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(57) ABSTRACT

An organic light-emitting diode includes a first electrode and
a second electrode that face each other, an organic emission
layer between the first electrode and the second electrode,
and an inorganic hole injection layer between the first
electrode and the organic emission layer. The inorganic hole
injection layer includes oxide of a form A-B-O, including an
element A and an element B. The element A is one of
molybdenum (Mo) and tungsten (W). The element B is one
of vanadium (V), niobium (Nb), and tantalum (Ta). An atom
content (x) of the element B is greater than 0 and no more
than 15 at % (0<x<15 at %) based on a total atom content
of the inorganic hole injection layer.
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FIG. 2
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FIG. 3
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FIG. 5
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FIG. 8
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ORGANIC LIGHT-EMITTING DIODE AND
ORGANIC LIGHT-EMITTING DISPLAY
DEVICE INCLUDING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] Korean Patent Application No. 10-2018-0048474,
filed on Apr. 26, 2018, in the Korean Intellectual Property
Office, and entitled: “Organic Light-Emitting Diode and
Organic Light-Emitting Display Device Including the
Same,” is incorporated by reference herein in its entirety.

BACKGROUND

1. Field

[0002] Embodiments relate to organic light-emitting
diodes and organic light-emitting display devices including
the same.

2. Description of the Related Art

[0003] Organic light-emitting display devices include an
organic light emitting diode (OLED) that includes a hole
injection electrode, an electron injection electrode, and an
organic emission layer between the hole injection electrode
and the electron injection electrode. In addition, organic
light-emitting display devices are self-emissive. In the
organic emission layer, holes injected through the hole
injection electrode and electrons injected through the elec-
tron injection electrode combine with each other to generate
excitons that fall from an excited state to a ground state to
generate light.

[0004] Organic light-emitting display devices do not
require an additional light source and thus can be driven with
a low voltage and manufactured to be light and thin. Also,
the organic light-emitting display devices have favorable
characteristics such as a wide viewing angle, a high contrast,
and a fast response speed and thus have drawn attention as
a next-generation display apparatus.

SUMMARY

[0005] Embodiments are directed an organic light-emit-
ting diode including a first electrode and a second electrode
that face each other, an organic emission layer between the
first electrode and the second electrode, and an inorganic
hole injection layer between the first electrode and the
organic emission layer. The inorganic hole injection layer
includes oxide of a form A-B-O, including an element A and
an element B. The element A is one of molybdenum (Mo)
and tungsten (W). The element B is one of vanadium (V),
niobium (Nb), and tantalum (Ta). An atom content (x) of the
element B is greater than 0 and no more than 15 at %
(0<x<15 at %) based on a total atom content of the inorganic
hole injection layer.

[0006] A work function of the inorganic hole injection
layer may be greater than a work function of the first
electrode.

[0007] The work function of the inorganic hole injection
layer may be in a range of about 5.0 eV to about 5.8 eV.
[0008] A thickness of the inorganic hole injection layer
may be in a range of about 10 A to about 50 A.

[0009] The inorganic hole injection layer and the first
electrode may have a structure obtained by wet-etching the
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inorganic hole injection layer and the first electrode together
by an etchant including at least one of phosphoric acid, nitric
acid, and acetic acid.

[0010] A surface roughness of the inorganic hole injection
layer may be in a range of about 0.3 nm to about 0.5 nm.

[0011] The organic light-emitting diode may further
include an organic hole injection layer between the inorganic
hole injection layer and the organic emission layer. A Fermi
level that determines a work function of the inorganic hole
injection layer may be higher than a highest occupied
molecular orbital (HOMO) level of the organic hole injec-
tion layer.

[0012] The organic light-emitting diode may further
include an electron transport layer and an electron injection
layer stacked between the organic emission layer and the
second electrode.

[0013] The organic light-emitting diode may further
include a hole transport layer between the inorganic hole
injection layer and the organic emission layer.

[0014] The first electrode may include indium tin oxide
(ITO)/silver (Ag)1TO. The inorganic hole injection layer
may include molybdenum-tantalum-oxygen (Mo—Ta—O).

[0015] Embodiments are also directed to an organic light-
emitting diode including a first electrode and a second
electrode that face each other, an organic emission layer
between the first electrode and the second electrode, and an
inorganic hole injection layer between the first electrode and
the organic emission layer. The inorganic hole injection
layer may include an oxide of a form A-B-O including an
element A and an element B. The element A may be one of
molybdenum (Mo) and tungsten (W). The element B may be
one of vanadium (V), niobium (Nb), and tantalum (Ta). A
work function of the inorganic hole injection layer may be
greater than a work function of the first electrode.

[0016] The work function of the first electrode may be
about 4.0 eV to about 5.1 eV. The work function of the
inorganic hole injection layer may be about 5.0 eV to about
5.8 eV.

[0017] The first electrode may include indium tin oxide
(ITO)/silver (Ag)1TO. The inorganic hole injection layer
may include molybdenum-tantalum-oxygen (Mo—Ta—O).
An atom content (x) of Ta is greater than 0 and no more than
15 at % (0<x<15 at %), based on a total atom content of the
inorganic hole injection layer.

[0018] A thickness of the inorganic hole injection layer
may be in a range of about 10 A to about 50 A.

[0019] Embodiments are also directed to an organic light-
emitting display device including a plurality of pixels, each
pixel including an organic light-emitting diode and at least
one thin film transistor. The organic light-emitting diode
includes a first electrode and a second electrode that face
each other, an organic emission layer between the first
electrode and the second electrode, and an inorganic hole
injection layer between the first electrode and the organic
emission layer. The inorganic hole injection layer includes
an oxide of a form A-B-O including an element A and an
element B. The element A is one of molybdenum (Mo) and
tungsten (W), and the element B is one of vanadium (V),
niobium (Nb), and tantalum (Ta). An atom content (x) of the
element B is greater than 0 and no more than 15 at %
(0<x<15 at %) based on a total atom content of the inorganic
hole injection layer.
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[0020] A work function of the inorganic hole injection
layer may be greater than a work function of the first
electrode.

[0021] The work function of the inorganic hole injection
layer may be in a range of about 5.0 eV to about 3.8 eV.
[0022] A thickness of the inorganic hole injection layer
may be in a range of about 10 A to about 50 A.

[0023] The inorganic hole injection layer and the first
electrode may have a structure obtained by wet-etching the
inorganic hole injection layer and the first electrode together
by an etchant including at least one of phosphoric acid, nitric
acid, and acetic acid.

[0024] The first electrode may include indium tin oxide
(ITO)/silver (Ag)ITO. The inorganic hole injection layer
may include molybdenum-tantalum-oxygen (Mo—Ta—O).
An atom content (x) of Ta may be greater than 0 and no more
than 15 at % (0<x<15 at %), based on a total atom content
of the inorganic hole injection layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Features will become apparent to those of skill in
the art by describing in detail exemplary embodiments with
reference to the attached drawings in which:

[0026] FIG. 1 illustrates a schematic plan view of an
organic light-emitting display device according to an
embodiment;

[0027] FIG. 2 illustrates a cross-sectional view of a por-
tion of an organic light-emitting display device according to
an embodiment;

[0028] FIG. 3 illustrates a schematic cross-sectional view
of a stacked structure of an organic light-emitting diode
(OLED) according to an embodiment;

[0029] FIG. 4 illustrates a schematic cross-sectional view
of a stacked structure of an OLED according to another
embodiment:

[0030] FIG. 5 illustrates an energy band diagram of each
layer included in the OLED of FIG. 4;

[0031] FIG. 6 illustrates a schematic cross-sectional view
of a stacked structure of an OLED according to an embodi-
ment;

[0032] FIG. 7 illustrates data obtained by measuring a
composition ratio of a formed molybdenum-tantalum-oxy-
gen (MTO) single layer that may be included according to
an embodiment;

[0033] FIG. 8 illustrates an atomic force microscopy
(AFM) image of the MTO single layer that may be included
according to an embodiment; and

[0034] FIG. 9 illustrates an image obtained by wet-etching
MTO/ATO/AITO.

DETAILED DESCRIPTION

[0035] Example embodiments will now be described more
fully hereinafter with reference to the accompanying draw-
ings; however, they may be embodied in different forms and
should not be construed as limited to the embodiments set
forth herein. Rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the
art.

[0036] In the drawing figures, the dimensions of layers
and regions may be exaggerated for clarity of illustration. It
will also be understood that when a layer or element is
referred to as being “on” another layer or substrate, it can be
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directly on the other layer or substrate, or intervening layers
may also be present. Further, it will be understood that when
a layer is referred to as being “under” another layer, it can
be directly under, and one or more intervening layers may
also be present. In addition, it will also be understood that
when a layer is referred to as being “between” two layers, it
can be the only layer between the two layers, or one or more
intervening layers may also be present. Like reference
numerals refer to like elements throughout.

[0037] Itwill be understood that although the terms “first”,
“second”, etc. may be used herein to describe various
components, these components should not be limited by
these terms. These components are only used to distinguish
one component from another.

[0038] As used herein, the singular forms “a”, “an” and
“the” are intended to include the plural forms as well, unless
the context clearly indicates otherwise.

[0039] FIG. 1 illustrates a schematic plan view of an
organic light-emitting display device according to an
embodiment.

[0040] A plurality of pixels PX each including an organic
light-emitting diode (OLED) may be arranged on a display
area DA of a substrate 100. Each pixel PX may further
include a plurality of thin film transistors (TFTs) for con-
trolling the OLED, and a storage capacitor. The number of
TFTs included in a single pixel may vary, for example from
1to 7.

[0041] On a peripheral area PA of the substrate 100,
various lines for transmitting electrical signals to be applied
to the display area DA may be positioned. A TFT may be
located on the peripheral area PA and may be a portion of a
circuit unit for controlling an electrical signal applied to the
display area DA.

[0042] FIG. 2 illustrates a cross-sectional view of a por-
tion of an organic light-emitting display device according to
an embodiment.

[0043] Referring to FIG. 2, the organic light-emitting
display device may include the substrate 100, first and
second TFTs T1 and T2 arranged on the substrate 100, and
an OLED 300 electrically connected to the first and second
TFTs T1 and T2. The organic light-emitting display device
may further include various insulating layers, for example,
a buffer layer 111, a first gate insulating layer 112, a second
gate insulating layer 113, an interlayer insulating layer 115,
a planarization layer 118, a pixel defining layer 119, and a
storage capacitor Cst.

[0044] The substrate 100 may be formed of a suitable
material such as, for example, glass, plastic, and metal. The
substrate 100 may be a flexible substrate. For example, the
substrate 100 may include a polymer resin, such as polyether
sulfone (PES), polyacrylate (PAR), polyetherimide (PEI),
polyethylene naphthalate (PEN), polyethylene terephthalate
(PET), polyphenylene sulfide (PPS), polyallylate, polyimide
(PI), polycarbonate (PC), or cellulose acetate propionate
(CAP).

[0045] The buffer layer 111 may be positioned on the
substrate 100. The buffer layer 111 may reduce or prevent
infiltration of a foreign material, moisture, or ambient air
from below the substrate 100 and may provide a flat surface
on the substrate 100. The buffer layer 111 may include an
inorganic material such as oxide or nitride, an organic
material, or an organic and inorganic complex. The buffer
layer 111 may be formed as a single layer or as multiple
layers of an inorganic material and an organic material. A
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barrier layer may be interposed between the substrate 100
and the buffer layer 111 to help prevent the infiltration of an
ambient air. According to some embodiments, the buffer
layer 111 may include silicon oxide (810,) or silicon nitride
(SiNX).

[0046] The first TFT T1 and/or the second TFT T2 may be
arranged on the buffer layer 111. The first TFT T1 may
include a semiconductor layer Al, a gate electrode G1, a
source electrode S1, and a drain electrode D1. The second
TFT T2 may include a semiconductor layer A2, a gate
electrode G2, a source electrode S2, and a drain electrode
D2. The first TFT T1 may be connected to the OLED 300
and may function as a driving TFT that drives the OLED
300. The second TFT T2 may be connected to a data line DL
and may function as a switching TFT. The number of TFTs
may vary. For example, the number of TFTs may be from 1
to 7. For example, number of TFTs May be two, as illus-
trated in FIG. 2.

[0047] The semiconductor layers Al and A2 may include
amorphous silicon or polycrystalline silicon. According to
an implementation, the semiconductor layers Al and A2
may include oxide of at least one of indium (In), gallium
(Ga), tin (Sn), zirconium (Zr), vanadium (V), hafnium (Hf),
cadmium (Cd), germanium (Ge), chromium (Cr), titanium
(T1), and zinc (Zn). The semiconductor layers Al and A2
may include a channel region, and a source region and a
drain region doped with impurities.

[0048] The gate electrodes G1 and G2 may be arranged on
the semiconductor layers Al and A2 with the first gate
insulating layer 112 interposed therebetween. The gate elec-
trodes G1 and G2 may include, for example, molybdenum
(Mo), aluminum (Al), copper (Cu), or titanium (Ti). The
gate electrodes G1 and G2 may be a single layer or multiple
layers. For example, each of the gate electrodes G1 and G2
may be a single layer of Mo.

[0049] The first gate insulating layer 112 may include
silicon oxide (Si0,), silicon nitride (SiNx), silicon oxyni-
tride (SiON), aluminum oxide (Al,Q,), titanium oxide
(Ti0,), tantalum oxide (Ta,O;), hafnium oxide (HfO,), zinc
oxide (Zn0O,), or the like.

[0050] The second gate insulating layer 113 may cover the
gate electrodes G1 and G2. The second gate insulating layer
113 may include silicon oxide (8i0,), silicon nitride (SiNx),
silicon oxynitride (SiON), aluminum oxide (Al,O,), tita-
nium oxide (TiO,), tantalum oxide (Ta,O;), hafnium oxide
(HfO,), zinc oxide (Zn0,), or the like.

[0051] A first storage electrode CE1 of the storage capaci-
tor Cst may overlap the first TFT T1. For example, the gate
electrode G1 of the first TFT T1 may function as the first
storage electrode CE1 of the storage capacitor Cst. In some
implementations, the storage capacitor Cst may be spaced
apart from the first and second TFTs T1 and T2 such that the
storage capacitor Cst does not overlap the first TFT T1.

[0052] A second storage electrode CE2 of the storage
capacitor Cst may overlap the first electrode CE1 with the
second gate insulating layer 113 therebetween. In this case,
the second gate insulating layer 113 may function as a
dielectric layer of the storage capacitor Cst. The second
storage electrode CE2 may include a conductive material
including molybdenum (Mo), aluminum (Al), copper (Cu),
and titanium (Ti) as the second storage electrode CE2 may
be in a form of a multi-layer or single layer including the
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aforementioned materials. For example, the second storage
electrode CE2 may be a single layer of Mo or a multi-layer
of Mo/Al/Mo.

[0053] The interlayer insulating layer 115 may be formed
on the entire surface of the substrate 110 such that the
interlayer insulating layer 115 covers the second storage
electrode CE2. The interlayer insulating layer 115 may
include silicon oxide (Si0,), silicon nitride (SiN,), silicon
oxynitride (SiON), aluminum oxide (Al,O,), titanium oxide
(Ti0,), tantalum oxide (Ta,Os), hafnium oxide (HfO,), zinc
oxide (ZnO,), or the like.

[0054] The source electrodes S1 and S2 and the drain
electrodes D1 and D2 may be arranged on the interlayer
insulating layer 115. Each of the source electrodes S1 and S2
and the drain electrodes D1 and D2 may include a conduc-
tive material including Mo, Al, Cu, and Ti and may be a
multi-layer or single layer including the aforementioned
materials. For example, each of the source electrodes S1 and
S2 and the drain electrodes D1 and D2 may be formed as a
multi-layer of Ti/Al/Ti. Each of the source electrodes S1 and
S2 and the drain electrodes D1 and D2 may extend through
a respective contact hole in the interlayer insulating layer
115 to contact a respective source region or drain region of
the first TFT T1 or the second TFT T2.

[0055] The planarization layer 118 may be positioned on
the source electrodes S1 and S2 and the drain electrodes D1
and D2, and the OLED 300 may be positioned on the
planarization layer 118. The OLED 300 may include a first
electrode 310, an intermediate layer 320 including an
organic emission layer, and a second electrode 330.

[0056] The planarization layer 118 may have a flat upper
surface such that the first electrode 310 may be formed flat.
The planarization layer 118 may be in a form of a single
layer including an organic or inorganic material or in a form
of a multi-layer formed by stacking single layers including
an organic or inorganic material. The planarization layer 118
may include a commercial polymer such as benzocy-
clobutene (BCB), polyimide, hexamethyldisiloxane
(HMDSO). polymethyl methacrylate (PMMA) or polysty-
rene (PS), a polymer derivative having a phenol-based
group, an acryl-based polymer, an imide-based polymer, an
acryl ether-based polymer, an amide-based polymer, a fluo-
rine-based polymer, a p-xylene-based polymer, a vinyl alco-
hol-based polymer, a blend thereof, or the like. The pla-
narization layer 118 may include silicon oxide (SiO,),
silicon nitride (SiNx), silicon oxynitride (SiON), aluminum
oxide (Al,O,), titanium oxide (TiO,), tantalum oxide
(Ta,Os), hafnium oxide (HfO,), zinc oxide (ZnO,), or the
like. After the planarization layer 118 is formed, chemical
and mechanical polishing may be performed to provide a flat
upper surface.

[0057] An opening via which one of the source electrode
Si and the drain electrode D1 of the first TFT T1 is formed
in the planarization layer 118. The first electrode 310 of the
OLED 300 may contact the source electrode S1 or the drain
electrode DI via the opening and may be electrically con-
nected to the first TFT T1.

[0058] The pixel defining layer 119 may be arranged on
the first electrode 310. The pixel defining layer 119 may
define pixels by including an opening 1190P corresponding
to each sub-pixel, for example, an opening 1190P via which
at least a center portion of the first electrode 310 is exposed.
By increasing a distance between the edge of the first
electrode 310 and the second electrode 330, the pixel
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defining layer 119 may prevent an arc or the like from
occurring between an edge of the first electrode 310 and the
second electrode 330. The pixel defining layer 119 may be
formed of an organic material, for example, polyimide or
hexamethyldisiloxane (HMDSO).

[0059] A spacer may be arranged on the pixel defining
layer 119. The spacer may be included to prevent damage
from occurring during a mask process in forming the inter-
mediate layer 320 of the OLED 300. The spacer may be
formed of an organic material, for example, polyimide or
HMDSO. The spacer may be formed of the same material as
that used to form the pixel defining layer 119 and may be
formed simultaneously with the forming of the pixel defin-
ing layer 119. In this case, a halftone mask may be used.
[0060] The intermediate layer 320 of the OLED 300 may
include an organic emission layer EML of FIG. 3. The
organic emission layer (EML) may include an organic
material including a fluorescent or phosphorescent material
that emits red, green, blue, or white light. The organic
emission layer may include a low molecular organic mate-
rial or a high molecular organic material, and one or more
functional layers, such as a hole transport layer (HTL), an
hole injection layer (HIL), an electron transport layer (ETL).
An electron injection layer (EIL), may be further arranged
below and above the organic emission layer. The interme-
diate layer 320 may be arranged to correspond to each of a
plurality of first electrodes 310. In some implementations,
the intermediate layer 320 may be formed as a single layer
that extends over the plurality of first electrodes 310. In this
way, various modifications may be made.

[0061] The second electrode 330 may be a transparent
electrode or a reflective electrode. According to some
embodiments, the second electrode 330 may be a transparent
or semi-transparent electrode, and may be a metal thin film
having a small work function. The metal thin film may
include lithium (Li), calcium (Ca), lithium fluoride/calcium
(LiF/Ca), lithium fluoride/aluminum (LiF/Al), aluminum
(Al), silver (Ag), magnesium (Mg), or a compound thereof.
A transparent conductive oxide (TCO) layer including TCO,
such as indium tin oxide (ITO), indium zinc oxide (170),
zine oxide (ZnO), or indium oxide (In,O;), may be further
disposed on the metal thin film. The second electrode 330
may extend over the display region DA and the peripheral
region PA, and may be arranged on the intermediate layer
320 and the pixel defining layer 119. The second electrode
330 may be a common electrode included for a plurality of
OLEDs 300, or may correspond to the plurality of first
electrodes 310. A more detailed structure of the OLED 300
will be described below.

[0062] A thin film encapsulation layer 400 encapsulating
the display area DA may be arranged on the OLED 300. The
thin film encapsulation layer 400 may cover the display area
DA and may help to protect the OLED 300 or the like from
external moisture or oxygen. The thin film encapsulation
layer 400 may include a first inorganic encapsulation layer
410, an organic encapsulation layer 420, and a second
inorganic encapsulation layer 430.

[0063] The first inorganic encapsulation layer 410 may
cover the second electrode 330. The first inorganic encap-
sulation layer 410 may include ceramic, metal oxide, metal
nitride, metal carbide, metal oxynitride, indium nitride
(In,05), tin oxide (SnQ,), indium tin oxide (ITO), silicon
oxide, silicon nitride, and/or silicon oxynitride. As desired,
other layers, such as, a capping layer, may be interposed
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between the first inorganic encapsulation layer 410 and the
second electrode 330. As shown in FIG. 2, when the first
inorganic encapsulation layer 410 is formed along a struc-
ture below the first inorganic encapsulation layer 410, the
upper surface thereof is not flat.

[0064] The organic encapsulation layer 420 may cover the
first inorganic encapsulation layer 410. In contrast with the
first inorganic encapsulation layer 410, the organic encap-
sulation layer 420 may have an approximately flat upper
surface. For example, a portion of the organic encapsulation
layer 420 corresponding to the display area DA may have an
approximately flat upper surface. The organic encapsulation
layer 420 may include at least one material from among
acryl, methacrylic, polyester, polyethylene, polypropylene,
polyethylene terephthalate (PET), polyethylene naphthalate,
polycarbonate, polyimide, polyethylene sulfonate, poly-
oxymethylene, polyarylate, and hexamethyldisiloxane.
[0065] The second inorganic encapsulation layer 430 may
cover the organic encapsulation layer 420. The second
inorganic encapsulation layer 430 may include ceramic,
metal oxide, metal nitride, metal carbide, metal oxynitride,
indium nitride (In,O;), tin oxide (SnO,), indium tin oxide
(ITO), silicon oxide, silicon nitride, and/or silicon oxyni-
tride. An edge of the second inorganic encapsulation layer
430 outside the display area DA may contact the first
inorganic encapsulation layer 410 such that the organic
encapsulation layer 420 is exposed to the outside.

[0066] As such, when the thin film encapsulation layer
400 includes the first inorganic encapsulation layer 410, the
organic encapsulation layer 420, and the second inorganic
encapsulation layer 430, even if the thin film encapsulation
layer 400 were to crack due to this multi-layered structure,
this crack might not be connected between the first inorganic
encapsulation layer 410 and the organic encapsulation layer
420 or between the organic encapsulation layer 420 and the
second inorganic encapsulation layer 430. Accordingly, for-
mation of a path by which external moisture, oxygen, or the
like could permeate into the display area DA may be
prevented or minimized.

[0067] Various functional layers, such as a touch screen
layer and a polarization film, may be further arranged on the
thin film encapsulation layer 400. A capping layer for
increasing light efficiency may be further included between
the second electrode 330 and the thin film encapsulation
layer 400.

[0068] A more detailed structure of the OLED 300 will
now be described with reference to FIG. 3.

[0069] FIG. 3 illustrates a schematic cross-sectional view
of a stacked structure of the OLED 300 according to an
embodiment. Referring to FIG. 3, the OLED 300 may
include the first electrode 310, the intermediate layer 320,
and the second electrode 330 sequentially stacked one on
another. The intermediate layer 320 may include an inor-
ganic hole injection layer 321 and the organic emission layer
EML.

[0070] The first electrode 310 may function as an anode
electrode. A material having a high work-function may be
selected such that holes are smoothly injected into the
organic emission layer EML. The first electrodes 310 may
have a work function of about 4.0 to about 5.1 eV. The first
electrode 310 may be a transparent or semi-transparent
electrode or a reflective electrode. When the first electrode
310 is a transparent electrode, 1TO, 170, SnO,, Zn0O, or
In,O; may be used. When the first electrode 310 is a
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reflective electrode, the first electrodes 310 may include a
reflective layer formed of silver (Ag), magnesium (Mg),
aluminum (Al), platinum (Pt), palladium (Pd), gold (Au),
nickel (Ni), neodymium (Nd), iridium (Ir), chromium (Cr),
or a compound thereof, and a transparent layer formed of
ITO, IZO, ZnO, or In,0;. According to some embodiments,
the first electrode 310 may have a structure including a
single layer or multiple layers. For example, the first elec-
trode 310 may have a two-layer structure of ITO/Ag or a
three-layer structure of ITO/Ag/ITO. When an uppermost
layer of the first electrode 310 is an ITO layer, a work
function of the ITO layer may be 4.9 eV through 5.1 eV. The
work function of the. ITO layer may be controlled by plasma
processing.

[0071] The intermediate layer 320 may include the inor-
ganic hole injection layer 321 and the organic emission layer
EML. The inorganic hole injection layer 321 may be
arranged between the first electrode 310 and the organic
emission layer EML. The inorganic hole injection layer 321
may include an inorganic materia, which may be a material
having a higher work function than that of the material used
to form the first electrode 310. Accordingly, holes may be
easily injected from the first electrode 310 into the organic
emission layer EML. When the first electrode 310 has a
multi-layer structure, a work function of the inorganic hole
injection layer 321 may have a higher work function than
that of a material used to form the uppermost layer (layer in
direct contact with the inorganic hole injection layer 321) of
the first electrode 310. According to some embodiments, the
work function of the inorganic hole injection layer 321 may
be in the range of about 5.0 ¢V through about 5.8 eV.

[0072] The inorganic hole injection layer 321 according to
the present embodiment may include a material that is
favorable in terms of process and that has good optical
characteristics, from among materials having higher work
functions than that of the material used to form the first
electrode 310.

[0073] In this regard, a material used to form the inorganic
hole injection layer 321 according to the present embodi-
ment may be an oxide having a form of A-B-O, including an
element A and an element B. The element A may be selected
from materials in Group 6, and the element B may be
selected from materials in Group 5. For example, the ele-
ment A may be one of molybdenum (Mo) and tungsten (W),
and the element B may be one of vanadium (V), niobium
(Nb), and tantalum (Ta). A content (x) of the element B may
be greater than 0 and no more than 15 at % (0<x=<15 at %)
based on a total atom content of the inorganic hole injection
layer.

[0074] An oxide including only the element A, for
example, Mo oxide and W oxide (MoQ,, MoO,, WO,, and
WO,), has a high work function but reacts with water (H,O).
Accordingly, if an oxide including only the element A were
to be used to form the inorganic hole injection layer 321,
erosion could occur during a process using water.

[0075] Therefore, in the present embodiment, the element
B is introduced to prevent a reaction with water while
maintaining a high work function. The element B may be
one of vanadium (V), niobium (Nb), and tantalum (Ta). An
atom content (x) of the element B in the oxide A-B-O may
be greater than 0 and no more than 15 at % (0<x=<15 at %),
based on the total atom content of the inorganic hole
injection layer 321.
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[0076] The element B is a material introduced to prevent
the inorganic hole injection layer 321 from reacting with
water. Thus the content x of the element B may be controlled
to be greater than 0 and no more than 15 at % (atomic %)
(0<x<15 at %) so that the inorganic hole injection layer 321
may maintain a high work function.

[0077] The inorganic hole injection layer 321 including
the A-B-O oxide may be wet-etched together with the first
electrode 310 arranged therebelow. For example, the inor-
ganic hole injection layer 321 may be etched by an etchant
that etches metal and a conductive oxide. The simultaneous
etching of the inorganic hole injection layer 321 and the first
electrode 310 may promote simplification of a process.
According to some embodiments, the etchant may contain
phosphoric acid, nitric acid, and/or acetic acid.

[0078] The inorganic hole injection layer 321 according to
the present embodiment may have a highly flat surface. For
example, a surface roughness (RMS) of the inorganic hole
injection layer 321 may be about 0.3 to about 0.5 nm. This
surface flatness may help the organic emission layer EML to
be evenly formed on the inorganic hole injection layer 321.
[0079] A thickness of the inorganic hole injection layer
321 may be about 10 A to about 50 A. When the inorganic
hole injection layer 321 has a thickness of more than 10 A,
the inorganic hole injection layer 321 may be properly
function as a hole injection layer. When the inorganic hole
injection layer 321 has a thickness less than 50 A, a
degradation of optical efficiency may be avoided. The opti-
cal efliciency may be calculated by complexly considering
an optical length between the first electrode 310 and the
second electrode 330 and the reflectivity of the first elec-
trode 310. Thus, when the thickness of the inorganic hole
injection layer 321 is too large, penetration of light reflected
by the first electrode 310 may be degraded, or light effi-
ciency may be degraded due to a variation in the optical
length.

[0080] The organic emission layer EML may include a
low or high molecular weight material that enables fluores-
cent or phosphorescent emission. In the organic emission
layer EML, holes and electrons injected into the first elec-
trode 310 and the second electrode 330 recombine with each
other to generate excitons that fall from an excited state to
a ground state to generate light. At this time, emission
wavelengths of green light, red light, and blue light may be
determined according to a material used to form the organic
emission layer EML.

[0081] According to some embodiments, the organic
emission layer EML may include copper phthalocyanine
(CuPc),  N,N'-Di(naphthalene-1-y1)-N,N-diphenyl-benzi-
dine (NPB), and tris-8-hydroxyquinoline aluminum (Alq3),
a poly-phenylenevinylene (PPV)-based material, or a poly-
fluorene-based material. The organic emission layer EML
may be formed via vacuum deposition, screen printing,
inkjet printing, laser induced thermal imaging (LITI), or the
like.

[0082] The second electrode 330 is arranged on the
organic emission layer EML. The second electrode 330 may
be a cathode, for example, an electron-injection electrode. A
material having a low work function may be selected to
facilitate electron injection. For example, a material having
a work function of 2 eV through 5 eV may be used to form
the second electrode 330. According to some embodiments,
reflective, transreflective, or transmissive type properties
may be obtained by forming the second electrode 330 as a
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thin film of lithium (Li), magnesium (Mg), aluminum (Al),
silver (Ag), Al—Li, calcium (Ca), magnesium-indium
(Mg—In). Mg—Ag, LiF/Al, or LiO,/Al In some imple-
mentations, the second electrode 330 may be in a form of a
transmissive type electrode including ITO, 1Z0, Zn0O, or
In,O; in order to obtain a front-emission device. In this way,
various modifications may be made.

[0083] As described above, the OLED 300 according to
the present embodiment may include the inorganic hole
injection layer 321, which includes a material having a
higher work function than that of the first electrode 310,
which serves as an anode electrode. Accordingly, hole
injection may be smoothened. Formation of the inorganic
hole injection layer 321 may be favorable in terms of process
and changes in terms of optical characteristics may be as
small as possible. Accordingly, light efficiency and process
efficiency may be increased.

[0084] FIG. 4 illustrates a schematic cross-sectional view
of a stacked structure of an OLED 300" according to another
embodiment, and FIG. 5 illustrates an energy band diagram
of the OLED 300'. The same reference numerals in FIG. 3
and FIGS. 4 and 5 denote the same elements, and thus
descriptions thereof are not repeated.

[0085] Referring to FIGS. 4 and 5, the OLED 300" may
include the first electrode 310, an intermediate layer 320/,
and the second electrode 330 sequentially stacked one on
another. The intermediate layer 320' may include the inor-
ganic hole injection layer 321, an organic hole injection
layer 323, a hole transport layer HTL, the organic emission
layer EML, an electron transport layer ETL, and an electron
injection layer EIL sequentially stacked one on another.
[0086] The inorganic hole injection layer 321 may include
oxide in a form of A-B-O including an element A and an
element B, wherein the element A is one of molybdenum
(Mo) and tungsten (W), the element B is one of vanadium
(V), niobium (Nb), and tantalum (Ta), and a content (x) of
the element B is greater than 0 and no more than 15 at %
(0<x=15 at %), based on a total content of the inorganic hole
injection layer 321.

[0087] The inorganic hole injection layer 321 may have a
higher work function than that of the first electrode 310.
According to some embodiments, the work function of the
first electrode 310 may be about 4.0 eV to about 5.1 eV, and
the work function of the inorganic hole injection layer 321
may be about 5.0 to about 5.8 eV. According to some
embodiments, the first electrode 310 may be ITO/Ag/ITO or
ITO/Ag, and the inorganic hole injection layer 321 may be
Mo—Ta—O (where a content (x) of Ta is about 0<x=<135 at
%), based on a total content of the inorganic hole injection
layer 321.

[0088] A thickness of the inorganic hole injection layer
321 may be about 10 A to about 50 A. The inorganic hole
injection layer 321 and the first electrode 310 may be
wet-etched together by an etchant including at least one of
phosphoric acid, nitric acid, and acetic acid. The surface
roughness of the inorganic hole injection layer 321 may be
about 0.3 nm to about 0.5 nm.

[0089] The organic hole injection layer 323, the hole
transport layer HTL, the electron transport layer ETL, and
the electron injection layer EIL may be omitted in some
cases.

[0090] In the energy band diagram of FIG. 5, the bottom
line is a highest energy level of a valence band and is thus
referred to as a highest occupied molecular orbital (HOMO),
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and the top line is a lowest energy level of a conduction band
and is thus referred to as a lowest unoccupied molecular
orbital (LUMO). An energy difference between the HOMO
and the LUMO is a band gap.

[0091] The organic hole injection layer 323, the hole
transport layer HTL, the electron transport layer ETL, and/or
the electron injection layer EIL may be layers introduced to
lower an energy barrier between layers such that holes
and/or electrons easily reach the organic emission layer
EML.

[0092] The organic hole injection layer 323 may include a
material capable of smoothly receiving holes from the first
electrode 310 and the inorganic hole injection layer 321 at
a low voltage, and an HOMO of the material of the organic
hole injection layer 323 may be between a Fermi level that
determines a work function of the material of the inorganic
hole injection layer 321 and an HOMO of an organic
material layer around the organic hole injection layer 323.
For example, the HOMO of an organic hole injection
material may be formed at a level that is lower than the
Fermi level that determines the work function of the inor-
ganic hole injection layer 321.

[0093] Examples of the organic hole injection layer 323
may include, for example, metal porphyrine-based, oligoth-
iophene-based, and arylamine-based organic materials;
hexanitrile hexaazatriphenylene-based and quinacridone-
based organic materials; a perylene-based organic material;
and anthraquinone-based, polyaniline-based, and polythio-
phene-based conductive copolymers.

[0094] Similarly, the hole transport layer HTL may
include a material capable of smoothly receiving holes from
the organic hole injection layer 323. Thus a HOMO of the
material of the hole transport layer HTL may be lower than
that of the material of the organic hole injection layer 323.

[0095] The electron injection layer EIL may include a
material capable of smoothly receiving electrons from the
second electrode 330 at a low voltage. A LUMO of the
material of the electron injection layer EIL may be between
a Fermi level that determines a work function of the material
of the second electrode 330 and a LUMO of an organic
material layer around the organic hole injection layer 323.

[0096] Similarly, the electron transport layer ETL may
include a material capable of smoothly receiving electrons
from the electron injection layer EIL. Thus a LUMO of the
material of the electron transport layer ETL may be higher
than that of the material of the electron injection layer EIL.
According to some embodiments, the electron transport
layer ETL may include PBP(4-phenylbenzophenone), t-Bu-
PBD(2-(biphenyl-4y1)-5-(4-tert-butylphenyl)-1,3,4-oxadi-
azole), 3TPYMB(tris-[3-(3-pyridyl)mesityl]borane), or
B3PYMPM(bis-4,6-(3,5-di-3-pyridylphenyl)-2-methylpy-
rimi-dine).

[0097] The OLED 300" according to the present embodi-
ment includes not only the inorganic hole injection layer 321
but also various organic functional layers enabling holes and
electrons to be easily transmitted to the organic emission
layer EML. Accordingly lluminescence efficiency may be
improved even more.

[0098] FIG. 6 illustrates a schematic cross-sectional view
of a stacked structure of an OLED 300" according to an
embodiment. The same reference numerals in FIGS. 3 and
4 and FIG. 6 denote the same elements, and thus descriptions
thereof are not repeated.
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[0099] Referring to FIG. 6, the OLED 300" may include
the first electrode 310, an intermediate layer 320", and the
second electrode 330 sequentially stacked one on another.
The intermediate layer 320" may include the inorganic hole
injection layer 321, a hole transport layer HTL, the organic
emission layer EML, an electron transport layer ETL, and an
electron injection layer EIL sequentially stacked one on
another.

[0100] The inorganic hole injection layer 321 may include
an oxide having a form of A-B-O, including an element A
and an element B. The element A may be one of molybde-
num (Mo) and tungsten (W), and the element B may be one
of vanadium (V), niobium (Nb), and tantalum (Ta). A
content (x) of the element B may be greater than 0 and no
more than 15 at % (0<x=<15 at %), based on a total content
of the inorganic hole injection layer 321.

[0101] The inorganic hole injection layer 321 has a higher
work function than that of the first electrode 310. According
to some embodiments, the work function of the first elec-
trode 310 may be about 4.0 eV to about 5.1 eV, and the work
function of the inorganic hole injection layer 321 may be
about 5.0 to about 5.8 eV. According to some embodiments,
the first electrode 310 may be ITO/Ag/ITO or ITO/Ag, and
the inorganic hole injection layer 321 may be Mo—Ta—O
(where a content (x) of Ta is about 0<x<15 at %), based on
a total content of the inorganic hole injection layer 321.
[0102] A thickness of the inorganic hole injection layer
321 may be about 10 A to about 50 A. The inorganic hole
injection layer 321 and the first electrode 310 may be
wet-etched together by an etchant including at least one of
phosphoric acid, nitric acid, and acetic acid. The surface
roughness of the inorganic hole injection layer 321 may be
about 0.3 nm to about 0.5 nm.

[0103] According to the present embodiment, the inor-
ganic hole injection layer 321 may serve as the organic hole
injection layer 323 of FIG. 4. Thus an organic hole injection
layer may be omitted. For example, the inorganic hole
injection layer 321 may have a high work function. Accord-
ingly, the level of the work function may be formed to be
near an HOMO level of the hole transport layer HTL, such
that even if organic hole injection layers are absent, holes
may be easily transmitted to the hole transport layer HTL.
The organic hole injection layer may be omitted in order to
provide a simplified manufacturing process.

[0104] FIGS. 7 through 9 illustrate data for evaluating an
inorganic hole injection layer according to the present dis-
closure. In FIGS. 7 through 9, the inorganic hole injection
layer was formed of Mo—Ta—O (MTO), and a content of
Ta was about 5 at %.

[0105] FIG. 7 illustrates data obtained by measuring a
composition ratio of a formed MTO single layer, and FIG.
8 illustrates an image obtained by measuring a surface
roughness of the MTO single layer via atomic force micros-
copy (AFM). Referring to FIGS. 7 and 8, in the composition
ratio of the MTO single layer, Mo was 40.37 at %, oxygen
(O) was 55.36 at %, and Ta was 4.27 at %. A surface
roughness (RMS) of the MTO single layer was 0.37 nm,
indicating that the MTO single layer has surface flatness that
enables an organic material layer to be evenly formed on the
MTO single layer. It was confirmed that the MTO single
layer has an amorphous structure.

[0106] The work function of the formed MTO single layer
was measured to be about 5.4 to about 5.6 eV. This measured
value represents a work function value that is higher than
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that of a material usable to form an anode electrode, such as
4.9 t0 5.1 eV, which is a work function of ITO, and 4.2 to
4.7 eV, which is a work function of Ag, indicating that the
MTO single layer may function as an inorganic hole injec-
tion layer.
[0107] FIG. 9 illustrates characteristics of wet-etching
conducted after MTO is formed on ITO/Ag/ITO usable to
form a first electrode. MTO/ITO/AZITO were formed to
have thicknesses of 50 A/70 A/850 A/50 A, respectively.
[0108] To evaluate wet etching characteristics, MTO/ITO/
Ag/TTO were formed on a substrate such that MTO was
formed at the top, and photoresist (PR) was formed on the
MTO/MTO/Ag/ITO. Next, wet etching was conducted using
an etchant including phosphoric acid, nitric acid, and/or
acetic acid. Referring to FIG. 9, MTO/ITO/Ag/ITO were
wet-etched together. Accordingly, it may be confirmed that
the inorganic hole injection layer 321 and the first electrode
310 may be simultaneously etched and thus simplification of
a manufacturing process may be promoted.
[0109] By way of summation and review, embodiments
provide an organic light-emitting diode that is favorable in
terms of a manufacturing process and that has increased
luminescence efficiency, and an organic light-emitting dis-
play device including the organic light-emitting diode.
[0110] As described above, OLEDs according to embodi-
ments include an inorganic hole injection layer, and lumi-
nescence efficiency may be improved. Moreover, because
the inorganic hole injection layer may be patterned together
with a first electrode formed therebelow, the OLEDs and
organic light-emitting display devices including the OLEDs
may be manufactured according to a simple process.
[0111] Example embodiments have been disclosed herein,
and although specific terms are employed, they are used and
are to be interpreted in a generic and descriptive sense only
and not for purpose of limitation. In some instances, as
would be apparent to one of ordinary skill in the art as of the
filing of the present application, features, characteristics,
and/or elements described in connection with a particular
embodiment may be used singly or in combination with
features, characteristics, and/or elements described in con-
nection with other embodiments unless otherwise specifi-
cally indicated. Accordingly, it will be understood by those
of skill in the art that various changes in form and details
may be made without departing from the spirit and scope
thereof as set forth in the following claims.
What is claimed is:
1. An organic light-emitting diode, comprising:
a first electrode and a second electrode that face each
other;
an organic emission layer between the first electrode and
the second electrode; and
an inorganic hole injection layer between the first elec-
trode and the organic emission layer,
wherein:
the inorganic hole injection layer includes AN oxide of a
form A-B-0, including an element A and an element B,
the element A is one of molybdenum (Mo) and tungsten
(W),
the element B is one of vanadium (V), niobium (Nb), and
tantalum (Ta), and
an atom content (x) of the element B is greater than 0 and
no more than 15 at % based on a total atom content of
the inorganic hole injection layer.
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2. The organic light-emitting diode as claimed in claim 1,
wherein a work function of the inorganic hole injection layer
is greater than a work function of the first electrode.

3. The organic light-emitting diode as claimed in claim 1,
wherein the work function of the inorganic hole injection
layer is in a range of about 5.0 eV to about 5.8 eV.

4. The organic light-emitting diode as claimed in claim 1,
wherein a thickness of the inorganic hole injection layer is
in a range of about 10 A to about 50 A.

5. The organic light-emitting diode as claimed in claim 1,
wherein the inorganic hole injection layer and the first
electrode have a structure obtained by wet-etching the
inorganic hole injection layer and the first electrode together
by an etchant including at least one of phosphoric acid, nitric
acid, and acetic acid.

6. The organic light-emitting diode as claimed in claim 1,
wherein a surface roughness of the inorganic hole injection
layer is in a range of about 0.3 nm to about 0.5 nm.

7. The organic light-emitting diode as claimed in claim 1,
further comprising an organic hole injection layer between
the inorganic hole injection layer and the organic emission
layer,

wherein a Fermi level that determines a work function of

the inorganic hole injection layer is higher than a
highest occupied molecular orbital (HOMO) level of
the organic hole injection layer.

8. The organic light-emitting diode as claimed in claim 1,
further comprising an electron transport layer and an elec-
tron injection layer stacked between the organic emission
layer and the second electrode.

9. The organic light-emitting diode as claimed in claim 1,
further comprising a hole transport layer between the inor-
ganic hole injection layer and the organic emission layer..

10. The organic light-emitting diode as claimed in claim
1, wherein

the first electrode includes indium tin oxide (ITO)/silver/

ITO, and

the inorganic hole injection layer includes Mo—Ta—O.

11. An organic light-emitting diode, comprising:

a first electrode and a second electrode that face each

other;

an organic emission layer between the first electrode and

the second electrode; and

an inorganic hole injection layer between the first elec-

trode and the organic emission layer,

wherein:

the inorganic hole injection layer includes an oxide of a

form A-B-O including an element A and an element B,
the element A is one of molybdenum (Mo) and tungsten
(W),

the element B is one of vanadium (V), niobium (Nb), and

tantalum (Ta), and

a work function of the inorganic hole injection layer is

greater than a work function of the first electrode.

12. The organic light-emitting diode as claimed in claim
11, wherein:

the work function of the first electrode is about 4.0 eV to

about 5.1 eV, and
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the work function of the inorganic hole injection layer is

about 5.0 eV to about 5.8 eV.
13. The organic light-emitting diode as claimed in claim
11, wherein:
the first electrode includes indium tin oxide (ITO)/silver/
ITO, and

the inorganic hole injection layer includes molybdenum-
tantalum-oxygen (Mo—Ta—0), and an atom content
(x) of Ta is greater than 0 and no more than 15 at %,
based on a total atom content of the inorganic hole
injection layer.

14. The organic light-emitting diode as claimed in claim
11, wherein a thickness of the inorganic hole injection layer
is in a range of about 10 A to about 50 A.

15. An organic light-emitting display device comprising a
plurality of pixels, each pixel including an organic light-
emitting diode and at least one thin film transistor, the
organic light-emitting diode including:

a first electrode and a second electrode that face each

other;

an organic emission layer between the first electrode and

the second electrode; and

an inorganic hole injection layer between the first elec-

trode and the organic emission layer,
wherein the inorganic hole injection layer includes an
oxide of a form A-B-O including an element A and an
element B,

the element A is one of molybdenum (Mo) and tungsten
(W), and the element B is one of vanadium (V),
niobium (Nb), and tantalum (Ta), and

an atom content (x) of the element B is greater than O and

no more than 15 at %, based on a total atom content of
the inorganic hole injection layer.
16. The organic light-emitting display device as claimed
in claim 15, wherein a work function of the inorganic hole
injection layer is greater than a work function of the first
electrode.
17. The organic light-emitting display device as claimed
in claim 15, wherein the work function of the inorganic hole
injection layer is in a range of about 5.0 eV to about 5.8 eV.
18. The organic light-emitting display device as claimed
in claim 15, wherein a thickness of the inorganic hole
injection layer is in a range of about 10 A to about 50 A.
19. The organic light-emitting display device as claimed
in claim 15, wherein the inorganic hole injection layer and
the first electrode have a structure characteristic obtained by
wet-etching the inorganic hole injection layer and the first
electrode together by an etchant including at least one of
phosphoric acid, nitric acid, and acetic acid.
20. The organic light-emitting display device as claimed
in claim 15, wherein
the first electrode includes indium tin oxide (ITO)/silver/
ITO, and

the inorganic hole injection layer includes molybdenum-
tantalum-oxygen (Mo—Ta—0), and an atom content
(x) of Ta is greater than 0 and no more than 15 at %,
based on a total atom content of the inorganic hole
injection layer.
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