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(7) ABSTRACT

A light-emitting display apparatus includes a substrate, a
first pixel electrode, a second pixel electrode, a first elec-
troluminescent layer, and a second electroluminescent layer.
The substrate includes a first region adjacent to a second
region. The first pixel electrode overlaps the first region. The
first pixel electrode includes a first transparent conductive
layer. The second pixel electrode overlaps the second region.
The second pixel electrode includes a second transparent
conductive layer. The first electroluminescent layer is dis-
posed on the first pixel electrode. The first electrolumines-
cent layer is configured to emit light in a first range of
wavelengths. The second electroluminescent layer is dis-
posed on the second pixel electrode. The second electrolu-
minescent layer is configured to emit light in a second range
of wavelengths different from the first range of wavelengths.
Resistivity of the first transparent conductive layer is dif-

HOIL 27/32 (2006.01) ferent from resistivity of the second transparent conductive
HOIL 51/52 (2006.01) layer.
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LIGHT-EMITTING DISPLAY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from and the ben-
efit of Korean Patent Application No. 10-2017-0020943,
filed on Feb. 16, 2017, which is hereby incorporated by
reference for all purposes as if fully set forth herein.

BACKGROUND

Field

[0002] One or more exemplary embodiments relate to
display technology, and, more particularly, to a light-emit-
ting display apparatus.

Discussion of the Background

[0003] A conventional light-emitting display apparatus,
such as an organic light-emitting display apparatus, is a
self-luminous display that includes a plurality of light-
emitting devices, is such as a plurality of organic light-
emitting devices. For instance, each of the organic light-
emitting devices may include a hole injection electrode, an
electron injection electrode, and an organic emission layer
formed between the hole injection electrode and the electron
injection electrode. Excitons are generated in response to
holes injected from the hole injection electrode and electrons
injected from the electron injection electrode being com-
bined in the organic emission layer. When the excitons drop
from an excited state to a ground state, light is generated or
otherwise emitted. As such, a conventional light-emitting
display apparatus does not require a separate light source,
and may be driven with a relatively low voltage. Conven-
tional light-emitting displays may also be relatively light-
weight and relatively slim, not to mention, may provide
improvements in contrast and response time.

[0004] The above information disclosed in this section is
only for enhancement of an understanding of the back-
ground of the inventive concepts, and, therefore, may con-
tain information that does not form prior art already known
to a person of ordinary skill in the art.

SUMMARY

[0005] One or more exemplary embodiments provide a
light-emitting display apparatus.

[0006] One or more exemplary embodiments provide a
light-emitting display apparatus that improves efficiency and
color shift characteristics according to changes in viewing
angle via differences in transmittances of various transparent
layers of pixels.

[0007] One or more exemplary embodiments provide a
light-emitting display apparatus that improves efficiency and
color shift characteristics according to changes in viewing
angle via a plurality of apertures formed in various reflective
layers of pixels.

[0008] Additional aspects will be set forth in the detailed
description which follows, and, is in part, will be apparent
from the disclosure, or may be learned by practice of the
inventive concept.

[0009] According to one or more exemplary embodi-
ments, a light-emitting display apparatus includes a sub-
strate, a first pixel electrode, a second pixel electrode, a first
electroluminescent layer, and a second electroluminescent
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layer. The substrate includes a first region adjacent to a
second region. The first pixel electrode overlaps the first
region. The first pixel electrode includes a first transparent
conductive layer. The second pixel electrode overlaps the
second region. The second pixel electrode includes a second
transparent conductive layer. The first electroluminescent
layer is disposed on the first pixel electrode. The first
electroluminescent layer is configured to emit light in a first
range of wavelengths. The second electroluminescent layer
is disposed on the second pixel electrode. The second
electroluminescent layer is configured to emit light in a
second range of wavelengths different from the first range of
wavelengths. Resistivity of the first transparent conductive
layer is different from resistivity of the second transparent
conductive layer.

[0010] According to one or more exemplary embodi-
ments, a light-emitting display apparatus includes a sub-
strate, a first pixel electrode, a second pixel electrode, a first
electroluminescent layer, and a second electroluminescent
layer. The substrate includes a first region adjacent to a
second region. The first pixel electrode overlaps the first
region. The first pixel electrode includes a first reflective
layer. The second pixel electrode overlaps the second region.
The second pixel electrode includes a second reflective
layer. The first electroluminescent layer is disposed on the
first pixel electrode. The first electroluminescent layer is
configured to emit light in a first range of wavelengths. The
second electroluminescent layer is disposed on the second
pixel electrode. The second electroluminescent layer is is
configured to emit light in a second range of wavelengths
different from the first range of wavelengths. The first
reflective layer includes a plurality of apertures.

[0011] The foregoing general description and the follow-
ing detailed description are exemplary and explanatory and
are intended to provide further explanation of the claimed
subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The accompanying drawings, which are included
to provide a further understanding of the inventive concepts,
and are incorporated in and constitute a part of this speci-
fication, illustrate exemplary embodiments of the inventive
concepts, and, together with the description, serve to explain
principles of the inventive concepts.

[0013] FIG. 1 is a schematic cross-sectional view of a
portion of a light-emitting display apparatus, according to
one or more exemplary embodiments.

[0014] FIG. 2 is an enlarged schematic cross-sectional
view of portions P1, P2, and P3 of the light-emitting display
apparatus of FIG. 1, according to one or more exemplary
embodiments.

[0015] FIGS. 3, 4, 5, and 6 are schematic cross-sectional
views of portions of light-emitting display apparatuses,
according to one or more exemplary embodiments.

[0016] FIG. 7 is a schematic plan view of a reflective layer
of a portion of a light-emitting display apparatus, according
to one or more exemplary embodiments.

[0017] FIG. 8 is a flowchart of a process for forming a
light-emitting display apparatus including pixel electrodes
with transparent conductive layers having various oxygen
densities, according to one or more exemplary embodi-
ments.

[0018] FIG. 9 is a flowchart of a process for forming a
light-emitting display apparatus including pixels with reflec-



US 2018/0233543 Al

tive layers having different aperture patterns, according to
one or more exemplary embodiments.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

[0019] In the following description, for the purposes of
explanation, numerous specific details are set forth in order
to provide a thorough understanding of various exemplary
embodiments. It is apparent, however, that various exem-
plary embodiments may be practiced without these specific
details or with one or more equivalent arrangements. In
other instances, well-known structures and devices are
shown in block diagram form in order to avoid unnecessarily
obscuring various exemplary embodiments.

[0020] Unless otherwise specified, the illustrated exem-
plary embodiments are to be understood as providing exem-
plary features of varying detail of various exemplary
embodiments. Therefore, unless otherwise specified, the
features, components, modules, layers, films, panels,
regions, aspects, etc. (hereinafter collectively referred to as
“elements”™), of the various illustrations may be otherwise
combined, separated, interchanged, and/or rearranged with-
out departing from the disclosed exemplary embodiments.
[0021] The use of cross-hatching and/or shading in the
accompanying drawings is generally provided to clarify
boundaries between adjacent elements. As such, neither the
presence nor the absence of crosshatching or shading con-
veys or indicates any preference or requirement for particu-
lar materials, material properties, dimensions, proportions,
commonalities between illustrated elements, and/or any
other characteristic, attribute, property, etc., of the elements,
unless specified. Further, in the accompanying figures, the
size and relative sizes of is elements may be exaggerated for
clarity and/or descriptive purposes. When an exemplary
embodiment may be implemented differently, a specific
process order may be performed differently from the
described order. For example, two consecutively described
processes may be performed substantially at the same time
or performed in an order opposite to the described order.
Also, like reference numerals denote like elements.

[0022] When an element is referred to as being “on,”
“connected to,” or “coupled to” another element, it may be
directly on, connected to, or coupled to the other element or
intervening elements may be present. When, however, an
element is referred to as being “directly on,” “directly
connected to,” or “directly coupled to” another element,
there are no intervening elements present. Further, the
D1-axis, the D2-axis, and the D3-axis are not limited to three
axes of a rectangular coordinate system, and may be inter-
preted in a broader sense. For example, the Dl-axis, the
D2-axis, and the D3-axis may be perpendicular to one
another, or may represent different directions that are not
perpendicular to one another. For the purposes of this
disclosure, “at least one of X, Y, and Z” and “at least one
selected from the group consisting of X, Y, and Z” may be
construed as X only, Y only, Z only, or any combination of
two or more of X, Y, and Z, such as, for instance, XYZ,
XYY, YZ, and ZZ. As used herein, the term “and/or”
includes any and all combinations of one or more of the
associated listed items.

[0023] Although the terms “first,” “second,” etc. may be
used herein to describe various elements, these elements
should not be limited by these terms. These terms are used
to distinguish one element from another element. Thus, a
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first element discussed below could be termed a second
element without departing from the teachings of the present
disclosure.

[0024] Spatially relative terms, such as “beneath,”
“below,” “under,” “lower,” “above,” “upper,” “over,” and
the like, may be used herein for descriptive purposes, and,
thereby, to is describe one element’s relationship to another
element(s) as illustrated in the drawings. Spatially relative
terms are intended to encompass different orientations of an
apparatus in use, operation, and/or manufacture in addition
to the orientation depicted in the drawings. For example, if
the apparatus in the drawings is turned over, elements
described as “below” or “beneath” other elements or fea-
tures would then be oriented “above” the other elements or
features. Thus, the exemplary term “below” can encompass
both an orientation of above and below. Furthermore, the
apparatus may be otherwise oriented (e.g., rotated 90
degrees or at other orientations), and, as such, the spatially
relative descriptors used herein interpreted accordingly.
[0025] The terminology used herein is for the purpose of
describing particular embodiments and is not intended to be
limiting. 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. Moreover, the terms
“comprises,” “comprising,” “includes,” and/or “including,”
when used in this specification, specify the presence of
stated features, integers, steps, operations, elements, com-
ponents, and/or groups thereof, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof. It is also noted that, as used herein, the terms
“substantially,” “about,” and other similar terms, are used as
terms of approximation and not as terms of degree, and, as
such, are utilized to account for inherent deviations in
measured, calculated, and/or provided values that would be
recognized by one of ordinary skill in the art.

[0026] Various exemplary embodiments are described
herein with reference to sectional illustrations that are sche-
matic illustrations of idealized exemplary embodiments and/
or intermediate structures. As such, variations from the
shapes of the illustrations as a result, for example, of
manufacturing techniques and/or tolerances, are to be
expected. Thus, exemplary is embodiments disclosed herein
should not be construed as limited to the particular illus-
trated shapes of regions, but are to include deviations in
shapes that result from, for instance, manufacturing. In this
manner, regions illustrated in the drawings are schematic in
nature and shapes of these regions may not illustrate the
actual shapes of regions of a device, and, as such, are not
intended to be limiting.

[0027] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art to which this disclosure is a part. Terms, such as those
defined in commonly used dictionaries, should be inter-
preted as having a meaning that is consistent with their
meaning in the context of the relevant art and will not be
interpreted in an idealized or overly formal sense, unless
expressly so defined herein.

[0028] Although various exemplary embodiments are
described with respect to organic light-emitting displays, it
is contemplated that various exemplary embodiments are
also applicable to other types of displays, such as liquid
crystal displays, inorganic light-emitting displays, field
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emission displays, plasma displays, electrophoretic displays,
electrowetting displays, and the like.

[0029] FIG. 1 is a schematic cross-sectional view of a
portion of a light-emitting display apparatus, according to
one or more exemplary embodiments. For instance, the
portion of light-emitting display apparatus (or display appa-
ratus) 100 may be a unit pixel of display apparatus 100
including various sub-pixels, or the portion of display appa-
ratus 100 may correspond to multiple unit pixels of display
apparatus 100. For descriptive convenience, display appa-
ratus 100 will be described in association with the portion of
display apparatus 100 corresponding to a unit pixel includ-
ing various sub-pixels.

[0030] According to one or more exemplary embodi-
ments, display apparatus 100 includes substrate 10 having
first sub-pixel region PX1.1, second sub-pixel region PX1.2,
and third sub-pixel region PXL3. First sub-pixel region
PXL1 includes first pixel electrode 120, first intermediate
layer 130, and opposite electrode 40 sequentially disposed
on substrate 10. First intermediate layer 130 includes a first
electroluminescent layer, e.g., a first organic light-emitting
layer. Second sub-pixel region PXL.2 includes second pixel
electrode 220, second intermediate layer 230, and opposite
electrode 40 sequentially disposed on substrate 10. Second
intermediate layer 230 includes a second electroluminescent
layer, e.g., a second organic light-emitting layer. Third
sub-pixel region PXL3 includes third pixel electrode 320,
third intermediate layer 330, and opposite electrode 40
sequentially disposed on substrate 10. Third intermediate
layer 330 includes a third electroluminescent layer, e.g., a
third organic light-emitting layer.

[0031] In one or more exemplary embodiments, display
apparatus 100 may be a deformable (e.g., bendable, foldable,
flexible, stretchable, rollable, etc.) display panel or a rigid
display panel. It is also contemplated that display apparatus
100 may include one or more deformable regions and one or
more ridged regions. As such, substrate 10 may be formed
of any suitable material, such as, for example, a glass
material, a quartz material, a ceramic material, a metal
material (e.g., stainless steel, titanium, etc.), a plastic mate-
rial, etc. For instance, substrate 10 may be formed of a
polymer material, e.g., polyarylate (PAR), polybeneimida-
zole (PBI), polycarbonate (PC), polyetherimide (PEI), poly-
ethylene naphthalate (PEN), polyethersulphone (PES), poly-
ethylene terephthalate (PET), polysulfone, polyimide (PI),
fiber glass reinforced plastic (FRP), and/or the like. Further,
substrate 10 may be transparent, translucent, or opaque.
[0032] Although not illustrated, substrate 10 may be
formed as a multilayered structure including one or more
organic material layers (e.g. one or more polymer materials)
and one or is more inorganic material layers (e.g., one or
more of silicon nitride (SiNx), silicon oxide (SiOx), silicon
oxynitride (SiOxNy), and the like). The one or more organic
material layers and the one or more inorganic material layers
may be stacked in any suitable fashion, e.g., alternately
stacked, symmetrically ordered, etc. It is also contemplated
that one or more conductive layers, e.g., metal layers, signal
lines, etc., may be embedded in substrate 10. For instance,
one or more conductive layers may be disposed between
layers of a multilayer structure forming substrate 10.
[0033] According to one or more exemplary embodi-
ments, display apparatus 100 may include first thin-film
transistor TFT1, second thin-film transistor TFT2, and third
thin-film transistor TFT3 that are electrically connected to
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first pixel electrode 120, second pixel electrode 220, and
third pixel electrode 320, respectively. The structures of the
first to third thin-film transistors TFT1 to TFT3 are not
limited to the structure shown in FIG. 1. In this manner, any
number and/or structure of a thin-film transistor may be
utilized.

[0034] Buffer layer 11 may be disposed on substrate 10.
Active layers 112, 212, and 312 of first to third thin-film
transistors TFT1, TFT2, and TFT3 may be respectively
disposed on buffer layer 11. Buffer layer 11 may planarize a
surface (e.g., upper surface) of substrate 10 and may prevent
impurities from infiltrating (or contaminating) active layers
112, 212, and 312. It is noted that buffer layer 11 may be
formed of any suitable organic compound and/or inorganic
compound, as well as may be formed having a single layer
or multilayer structure.

[0035] Active layers 112, 212, and 312 may include any
suitable material, e.g., any suitable semiconductor material.
For example, active layers 112, 212, and 312 may contain an
inorganic semiconductor material, such as amorphous sili-
con or polysilicon crystallized from amorphous silicon.
Active layers 112, 212, and 312 may contain an oxide
semiconductor material, such as an oxide of a material
selected from a group XII, XIII, or XTIV element, e.g., is zinc
(Zn), indium (In), gallium (Ga), tin (Sn), cadmium (Cd),
germanium (Ge), and hafnium (Hf), etc., or combinations
thereof. It is also contemplated that active layers 112, 212,
and 312 may be formed of a relatively low polymer-series or
polymer-series organic material, such as, for example, mel-
locyanine, phthalocyanine, pentacene, thiophen, etc.
[0036] Gate insulating layer 13 may be disposed on buffer
layer 11 to cover active layers 112, 212, and 312. Gate
insulating layer 13 may be formed of any suitable inorganic
material, such as silicon nitride (SiNx), silicon oxide (SiOx),
silicon oxynitride (SiOxNy), etc. Further, gate insulating
layer 13 may include one or more layers. In one or more
exemplary embodiments, at least one of the one or more
layers may be formed from a different material than at least
one other layer of the one or more layers.

[0037] Gate electrodes 114, 214, and 314 of first to third
thin-film transistors TFT1 to TFT3 may be disposed on gate
insulating layer 13. It is noted that gate electrodes 114, 214,
and 314 may be formed having a single layer structure or a
multilayer structure including at least one of aluminum (Al),
platinum (Pt), palladium (Pd), silver (Ag), magnesium (Mg),
gold (Au), nickel (Ni), neodymium (Nd), iridium (Ir), chro-
mium (Cr), lithium (Li), calcium (Ca), molybdenum (Mo),
titanium (Ti), tungsten (W), copper (Cu), neodymium (¥il-
Nd), etc. Multilayer structures may include dual layer struc-
tures including Mo/Al-¥-il-Nd, Mo/Al, Ti/Al, etc. It is also
contemplated that the multilayer structures may include
layer formations of Mo/Al/Mo, Mo/Al-¥il-Nd/Mo, Ti/AVTi,
Ti/Cu/Ti, etc. Further, silver nanowire (Ag-NW) may be
used in association with one or more exemplary embodi-
ments.

[0038] Interlayer insulating layer 15 may be disposed on
gate electrodes 114, 214, and 314. Interlayer insulating layer
15 may be formed of any suitable material, such as, for
example, an organic material (e.g., polyimide), an inorganic
material (e.g., silicon nitride (SiNx), silicon 1s oxide (SiOx),
silicon oxynitride (SiOxNy), phosphorsilicate glass, boro-
phosphosilicate glass, etc.), or combinations thereof. Inter-
layer insulating layer 15 may be formed having a single
layer or multilayer structure. In one or more exemplary
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embodiments, at least one layer of a multilayer structure of
interlayer insulating layer 15 may be formed from a different
material than at least one other layer of the multilayer
structure of interlayer insulating layer 15.

[0039] Source electrodes 171, 271, and 371 and drain
electrodes 172, 272, and 372 of first to third thin-film
transistors TFT1 to TFT3 may be disposed on interlayer
insulating layer 15. Source electrodes 171, 271, and 371 and
drain electrodes 172, 272, and 372 may be formed having a
single layer structure or a multilayer structure including at
least one of Al, Pt, Pd, Ag, Mg, Au, Ni, Nd, Ir, Cr, Li, Ca,
Mo, Ti, W, Cu, ¥il-Nd, Ag-NW, etc. In one or more exem-
plary embodiments, a material of gate electrodes 114, 214,
and 314 may be different than a material of source electrodes
171, 271, and 371 and drain electrodes 172, 272, and 372.
It is contemplated, however, that the material of gate elec-
trodes 114, 214, and 314 may be the same as the material of
source electrodes 171, 271, and 371 and drain electrodes
172,272, and 372. The number of conductive layers forming
gate electrodes 114, 214, and 314 may be the same as (or
different then) the number of conductive layers forming
source electrodes 171, 271, and 371 and drain electrodes
172, 272, and 372.

[0040] Passivation layer 16 is disposed on first to third
thin-film transistors TFT1 to TFT3 to cover first to third
thin-film transistors TFT1 to TFT3 and one or more exposed
portions of interlayer insulating layer 15. Passivation layer
16 may be formed of any suitable material, such as an
inorganic material, an organic material, or combinations
thereof. Passivation layer 16 may have a single layer struc-
ture or a multilayer structure. To this end, passivation layer
16 may be a planarization film that reduces steps in one or
more underlying layers (or structures) and is may also
protect the one or more underlying layers/structures. It is
contemplated, however, that passivation layer 16 may be
formed unevenly, such as according to unevenness of one or
more underlying layers. In addition, passivation layer 16
may be formed of or include a transparent insulator to
provide a resonance effect.

[0041] First pixel electrode 120, second pixel electrode
220, and third pixel electrode 320 of display apparatus 100
are disposed on passivation layer 16. Exemplary configura-
tions of first pixel electrode 120, second pixel electrode 220,
and third pixel electrode 320 are described in more detail in
association with FIGS. 2 to 7.

[0042] Pixel definition layer 19 is disposed on first pixel
electrode 120, second pixel electrode 220, third pixel elec-
trode 320, and one or more exposed portions of passivation
layer 16. Pixel definition layer 19 may be formed of any
suitable material, such as an organic and/or inorganic mate-
rial. It is noted that pixel definition layer 19 may a cover first
pixel electrode 120, second pixel electrode 220, third pixel
electrode 320, and passivation layer 16, but may also include
openings that expose portions of first pixel electrode 120,
second pixel electrode 220, and third pixel electrode 320,
respectively.

[0043] First intermediate layer 130, second intermediate
layer 230, and third intermediate layer 330 are respectively
formed on first pixel electrode 120, second pixel electrode
220, and third pixel electrode 320. Exemplary configurations
of first intermediate layer 130, second intermediate layer
230, and third intermediate layer 330 are described in more
detail in association with FIGS. 2 to 6. Opposite electrode 40
is formed on first intermediate layer 130, second interme-
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diate layer 230, and third intermediate layer 330. According
to one or more exemplary embodiments, opposite electrode
40 may cover one or more exposed portions of pixel
definition layer 19. Exemplary configurations of opposite
electrode 40 are described in more is detail in association
with FIGS. 2 to 6.

[0044] In one or more exemplary embodiments, first pixel
electrode 120, second pixel electrode 220, and third pixel
electrode 320 may function as anode electrodes, and oppo-
site electrode 40 may function as a cathode electrode.
Polarities of first pixel electrode 120, second pixel electrode
220, third pixel electrode 320, and opposite electrode 40
may be reversed, e.g., opposite electrode 40 may function as
an anode electrode and first pixel electrode 120, second pixel
electrode 220, and third pixel electrode 320 may function as
cathode electrodes. First pixel electrode 120, second pixel
electrode 220, and third pixel electrode 320 may be respec-
tively insulated from opposite electrode 40 via first inter-
mediate layer 130, second intermediate layer 230, and third
intermediate layer 330. It is noted that electroluminescent
layers (or materials) of first intermediate layer 130, second
intermediate layer 230, and third intermediate layer 330 may
emit light according to applied voltage differences across the
anode and cathode electrodes.

[0045] According to one or more exemplary embodi-
ments, a unit pixel may include a plurality of sub-pixels, and
the plurality of sub-pixels may emit various colors of light.
For example, the plurality of sub-pixels may respectively
emit red light, green light, and blue light, or may respec-
tively emit red light, green light, blue light, and white light.
It is contemplated, however, that any suitable color and/or
groups of colors of light may be utilized in association with
exemplary embodiments. Although a light-emitting material
(or layer) may be separately formed in respective pixel/sub-
pixel regions of first intermediate layer 130, second inter-
mediate layer 230, and third intermediate layer 330, exem-
plary embodiments are not limited thereto or thereby. For
instance, an common intermediate layer may be formed in
common with a unit pixel, one or more sub-pixels of a unit
pixel, or any combination of unit pixels and/or sub-pixels.
[0046] Although not illustrated, display apparatus 100
may further include a thin-film is encapsulation layer and a
protection layer formed on the thin-film encapsulation layer.
For instance, the thin-film encapsulation layer may be
stacked between the protection layer and substrate 10. The
thin-film encapsulation layer may include a plurality of
inorganic layers, or a stack of one or more inorganic layers
and one or more organic layers. The protection layer may
include a metallic oxide or nitride, such as SiNx, SiOxNy,
titanium oxide (TiOx), titanium nitride (TiNx), titanium
oxynitride (TiOxNy), ZrOx, tantalum nitride (TaNx), tanta-
lum oxide (TaOx), hafhium oxide (HfOx), AlOx, etc. The
protection layer may increase life expectancy of the thin-
film encapsulation layer by obstructing (or at least reducing)
contaminants (e.g., moisture, oxygen, etc.) from degrading
the thin-film encapsulation layer.

[0047] FIG. 2 is an enlarged schematic cross-sectional
view of portions P1, P2, and P3 of the light-emitting display
apparatus of FIG. 1, according to one or more exemplary
embodiments.

[0048] Referring to FIGS. 1 and 2, first pixel electrode
120, second pixel electrode 220, and third pixel electrode
320 are disposed respectively on first sub-pixel region
PXL1, second sub-pixel region PXI.2, and third sub-pixel
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region PXL3 of substrate 10. First pixel electrode 120 may
include first reflective layer 121 and first transparent con-
ductive layer 122. Second pixel electrode 220 may include
second reflective layer 221 and second transparent conduc-
tive layer 222. Third pixel electrode 320 may include third
reflective layer 321 and third transparent conductive layer
322. Although not illustrated, it is contemplated that first
pixel electrode 120, second pixel electrode 220, and third
pixel electrode 320 may include one or more additional
layers, such as additional transparent conductive layers
disposed between substrate 10 and first, second, and third
reflective layers 121, 221, and 321.

[0049] First transparent conductive layer 122, second
transparent conductive layer 222, is and third transparent
conductive layer 322 may include any suitable transparent
(or at least translucent) conductive material, such as any
suitable transparent conductive oxide, such as, for example,
at least one of indium tin oxide (ITO), indium zinc oxide
(1Z0), zinc oxide (Zn0O), indium oxide (In,O;), indium
gallium oxide (IGO), aluminum zinc oxide (AZQ), titanium
oxide (TixQy), etc. It is also contemplated that one or more
transparent conductive polymers (ICP) may be utilized in
association with one or more exemplary embodiments, such
as polyaniline (PANI), poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS), etc.

[0050] According to one or more exemplary embodi-
ments, at least one of first transparent conductive layer 122,
second transparent conductive layer 222, and third transpar-
ent conductive layer 322 may be formed of a different
material than at least one other transparent conductive layer
of first transparent conductive layer 122, second transparent
conductive layer 222, and third transparent conductive layer
322. It is also contemplated that constituent materials of at
least two of first transparent conductive layer 122, second
transparent conductive layer 222, and third transparent con-
ductive layer 322 may be the same; however, concentrations
of the constituent materials and/or formation processes of
first transparent conductive layer 122, second transparent
conductive layer 222, and/or third transparent conductive
layer 322 may be different. Differences in materials, con-
stituent material concentrations, and/or formation processes
may be utilized to affect performance (e.g., transmissivity,
resistivity, etc.) of first transparent conductive layer 122,
second transparent conductive layer 222, and/or third trans-
parent conductive layer 322, as will become more apparent
below.

[0051] First reflective layer 121, second reflective layer
221, and third reflective layer 321 may be formed of any
suitable relatively high-reflective material, such as any suit-
able relatively high-reflective metal, e.g., gold, a gold alloy,
silver, a silver alloy, aluminum, an is aluminum alloy, etc. It
is contemplated, however, that any other suitable material
may be utilized in association with exemplary embodiments,
such as, for instance, magnesium (Mg), platinum (Pt),
palladium (Pd), nickel (Ni), neodymium (Nd), iridium (Ir),
chromium (Cr), calcium (Ca), silicon (Si), sodium (Na),
tungsten (W), etc., or alloys thereof.

[0052] According to one or more exemplary embodi-
ments, at least one of first reflective layer 121, second
reflective layer 221, and third reflective layer 321 may be
formed of a different material than at least one other reflec-
tive layer of first reflective layer 121, second reflective layer
221, and third reflective layer 321. It is also contemplated
that at least one of first reflective layer 121, second reflective
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layer 221, and third reflective layer 321 may include one or
more apertures. Differences in materials, number of aper-
tures, size of apertures, and/or pattern of apertures may be
utilized to affect performance (e.g., reflectivity, etc.) of at
least one of first reflective layer 121, second reflective layer
221, and third reflective layer 321, as will become more
apparent below.

[0053] First intermediate layer 130, second intermediate
layer 230, and third intermediate layer 330 are respectively
disposed on first pixel electrode 120, second pixel electrode
220, and third pixel electrode 320. First intermediate layer
130 may include first electroluminescent layer 132. First
intermediate layer 130 may further include at least one of
hole injection layer (HIL) 31a, a hole transport layer (HTL)
(not shown), electron transport layer (ETL) 33a, and elec-
tron injection layer (EIL) 34a. Second intermediate layer
230 may include second electroluminescent layer 232. Sec-
ond intermediate layer 230 may further include at least one
of hole injection layer (ETL 315, a hole transport layer
(HTL) (not shown), electron transport layer (ETL) 335, and
electron injection layer (EIL) 345. Third intermediate layer
330 may include third electroluminescent layer 332. Third
intermediate layer 330 may further include at least one of is
hole injection layer (HIL) 31¢, a hole transport layer (HTL)
(not shown), electron transport layer (ETL) 33¢, and elec-
tron injection layer (FIL) 34¢. It is contemplated, however,
that exemplary embodiments are not limited thereto or
thereby. For instance, first intermediate layer 130, second
intermediate layer 230, and/or third intermediate layer 330
may include various additional and/or alternative functional
layers.

[0054] First electroluminescent layer 132, second elec-
troluminescent layer 232, and third electroluminescent layer
332 may be formed of any suitable material(s), such as
include a relatively small molecular or polymer material.
The small molecular material may include, for example,
tris(8-hydroxyquinoline)aluminum(IIl) (Alg3), anthracene,
cyclo pentadiene, bis(10-hybroxybenzo[h]quinolinato)be-
ryllium (BeBq2), tris(2-methyl-8-quinolinolato)aluminum
(1II) (ALMQ), bis(2-(2-hydroxyphenyl)benzoxazolate)zine
(ZnPBO), 4-biphenyloxolato aluminum (bis~2-methyl-8-
quinolmato)4-phenylphenolate (BAlq), DPVBi (4,4'-bis(2,
2'-diphenylvinyl)-1,1'-biphenyl). BSA-2, 2PSP, etc., or com-
binations thereof. In one or more exemplary embodiments,
first electroluminescent layer 132, second electrolumines-
cent layer 232, and third electroluminescent layer 332 may
be formed of Alq3. The polymer material may include, for
instance, polyphenylene (PPP) and/or a derivative thereof,
poly pphenylenevinylene (PPV) and/or a derivative thereof,
polythiophene (PT) and/or a derivative thereof, etc.

[0055] In one or more exemplary embodiments, first elec-
troluminescent layer 132 may be configured to emit light in
a first range of wavelengths, second electroluminescent
layer 232 may be configured to emit light in a second range
of wavelengths, and third electroluminescent layer 332 may
be configured to emit light in a third range of wavelengths.
For example, the first range of wavelengths may correspond
to a range of red light wavelengths, the second range of
wavelengths may correspond to a range of green light
wavelengths, and the third range of is wavelengths may
correspond to a range of blue light wavelengths. It is
contemplated, however, that one or more additional and/or
alternative ranges of wavelengths may be utilized in asso-
ciation with exemplary embodiments. It is also contem-
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plated that first electroluminescent layer 132, second elec-
troluminescent layer 232, and third electroluminescent layer
332 may be configured to emit light in any suitable range of
wavelengths depending on an applied voltage.

[0056] Hole injection layers 31a, 315, and 31c¢ may
include any suitable material, such as, for example, copper
phthalocyanine (CuPc), PEDOT, 4,4'4"-Tris(N-3-methyl-
phenyl-N-phenyl-amino )triphenylamine (m-MTDATA), tri-
phenylamine, etc. The hole transport layers may include at
least one hole transport compound, such as, for example,
aromatic tertiary amine. The aromatic tertiary amine may
include at least one trivalent nitrogen atom combined only to
carbon atoms (at least one of the carbon atoms may be an
element of an aromatic ring). In one or more exemplary
embodiments, the aromatic tertiary amine may be arylamine,
such as, for instance, monoarylamine, diarylamine, tri-
arylamine, polymeric arylamine, etc.

[0057] Electron transport layers 33a, 3354, and 33¢ may
include any suitable material, such as a metal-chelated
oxynoide compound including an oxygen-containing che-
late, which may be referred to as “8-quinolinol” or “8-hy-
droxy quinolone.” Compounds of electron transport layers
33a, 33b, and 33¢ may facilitate electron injection and
transport, as well as provide relatively high performance. It
is noted that butadiene derivatives and/or heterocyclic opti-
cal brighteners may be contained in electron transport mate-
rials of electron transport layers 33a, 335, and 33c¢. It is also
contemplated that benzazole and/or triazine may be utilized
in association with electron transport layers 33a, 335, and
33c

[0058] Opposite electrode 40 is disposed on first interme-
diate layer 130, second intermediate layer 230, and third
intermediate layer 330. Opposite electrode 40 may include
a is transparent conductive electrode, such as ITO, 1ZO,
Zn0, In203, AZO, TixQy, and/or a transmissive electrode
that can transmit light, such as a thin-film of Mg, Ag, Al, Ca,
etc., and/or alloys thereof. It is also contemplated that one or
more transparent conductive polymers (ICP) may be utilized
in association with exemplary embodiments, such as PANI,
PEDOT:PSS, etc. In one or more exemplary embodiments,
materials forming opposite electrode 40 may be the same as
(or different from) materials forming at least one of first
transparent conductive layer 122, second transparent con-
ductive layer 222, and third transparent conductive layer
322.

[0059] As mentioned, performance (e.g., transmissivity,
resistivity, reflectivity, etc.) of one or more transparent
conductive layers and/or one or more reflective layers of at
least one of first pixel electrode 120, second pixel electrode
220, and third pixel electrode 320 may be modified in
association with one or more exemplary embodiments.
Performance modification may be utilized to improve (e.g.,
reduce) color shift between pixels (or sub-pixels) that might
otherwise occur with variations in viewing angles of an
observer, as well as used to increase display quality and
efficiency despite variations in the viewing angles. It is noted
that exemplary performance modifications to improve color
shift, display quality, and/or efficiency of a light-emitting
display apparatus will be described in more detail in asso-
ciation with FIGS. 3 to 7.

[0060] FIGS. 3, 4, 5, and 6 are schematic cross-sectional
views of portions of light-emitting display apparatuses,
according to one or more exemplary embodiments. The
light-emitting displays of FIGS. 3 to 6 are similar to display
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apparatus 100 of FIGS. 1 and 2. As such, duplicative
descriptions are primarily omitted to avoid obscuring exem-
plary embodiments.

[0061] With reference to FIGS. 1 and 3, first pixel elec-
trode 120, second pixel electrode 220, and third pixel
electrode 320 are disposed respectively on first sub-pixel
region PXL1, second sub-pixel region PXL.2, and third
sub-pixel region PXL3 of substrate 10. First pixel is elec-
trode 120, second pixel electrode 220, and third pixel
electrode 320 may respectively include first transparent
conductive layer 122, second transparent conductive layer
222, and third transparent conductive layer 322. First pixel
electrode 120, second pixel electrode 220, and third pixel
electrode 320 may further include first reflective layer 21a,
second reflective layer 215, and third reflective layer 21,
respectively. First reflective layer 21a may correspond to
first reflective layer 121, second reflective layer 215 may
correspond to second reflective layer 221, and third reflec-
tive layer 21¢ may correspond to third reflective layer 321.
It is contemplated, however, that at least one of first reflec-
tive layer 21a, second reflective layer 215, and third reflec-
tive layer 21¢ may correspond to a corresponding reflective
layer described in association with at least one of FIGS. 5,
6, and 7.

[0062] In one or more exemplary embodiments, first elec-
troluminescent layer 132 may be configured to emit light in
a first range of wavelengths, second electroluminescent
layer 232 may be configured to emit light in a second range
of wavelengths, and third electroluminescent layer 332 may
be configured to emit light in a third range of wavelengths.
The first, second, and third ranges of wavelengths may be
different than one another, and, as such, as the viewing angle
of an observer changes (e.g., increases), respective changes
in luminance and/or respective shifts in color of first sub-
pixel region PXI 1, second sub-pixel region PXI.2, and third
sub-pixel region PXL.3 may be different than one another.
Observers may recognize these differences (or changes),
and, as such, at least display quality may be reduced.
[0063] According to one or more exemplary embodi-
ments, modifying transmittance of one or more transparent
conductive layers of at least one of first pixel electrode 120,
second pixel electrode 220, and third pixel electrode 320,
and/or modifying reflectance of one or more reflective layers
of at least one of first pixel electrode 120, second pixel
electrode 220, and third is pixel electrode 320 may be
utilized to reduce color shift, increase efliciency, and
improve display quality despite changes in viewing angles.
For instance, modification in transmittance and/or reflec-
tance may be used in association with the emission of
relatively longer wavelengths of light, such as red light
and/or green light, to improve color shift characteristics,
efficiency, and/or display quality. It is contemplated, how-
ever, that exemplary embodiments are not limited thereto or
thereby. For instance, modification in transmittance and/or
reflectance may be utilized in association with other wave-
lengths of light, such as blue light, white light, etc.

[0064] According to one or more exemplary embodi-
ments, first transparent conductive layer 122 may have a
different (e.g., smaller) transmittance than second transpar-
ent conductive layer 222, and second transparent conductive
layer 222 may have a different (e.g., smaller) transmittance
than third transparent conductive layer 322. In one or more
exemplary embodiments, first transparent conductive layer
122 may have the same (or substantially the same) trans-
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mittance as second transparent conductive layer 222, and
third transparent conductive layer 322 may have a different
(e.g., larger) transmittance than first transparent conductive
layer 122 and second transparent conductive layer 222, such
as illustrated in association with the light-emitting display
apparatus of FIG. 4. That is, FIG. 4 illustrates a light-
emitting display apparatus including first transparent con-
ductive layer 122" having the same transmittance as second
transparent conductive layer 222. Other than the difference
in transmittance of first transparent conductive layer 122,
and, thereby, one or more differences in the features of first
transparent conductive layer 122', the light-emitting display
apparatus of FIG. 4 may be the same as the light-emitting
display apparatus of FIG. 3.

[0065] Adverting back to FIGS. 1 and 3, first transparent
conductive layer 122, second transparent conductive layer
222, and third transparent conductive layer 322 may be
formed (e.g., deposited) via any suitable manufacturing
technique, such as one or more chemical vapor deposition,
physical vapor deposition, plasma processing, sputtering,
ion plating, epitaxy, thermal oxidation, etc., processes, and/
or one or more hybrid processes thereof, e.g., hybrid physi-
cal-chemical vapor deposition processes. In this manner, a
transparent conductive layer to be formed with a smaller
transmittance may be formed utilizing less oxygen in asso-
ciation with one or more manufacturing processes to form
the transparent conductive layer (or a material of the trans-
parent conductive layer may be formed to include a smaller
concentration of oxygen).

[0066] For example, in a chemical vapor deposition pro-
cess, substrate 10 including one or more elements formed
thereon may be disposed inside a reactor in which a number
of gasses including oxygen may be supplied. A chemical
reaction may occur between the gasses including the oxygen
to condense a material on a surface of the one or more
elements formed on substrate 10. In this manner, the oxygen
concentration may be controlled to affect the transmittance
of an associated transparent conductive layer being formed.
To this end, the concentration of oxygen in (or associated
with) at least one of first transparent conductive layer 122,
second transparent conductive layer 222, and third transpar-
ent conductive layer 322 may be different, and, as such, the
difference(s) may affect the light transmissivity of first
transparent conductive layer 122, second transparent con-
ductive layer 222, and/or third transparent conductive layer
322.

[0067] According to one or more exemplary embodi-
ments, first transparent conductive layer 122 may have a
different (e.g., greater) resistivity than second transparent
conductive layer 222, and second transparent conductive
layer 222 may have a different (e.g., greater) resistivity than
third transparent conductive layer 322. In one or more
exemplary embodiments, first transparent conductive layer
122 may have the same (or substantially the same) resistivity
as second transparent conductive layer 222, and third trans-
parent conductive layer 322 may have a is different (e.g,,
smaller) resistivity than first transparent conductive layer
122 and second transparent conductive layer 222. It is noted
that the resistivity (e.g., sheet resistance) of a transparent
conductive layer may increase as the oxygen concentration
is reduced. Other than differences in concentrations of
oxygen, the constituent materials of first transparent con-
ductive layer 122, second transparent conductive layer 222,
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and third transparent conductive layer 322 may be equiva-
lent (or substantially equivalent).

[0068] In one or more exemplary embodiments, constitu-
ent materials of first transparent conductive layer 122,
second transparent conductive layer 222, and/or third trans-
parent conductive layer 322 may be modified to alter the
transmittance and/or resistivity of at least one of first trans-
parent conductive layer 122, second transparent conductive
layer 222, and third transparent conductive layer 322. For
example, constituent materials of first transparent conduc-
tive layer 122 may cause, at least in part, a first transmittance
and/or a first resistivity in association with first pixel elec-
trode 120, constituent materials of second transparent con-
ductive layer 222 may cause, at least in part, a second
transmittance and/or a second resistivity in association with
second pixel electrode 220, and constituent materials of
third transparent conductive layer 322 may cause, at least in
part, a third transmittance and/or a third resistivity in asso-
ciation with third pixel electrode 320. For instance, the first
transmittance may be different (e.g., smaller) than the sec-
ond transmittance, which may be different (e.g., smaller)
than the third transmittance. In this manner, the first resis-
tivity may be different (e.g., greater) than the second resis-
tivity, which may be different (e.g., greater) than the third
resistivity. As another example, the first transmittance may
be equivalent (or substantially equivalent) to the second
transmittance, and the third transmittance may be different
(e.g., greater) than the first transmittance and the second
transmittance. In this manner, the first resistivity may be is
equivalent (or substantially equivalent) to the second resis-
tivity that may be different (e.g., greater) than the third
resistivity.

[0069] With reference to FIGS. 1 and 5, first pixel elec-
trode 120, second pixel electrode 220, and third pixel
electrode 320 are disposed respectively on first sub-pixel
region PXL1, second sub-pixel region PXL.2, and third
sub-pixel region PXL3 of substrate 10. First pixel electrode
120, second pixel electrode 220, and third pixel electrode
320 may respectively include first transparent conductive
layer 22a, second transparent conductive layer 225, and
third transparent conductive layer 22c¢. First transparent
conductive layer 22a may correspond to first transparent
conductive layer 122, second reflective layer 226 may
correspond to second transparent conductive layer 222, and
third transparent conductive layer 22¢ may correspond to
third transparent conductive layer 322. It is contemplated,
however, that at least one of first transparent conductive
layer 22a, second transparent conductive layer 225, and
third transparent conductive layer 22¢ may correspond to an
associated transparent conductive layer described with ref-
erence to at least one of FIGS. 3 and 4. First pixel electrode
120, second pixel electrode 220, and third pixel electrode
320 may further include first reflective layer 121, second
reflective layer 221, and third reflective layer 321, respec-
tively.

[0070] In one or more exemplary embodiments, first elec-
troluminescent layer 132 may be configured to emit light in
a first range of wavelengths, second electroluminescent
layer 232 may be configured to emit light in a second range
of wavelengths, and third electroluminescent layer 332 may
be configured to emit light in a third range of wavelengths.
The first, second, and third ranges of wavelengths may be
different than one another, and, as such, as the viewing angle
of an observer changes (e.g., increases), respective changes
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in luminance and/or respective shifts in color of first sub-
pixel region PXI 1, second sub-pixel region PXI.2, and third
sub-pixel region PXL3 may be different than one another.
Observers may recognize these differences (or changes),
and, as such, at least display quality may be reduced.

[0071] As previously mentioned, modifying transmittance
of one or more transparent conductive layers of at least one
of first pixel electrode 120, second pixel electrode 220, and
third pixel electrode 320, and/or modifying reflectance of
one or more reflective layers of at least one of first pixel
electrode 120, second pixel electrode 220, and third pixel
electrode 320 may be utilized to reduce color shift, increase
efficiency, and improve display quality despite changes in
viewing angles. For instance, modification in transmittance
and/or reflectance may be used in association with the
emission of relatively longer wavelengths of light, such as
red light and/or green light, to improve color shift charac-
teristics, efliciency, and/or display quality. It is contem-
plated, however, that exemplary embodiments are not lim-
ited thereto or thereby. For instance, modification in
transmittance and/or reflectance may be utilized in associa-
tion with other wavelengths of light, such as blue light, white
light, etc.

[0072] According to one or more exemplary embodi-
ments, reflectance of at least one of first reflective layer 121,
second reflective layer 221, and third reflective layer 321
may be modified via differences in materials and/or forma-
tion of one or more apertures in association with first
reflective layer 121, second reflective layer 221, and/or third
reflective layer 321. In this manner, the number of apertures,
the size of apertures, and/or the arrangement of apertures
respectively formed in association with first reflective layer
121, second reflective layer 221, and/or third reflective layer
321 may be selected to provide a corresponding level of
reflectivity that may be further modified via differences in
material selections. For instance, as the number of apertures
formed in a reflective layer increases, the reflectivity of the
reflective layer may decrease. Although certain numbers of
apertures are illustrated in the accompanying drawings, is
any suitable number of apertures may be utilized in asso-
ciation with exemplary embodiments.

[0073] In one or more exemplary embodiments, the one or
more apertures may be formed via any suitable technique,
such as via one or more wet and/or dry etching techniques.
It is also noted that the one or more apertures may have any
suitable cross-sectional shape, such as a circular shape, an
ovular shape, a triangular shape, a square shape, a rectan-
gular shape, etc. In other words, the one or more apertures
may appear, in a plan view, having a circular shape, an
ovular shape, a triangular shape, a square shape, a rectan-
gular shape, and/or the like shape. As such, the one or more
apertures may have the same cross-sectional shape or at least
one aperture of the one or more apertures may have a
different cross-sectional shape than at least one other aper-
ture of the one or more apertures. Further, the one or more
apertures may have the same size as one another or at least
one aperture of the one or more apertures may have a
different size than at least one other aperture of the one or
more apertures. As such, first reflective layer 121, second
reflective layer 221, and third reflective layer 321 may be
considered as including (or being associated with) a total
aperture area, e.g., an aggregate amount of surface area
occupied by the aperture(s) formed in an associated reflec-
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tive layer. As the total aperture area increases, the reflectivity
of an associated reflective layer may decrease.

[0074] According to one or more exemplary embodi-
ments, first reflective layer 121 and second reflective layer
221 may include respective pluralities of apertures. Third
reflective layer 321, however, may have a continuous plate-
shape configuration, e.g., third reflective layer 321 may be
free of apertures. The number of apertures formed in first
reflective layer 121 may be different (e.g., greater) than the
number of apertures formed in second reflective layer 221.
For instance, first reflective layer 121 may include four
apertures, and second reflective layer 122 may include one
aperture; however, as previously mentioned, any suitable
number of apertures is may be utilized in association with
exemplary embodiments. In one or more exemplary embodi-
ments, the number of apertures formed in first reflective
layer 121 may be the same as the number of apertures
formed in second reflective layer 221, such as illustrated in
association with the light-emitting display apparatus of FIG.
6. That is, FIG. 6 illustrates a light-emitting display appa-
ratus including first reflective layer 121' having the same
number of apertures as the number of apertures formed in
second reflective layer 221.

[0075] Adverting back to FIGS. 1 and 5, a total aperture
area of first reflective layer 121 may be different (e.g., larger)
than a total aperture area of second reflective layer 221. It is
also contemplated that the total aperture area of first reflec-
tive layer 121 may be the same as the total aperture area of
second reflective layer 221, such as illustrated in association
with the light-emitting display apparatus of FIG. 6. That is,
FIG. 6 illustrates a light-emitting display apparatus includ-
ing first reflective layer 121' having the same (or substan-
tially the same) total aperture area as second reflective layer
221. Other than differences in the number of apertures and
the total aperture area of first reflective layer 121, the
light-emitting display apparatus of FIG. 6 is the same as (or
similar to) the light-emitting display apparatus of FIG. 5.
[0076] With reference to FIGS. 1, 5, and 6, based on
differences in the total number of apertures, the configura-
tion of apertures, the arrangement of apertures, and/or the
total aperture area of a reflective layer, first reflective layer
121 may have the same or different (e.g., lower) reflectance
than second reflective layer 221, and second reflective layer
221 may have a different (e.g., lower) reflectance than third
reflective layer 321. As previously mentioned, the differ-
ences in reflectivity may be additionally (or alternatively)
achieved via one or more differences in materials of first
reflective layer 121, second reflective layer 221, and/or third
reflective layer 321. In one or more exemplary embodi-
ments, first reflective layer 121' may have the same is
reflectance as the reflectance of second reflective layer 221,
and third reflective layer 321 may have a different (e.g,,
greater) reflectance than the reflectance of first reflective
layer 121' and the reflectance of second reflective layer 221.
[0077] According to one or more exemplary embodi-
ments, modifying transmittance of one or more transparent
conductive layers of at least one of first pixel electrode 120,
second pixel electrode 220, and third pixel electrode 320,
and/or modifying reflectance of one or more reflective layers
of at least one of first pixel electrode 120, second pixel
electrode 220, and third pixel electrode 320 may be utilized
in one or more combinations to reduce color shift, improve
display quality, and/or increase efficiency despite changes in
viewing angle. For instance, a combination of modifications
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in transmittance and/or reflectance may be used in associa-
tion with the emission of relatively longer wavelengths of
light, such as red light and/or green light, to improve color
shift characteristics, display quality, and efficiency. Exem-
plary embodiments, however, are not limited thereto or
thereby. For instance, a combination of modifications in
transmittance and/or reflectance may also be utilized in
association with other wavelengths of light, e.g., blue light,
white light, etc.

[0078] FIG. 7 is a schematic plan view of a reflective layer
of a portion of a light-emitting display apparatus, according
to one or more exemplary embodiments.

[0079] With reference to FIG. 7, a portion 70 of a light-
emitting display apparatus may include any suitable arrange-
ment of pixels configured to emit light of a determined color,
such as any suitable arrangement of red, green, and blue
pixels, e.g., red pixel 71, green pixel 72, and blue pixel 73.
For instance, red pixel 71, green pixel 72, and blue pixel 73
may be arranged in a pentile matrix with a plurality of other
pixels. An aperture 74 or a plurality of apertures may be
formed in the respective reflective layers of red pixel 71 and
green pixel 72. Blue pixel 73 may is be free of apertures.
Although apertures of FIG. 7 are shown having the same
circular shape and the same cross-sectional area, exemplary
embodiments are not limited thereto or thereby. In other
words, any suitable shape(s) and/or size(s) of apertures may
be utilized in association with exemplary embodiments.

[0080] According to one or more exemplary embodi-
ments, four apertures are formed in the reflective layer of red
pixel 71, one aperture is formed in the reflective layer of
green pixel 72, and no apertures are formed in the reflective
layer of blue pixel 73. The size of each aperture formed in
the reflective layer of red pixel 71 and the reflective layer of
green pixel 72 may be the same (or substantially the same)
as one another. In one or more exemplary embodiments, the
apertures formed in the reflective layer of red pixel 71 may
cover about 17% of the surface area of the reflective layer of
red pixel 71, and the aperture formed in the reflective layer
of green pixel 72 may cover about 10% of the surface area
of the reflective layer of green pixel 72. In this manner, the
differences in total aperture area may enable the reflective
layer of red pixel 71 to have about 83% relative reflectance
with respect to the reflectance of the reflective layer of blue
pixel 73, and the reflective layer of green pixel 72 to have
about 90% relative reflectance with respect to the reflectance
of the reflective layer of blue pixel 73.

[0081] FIG. 8 is a flowchart of a process for forming a
light-emitting display apparatus including pixel electrodes
with transparent conductive layers having various oxygen
densities, according to one or more exemplary embodi-
ments. For convenience, the process of FIG. 8 will be
described in association with FIGS. 1 and 4, and, thereby, in
association with first transparent conductive layer 122' hav-
ing a same oxygen concentration, a same resistivity, and a
same transmittance as second transparent conductive layer
222. Also, the constituent materials of first transparent
conductive layer 122', second transparent conductive layer
222, and third transparent is conductive layer 322 are
assumed to be the same as one another.

[0082] In step 801, substrate 10 is provided. Substrate 10
may include one or more layers (or structures) formed
thereon, such as buffer layer 11, first thin-film transistor
TFT1, second thin-film transistor TFT2, third thin-film
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transistor TFT3, passivation layer 16, first reflective layer
21a, second reflective layer 215, and third reflective layer
21c.

[0083] At step 803, a first transparent conductive layer is
formed via any suitable first method (e.g., one or more
sputtering and photolithographic patterning processes) in
associated with various pixel regions, such as various first
sub-pixel regions PXL1 (e.g., red sub-pixel regions) and
various second sub-pixel regions PX[.2 (e.g., various green
sub-pixel regions). The first method may include formation
of first transparent conductive layer 122' on first reflective
layer 21a and second transparent conductive layer 222 on
second reflective layer 215 according to one or more first
processing conditions that causes, at least in part, first
transparent conductive layer 122" and second transparent
conductive layer 222 to be associated with a first oxygen
concentration, a first resistivity, and a first transmittance.
[0084] A second transparent conductive layer is formed
via any suitable second method (e.g., one or more sputtering
and photolithographic patterning processes) in associated
with various pixel regions, such as various third sub-pixel
regions PXL3 (e.g., blue sub-pixel regions), per step 805.
The second method may include formation of third trans-
parent conductive layer 322 on third reflective layer 21c¢
according to one or more second processing conditions that
causes, at least in part, third transparent conductive layer
322 to be associated with a second oxygen concentration, a
second resistivity, and a second transmittance, each of which
1s respectively different than the first oxygen concentration,
the first resistivity, and the first transmittance. For example,
the one or more second processing conditions may include
a lower is oxygen concentration than the one or more first
processing conditions that causes, at least in part, third
sub-pixel regions PXL3 to have higher transmittance and
lower resistivity than first sub-pixel regions PXL1 and
second sub-pixel regions PXL2.

[0085] In step 807, pixel definition layer 19 is formed via
any suitable manufacturing technique, and first intermediate
layer 130, second intermediate layer 230, and third inter-
mediate layer 330 are respectively formed on first transpar-
ent conductive layer 122', second transparent conductive
layer 222, third transparent conductive layer 322, and por-
tions of pixel definition layer 19 via any suitable manufac-
turing technique, e.g., via one or more vacuum deposition,
spin coating, inkjet printing, doctor blading, laser induced
thermal imaging (LITT), and/or the like techniques. At step
809, opposite electrode 40 is formed on first intermediate
layer 130, second intermediate layer 230, third intermediate
layer 330, and exposed portions of pixel definition layer 19
via any suitable manufacturing technique, e.g., vacuum
deposition. Although not illustrated, an encapsulation layer
may be formed on opposite electrode 40 via any suitable
manufacturing technique, e.g., via vacuum deposition. Also,
a protection layer (not shown) may be formed on the
encapsulation layer.

[0086] FIG. 9 is a flowchart of a process for forming a
light-emitting display apparatus including pixels with reflec-
tive layers having different aperture patterns, according to
one or more exemplary embodiments. For convenience, the
process of FIG. 9 will be described in association with FIGS.
1, 5, and 7, and, thereby, in association with first reflective
layer 121 having a different pattern of apertures than second
reflective layer 221, and, thereby, a different total aperture
area and different reflectivity. The constituent materials of
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first reflective layer 121, second reflective layer 221, and
third reflective layer 321 are assumed to be the same.
[0087] In step 901, substrate 10 is provided. Substrate 10
may include one or more is layers (or structures) formed
thereon, such as buffer layer 11, first thin-film transistor
TFT1, second thin-film transistor TFT2, third thin-film
transistor TFT3, and passivation layer 16. At step 903,
respective patterns of first reflective layers 121, second
reflective layers 221, and third reflective layers 321 are
formed via any suitable technique, e.g., via sputtering, in
first sub-pixel regions PXL1 (e.g., red sub-pixel regions),
second sub-pixel regions PXL2 (e.g., green sub-pixel
regions), and third sub-pixel regions PXL3 (e.g., blue sub-
pixel regions).

[0088] A plurality of apertures is formed in association
with first reflective layers 121 and second reflective layers
221 via any suitable manufacturing technique, e.g., one or
more etching techniques, per step 905. In one or more
exemplary embodiments, first reflective layers 121 each
include more apertures than second reflective layers 221. For
instance, first reflective layers 121 include four apertures,
such as illustrated in association with red pixel 71 of FIG. 7,
and second reflective layers 221 include one aperture, such
as illustrated in association with green pixel 72 of FIG. 7. No
apertures are formed in association with third reflective
layers 321, such as illustrated in association with blue pixel
73 of FIG. 7. In this manner, each first reflective layer 121
may have a larger total aperture area than each second
reflective layer 221. The difference in total aperture area
may enable first reflective layers 121 to have about 83%
relative reflectance with respect to the reflectance of third
reflective layers 321, and second reflective layers 221 to
have about 90% relative reflectance with respect to the
reflectance of third reflective layers 321.

[0089] Instep 907, first transparent conductive layers 224,
second transparent conductive layers 224, and third trans-
parent conductive layers 22¢ are respectively formed on first
reflective layers 121, second reflective layers 221, and third
reflective layers 321 via any suitable one or more manufac-
turing techniques. In one or more exemplary embodiments,
first transparent is conductive layers 224, second transparent
conductive layers 225, and third transparent conductive
layers 22¢ may be formed similarly or at least one of first
transparent conductive layers 22qa, second transparent con-
ductive layers 225, and third transparent conductive layers
22¢ may be formed differently, such as formed in association
with the process of FIG. 8. A remainder of step 907 and step
909 may be the same as described in association with FIG.
8, and, as such, duplicative descriptions are omitted to avoid
obscuring exemplary embodiments.

[0090] According to one or more exemplary embodi-
ments, a light-emitting display apparatus that improves
efficiency, display quality, and color shift characteristics
despite changes in viewing angle may be provided via
differences in transmittances of various transparent conduc-
tive layers of pixels and/or via differences in reflectivity of
various reflective layers of the pixels.

[0091] Although certain exemplary embodiments and
implementations have been described herein, other embodi-
ments and modifications will be apparent from this descrip-
tion. Accordingly, the inventive concepts are not limited to
such embodiments, but rather to the broader scope of the
presented claims and various obvious modifications and
equivalent arrangements.
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What is claimed is:

1. A light-emitting display apparatus, comprising:

a substrate comprising a first region adjacent to a second
region;

a first pixel electrode overlapping the first region, the first
pixel electrode comprising a first transparent conduc-
tive layer;

a second pixel electrode overlapping the second region,
the second pixel electrode comprising a second trans-
parent conductive layer;

a first electroluminescent layer disposed on the first pixel
electrode, the first electroluminescent layer being con-
figured to emit light in a first range of wavelengths; and

a second electroluminescent layer disposed on the second
pixel electrode, the second electroluminescent layer
being configured to emit light in a second range of
wavelengths different from the first range of wave-
lengths,

wherein resistivity of the first transparent conductive layer
is different from resistivity of the second transparent
conductive layer.

2. The light-emitting display apparatus of claim 1,
wherein transmittance of the first transparent conductive
layer 1s different from transmittance of the second transpar-
ent conductive layer.

3. The light-emitting display apparatus of claim 1,
wherein constituent materials of the first transparent con-
ductive layer are equivalent to constituent materials of the
second transparent conductive layer.

4. The light-emitting display apparatus of claim 1,
wherein an oxygen content of the first transparent conduc-
tive layer is different from an oxygen content of the second
transparent conductive layer.

5. The light-emitting display apparatus of claim 1,
wherein transmittance of materials of the first transparent
conductive layer is different from transmittance of materials
of the second transparent conductive layer.

6. The light-emitting display apparatus of claim 5,
wherein the first transparent conductive layer comprises at
least one of indium zinc oxide (IZO) and aluminum zinc
oxide (AZO).

7. The light-emitting display apparatus of claim 1,
wherein the resistivity comprises sheet resistance.

8. The light-emitting display apparatus of claim 1, further
comprising:

a third pixel electrode overlapping the first region of the
substrate, the third pixel electrode comprising a third
transparent conductive layer; and

a third electroluminescent layer disposed on the third
pixel electrode, the third electroluminescent layer being
configured to emit light in a third range of wavelengths
different from the first range of wavelengths and the
second range of wavelengths,

wherein resistivity of the third transparent conductive
layer and resistivity of the first transparent conductive
layer are substantially the same.

9. The light-emitting display apparatus of claim 8,
wherein transmittance of the third transparent conductive
layer and transmittance of the first transparent conductive
layer are substantially the same.

10. The light-emitting display apparatus of claim 8,
wherein:

the first region comprises a red pixel and a green pixel;
and

the second region comprises a blue pixel.
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11. The light-emitting display apparatus of claim 1, fur-
ther comptising:

a third pixel electrode overlapping a third region of the
substrate, the third pixel electrode comprising a third
transparent conductive layer; and

a third electroluminescent layer disposed on the third
pixel electrode, the third electroluminescent layer being
configured to emit light in a third range of wavelengths
different from the first range of wavelengths and the
second range of wavelengths,

wherein the third region is adjacent to the first region and
the second region, and

wherein resistivity of the third transparent conductive
layer is different from resistivity of the first transparent
conductive layer and resistivity of the second transpar-
ent conductive layer.

12. The light-emitting display apparatus of claim 11,
wherein transmittance of the third transparent conductive
layer is different from transmittance of the first transparent
conductive layer and transmittance of the second transparent
conductive layer.

13. The light-emitting display of claim 11, wherein:

the first region comprises a red pixel;

the second region comprises a green pixel; and

the third region comprises a blue pixel.

14. The light-emitting display apparatus of claim 1,
wherein:

the first pixel electrode further comprises a first reflective
layer disposed between the first transparent conductive
layer and the substrate; and

the second pixel electrode further comprises a second
reflective layer disposed between the second transpar-
ent conductive layer and the substrate.

15. The light-emitting display apparatus of claim 14,
wherein the first reflective layer comprises a plurality of
apertures.

16. A light-emitting display apparatus, comprising:

a substrate comprising a first region adjacent to a second

region;

a first pixel electrode overlapping the first region, the first
pixel electrode comprising a first reflective layer;

a second pixel electrode overlapping the second region,
the second pixel electrode comprising a second reflec-
tive layer;

a first electroluminescent layer disposed on the first pixel
electrode, the first electroluminescent layer being con-
figured to emit light in a first range of wavelengths; and

a second electroluminescent layer disposed on the second
pixel electrode, the second electroluminescent layer
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being configured to emit light in a second range of
wavelengths different from the first range of wave-
lengths,

wherein the first reflective layer comprises a plurality of
apertures.

17. The light-emitting display apparatus of claim 16,

wherein the second reflective layer is free of apertures.

18. The light-emitting display apparatus of claim 16,
wherein, in a view normal to the substrate, at least one of the
apertures forms a circular shape, an ovular shape, a square
shape, or a rectangular shape.

19. The light-emitting display apparatus of claim 16,
wherein the first reflective layer and the second reflective
layer comprise silver.

20. The light-emitting display apparatus of claim 16,
further comprising:

a third pixel electrode overlapping the first region, the
third pixel electrode comprising a third reflective layer;
and

a third electroluminescent layer disposed on the third
pixel electrode, the third electroluminescent layer being
configured to emit light in a third range of wavelengths
different from the first range of wavelengths and the
second range of wavelengths,

wherein the third reflective layer comprises a plurality of
apertures.

21. The light-emitting display apparatus of claim 20,

wherein:

the first region comprises a red pixel and a green pixel;
and

the second region comprises a blue pixel.

22. The light-emitting display apparatus of claim 16,
farther comprising:

a third pixel electrode overlapping a third region of the
substrate adjacent to at least one of the first region and
the second region, the third pixel electrode comprising
a third reflective layer; and

a third electroluminescent layer disposed on the third
pixel electrode, the third electroluminescent layer being
configured to emit light in a third range of wavelengths
different from the first range of wavelengths and the
second range of wavelengths,

wherein the third reflective layer comprises only one
aperture.

23. The light-emitting display apparatus of claim 22,

wherein:

the first region comprises a red pixel;

the second region comprises a blue pixel; and

the third region comprises a green pixel.
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