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(7) ABSTRACT

Disclosed herein is an organic light-emitting display device
having a first flexible substrate; a second flexible substrate;
a plurality of organic light-emitting pixels on the first
flexible substrate and between the first flexible substrate and
the second flexible substrate; an encapsulation unit covering
the pixels; and an adhesive layer on the encapsulation unit.
The Young’s modulus of the adhesive layer is equal to or
larger than a value so that the first flexible substrate is not
deformed by bending stress when it is rolled up.
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ORGANIC LIGHT-EMITTING DISPLAY
DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 15/248,852 filed on Aug. 26, 2016
which claims priority from Republic of Korea Patent Appli-
cation No. 10-2015-0123243 filed on Aug. 31, 2015, and
Republic of Korea Patent Application No. 10-2015-0184885
filed on Dec. 23, 2015, the disclosures of which are each
incorporated herein by reference in its entirety.

BACKGROUND

Technical Field

[0002] The present disclosure relates to a flexible organic
light-emitting display device having a structure showing
minimal deformation against bending stress.

Description of the Related Art

[0003] As the era of information technology has truly
begun, the field of display devices has rapidly advanced. In
accordance with this, research is ongoing into various dis-
play devices which are thinner, lighter and consume less
power. Such display devices include a liquid crystal display
(LCD) device, a plasma display panel (PDP) device, a field
emission display (FED) device, an electro-wetting display
(EWD) device, quantum dot displays, and an organic light-
emitting display (OLED) device, etc.

[0004] Among others, an organic light-emitting display
(OLED) device is capable of producing light and thus does
not require an additional light source, as in a liquid crystal
display (LCD) device. Therefore, an organic light-emitting
display device can be made lighter and thinner than an LCD
device. Further, an organic light-emitting display device has
advantages in that it is driven with low voltage to consume
less power, and in that it has shorter response time, wider
viewing angle and higher contrast ratio (CR). For these
reasons, an organic light-emitting display device is currently
under development as the next generation display device.
Despite such advantages, organic light-emitting display
devices are less reliable than other display devices since
organic light-emitting materials are especially vulnerable to
moisture and oxygen.

[0005] An organic light-emitting display device includes
an organic light-emitting element including an anode, an
organic emission layer and a cathode. The organic emission
layer emits light by combining holes from the anode and
electrons from the cathode. The organic emission layer is
very vulnerable to moisture and oxygen and thus an encap-
sulation structure is required.

[0006] A flexible organic light-emitting display device has
been regarded as the next generation display device. Such
flexible organic light-emitting display device is fabricated
by forming a display area and various conductive lines on a
flexible substrate made of plastic or the like so that it can
display images even if it is bent like paper.

[0007] Applications of such flexible organic light-emitting
display devices become wider, including computer monitors
and televisions as well as personal portable devices. Accord-
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ingly, research is on-going into flexible organic light-emit-
ting display devices having a larger display area with
reduced volume and weight.

SUMMARY

[0008] The inventor of the present disclosure has studied
on flexible organic light-emitting display device capable of
being rolled up (e.g. into a scroll-like form) and stored or
retracted in such manner.

[0009] Such flexible organic light-emitting display
devices may be kept in the form of a scroll for a long-term
period (e.g., more than 100 hours) due to non-use, portabil-
ity, or other reasons. When a flexible organic light-emitting
display device is unrolled after being rolled up for such a
long-term period, it may be deformed or other irregularities
may occur.

[0010] The inventor of the present disclosure has analyzed
the relationship among a various elements of the flexible
organic light-emitting display device to find factors that
contribute to such deformation.

[0011] An object of the present disclosure is to provide a
flexible organic light-emitting display device capable of
reducing the degree of deformation occurring when it is
stored in a rolled-up form (e.g. like a scroll) for a long-term
period.

[0012] Further, another object of the present disclosure is
to provide a flexible organic light-emitting display device in
which thickness of each substrate is optimized so that the
flexible organic light-emitting display device can be rolled
up (e.g. into a scroll) with minimal deformation.

[0013] Furthermore, the other object of the present dis-
closure is to provide a flexible organic light-emitting display
device that has a resilience ability so that it is not deformed
after being rolled up for a long-term period and has strength
against impact (i.e., is not easily broken) by way of adjusting
the Young’s modulus of an encapsulation unit of the flexible
organic light-emitting display device.

[0014] Moreover, the other object of the present disclosure
is to provide a flexible organic light-emitting display device
with improved reliability and durability of an encapsulation
unit thereof.

[0015] It should be noted that objects of the present
disclosure are not limited to the above-described objects,
and other objects of the present disclosure will be apparent
to those skilled in the art from the following descriptions.

[0016] According to an aspect of the present disclosure,
there is provided an organic light-emitting display device.
The organic light-emitting display device includes: a first
flexible substrate; a second flexible substrate; a plurality of
organic light-emitting pixels on the first flexible substrate
and interposed between the first flexible substrate and the
second flexible substrate; an encapsulation unit covering the
plurality of organic light-emitting pixels; and an adhesive
layer on the encapsulation unit, the adhesive layer adhering
together the encapsulation unit and the second flexible
substrate. The adhesive layer has a Young’s modulus that is
equal to or larger than a value so that the first flexible
substrate is not deformed by bending stress if it is reverted
from a rolled up form. The thickness of the adhesive layer
is determined with respect to the thickness of the first
flexible substrate, the curvature radius threshold of the first
flexible substrate, and the Young’s modulus value of the
adhesive layer. The plurality of organic light-emitting pixels
is configured to be adjacent to a neutral plane, and wherein
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the neutral plane of the flexible organic light-emitting dis-
play device passes through portions of the encapsulation unit
covering plurality of organic light-emitting pixels.

[0017] According to another aspect of the present disclo-
sure, there is provided an organic light-emitting display
device. The organic light-emitting display device includes: a
first flexible substrate; a second flexible substrate; a plurality
of organic light-emitting pixels on the first flexible substrate
and interposed between the first flexible substrate and the
second flexible substrate; an encapsulation unit covering the
plurality of organic light-emitting pixels; and an adhesive
layer configured to adhere together the encapsulation unit
and the second flexible substrate. The first flexible substrate
maintains an elastic deformation property when the first
flexible substrate is rolled to have a curvature radius equal
to or larger than a threshold curvature radius for the first
flexible substrate. The second flexible substrate maintains an
elastic deformation property when the second flexible sub-
strate is rolled to have a curvature radius equal to or larger
than a threshold curvature radius for the second flexible
substrate.

[0018] According to another aspect of the present disclo-
sure, there is provided a flexible organic light-emitting
display device comprising: a first flexible substrate; a plu-
rality of organic light-emitting pixels on the first flexible
substrate; an encapsulation unit covering the plurality of
organic light-emitting pixels, a neutral plane of the flexible
organic light-emitting display device passing through a
portion of the encapsulation unit that overlaps the plurality
of organic light-emitting pixels; an adhesive layer on the
encapsulation unit; and a second flexible substrate on the
adhesive unit, the adhesive unit adhered to the second
flexible substrate and the encapsulation unit.

[0019] Particulars of the exemplary embodiments of the
present disclosure will be described in the detail description
with reference to the accompanying drawings.

[0020] According to an exemplary embodiment of the
present disclosure, the degree of deformation of a flexible
organic light-emitting display device when it is rolled into a
scroll and kept in the form of the scroll can be reduced.
[0021] According to an exemplary embodiment of the
present disclosure, the thickness of an encapsulation unit of
a flexible organic light-emitting display device is reduced,
thereby reducing the curvature radius threshold value that
determines the limit of the diameter of the flexible organic
light-emitting display device, in which can be rolled into.
[0022] It should be noted that effects of the present dis-
closure are not limited to those described above and other
effects of the present disclosure will be apparent to those
skilled in the art from the following descriptions.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] The above and other aspects, features and other
advantages of the present disclosure will be more clearly
understood from the following detailed description taken in
conjunction with the accompanying drawings, in which:
[0024] FIG. 1 is a schematic cross-sectional view of a
flexible organic light-emitting display device according to
an exemplary embodiment of the present disclosure;
[0025] FIG. 2 is a graph illustrating thickness versus
curvature radius threshold of the first flexible substrate of the
flexible organic light-emitting display device according to
an exemplary embodiment of the present disclosure;
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[0026] FIG. 3 is a diagram for illustrating how to mitigate
stress in terms of the thickness of the first flexible substrate
and the thickness of the adhesive layer of the flexible organic
light-emitting display device according to an exemplary
embodiment of the present disclosure; and

[0027] FIG. 4 is a schematic cross-sectional view of a
flexible organic light-emitting display device according to
another exemplary embodiment of the present disclosure.

DETAILED DESCRIPTION

[0028] Advantages and features of the present disclosure
and methods to achieve them will become apparent from the
descriptions of exemplary embodiments herein below with
reference to the accompanying drawings. However, the
present disclosure is not limited to exemplary embodiments
disclosed herein but may be implemented in various differ-
ent ways. The exemplary embodiments are provided for
making the disclosure of the present disclosure thorough and
for fully conveying the scope of the present disclosure to
those skilled in the art. It is to be noted that the scope of the
present disclosure can be defined by the claims.

[0029] The figures, dimensions, ratios, angles, the num-
bers of elements given in the drawings are merely illustra-
tive and are not limiting. Like reference numerals denote
like elements throughout the descriptions. Further, in
describing the present disclosure, descriptions on well-
known technologies may be omitted in order not to unnec-
essarily obscure the gist of the present disclosure. It is to be
noticed that the terms “comprising,” “having,” “including”
and so on, used in the description and claims, should not be
interpreted as being restricted to the means listed thereafter
unless specifically stated otherwise. Where an indefinite or
definite article is used when referring to a singular noun, e.g.
“a,” “an,” “the,” this includes a plural of that noun unless
specifically stated otherwise.

[0030] In describing elements, they are interpreted as
including error margins even without explicit statements.
[0031] In describing positional relationship, such as “an
element A on an element B”, “an element A above an
element B”, “an element A below an element B” and “an
element A adjacent to an element B” may allow another
element C to be disposed between the elements A and B
unless the term “directly” or “immediately” is explicitly
used.

[0032] As used herein, a phrase “an element A on an
element B” refers to that the element A may be disposed
directly on the element B and/or the element A may be
disposed indirectly on the element B via another element C.
[0033] Various physical properties such as Young’s modu-
lus, stress, pressure, viscosity, adhesive force and strength
are measured at a room temperature unless stated otherwise.
The room temperature may refer to approximately 15° C. to
35° C. specifically approximately 20° C. to 25° C. and more
specifically 25° C.

[0034] The adhesive force refers to that measured on glass
(or the particular material to which the adhesive acts on)
unless stated otherwise.

[0035] The terms first, second and the like in the descrip-
tions and in the claims are used for distinguishing between
similar elements and not necessarily for describing a sequen-
tial or chronological order. These terms are used to merely
distinguish one element from another. Accordingly, as used
herein, a first element may be a second element within the
technical idea of the present disclosure.
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[0036] Like reference numerals denote like elements
throughout the descriptions.

[0037] The drawings are not to scale and the relative
dimensions of various elements in the drawings are depicted
schematically and not necessarily to scale.

[0038] The features of various embodiments of the present
disclosure can be partially or entirely bonded to or combined
with each other and can be interlocked and/or operated in
technically various ways as can be fully understood by a
person having ordinary skill in the art, and the embodiments
can be carried out independently of or in association with
each other.

[0039] Hereinafter, exemplary embodiments of the present
disclosure will be described in detail with reference to the
accompanying drawings.

[0040] FIG. 1 is a schematic cross-sectional view of a
flexible organic light-emitting display device according to
an exemplary embodiment of the present disclosure.
[0041] Referring to FIG. 1, the organic light-emitting
display device 100 according to an exemplary embodiment
of the present disclosure includes a first flexible substrate
102, a plurality of organic light-emitting pixels 104, an
encapsulation unit 106, an adhesive layer 108 and a second
flexible substrate 110.

[0042] The first flexible substrate 102 has flexible charac-
teristics. A plurality of organic light-emitting pixels 104 is
disposed on the first flexible substrate 102. Images are
displayed by the plurality of organic light-emitting pixels
104. The encapsulation unit 106 is disposed on the plurality
of organic light-emitting pixels 104 to protect the plurality
of organic light-emitting pixels 104 from oxygen and mois-
ture. The adhesive layer 108 attaches the encapsulation unit
106 of the first flexible substrate 102 to the second flexible
substrate 110.

[0043] The flexible organic light-emitting display device
100 can be rolled into a scroll or otherwise configured into
a more compact form. Here, the first flexible substrate 102
and the second flexible substrate 110 of the flexible organic
light-emitting display device 100 can be made of different
materials. The flexible organic light-emitting display device
100 can be rolled up such that the ends of the first and second
flexible substrates 102, 110 are curved toward the first
flexible substrate 102.

[0044] That is, the first flexible substrate 102 receives
compressive stress when the organic light-emitting display
device 100 is rolled up. Here, it can be said that the plurality
of organic light-emitting pixels 104 is located on a neutral
plane (NP). The encapsulation unit 106 has a certain mini-
mum Young’s modulus value so that it is not deformed by
bending stress when it is kept in the form of a scroll or in
some other compact form. The second flexible substrate 110
receives tensile stress when it is rolled up. The second
flexible substrate 110 can be made of a material having a
higher breaking strength versus tensile stress than that of the
first flexible substrate 102.

[0045] FIG. 2 is a graph for illustrating thickness versus
curvature radius threshold of the first flexible substrate 102
of the flexible organic light-emitting display device 100
according to an exemplary embodiment of the present
disclosure.

[0046] Equation 1 shown below expresses thickness ver-
sus curvature radius threshold of the first flexible substrate
of the flexible organic light-emitting display device accord-
ing to the exemplary embodiment of the present disclosure.
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[0047] Hereinafter, referring to FIGS. 1 and 2 and Equa-
tion 1, a way of determining the thickness of the first flexible
substrate 102, so that the flexible organic light-emitting
display device 100 according to the exemplary embodiment
of the present disclosure can be rolled up, is described.
[0048] The first flexible substrate 102 has flexible charac-
teristics. The first flexible substrate 102 may be made of, for
example, an organic material or an inorganic material and
may be optically-transparent, flexible and chemically resis-
tant so that it is applicable to a deposition process at a high
temperature. The first flexible substrate 102 may be, for
example, a glass substrate that has excellent water vapor
transmission rate (WVTR), is flexible and has transparency
at the visible wavelengths (i.e. has see-through (e.g., trans-
parent) characteristics). In order to achieve such character-
istics, the thickness of the glass as the first flexible substrate
102 has to be thin. However, since the glass is easily broken
or damaged, various factors have to be considered in detet-
mining the thickness of the glass substrate, to enable it to be
rolled into a scroll with sufficient strength.

[0049] For example, the radius of a circular shape when
the flexible organic light-emitting display device 100 is
rolled up into a scroll or cylinder as small as possible may
be determined as 100 mm. Then, the curvature radius (i.e.,
the curvature radius, 1 R is equivalent to 1 mm) of the first
flexible substrate 102 is 100 R.

[0050] In another example, the radius of the circle (i.e., the
radius of circular shape) may be 50 mm. Then, the curvature
radius of the first flexible substrate 102 is 50 R.

[0051] It should be noted that the above-described
examples with respect to the radius are merely illustrative
and the present disclosure 1s not limited thereto.

[0052] The thickness of the first flexible substrate 102 may
be determined based on a first bending stress threshold 0,
and a Young’s modulus E. The first bending stress threshold
Oz and the Young’s modulus E may be constant values of
the material of the first flexible substrate 102.

[0053] For example, if the first flexible substrate 102 is
made of glass, the first bending stress threshold o, of the
first flexible substrate 102 may be 50 MPa. Here, bending
stress threshold of a component refers to a maxinum
possible bending stress before damaging the component, e.g.
the first flexible substrate. In addition, the Young’s modulus
may be 71.5 GPa. If the curvature radius threshold R, of
the first flexible substrate 102 is 100 R, the maximum
thickness of the first flexible substrate 102 may be deter-
mined using Equation 1 below:

(E % % ] [Equation 1]

IrH =
Ry

where 0,4 denotes to the first bending stress threshold, E
denotes the Young’s modulus, T denotes the thickness of the
first flexible substrate 102, and R,,; denotes the curvature
radius threshold. Here, curvature radius threshold of a
component refers to a maximum possible curvature radius
before damaging the component, e.g. the first flexible sub-
strate.

[0054] For example, in Equation 1, if the curvature radius
threshold R, of the flexible organic light-emitting display
device 100 is determined as 100 R, the first bending stress
threshold 0,; may be 50 MPa and the Young’s modulus may
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be 71.5 GPa. Accordingly, the thickness T of the first flexible
substrate 102 is equal to approximately 0.14 mm or less.
[0055] For example, in Equation 1, if the curvature radius
threshold R of the flexible organic light-emitting display
device 100 is determined as 50 R, the first bending stress
threshold 0, may be 50 MPa and the Young’s modulus may
be 71.5 GPa. Accordingly, the thickness T of the first flexible
substrate 102 is equal to approximately 70 um or less.
[0056] It can be seen that the thickness of the first flexible
substrate 102 is in proportion to the curvature radius thresh-
old (Ryy) of the flexible organic light-emitting display
device 100.

[0057] For example, the first flexible substrate 102 may be
a substrate that is etched (or otherwise applied with certain
surface treatment) to achieve a desired curvature radius
threshold (R,,). Specifically, during the process of forming
the plurality of organic light-emitting pixels 104 on the first
flexible substrate 102, the thickness of the substrate has to be
at least 1 mm in order to maintain flatness. However, the
thickness of the first flexible substrate 102 has to be reduced
after forming the plurality of organic light-emitting pixels
104 in order to decrease the curvature radius threshold
(Rzz). Accordingly, there is an advantage in processing or
manufacturing in that the first flexible substrate 102 may be
etched after forming the plurality of organic light-emitting
pixels 104. However, the thickness of the first flexible
substrate 102 is subject to the target curvature radius.
Consequently, the thickness of the first flexible substrate 102
is merely illustrative and the present disclosure is not limited
thereto.

[0058] For example, the thickness of the first flexible
substrate 102 may be selected from 30 um to 100 pm in
consideration of the curvature radius threshold (R ;).
[0059] For example, the first flexible substrate 102 may be
made of a material having a higher breaking strength with
respect to the compressive stress than that of the second
flexible substrate 110.

[0060] That is, the first flexible substrate 102 before etch-
ing may have a first thickness during the process of forming
the plurality of organic light-emitting pixels 104, and after
forming the plurality of organic light-emitting pixels 104,
may have a second thickness which is thinner than the first
thickness. The plurality of organic light-emitting pixels 104
is disposed on the first flexible substrate 102 that has the
thickness T determined based on a certain curvature radius
threshold (Ry;,). The plurality of organic light-emitting
pixels 104 includes at least an organic light-emitting diode
(OLED) and a driving circuitry. The organic light-emitting
diode includes at least an anode, an organic emission layer
and a cathode. A bank may be disposed between the organic
light-emitting pixels (and/or sub-pixels) to separate them
from one another. The anode may be patterned so that it is
disposed in each of the organic light-emitting pixels and may
be covered by the bank. The organic light-emitting diode
may include a variety of layers such as an electron transport
layer (ELT), an emission layer (EML) and a hole transport
layer (HTL). Such layers may be independent or combined
in their functionalities. A capping layer may be further
disposed on the cathode. The driving circuitry includes a
switching transistor, a driving transistor and a capacitor.
Fach of the transistors may include a gate electrode
extended from a gate line, a source electrode and a drain
electrode extended from a data line, and may adjust the
amount of current flowing in the driving transistor in pro-
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portion to data voltage applied to the driving transistor. The
driving transistor may be connected to the anode of the
organic light-emitting diode to supply current thereto.
[0061] The thickness of each of the plurality of organic
light-emitting pixels 104 may be, for example, 1 pm to 10
um. The thickness may be the sum of the thickness of lines
of the driving circuitry, the thickness of a passivation layer,
a planarization layer insulating the lines from one another,
the height of the organic light-emitting diode and the height
of the bank.

[0062] The neutral plane NP of the flexible organic light-
emitting display device 100 is configured to be adjacent to
the plane where the plurality of organic light-emitting pixels
104 is formed. Herein, the neutral plane NP may be defined
as follows: when the flexible organic light-emitting display
device 100 is bent, tensile stress is created on one side (e.g.,
a first side) of the neutral plane while compressive stress is
created on the other side (e.g., a second side) of the neutral
plane. Accordingly, there is a plane that is not under tensile
stress and compressive stress, which is referred to as the
neutral plane (NP). Thus, in theory, there is no bending stress
at the neutral plane (NP).

[0063] By configuring the neutral plane NP at the location
where the plurality of organic light-emitting pixels 104 is
disposed, no stress is applied to the plurality of organic
light-emitting pixels 104 when the flexible organic light-
emitting display device 100 is bent. As a result, damage to
the plurality of organic light-emitting pixels 104 can be
reduced. However, this is merely illustrative and the present
disclosure is not limited thereto. The neutral plane NP may
be formed on the interface between the plurality of organic
light-emitting pixels 104 and the adhesive layer 108. In that
case, no stress is applied to the interface between the
plurality of organic light-emitting pixels 104 and the ache-
sive layer 108, and thus no delamination takes place on the
interface. More specifically, the neutral plane NP may be
positioned in an area which is +15 pum away from the
plurality of organic light-emitting pixels 104. However, this
is merely illustrative and the present disclosure is not limited
thereto. If the neutral plane NP is too far from the organic
light-emitting pixels 104, stress is exerted on the organic
light-emitting pixels 104. Accordingly, the neutral plane NP
has to be configured near the organic light-emitting pixels
104.

[0064] The encapsulation unit 106 may be made of an
inorganic material. For example, the encapsulation unit 106
may be made of silicon nitride (SiN,), silicon oxide (SiO_),
aluminum oxide (Al,O;), etc. Namely, a material having
good WVTR may be chosen.

[0065] The encapsulation unit 106 is disposed adjacent to
the neutral plane NP. According to the above-described
configuration, the bending stress exerted on the encapsula-
tion unit 106 can be reduced, and thus the possibility that
cracks or damages occurred in the inorganic layer of the
encapsulation unit 106 may be drastically lowered. Accord-
ingly, the durability of the flexible organic light-emitting
display device 100 against bending can be enhanced.
[0066] The encapsulation unit 106 may be made up of a
single inorganic film. However, this is merely illustrative
and the present disclosure is not limited thereto. The encap-
sulation unit 106 may be formed by forming a first inorganic
film, disposing an overcoat layer on the first inorganic film
to compensate for irregularity caused by foreign matters,
forming a second inorganic film on the overcoat layer, and
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sealing the overcoat layer by the first and second inorganic
film. In this manner, the encapsulation unit 106 can com-
pensate for irregularity caused by foreign matters.

[0067] The adhesive layer 108 is disposed on the encap-
sulation unit 106. The adhesive layer 108 secures the first
flexible substrate 102 to the second flexible substrate 110.
[0068] The adhesive layer 108 is configured with a certain
thickness to achieve sufficient resilience so that it can be
unrolled after being stored in the form of a scroll having a
certain curvature radius for a long-term period, as well as
sufficient strength so that it is not broken by external impact.
[0069] Firstly, the adhesive layer 108 has a certain adhe-
sive force. The adhesive force of the adhesive layer 108 can
be increased by a curing process. After the curing, the
adhesive force of the adhesive layer 108 may be equal to 450
gf/10 mm or higher. If the adhesive force is too weak, the
first flexible substrate 102 may be delaminated from the
second flexible substrate 110. Accordingly, the adhesive
layer 108 has a sufficient adhesive force so that no delami-
nation takes place when it is rolled into a scroll.

[0070] Secondly, the adhesive layer 108 has a certain
Young’s modulus E. In addition, the Young’s modulus of the
adhesive layer 108 is smaller than that of the first flexible
substrate 102. If the Young’s modulus of the adhesive layer
108 is smaller than that of the first flexible substrate 102,
there is an advantage in that the adhesive layer 108 can
absorb the stress exerted on the first flexible substrate 102.
[0071] For example, the Young’s modulus E of the adhe-
sive layer 108 after curing may be 900 MPa or higher. For
example, if the Young’s modulus E is too low, there is a
problem in that the flexible organic light-emitting display
device may be easily deformed. That is, if the Young’s
modulus E is too low, the flexible organic light-emitting
display device may be easily deformed, and when it is stored
in the form of a scroll for a long-term period, the adhesive
layer 108 may absorb the bending stress such that the
organic light-emitting display device may remain bent. In
particular, such a problem may be critical for a flexible
organic light-emitting display device that can be rolled into
a scroll.

[0072] For example, if the Young’s modulus E of the
adhesive layer after curing is low (e.g., 800 MPa) the
adhesive layer 108 may absorb the stress well, and thus this
may be regarded as an advantage in terms of bending
characteristic. However, when the flexible organic light-
emitting display device is kept in the form of a scroll for a
long-term period, the shape of the adhesive layer 108 may
be deformed due to the stress exerted for the long time.
Therefore, the adhesive layer having a Young’s modulus of
800 MPa or less may not be applied to the flexible organic
light-emitting display device that is rolled into a scroll.
[0073] Thirdly, the adhesive layer 108 has a certain thick-
ness. For example, if the first flexible substrate 102 is made
of glass, it may be easily broken by external impact. Spe-
cifically, if the first flexible substrate 102 is an etched glass,
itis more vulnerable to external impact. In addition, if cracks
take place in the first flexible substrate 102 or the first
flexible substrate 102 is damaged, moisture and oxygen may
permeate into the organic light-emitting pixels 104, resulting
in defects.

[0074] However, if the first flexible substrate 102 is made
of glass, it may have a flaw, a scratch, or a surface damage
made during a manufacturing process. When the glass
substrate is bent, the tensile stress is concentrated on such a
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surface flaw, a scratch or a surface damage. Accordingly, the
substrate may be broken where a surface flaw, a scratch or
a surface damage exists. However, by an etching process,
there is an advantage in that such surface flaws, scratches or
surface damages can be etched too. Accordingly, there is an
advantage in that reliability against the tensile stress can be
increased even if the thickness of the first flexible substrate
102 is substantially reduced.

[0075] FIG. 3 is a diagram for illustrating how to mitigate
stress in terms of the thickness of the first flexible substrate
102 and the thickness of the adhesive layer 108 of the
flexible organic light-emitting display device 100 according
to an exemplary embodiment of the present disclosure.
[0076] Equation 2 expresses stress according to the thick-
ness of the first flexible substrate 102 and the thickness of
the adhesive layer 108 of the flexible organic light-emitting
display device 100 according to an exemplary embodiment
of the present disclosure.

[0077] Hereinafter, a way of determining the thickness of
the adhesive layer 108 of the flexible organic light-emitting
display device 100 according to an exemplary embodiment
of the present disclosure will be described with reference to
FIG. 3 and Equation 2.

[0078] The adhesive layer 108 is configured to increase
strength of the first flexible substrate 102 against external
impact. For example, the strength may be measured by a ball
drop test. The ball drop test is carried out by dropping an
iron ball having a certain diameter from a predetermined
height onto the flexible organic light-emitting display device
100, and measuring damage to the flexible organic light-
emitting display device 100. This is related with the curva-
ture radius threshold (R ;) of the first flexible substrate 102,
That is, as the first flexible substrate 102 becomes thinner in
order to decrease the curvature radivs threshold (R4, the
strength of the flexible organic light-emitting display device
100 may be weakened.

d* & E, [Equation 2]

3
Ur « a—4Egh +7h_§

[0079] Referring to Equation 2, U, denotes the total
energy value generated when the iron ball having the pre-
determined diameter freefalls to collide with the flexible
organic light-emitting display device 100, E, denotes the
Young’s modulus E of the first flexible substrate 102, h,
denotes the thickness of the first flexible substrate 102, E,
denotes the Young’s modulus E of the adhesive layer 108, h,,
denotes the thickness of the adhesive layer 108. In FIG. 3
and Equation 2, ¢ denotes the radius of the deformed area
of the first flexible substrate 102. In FIG. 3 and Equation 2,
d denotes the depth of the recessed part of the organic
light-emitting display device 100 toward the adhesive layer
108 as the iron ball freefalls onto it. According to Equation
2, the total energy U, is dispersed as the first flexible
substrate 102 and the adhesive layer 108 are deformed. The
first flexible substrate 102 is broken if the U, value exceeds
the threshold value that the first flexible substrate 102 can
tolerate.

[0080] It can be seen from Equation 2 that the damage to
the first flexible substrate 102 can be avoided by decreasing
the Young’s modulus E of the adhesive layer 108 or by
increasing the thickness h,, of the adhesive layer 108. How-
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ever, as described earlier, if the Young’s modulus E,, of the
adhesive layer 108 is low, it may be deformed when the
flexible organic light-emitting display device 100 is stored in
the form of the a scroll for a long-term period. Accordingly,
the Young’s modulus E,, of the adhesive layer 108 should be
larger than a certain value. For example, the Young’s modu-
lus of the adhesive layer 108 may be configured to be at least
900 MPa in consideration of reducing the degree of defor-
mation.

[0081] The thickness of the adhesive layer 108 should be
increased with respect to the Young’s modulus E,. For
example, the thickness of the adhesive layer 108 may be
configured to be at least 40 pm. However, if the thickness of
the adhesive layver 108 becomes larger than a certain value,
the thickness of the flexible organic light-emitting display
device 100 is also increased. Accordingly, the thickness may
be configured to be equal to or less than 60 pm.

[0082] Referring back to FIG. 1, the second flexible sub-
strate 110 has flexible characteristics. The second flexible
substrate 110 is made of a material having a higher breaking
strength than that of the first flexible substrate 102. For
example, the second flexible substrate 110 may be a metal
plate. The second flexible substrate 110 may be a metal plate
or a foil made of copper or aluminum.

[0083] In particular, if the flexible organic light-emitting
display device 100 is configured to be rolled toward the first
flexible substrate 102, the second flexible substrate 110
receives tensile stress all the time.

[0084] If the first flexible substrate 102 and the second
flexible substrate 110 are made of the same glass, the first
flexible substrate 102 receives compressive stress while the
second flexible substrate 110 receives tensile stress. How-
ever, glass may not be easily broken by compressive stress
but it can be easily broken by tensile stress. Accordingly, if
the second flexible substrate 110 is made of glass and is
rolled into a scroll, the second flexible substrate 110 may be
broken.

[0085] If the second flexible substrate 110 is a metal plate
made of copper or aluminum, there is an advantage in that
it is not easily broken by the tensile stress. Accordingly, the
flexible organic light-emitting display device 100 according
to an exemplary embodiment of the present disclosure is
rolled toward the first flexible substrate 102, the first flexible
substrate 102 and the second flexible substrate 110 are not
easily broken by the tensile stress.

[0086] For example, the thickness of the second flexible
substrate 110 may be determined between 10 um and 120
pm.

[0087] FIG. 4 is a schematic cross-sectional view of a
flexible organic light-emitting display device 200 according
to another exemplary embodiment of the present disclosure.
[0088] In the following description, for convenience of
description, a flexible organic light-emitting display device
200 according to another exemplary embodiment of the
present disclosure will be described focusing on differences
from the flexible organic light-emitting display device 100
according to the exemplary embodiment of the present
disclosure, and the redundant features will be omitted.
[0089] Referring to FIG. 4, an adhesive layer 208 of the
flexible organic light-emitting display device 200 includes at
least two layers. A first adhesive layer 218 of the adhesive
layer 208 is disposed closer to a first flexible substrate 202.
A second adhesive layer 228 is disposed closer to a second
flexible substrate 210. The second adhesive layer 228 con-
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tains moisture absorbents 238 (i.e., getters). The thickness of
the adhesive layer 208 according to the exemplary embodi-
ments of the present disclosure may be larger than the
related art adhesive layers with respect to the bending
characteristics and strength of the first flexible substrate. In
addition, the adhesive layer 208 cannot sufficiently block
moisture permeation, compared to the second flexible sub-
strate 210. Accordingly, moisture may permeate through the
side surfaces of the adhesive layer 208. In particular, the
thicker the adhesive layer 208 is, the more likely moisture
permeates through the side surfaces. For this reason, the
second adhesive layer 228 contains the moisture absorbents
238. The moisture absorbents 238 may damage an encap-
sulation unit 206. Therefore, the first adhesive layer 218 is
interposed between the moisture absorbents 238 and the
encapsulation unit 206 to protect the encapsulation unit 206
from the moisture absorbents 238. Further, a plurality of
organic light-emitting pixels 204 is disposed on the first
flexible substrate 202.

[0090] For example, the first adhesive layer 218 may have
a thickness between 5 pm and 8 um so as to protect the
encapsulation unit 206 from the moisture absorbents 238 of
the second adhesive layer 228. In order to enhance the
strength of the first flexible substrate 202 and suppress
moisture from permeating through the side surfaces, the sum
of the thickness of the first adhesive layer 218 and the
thickness of the second adhesive layer 228 may be at least
40 pm to 60 um. However, this is merely illustrative and the
present disclosure is not limited thereto.

[0091] In some embodiments of the present disclosure, a
flexible organic light-emitting display device may be dis-
posed in a structure capable of scrolling the flexible organic
light-emitting display device.

[0092] In some embodiments of the present disclosure,
one side of the flexible organic light-emitting display device
is fixed to a cylinder having a diameter such that it may be
rolled or unrolled according to the rotation of the cylinder.
However, the inventive concepts herein are not limited to
display devices or screens that are fixed or operatively
attached to a cylinder, as other types of support structures
that allow different form factors (i.e. opening for usage and
closing for stowage, etc.) are possible.

[0093] The exemplary embodiments of the present disclo-
sure may be summarized as follows:

[0094] A flexible organic light-emitting display device
according to exemplary embodiments of the present disclo-
sure includes a first flexible substrate on which a plurality of
organic light-emitting pixels is disposed; a second flexible
substrate facing the plurality of organic light-emitting pixels
on the first flexible substrate; and an adhesive layer config-
ured to adhere the first flexible substrate to the second
flexible substrate. A neutral plane is configured adjacent to
the plurality of organic light-emitting pixels such that the
stress by bending is not created when the flexible organic
light-emitting display device is rolled toward the first flex-
ible substrate, thereby protecting the organic light-emitting
pixels from the stress.

[0095] The first flexible substrate of the flexible organic
light-emitting display device according to the exemplary
embodiments of the present disclosure is made of a material
having a high Young’s modulus so that the first flexible
substrate can be unrolled flatly. For example, the first
flexible substrate is made of an etched glass. According to
the above-described configuration, there is an advantage in
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that the flatness of the substrate is maintained during a
manufacturing process of the organic light-emitting pixels,
so that desired yield and processing conditions can be
achieved. In addition, there is an advantage in that a desired
curvature radius threshold of the flexible organic light-
emitting display device can be achieved since the substrate
is etched to a certain thickness after forming the organic
light-emitting pixels.

[0096] The adhesive layer of the flexible organic light-
emitting display device according to the exemplary embodi-
ments of the present disclosure is made of a material having
a Young’s modulus larger than a certain value so that it is not
deformed when it is rolled into a scroll. In addition, in order
to mitigate the compressive stress on the first flexible
substrate, the adhesive layer has a Young’s modulus smaller
than that of the first flexible substrate. That is, the Young’s
modulus of the adhesive layer is smaller than that of the first
flexible substrate and is larger than a certain value so that the
flexible organic light-emitting display device is not
deformed when it is kept in the form of a scroll for long
hours.

[0097] The thickness of the adhesive layer of the flexible
organic light-emitting display device according to the exem-
plary embodiments of the present disclosure is determined
with respect to the thickness of the first flexible substrate and
the strength of the flexible organic light-emitting display
device. That is, the adhesive layer has a thickness larger than
a certain value in order to achieve a desired strength of the
flexible organic light-emitting display device. In addition,
the adhesive layer has a thickness smaller than a certain
value with respect to the curvature radius threshold of the
flexible organic light-emitting display device. That is, the
thickness of the adhesive layer is determined in a range that
obtains a desired strength at a given thickness of the first
flexible substrate without increasing the curvature radius
threshold of the flexible organic light-emitting display
device.

[0098] The second flexible substrate of the flexible organic
light-emitting display device according to the exemplary
embodiments of the present disclosure is made of a material
having a high Young’s modulus value so that the first
flexible substrate can be unrolled flatly. Since the second
flexible substrate receives tensile stress when it is rolled, the
second flexible substrate is made of a material having better
durability against tensile stress than that of the first flexible
substrate. For example, the second flexible substrate is made
of a metal material. According to the above-described con-
figuration, it is possible to avoid damage by the tensile stress
when the flexible organic light-emitting display device is
rolled into a scroll.

[0099] Insome embodiments of the present disclosure, the
flexible organic light-emitting display device may be rolled
into a circle having a curvature radius larger than the
minimum curvature radius that maintains elastic deforma-
tion property.

[0100] Specifically, the first flexible substrate is rolled into
a circle having a curvature radius larger than the minimum
curvature radius that maintains an elastic deformation prop-
erty. In addition, the second flexible substrate is rolled into
a circle having a curvature radius larger than the minimum
curvature radius that maintains the elastic deformation prop-
erty. The term “elastic deformation” refers to a property that
allows a layer to restore its original shape as soon as stress
is removed even after it is rolled for long hours.
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[0101] Inaddition, the adhesive layer between the first and
second flexible substrates has an inelastic (anelastic) defor-
mation property. The term “inelastic deformation” refers to
a property that a layer does not restore its original shape
even after stress is removed or restores its original shape if
it is rolled and stored for a certain period.

[0102] The Young’s modulus of each of the first and
second flexible substrates may be larger than that of the
adhesive layer. For example, the first flexible substrate
and/or the second flexible substrate may be made of one of
glass, metal and ceramic. The adhesive layer may be made
of a polymer.

[0103] According to the above-described configuration,
even when the flexible organic light-emitting display device
is stored in the form of a scroll for a long-term period, the
elastic deformation property can be maintained as the first
and second flexible substrates are rolled into a circle having
a curvature radius larger than the minimum curvature radius
that maintains the elastic deformation property. On the other
hand, the adhesive layer has an inelastic deformation prop-
erty, and thus it may be deformed after it is rolled for a
long-term period. However, since the Young’s modulus of
each of the first and second flexible substrates is larger than
that of the adhesive layer, the adhesive layer can restore its
flat shape by virtue of the first and second flexible substrates.
[0104] Insome embodiments of the present disclosure, the
flexible organic light-emitting display device may maintain
the elastic deformation property while having a brittle
property and a plastic deformation property.

[0105] Specifically, the first flexible substrate has the
elastic deformation property in general and such property
may be changed into a brittle property if a stress above a
certain level is exerted thereon. The second flexible substrate
has the elastic deformation property in general and such
property may be changed into a plastic deformation property
if a stress above a certain level is exerted thereon. The term
“brittle property” refers to a property that if a layer is
deformed by stress, the layer is rarely plastically deformed
but is shattered (e.g., breaks). The term “plastic deforma-
tion” refers to a property that has the elastic deformation
property in general and such property may be changed into
the inelastic deformation property if a stress above a certain
level is exerted thereon.

[0106] The first flexible substrate may be rolled such that
it receives a stress below a value that causes brittle property.
Further, the second flexible substrate may be rolled such that
it receives a stress below a value that causes plastic defor-
mation.

[0107] For example, the first flexible substrate is made of
glass. In addition, the second flexible substrate may be made
of metal.

[0108] According to the above-described configuration,
even if the flexible organic light-emitting display device is
stored in the form of a scroll for a long-term period, the
elastic deformation property can be maintained as the first
and second flexible substrates are rolled into a circle having
a curvature radius larger than the minimum curvature radius
that can maintain the elastic deformation property.

[0109] In particular, if the first flexible substrate has brittle
property, it has good resilience, and thus there is an advan-
tage in that the flexible organic light-emitting display device
is not deformed even after it is rolled for a long-term period.
[0110] In some embodiments of the present disclosure, the
adhesive layer may be made of an elastomer. The term
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“elastomer” refers to a polymer with elastic deformation
property, such as rubber (e.g., a very large deformation that
can be restored at a low stress level). For example, the
Young’s modulus E, of the adhesive layer made of an
elastomer may be 5 MPa to 100 MPa. That is, elastomer can
be easily deformed even with a small stress, and has
excellent resilience. Accordingly, if the adhesive layer is
made of elastomer, it has very low Young’s modulus, and
thus there is an advantage in that it does not affect the
deformation of the flexible organic light-emitting display
device.

[0111] In some embodiments of the present disclosure, at
least a surface of the first flexible substrate may be etched.
For example, a first surface of the first flexible substrate may
be etched, thereby removing a defect, a scratch or damage on
the first surface. In particular, the etched surface may be
configured to endure tensile stress. According to the above-
described configuration, there is an advantage in that the
reliability of the flexible organic light-emitting display
device can be improved even if at least one surface of the
first flexible substrate is etched.

[0112] In some embodiments of the present disclosure,
both surfaces of the first flexible substrate may be etched.
For example, a first surface and a second surface of the first
flexible substrate may be etched, thereby removing a defect,
a scratch or damage on the first and second surfaces may be
removed. According to the above-described configuration,
there is an advantage in that the reliability of the flexible
organic light-emitting display device can be improved by
etching both surfaces of the first flexible substrate.

[0113] The exemplary embodiments of the present disclo-
sure can also be described as follows:

[0114] According to an aspect of the present disclosure,
there is provided an organic light-emitting display device.
The organic light-emitting display device includes: a first
flexible substrate; a second flexible substrate facing the first
flexible substrate; a plurality of organic light-emitting pixels
on the first flexible substrate and interposed between the first
flexible substrate and the second flexible substrate; an
encapsulation unit between the first flexible substrate and the
second flexible substrate to protect the plurality of organic
light-emitting pixels from oxygen and moisture; and an
adhesive layer on the encapsulation unit to adhere the first
flexible substrate and the second flexible substrate. The
plurality of organic light-emitting pixels is configured to be
adjacent to a neutral plane. The adhesive layer has a Young’s
modulus that is equal to or larger than a certain value so that
the first flexible substrate is not deformed by bending stress
if it is retracted in a rolled up form for a certain period of
time. The thickness of the adhesive layer is determined with
respect to the thickness of the first flexible substrate, the
curvature radius threshold of the first flexible substrate and
the Young’s modulus of the adhesive layer.

[0115] The first flexible substrate may be configured to
receive compressive stress and the second flexible substrate
may be configured to receive tensile stress, such that com-
pressive stress is applied to the first flexible substrate and
tensile stress is applied to the second flexible substrate when
the first substrate is rolled up.

[0116] The second flexible substrate may be made of a
material having a higher breaking strength against tensile
stress than that of the first flexible substrate.

[0117] The second flexible substrate may be a metal plate
having a thickness between 10 um and 120 pum.
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[0118] The first flexible substrate may be made of a
material having a higher breaking strength against compres-
sive stress than that of the second flexible substrate.
[0119] The first flexible substrate may be an etched glass
substrate having a thickness between 30 um and 100 pm.
[0120] The thickness of the adhesive layer may be
between 40 pm and 60 pm.

[0121] The adhesive layer may further include a first
adhesive layer adjacent to the plurality of organic light-
emitting pixels, and a second adhesive layer adjacent to the
second flexible substrate and containing a moisture absor-
bent.

[0122] The thickness of the first adhesive layer may be
equal to at least 5 um, and the thickness of the second
adhesive layer may be equal to the thickness of the adhesive
layer minus the thickness of the first adhesive layer.
[0123] The adhesive layer may be made of an epoxy resin
having the Young’s modulus of 900 MPa or higher under
cured status, and the plurality of organic light-emitting
pixels is configured to be adjacent to a neutral plane.
[0124] The first flexible substrate may be capable of being
rolled up to have a curvature radius equal to or larger than
a minimum curvature radius that maintains an elastic defor-
mation property, the second flexible substrate may be rolled
into a circle having a curvature radius equal to or larger than
aminimum curvature radius that maintains the elastic defor-
mation property, the adhesive layer may have inelastic
deformation property, and the Young’s modulus of each of
the first flexible substrate and the second flexible substrate
may be larger than that of the adhesive layer.

[0125] The first flexible substrate may have a brittle prop-
erty while having the elastic deformation property, the first
flexible substrate may be capable of being rolled up so that
it receives a stress below a value that causes the brittle
property, the second flexible substrate may have a plastic
deformation property while having the elastic deformation
property, the second flexible substrate may be capable of
being rolled up so that it receives a stress below a value that
causes the plastic deformation property.

[0126] The adhesive layer may be made of an elastomer
and may have the Young’s modulus between 5 MPa and 100
MPa.

[0127] A surface of the first flexible substrate may be
etched, and the etched surface may be configured to receive
tensile stress.

[0128] According to another aspect of the present disclo-
sure, there is provided an organic light-emitting display
device. The organic light-emitting display device includes: a
first flexible substrate; a second flexible substrate facing the
first flexible substrate; a plurality of organic light-emitting
pixels on the first flexible substrate and between the first
flexible substrate and the second flexible substrate; an
encapsulation unit between the first flexible substrate and the
second flexible substrate to protect the plurality of organic
light-emitting pixels from oxygen and moisture; and an
adhesive layer on the encapsulation unit to adhere the first
flexible substrate and the second flexible substrate together.
[0129] The first flexible substrate may be capable of being
rolled up to have a curvature radius equal to or larger than
a minimum curvature radius that maintains an elastic defor-
mation property, the second flexible substrate may be
capable of being rolled up to have a curvature radius equal
to or larger than a minimum curvature radius that maintains
an elastic deformation property, the adhesive layer may have
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an elastic deformation property, and each of the first and
second flexible substrates may have a Young’s modulus that
is larger than that of the adhesive layer.

[0130] Thus far, exemplary embodiments of the present
disclosure have been described in detail with reference to the
accompanying drawings. However, the present disclosure is
not limited to the exemplary embodiments, and modifica-
tions and variations can be made thereto without departing
from the technical idea of the present disclosure. Accord-
ingly, the exemplary embodiments described herein are
merely illustrative and are not intended to limit the scope of
the present disclosure. The technical idea of the present
disclosure is not limited by the exemplary embodiments.
The scope of protection sought by the present disclosure is
defined by the appended claims and all equivalents thereof
are construed to be within the true scope of the present
disclosure.

1. A flexible light-emitting display device comprising:

a first flexible substrate;

a plurality of light emitting pixels on the first flexible

substrate;

an inorganic encapsulation layer covering the plurality of

light emitting pixels;

an adhesive layer on the inorganic encapsulation layer;

and

a second flexible substrate on the adhesive unit, the

adhesive unit adhered to the second flexible substrate
and the inorganic encapsulation layer;

wherein the flexible organic light-emitting display device

is configured to be arranged in a flat form or in a rolled
up form, and

wherein a neutral plane of the flexible light-emitting

display device lies at least partially in the inorganic
encapsulation layer, the neutral plane indicating a plane
along which tensile stress or compressive stress due to
rolling of the flexible light-emitting display device into
the rolled up form is absent.

2. The flexible light-emitting display device of claim 1,
wherein the first flexible substrate comprises an organic
material.

3. The flexible light-emitting display device of claim 2,
wherein the organic material comprises plastic.

4. The flexible light-emitting display device of claim 1,
wherein the second flexible substrate has a greater tensile
strength than the first flexible substrate.

5. The flexible light-emitting display device of claim 1,
wherein the adhesive layer further comprises:

a first adhesive layer on the inorganic encapsulation layer;

and

a second adhesive layer in contact with the first adhesive

layer and the second flexible substrate, the second
adhesive layer comprising a moisture absorbent.

6. The flexible light-emitting display device of claim 1,
wherein the first flexible substrate is subject to compressive
stress and the second flexible substrate is subject to tensile
stress when the flexible organic light-emitting display device
is in the rolled up form.

7. The flexible light-emitting display device of claim 1,
wherein the first flexible substrate and the second flexible
substrate are elastically deformed when the flexible organic
light-emitting display device is in the rolled up form, and
wherein the Young’s modulus of each of the first flexible
substrate and the second flexible substrate is larger than the
Young’s modulus of the adhesive layer.
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8. The flexible light-emitting display device of claim 7,

wherein the unrolled shape of the second flexible sub-
strate is not restored if a tensile stress in the second
flexible substrate is above a second threshold and the
second flexible substrate reverts back to the unrolled
shape if the tensile stress in the second flexible sub-
strate is below the second threshold; and

wherein in the rolled up form the adhesive layer com-

prises an adhesive force that prevents delamination of
the first flexible substrate and the second flexible sub-
strate.

9. The flexible light-emitting display device of claim 8,
wherein the adhesive force is 450 gf/10 mm.

10. The flexible light-emitting display device of claim 1,
wherein the second flexible substrate comprises metal.

11. A rollable display apparatus comprising:

a glass substrate having a first Young’s modulus value;

a plurality of sub-pixels on the glass substrate;

an adhesive layer on the plurality of sub-pixels, the

adhesive layer having a second Young’s modulus value
that is different from the first Young’s modulus value;
a metal foil, on the adhesive layer, having a third Young’s
modulus value different from the first Young’s modulus
value and the second Young’s modulus value; and

wherein, the glass substrate is configured to deform
elastically when subject to compressive stress due to
rolling up of the rollable display apparatus, and

wherein the metal foil is configured to deform elastically
when subject to tensile stress due to rolling up of the
rollable display apparatus.

12. The rollable display apparatus according to claim 11,
wherein the rollable display apparatus is configured to
transition from being rolled up to being flat.

13. The rollable display apparatus according to claim 11,
wherein at least one side of the glass substrate is etched such
that the etched surface of the glass substrate is configured to
receive tensile stress when the rollable display apparatus is
rolled toward the glass substrate.

14. The rollable display apparatus according to claim 11,
wherein the metal foil has a tensile strength that is higher
than a tensile strength of the glass substrate.

15. The rollable display apparatus according to claim 11,
wherein the glass substrate has a compressive strength
higher than a compressive strength of the metal foil.

16. A flexible light-emitting display device comprising:

a first substrate;

a plurality of sub-pixels on the first substrate;

an encapsulation unit on the plurality of sub-pixels;

an adhesive layer on the encapsulation unit; and

a second substrate on the adhesive layer,

wherein the flexible light-emitting display device is con-

figured to be stored in a form of scroll, and

wherein the flexible organic light-emitting display device

is configured to be unrolled from the form of the scroll
to being flat due to at least one among a Young’s
modulus value of the first substrate and a Young’s
modulus value of the second substrate.

17. The flexible light-emitting display device of claim 16,
wherein the flexible light-emitting display device is config-
ured to be stored in the form of scroll for at least 100 hours.

18. The flexible organic light-emitting display device of
claim 16, further comprising a cylinder fixed to one side of
the flexible light-emitting display device; and wherein the



US 2018/0212170 Al Jul. 26,2018
10

flexible light-emitting display device is configured to be
rolled into the form of the scroll or unrolled as the cylinder
rotates.

19. The flexible organic light-emitting display device of
claim 18, wherein a diameter of the cylinder is based on a
curvature radius of the flexible light-emitting display device.

20. The flexible organic light-emitting display device of
claim 16, wherein a Young’s modulus value of the adhesive
layer is at least 900 MP.
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