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1
DISPLAY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATION

This U.S. nonprovisional application claims priority
under 35 U.S.C. § 119 to Korean Patent Application No.
10-2020-0014914, filed on Feb. 7, 2020, and No. 10-2020-
0147856, filed on Nov. 6, 2020, 1n the Korean Intellectual

Property Oflice, the disclosure of which 1s incorporated by
reference herein 1n its entirety.

TECHNICAL FIELD

The present disclosure relates to a display device with
enhanced folding properties and increased impact resistance.

DISCUSSION OF RELATED ART

Display devices display various images on their display
screens, for example, their allotted screens, to provide
information to users. Flexible display devices have recently
been developed, for example, for mobile devices to provide
much larger screens, to include flexible display panels
capable of being folded. Unlike rigid display devices, the
flexible display devices may be foldable, rollable, stretch-
able, and/or bendable. The tlexible display device, which 1s
deformable 1nto various shapes, can be carried out regardless
of 1ts existing screen size to thereby enhance user conve-
nience. Besides flexibility, i1t 1s also desirable that the flexible
display device has good impact resistance.

SUMMARY

Example embodiments of the present disclosure provide a
display device with enhanced folding properties and
increased impact resistance.

According to an example embodiment of the present
disclosure, a display device may include: a display module
that has at least one folding area; a first film disposed on the
display module and having a first modulus; a second film
disposed on the first film, being farther from the display
module than the first film, and having a second modulus less
than the first modulus; and a third film disposed on the
second f1lm, being farther from the display module than the
second film, and having a third modulus less than the second
modulus. The third modulus may be equal to or less than
about one-sixth of the first modulus.

In an example embodiment of the present disclosure, the
third modulus may be equal to or greater than about 1.5
percent and equal to or less than about 16.67 percent of the
first modulus.

In an example embodiment of the present disclosure, the
second modulus may be equal to or greater than about 50
percent and less than about 100 percent of the first modulus.

In an example embodiment of the present disclosure, the
first film may be a composite material including one or more
of polyimide (PI), aramid, glass fiber, glass chopped strand,
and cellulose fiber.

In an example embodiment of the present disclosure, the
second film may include polyethylene terephthalate (PET),
acryl, polycarbonate (PC), polyethylene naphthalate (PEN),
or triacetyl cellulose (TAC).

In an example embodiment of the present disclosure, the
third film may include polyamide (PA), polymethylmeth-

10

15

20

25

30

35

40

45

50

55

60

65

2

acrylate (PMMA), polyether block amide (PEBA)-based
polymer, a silicone-based polymer, or a urethane-based
polymer.

In an example embodiment of the present disclosure, a
thickness of the third film may be greater than a thickness of
the first film and a thickness of the second film. The
thickness of the first film and the thickness of the second film
may be the same as each other.

In an example embodiment of the present disclosure, the
display device may further include: a first adhesive layer
interposed between the display module and the first film; a
second adhesive layer interposed between the first film and
the second film; and a third adhesive layer interposed
between the second film and the third film.

In an example embodiment of the present disclosure, a
thickness of the first adhesive layer, a thickness of the
second adhesive layer, and a thickness of the third adhesive
layer may be the same as each other. A thickness of the third
adhesive layer may be less than a thickness of the first
adhesive layer and a thickness of the second adhesive layer.

In an example embodiment of the present disclosure, at a
certain temperature, an adhesive force of the second adhe-
sive layer may be less than an adhesive force of the first
adhesive layer and an adhesive force of the third adhesive
layer.

In an example embodiment of the present disclosure, the
display device may further include: a fourth adhesive layer
disposed below the display module; and a fourth film
disposed below the fourth adhesive layer and having a fourth
modulus less than the first modulus.

In an example embodiment of the present disclosure, the
display device may further include: a fifth adhesive layer
disposed below the fourth film; and a fifth film disposed
below the fifth adhesive layer and having a fifth modulus
less than the first modulus.

In an example embodiment of the present disclosure, the
fifth modulus may be less than the fourth modulus. A
thickness of the fifth film may be greater than a thickness of
the fourth film.

In an example embodiment of the present disclosure, each

of the first film and the second film may 1nclude a film that
satisfies a condition that yield strain 1s about 1.9% to about
2.5%, plastic deformation index 1s about 0.58 to about 1,
recovery rate 1s about 80% to about 100%, and strain rate 1s
about 0% to about 30%.

In an example embodiment of the present disclosure, the
third film 1ncludes a film that satisfies a condition that yield
strain 1s about 1.9% to about 2.5%, plastic deformation
index 1s about 0.58 to about 1, recovery rate 1s about 80% to
about 100%, and strain rate 1s about 0% to about 100%.

According to an example embodiment of the present
disclosure, a display device may include: a display module
that has at least one folding area; a first film disposed on the
C
C

1splay module and having a first modulus; a second film
1sposed on the first film, being farther from the display
module than the first film, and having a second modulus
different from the first modulus; a third film disposed on the
second film, being farther from the display module than the
second film, and having a third modulus different from the
first modulus and the second modulus; a first adhesive layer
interposed between the display module and the first film; a
second adhesive layer interposed between the first film and
the second film; and a third adhesive layer interposed
between the second film and the thuird film. At a certain
temperature, one or more ol an adhesive force of the second
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adhesive layer and an adhesive force of the third adhesive
layer may be less than an adhesive force of the first adhesive

layer.

In an example embodiment of the present disclosure, the
second modulus may be less than the first modulus. The
second modulus may be greater than the third modulus. The
third modulus may be equal to or greater than about 1.5
percent and equal to or less than about 16.67 percent of the
first modulus.

In an example embodiment of the present disclosure, the
display device may further include: a fourth film disposed
below the display module and having a fourth modulus less
than the first modulus; and a fifth film disposed below the
fourth film and having a fifth modulus less than the fourth
modulus. A thickness of the fifth film may be greater than a
thickness of the fourth film.

In an example embodiment of the present disclosure, a
thickness of the first film and a thickness of the second film
may be the same as each other. A thickness of the third film
may be greater than the thickness of the first film and the
thickness of the second film.

In an example embodiment of the present disclosure, the
first film may be a composite material including one or more
of polyimide (PI), aramid, glass fiber, glass chopped strand,
and cellulose fiber.

In an example embodiment of the present disclosure, the
second film may include polyethylene terephthalate (PET),
acryl, polycarbonate (PC), polyethylene naphthalate (PEN),
or triacetyl cellulose (TAC).

In an example embodiment of the present disclosure, the
third film may include polyamide (PA), polymethylmeth-
acrylate (PMMA), polyether block amide (PEBA)-based
polymer, a silicone-based polymer, or a urethane-based
polymer.

In an example embodiment of the present disclosure, each
of the first film and the second film may include a film that
satisfies a condition that yield strain 1s about 1.9% to about
2.5%, plastic deformation index 1s about 0.58 to about 1,
recovery rate 1s about 80% to about 100%, and strain rate 1s
about 0% to about 30%.

In an example embodiment of the present disclosure, the
third film may include a film that satisfies a condition that
yield strain 1s about 1.9% to about 2.5%, plastic deformation

index 1s about 0.58 to about 1, recovery rate 1s about 80% to
about 100%, and strain rate 1s about 0% to about 100%.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments of the present disclosure will be
more clearly understood from the following detailed
description taken in conjunction with the accompanying
drawings in which:

FIG. 1A illustrates a perspective view showing a display
device according to an example embodiment of the present
disclosure:

FIG. 1B illustrates a perspective view showing an opera-
tional state of a display device according to an example
embodiment of the present disclosure;

FIG. 2A illustrates a perspective view showing a display
device according to an example embodiment of the present
disclosure;

FIG. 2B 1llustrates a perspective view showing an opera-
tional state of a display device according to an example
embodiment of the present disclosure;

FI1G. 3 1llustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure:
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4

FIG. 4 illustrates across-sectional view showing a display
module according to an example embodiment of the present

disclosure;

FIG. 5 illustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure; and

FIG. 6 illustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure.

Since the drawings 1n FIGS. 1-6 are intended for 1illus-
trative purposes, the elements 1n the drawings are not
necessarily drawn to scale. For example, some of the ele-
ments may be enlarged or exaggerated for clarity purpose.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

(L]

In this description, when a certain component (or region,
layer, portion, etc.) 1s referred to as being “on”, “connected
to”, or “coupled to” other component(s), the certain com-
ponent may be directly disposed on, directly connected to, or
directly coupled to the other component(s) or at least one
intervening component may be interposed therebetween.

Like numerals refer to like components throughout.

The term “and/or” includes any and all combinations of
one or more of the associated listed components.

It will be understood that, although the terms “first”,
“second”, “third”, etc. may be used herein to describe
various components, but these components should not be
limited by these terms. These terms are only used to distin-
guish one component from another component. For
example, a first component could be termed a second
component, and vice versa without departing from the scope
of the present disclosure. Unless the context clearly indi-
cates otherwise, the singular forms are intended to include
the plural forms as well.

In addition, the terms “beneath”, “lower”, *“above”,
“upper”, and the like are used heremn to describe one
component’s relationship to other component(s) 1llustrated
in the drawings. These relative terms are itended to encom-
pass diflerent orientations of the device 1n use or operation,
in addition to the orientation depicted in the drawings.

The term “about™ as used herein 1s inclusive of the stated
value and means within an acceptable range of deviation for
the particular value as determined by one of ordinary skill in
the art, considering the measurement 1n question and the
error associated with measurement of the particular quantity
(1.e., the limitations of the measurement system). For
example, “about” may mean within one or more standard
deviations, or within +30%, 20%, 10%, 5% of the stated
value.

Unless otherwise defined, all terms used herein including
technical and scientific terms have the same meaning as
terms generally understood by one of ordinary skilled in the
art to which the present disclosure belongs. Also, terms as
defined 1n commonly used dictionaries should be understood
as having meaning consistent with their meanming in the
context of the relevant art and should not be understood as
ideally or excessively formal meamng unless explicitly
defined herein.

It should be understood that the terms “comprise”,
“include”, “have”, and the like are used to specily the
presence of stated features, integers, steps, operations, com-
ponents, elements, or combinations thereof, but do not
preclude the presence or addition of one or more other
features, 1ntegers, steps, operations, components, elements,
or combinations thereof.
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The following will now describe example embodiments
of the present disclosure 1n conjunction with the accompa-
nying drawings.

FIG. 1A 1llustrates a perspective view showing a display
device according to an example embodiment of the present
disclosure. FIG. 1B illustrates a perspective view showing
an operational state of a display device according to an
example embodiment of the present disclosure.

Referring to FIGS. 1A and 1B, a display device 1000 may
be an apparatus that 1s activated by an electrical signal. For
example, the display device 1000 may be a mobile phone, a
tablet computer, an automotive navigation system, a game
console, or a wearable apparatus such as a smart watch, but
the present disclosure 1s not limited thereto. FIG. 1A exem-
plarily shows a mobile phone as an example of the display
device 1000.

The display device 1000 may be a foldable display device.
The display device 1000 may include a first unfolding area
1000NF1, a folding area 1000F, and a second unfolding area
1000NF2 that are sequentially defined along a first direction
DR1. For example, the folding area 1000F may be defined
between the first unfolding area 1000NF1 and the second
unfolding areca 1000NEF2. The first unfolding areca 1000NF1
and the second unfolding area 1000NF2 may each have one
flat surface, and may not be folded or bent, while the folding
area 1000F may have a flat surface located on a plane the
same as that of the surfaces of the first unfolding area
1000NF1 and the second unfolding area 1000NE2 1in an
unifolded state, but 1t may be folded or bent to have a curved
surface.

The display device 1000 may display an image on an
active area 1000-A. In an unfolded state, the active area
1000-A may include a surface parallel to a plane defined by
first and second directions DR1 and DR2. For example, the
surface of the active area 1000-A may include display
surfaces of the first unfolding area 1000NF1, the folding
areca 1000F, and the second unfolding area 1000NE2. A
thickness direction of the display device 1000 may be
parallel to a third direction DR3 that intersects the first and
second directions DR1 and DR2. Therefore, the third direc-
tion DR3 may be used to distinguish front and rear surfaces
(or top and bottom surfaces) of each component included 1n
the display device 1000.

When the display device 1000 1s folded, the first and
second unfolding arecas 1000NF1 and 1000NF2 may allow
their display surfaces to face each other. Thus, the active
areca 1000-A may not be exposed when the display device
1000 1s 1n a completely folded state. This may be referred to
as in-folding. This, however, 1s only an example, and the
present disclosure 1s not limited thereto.

When the display device 1000 1s folded, the first and
second unfolding areas 1000NF1 and 1000NF2 may allow
their display surfaces to face in opposite directions away
from each other, for example to face outward. Thus, 1n a
folded state, the active area 1000-A may be externally
exposed. This may be referred to as out-folding. The display
device 1000 may become into m-folding or out-folding.

FIG. 2A 1llustrates a perspective view showing a display
device according to an example embodiment of the present
disclosure. FIG. 2B illustrates a perspective view showing
an operational state of a display device according to an
example embodiment of the present disclosure.

Referring to FIGS. 2A and 2B, a display device 1000a
may be a multi-foldable display device. The display device
1000a may include a first unfolding areca 1000NF1a, a first
tolding area 1000F1, a second unfolding area 1000NF2a, a

second folding area 1000F2, and a third unifolding area
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1000NF3q that are sequentially defined along the first direc-
tion DR1. For example, the display device 1000a may
include a plurality of folding areas 1000F1 and 1000F2. The
first unfolding area 1000NF1a, the second unfolding area
1000NF2a and the third unfolding area 1000NF3a may each
have a flat surface, and may not be folded or bent, while the
first folding area 1000F1 and the second {folding area
1000F2 may each have a flat surface located on a plane the
same as that of the surfaces of the first unfolding area
1000NF1a, the second unfolding area 1000NF2aq and the
third unfolding area 1000NF3a 1n an unfolded state, but each
may be folded or bent to have a curved surface.

The display device 1000a may display an 1image on first
and second active areas 1000-A1 and 1000-A2. FIG. 2B
shows an example 1n which the first active area 1000-A1 and
the second active area 1000-A2 are discontinuous with each
other, but the present disclosure 1s not limited thereto. For
example, the first active area 1000-A1 and the second active
area 1000-A2 may be continuous with each other.

A boundary between the first and second active areas
1000-A1 and 1000-A2 may overlap the first folding area

1000F1, and the second folding area 1000F2 may be defined
on the second active area 1000-A2. The first folding area
1000F1 may be out-folded, and the second folding area
1000F2 may be in-folded. Thus, when the display device
1000a 1s folded, the second and third unfolding areas
1000NF2a and 1000NF3a may allow their display surfaces
to face each other, while the display surface of the first
unfolding area 1000NFla may face outward. Thus, the
second active areca 1000-A2 may not be exposed when the
display device 1000q 1s 1n a completely folded state, while
the first active area 1000-A1 1s exposed.

As 1llustrated i FI1G. 1B and described above, the display
device 1000 may be a foldable display device including a
folding area 1000F defined between a first unfolding area
1000NF1 and a second unfolding area 1000NF2. Also as
illustrated 1n FIG. 2B and described above, the display
device 1000a may be a multi-foldable display device includ-
ing a plurality of folding areas 1000F1 and 1000F2. The
display module 100 may include at least one folding area,
for example the one folding area 1000F i display device
1000, or the plurality of folding areas 1000F1 and 1000F2
in the display device 1000a.

FIG. 3 illustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure.

Referring to FIG. 3, the display device 1000 may include
a display module 100, first, second, third, fourth, and fifth
adhesive layers 210, 220, 230, 240, and 250, and first,
second, third, fourth, and fifth films 310, 320, 330, 340, and
350.

The display module 100 may display an image and may
detect an external mnput. The external input may be a user’s
input. The user’s mput may include, for example, a user’s
body part, light, heat, pen, pressure, or various other types
ol external input.

The display module 100 may include a display panel 110
that generates the image and an mput sensor 120 that obtains
coordinate information of the external input.

The display panel 110 may be, but not limited to, an
emissive display panel. For example, the display panel 110
may be an organic light emitting display panel or a quantum-
dot light emitting display panel. An emission layer of the
organic light emitting display panel may include an organic
light emitting material. An emission layer of the quantum-
dot light emitting display panel may include a quantum-dot
or a quantum-rod.
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The mput sensor 120 may be disposed on the display
panel 110. The input sensor 120 may detect the external
input 1 a mutual capacitance method or a seli-capacitance
method. For example, the mput sensor 120 may obtain
information on the external mmput through a change in
capacitance between two sensing electrodes. The external
input detection method, however, 1s not limited to the
example mentioned above.

The first adhesive layer 210 may be disposed on the
display module 100. The first film 310 may be disposed on
the first adhesive layer 210. For example, the first {ilm 310
may be disposed on the display module 100, with the first

adhesive layer 210 interposed therebetween to bond the first
film 310 to the display module 100. The second adhesive
layer 220 may be disposed on the first film 310. The second
film 320 may be disposed on the second adhesive layer 220.
For example, the second film 320 may be disposed on the
first film 310, with the second adhesive layer 220 interposed
therebetween to bond the second film 320 to the first film
310. The third adhesive layer 230 may be disposed on the
second film 320. The third film 330 may be disposed on the
third adhesive layer 230. For example, the third film 330
may be disposed on the second film 320, with the third
adhesive layer 230 interposed therebetween to bond the third
film 330 to the second film 320. The second film 320 may
be farther from the display module 100 than the first film
310, and the third film 330 may be farther from the display
module 100 than the second film 320. Thus, the third film
330 may have the longest distance from the display module
100 among the first second and third films 310, 320 and 330.
Each of the first, second, and third films 310, 320, and 330
may have a transmittance of equal to or greater than about
85%, Tor example, about 90% or more, a haze value of equal
to or less than about 3%, for example, about 1% or less, and
a yellow mdex (YI) of equal to or less than about 2.

The fourth adhesive layer 240 may be disposed below the
display module 100. The fourth film 340 may be disposed
below the fourth adhesive layer 240. The fourth adhesive
layer 240 may bond the fourth film 340 to the display
module 100. The fourth film 340 may be a protective film
that protects a bottom surtface of the display module 100, and
may be, for example, a colored polyimide (PI) film. The fifth

adhesive layer 250 may be disposed below the fourth film
340. The fifth film 350 may be disposed below the fifth

adhesive layer 250. The fifth adhesive layer 250 may bond
the fifth film 350 to the fourth film 340. The fifth film 3350
may be a protective film that protects the bottom surface of
the display module 100, and may be a cushion layer includ-
ing, for example, a sponge, a foam, or a urethane resin.

The first, second, and third films 310, 320, and 330 may
have their modul1 that decrease with increasing distance
from the display module 100. For example, the first film 310
may have a first modulus, the second film 320 may have a
second modulus, and the third film 330 may have a third
modulus. The second modulus may be less than the first
modulus, and the third modulus may be less than the second
modulus. For example, the first modulus may range from
about 6,500 MPa to about 10,000 MPa, the second modulus
may range from about 3,500 MPa to about 5,000 MPa, and
the third modulus may range from about 600 MPa to about
1,000 MPa.

The fourth film 340 may have a fourth modulus, and the
fifth film 350 may have a fifth modulus. The fourth modulus
may be less than the first modulus, and the fifth modulus
may be less than the fourth modulus. For example, the fifth
modulus may be less than the first modulus.
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In this description, the language “modulus” may be a
value measured by a universal test machine (UTM) 1n which
a specimen ol about 10 mm width and a gauge length of
about 50 mm are used. For example, the word “modulus”
may be a value obtained at about 0.025% to about 0.5% of
a stress-strain curve for the specimen gauged 1n the universal
test machine. The term “modulus” used herein throughout
the specification and the claims may also be called elastic
coellicient, Young’s modulus, elastic constant, or elastic
modulus.

The first film 310 may be a composite material including
one or more of, for example, polyimide (PI), aramid, glass
fiber, glass chopped strand, and cellulose fiber, and thus may
have high modulus.

The second film 320 may include, for example, polyeth-
ylene terephthalate (PET), acryl, polycarbonate (PC), poly-
cthylene naphthalate (PEN), or triacetyl cellulose (TAC),
and thus may have middle modulus. For example, the
second film 320 may have a modulus lower than that of the
first film 310. When the second film 320 includes polyeth-
ylene terephthalate (PET) or polyethylene naphthalate
(PEN), an extrusion process may be used to control the
modulus along a machine direction and a transverse direc-
tion. When the second film 320 includes polycarbonate (PC)
or triacetyl cellulose (TAC), a casting process may be
employed to form the second film 320.

The third film 330 may include, for example, polyamide
(PA), polymethylmethacrylate (PMMA), polyether block
amide (PEBA)-based polymer, a silicone-based polymer, or
a urcthane-based polymer, and thus may have low modulus.
For example, the third film 330 may have a modulus lower
than that of the second film 320. In an example embodiment
of the present disclosure, the third film 330 may include an
clastomer to provide low modulus.

A polyether block amide (PEBA)-based polymer 1s a
block copolymer 1n which a soit part includes polyether

segment and a rigid part includes polyamide block.
When the third film 330 includes a polyether block amide

(PEBA)-based polymer, the modulus of the third film 330
may be adjusted by a ratio between the soit part and the rigid
part.

A urethane-based polymer may include polyol, 1socya-
nate, and a chain extender. Polyol may include one or more
of, for example, polyether, polyester, polycarbonate, polyb-
utadiene, and acryl. Isocyanate may include one or more of,
for example, methylene diphenyl diisocyanate (MDI), hex-
amethylene diisocyanate (HDI), 1sophorone diisocyanate
(IPDI), and 1,4-cyclohexane diisocyanate (CDI). The chain
extender may include one or more of, for example, diol,
diamine, triol, tetraol, and aminoalcohol.

When the third film 330 includes a urethane-based poly-
mer, the modulus of the third film 330 may be adjusted by
a ratio between polyol, 1socyanate, and the chain extender.

A silicone-based polymer may be polydimethylsiloxane,
which 1s a linear polymer. When the third film 330 includes
a silicone-based polymer, the modulus of the third film 330
may be adjusted based on the degree of entanglement in a
molecular structure of the linear polymer.

Table 1 below lists the moduli of the second and third
films 320 and 330, which modul1 satisfy a minimum strain
condition and a buckling count criterion when the first
modulus of the first film 310 1s about 6 GPa. The moduli
listed 1n the following Table 1 satisiy the minimum strain
condition in each of simulations executed three times.
Although about 6 GPA for the first modulus of the first film
310 1s used 1n the simulations, any other suitable high
modulus may be used for the first film 310. For example, in
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an example embodiment of the present disclosure, the first
modulus of the first film 310 may be in a range from about

5 GPa to about 10 GPa.

It may be considered that the minimum strain condition 1s
satisfied when a varniation in length 1s less than about 2%,
and 1t may be considered that the buckling count criterion 1s
satisfied when the number of buckling 1s less than about 20.

Referring to Table 1, when the first modulus of the film
310 1s about 6 GPa, the minimum strain condition and the
buckling count criterion may all be satisfied when the
modulus of the second film 320 1s 1n a range from about 3.5
(GPa to about 5 GPa and when the modulus of the third film

330 is 1n a range of about 1 GPa or less.

TABLE 1
Modulus of Modulus of
second film 320 third film 330

Modulus satisfied with 3.5 GPa~5 GPa 1 GPa or less
minimum strain condition 2 GPa~4 GPa 2 GPa or less
3 GPa or less 2 (GPa or less

2.5 GPa or less, or
3.5 GPa~4.5 GPa

Modulus satisfied with 3.5 GPa or more

buckling count criterion

Table 2 below lists whether a strain condition and a

flexibility test are satisfied or not based on the modulus of
the third film 330 and a thickness of each of the first, second,

and third films 310, 320, and 330. Comparatives show test
results when the modulus of the first film 310 1s about 6 GPa,
the modulus of the second film 320 1s about 4 GPa, and the
modulus of the third film 330 1s about 1.4 GPa. The modulus
of the third film 330 according to Comparatives may be
about 23.33% of the modulus of the first film 310. As shown
in Table 2, Comparatives do not satisiy both the minimum
strain condition and the flexibility test. Embodiments show

test results when the modulus of the first film 310 1s about
6 GPa, the modulus of the second film 320 1s about 4 GPa,

and the modulus of the third film 330 1s about 800 MPa. The
modulus of the third film 330 according to Embodiments
may be about 13.33% of the modulus of the first film 310.
As shown 1n Table 2, Embodiments satisfy both the mini-
mum strain condition and the flexibility test.

TABLE 2
Thick- Thick- Thick- Whether strain ~ Whether
Nness Ness Nness condition 1s  flexibility
of of of satisfied or not test 1s
first second third (film not satisfied satisfied
film 310 film 320  film 330 with minimum or
(um) (um) (m) strain condition) not
Com- 40 50 50 NG —
paratives (second film)
30 50 50 NG —
(second film)
40 40 50 NG —
(first film)
30 40 50 OK NG
40 40 60 OK NG
30 50 60 NG —
(second film)
Embodi- 40 40 50 OK OK
ments 40 40 75 OK OK
40 40 100 OK OK

According to an example embodiment of the present
disclosure, the second and third moduli may be determined
so as to satisly the minimum strain condition and the
buckling count criterion. For example, the second modulus
may be equal to or greater than about 50 percent and less
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than about 100 percent of the first modulus, and the third
modulus may be equal to or greater than about 1.5 percent
and equal to or less than about 16.67 percent of the first
modulus. In an example embodiment of the present disclo-
sure, the third modulus may be equal to or less than about
one-sixth of the first modulus. For example, when the first
modulus 1s about 6.5 GPa, the second modulus may be equal
to or greater than about 3.5 GPa and less about 6.5 GPa, and
the third modulus may be from about 0.1 GPa to about 1.08
GPa. For example, when the first modulus 1s about 7 GPa,
the third modulus may be about 1.2 GPa or less, or from
about 0.11 GPa to about 1.17 GPa.

When the third modulus 1s greater than about 16.67
percent of the first modulus, the display device 1000 may not
satisty the minimum strain condition or the flexibility test.

The fourth modulus may be about 30 percent of the first
modulus, and the fifth modulus may be about 1.5 percent of
the first modulus. The fourth modulus may be equal to or
less than about 2 GPa, and the fifth modulus may be equal
to or less than about 0.1 GPa. The modul1 of the fourth and
fifth films 340 and 350 below the display module 100 may
decrease with increasing distance from the display module
100. The fourth film 340 and the fifth film 350 may be
protective films that protect the bottom surface of the display
module 100. In addition, according to an example embodi-
ment of the present disclosure, the fifth film 3350 whose
modulus 1s low may be disposed at an outer position such
that even when the fifth film 350 1s deformed 1n thickness,
flexibility properties may be enhanced due to a reduction 1n
shape vanation (e.g., thickness variation) of another layer

adjacent to the fifth film 350.

Each of the first, second, third, fourth, and fifth adhesive
layers 210, 220, 230, 240, and 250 may include an ordinary
adhesive or glue. For example, each of the first, second,
third, fourth, and fifth adhesive layers 210, 220, 230, 240,
and 250 may be a transparent adhesive member, such as, for
example, a pressure sensitive adhesive (PSA) film, an opti-
cally clear adhesive (OCA) film, or an optically clear resin
(OCR).

The first, second, third, fourth, and fifth adhesive layers
210, 220, 230, 240, and 250 may include their adhesives or
glues of the same physical properties. Alternatively, at least
one of the first, second, third, fourth, or fifth adhesive layers
210, 220, 230, 240, or 250 may have different physical
properties from those of other adhesive layers. For example,
at least one of the first, second, third, fourth, or fifth adhesive
layers 210, 220, 230, 240, or 250 may have a different
adhesive force from those of other adhesive layers.

In an example embodiment of the present disclosure, at a
certain temperature, the second adhesive layer 220 may have
an adhesive force less than those of the other adhesive layers
210, 230, 240, and 250. Here, the certain temperature 1s a
temperature used 1 a rework process. Depending on the
rework process used, 1t 1s usually at an elevated temperature,
but not at a temperature too high to damage the device being
reworked. In this case, when a rework process 1s performed,
the second film 320, the third adhesive layer 230, and the
third film 330 that are components disposed on the second
adhesive layer 220 may be ecasily separated from the first
film 310. Alternatively, at a certain temperature, the third
adhesive layer 230 may have an adhesive force less than
those of the other adhesive layers 210, 220, 240, and 250. In
this case, when a rework process 1s performed, the third film
330 that 1s a component disposed on the third adhesive layer
230 may be easily separated from the second film 320. In
addition, at a certain temperature, both the second adhesive
layer 220 and the third adhesive layer 230 may each have an
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adhesive force less than those of the other adhesive layers
210, 240, and 250. In this case, when a rework process 1s
performed, the second film 320 may be easily separated
from the first film 310 and/or the third film 330 may be easily
separated from the second film 320. In an example embodi-
ment of the present disclosure, at a certain temperature, one
or more of an adhesive force of the second adhesive layer
220 and an adhesive force of the third adhesive layer 230
may be less than an adhesive force of the first adhesive layer
210.

Although a rework process 1s performed, the first film 310
may not be separated from the display module 100, because
the adhesive force of the first adhesive layer 210 1s greater
than that of the second adhesive layer 220 and that of the
third adhesive layer 230. Accordingly, the first film 310 may
protect the display module 100 even during a rework pro-
CEesS.

The first, second, and third adhesive layers 210, 220, and
230 may respectively have first, second, and third thick-
nesses 210z, 220¢, and 2307 that are the same as each other.
For example, the first, second, and third thicknesses 210z,
220z, and 2307 may each be about 50 m. The fourth and fifth
adhesive layers 240 and 250 may respectively have fourth
and fifth thicknesses 240¢ and 2507 each of which 1s less than
any of the first, second, and third thicknesses 210z, 220¢, and
230z. For example, the fourth and fitth thicknesses 2407 and
250t may each be about 25 m. Alternatively, the first
thickness 2107 of the first adhesive layer 210 may be
different from the second, and third thicknesses 220¢, and
2307 of the second, and third adhesive layers 220, and 230.
For example, each of the first and second thicknesses 2101
and 2207 may be about 50 um, and the third thickness 230z
may be about 25 um (see FIG. 5).

The first film 310 may have a first thickness 3107 the same
as a second thickness 3207 of the second film 320. For
example, the first and second thicknesses 3107 and 3207 may
cach be equal to or less than about 40 m, for example, about
40 m. The third film 330 may have a third thickness 330«
greater than each of the first and second thicknesses 3107 and
320z. For example, the third thickness 3307 may be in arange
from about 50 m to about 100 m, for example, about 75 m.

According to an example embodiment of the present
disclosure, since the third film 330, whose modulus 1s the
smallest among the first to third films 310 to 330, has the
third thickness 3307 larger than all the other thicknesses of
different layers, 1t may be possible to increase impact
resistance with no reduction in flexibility properties.

Differently from the example embodiments of the present
disclosure, 1n a case where the third film 330 1s disposed
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between the first film 310 and the second film 320, two
adhesive layers 1n contact with the third film 330 may be
deformed in thickness when the display device 1000 is
folded and then the third film 330 1s changed in thickness.
This may induce failure such as wrinkles, and the wrinkles
may be visible to users. In contrast, according to an example
embodiment of the present disclosure, the third film 330
whose modulus 1s low may be disposed at an outer position
such that even when the third film 330 1s deformed 1n
thickness, flexibility properties may be enhanced due to a
reduction in shape variation (e.g., thickness variation) of
another layer adjacent to the third film 330.

The fourth thickness 340¢ of the fourth film 340 may be
less than the first thickness 310z. For example, the fourth
thickness 3407 may be about 25 um. For example, the fourth
thickness 3407 may be about 30 um. The fifth thickness 350¢
of the fifth film 350 may be greater than the fourth thickness
340z. For example, the fifth thickness 350¢ may be about 100
um. The fifth film 350 may have lower modulus and greater
thickness located at an outer lower position of the display
device 1000 to protect the bottom surface of the display
module 100 without reduction 1n flexibility properties.

According to an example embodiment of the present
disclosure, at least three films, such as the first, second, and
third films 310, 320, and 330, may be disposed on the
display module 100 and thus impact resistance may thus
increase. In addition, the moduli of the first, second, and
third films 310, 320, and 330 may gradually decrease with
increasing distance from the display module 100. Accord-
ingly, the display device 1000 may enhance in folding
properties. In this description, the expression “enhance in
folding properties” may mean that the display device 1000
1s Toldable with a small radius of curvature.

According to an example embodiment of the present
disclosure, an increase 1n physical properties of the first,
second, and third films 310, 320, and 330 may enhance
surface 1mpression and shape deformation. The physical
properties may include, for example, modulus, yield strain,
plastic deformation index, recovery rate, and strain rate.

The physical properties of the first, second, and third films
310, 320, and 330 may be changed by controlling tempera-
ture, humidity, and/or time. For example, the physical prop-
erties may be controlled by controlling humidity and time at
a temperature equal to or greater than a glass transition
temperature (1g) of each of the first, second, and third films
310, 320, and 330.

Table 3 below lists physical property changes caused by

control of temperature, humidity, and time of each of the
first, second, and third films 310, 320, and 330.

TABLE 3

Phvsical properties

Temperature, Plastic

humidy, and Modulus Yield strain  deformation Recovery rate Strain rate
Film time control (MPa) (%) index (%) (%)
First film — 6064 2.0 0.58 93.3 19
(A)
Second film — 4723 1.9 0.57 94.0 58
(B)
Third film — 754 2.0 0.67 74.5 486
(€)
First film 70° C., 40% + 6263 2.1 0.67 94.9 11
(A') 4 days or

more

Second film  70° C., 90% + 4680 2.2 0.66 95.4 21

(B") 4 days or

IMore
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TABLE 3-continued

Phvsical properties

14

Temperature, Plastic

humidy, and Modulus Yield strain
time control (MPa) (%)

Film index

Third film
(C')

50° C., 40% +
4 days or
More

806 2.1 0.08

The yield strain may mean a point at which a film reaches
the limit of elastic behavior and the beginning of plastic
behavior. The plastic deformation index may be defined as
a ratio between elastic and plastic moduli. For example, the
plastic modulus may be defined as a modulus at a point at
which a film exceeds the elastic limit, for example, a
modulus at a point of about 2.5% or at a point of from about
2.25% to about 2.75%. The recovery rate may mean a
proportional value that denotes the degree of recovery of a
film after vyield strain and cycle estimation. The cycle
estimation may mean that, for example, a film repeatedly
folds and unfolds at several thousand times or several tens
of thousand times 1n a single cycle per seconds. The stain
rate may mean a proportional value that expresses the degree
of extension of a film when the film 1s pulled with a constant
strain for specific time duration.

A commonly used measurement apparatus may be
employed to measure the modulus, the vield strain, the

plastic deformation index, the recovery rate, and the strain
rate. For example, a universal testing machine (UTM) may
be used to measure the physical properties.

(%)

82.0

15

20

25

30

deformation Recovery rate Strain rate

(%)

96

One or both of the first film 310 and the second film 320
may nclude a film whose yield strain 1s about 1.9% to about
2.5%, whose plastic deformation index 1s about 0.58 to
about 1, whose recovery rate 1s about 80% to about 100%,
and whose strain rate 1s about 0% to about 30%, and the third
film 330 may include a film whose yield strain 1s about 1.9%

to about 2.5%, whose plastic deformation index 1s about

0.58 to about 1, whose recovery rate 1s about 80% to about
100%, and whose strain rate 1s about 0% to about 100%. As
the third film 330 has a modulus less than those of the first
and second films 310 and 320, the third film 330 may include
a film whose strain rate 1s high. In Table 3 above, the first
film (A), the first film (A'), and the second film (B') may be

films that satisty specific physical properties.

Table 4 below lists module properties under a state where
the first, second, and third films 310, 320, and 330 are
attached to the display module 100. Comparatives express

combined examples that fail to pass tests, and Embodiments
express combined examples that pass tests.

TABLE 4

Combination First Second

of first, deformation deformation

second, and  Impression angle angle Wrinkle depth

third films (gf) (%) (°) (um) State
Comparatives A/B/C 1900 43 18 24.1 NG

A/BY/C 1900 43 18 23.8 NG

A/B/C' 2200 39 13 21.5 NG
Embodiments A'/B'/C' 2600 26 7 18.9 OK

A/BY/C' 2400 30 9 19.7 OK
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The impression may be evaluation for testing defects
caused by mmpression of a surface of the display device
1000. For example, an artificial nail j1g may press a specific
load on a surface of the display device 1000 to determine
whether the display device 1000 has defects or not. The
values listed in Table 4 may mean a minimum load that
begins to visually identify impression defects. It may be
estimated that high reliability 1s achieved by an increase 1n
the mimmimum load from which 1impression defects are vis-
ible. A reference value for good products over impression
defects may be equal to or greater than about 2,000 gf (gram
force), for example, about 2,400 gf or higher.

The deformation angle may be measured from an unfold-
ing state of the display device 1000 that has been left 1n a
folding state for specific time duration under certain condi-
tions after the display device 1000 folds. For example, the
certain conditions may be room humidity at room tempera-
ture or high humidity at high temperature.

The display device 1000 may become a folding state so as
to have a curvature radius of about 1 mm, and the specific
time duration 1s about 24 hours. The room temperature may
be about 25 degrees centigrade, the room humidity may be
about 40 percent humidity, the high temperature may be
about 60 degrees centigrade, and the high humidity may be
about 90 percent humidity.

The deformation angle may be defined as an angle
between a reference plane and a floated plane of the display
device 1000. For example, when the deformation angle 1s
zero, the display device 1000 may be meant to have a tully
flat state. When the deformation angle approaches zero,
properties of the deformation angle may be estimated to be
excellent.

The first deformation angle may mean an angle when the
display device 1000 unifolds, and may be called an instant
deformation angle. A good product reference value for the
first deformation angle may be equal to or less than about 45
degrees.

The second deformation angle may mean an angle mea-
sured from an unfolding state of the display device 1000 that
has been left 1n the unfolding state for specific time duration,
for example, for about 24 hours, after unfolding a folded
display device 1000. The second deformation angle may be
called a permanent deformation angle. A good product
reference value for the second deformation angle may be
equal to or less than about 18 degrees, for example, about 10
degrees or less.

The wrinkle depth may be obtained from an optical
apparatus that measures a depth of wrinkles that occur on the
folding area (see 1000F of FIG. 1A). For example, the
wrinkle depth may be measured depth of wrinkles that occur
alter the display device 1000 maintains its folding state for
specific time duration under certain conditions. The certain
conditions may be room humidity at room temperature or
high humidity at high temperature.

For example, the wrinkle depth may be measured depth of
wrinkles that occur when the display device 1000 unfolds
alter being left 1n a folding state for about 24 hours with a
curvature radius of about 1 mm. The room temperature may
be about 25 degrees centigrade, the room humidity may be
about 40% humidity, the high temperature may be about 60
degrees centigrade, and the high humidity may be about
90% humidity. A good product reference value for the
wrinkle depth may be equal to or less than about 20 m.

When the first, second, and third films 310, 320, and 330
undergo thermal analysis, surface analysis, or chemical
analysis, it may be possible to determine whether treatment
1s performed to enhance physical properties. The thermal
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analysis may use a thermal analyzer, such as DSC or DMA,
to analyze thermal characteristics of films. In addition, the
thermal analysis may analyze physical property changes of
a crystallization temperature (Ic) and a glass transition
temperature (1g) due to temperature parameters of films.
The surface analysis and the chemical analysis may use an
apparatus, such as TEM, XPS, or CV, to analyze structural
changes, compositional comparison, oxidation-reduction
reaction changes, and surface oxidation led by temperature/
moisture.

FIG. 4 illustrates a cross-sectional view showing a display
module according to an example embodiment of the present
disclosure.

Reterring to FIG. 4, the display module 100 may include
the display panel 110 and the mnput sensor 120.

The display panel 110 may be a component that generates
an 1mage. The display panel 110 may be an emissive display
panel. For example, the display panel 110 may be an organic
light emitting display panel or a quantum-dot light emitting
display panel. The mput sensor 120 may be disposed on the
display panel 110, and may detect an external input that 1s
externally applied. The external input may be a user’s input.
The user’s mput may include, for example, a user’s body
part, light, heat, pen, pressure, or various other types of
external mput.

The display panel 110 and the input sensor 120 may be
formed 1n a successive process. In this case, 1t may be
expressed that the mput sensor 120 1s directly disposed on
the display panel 110. The phrase “directly disposed on”
may mean that no component i1s disposed between the input
sensor 120 and the display panel 110. For example, no
adhesive member may be separately disposed between the
input sensor 120 and the display panel 110. For example, the
input sensor 120 1s directly formed on a base surface of the
display panel 110 through a successive process after the
display panel 110 1s formed.

Instead of forming the input sensor 120 directly on the
display panel 110 1n a successive process, the display panel
110 and the input sensor 120 may be coupled to each other
through an adhesive member. The adhesive member may
include an ordinary adhesive or glue. For example, the
adhesive member may be a transparent adhesive member,
such as, for example, a pressure sensitive adhesive (PSA)
film, an optically clear adhesive (OCA) film, or an optically
clear resin (OCR).

The display panel 110 may include a base layer 110-1, a
plurality of insulating layers, a semiconductor pattern, a
conductive pattern, a signal line, and the like. A coating or
deposition process may form, on the base layer 110-1, an
insulating layer, a semiconductor layer, and a conductive
layer. Afterwards, a photolithography process and an etching
process may selectively pattern the insulating layer, the
semiconductor layer, and the conductive layer. The pro-
cesses mentioned above may form semiconductor patterns,
conductive patterns, and signal lines that are included 1n a
circuit layer 110-2 and a display element layer 110-3.
Thereatter, an encapsulation layer 110-4 may be formed to
cover the display element layer 110-3.

The base layer 110-1 may include a synthetic resin film.
The synthetic resin film may include a thermally curable
resin. The base layer 110-1 may have a multi-layered
structure. For example, the base layer 110-1 may have a
tri-layered structure including a synthetic resin layer, an
adhesive layer, and a synthetic resin layer sequentially
stacked. The synthetic resin layer may be a polyimide-based
resin layer, but the present disclosure 1s not limited thereto.
For example, the synthetic resin layer may include one or
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more of, for example, acryl-based resin, methacryl-based
resin, polyisoprene, vinyl-based resin, epoxy-based resin,
urethane-based resin, cellulose-based resin, siloxane-based
resin, polyamide-based resin, and perylene-based resin. The
base layer 110-1 may include a glass substrate or an organic/
inorganic composite substrate.

At least one inorganic layer may be formed on a top
surface of the base layer 110-1. The inorganic layer may
include one or more of, for example, aluminum oxide
(Al,O,), titanium oxide (1T10,), silicon oxide (510,), silicon
oxynitride (S1ON), zirconium oxide (ZrQO,), and hainium
oxide (HIO,). The inorganic layer may be formed multi-
layered. The multi-layered inorganic layers may constitute a
barrier layer and/or a buller layer. In the present example
embodiment, the display panel 110 1s illustrated to include
a bufler layer BFL.

The bufler layer BFL increases a bonding force between
the base layer 110-1 and a semiconductor pattern, and may
block foreign substance or moisture penetrating through the
base layer 110-1. The bufler layer BFL may include a silicon
oxide (S10,) layer and/or a silicon nitride (S1,N,,) layer. The
silicon oxide (S10,) layer and the silicon mitride (S13N,)
layer may be alternately stacked.

A semiconductor pattern 1s disposed on the bufler layer
BFL. The semiconductor pattern may include polysilicon
(p-S1). The present disclosure, however, 1s not limited
thereto, and the semiconductor pattern may include, for
example, amorphous silicon (a-S1) or oxide semiconductor
which includes metal oxide.

FI1G. 4 shows only a portion of the semiconductor pattern,
and the semiconductor pattern may further be disposed on
other regions. The semiconductor pattern may be specifi-
cally arranged over pixels. The semiconductor pattern may
have diflerent electrical characteristics based on doping, and
may include a first region whose conductivity 1s high and a
second region whose conductivity i1s low. The {first region
may be doped with n-type or p-type impurities. For example,
the n-type impurities may include, for example, phosphorus
(P), arsenic (As), or antimony (Sb), and the p-type impurities
may include, for example, aluminum (Al), boron (B), or
indium (In). A p-type transistor includes a doped region
implanted with p-type impurities. The second region may be
an undoped region, or may be lightly doped compared to the
first region.

The first region has a conductivity greater than that of the
second region, and substantially serves as an electrode or a
signal line. The second region substantially corresponds to
an active region (or a channel region) of a transistor. For
example, a portion of the semiconductor pattern may be an
active region of a transistor, another portion of the semi-
conductor pattern may be a source region or drain region of
the transistor, and still another portion of the semiconductor
pattern may be a connection electrode or a connection signal
line.

As shown 1n FIG. 4, a source region SC, an active region
AT, and a drain region DE of a transistor TR may be formed
of the semiconductor pattern.

A first msulating layer 10 1s disposed on the bufler layer
BFL. The first msulating layer 10 commonly overlaps a
plurality of pixels, and covers the semiconductor pattern.
The first insulating layer 10 may be an inorganic layer and/or
an organic layer, and may have a single-layered or multi-
layered structure. The first msulating layer 10 may include
one or more of, for example, aluminum oxide (Al,O,),
titanium oxide (110,), silicon oxide (510,), silicon oxyni-
tride (S10N), zirconium oxide (Zr0O,), lanthanum oxide
(La,0O,), tantalum oxide (Ta,O;), yttrium oxide (Y ,O,), and
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hatnium oxide (H1O,). In the present example embodiment,
the first mnsulating layer 10 may be a single-layered silicon
oxide (S10,) layer. Likewise, the first insulating layer 10, an
insulating layer of the circuit layer 110-2 may be an inor-
ganic layer and/or an organic layer, and may have a single-
layered or multi-layered structure. The 1mnorganic layer may
include one or more of the materials mentioned above.

A gate electrode GT of the transistor TR 1s disposed on the
first insulating layer 10. The gate electrode GT may include,
for example, doped polysilicon (p-S1), metals, or a combi-
nation thereof. For example, the gate electrode GT may be
a portion of a metal pattern. The gate electrode GT overlaps
the active region AT, and serves as a mask 1n a process where
the semiconductor pattern 1s doped.

A second 1nsulating layer 20 may be disposed on the first
insulating layer 10, and may cover the gate electrode GT.
The second insulating layer 20 may be an inorganic layer
and/or an organic layer, and may have a single-layered or
multi-layered structure. In the present example embodiment,
the second insulating layer 20 may be a single-layered
silicon oxide (S10,,) layer.

A third msulating layer 30 1s disposed on the second
insulating layer 20. An electrode layer may be disposed
between the second insulating layer 20 and the third 1nsu-
lating layer 30. The third insulating layer 30 may be a
single-layered silicon oxide (810,) layer.

A first connection electrode CNE1 may be disposed on the
third insulating layer 30. The first connection electrode
CNE1 may be coupled to a connection signal line SCL
through a first contact hole CN'T-1 that penetrates the first,
second, and third insulating layers 10, 20, and 30.

A Tourth imsulating layer 40 1s disposed on the third
insulating layer 30. The fourth insulating layer 40 may be a
single-layered silicon oxide (510,) layer. A fifth insulating
layer 50 1s disposed on the fourth insulating layer 40. The
fifth insulating layer 50 may be an organic layer including an
organic insulating material. The organic insulating material
may include, for example, an 1mide-based polymer, a gen-
eral-purpose polymer such as polymethylmethacrylate
(PMMA) and polystyrene (PS), polymer derivatives having,
a phenol-based group, an acryl-based polymer, an aryl
cther-based polymer, an amide-based polymer, a fluorine-
based polymer, a p-xylene-based polymer, a vinyl alcohol-
based polymer, or a blend thereot. The fifth insulating layer
50 may provide a planarized top surface. A second connec-
tion electrode CNE2 may be disposed on the fifth insulating
layer 50. The second connection electrode CNE2 may be
coupled to the first connection electrode CNE1 through a
second contact hole CNT-2 that penetrates the fourth and
fifth insulating layers 40 and 50.

A sixth insulating layer 60 may be disposed on the fifth
isulating layer 50, and may cover the second connection
clectrode CNE2. The sixth insulating layer 60 may be an
organic layer including an organic insulating material. The
organic insulating material included in the sixth insulating
layer 60 may be the same as that of the fifth insulating layer
50, but the present disclosure 1s not limited thereto.

The circuit layer 110-2 may be provided thereon with the
display element layer 110-3 that includes a light emitting
clement EM. The light emitting element EM may include a
first electrode AE, a hole control layer HCL, an emission
layer EML, an electron control layer ECL, and a second
clectrode CE.

The first electrode AE may be disposed on the sixth
insulating layer 60, and may be connected to the second
connection electrode CNE2 through a third contact hole
CN'T-3 that penetrates the sixth nsulating layer 60.
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A pixel definition layer 70 may be disposed on the sixth
insulating layer 60, and may cover a portion of the first
clectrode AE. In an example embodiment of the present
disclosure, the pixel definition layer 70 may include, for
example, an organic material such as polyimide (PI) or a
silicon containing material such as hexamethyldisiloxane
(HMDSO). An opening 70-OP is defined 1n the pixel defi-
nition layer 70. The opening 70-OP of the pixel definition
layer 70 exposes at least a portion of the first electrode AE.

The display module 100 may have a pixel area PXA and
a non-pixel area NPXA adjacent to the pixel area PXA. The
non-pixel area NPXA may surround the pixel areca PXA. In
the present example embodiment, the pixel areca PXA 1s
defined to correspond to a portion of the first electrode AFE,
of which the portion 1s exposed to the opening 70-OP.

The hole control layer HCL may be disposed on the first
clectrode AE. In addition, the hole control layer HCL may
be disposed 1n common on the pixel area PXA and the
non-pixel area NPXA of the display module 100. The hole
control layer HCL may include a hole transport layer and
may further include a hole mjection layer.

The emission layer EML may be disposed on the hole
control layer HCL. In addition, the emission layer EML may
be disposed on a region that corresponds to the openming
70-OP. For example, the emission layer EML may be formed
on each of pixels, and may generate a color light corre-
sponding to the pixel. The present disclosure, however, 1s
not limited thereto, and the emission layer EML together
with the hole control layer HCL may be disposed in common
on the pixel area PXA and the non-pixel area NPXA of the
display module.

The electron control layer ECL may be disposed on the
emission layer EML, and may include an electron transport
layer and may further include an electron injection layer. An
open mask may be used such that the hole control layer HCL
and the electron control layer ECL are formed 1n common on
a plurality of pixels. The second electrode CE 1s disposed on
the electron control layer ECL. The second electrode CE
may have a unitary shape and may be disposed 1n common
on a plurality of pixels.

A capping layer 80 1s disposed on and 1n contact with the
second electrode CE, and may include an organic material.
The capping layer 80 may protect the second electrode CE
from a subsequent process, such as sputtering process, and
may increase emission efliciency of the light emitting ele-
ment EM. The capping layer 80 may have a refractive index
greater than that of a first inorganic layer 91 which will be
discussed.

The encapsulation layer 110-4 may be disposed on the
display element layer 110-3. The encapsulation layer 110-4
may 1nclude a first mnorganic layer 91, an organic layer 92,
and a second 1norganic layer 93, with the organic layer 92
interposed between the first inorganic layer 91 and the
second 1norganic layer 93. The organic layer 92 may be 1n
direct contact with the first inorganic layer 91 and the second
inorganic layer 93, and may have a substantially flat upper
surface. The first inorganic layer 91 and the second inorganic
layer 93 may protect the display element layer 110-3 against
moisture and/or oxygen, and the organic layer 92 may
protect the display element layer 110-3 against foreign
substances such as dust particles. A portion of the second
iorganic layer 93, located outside the active area 1000-A,
may be 1n direct contact with the first inorganic layer 91,
which may prevent the organic layer 92 from being exposed
to the outside. The first mnorganic layer 91 and the second
inorganic layer 93 may each be one of, for example, a silicon
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a silicon oxide (S10,) layer. In an example embodiment of
the present disclosure, the first inorganic layer 91 and the
second organic layer 93 may each include a titantum oxide
(T10,) layer or an aluminum oxide (Al,O;) layer. The
organic layer 92 may include an acryl-based organic laver,
but the present disclosure 1s not limited thereto.

In an example embodiment of the present disclosure, the
capping layer 80 and the first inorganic layer 91 may be

provided therebetween with an inorganic layer, for example,
a lithtum fluonide (LiF) layer The lithium fluoride (LiF)
layer may increase the emission efliciency of the light
emitting element EM.

The mput sensor 120 may include a base insulating layer
120-1, a first conductive layer 120-2, a sensing insulating
layer 120-3, a second conductive layer 120-4, and a cover
insulating layer 120-5.

The base 1nsulating layer 120-1 may be directly disposed
on the display panel 110. For example, the base insulating
layer 120-1 may be in direct contact with the second
inorganic layer 93. The base insulating layer 120-1 may have
a single-layered or multi-layered structure. Alternatively, the
base insulating layer 120-1 may be omitted. Alternatively,
the base msulating layer 120-1 may be formed on a separate
base layer, and an adhesive member may be used to couple
the separate base layer to the display panel 110.

The first conductive layer 120-2 and the second conduc-
tive layer 120-4 may each have a single-layered structure or
a multi-layered structure in which a plurality of layers are
stacked along the third direction DR3. The single-layered
conductive layer may include a metal layer or a transparent
conductive layer. The metal layer may include, for example,
molybdenum (Mo), silver (Ag), titamum ('11), copper (Cu),
aluminum (Al), or an alloy thereof. The transparent conduc-
tive layer may include transparent conductive oxide, such as,
for example, mndium tin oxide (ITO), indium zinc oxide
(170), zinc oxide (ZnO), or indium zinc tin oxide (1ZT0O).
Additionally or alternatively, the transparent conductive
layer may include a metal nano-wire, a graphene, or a
conductive polymer such as poly(3,4-ethylenedioxythio-
phene) (PEDOT).

The multi-layered conductive layer may include a plural-
ity of metal layers. The plurality of metal layers may form
a tri-layered structure of, for example, titammum/aluminum/
titanium (11/Al/T1). The multi-layered conductive layer may
include at least one metal layer and at least one transparent
conductive layer.

The first conductive layer 120-2 and the second conduc-
tive layer 120-4 may each include patterns that constitute
sensing electrodes and signal lines. The input sensor 120
may obtain information about external inputs through a
variation in capacitance between the sensing electrodes. The
sensing electrodes including the transparent conductive
layer are not viewed by a user compared to the sensing
clectrodes including the metal layer and have an increased
input area and thus increase capacitance. In an example
embodiment of the present disclosure, to prevent the sensing
clectrodes including the metal layer from being viewed by a
user, the sensing electrodes including the metal layer may
have a mesh shape.

The sensing isulating layer 120-3 may be disposed
between the first conductive layer 120-2 and the second
conductive layer 120-4, and may cover the first conductive
layer 120-2. A portion of the second conductive layer 120-4
may be electrically connected to a portion of the first
conductive layer 120-2 through a contact hole that pen-
ctrates the sensing insulating layer 120-3. The cover 1nsu-
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lating layer 120-5 may be disposed on the sensing insulating
layer 120-3 and may cover the second conductive layer
120-4.

One or more of the sensing insulating layer 120-3 and the
cover msulating layer 120-5 may include an inorganic layer.
The inorganic layer may include one or more of, for
example, aluminum oxide (Al,O,), titanium oxide (T10.,),
silicon oxide (S10,), silicon oxynitride (S10ON), zirconium
oxide (ZrO,), and hatnium oxide (H1O.).

One or more of the sensing insulating layer 120-3 and the
cover msulating layer 120-5 may include an organic layer.
The organic layer may include one or more of, for example,
an acryl-based resin, methacryl-based resin, polyisoprene, a
vinyl-based resin, an epoxy-based resin, a urethane-based
resin, a cellulose-based resin, a siloxane-based resin, a
polyimide-based resin, a polyamide-based resin, and a
perylene-based resin.

FI1G. 5 1llustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure.

Referring to FI1G. 3, a display device 1000-1 may include
a display module 100, first, second, third, fourth, and fifth
adhesive layers 210, 220, 230-1, 240, and 250, and f{irst,
second, third, fourth, and fifth films 310, 320, 330, 340, and
350.

The first, second, and third adhesive layers 210, 220, and
230-1 may have first, second, and third thicknesses 210z,
220z, and 230¢-1, respectively, and the third thickness 230z-1
of the third adhesive layer 230-1 disposed at an outer
position may be less than each of the first and second
thicknesses 2107 and 220z. For example, each of the first and
second thicknesses 2107 and 2207 may be about 50 um, and
the third thickness 2307-1 may be about 25 um. In the display
device 1000-1, similar to the display device 1000, the
modulus of the third film 330 according to the present
example embodiment may be about 16.67% or less of the
modulus of the first film 310, so that the display device
1000-1 may have increased impact resistance and enhanced
flexibility properties.

FIG. 6 illustrates a cross-sectional view showing a display
device according to an example embodiment of the present
disclosure.

Referring to FIG. 6, a display device 1000-2 may include
a display module 100, first, second, third, fourth, and fiith
adhesive layers 210, 220, 230, 240, and 250, and f{irst,
second, third, fourth, and fifth films 310, 320, 330-1, 340,
and 350.

The first, second, and third films 310, 320, and 330-1 may
respectively have first, second, and third thicknesses 310z,
320¢#, and 3307-1 that are the same as each other. For
example, each of the first, second, and third thicknesses
310z, 3207, and 3307-1 may be about 40 m. In the display
device 1000-2, similar to the display device 1000, the
modulus of the third film 330-1 according to the present
example embodiment may be about 16.67% or less of the
modulus of the first film 310, so that the display device
1000-2 may have increased impact resistance and enhanced
flexibility properties.

According to an example embodiment of the present
disclosure, at least three films may be disposed on a display
module. Theretfore, a display device may increase 1n impact
resistance. Moreover, moduli of the films may gradually
decrease with increasing distance from the display module.
Accordingly, the display device may enhance in folding
properties.

It should be understood that the example embodiments
described herein should be considered 1n a descriptive sense
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only and not for purposes of limitation. Although specific
example embodiments have been described with reference
to a number of illustrative examples thereof, 1t will be
understood by those of ordinary skill 1n the art that various
changes 1n form and details may be made without departing
from the spirit and scope of the present disclosure as defined
in the appended claims.

What 1s claimed 1s:

1. A display device, comprising:

a display module that has at least one folding area;

a first film disposed on the display module and having a
first Young’s modulus;

a second f1lm disposed on the first film, being farther from
the display module than the first film, and having a
second Young’s modulus less than the first Young’s
modulus; and

a third film disposed on the second film, being farther
from the display module than the second film, and
having a third Young’s modulus less than the second

Young’s modulus,

wherein the third Young’s modulus 1s equal to or less than
about one-sixth of the first Young’s modulus.

2. The display device of claim 1, wherein the third
Young’s modulus 1s equal to or greater than about 1.5
percent and equal to or less than about 16.67 percent of the
first Young’s modulus.

3. The display device of claim 1, wherein the second
Young’s modulus 1s equal to or greater than about 50 percent
and less than about 100 percent of the first Young’s modulus.

4. The display device of claim 1, wherein the first {ilm 1s
a composite material including one or more of polyimide
(PI), aramud, glass fiber, glass chopped strand, and cellulose
fiber.

5. The display device of claim 1, wherein the second film
includes polyethylene terephthalate (PET), acryl, polycar-
bonate (PC), polyethylene naphthalate (PEN), or triacetyl
cellulose (TAC).

6. The display device of claim 1, wherein the third film
includes  polyamide  (PA), polymethylmethacrylate
(PMMA), polyether block amide (PEBA)-based polymer, a
silicone-based polymer, or a urethane-based polymer.

7. The display device of claim 1, wherein a thickness of
the third film 1s greater than a thickness of the first film and
a thickness of the second film,

wherein the thickness of the first film and the thickness of
the second film are the same as each other.

8. The display device of claim 1, further comprising:

a first adhesive layer interposed between the display
module and the first film;

a second adhesive layer interposed between the first film
and the second film; and

a third adhesive layer interposed between the second film
and the third film.

9. The display device of claim 8, wherein

a thickness of the first adhesive layer, a thickness of the
second adhesive layer, and a thickness of the third
adhesive layer are the same as each other, or

a thickness of the third adhesive layer 1s less than a
thickness of the first adhesive layer and a thickness of
the second adhesive layer.

10. The display device of claim 8, wherein, at a certain
temperature, an adhesive force of the second adhesive layer
1s less than an adhesive force of the first adhesive layer and
an adhesive force of the third adhesive layer.

11. The display device of claim 8, further comprising;:

a Tourth adhesive layer disposed below the display mod-

ule; and
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a fourth film disposed below the fourth adhesive layer and
having a fourth Young’s modulus less than the first
Young’s modulus.

12. The display device of claim 11, further comprising;

a fifth adhesive layer disposed below the fourth film; and

a fifth film disposed below the fifth adhesive layer and
having a fifth Young’s modulus less than the first
Young’s modulus.

13. The display device of claim 12, wherein

the fifth Young’s modulus 1s less than the fourth Young’s
modulus, and

a thickness of the fifth film 1s greater than a thickness of

the fourth film.
14. The display device of claim 1, wherein each of the first

film and the second film includes a film that satisfies a
condition that yield strain 1s about 1.9% to about 2.3%,
plastic deformation index 1s about 0.38 to about 1, recovery
rate 1s about 80% to about 100%, and strain rate 1s about 0%
to about 30%.

15. The display device of claim 1, wherein the third film

includes a film that satisfies a condition that yield strain 1s
about 1.9% to about 2.5%, plastic deformation index 1is

about 0.58 to about 1, recovery rate 1s about 80% to about
100%, and strain rate 1s about 0% to about 100%.

16. A display device, comprising;

a display module that has at least one folding area;

a first film disposed on the display module and having a
first Young’s modulus;

a second film disposed on the first film, being farther from
the display module than the first film, and having a
second Young’s modulus different from the first
Young’s modulus;

a third film disposed on the second film, being farther

from the display module than the second film, and

having a third Young’s modulus different from the first
Young’s modulus and the second Young’s modulus;

a first adhesive layer interposed between the display
module and the first film;

a second adhesive layer interposed between the first film
and the second film; and

a third adhesive layer interposed between the second film
and the third film,

wherein, at a certain temperature, one or more of an
adhesive force of the second adhesive layer and an
adhesive force of the third adhesive layer are less than
an adhesive force of the first adhesive layer, and the
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third Young’s modulus 1s equal to or less than about
one-sixth of the first Young’s modulus.

17. The display device of claim 16, wherein

the second Young’s modulus 1s less than the first Young’s
modulus,

the second Young’s modulus 1s greater than the third
Young’s modulus, and

the third Young’s modulus 1s equal to or greater than
about 1.5 percent and equal to or less than about 16.67
percent of the first Young’s modulus.

18. The display device of claim 16, further comprising:

a fourth film disposed below the display module and
having a fourth Young’s modulus less than the first
Young’s modulus; and

a fifth film disposed below the fourth film and having a
fifth Young’s modulus less than the fourth Young’s
modulus,

wherein a thickness of the fifth film 1s greater than a
thickness of the fourth film.

19. The display device of claim 16, wherein

a thickness of the first film and a thickness of the second

film are the same as each other, and

a thickness of the third film 1s greater than the thickness
of the first film and the thickness of the second film.

20. The display device of claim 16, wherein

the first film 1s a composite material including one or more
of polyimide (PI), aramid, glass fiber, glass chopped
strand, and cellulose fiber,

the second film includes polyethylene terephthalate
(PET), acryl, polycarbonate (PC), polyethylene naph-
thalate (PEN), or triacetyl cellulose (TAC), and

the third film includes polyamide (PA), polymethylmeth-
acrylate (PMMA), polyether block amide (PEBA)-
based polymer, a silicone-based polymer, or a urethane-
based polymer.

21. The display device of claim 16, wherein

each of the first film and the second film includes a film
that satisfies a condition that yield strain 1s about 1.9%
to about 2.5%, plastic deformation imndex 1s about 0.58
to about 1, recovery rate 1s about 80% to about 100%,
and strain rate 1s about 0% to about 30%, and

the third film 1ncludes a film that satisfies a condition that
yield strain 1s about 1.9% to about 2.5%, plastic defor-
mation index 1s about 0.58 to about 1, recovery rate 1s
about 80% to about 100%, and strain rate 1s about 0%
to about 100%.
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