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(54)
DEVICE

(57) A light-emitting device (100) includes a metal
reflection layer (110) having a phase modulation surface
(114), a color conversion layer (120) provided on the
phase modulation surface of the metal reflection layer, a
first electrode (131) provided on the color conversion lay-
er, a hole injection and transport layer (151) provided on
the firstelectrode, a blue organiclight-emitting layer (140)
provided on the hole injection and transport layer, an
electron injection and transport layer (152) provided on
the blue organic light-emitting layer, and a second elec-
trode (132) provided on the electron injection and trans-
port layer. The phase modulation surface of the metal
reflection layer generates magnetic resonance with re-
spect to incident light. The color conversion layer in-
cludes a photoluminescent material (122).

LIGHT-EMITTING DEVICE AND DISPLAY APPARATUS INCLUDING THE LIGHT-EMITTING
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Description

FIELD OF THE INVENTION

[0001] Example embodiments consistent with the
present disclosure relates to a light-emitting device and
a display apparatus including the light-emitting device.

BACKGROUND OF THE INVENTION

[0002] In an organic light-emitting device (OLED),
holes supplied from an anode and electrons supplied
from a cathode are bonded in an organic light-emitting
layer and thus light of a specific color is emitted. A display
apparatus using the OLED exhibits superior display prop-
erties such as a wide view angle, a fast response time,
a thin thickness, low manufacturing costs, and a high
contrast. Recently, an organic light-emitting device for
emitting light of a desired color by using a microcavity
effect,and a display apparatus including the organiclight-
emitting device, are under development.

SUMMARY OF THE INVENTION

[0003] Provided are a light-emitting device and a dis-
play apparatus including the light-emitting device.
[0004] Additional aspects will be set forth in part in the
description which follows and, in part, will be apparent
from the description, or may be learned by practice of
the presented embodiments.

[0005] According to an aspect of an example embod-
iment, a light-emitting device includes a first metal reflec-
tion layer comprising a first phase modulation surface,
the first phase modulation surface being configured to
generate magnetic resonance with respect to light that
is incident upon the first phase modulation surface; a
color conversion layer provided on the first phase mod-
ulation surface and comprising a photoluminescent ma-
terial; a first electrode provided on the color conversion
layer; a hole injection and transport layer provided on the
firstelectrode; a blue organic light-emitting layer provided
on the hole injection and transport layer; an electron in-
jection and transport layer provided on the blue organic
light-emitting layer; and a second electrode provided on
the electron injection and transport layer.

[0006] The first metal reflection layer and the second
electrode may form a microcavity having a resonant
wavelength.

[0007] The first phase modulation surface may include
a meta structure in which nano patterns are arranged
periodically.

[0008] The color conversion layer may include a die-
lectric in which the photoluminescent material is dis-
persed.

[0009] The photoluminescent material may include at
least one from among quantum dots, an organic fluores-
cent dye, an organic fluorescent semiconductor, and an
organic phosphorescent semiconductor.
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[0010] The photoluminescent material may include a
green photoluminescent material configured to convert
blue light into green light or a red photoluminescent ma-
terial configured to convert blue light into red light.
[0011] The color conversion layer may contact an en-
tirety of the first phase modulation surface of the first
metal reflection layer.

[0012] The light-emitting device may further include a
transparent planarization layer between the first metal
reflection layer and the color conversion layer to cover
the first phase modulation surface of the first metal re-
flection layer.

[0013] The first electrode may include a transparent
electrode, and the second electrode may include a trans-
flective electrode that transmits a first part of light that is
incident upon the second electrode and reflects a second
part of the light thatis incident upon the second electrode.
[0014] The first electrode may include a transparent
electrode and the second electrode comprises a reflec-
tive electrode, and the first metal reflection layer may be
semi-transparent and may be configured to transmit a
first part of light that is incident upon the first metal re-
flection layer and to reflect a second part of the light that
is incident upon the first metal reflection layer.

[0015] The light-emitting device may further include a
second metal reflection layer provided on the second
electrode and comprising a second phase modulation
surface; and a planarization layer provided between the
second electrode and the second metal reflection layer
to cover the second phase modulation surface of the sec-
ond metal reflection layer.

[0016] The first metal reflection layer and the second
metal reflection layer may form a microcavity having a
resonant wavelength.

[0017] The first electrode may include a first transpar-
ent electrode and the second electrode may include a
second transparent electrode, one of the first metal re-
flection layer and the second metal reflection layer may
be reflective with respect to light that is incident upon the
one of the first metal reflection layer and the second metal
reflection layer, and the other of the first metal reflection
layer and the second metal reflection layer may be semi-
transparent and configured to transmit a first part of light
that is incident upon the other of the first metal reflection
layer and the second metal reflection layer and to reflect
a second part of the light that is incident upon the other
of the first metal reflection layer and the second metal
reflection layer.

[0018] Inaccordance with an aspect of the disclosure,
a display apparatus includes a plurality of pixels config-
ured to emit light rays of different colors, wherein at least
one pixel from among the plurality of pixels includes a
first metal reflection layer comprising a first phase mod-
ulation surface, the first phase modulation surface being
configured to generate magnetic resonance with respect
to light that is incident upon the first phase modulation
surface; a color conversion layer provided on the first
phase modulation surface and comprising a photolumi-
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nescent material; a first electrode provided on the color
conversion layer; a hole injection and transport layer pro-
vided on the first electrode; a blue organic light-emitting
layer provided on the hole injection and transport layer;
an electron injection and transport layer provided on the
blue organic light-emitting layer; and a second electrode
provided on the electron injection and transport layer.
[0019] The first phase modulation surface may include
a meta structure in which nano patterns are arranged
periodically.

[0020] The color conversion layer may contact an en-
tirety of the first phase modulation surface of the first
metal reflection layer.

[0021] The at least one pixel may further include a
transparent planarization layer between the first metal
reflection layer and the color conversion layer to cover
the first phase modulation surface of the first metal re-
flection layer.

[0022] The atleastone pixel may further include a sec-
ond metal reflection layer provided on the second elec-
trode and comprising a second phase modulation sur-
face; and a planarization layer provided between the sec-
ond electrode and the second metal reflection layer to
cover the second phase modulation surface of the sec-
ond metal reflection layer.

[0023] The plurality of pixels may include a blue pixel,
a green pixel, and a red pixel.

[0024] The green pixel may include a green photolu-
minescent material configured to convert blue light into
green light, and the red pixel may include a red photolu-
minescent material configured to convert blue light into
red light.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The above and/or other aspects will become
apparent and more readily appreciated from the following
description of example embodiments, taken in conjunc-
tion with the accompanying drawings in which:

FIG. 1 is a cross-sectional view of a light-emitting
device according to an example embodiment;

FIG. 2is aperspective view of a metal reflection layer
of FIG. 1;

FIG. 3 is a cross-sectional view of a metal reflection
layer of FIG. 2;

FIG. 4 is a perspective view of a modified example
of a metal reflection layer that is applicable to the
light-emitting device of FIG. 1;

FIG. 5 is a perspective view of a modified example
of a metal reflection layer that is applicable to the
light-emitting device of FIG. 1;

FIG. 6 is a cross-sectional view of a modified exam-
ple of a metal reflection layer that is applicable to the
light-emitting device of FIG. 1;

FIG. 7 is a cross-sectional view of a modified exam-
ple of a metal reflection layer that is applicable to the
light-emitting device of FIG. 1;
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FIG. 8A is a perspective view of an experimental
model of a metal reflection layer;

FIG. 8B is a graph showing the reflectance of the
metal reflection layer of FIG. 8A;

FIG. 9Ais a cross-sectional view of an experimental
model of a metal reflection layer;

FIG. 9B is a cross-sectional view illustrating a color
conversion layer covering an upper surface of the
metal reflection layer of FIG. 9A according to an ex-
ample embodiment;

FIG. 10 is a cross-sectional view of a light-emitting
device according to an example embodiment;

FIG. 11 is a cross-sectional view of a light-emitting
device according to an example embodiment;

FIG. 12 is a cross-sectional view of a light-emitting
device according to an example embodiment;

FIG. 13 is a cross-sectional view of a light-emitting
device according to an example embodiment; and
FIG. 14 is a cross-sectional view of a display appa-
ratus according to an example embodiment.

DETAILED DESCRIPTION

[0026] Reference will now be made in detail to embod-
iments, examples of which are illustrated in the accom-
panying drawings, wherein like reference numerals refer
to like elements throughout. The thickness or size of each
layer illustrated in the drawings may be exaggerated for
convenience of explanation and clarity. In this regard,
embodiments may have different forms and should not
be construed as being limited to the descriptions set forth
herein.

[0027] Hereinafter, when a constituent element is de-
scribed as being disposed "above" or "on" another con-
stituent element, the constituent element may be directly
on the other constituent element or above the other con-
stituent elementin a noncontact manner. The expression
of singularity in the specification includes the expression
of plurality unless clearly specified otherwise in context.
Also, terms such as "comprise", "comprising”, "include",
and/or "including" may be construed to denote a constit-
uent element, but may not be construed to exclude the
existence of or a possibility of addition of another con-
stituent element.

[0028] The use of the terms "a" and "an" and "the" and
similar referents in the context of describing the disclo-
sure are to be construed to cover both the singular and
the plural. Also, the steps of all methods described herein
can be performed in any suitable order unless otherwise
indicated herein or otherwise clearly contradicted by con-
text. The disclosure is not limited to the described order
ofthe steps. The use ofany and allexamples, orlanguage
provided herein, is intended merely to better illuminate
the disclosure and does not pose a limitation on the scope
of the disclosure unless otherwise claimed.

[0029] Herein, expressions such as "at least one of,"
when preceding a list of elements, modify the entire list
of elements and do not modify the individual elements of
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the list. For example, the expression, "at least one of a,
b, and c," should be understood as including only a, only
b, only ¢, both a and b, both a and ¢, both b and c, or all
of a, b, and c.

[0030] Light-emitting devices described in the follow-
ing embodiments may be organic light-emitting devices
(OLED) that emit light of a specific wavelength to the
outside.

[0031] FIG. 1 is a cross-sectional view of a light-emit-
ting device 100 according to an embodiment.

[0032] ReferringtoFIG. 1, the light-emitting device 100
may include a metal reflection layer 110 having a phase
modulation surface 114, a color conversion layer 120 pro-
vided on the phase modulation surface 114 of the metal
reflection layer 110 and including a photoluminescent
material 122, a first electrode 131 provided on the color
conversion layer 120, a hole injection and transport layer
151 provided on the first electrode 131, a blue organic
light-emitting layer 140 provided on the hole injection and
transport layer 151, an electron injection and transport
layer 152 provided on the blue organic light-emitting layer
140, and asecond electrode 132 provided on the electron
injection and transport layer 152.

[0033] The first electrode 131 may serve as an anode
that supplies holes to the blue organic light-emitting layer
140, and the second electrode 132 may serve as a cath-
ode that supplies electrons to the blue organic light-emit-
ting layer 140. To this end, the first electrode 131 may
include a material having a relatively high work function
and the second electrode 132 may include a material
having a relatively low work function.

[0034] The first electrode 131 may be a transparent
electrode that transmits light. For example, the first elec-
trode 131 may include a transparent conductive oxide
such as an indium tin oxide (ITO), an indium zinc oxide
(120), and an aluminum zinc oxide (AZO).

[0035] The second electrode 132 may be a transflec-
tive electrode that reflects part of incident light and trans-
mits another part of the incident light as shown, e.g., in
FIG. 1. The second electrode 132 may include metal of
a small thickness. For example, the second electrode
132 may be a mixed layer of silver (Ag) and magnesium
(Mg) or a mixed layer of aluminum (Al) and lithium (Li),
and the thickness of the second electrode 132 may be
about 10 nm to about 20 nm. Because the second elec-
trode 132 is thin, part of the incident light may pass
through the second electrode 132.

[0036] The blue organic light-emitting layer 140 for
generating a blue light B is provided between the first
electrode 131 and the second electrode 132. The hole
injection and transport layer 151 may be provided be-
tween the first electrode 131 and the blue organic light-
emitting layer 140. The electron injection and transport
layer 152 may be provided between the second electrode
132 and the blue organic light-emitting layer 140.
[0037] Various additional layers may be further provid-
ed as necessary in the light-emitting device 100. For ex-
ample, an electron blocking layer may be further provided
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between the hole injection and transport layer 151 and
the blue organic light-emitting layer 140. A hole blocking
layer may be further provided between the electron in-
jection and transport layer 152 and the blue organic light-
emitting layer 140.

[0038] In the above structure, the blue light B is gen-
erated as holes supplied from the first electrode 131
through the hole injection and transport layer 151 and
electrons supplied from the second electrode 132
through the electron injection and transport layer 152 are
bonded in the blue organic light-emitting layer 140.
[0039] The metal reflection layer 110 may form a mi-
crocavity L (i.e., a space in which light resonates) with
the second electrode 132. Accordingly, the microcavity
L may be formed between the metal reflection layer 110
and the second electrode 132. For example, the light
generated from the blue organic light-emitting layer 140
may resonate by reciprocating between the metal reflec-
tion layer 110 and the second electrode 132 and then
the light corresponding to a resonant wavelength of the
microcavity L may be emitted through the second elec-
trode 132.

[0040] The resonant wavelength of the microcavity L
may be determined by the optical length of the microcav-
ity L. For example, when the resonant wavelength of the
microcavity L is A, the optical length of the microcavity L
may be nA/2, where n is a natural number. The optical
length of the microcavity L may be determined by a sum
of an optical thickness of layers forming the microcavity
L between the metal reflection layer 110 and the second
electrode 132, a phase delay by the second electrode
132, and a phase shift, for example, a phase delay, by
the metal reflection layer 110. The optical thickness of a
layer forming the microcavity L denotes a physical thick-
ness multiplied by the refractive index of the layer, not a
simple physical thickness.

[0041] According to an embodiment, when the optical
thickness of the layers forming the microcavity L and the
phase delay by the second electrode 132 are fixed, the
optical length of the microcavity L or the resonant wave-
length of the microcavity L may be controlled by control-
ling only the phase shift by the metal reflection layer 110.
[0042] To adjustthe phase shift by the metal reflection
layer 110, a phase modulation surface 114 is formed on
a reflective surface of the metal reflection layer 110. The
phase modulation surface may have a meta structure in
which nano patterns 112 having a nano size are arranged
periodically.

[0043] FIG. 2 is a perspective view of the metal reflec-
tion layer 110 of FIG. 1. FIG. 3 is a cross-sectional view
of the metal reflection layer 110 of FIG. 2.

[0044] Referringto FIGS. 2 and 3, the metal reflection
layer 110 may include a base portion 111 and a phase
modulation surface 114 formed on an upper surface of
the base portion 111. The phase modulation surface 114
may include the nano patterns 112 provided periodically
with a predetermined pitch on the upper surface of the
base portion 111. As shown in FIG. 2, each of the nano
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patterns 112 may have a shape of a post protruding from
the upper surface of the base portion 111. In detail, each
of the nano patterns 112 may have a cylindrical shape.
The base portion 111 and the nano patterns 112 may be
integrally formed. For example, the base portion 111 and
the nano patterns 112 may include at least one metal
material of Ag, Al, and Au. However, the disclosure is not
limited thereto.

[0045] The optical properties of the phase modulation
surface 114, forexample, the phase delay of the reflected
light, may be determined by the size of each of the nano
patterns 112. Particularly, a diameter w, a height h, and
a pitch p of the nano patterns 112 may affect the phase
delay of the reflected light. Accordingly, the resonant
wavelength of the microcavity L may be determined by
the diameter w and the height h of each of the nano pat-
terns 112 and the pitch p of the nano patterns 112 of the
phase modulation surface 114. In other words, assuming
that the resonant wavelength of the microcavity L is A,
the diameter w and the height h of each of the nano pat-
terns 112 and the pitch p of the nano patterns 112 of the
phase modulation surface 114 may be selected such that
the optical length of the microcavity L satisfies ni/2,
where n is a natural number.

[0046] The microcavity L of the light-emitting device
100 may have a resonant wavelength of about 430 nm
to about 650 nm. In this case, the diameter w of each of
the nano patterns 112 of the phase modulation surface
114 may be about 50 nm to about 300 nm, and the height
h of each of the nano patterns 112 may be about 0 nm
to about 150 nm. Furthermore, the pitch p of the nano
patterns 112 may be about 100 nm to about 400 nm.
However, the disclosure is not limited thereto. FIG. 1 il-
lustrates an example embodiment in which the microcav-
ity L is adjusted to have a wavelength of a green light G
as a resonant wavelength so that the green light G is
emitted from the light-emitting device 100.

[0047] When the size of the nano patterns 112 of the
phase modulation surface 114 is smaller than the reso-
nant wavelength, incident light resonates in a peripheral
portion of the nano patterns 112, and thus a plurality of
nano-optical resonance structures are formed. In partic-
ular, ofthe incident light, an electric field componentdoes
not intrude into a space between the nano patterns 112
and only a magnetic field component resonates in the
peripheral portion of the nano patterns 112. Accordingly,
the nano-optical resonance structures formed in the
space between the nano patterns 112 may become a
magnetic resonator that generates magnetic resonance
to the incident light.

[0048] Although FIGS. 2 and 3 illustrate an example
embodiment in which each of the nano patterns 112 has
a circular post shape, each of the nano patterns 112 may
have, for example, an oval post shape.

[0049] FIG. 4 is a perspective view of a modified ex-
ample of a metal reflection layer 100’ that is applicable
to the light-emitting device 100 of FIG. 1. Referring to
FIG. 4, the metal reflection layer 110’ may include a base
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portion 111’ and a phase modulation surface 114’ formed
on an upper surface of the base portion 111’. The phase
modulation surface 114’ may include nano patterns 112’
formed periodically with a predetermined pitch on the up-
per surface of the base portion 111’. Each of the nano
patterns 112’ may have a shape of a rectangular post
protruding from the upper surface of the base portion
111°.

[0050] In FIG. 4, the optical properties of the phase
modulation surface 114’, for example, the phase delay
of the reflected light may be determined by one or more
of the width and the height of each of the nano patterns
112’ and the pitch of the nano patterns 112’. Although
FIG. 4 illustrates an example embodiment in which each
of the nano patterns 112’ has a rectangular post shape,
each of the nano patterns 112’ may have various polyg-
onal post (polyprism) shapes such as a triangular post
or a pentagonal post.

[0051] The above-described nano patterns 112 and
112’ may be arranged in various regular array forms. For
example, as illustrated in FIGS. 2 to 4, the nano patterns
112 and 112’ may be arranged in a rectangular array
form or additionally, for example, in a regular triangular
shape.

[0052] FIG. 5 is a perspective view of a modified ex-
ample of a metal reflection layer 110" that is applicable
to the light-emitting device 100 of FIG. 1. Referring to
FIG. 5, the metal reflection layer 110" may include a base
portion 111" and a phase modulation surface 114"
formed on the upper surface of the base portion 111".
The phase modulation surface may include nano pat-
terns 112" that are provided periodically with a predeter-
mined pitch onthe upper surface of the base portion 111".
Each ofthe nano patterns 112" may have arecess having
a certain shape formed to a certain depth from the upper
surface of the base portion 111". Although FIG. 5 illus-
trates an example embodiment in which each of the re-
cesses has a cylindrical shape, each of the recesses may
have various other shapes. In FIG. 5, the optical proper-
ties of the phase modulation surface 114", for example,
the phase delay of the reflected light, may be determined
by the diameter and the depth of each of the nano pat-
terns 112" and the pitch of the nano patterns 112",
[0053] FIG. 6 is a cross-sectional view of a modified
example of a metal reflection layer 210 that is applicable
to the light-emitting device 100 of FIG. 1. Referring to
FIG. 6, the metal reflection layer 210 may include a base
portion 211 and a phase modulation surface 214 formed
on an upper surface of the base portion 211. The phase
modulation surface 214 may include nano patterns 212
that protrude from an upper surface of the base portion
211. The nano patterns 212, unlike the above description,
may be provided separately from the base portion 211.
The base portion 211 may include various materials, and
the nano patterns 212 may include, for example, at least
one metal material of Ag, Al, and Au.

[0054] FIG. 7 is a cross-sectional view of a modified
example of a metal reflection layer 310 that is applicable
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to the light-emitting device of FIG. 1. Referring to FIG. 7,
the metal reflection layer 310 may include a base portion
311 and a phase modulation surface 314 formed on an
upper surface of the base portion 311. The phase mod-
ulation surface 314 may include nano patterns provided
on an upper surface of the base portion 311. The nano
patterns may include nano structures 312 protruding from
an upper surface of the base portion 311 and a metal
coating layer 313 coated on surfaces of the nano struc-
tures 312. The nano structures 312 may be integrally
formed with or provided separately from the base portion
311. The base portion 311 and the nano structures 312
may include various materials, and the metal coating lay-
er 313 may include, for example, at least one metal ma-
terial of Ag, Al, and Au.

[0055] FIG.8Ais aperspective view of an experimental
model of a metal reflection layer. Referring to FIG. 8A,
an Ag metal reflection layer 410 may include a base por-
tion 411 and nano patterns 412 having a circular post
shape and arranged on an upper surface of the base
portion 411. The upper surface of the base portion 411
may have an area of 300x300 umZ2. Each of the nano
patterns 412 may have a diameter of about 100 nm and
a height of about 100 nm, and the nano patterns 412 may
be arranged periodically with a pitch of about 225 nm.
[0056] The Ag metal reflection layer 410 illustrated in
FIG. 8A may be manufactured by using, for example, a
nano transfer printing process as described below. How-
ever, this is merely an example method and various other
methods may be employed for the manufacture.

[0057] The following is an example description of a na-
no transfer printing process. First, e-beam resist is coated
on an upper surface of a silicon wafer having an area of
300x300 wm2, and nano hole patterns are formed on the
e-beam resist by using an e-beam lithography process.
Each of the nano hole patterns has a diameter of about
100 nm, and the nano hole patterns are formed periodi-
cally with a pitch of about 225 nm.

[0058] Next, the silicon wafer is etched to a depth of
about 100 nm by using the nano hole patterns formed on
the patterned e-beam resist. The silicon wafer may be
etched, for example, for about 10 seconds to about 20
seconds by using a reactive ion etching (RIE) process
under an SF6 gas atmosphere. Then, a silicon master
having the nano hole patterns is completed by removing
the e-beam resist covering the upper surface of the silicon
wafer.

[0059] Next, after coating UV curable resin on the sil-
icon master, a polyethylene terephthalate (PET) film is
covered thereon. An exposure process is performed by
using a UV lamp, thereby completing polymerization.
When the PET film is detached, reverse patterns of the
nano hole patterns formed on the silicon masterare trans-
ferred to a polymer thin film.

[0060] Next, when a UV exposure process is per-
formed after the UV curable resin is coated on the poly-
mer thin film where the reverse patterns are formed, and
the PET film is covered thereon, a polymer moldis formed
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including the nano hole patterns that are the same as
those of the silicon master. After an AG thin film is de-
posited on a polymer mold by placing a polymer mold
where the nano hole patterns are formed in a vacuum
depositor and by using a thermal deposition method, the
Ag thin film is separated from the polymer mold. Then,
as illustrated in FIG. 8A, the Ag metal reflection layer 410
including the nano patterns 412 having a circular post
shape protruding from the upper surface of the base por-
tion 411 may be completed.

[0061] FIG. 8B is a graph showing the reflectance of
the Ag metal reflection layer 410 of FIG. 8A. Referring to
FIG. 8B, it may be seen that a resonance effect occurs
greatly at about 500 nm that is the wavelength of a green
light, and that the properties of a meta mirror having high
reflectance occur at about 600 nm that is the wavelength
of a red light and at about 450 nm that is the wavelength
of a blue light. The intensity of light resonance or a res-
onant wavelength may be controlled by changing one or
more of the shape, size, height, and pitch of nano pat-
terns.

[0062] Referring back to FIG. 1, the color conversion
layer 120 is provided between the phase modulation sur-
face 114 of the metal reflection layer 110 and the first
electrode 131. The color conversion layer 120 may in-
clude a dielectric 121 and the photoluminescent material
122 dispersed in the dielectric 121.

[0063] The dielectric 121 may serve to planarize an
upper portion of the phase modulation surface 114 hav-
ing a meta structure for a uniform current density of the
light-emitting device 100. To this end, the dielectric 121
may cover the phase modulation surface 114 of the metal
reflection layer 110 to planarize the upper surface there-
of. In other words, the dielectric material 121 may contact
an entirety of the phase modulation surface 114. The
dielectric 121 may include an insulating material that is
transparent to visible rays. The dielectric 121 may in-
clude, for example, SiO,, SiNx, Al,O5, or HfO,, but the
disclosure is not limited thereto. Furthermore, the dielec-
tric 121 may include an acryl based or urethane based
polymer material.

[0064] The photoluminescent material 122 may serve
to convert the incident light, that is, the blue light B gen-
erated from the blue organic light-emitting layer 140, into
light of a certain wavelength. In detail, the photolumines-
cent material 122 may convert light having relatively high
energy into light having relatively low energy. For exam-
ple, the photoluminescent material 122 may convert the
blue light B into the green light G or the blue light B to
the red light R. FIG. 1 illustrates a case in which a green
photoluminescent material that converts the blue light B
in to the green light G is used as the photoluminescent
material 122.

[0065] The photoluminescent material 122 may in-
clude at least one of, for example, quantum dots, an or-
ganic fluorescent dye, an organic fluorescent semicon-
ductor, and an organic phosphorescent semiconductor.
The quantum dot may include, for example, a lI-VI group
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semiconductor material or a IlI-V group semiconductor
material.

[0066] The color conversion layer 120 may be formed
by using an organic binder including the photolumines-
cent material 122. In this case, the organic binder includ-
ing the photoluminescent material 122 may be manufac-
tured, for example, by dissolving a polymer material and
the photoluminescent material 122 in an organic solvent
or blending heat crosslinkable resin or UV crosslinkable
resin with the photoluminescent material 122. However,
the disclosure is not limited thereto.

[0067] Accordingto the related art, a method of attach-
ing a color conversion film including a photoluminescent
material that converts a blue light into a green light to a
light-emitting surface of an organic light-emitting device
has been used to emit the green light by using an organic
light-emitting device that emits the blue light. However,
in this case, when the blue light is completely converted
into the green light, luminous efficiency may decrease
and color purity may deteriorate. To address these mat-
ters, a method of additionally providing a color filter on
the color conversion film has been used.

[0068] In the light-emitting device 100 according to an
embodiment, as illustrated in FIG. 1, the microcavity L
has the wavelength of the green light G as a resonant
wavelength, and when a green photoluminescent mate-
rial is used as the photoluminescent material 122, the
blue light B generated from the blue organic light-emitting
layer 140 is converted by the photoluminescent material
122 into the green light G and then resonates by recip-
rocating between the metal reflection layer 110 and the
second electrode 132 to be emitted to the outside through
the second electrode 132. Accordingly, luminous effi-
ciency of the green light G may be improved.

[0069] When the blue light B generated from the blue
organic light-emitting layer 140 is converted into a sur-
face plasmon in the meta structure of the phase modu-
lation surface 114, an efficiency of converting the surface
plasmon into the green light G may be highly increased
by the photoluminescent material 122, that is, a green
photoluminescent material, provided in the color conver-
sion layer 120. Light conversion efficiency may be im-
proved because the light intensity of a surface plasmon
increases to very high levels due to the concentration of
optical energy on a small volume of a metal surface hav-
ing a meta structure. When the intensity of an electric
field around the meta structure increases and the photo-
luminescent material 122 is located in the strong electric
field, the light conversion efficiency may be further im-
proved due to the Purcell effect.

[0070] Assuch,inthe light-emitting device 100 accord-
ing to an embodiment, luminous efficiency is greatly im-
proved due to the color conversion layer 120 including
the photoluminescent material 122 being provided on the
phase modulation surface 114 having a meta structure.
[0071] FIG. 9A is a cross-sectional view of an experi-
mental model of a metal reflection layer. FIG. 9A illus-
trates an Ag metal reflection layer 510 in which the nano
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patterns 512 are provided on an upper surface of the
base portion 511. The Ag metal reflection layer 510 may
include a central portion where the nano patterns 512
having a circular post shape are arranged and a flat pe-
ripheral portion around the nano patterns 512. The cen-
tral portion where the nano patterns 512 are provided
may have an area of about 300x300 um?2. Each of the
nano patterns 512 has a diameter of about 100 nm and
a height of about 100 nm, and the nano patterns 512 are
arranged periodically with a pitch of about 225 nm.
[0072] FIG. 9B is a cross-sectional view showing a
color conversion layer 520 covering an upper surface of
the Ag metal reflection layer 510 of FIG. 9A. The color
conversion layer 520 of FIG. 9B may be formed by spin
coating a solution obtained by dissolving polymethyl
methacrylate (PMMA) 521 that is a dielectric and rhod-
amine 6G 522 that is an organic fluorescent dye in chlo-
robenzene thatis an organic solvent, on an upper surface
of the Ag metal reflection layer 510.

[0073] As a result of measuring the luminescence
properties of the structure of FIG. 9B with a Dark Field
image, strong luminescence is observed in a meta struc-
ture region A where the nano patterns 512 are formed,
whereas very weak luminescence is observed in a flat
region B where the nano patterns 512 are not formed.
Accordingly, it may be seen that providing the photolu-
minescent material on a metal surface including the meta
structure rather than on a flat metal surface may much
improve luminescence properties.

[0074] FIG. 10is a cross-sectional view of a light-emit-
ting device 600 according to another embodiment. The
light-emitting device 600 of FIG. 10 is identical to the
light-emitting device 100 of FIG. 1, except for the emis-
sion of the red light R instead of the green light G. In the
following description, differences from the light-emitting
device 100 of FIG. 1 are described.

[0075] ReferringtoFIG. 10, a metal reflectionlayer610
may form the microcavity L with the second electrode
132, and a phase modulation surface 614 to adjust a
phase shift may be formed on a reflective surface of the
metal reflection layer 610. The phase modulation surface
614 may have a meta structure in which the nano patterns
612 are arranged periodically on an upper surface of a
base portion 611. In an embodiment, the microcavity L
may be adjusted such that the resonant wavelength is
the wavelength of the red light R. The metal reflection
layer 610 of FIG. 10 may include any one of the metal
reflection layers illustrated in FIGS. 2 to 7.

[0076] The color conversion layer 120 is provided on
a phase modulation surface 614 of the metal reflection
layer 610. The color conversion layer 120 may include
the dielectric 121 and the photoluminescent material 122
dispersed in the dielectric 121. In an embodiment, a red
photoluminescent material that converts the blue light B
generated from the blue organic light-emitting layer 140
into the red light R may be used as the photoluminescent
material 122.

[0077] In the light-emitting device 600 of FIG. 10, the
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blue light B generated from the blue organic light-emitting
layer 140 is converted by the photoluminescent material
122 into the red light R and then resonates by recipro-
cating between the metal reflection layer 610 and the
second electrode 132 to be emitted to the outside through
the second electrode 132.

[0078] Asdescribed above, in the light-emitting device
600 of FIG. 10, as the photoluminescent material 122 is
provided on the phase modulation surface 614 of the
metal reflection layer 610 and thus the blue light B that
is incident light may be converted into light of a desired
wavelength to be emitted to the outside, the luminous
efficiency may be improved. Furthermore, as the phase
modulation surface 614 of the metal reflection layer 610
isformedin the meta structure, and the photoluminescent
material 122 is disposed on the meta structure, the lumi-
nous efficiency may be further improved.

[0079] FIG. 11 is a cross-sectional view of a light-emit-
ting device 700 according to an embodiment. The light-
emitting device 700 of FIG. 11 is the same as the light-
emitting device 100 of FIG. 1, except that a transparent
planarization layer 760 is provided between the metal
reflection layer 610 and a color conversion layer 720. In
the following description, differences from the light-emit-
ting device 100 of FIG. 1 are described.

[0080] Referring to FIG. 11, the transparent planariza-
tion layer 760 is provided on the phase modulation sur-
face 614 of the metal reflection layer 610, and the color
conversion layer 720 is provided on the planarization lay-
er 760. The phase modulation surface 614 of the metal
reflection layer 610 may have a metal structure in which
the nano patterns 612 are arranged periodically on an
upper surface of the base portion 611.

[0081] The planarization layer 760 may planarize, for
uniform current density, an upper portion of the phase
modulation surface 614 having a meta structure. To this
end, the planarization layer 760 may planarize the upper
surface of the phase modulation surface 614 of the metal
reflection layer 610 by covering the phase modulation
surface 614 (i.e., contacting an entirety of the phase mod-
ulation surface 614). The planarization layer 760 may
include an insulating material thatis transparent to visible
rays. The planarization layer 760 may include, for exam-
ple, SiO,, SiNx, Al,O3, or HfO,, but the disclosure is not
limited thereto.

[0082] The color conversion layer 720 is provided on
the upper surface of the planarization layer 760. The color
conversion layer 720 may include a dielectric 721 and a
photoluminescent material 722 dispersed in the dielectric
721.Thedielectric 721 may include aninsulating material
that is transparent to visible rays. The dielectric 721 may
include the same material as the planarization layer 760,
but the disclosure is not limited thereto.

[0083] The photoluminescent material 722 may con-
vert incident light, that is, the blue light B, into light of a
certain wavelength. In detail, the photoluminescent ma-
terial 722 may convert light having relatively high energy
into light having relatively low energy. The photolumines-

10

15

20

25

30

35

40

45

50

55

cent material 722 may include, for example, a green pho-
toluminescent material or a red photoluminescent mate-
rial. The photoluminescent material 722 may include at
least one of, for example, quantum dots, an organic flu-
orescentdye, an organic fluorescent semiconductor, and
an organic phosphorescent semiconductor. The color
conversion layer 720 may be formed by using an organic
binder including the photoluminescent material 722.
[0084] FIG. 12is a cross-sectional view of a light-emit-
ting device 800 according to an embodiment. The light-
emitting device 800 of FIG. 12 is the same as the light-
emitting device 100 of FIG. 1, except that a metal reflec-
tion layer 810 is semi-transparentand a second electrode
832 is areflective electrode. In other words, light is emit-
ted from the light-emitting device 800 in an opposite di-
rection to the direction of the light emitted by the light-
emitting device 100. In the following description, differ-
ences from the light-emitting device 100 of FIG. 1 are
described.

[0085] Referringto FIG. 12, the first electrode 131 pro-
vided under the blue organic light-emitting layer 140 may
be atransparentelectrode, and the second electrode 832
provided above the blue organic light-emitting layer 140
may be a reflective electrode that reflects incident light.
The metal reflection layer 810 provided under the first
electrode 131 may be semi-transparentand may transmit
a part of light and reflect another part of the light.
[0086] The metal reflection layer 810 may form the mi-
crocavity L with the second electrode 832. A phase mod-
ulation surface 814 to adjust a phase shift is formed on
a reflective surface of the metal reflection layer 810. The
phase modulation surface 814 of the metal reflection lay-
er 810 may have a meta surface in which nano patterns
812 are arranged periodically on an upper surface of the
base portion 811. FIG. 12 illustrates an example embod-
iment in which the microcavity L is adjusted to have the
wavelength of the green light G as a resonant wave-
length.

[0087] The color conversion layer 120 is provided be-
tween the phase modulation surface 814 of the metal
reflection layer 810 and the first electrode 131. The color
conversion layer 120 may include the dielectric 121 and
a photoluminescent material dispersed in the dielectric
121.FIG. 12 illustrates an example embodiment in which
a green photoluminescent material that converts the blue
light B into the green light G is used as the photolumi-
nescent material 122.

[0088] In the light-emitting device 800 of FIG. 12, the
blue light B generated from the blue organic light-emitting
layer 140 is converted by the photoluminescent material
122 into the green light G, and then resonates by recip-
rocating between the metal reflection layer 810 and the
second electrode 832 to be emitted to the outside through
the metal reflection layer 810.

[0089] FIG. 13is a cross-sectional view of a light-emit-
ting device 900 according to an embodiment. In the fol-
lowing description, differences from the light-emitting de-
vice 100 of FIG. 1 are described.
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[0090] Referring to FIG. 13, the light-emitting device
900 may include afirstmetalreflection layer 910including
a first phase modulation surface 914, the color conver-
sion layer 120, the first electrode 131, the hole injection
and transport layer 151, the blue organic light-emitting
layer 140, the electron injection and transport layer 152,
a second electrode 932, a planarization layer 980, and
a second metal reflection layer 970 including a second
phase modulation surface 974. The firstand second met-
al reflection layers 910 and 970 may form the microcavity
L.

[0091] A first phase modulation surface 914 of the first
metal reflection layer 910 may have a meta structure in
which first nano patterns 912 are arranged periodically
on an upper surface of a first base portion 911. The sec-
ond phase modulation surface 974 of the second metal
reflection layer 970 may have a meta structure in which
second nano patterns 972 are arranged periodically on
a lower surface of a second base portion 971. The
shapes, sizes, and pitches of the first and second nano
patterns 912 and 972 may be adjusted such that the mi-
crocavity L formed by the first and second metal reflection
layers 910 and 970 has a certain resonant wavelength.
[0092] One of the first and second metal reflection lay-
ers 910 and 970 may have reflectivity, and the other may
be semi-transparentand transmita partoflight and reflect
another part of the light. FIG. 13 illustrates an embodi-
ment in which the first metal reflection layer 910 has re-
flectivity and the second metal reflection layer 970 is
semi-transparent. The first and second electrodes 131
and 932 may be transparent electrodes.

[0093] The color conversion layer 120 is provided be-
tween the first metal reflection layer 910 and the first elec-
trode 131. The color conversion layer 120 may include
the dielectric 121 and a photoluminescent material dis-
persed in the dielectric 121. The planarization layer 980
thatis transparentis provided between the second metal
reflection layer 970 and the second electrode 932. The
planarization layer 980 may planarize a lower portion of
the second phase modulation surface 974 having the me-
ta structure for uniform current density of the light-emit-
ting device 900. To this end, the planarization layer 980
may planarize a lower surface of the second phase mod-
ulation surface 974 of the second metal reflection layer
970 by covering the same (i.e., the planarization layer
980 may contact an entirety of the phase modulation sur-
face 974). The planarization layer 980 may include an
insulating material that is transparent to visible rays. Al-
though not illustrated in the drawings, the photolumines-
cent material 122 included in the color conversion layer
120 may be further provided in the planarization layer
980.

[0094] In the light-emitting device 900 of FIG. 13, the
blue light B generated in the blue organic light-emitting
layer 140 is converted by the photoluminescent material
122in the color conversion layer 120 into light of a certain
wavelength, and then resonates by reciprocating be-
tween the first metal reflection layer 910 and the second
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metal reflection layer 970 to be emitted to the outside
through the second metal reflection layer 970 that is semi-
transparent.

[0095] According to the above example embodiments,
by providing a photoluminescent material on a phase
modulation surface of a metal reflection layer, the blue
light B that is incident light may be converted into light of
a desired wavelength, for example, the green light G or
the red light R, and emitted to the outside. Accordingly,
luminous efficiency may be improved. Furthermore, a
phase modulation surface of a metal reflection layer is
formed in a meta structure, and the photoluminescent
material is located on the meta structure, thereby further
improving luminous efficiency.

[0096] FIG. 14 is a cross-sectional view of a display
apparatus 1000 according to an embodiment.

[0097] ReferringtoFIG. 14, thedisplay apparatus 1000
may include a plurality of pixels emitting lights (i.e., light
rays) of different colors. The pixels may include red,
green, and blue pixels 1300, 1200, and 1100 that are
arranged adjacent to one another on the same plane as
a substrate. FIG. 14 illustrates, for convenience of expla-
nation, only one unit pixel including the red, green, and
blue pixels 1300, 1200, and 1100. In the display appa-
ratus 1000 of FIG. 14, each of the red pixel 1300 and the
green pixel 1200 may have a structure similar to the light-
emitting device 100 of FIG. 1.

[0098] The red pixel 1300 may include a first metal
reflection layer 1310 including a first phase modulation
surface 1314, afirst color conversion layer 1320 provided
on the first phase modulation surface 1314 and including
a first photoluminescent material 1322, a first electrode
1131 provided on the first color conversion layer 1320,
a hole injection and transport layer 1151 provided on the
first electrode 1131, a blue organic light-emitting layer
1140 provided on the hole injection and transport layer
1151, an electron injection and transport layer 1152 pro-
vided on the blue organic light-emitting layer 1140, and
a second electrode 1132 provided on the electron injec-
tion and transport layer 1152.

[0099] The first electrode 1131 may be a transparent
electrode that transmits light, and the second electrode
1132 may be a transflective electrode that reflects a part
of light and transmits another part of the light. The blue
organic light-emitting layer 1140 may be provided be-
tween the first electrode 1131 and the second electrode
1132. The hole injection and transport layer 1151 may
be provided between the first electrode 1131 and the blue
organic light-emitting layer 1140. The electron injection
and transport layer 1152 may be provided between the
second electrode 1132 and the blue organiclight-emitting
layer 1140.

[0100] The first metal reflection layer 1310 may form
a first microcavity with the second electrode 1132. The
first metal reflection layer 1310 may include, for example,
at least one metal material of Ag, Al, and Au, but the
disclosure is not limited thereto.

[0101] The first microcavity may have a resonant
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wavelength of the red light R by adjusting a phase shift
by the first metal reflection layer 1310. To this end, the
first phase modulation surface 1314 is formed on a re-
flective surface of the first metal reflection layer 1310.
The first metal reflection layer 1310 may, for example,
have the structure illustrated in FIGS. 2 and 3. In detail,
the first phase modulation surface 1314 may have a meta
structure in which nano patterns 1312 having a circular
post shape protruding from an upper surface of the base
portion 1311 are arranged periodically. However, this is
merely an example, and the first metal reflection layer
1310 may have structures illustrated in FIGS. 4 to 7.
[0102] The first color conversion layer 1320 covers a
first phase modulation surface 1314 of the first metal re-
flection layer 1310. The first color conversion layer 1320
may include a dielectric 1321 and the first photolumines-
cent material 1322 dispersed in the dielectric 1321. The
dielectric 1321 may include an insulating material that is
transparent to visible rays. The first photoluminescent
material 1322 may include a red photoluminescent ma-
terial that converts the blue light B into the red light R.
The first photoluminescent material 1322 may include at
least one of, for example, quantum dots, an organic flu-
orescent dye, an organic fluorescent semiconductor, and
an organic phosphorescent semiconductor.

[0103] The green pixel 1200 may include a second
metal reflection layer 1210 including a second phase
modulation surface 1214, a second color conversion lay-
er 1220 provided on the second phase modulation sur-
face 1214 and including a second photoluminescent ma-
terial 1222, the first electrode 1131 provided on the sec-
ond color conversion layer 1220, the hole injection and
transport layer 1151 provided on the first electrode 1131,
the blue organic light-emitting layer 1140 provided on the
hole injection and transport layer 1151, the electron in-
jection and transport layer 1152 provided on the blue
organic light-emitting layer 1140, and the second elec-
trode 1132 provided on the electron injection and trans-
port layer 1152. As the first and second electrodes 1131
and 1132 and the blue organic light-emitting layer 1140
are described above, descriptions thereof are omitted.
[0104] The second metal reflection layer 1210 may
form a second microcavity with the second electrode
1132. The second metal reflection layer 1210, like the
first metal reflection layer 1310, may include, for exam-
ple, at least one metal material of Ag, Al, and Au, but the
disclosure is not limited thereto.

[0105] The second microcavity may have a resonant
wavelength of the green light G by adjusting the phase
shift by the second metal reflection layer 1210. To this
end, the second phase modulation surface 1214 may be
formed on a reflective surface of the second metal re-
flection layer 1210. The second metal reflection layer
1210 may, for example, have the structure illustrated in
FIGS. 2 and 3. In detail, the second phase modulation
surface 1214 may have a metal structure in which nano
patterns 1212 having a circular post shape protruding
from an upper surface of the base portion 1211 are ar-
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ranged periodically. However, this is merely an example,
and the second metal reflection layer 1210 may have the
structures illustrated in FIGS. 4 to 7.

[0106] The second color conversion layer 1220 covers
the second phase modulation surface 1214 of the second
metal reflection layer 1210. The second color conversion
layer 1220 may include a dielectric 1221 and the second
photoluminescent material 1222 dispersed in the dielec-
tric 1221. The second photoluminescent material 1222
may include a green photoluminescent material that con-
verts the blue light B into the green light G. The second
photoluminescent material 1222, like the first photolumi-
nescent material 1322, may include at least one of, for
example, quantum dots, an organic fluorescent dye, an
organic fluorescent semiconductor, and an organic phos-
phorescent semiconductor.

[0107] A blue pixel 1100 may include a third metal re-
flection layer 1110, a dielectric layer 1120 provided on
the third metal reflection layer 1110, the first electrode
1131 provided on the dielectric layer 1120, the hole in-
jection and transportlayer 1151 provided on the first elec-
trode 1131, the blue organic light-emitting layer 1140 pro-
vided on the hole injection and transport layer 1151, the
electron injection and transport layer 1152 provided on
the blue organic light-emitting layer 1140, and the second
electrode 1132 provided on the electron injection and
transport layer 1152. As the first and second electrodes
1131 and 1132 and the blue organic light-emitting layer
1140 are described above, descriptions thereof are omit-
ted.

[0108] The third metal reflection layer 1110 may form
a third microcavity with the second electrode 1132. The
third metal reflection layer 1110, like the first and second
metal reflection layers 1310 and 1210, may include, for
example, at least one metal material of Ag, Al, and Au,
but the disclosure is not limited thereto. The third micro-
cavity may have a resonant wavelength of the blue light
B by adjusting the structural and optical properties of the
layers forming the third microcavity.

[0109] The dielectric layer 1120 covers an upper sur-
face of the third metal reflection layer 1110. The dielectric
layer 1120 may include an insulating material that is
transparent to visible rays. The dielectric layer 1120 may
include the same material as the dielectrics 1321 and
1221 forming the above-described first and second color
conversion layers 1320 and 1220. However, the disclo-
sure is not limited thereto.

[0110] In the display apparatus 1000 configured as
above, in the red pixel 1300, the blue light B generated
from the blue organic light-emitting layer 1140 may be
converted by the first photoluminescent material 1322
into the red light R, and then may resonate by recipro-
cating between the first metal reflection layer 1310 and
the second electrode 1132 to be emitted to the outside
through the second electrode 1132.

[0111] In the green pixel 1200, the blue light B gener-
ated from the blue organic light-emitting layer 1140 may
be converted by the second photoluminescent material
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1222 into the green light G, and then may resonate by
reciprocating between the second metal reflection layer
1210 and the second electrode 1132 to be emitted to the
outside through the second electrode 1132. In the blue
pixel 1100, the blue light B generated from the blue or-
ganic light-emitting layer 1140 may resonate by recipro-
cating between the third metal reflection layer 1110 and
the second electrode 1132, and then may be emitted to
the outside through the second electrode 1132.

[0112] In the display apparatus 1000 of FIG. 14, the
red pixel 1300 and the green pixel 1200 are described
to have the same structure as those of the light-emitting
device 100 of FIG. 1. However, the disclosure is not lim-
ited thereto, and the red and green pixels 1300 and 1200
may, for example, have the same structure as those of
the light-emitting devices 700, 800, and 900 of FIGS. 11
to 13. Furthermore, in the display apparatus 1000 of FIG.
14, the red and green pixels 1300 and 1200 each have
the phase modulation surface 1314 and 1214, respec-
tively, and the blue pixel 1100 does not have the phase
modulation surface. However, the disclosure is not lim-
ited thereto, and any two of the red, green, and blue pixels
1300, 1200, and 1100 may have the phase modulation
surface, and the other pixel thereof does not have the
phase modulation surface. Furthermore, all of the red,
green, and blue pixels 1300, 1200, and 1100 may have
the phase modulation surface.

[0113] In the above-described embodiments, as the
photoluminescent materialis provided on the phase mod-
ulation surface of the metal reflection layer, the blue light
B that is incident light may be converted into light of a
desired wavelength, for example, the green light G or the
red light R, to be emitted to the outside, and thus the
luminous efficiency may be improved. Furthermore, as
the phase modulation surface of the metal reflection layer
may have a meta structure, and the photoluminescent
material is located on the meta structure, the luminous
efficiency may be further improved.

[0114] It should be understood that embodiments de-
scribed herein should be considered in a descriptive
sense only and not for purposes of limitation. Descrip-
tions of features or aspects within each embodiment
should typically be considered as available for other sim-
ilar features or aspects in other embodiments.

[0115] While one or more embodiments have been de-
scribed with reference to the figures, it will be understood
by those of ordinary skill in the art that various changes
in form and details may be made therein without depart-
ing from the scope as defined by the following claims.

Claims
1. Alight-emitting device comprising:
a first metal reflection layer comprising a first

phase modulation surface, the first phase mod-
ulation surface being configured to generate
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magnetic resonance with respect to light that is
incident upon the first phase modulation sur-
face;

a color conversion layer provided on the first
phase modulation surface and comprising a
photoluminescent material;

afirstelectrode provided on the color conversion
layer;

a hole injection and transport layer provided on
the first electrode;

a blue organic light-emitting layer provided on
the hole injection and transport layer;

an electron injection and transport layer provid-
ed on the blue organic light-emitting layer; and
a second electrode provided on the electron in-
jection and transport layer.

The light-emitting device of any preceding claim,
wherein the first metal reflection layer and the sec-
ond electrode form a microcavity having a resonant
wavelength.

The light-emitting device of any preceding claim,
wherein the first phase modulation surface has ame-
ta structure in which nano patterns are arranged pe-
riodically.

The light-emitting device of any preceding claim,
wherein the color conversion layer comprises a die-
lectric in which the photoluminescent material is dis-
persed.

The light-emitting device of claim 4, wherein the pho-
toluminescent material comprises at least one of
quantum dots, an organic fluorescent dye, an organ-
ic fluorescent semiconductor, and an organic phos-
phorescent semiconductor.

The light-emitting device of any preceding claim,
wherein the photoluminescent material comprises a
green photoluminescent material configured to con-
vert blue light into green light or a red photolumines-
cent material configured to convert blue light into red
light.

The light-emitting device of any preceding claim,
wherein the color conversion layer contacts an en-
tirety of the first phase modulation surface of the first
metal reflection layer.

The light-emitting device of any preceding claim, fur-
ther comprising:

a transparent planarization layer between the first
metal reflection layer and the color conversion layer
to cover the first phase modulation surface of the
first metal reflection layer.

The light-emitting device of any preceding claim,
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wherein the first electrode comprises a transparent
electrode, and

wherein the second electrode comprises a transflec-
tive electrode that transmits a first part of light that
is incident upon the second electrode and reflects a
second part of the light that is incident upon the sec-
ond electrode.

The light-emitting device of any preceding claim,
wherein the first electrode comprises a transparent
electrode and the second electrode comprises a re-
flective electrode, and

wherein the first metal reflection layer is semi-trans-
parent and is configured to transmit a first part of
light that is incident upon the first metal reflection
layer and to reflect a second part of the light that is
incident upon the first metal reflection layer.

The light-emitting device of any preceding claim, fur-
ther comprising:

a second metal reflection layer provided on the
second electrode and comprising a second
phase modulation surface; and

a planarization layer provided between the sec-
ond electrode and the second metal reflection
layer to cover the second phase modulation sur-
face of the second metal reflection layer, and
optionally wherein the first metal reflection layer
and the second metal reflection layer form a mi-
crocavity having a resonant wavelength.

The light-emitting device of claim 11, wherein the
firstelectrode comprises a firsttransparent electrode
and the second electrode comprises a second trans-
parent electrode,

wherein one of the first metal reflection layer and the
second metal reflection layer is reflective with re-
spect to light that is incident upon the one of the first
metal reflection layer and the second metal reflection
layer, and

wherein the other of the first metal reflection layer
and the second metal reflection layer is semi-trans-
parent and configured to transmit a first part of light
that is incident upon the other of the first metal re-
flection layer and the second metal reflection layer
and to reflect a second part of the light that is incident
upon the other of the first metal reflection layer and
the second metal reflection layer.

A display apparatus comprising:

a plurality of pixels configured to emit light rays
of different colors,

wherein at least one pixel from among the plu-
rality of pixels comprises a light-emitting device
according to any preceding claim.

, and optionally wherein the at least one pixel
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further comprises a transparent planarization
layer between the first metal reflection layer and
the color conversion layer to cover the first
phase modulation surface of the first metal re-
flection layer.

14. The display apparatus of claim 13, wherein the at

least one pixel further comprises:

a second metal reflection layer provided on the
second electrode and comprising a second
phase modulation surface; and

a planarization layer provided between the sec-
ond electrode and the second metal reflection
layer to cover the second phase modulation sur-
face of the second metal reflection layer.

15. The display apparatus of claim 14, wherein the plu-

rality of pixels comprise a blue pixel, a green pixel,
and a red pixel, and optionally wherein the green
pixel comprises a green photoluminescent material
configured to convert blue light into green light, and
wherein the red pixel comprises a red photolumines-
cent material configured to convert blue lightinto red
light.
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