
pound 502 were used at a weight ratio of 80:20:1, and when
the first mixed layer and the second mixed layer were formed,
Compound 301 and Compound 35 were used at a weight ratio
of 80:20.

Comparative Example 1

[0171] An organic light-emitting diode was manufactured
in the same manner as in Example 2, except that the buffer
layer was not formed.

Comparative Example 2

[0172] An organic light-emitting diode was manufactured
in the same manner as in Example 1, except that instead of the
forming of the first charge generation layer, the first mixed
layer, the second charge generation layer, and the second
mixed layer, 2-TNATA was vacuum deposited on the ITO
glass substrate to form a single hole injection layer having a
thickness of 600 A.

Evaluation Example

[0173] The driving voltage, y value of CIE chromaticity
diagram, luminescent efficiency, and lifespan (lifetime) of the
organic light-emitting diodes manufactured according to
Examples 1 to 4 and Comparative Examples 1 to 2 were
evaluated by using a PR650 (Spectroscan) source measure-
ment unit (product of PhotoResearch Company), and results
thereof are shown in Table 1 below.

TABLE 1
Driving Half lifetime
Voltage (hr@100
(V) CIE_ y Efficiency/y mA/cm?)

Example 1 5.9 0.062 106.1 59.0
Example 2 5.6 0.057 95.3 68.0
Example 3 5.2 0.050 97.9 76.0
Example 4 5.3 0.050 100.4 56.0
Comparative 5.2 0.057 98.0 6.0
Example 1
Comparative 5.2 0.052 72.8 26.0
Example 2
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[0174] Referring to Table 1, an organic light-emitting diode
according to an embodiment of the present invention (Ex-
amples 1 to 4) has a longer lifetime than an organic light-
emitting diode (Comparative Examples 1 to 2) including a
hole transporting layer in which a buffer layer was not formed
or which did not have a multi-layered structure.

[0175] FIG. 3 is a graph of lifetime characteristics of the
organic light-emitting diodes manufactured according to
Examples 1 to 4 and organic light-emitting diodes manufac-
tured according to Comparative Examples 1 and 2. Referring
to FIG. 3, it was confirmed that an organic light-emitting
diode according to an embodiment of the present invention
(Examples 1 to 4) had about 3 to 12 times greater lifetime than
an organic light-emitting diode (Comparative Examples 1 to
2) including a hole transporting layer in which a buffer layer
was not formed or which did not have a multi-layered struc-
ture.

[0176] Referring to Table 1, it was confirmed that an
organic light-emitting diode according to an embodiment of
the present invention (Examples 1 to 4) had about 30% greater
luminescence efficiency than an organic light-emitting diode
(Comparative Example 2) including a hole transporting layer
which did not have a multi-layered structure.

[0177] An organic light-emitting diode according to an
embodiment of the present invention has improved charge
balance, high efficiency, and long lifetime characteristics due
to the inclusion of a multi-layered hole transporting layer
including a combination of a hole transporting compound and
a charge generation material having different energy levels.

[0178] While the present invention has been particularly
shown and described with reference to exemplary embodi-
ments thereof, it will be understood by those of ordinary skill
in the art that various changes in form and details may be
made therein without departing from the spirit and scope of
the present invention as defined by the following claims, and
equivalents thereof.

What is claimed is:

1. An organic light-emitting diode comprising:
a first electrode;

a second electrode facing the first electrode;

an emission layer between the first electrode and the sec-
ond electrode;

a first mixed layer between the emission layer and the first
electrode and comprising a first compound and a second
compound;

a second mixed layer between the emission layer and the
first mixed layer and comprising a third compound and a
fourth compound;

a first charge generation layer between the first mixed layer
and the first electrode and comprising the first com-
pound, the second compound, and a first charge genera-
tion material;

a second charge generation layer between the first mixed
layer and the second mixed layer and comprising the
third compound, the fourth compound, and a second
charge generation material; and

a buffer layer between the emission layer and the second
mixed layer,
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wherein the first compound and the third compound are
each independently a compound represented by For-
mula 1 below, and the second compound and the fourth
compound are each independently a compound repre-
sented by Formula 2 below:

<Formula 1>

Res

wherein in Formula 1,

Ar,, and Ar , are each independently a substituted or
unsubstituted C5-Cg, arylene group;

e and f are each independently an integer of 0 to 5;

Rs, to Rsg and Ry, to Ry, are each independently a hydro-
gen atom, a deuterium atom, a halogen atom, a hydroxyl
group, a cyano group, a nitro group, an amino group, an
amidino group, hydrazine, hydrazone, a carboxylic
group or salt thereof, a sulfonic acid group or salt
thereof, a phosphoric acid group or salt thereof, a sub-
stituted or unsubstituted C,-Cg, alkyl group, a substi-
tuted or unsubstituted C,-Cq, alkenyl group, a substi-
tuted or unsubstituted C,-C4, alkynyl group, a
substituted or unsubstituted C, -C, alkoxy group, a sub-
stituted or unsubstituted C,-Cg, cycloalkyl group, a sub-
stituted or unsubstituted C5-Cg, aryl group, a substituted
orunsubstituted C5-Cg, aryloxy group, or substituted or
unsubstituted C5-C, arylthio group; and

Ry, 1s a phenyl group, a naphthyl group, an anthryl group,
a biphenyl group, or a pyridyl group or is a phenyl group,
a naphthyl group, an anthryl group, a biphenyl group, or
a pyridyl group of which at least one hydrogen atom is
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, hydrazine,
hydrazone, a carboxylic group or salt thereof, a sulfonic
acid group or salt thereof, a phosphoric acid group or salt
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thereof, a substituted or unsubstituted C,-C,, alkyl
group, and a substituted or unsubstituted C,-C,, alkoxy;
and

<Formula 2>

Ry Ry

wherein in Formula 2,

A, to Ar; are each independently a substituted or unsub-

stituted C5-Cg, arylene group;

a and b are each independently an integer of 0 to 5;
¢ is an integer of 1 to 5;
R, to R are each independently a hydrogen atom, a deu-

terium atom, a halogen atom, a hydroxy! group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine, hydrazone, a carboxylic group or salt thereof,
a sulfonic acid group or salt thereof, a phosphoric acid
group or salt thereof, a substituted or unsubstituted
C,-C4o alkyl group, a substituted or unsubstituted
-Cgo alkenyl group, a substituted or unsubstituted
-Cso alkynyl group, a substituted or unsubstituted
1-Cso alkoxy group, a substituted or unsubstituted
C -Cy, cycloalkyl group, a substituted or unsubstituted
C -Cyo aryl group, a substituted or unsubstituted C5-Cg,,
aryloxy group, a substituted or unsubstituted CS-C60
arylthio group, —Si(R5,)(R32)(Rs3); —N(R34)(Rs5), or
a nitrogen atom-containing group, and at least one of R,
to R, is a nitrogen atom-containing group;

d is an integer of 0 to 5;

R,, to R,; are each independently a hydrogen atom, a

deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, hydrazine, hydrazone, a carboxylic group or salt
thereof, a sulfonic acid group or salt thereof, a phospho-
ric acid group or salt thereof] a substituted or unsubsti-
tuted C,-Cy, alkyl group, a substituted or unsubstituted
C,-Cq, alkenyl group, a substituted or unsubstituted
C,-Cq4, alkynyl group, a substituted or unsubstituted
C,-Cq4o alkoxy group, a substituted or unsubstituted
C;5-Cy cycloalkyl group, a substituted or unsubstituted
Cs-Cgp aryl group, a substituted or unsubstituted C5-Cg,
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aryloxy group, a substituted or unsubstituted C5-Cg,
arylthio group, —Si(R36)(R37)(Rss), or —N(R;30)(R40);
and

R;; to R, are each independently a hydrogen atom, a
deuterium atom, a halogen atom, a hydroxyl group, a
cyano group, a nitro group, an amino group, an amidino
group, hydrazine, hydrazone, a carboxylic group or salt
thereof, a sulfonic acid group or salt thereof, a phospho-
ric acid group or salt thereof, a substituted or unsubsti-
tuted C,-Cg, alkyl group, a substituted or unsubstituted
C,-Cg, alkenyl group, a substituted or unsubstituted
C,-Cq, alkynyl group, a substituted or unsubstituted
C,-Cq, alkoxy group, a substituted or unsubstituted
C;-Cg, cycloalkyl group, a substituted or unsubstituted
C5-Cg, aryl group, a substituted or unsubstituted C5-Cg
aryloxy group, a substituted or unsubstituted C5-Cg,
arylthio group, or a substituted or unsubstituted C,-Cy,,
heteroaryl group;

wherein the nitrogen atom-containing group is a 5-mem-
bered aromatic ring group comprising a nitrogen atom as
a ring atom, a 6-membered aromatic ring group com-
prising a nitrogen atom as a ring atom, or a 9-membered
aromatic ring group comprising a nitrogen atom as a ring
atom and is formed by fusing a 5-membered aromatic
group and a 6-membered aromatic group.

2. The organic light-emitting diode of claim 1, wherein a
highest occupied molecular orbital (HOMO) energy level of
the second compound is 0.1 eV to 0.2 eV lower than a HOMO
energy level of the second compound, and a lowest unoccu-
pied molecular orbital (LUMO) energy level of the second
compound is 0.1 eV to 0.2 eV lower than a LUMO energy
level of the first compound.

3. The organic light-emitting diode of claim 1, wherein a
hole mobility of the first compound is higher than a hole
mobility of the second compound.

4. The organic light-emitting diode of claim 1, wherein the
first compound and the third compound are each indepen-
dently a compound represented by Formula 1A:

<Formula | A>

Rs)

wherein in Formula 1A,

Rs;, Rso, Rg;, and Ry, are the same as with respect to
Formula 1.
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5. The organic light-emitting diode of claim 1, wherein the
first compound and the third compound are each indepen-
dently Compound 301 below:

<Compound 301>

<O QQ

o
)

6. The organic light-emitting diode of claim 1, wherein the
second compound and the fourth compound are each inde-
pendently at least one of compounds represented by Formu-
lae 2A to 2K below:

<Formula 2A>

O A \|
(Zl)x

(Ar2)p

Rla
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-continued
<Formula 2B>
Ry
\N
O Rig
(Ary),
C 3
(Ar2)p
\
Z1)x
Rao O
Ryg
<Formula 2C>
Ry
N
= |
(Ary)
O Sn ~ \ Riq
(Zl)x
(Arz)p
Rao O
Ryg
<Formula 2D>
Ry Ry
N
7z |
(Y NP
N 2, e
(Arz)p
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-continued
<Formula 2E>
Ry
(Ary)
NN X
(Zpx

(An2)p

<Formula 2F>

(Z1)x

<Formula 2G>




US 2013/0140530 Al

-continued

<Formula 2H>

Ru
(Z])x
(Arl)a\

(Zl)x
(Ar 2)b

Ryg
Ry
<Formula 2>
Ry
\N
Rla
(Ary)
O ‘ \ N
(Ara)yp
(Z1)x
Roo
Rig

<Formula 2J>
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-continued
<Formula 2K>
Z |
(Arl)a ~ \ \
@Z -
(Ar2)p
Rao

wherein in Formulae 2A to 2K,

Ar, and Ar, are each independently a substituted or unsub-
stituted C5-Cg, arylene group;

a and b are each independently an integer of 0 to 5;

R, Ry, and R, are each independently a nitrogen atom-
containing group;

R,,, R,5 and R, are each independently a substituted or
unsubstituted C,-Cg, alkyl group, and a substituted or
unsubstituted C5-C, aryl group;

7, to 7, are each independently a hydrogen atom, a deute-
rium atom, a halogen atom, a hydroxyl group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine, hydrazone, a carboxylic group or salt thereof,
a sulfonic acid group or salt thereof, a phosphoric acid
group or salt thereof, a substituted or unsubstituted

C,-C4o alkyl group, a substituted or unsubstituted
-Cgo alkenyl group, a substituted or unsubstituted

-Cgo alkynyl group, a substituted or unsubstituted
-Cgo alkoxy group, a substituted or unsubstituted

C;5-Cq, cycloalkyl group, a substituted or unsubstituted
C5-Cy, aryl group, a substituted or unsubstituted C5-Cg,
aryloxy group, a substituted or unsubstituted C5-Cg,
arylthio group, —Si(Q,)(Q2)(Q5), or —N(Q,)(Qs5), and
if x or y is 2 or more, a plurality of Z, or Z, are identical
to or different from each other;

Q, to Q, are each independently a hydrogen atom, a deu-
terium atom, a halogen atom, a hydroxy! group, a cyano
group, a nitro group, an amino group, an amidino group,
hydrazine, hydrazone, a carboxylic group or salt thereof,
a sulfonic acid group or salt thereof, a phosphoric acid
group or salt thereof, a substituted or unsubstituted

[oNeXe!
L N )

C,-Cq, alkyl group, a substituted or unsubstituted
C,-Cy, alkenyl group, a substituted or unsubstituted
C,-Cq4 alkynyl group, a substituted or unsubstituted
C,-Cq4o alkoxy group, a substituted or unsubstituted

C, C60 cycloalkyl group, a substituted or unsubstituted
Cs-Cyqp aryl group, a substituted or unsubstituted C5-Cgy,
aryloxy group, a substituted or unsubstituted CS-C60
arylthio group, or a substituted or unsubstituted C,-Cg,
heteroaryl group;

X is an integer of 1 to 8; and

y is an integer of 1 to 3.
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7. The organic light-emitting diode of claim 1, wherein the -continued
second compound and the fourth compound are each inde-
pendently at least one of Compounds 2, 8, 14, 15, 16, 20, 31,
and 35 below:

COMPOUND 14

N
COMPOUND 2 Q D

(LY ~ 0
%
)
9

So iy

COMPOUND 15

COMPOUND 8
N,

O
O ~C

Z
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-continued -continued
COMPOUND 16

8 X

COMPOUND 20

COMPOUND 31

COMPOUND 35

N

°g
g9 o

8. The organic light-emitting diode of claim 1, wherein the
first charge generation material and the second charge gen-
eration material are each independently at least one of Com-
pound 501 and 502 below:
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<Compound 501>

NC

NC

<Compound 502>

9. The organic light-emitting diode of claim 1, wherein a
mixed weight ratio of the first compound and the second
compound is in a range of 6:4 to 8:2.

10. The organic light-emitting diode of claim 1, wherein a
mixed weight ratio of the third compound and the fourth
compound is in a range of 6:4 to 8:2.

11. The organic light-emitting diode of claim 1, wherein a
thickness of each of the first mixed layer and the second
mixed layer is in a range of 40 nm to 60 nm.

Jun. 6, 2013

12. The organic light-emitting diode of claim 1, wherein an
amount of the first charge generation material is in a range of
1to 3 parts by weight based on 100 parts by weight of the first
charge generation layer.

13. The organic light-emitting diode of claim 1, wherein an
amount of the second charge generation material is in a range
of'1 to 3 parts by weight based on 100 parts by weight of the
second charge generation layer.

14. The organic light-emitting diode of claim 1, wherein a
thickness of each of the first charge generation layer and the
second charge generation layer is in a range of 10 nm to 20
nm.
15. The organic light-emitting diode of claim 1, wherein
the buffer layer comprises the compound represented by For-
mula 1.

16. The organic light-emitting diode of claim 1, wherein a
thickness of the buffer layer is in a range 0f 0.1 nm to 30 nm.

17. The organic light-emitting diode of claim 1, wherein
the first mixed layer contacts the first charge generation layer.

18. The organic light-emitting diode of claim 1, wherein
the second mixed layer contacts the second charge generation
layer.

19. The organic light-emitting diode of claim 1, wherein
the organic light-emitting diode comprises at least one layer
of a hole blocking layer, an electron transporting layer, an
electron injection layer, and a functional layer having an
electron transport function and an electron injection function,
the at least one layer being between the emission layer and the
second electrode.

20. A flat display device comprising: a transistor compris-
ing a source, a drain, a gate, and an active layer; and the
organic light-emitting diode of claim 1,

wherein the first electrode of the organic light-emitting

diode is electrically connected to the source or the drain.

#* #* #* ok %
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