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An organic light-emitting diode display includes an organic
light-emitting display device including a first electrode, an
intermediate layer including an organic emission layer, and a
second electrode; a first inorganic encapsulation layer on the
second electrode; a second inorganic encapsulation layer on
the first inorganic encapsulation layer; and an organic encap-
sulation layer on the second inorganic encapsulation layer. A
refractive index of the first inorganic encapsulation layer is
higher than a refractive index of the second inorganic encap-
sulation layer. The first inorganic encapsulation layer has an
extinction coefficient of 0.02 to 0.07 and a refractive index of
2.1 to 2.3 at a blue wavelength.
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ORGANIC LIGHT-EMITTING DIODE
DISPLAY AND MANUFACTURING METHOD
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] Korean Patent Application No. 10-2014-0128286,
filed on Sep. 25, 2014, in the Korean Intellectual Property
Office, and entitled: “Organic Light-Emitting Diode Display
and Manufacturing Method Thereof,” is incorporated by ref-
erence herein in its entirety.

BACKGROUND

[0002] 1.Field

[0003] One or more exemplary embodiments relate to an
organic light-emitting diode display and a manufacturing
method thereof.

[0004] 2. Description of the Related Art

[0005] Display apparatuses are apparatuses for displaying
images. Among the display apparatuses, an organic light-
emitting diode display has recently drawn much attention.
[0006] Unlike a liquid crystal device, the organic light-
emitting diode display has self-emitting characteristics and,
thus, may be thinner and lighter weight, as an additional light
source is not needed. Also, the organic light-emitting diode
display has high-quality characteristics, e.g., low power con-
sumption, high brightness, high response speed, etc.

SUMMARY

[0007] According to one or more exemplary embodiments,
an organic light-emitting diode display includes an organic
light-emitting display device including a first electrode, an
intermediate layer including an organic emission layer, and a
second electrode; a first inorganic encapsulation layer on the
second electrode; a second inorganic encapsulation layer on
the first inorganic encapsulation layer; and an organic encap-
sulation layer on the second inorganic encapsulation layer,
wherein a refractive index of the first inorganic encapsulation
layer is higher than a refractive index of the second inorganic
encapsulation layer, and the first inorganic encapsulation
layer has an extinction coefficient of about 0.02 to about 0.07
and a refractive index of about 2.1 to about 2.3 at a blue
wavelength.

[0008] The first inorganic encapsulation layer may have a
thickness of about 500 A to about 1000 A.

[0009] A difference between the refractive indexes of the
first and second inorganic encapsulation layers may be about
0.6 to about 0.9.

[0010] The first and second inorganic encapsulation layers
may be formed of a silicon-based material.

[0011] The first inorganic encapsulation layer may include
a silicon nitride (SiNx).

[0012] The first inorganic encapsulation layer may be
directly formed on the second electrode.

[0013] The organic light-emitting diode display may fur-
ther include a third inorganic encapsulation layer interposed
between the second inorganic encapsulation layer and the
organic encapsulation layer.

[0014] The first inorganic encapsulation layer, the second
inorganic encapsulation layer, and the third inorganic encap-
sulation layer may be formed of a silicon-based material.
[0015] A difference between a refractive index of the third
inorganic encapsulation layer and a refractive index of the
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organic encapsulation layer may be less than about 0.3, and a
difference between the refractive index of the third inorganic
encapsulation layer and the refractive index of the second
inorganic encapsulation layer may be less than about 0.3.
[0016] According to one or more exemplary embodiments,
a method of manufacturing an organic light-emitting diode
display includes forming a first inorganic encapsulation layer
on an organic light-emitting display device having an extinc-
tion coefficient of about 0.02 to about 0.07 and a refractive
index of about 2.1 to about 2.3 at a blue wavelength, wherein
the organic light-emitting display device includes a first elec-
trode; an intermediate layer formed on the first electrode and
including an organic emission layer; and a second electrode
formed on the intermediate layer; forming a second inorganic
encapsulation layer on the first inorganic encapsulation layer,
wherein a refractive index of the second inorganic encapsu-
lation layer is lower than a refractive index of the first inor-
ganic encapsulation layer; forming an organic encapsulation
layer on the second inorganic encapsulation layer; and form-
ing a third inorganic encapsulation layer on the organic
encapsulation layer.

[0017] The forming of the first inorganic encapsulation
layer and the forming of the second inorganic encapsulation
layer may be performed in an in-situ process.

[0018] The first inorganic encapsulation layer and the sec-
ond inorganic encapsulation layer may be formed by chemi-
cal vapor deposition.

[0019] The first inorganic encapsulation layer may have a
thickness of about 500 A to about 1000 A.

[0020] The first inorganic encapsulation layer may include
a silicon nitride (SiNx).

[0021] The refractive index of the second inorganic encap-
sulation layer may be lower by about 0.6 to about 0.9 than the
refractive index of the first inorganic encapsulation layer.
[0022] The method may further include forming a third
inorganic encapsulation layer on the second inorganic encap-
sulation layer before the forming ofthe organic encapsulation
layer.

[0023] A difference between a refractive index of the third
inorganic encapsulation layer and a refractive index of the
organic encapsulation layer may be less than about 0.3, and a
difference between the refractive index of the third inorganic
encapsulation layer and the refractive index of the second
inorganic encapsulation layer may be less than about 0.3.

BRIEF DESCRIPTION OF THE DRAWINGS

[0024] Features will become apparent to those of skill in the
art by describing in detail exemplary embodiments with ref-
erence to the attached drawings in which:

[0025] FIG. 1 illustrates a schematic cross-sectional view
of an organic light-emitting diode display according to an
embodiment;

[0026] FIG. 2 illustrates a schematic cross-sectional view
of a structure of an organic light-emitting diode display
according to an embodiment;

[0027] FIG. 3 illustrates a graph showing a change in an
extinction coeflicient versus a change in a refractive index of
a first inorganic encapsulation layer according to an embodi-
ment;

[0028] FIG. 4 illustrates a graph showing a change in an
extinction coefficient versus a wavelength of light incident on
a first inorganic encapsulation layer according to an embodi-
ment;
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[0029] FIG. 5 illustrates a schematic cross-sectional view
of a structure of an organic light-emitting diode display
according to a comparative example; and

[0030] FIG. 6 illustrates a graph showing a change in lumi-
nance efficiency versus a change in a thickness of a first
inorganic encapsulation layer according to an embodiment.

DETAILED DESCRIPTION

[0031] Reference will now be made in detail to exemplary
embodiments, examples of which are illustrated in the
accompanying drawings, wherein like reference numerals
refer to like elements throughout. In this regard, the present
exemplary embodiments may have different forms and
should not be construed as being limited to the descriptions
set forth herein. Accordingly, the exemplary embodiments are
merely described below, by referring to the figures, to explain
aspects of the present description.

[0032] As used herein, the term “and/or” includes any and
all combinations of one or more of the associated listed items.
[0033] Itwill be understood that although the terms “first”,
“second”, etc. may be used herein to describe various com-
ponents, these components should not be limited by these
terms. These components are only used to distinguish one
component from another.

[0034] 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.

[0035] It will be further understood that the terms “com-
prise” and/or “comprising” used herein specify the presence
of stated features or components, but do not preclude the
presence or addition of one or more other features or compo-
nents.

[0036] It will be understood that when a layer, region, or
component is referred to as being “formed on,” another layer,
region, or component, it can be directly or indirectly formed
on the other layer, region, or component. That is, for example,
intervening layers, regions, or components may be present.
[0037] Sizes of elements in the drawings may be exagger-
ated for convenience of explanation. In other words, since
sizes and thicknesses of components in the drawings are
arbitrarily illustrated for convenience of explanation, the fol-
lowing embodiments are not limited thereto.

[0038] When a certain embodiment may be implemented
differently, a specific process order may be performed differ-
ently from the described order. For example, two consecu-
tively described processes may be performed substantially at
the same time or performed in an order opposite to the
described order.

[0039] FIG. 1 illustrates a schematic cross-sectional view
of an organic light-emitting diode display 100 according to an
embodiment. FIG. 2 illustrates a schematic cross-sectional
view of a structure of the organic light-emitting diode display
100 according to an embodiment.

[0040] Referring to FIG. 1, the organic light-emitting diode
display 100 according to an embodiment includes a substrate
110, an organic light-emitting display device (OLED) 120 on
the substrate 110, and a thin-film encapsulation layer 130.
[0041] The substrate 110 may be a flexible substrate and
may be formed of plastic having high heat-resistance and
durable properties. For example, the substrate 110 may be
formed of, e.g., polyethersulphone (PES), polyacrylate
(PAR), polyetherimide (PEI), polyethyelenen napthalate
(PEN), polyethyeleneterepthalate (PET), polyphenylene sul-
fide (PPS), polyarylate, polyimide (PI), polycarbonate (PC),
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cellulosetriacetate, cellulose acetate propionate (CAP), (poly
(aryleneether sulfone)), and a combination thereof. However,
embodiments are not limited thereto, e.g., the substrate 110
may be formed of other various materials such as a metal,
glass, etc.

[0042] Although not shown, various elements/wire layers
may be disposed on the substrate 110. The various elements/
wire layers may include a drive thin-film transistor (TFT) for
driving the OLED 120, a switching TFT, a capacitor, and
wires connected to the TFTs or the capacitor.

[0043] Referring to FIGS. 1 and 2, the OLED 120 may be
on the substrate 110, and includes a first electrode 121, an
intermediate layer 122 formed on the first electrode 121 and
including an organic emission layer, and a second electrode
123 formed on the intermediate layer 122.

[0044] Thefirstelectrode 121 may be a pixel electrode, e.g.,
an anode, and patterned in units of red (R), green (G), and blue
(B) subpixels. The first electrode 121 may be a reflective
electrode including, for example, a reflective film formed of
Ag, Mg, Al, Pt, Pd. Au, Ni, Nd, Ir, Cr, or acombination thereof
and a film disposed on the reflective film and formed of ITO,
170, 7Zn0, or In,0;.

[0045] The intermediate layer 122 includes an organic
emission layer including an organic material emitting red,
blue, and green lights. The organic emission layer may
include a low or high molecular weight organic material. The
intermediate layer 122 may further selectively include a hole
transport layer (HTL), a hole injection layer (HIL), an elec-
tron transport layer (ETL), and an electron injection layer
(EIL), according to the type of the organic material included
in the organic emission layer. For example, when the organic
emission layer includes the low molecular weight organic
material, an HTL, an HIL,, an ETL, an EIL, and the like may
be stacked around the organic emission layer. When the
organic emission layer includes the high molecular weight
organic material, the intermediate layer 122 may further
include an HTL.

[0046] The second electrode 123 may be an opposite elec-
trode, e.g., a cathode, and have a light transmittance property.
The second electrode 123 may be a metal thin film having a
low work function and formed of Li, Ca, LiF/Ca, LiF/Al, Al,
Ag, Mg, or a combination thereof. The second electrode 123
may be a transparent thin film formed of ITO, IZ0, ZnO, or
In,0,.

[0047] Inthe present embodiment, the first electrode 121 is
an anode and the second electrode 123 is a cathode but
embodiments are not limited thereto. In another embodiment,
the first electrode 121 may be a cathode and the second
electrode 123 may be an anode according to a method of
driving the organic light-emitting diode display 100. A hole
and an electron are respectively injected from the first elec-
trode 121 and the second electrode 123 into the organic emis-
sion layer. Light is generated when the injected hole and
electron combine to form an exciton and the exciton drops
from an excited state to its ground state.

[0048] The thin-film encapsulation layer 130 on the sub-
strate 110 covers the OLED 120. Referring to FIG. 2, the
thin-film encapsulation layer 130 may include a first inor-
ganic encapsulation layer 131, a second inorganic encapsu-
lation layer 132, a third inorganic encapsulation layer 133, an
organic encapsulation layer 134, and a fourth inorganic
encapsulation layer 135 that are formed on the second elec-
trode 123.
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[0049] The first inorganic encapsulation layer 131, the sec-
ond inorganic encapsulation layer 132, and the third inor-
ganic encapsulation layer 133 may include a silicon-based
material and be formed in an in-situ process, thereby mini-
mizing manufacturing costs and the number of processes. The
first inorganic encapsulation layer 131 may include a silicon
nitride (SiNx). The second inorganic encapsulation layer 132
may include a silicon oxide (SiOx). The third inorganic
encapsulation layer 133 may include a silicon oxynitride
(SiON).

[0050] The first inorganic encapsulation layer 131, the sec-
ond inorganic encapsulation layer 132, and the third inor-
ganic encapsulation layer 133 may be formed by chemical
vapor deposition (CVD). For example, the first inorganic
encapsulation layer 131, the second inorganic encapsulation
layer 132, and the third inorganic encapsulation layer 133
may be formed by plasma-enhanced CVD (PECVD). When
an inorganic encapsulation layer is formed by sputtering, the
second electrode 123 may be damaged to cause black spots or
the like to occur therein. Thus, a capping layer and a LiF layer
formed of an organic material need to be formed between the
second electrode 123 and the thin-film encapsulation layer
130. However, according to an embodiment, the first inor-
ganic encapsulation layer 131, the second inorganic encap-
sulation layer 132, and the third inorganic encapsulation layer
133 may be formed by CVD to greatly reduce damage to the
second electrode 123 when these inorganic encapsulation
layers are formed. Thus, the thin-film encapsulation layer
130, e.g., the first inorganic encapsulation layer 131, may be
directly formed on the second electrode 123 without forming
a protective layer such as the capping layer or the LiF layer.
[0051] The organic encapsulation layer 134 may be formed
on the third inorganic encapsulation layer 133. The organic
encapsulation layer 134 may include a polymer-based mate-
rial. The polymer-based material may be acryl-based resin,
epoxy-based resin, polyimide, polyethylene, etc. The organic
encapsulation layer 134 may lessen internal stress in the
thin-film encapsulation layer 130, compensate for defects of
the third and fourth inorganic encapsulation layers 133 and
135, and planarize the third and fourth inorganic encapsula-
tion layers 133 and 135.

[0052] The fourth inorganic encapsulation layer 135 may
be formed on the organic encapsulation layer 134. The fourth
inorganic encapsulation layer 135 may include SiNx and be
formed by CVD. The third and fourth inorganic encapsula-
tion layers 133 and 135 are barrier layers that block external
moisture and oxygen. External moisture and oxygen are pri-
marily blocked by the fourth inorganic encapsulation layer
135 primarily blocks and secondarily blocked by the third
inorganic encapsulation layer 133. Although two inorganic
encapsulation layers, i.e., the third and fourth inorganic
encapsulation layers 133 and 135, function as barriers in the
present embodiment, only the fourth inorganic encapsulation
layer 135 may function as a barrier in another exemplary
embodiment.

[0053] In the organic light-emitting diode display 100
according to an exemplary embodiment, the inorganic encap-
sulation layers constituting the thin-film encapsulation layer
130 are formed to satisfy conditions which will be described
below. Thus, the luminance efficiency of the organic light-
emitting diode display 100 may be enhanced while minimiz-
ing the number of layers constituting the thin-film encapsu-
lation layer 130. The characteristics of the inorganic
encapsulation layers that increase the luminance efficiency of
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the organic light-emitting diode display 100 will be described
in detail with reference to FIGS. 3 to 6 below.

[0054] A refractive index of the first inorganic encapsula-
tion layer 131 may be set to be higher than that of the second
inorganic encapsulation layer 132, so that light generated
from the organic emission layer may be amplified by the first
and second inorganic encapsulation layers 131 and 132, and
emitted to the outside. Some of the light generated from the
organic emission layer pass through the second electrode 123
and the thin-film encapsulation layer 130, and is then emitted
toward the outside, and some of the light is reflected due to the
difference between the refractive indexes of the first and
second inorganic encapsulation layers 131 and 132 formed on
the second electrode 123. The reflected light is reflected and
amplified by the first electrode 121 and/or the second elec-
trode 123. The luminance efficiency of the organic light-
emitting diode display 100 may be improved due to such a
resonance effect.

[0055] The greater the difference between the refractive
indexes of the first and second inorganic encapsulation layers
131 and 132, the greater the amount of light may be amplified
due to the resonance effect. However, as illustrated in FIG. 3,
an extinction coefficient k of the first inorganic encapsulation
layer 131 tends to exponentially increase as a refractive index
n thereof increases. As the refractive index n of the first
inorganic encapsulation layer 131 increases, the amount of
light absorbed by the first inorganic encapsulation layer 131
increases. Thus, a degree to which the luminous efficiency
decreases when light is absorbed is greater than a degree to
which the luminous efficiency increases when light resonates.
This problem occurs to a large extent in a blue wavelength
band of relatively short wavelengths as illustrated in FIG. 4.
[0056] To solve this problem, according to an exemplary
embodiment, the first inorganic encapsulation layer 131 is
formed such that the refractive index n thereof is in a range of
2.1to 2.3 and the extinction coefficient k thereof is in a range
0f 0.02 to 0.07 at a blue wavelength range, the peak of which
is 455 nm. When the refractive index n and the extinction
coeflicient k of the first inorganic encapsulation layer 131 are
not within the above ranges, the luminous efficiency is lower
by about 6% to 12% than an organic light-emitting diode
display 10 having no light resonance structure of FIG. 5
according to a comparative example. The organic light-emit-
ting diode display 10 of FIG. 5 according to the comparative
example includes a capping layer 31 formed of an organic
material, an LiF layer 32, and a thin-film encapsulation layer
40 that are sequentially formed on a second electrode 123.
The thin-film encapsulation layer 40 includes a first inorganic
layer 41, an organic layer 42, and a second inorganic layer 43.
[0057] According to an exemplary embodiment, the first
inorganic emission layer 131 may have a refractive index n of
2.1 10 2.3, an extinction coefficient k of 0.02 to 0.07 at a blue
wavelength, and a thickness of about 500 A to 1000 A. When
the thickness of the first inorganic emission layer 131 is not
within the above ranges, the luminous efficiency of the
organic light-emitting diode display 100 is lower than that of
the organic light-emitting diode display 10 as illustrated in
FIG. 6.

[0058] The second inorganic encapsulation layer 132 may
be formed such that a refractive index thereofis lower than the
refractive index n of the first inorganic encapsulation layer
131 and the difference between the refractive indexes of the
firstand second inorganic encapsulation layers 131 and 132 is
0.6 to 0.9. Since the refractive indexes vary according to a
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wavelength, degrees to which red, green, and blue lights are
refracted increases greatly when the difference between the
refractive indexes of the first and second inorganic encapsu-
lation layers 131 and 132 is not within the above range.
Accordingly, color shift may occur to a large extent at a side
viewing angle.

[0059] The refractive index of the third inorganic encapsu-
lation layer 133 may be set such that the differences between
the refractive indexes of the third inorganic encapsulation
layer 133 and layers adjacent thereto are the same or substan-
tially the same. More specifically, the differences between the
refractive indexes of the third inorganic encapsulation layer
133 and the adjacent layers, e.g., the second inorganic encap-
sulation layer 132 and/or the organic encapsulation layer 134,
may be less than 0.3. When the differences between the
refractive indexes of the third inorganic encapsulation layer
133 and the adjacent layers are equal to or greater than 0.3,
light may be refracted to a large extent at interfaces between
the third inorganic encapsulation layer 133 and the adjacent
layers, thereby causing color deviation to occur at a side
viewing angle and lowering the luminous efficiency.

[0060] According to the one or more embodiments, the
thin-film encapsulation layer 130 may be directly formed on
the OLED 120 without interposing the capping layer and LiF
layer. Also, the organic light-emitting diode display 100, the
luminous efficiency of which that is equal to or greater than
that of the organic light-emitting diode display 10 according
to the comparative example may be manufactured with a
small number of processes and at low costs, compared to the
organic light-emitting diode display 10.

[0061] As described above, according to the one or more of
the above exemplary embodiments, the luminous efficiency
of an organic light-emitting diode display may be improved.
[0062] Example embodiments have been disclosed herein,
and although specific terms are employed, they are used and
are to be interpreted in a generic and descriptive sense only
and not for purpose of limitation. In some instances, as would
be apparent to one of ordinary skill in the art as of the filing of
the present application, features, characteristics, and/or ele-
ments described in connection with a particular embodiment
may be used singly or in combination with features, charac-
teristics, and/or elements described in connection with other
embodiments unless otherwise specifically indicated.
Accordingly, it will be understood by those of skill in the art
that various changes in form and details may be made without
departing from the spirit and scope of the present invention as
set forth in the following claims.

What is claimed is:
1. An organic light-emitting diode display, comprising:
an organic light-emitting display device including a first

electrode, an intermediate layer including an organic
emission layer, and a second electrode;

a first inorganic encapsulation layer on the second elec-
trode;

a second inorganic encapsulation layer on the first inor-
ganic encapsulation layer; and

an organic encapsulation layer on the second inorganic
encapsulation layer,

wherein a refractive index of the first inorganic encapsula-
tion layer is higher than a refractive index of the second
inorganic encapsulation layer, and
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wherein the first inorganic encapsulation layer has an
extinction coefficient of about 0.02 to about 0.07 and a
refractive index of about 2.1 to about 2.3 at a blue wave-
length.

2. The organic light-emitting diode display as claimed in
claim 1, wherein the first inorganic encapsulation layer has a
thickness of about 500 A to about 1000 A.

3. The organic light-emitting diode display as claimed in
claim 1, wherein a difference between the refractive indexes
of the first and second inorganic encapsulation layers is about
0.6 to about 0.9.

4. The organic light-emitting diode display as claimed in
claim 1, wherein the first and second inorganic encapsulation
layers includes a silicon-based material.

5. The organic light-emitting diode display as claimed in
claim 4, wherein the first inorganic encapsulation layer
includes silicon nitride (SiNx).

6. The organic light-emitting diode display as claimed in
claim 1, wherein the first inorganic encapsulation layer is
directly on the second electrode.

7. The organic light-emitting diode display as claimed in
claim 1, further comprising a third inorganic encapsulation
layer between the second inorganic encapsulation layer and
the organic encapsulation layer.

8. The organic light-emitting diode display as claimed in
claim 7, wherein the first inorganic encapsulation layer, the
second inorganic encapsulation layer, and the third inorganic
encapsulation layer include a silicon-based material.

9. The organic light-emitting diode display as claimed in
claim 7, wherein:

a difference between a refractive index of the third inor-
ganic encapsulation layer and a refractive index of the
organic encapsulation layer is less than about 0.3, and

a difference between the refractive index of the third inor-
ganic encapsulation layer and the refractive index of the
second inorganic encapsulation layer is less than about
0.3,

10. A method of manufacturing an organic light-emitting

diode display, the method comprising:

forming a first inorganic encapsulation layer on an organic
light-emitting display device having an extinction coef-
ficient of about 0.02 to about 0.07 and a refractive index
of about 2.1 to about 2.3 at a blue wavelength,

wherein the organic light-emitting display device com-
prises:

a first electrode;

an intermediate layer formed on the first electrode and
including an organic emission layer; and

a second electrode formed on the intermediate layer;

forming a second inorganic encapsulation layer on the first
inorganic encapsulation layer, wherein a refractive
index of the second inorganic encapsulation layer is
lower than a refractive index of the first inorganic encap-
sulation layer;

forming an organic encapsulation layer on the second inor-
ganic encapsulation layer; and

forming a third inorganic encapsulation layer on the
organic encapsulation layer.

11. The method as claimed in claim 10, wherein forming
the first inorganic encapsulation layer and forming the second
inorganic encapsulation layer are performed in an in-situ
process.
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12. The method as claimed in claim 10, wherein forming
the first inorganic encapsulation layer and the second inot-
ganic encapsulation layer includes chemical vapor deposi-
tion.

13. The method as claimed in claim 10, wherein the first
inorganic encapsulation layer has a thickness of about 500 A
to about 1000 A.

14. The method as claimed in claim 10, wherein the first
inorganic encapsulation layer includes silicon nitride (SiNx).

15. The method as claimed in claim 10, wherein the refrac-
tive index of the second inorganic encapsulation layer is
lower by about 0.6 to about 0.9 than the refractive index of the
first inorganic encapsulation layer.

16. The method as claimed in claim 10, further comprising,
before forming the organic encapsulation layer, forming a
third inorganic encapsulation layer on the second inorganic
encapsulation layer.

17. The method as claimed in claim 16, wherein:

a difference between a refractive index of the third inor-
ganic encapsulation layer and a refractive index of the
organic encapsulation layer is less than about 0.3, and

a difference between the refractive index of the third inor-
ganic encapsulation layer and the refractive index of the
second inorganic encapsulation layer is less than about
0.3.

18. The method as claimed in claim 10, wherein forming
the first inorganic encapsulation layer includes directly form-
ing the first inorganic encapsulation layer on the second elec-
trode.
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