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(57 ABSTRACT

An organic light-emitting diode (OLED) display panel
includes an organic layer positioned on a first electrode and a
multilayer thin film positioned on the organic layer. The mul-
tilayer thin film is formed of a stack of graphene. The multi-
layer thin film has an interlayer bonding between two or more
upper layers thereof.
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ORGANIC LIGHT EMITTING DIODE
DISPLAY PANEL AND METHOD OF
FABRICATING THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority from and the benefit
under 35 U.S.C. §119(a) of Korean Patent Application Num-
ber 10-2014-0137778 filed on Oct. 13, 2014, which is hereby
incorporated by reference for all purposes as if fully set forth
herein.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present disclosure relates to an organic light-
emitting diode (OLED) display panel and a method of fabri-
cating the same.

[0004] 2. Description of Related Art

[0005] In the flat panel display industry, liquid crystal dis-
play (LCD) devices have been widely used since they are light
and consume less power. However, LCD devices have limited
abilities in terms of brightness, contrast ratio, viewing angles,
size, and the like, since they are non-emissive devices that do
not emit light by themselves.

[0006] In order to overcome these problems of LCD
devices, new flat display devices have been actively devel-
oped. Organic light-emitting diode (OLED) display devices,
one type of new flat display devices, have advantages of high
luminance levels, wide viewing angles, and high contrast
ratios compared to LCD devices, since OLEDs able to emit
light by themselves are used therein. In addition, OLED dis-
play devices can have a light and thin profile and consume less
power, since they do not require a backlight.

[0007] An OLED display panel of an OLED display device
displays an image using light emitted from OLEDs connected
to thin-film transistors (TFTs) in each pixel area. OLEDs are
a device in which an organic compound forms an organic
light-emitting layer between the anode and the cathode to
emit light when an electric field is applied thereto. OLEDs
have many advantages such as operability at low voltages,
relatively low power consumption, a low weight, and fabri-
cability on a flexible substrate.

[0008] OLEDs are grouped into a top emission (or front
emission) type and a bottom emission (or back emission)
type. Top emission OLEDs require high levels of light trans-
mittance and high electrical conductivity for a cathode. How-
ever, the use of a transparent material for the cathode has an
adverse effect on electrical conductivity characteristics dueto
the high sheet resistance, whereas the addition of a metal
layer intended to improve electrical conductivity reduces
light transmittance instead.

[0009] A protective layer protecting the internal devices of
an OLED display device has limited impermeability propet-
ties when it is formed of a single layer or a thin film, and
therefore cannot effectively protect the interior from moisture
and oxygen. In contrast, when a multilayer structure is
employed to improve the permeability of the protective layer,
it is problematic in that light transmittance is reduced, pro-
cessing is complicated, the number of process steps is
increased, and consequently manufacturing costs are
increased.
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[0010] Inaddition, when OLED display devices are flexible
display devices, it is difficult to ensure that the layers have
mechanical flexibility when forming layers by vapor deposi-
tion.

SUMMARY OF THE INVENTION

[0011] Aspects of an invention are set out in the indepen-
dent claims. Various embodiments of the present invention
provide an organic light-emitting diode (OLED) display
panel, amethod of fabricating the same, and an OLED display
device that has superior light transmittance, sheet resistance,
electrical conductivity, mechanical flexibility, and reliability,
as well as a reduced number of process steps and reduced time
for the processing.

[0012] In an embodiment, there is provided an organic
light-emitting diode display panel including: an organic layer
positioned on a first electrode; and a multilayer thin film
positioned on the organic layer, the multilayer thin film being
formed of a stack of graphene. The multilayer thin film has
interlayer bonding between two or more upper layers thereof.

[0013] In another embodiment, there is provided a method
of fabricating an organic light-emitting diode display panel
including;: forming an organic layer on a first electrode; form-
ing a multilayer thin film formed of graphene on the organic
layer; and forming interlayer bonding between two or more
upper layers of the multilayer thin film by plasma treatment,
whereby layers without the interlayer bonding form a second
electrode, and two or more layers having the interlayer bond-
ing form an encapsulation layer.

[0014] As set forth above, the OLED display panel, the
method of fabricating the same, and the OLED display device
according to the present disclosure have superior light trans-
mittance, sheet resistance, electrical conductivity, mechani-
cal flexibility, and reliability characteristics, as well as advan-
tageous effects, such as the reduced number of process steps
and the reduced time required for processing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The above and other objects, features and advan-
tages of the present disclosure will be more clearly under-
stood from the following detailed description when taken in
conjunction with the accompanying drawings, in which:
[0016] FIG. 1 is a schematic system configuration view
illustrating an OLED display device to which embodiments
are applied;

[0017] FIG. 2 is a schematic cross-sectional view illustrat-
ing a general OLED display panel;

[0018] FIG. 3 is a cross-sectional view illustrating an
OLED display panel according to an exemplary embodiment
of the present disclosure;

[0019] FIG. 4 is a schematic cross-sectional view illustrat-
ing an implementation of a multilayer thin film of an OLED
display device according to another exemplary embodiment
of the present disclosure;

[0020] FIG. 5A and FIG. 5B are views illustrating struc-
tural changes in a multilayer thin film according to plasma
treatment;

[0021] FIG. 6A to FIG. 6D are schematic cross-sectional
views illustrating implementations of a multilayer thin film of
an OLED display device according to another exemplary
embodiment of the present disclosure;
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[0022] FIG. 7A to FIG. 7F are process views illustrating a
method of fabricating an OLED display panel according to
further another exemplary embodiment of the present disclo-
sure;

[0023] FIG. 8A is a schematic cross-sectional view illus-
trating moisture permeation when the multilayer film of the
OLED display device has no interlayer bonding; and

[0024] FIG. 8B is a schematic cross-sectional view illus-
trating a path of moisture when the multilayer film of the
OLED display device according to embodiments of the
present disclosure has interlayer bonding.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0025] Reference will now be made in detail to the present
disclosure, embodiments of which are illustrated in the
accompanying drawings. Throughout this document, refer-
ence should be made to the drawings, in which the same
reference numerals and signs may be used throughout the
different drawings to designate the same or similar compo-
nents. In the following description of the present disclosure,
detailed descriptions of known functions and components
incorporated herein will be omitted in the case that the subject
matter of the present disclosure may be rendered unclear
thereby.

[0026] Itwill also be understood that, although terms such
as “first,” “second,” “A,” “B,” “(a)” and “(b)” may be used
herein to describe various elements, such terms are only used
to distinguish one element from another element. The sub-
stance, sequence, order or number of these elements is not
limited by these terms. It will be understood that when an
element is referred to as being “connected to” or “coupled to”
another element, not only can it be “directly connected” or
“coupled to” the other element, but also can it be “indirectly
connected or coupled to” the other element via an “interven-
ing” element. In the same context, it will be understood that
when an element is referred to as being formed “on” or
“under” another element, not only canitbe directly formed on
or under another element, but it can also be indirectly formed
on or under another element via an intervening element.
[0027] FIG. 1 is a schematic system configuration view
illustrating an organic light-emitting diode (OLED) display
device 100 to which embodiments of the present disclosure
are applied.

[0028] Referring to FIG. 1, the OLED display device 100
includes a display panel on which m number of data lines
DL1,DL2, ..., and DLm (where m is a natural number) and
n number of gate lines GL1, GL2, . .., and GLn (where n is
a natural number) are formed; a data driver 120 driving the m
number of data lines DL1 to DLm; a gate driver 130 sequen-
tially driving the n number of gate lines GL.1 to GLn; and a
timing controller 110 controlling the data driver 120 and the
gate driver 130.

[0029] First, the timing controller 110 outputs a data con-
trol signal DCS to control the data driver 120 and a gate
control signal GCS to control the gate driver 130 based on
external timing signals input from a host computer, such as
vertical/horizontal synchronization signals Vsync and Hsyne,
image data, and clock signals. In addition, the timing control-
ler 110 converts image data input from the host computer to
the format of a data signal used in the data driver 120, and
supplies converted image data Data' to the data driver 120.
[0030] In response to the data control signal and the con-
verted image data Data' input from the timing controller 110,
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the data driver 120 converts the image data Data' to a data
signal, i.e. a voltage value corresponding to a grayscale level
(an analog pixel signal or a data voltage), and supplies the
converted data signal to the data lines DL1 to DLm.

[0031] In addition, in response to the gate control signal
GCS input from the timing controller 110, the gate driver 130
sequentially supplies a scanning signal (a gate pulse, scan-
ning pulse or gate on signal) to the gate lines GL1 to GLn.
[0032] The gate driver 130 is positioned on one side of the
display panel 110 as in FIG. 1, or according to a driving
scheme, may be divided into two sections positioned on
opposite sides of the display panel 140.

[0033] Pixels P on the OLED display panel 140 may be
arranged in the shape of a matrix, positioned on areas defined
by the data lines DL1 to DLm and the gate lines GL1 to GLn.
[0034] The OLED display device 100 includes a first elec-
trode (not shown) acting as an anode (not shown), an organic
layer (not shown) positioned on the first electrode (not
shown), and a graphene-stacked multilayer thin film (not
shown) positioned on the organic layer (not shown). Inter-
layer bonding (not shown) is present between two or more
upper layers of the multilayer thin film (not shown). The
interlayer bonding (not shown) is an sp® bond (not shown) of
carbon atoms of adjacent two layers. Herein, the sp* bond (not
shown) may be interpreted as being a diamond-like structure
(not shown).

[0035] In the OLED display device 100, the two or more
layers present in the interlayer structure (not shown) are an
encapsulation layer (not shown), and the layers without the
interlayer bonding may be a common electrode that acts as
both a cathode (not shown) and a second electrode (not
shown).

[0036] Hereinafter, the first electrode, the anode, and a
positive electrode may be used as to mean the same thing.
[0037] As described above, the OLED display device 100
according to embodiments of the present disclosure has the
interlayer bonding formed in the multilayer thin film of
graphene by plasma treatment. Layers having the interlayer
bonding act as an encapsulation layer that protects the organic
layer and the device, and the layers without the interlayer
bonding act as the second electrode. Accordingly. due to the
omission of the traditional upper substrate, the thickness is
reduced, processing is simplified, characteristics such as
moisture impermeability, electrical conductivity, and light
transmittance are significantly improved, and mechanical
flexibility due to the physical properties of graphene is
obtained.

[0038] Detailed descriptions of embodiments will be given
below with reference to the drawings.

[0039] FIG. 2 is a schematic cross-sectional view illustrat-
ing a general OLED display panel.

[0040] Referring to FIG. 2, the OLED display panel 140
includes: a substrate 202; a transistor positioned on the sub-
strate 202, the transistor including a gate electrode 204, a gate
insulation film 206, a semiconductor layer 208, and a source
electrode/drain electrode 210; and a planarization layer 212
positioned on the transistor. The OLED display panel 140
also includes a first electrode 220 positioned on the planariza-
tion layer 202 and connected to the source electrode/drain
electrode 210 via a contact hole, a bank 222 overlapping the
circumference of the first electrode 220 to expose a portion of
the first electrode 220, an organic layer 224 positioned on the
exposed first electrode 220, and a second electrode (or a
common electrode) 230 formed on the entire surface covering
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the organic layer 224 and the bank 222. In addition, the OLED
display panel 140 includes a passivation layer 260 protecting
the devices inside the OLED display panel 140, such as the
organic layer 224, and an encapsulation layer 264 bonded to
the passivation layer 260 via a bonding layer 262.

[0041] Whenthe OLED display panel 140 is atop emission
type, the second electrode 230 must have a high level of light
transmittance. However, a transparent metal oxide, such as
indium tin oxide (ITO), fails to realize sufficient electrical
conductivity, which is problematic. For this reason, the sec-
ondelectrode 230 is formed as a transparent metal oxide layer
and a metal layer intended to obtain electrical conductivity.
Here, the metal intended to obtain electrical conductivity is an
alloy such as MgAg, which disadvantageously reduces light
transmittance.

[0042] In addition, the OLED display panel 140 also
includes the passivation layer 260, the bonding layer 262, and
the encapsulation layer 264 that are sequentially stacked on
the second electrode 230. All of these layers are protective
layers to protect the organic layer 224 from moisture or oxy-
gen, in which the passivation layer 260 may have a multilayer
structure including an organic film and an inorganic film. In
this case, there are problems in that the number of process
steps is increased, and manufacturing costs are increased
because of the deposition process or the like.

[0043] When the OLED display panel 140 is a flexible
OLED display panel 140, the passivation layer 260, the bond-
ing layer 262, the encapsulation layer 264, and the like are
formed of inorganic materials. In this case, however, reduced
mechanical flexibility lowers the reliability of products, and
cracks cause poor image quality. In addition, when the pro-
tective layer is formed of a single layer or a small number of
layers in order to obtain flexibility, it is impossible to prevent
oxygen or moisture from permeating through the protective
layer due to reduced moisture impermeability.

[0044] Embodiments of the present disclosure are config-
ured to overcome the above-discussed problems using the
multilayer structure positioned on the organic layer 224.
Detailed descriptions of the embodiments will be given below
with reference to the drawings.

[0045] FIG. 3 is a cross-sectional view illustrating an
OLED display panel according to an exemplary embodiment
of the present disclosure.

[0046] Referring to FIG. 3, the OLED display panel 140
includes: a substrate 302; a transistor positioned on the sub-
strate 302, the transistor including a gate electrode 304, a gate
insulation film 306, a semiconductor layer 308, and a source
electrode/trench electrode 310; and a planarization layer 312
positioned on the transistor. The OLED display panel 140
also includes a first electrode 320 positioned on the planariza-
tion layer 312 and connected to the source electrode/drain
electrode 310 via a contact hole, and a bank 322 overlapping
the circumference of the first electrode 320 to expose a por-
tion of the first electrode 320.

[0047] The OLED display panel 140 according to this
embodiment includes an organic layer 324 positioned on the
first electrode 320 and a graphene-stacked multilayer thin
film 330 positioned on the organic layer 324, in which intet-
layer bonding 350 is present between two or more upper
layers of the multilayer thin film 330.

[0048] The interlaver bonding 350 is an sp® bond of carbon
atoms of two adjacent layers. The sp® bond indicates a struc-
ture in which a carbon atom forms four bonds with the sur-
rounding four atoms. In other words, the sp> bond indicates a
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bonding structure in which the coordination number of car-
bon is 4. Since diamond has an sp® bond unlike the planar
structure of graphite, the sp® bond is interpreted as being a
diamond-like structure.

[0049] First, the substrate 302 may be implemented as not
only a glass substrate, but also a plastic substrate, such as a
polyethylene terephthalate substrate, a polyethylene naphtha-
late substrate, or a polyimide substrate.

[0050] The substrate 302 may be provided with a buffer
layer that prevents impurities from penetrating into the sub-
strate. The buffer layer may be a single layer or a multilayer
of, forexample, silicon nitride (SiNx) or silicon oxide (S10x).
[0051] The gate electrode 304 has the function of transfer-
ring gate signals to transistors, and may be implemented as a
single layer or a multilayer formed of at least one metal or
alloy, such as Al, Pt, Pd, Ag, Mg, Au, Ni, Nd, Ir, Cr, Li, Ca,
Mo, Ti, W, and Cu. In addition, the source electrode/drain
electrode 310 electrically connected to the semiconductor
layer 308 may be formed of a refractory metal, such as Cr or
Ta.

[0052] The semiconductor layer 308 may be formed of a
metal oxide selected from among, but is not limited to, indium
gallium zinc oxide (IGZO), zinc tin oxide (ZTO), or zinc
indium oxide (ZIO). Rather, the semiconductor layer 308
may be formed of amorphous silicon (a-Si) or polysilicon.
[0053] The gate insulation film 306 may be formed of an
inorganic insulation material, such as SiOx or SiNx.

[0054] The transistor including the gate electrode 304, the
semiconductor layer 308, the source electrode/drain elec-
trode 310 is illustrated as being, for example, a bottom gate
type. However, the present disclosure is not limited thereto,
and the transistor may be a top gate type.

[0055] The planarization layer 312 is a hydrophobic
organic or inorganic film, considering mechanical strength,
anti-moisture permeability, ease of film formation, and the
like. For example, the planarization layer 312 is formed of
one selected from among, but is not limited to, polystyrene,
siloxane series resin, acrylic resin, SiON, SiNx, SiOx, and
AlOx.

[0056] The first electrode 320 formed on the planarization
layer 312 may be formed of a transparent conductive material
having a relatively large work function to act as an anode
electrode. For example, the first electrode 320 may be formed
of one selected from among, but not limited to: a metal oxide,
suich as indium tin oxide (ITO) or indium zinc oxide (IZ0); a
metal-oxide mixture, such as ZnQ:Al or SnO2:8Sb; carbon
nanotube; graphene; and silver nanowire.

[0057] Inaddition,inthe case of top emission type, a reflec-
tor formed of a metal material having superior reflectance, for
example Al or Ag, may be disposed as an auxiliary electrode
on or underlying the first electrode 320 in order to improve
reflectance.

[0058] Herein, the term “top emission” refers to light emis-
sion from the organic layer 324 in the direction toward the
multilayer thin film 330, whereas the term “bottom emission”
refers to light emission in the opposite direction from the “top
emission.”

[0059] Thebank 322 defines a light-emitting area, and may
be formed of a hydrophobic organic material, for example,
polystyrene, polymethylmetacrylate (PMMA), benzocy-
clobutene series resin, siloxane series resin, silane resin,
acrylic resin, or the like.

[0060] Theorganic layer 324 may be formed of amultilayer
sequentially stacked from the top surface of the pixel elec-
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trode 320. For example, the organic layer 324 may have a
five-layer structure including a hole injection layer, a hole
transport layer, an emitting layer, an electron transport layer,
and an electron injection layer; a four-layer structure includ-
ing a hole transport layer, an emitting layer, an electron trans-
port layer, and an electron injection layer; or a three-layer
structure including a hole transport layer, an emitting layer,
and an electron transport layer.

[0061] In the OLED display panel 140 according to this
embodiment, the two or more layers of the multilayer thin
film 330 having the above-stated interlayer bonding 350
present between them are an encapsulation layer, and the
layers without the interlayer bonding 350 are a second elec-
trode (or a common electrode).

[0062] That is, the multilayer thin film 330 is a single struc-
ture that simultaneously performs the function of protecting
the internal devices and the function of serving as the second
electrode.

[0063] Each layer of the multilayer thin film is formed of
graphene, i.e. a two-dimensional material formed of carbon
atoms having a honeycomb structure.

[0064] The multilayer thin film 330 may be grown on a
rapid catalyst by chemical vapor deposition, but the present
disclosure is not limited thereto. Rather, the multilayer thin
film 330 may be formed of reduced graphene oxide (rGO) that
is produced by forming graphene oxide (GO) by oxidizing
graphene with a strong oxidizer such as potassium perman-
ganate (KMnQ,) and subsequently reducing the graphene
oxide (GO) with a reducer such as hydrazine (NH,NH,).
[0065] Graphene has superior mechanical properties, high
chemical resistance, high mechanical flexibility, superior
thermal resistance, high charge carrier mobility, and high
charge storage capacity, since it is formed of two-dimension-
ally conjugated sp” hybrid carbons.

[0066] Accordingly, the portion of the multilayer thin film
330 corresponding to the second electrode has higher levels
of light transmittance and electrical conductivity, a lower
level of sheet resistance, and a higher level of flexibility
compared to those of the typical second electrode of the
OLED display panel 140.

[0067] In contrast, the portion of the multilayer thin film
330 corresponding to the encapsulation layer has insulating
characteristics, due to a plasma treatment, as well as a low
level of electrical conductivity and superior moisture impet-
meability. Here, the plasma may be, for example, hydrogen
plasma.

[0068] In addition, since the single structure realizes the
above-stated two functions that would otherwise be realized
by two structures in the related art, the time required for
processing is reduced, the number of process steps is reduced,
and consequently manufacturing costs are reduced.

[0069] These characteristics are caused by the interlayer
bonding 350 produced by the plasma treatment. The inter-
layer bonding 350 may be formed between the two or more
layers positioned in the upper part of the multilayer thin film
330.

[0070] The multilayer thin film 330 and the interlayer
bonding 350 will be described in greater detail with reference
to FIG. 4.

[0071] FIG. 4 is a schematic cross-sectional view illustrat-
ing an implementation of a multilayer thin film of an OLED
display device according to another exemplary embodiment
of the present disclosure.
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[0072] Referring to FIG. 4, the graphene-stacked multi-
layer thin film 330 is positioned on the organic layer 324 (see
FIG. 3). The multilayer thin film 330 has the interlayer bond-
ing 350 present between two or more upper layers thereof.
[0073] The interlayer bonding 350 refers to an sp® bond
(not shown) of carbon atoms of adjacent two layers or a
diamond-like structure. Carbon atoms present on the same
layer as the interlayer bonding 350 present are locally or
entirely combined with four-surrounding atoms.

[0074] Graphene without plasma treatment has a coordina-
tion number 3, and forms sigma (c) bonds with surrounding
carbons. In addition, pi (n) bonds (conjugates) are formed
between electrons that do not participate in the sigma (0)
bonds.

[0075] When the multilayer thin film 330 formed of
graphene is treated with hydrogen plasma, the sp? network
formed of pi () bonds on the upper layers of the multilayer
thin film 330 is destroyed when exposed to the plasma,
whereby sigma (o) bonds may be formed. This change may
occur locally on each layer or occur for the entire upper
layers.

[0076] This change causes the two or more layers having
the interlayer bonding 350 to form encapsulation layers 334
and the layers 332 without the interlayer bonding 350 to act as
the second electrode layers 332.

[0077] When an sp® bond is formed by carbon atoms of
adjacent layers, the interlayer distance between the adjacent
layers is reduced, and there are changes in electrical conduc-
tivity, sheet resistance, and moisture permeability.

[0078] Specifically, the interlayer distance d2 of the two or
more layers 334 having the interlayer bonding 350 may be
smaller than the interlayer distance d1 of the layers 332 with-
out the interlayer bonding 350. This is due to the relatively-
strong bonding force between the adjacent layers caused by
the sp® bond formed by carbon atoms of adjacent layers.
[0079] In other words, the interlayer distances d1 and d2
may differ since the two or more layers 334 having the inter-
layer bonding 350 are bonded by a covalent bond and the
layers 332 without the interlayer bonding 350 interact by Van
der Waals force. Specifically, the two or more layers 334
having the interlayer bonding 350 are combined by a sigma
(o) bond, i.e. a covalent bond between atoms. The layers 332
without the interlayer bonding 350 are not directly bonded,
and the interlayer distance d1 is maintained by Van der Waals
interactions caused by instantaneously induced charge.
[0080] In addition, the sheet resistance of the two or more
layers 334 having the interlayer bonding 350 is greater than
the sheet resistance of the layers 332 without the interlayer
bonding 350. The upper layers having the interlayer bonding
350 have insulating characteristics due to the hydrogen
plasma treatment.

[0081] In contrast, the layers 332 without the interlayer
bonding 350 have a high level of electrical conductivity and a
low level of sheet resistance due to the physical properties of
graphene. For example, the layers 332 without the interlayer
bonding 350 may have a high level of electrical conductivity
since the sheet resistance thereof may be smaller than 1Q/(]
(Ohms per square).

[0082] That is, the electrical conductivity of the two or
more layers 334 having the interlayer bonding 350 is smaller
than the electrical conductivity of the layers 332 without the
interlayer bonding 350.

[0083] Anincrease in the number of the layers 332 without
the interlayer bonding 350 increases the thickness, lowers the
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sheet resistance, and increases the electrical conductivity of
the layers 332 without the interlayer bonding 350. Thus, an
increase in the thickness of the layers 332 without the inter-
layer bonding 350 increases the brightness of light that the
OLED display panel 140 emits in response to a drive voltage
equally applied thereto. In other words, the sheet resistance of
the layers 332 without the interlayer bonding 350 decreases
as the entire thickness thereof increases. Consequently, when
the same drive voltage is applied, a greater amount of current
flows from the first electrode 320 to the second electrode 330,
thereby increasing the brightness of the OLED display panel
140.

[0084] The moisture permeability of the two or more layers
334 having the interlayer bonding 350 may be smaller than
the moisture permeability of the layers 332 without the inter-
layer bonding 350. This is because the interlayer bonding 350
itself, or the reduction in interlayer distance due to the inter-
layer bonding 350, prevents external moisture or oxygen from
permeating. Therefore, the moisture permeability of the
encapsulation layers 334 may be, for example, 10~* g/m*-day
or less. A detailed description of the moisture permeability
will be given below with reference to FIG. 8A and FIG. 8B.
[0085] The layers 334 having the interlayer bonding 350
act as the encapsulation layer 334 since they have high sheet
resistance and low electrical conductivity characteristics. The
layers 332 without the interlayer bonding 350 act as the
second electrode layer 332 since they have low sheet resis-
tance and high electrical conductivity characteristics.

[0086] For the OLED display panel 140 according to this
embodiment, the number of process steps is reduced, the time
required for processing is reduced, and consequently manu-
facturing costs are reduced compared to typical panels.
[0087] Inthe typical OLED display panel 140 as described
above, the second electrode layer 332 is positioned on the
organic layer 324, and the passivation layer 260, the bonding
layer 262, and the encapsulation layer 246 are positioned on
the second electrode layer 332 in order to protect the organic
layer 324 from external moisture or oxygen. This conse-
quently increases the number of process steps as well as
manufacturing costs due to additional processing such as
deposition, which are problematic.

[0088] In contrast, in the OLED display panel 140 accord-
ing to this embodiment, the second electrode layer 332 and
the encapsulation layer 334 are simultaneously formed
through hydrogen plasma treatment of the multilayer thin
film 330 that has been transferred after being formed outside,
thereby minimizing the number of process steps and reducing
the time required for processing.

[0089] In addition, the thickness of one layer of the multi-
layer thin film 330 is, for example, about 3 A. Since thickness
of one hundred layers of the multilayer thin film 330 is merely
300 A, the multilayer thin film 330 may have a very small
thickness. Consequently, the multilayer thin film 330 has a
high transmittance of light emitted from the organic layer
324.

[0090] In addition, it is possible to adjust transmittance by
adjusting the number of layers or adjusting the time required
for plasma treatment, the frequency of oscillation, or the like.
It is advantageously possible to change the thickness of the
second electrode layer 332 and the thickness of the encapsu-
lation layer 334 depending on the value of design. For
example, when the OLED display device 100 is a top emis-
sion type, ahigh level of light transmittance is required. In this
case, it is possible to realize a high level of light transmittance
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by reducing the number of layers. In addition, in the OLED
display device 100, it is possible to realize a high level of
brightness by increasing the thickness of the layer 332 with-
out the interlayer bonding 350 or realize high moisture impet-
meability by increasing the thickness of the layer 334 having
the interlayer bonding 350.

[0091] Furthermore, since the multilayer thin film 330
formed of graphene has superior mechanical flexibility due to
the physical properties of graphene, the multilayer thin film
330 can be advantageously used in flexible displays.

[0092] FIG. 5A and FIG. 5B are views illustrating struc-
tural changes in a multilayer thin film according to plasma
treatment.

[0093] Referring to FIG. 5A and FIG. 5B, when the multi-
layer thin film 330 without the interlayer bonding 350 is
subjected to plasma treatment, a change in structure occurs.

[0094] Before the plasma treatment, carbon atoms of
graphene have sp® conjugates. The stacked layers of the nul-
tilayer thin film 330 are combined by Van der Waals force and
pi (n) bonds that are caused by instantaneously-induced
charges.

[0095] In contrast, after the plasma treatment has been
completed, the interlayer bonding 350 may be formed in a
localized area or the entire area of the upper layers of the
multilayer thin film 330. The interlayer bonding 350 forms an
sp® bond (or a diamond-like structure). This bond corre-
sponds to a covalent bond that is a direct bond between atoms,
caused by a stronger force than the Van der Waals interaction.
[0096] Therefore, the interlayer distance d2 of the layers of
the encapsulation layer 334, i.e. the layers 334 having the
interlayer bonding 350 formed by plasma treatment, is
smaller than the interlayer distance d1 of the layers of the
second electrode layer 332.

[0097] FIG. 6A and FIG. 6B are schematic cross-sectional
views illustrating implementations of a multilayer thin film of
an OLED display device according to a further exemplary
embodiment of the present disclosure.

[0098] Referring to FIG. 6A and FIG. 6B, the multilayer
thin film 330 includes the encapsulation layer 334 having the
interlayer bonding 350 and the second electrode layer 332
without the interlayer bonding 350.

[0099] The entire thickness t0 of the multilayer thin film
330 may vary depending on the design values of products. In
other words, the number of the layers of the multilayer thin
film 330 may vary depending on the design value of at least
one selected from among, but not limited to, light transmit-
tance, sheet resistance, brightness, electrical conductivity,
and moisture permeability, and accordingly, the entire thick-
ness t0 is determined.

[0100] The encapsulation layer 334 may be formed of two
or more layers, in which the interlayer distance d2 thereof'is
smaller than the interlayer distance d1 of the layers of the
second electrode layer 332, and the interlayer bonding 350 is
present in each of adjacent layers thereof.

[0101] Thethickness t2 of the encapsulation layer 334 may
vary depending on the design values. For example, the thick-
ness t2 is increased in order to realize high moisture imper-
meability, whereas the thickness 12 is reduced when high light
transmittance is required. These features can be realized by
adjusting the number of layers.

[0102] Likewise, the second electrode layer 332 may be
formed of two or more layers, with the interlayer distance d1
thereof being greater than the interlayer distance d2 of the
encapsulation layer 334.
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[0103] The thickness t1 of the second electrode layer 332
may be thick, for example when low sheet resistance and high
electrical conductivity are required, or may be thin when high
light transmittance is required.

[0104] As illustrated in FIG. 6C and FIG. 6D, in the struc-
ture of the multilayer thin film 330, the thickness (2 of the
encapsulation layer 334 and the thickness t1 of the second
electrode layer 332 may relatively vary. Specifically, in FIG.
6C, the encapsulation layer 334 includes four layers, whereas
the second electrode layer 332 include two layers (12>t1). In
addition, in the case of FIG. 6D, the encapsulation layer 334
include two layers, whereas the second electrode layer 332
includes four layers (t2<t1). These features may vary depend-
ing on design values as required.

[0105] The structure of the OLED display panel 140 or the
OLED display device 100 including the multilayer thin film
330 has been described hereinabove. In the following, a
detailed description will be given of a method of fabricating
the OLED display panel 140 including the multilayer thin
film 330.

[0106] FIG. 7A to FIG. 7F are process views illustrating a
method of fabricating an OLED display panel according to
further another embodiment of the present disclosure.
Descriptions of some features will be omitted since they are
identical to those described in FIG. 1 to FIG. 6D.

[0107] Referring to FIG. 7A to FIG. 7F, the method of
fabricating the OLED display panel 140 includes: forming an
organic layer 324 on a first electrode 320; forming a multi-
layer thin film 330 formed of graphene on the organic layer
324; and forming interlayer bonding 350 between two or
more upper layers of the multilayer thin film 330 by plasma
treatment, with the layers without the interlayer bonding
forming a second electrode layer (or common electrode layer)
332, and the two or more layers having the interlayer bonding
forming an encapsulation layer 334.

[0108] Here, theinterlayer bonding 350 may be an sp’ bond
of carbon atoms of two adjacent layers or a diamond-like
structure.

[0109] Specifically, as illustrated in FIG. 7A, after a sub-
strate 302, a transistor, a gate insulation film 306, a planariza-
tionlayer 312, and the first electrode 320 of the OLED display
panel 140 are formed, the operation of forming the bank 322
and the organic layer 324 is performed.

[0110] The transistor including a gate electrode 304, the
gate insulating film 306, a semiconductor layer 308, and a
source electrode/drain electrode 310 is deposited by a depo-
sition process, such as physical vapor deposition or chemical
vapor deposition, and is patterned by an etching process.
[0111] The transistor has a planarization layer 312 formed
thereon in which a contact hole formed by deposition is
positioned. The first electrode 320 is deposited and patterned
on the planarization layer 312 such that the first electrode 320
is connected to the source electrode/drain electrode 310 via
the contact hole.

[0112] The bank 322 is formed along the circumference of
the first electrode. The bank 322 may be formed of an inor-
ganic material by deposition and etching processes, or may be
formed of an organic material by a solution process.

[0113] The organic layer 324 is formed on the first elec-
trode 320 exposed by the bank 322. The organic layer 324
may include a plurality of layers. The organic layer 324 may
be deposited by physical vapor deposition or chemical vapor
deposition, or may be formed by a solution process, such as
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inkjet printing. When the solution process is used, only some
of the plurality of layers may be formed by the solution
process.

[0114] The multilayer thin film 330 may be formed on the
first electrode 320. An implementation of the method of fab-
ricating the multilayer thin film 330 is illustrated in FIG. 7B
to FIG. 7D.

[0115] The method of fabricating the multilayer thin film
330 illustrated in FIG. 7B to F1G. 7D is an implementation of
the fabrication method using chemical vapor deposition, but
the method of fabricating the OLED display panel 140
according to the present disclosure is not limited thereto.
[0116] The operation of forming the multilayer thin film
330 includes growing a multilayer of graphene on a catalyst
metal layer 704 and subsequently transferring the multilayer
of graphene to the organic layer 324 of the OLED display
panel 140, thereby forming the multilayer thin film 330.
[0117] Specifically, the catalyst metal layer 704 is formed
on a base substrate 702. The catalyst metal layer 704 may be
formed of a low carbon solubility material, such as Cu or Ni,
but the present disclosure is not limited thereto.

[0118] Thereafter, graphene is grown on the catalyst metal
layer 704 by chemical vapor deposition. Deposition of
graphene is performed several times to form a multilayer film
330" having a multiplicity of layers before the multilayer film
330" is transferred, and a transparent adhesive film to which
the organic layer 324 is to be adhered may be positioned on
the multilayer film 330'.

[0119] Afterwards, the catalyst metal layer 704 is etched
off using a selective etching solution, and the remaining mul-
tilayer film 330" is transferred to the organic layer 324. Con-
sequently, the operation of forming the multilayer thin film
330 illustrated in FIG. 7E is performed.

[0120] It should be understood that the method of fabricat-
ing the multilayer thin film 330 using chemical vapor depo-
sition has been disclosed for illustrative purposes only, and
that the multilayer thin film 330 of the OLED display panel
140 according to embodiments of the present disclosure may
be embodied in a variety of other forms.

[0121] For example, the multilayer thin film 330 may be
formed of reduced graphene oxide (rGO) that is produced by
forming graphene oxide (GO) by oxidizing graphene with a
strong oxidizer such as potassium permanganate (KMnO,)
and subsequently reducing the graphene oxide (GO) with a
reducer such as hydrazine (NH,NH,).

[0122] The operation of forming the multilayer thin film
330 may form the multilayer thin film 330 by adjusting the
number of layers depending on at least one design value
which can be selected from among, but is not limited to, light
transmittance, sheet resistance, electrical conductivity, and
moisture permeability.

[0123] Forexanple, when the thickness t0 of the multilayer
thin film 330 is increased by forming the multilayer thin film
330 of a greater number of layers, and the thickness t2 of the
encapsulation layer 334 having the interlayer bonding 350 is
also increased, the encapsulation layer 334 has the following
characteristics, such as reduced light transmittance, increased
sheet resistance, reduced electrical conductivity, and reduced
moisture permeability (improved moisture permeability
characteristics).

[0124] In contrast, when the thickness t0 of the multilayer
thin film 330 is reduced by forming the multilayer thin film
330 of a smaller number of layers, and the thickness t1 of the
second electrode layer 332 without the interlayer bonding
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350 is also decreased, the second electrode layer 332 has the
following characteristics, such as increased light transmit-
tance, low sheet resistance, increased electrical conductivity,
and increased moisture permeability.

[0125] After that, the operation of forming the second elec-
trode layer 332 and the encapsulation layer 334 is performed
by forming the interlayer bonding 350 by plasma treatment.
[0126] As illustrated in FIG. 7E, the multilayer film 330
that has not experienced plasma treatment has no interlayer
bonding 350 formed between layers. Here, the interlayer
distance d1 is relatively wide since the layers are combined by
relatively weak interaction.

[0127] In contrast, as illustrated in FIG. 7F, when plasma
treatment is performed, a multilayer thin film 330 having the
interlayer bonding 350 is formed. Here, the plasma may be
hydrogen plasma.

[0128] The operation of performing a plasma treatment
may include positioning a panel 140 within a chamber evacu-
ated, for example, by a vacuum pump, and subsequently
exposing the multilayer thin film 330 to a hydrogen plasma
generated by a high-frequency generator under conditions of
1 mbar pressure and 20 W power.

[0129] Here, the time, pressure and temperature required
for plasma processing and the frequency of plasma are vari-
able. For example, the operation of forming the second elec-
trode layer 332 and the encapsulation layer 334 can determine
the thickness t1 of the second electrode layer 332 and the
thickness 12 of the encapsulation layer 334 by adjusting at
least one of the pressure, temperature, time and frequency of
plasma.

[0130] Specifically, the thickness t2 of the encapsulation
layer 334 is increased as the time required for plasma treat-
ment, the pressure, the temperature, and the frequency of
plasma are increased. Accordingly, the encapsulation layer
334 has the following characteristics, such as improved mois-
ture permeability characteristics, reduced light transmittance,
reduced electrical conductivity, and increased sheet resis-
tance.

[0131] When the time required for plasma processing is
reduced, pressure or temperature is lowered, or the frequency
of plasma is reduced, the thickness t2 of the encapsulation
layer 334 is relatively decreased and the thickness t1 of the
second electrode layer 332 is relatively increased. Conse-
quently, the second electrode layer 332 has low sheet resis-
tance and improved electrical conductivity characteristics.
[0132] Through these adjustment processes, the second
electrode layer 332 and the encapsulation layer 334 are
formed, thereby completing the fabrication of the OLED
display panel 140.

[0133] FIG. 8A is a schematic cross-sectional view illus-
trating moisture permeation when the multilayer film of the
OLED display device has no interlayer bonding, and FIG. 8B
is a schematic cross-sectional view illustrating a path of mois-
ture when the multilayer film of the OLED display device has
interlayer bonding 350.

[0134] Referring to FIG. 8A and FIG. 8B, the multilayer
thin film 330 of the OLED display panel 140 may contain
intrinsic defects.

[0135] For example, as illustrated in FIG. 7B to FIG. 7D,
when the multilayer thin film 330 is formed by chemical
vapor deposition, the multilayer thin film 330 may be depos-
ited on the catalyst metal layer 704. Here, the catalyst metal
layer 704 includes contiguous regions having different crystal
patterns. Consequently, the graphene deposited on the cata-
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lyst metal layer 704 contains a plurality of domains. The
domains refer to the crystal plane areas of polycrystalline
graphene. Due to these domains, each layer of the multilayer
thin film 330 may include a plurality of defects.

[0136] In addition, reduced graphene oxide (rGO) pro-
duced by reducing graphene oxide (GO) may also contain a
variety of detects introduced through strong oxidation during
the fabrication of graphene oxide (GO).

[0137] The defects within the multilayer thin film 330 of
the OLED display panel 140 may cause aproblem of moisture
(H,O) or oxygen (O,) permeation into the OLED display
panel 140. The organic layer 324 of the OLED display panel
140 may suffer from deteriorating electrical characteristics
and reduced life when moisture or oxygen permeates from the
outside, since the organic layer 324 is formed of an organic
material.

[0138] In contrast, in the encapsulation layer 334 of the
OLED display panel 140 according to embodiments of the
present disclosure, the interlayer bonding 350 can prevent
moisture or oxygen from permeating from the outside.

[0139] Consequently, in the multilayer thin film 330, the
encapsulation layer 334 having the interlayer bonding 350
can prevent moisture or oxygen from permeating from the
outside, prevent the organic layer from deteriorating in char-
acteristics, and improve the reliability and longevity of the
OLED display panel 140.

[0140] Accordingly, the OLED display panel 140 and the
OLED display device 100 according to embodiments of the
present disclosure are formed of graphene, and include the
multilayer thin film 330 having the interlayer bonding 350 in
the upper layers.

[0141] Inthe multilayer thin film 330, the second electrode
layer 332 without the interlayer bonding 350 has high elec-
trical conductivity and low sheet resistance.

[0142] In addition, in the multilayer thin film 330, the
encapsulation layer 334 having the interlayer bonding 350
has improved moisture permeability characteristics able to
prevent moisture and oxygen from permeating from the out-
side.

[0143] Furthermore, the multilayer thin film 330 has a high
level of light transmittance due to the very small thickness t0.
In addition, superior strength and mechanical flexibility can
be obtained due to the physical properties of graphene. In the
OLED display panel 140 and the OLED display device 100 of
the top emission type, in which light is emitted from the
organic layer 324 in a direction toward the multilayer thin film
330, light transmittance may be a key factor. In addition,
when the OLED display panel 140 and the OLED display
device 100 are flexible display devices, mechanical flexibility
is important.

[0144] In addition, it is advantageously possible to adjust
the thickness t0 by adjusting the number of layers of the
multilayer thin film 330 depending on the design values
required for the OLED display panel 140 and the OLED
display device 100, and adjust the thickness t1 of the second
electrode layer 332 and the thickness 2 of the encapsulation
layer 334 by changing the conditions required for plasma
processing.

[0145] Finally, the OLED display panel 140 and the OLED
display device 100 according to embodiments of the present
disclosure have advantageous characteristics, such as the
reduced number of process steps, the reduced time required
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for processing, and reduced manufacturing costs, since the
second electrode layer 332 and the encapsulation layer 334
are simultaneously formed.

[0146] While the embodiments of the present disclosure
have been described in conjunction with the drawings, the
present disclosure is by no means limited thereto.

[0147] Although wvarious embodiments have been
described up to now with reference to the accompanying
drawings, the present invention is not limited to thereto.
[0148] As to one embodiment, an organic light-emitting
diode display panel may comprise an organic layer positioned
on a first electrode; and a multilayer thin film positioned on
the organic layer, the multilayer thin film being formed of a
stack of graphene, wherein the multilayer thin film has an
interlayer bonding between two or more upper layers thereof.
[0149] Theinterlayer bonding may comprise an sp bond of
carbon atoms of adjacent two layers.

[0150] The interlayer bonding may comprise a diamond-
like structure of carbon atoms of adjacent two layers.

[0151] The two or more layers having the interlayer bond-
ing may comprise an encapsulation layer, and layers of the
multilayer thin film without the interlayer bonding comprise
a second electrode.

[0152] The two or more layers having the interlayer bond-
ing may be bonded by a covalent bond, and layers of the
multilayer thin film without the interlayer bonding interact by
Van der Waals force.

[0153] A sheet resistance of the two or more layers having
the interlayer bonding may be greater than a sheet resistance
of layers of the multilayer thin film without the interlayer
bonding.

[0154] An electrical conductivity of the two or more layers
having the interlayer bonding may be smaller than an electri-
cal conductivity of layers of the multilayer thin film without
the interlayer bonding.

[0155] An interlayer distance of the two or more layers
having the interlayer bonding may be smaller than an inter-
layer distance of layers of the multilayer thin film without the
interlayer bonding.

[0156] A moisture permeability of the two or more layers
having the interlayer bonding may be smaller than a moisture
permeability of layers of the multilayer thin film without the
interlayer bonding.

[0157] Anincrease in athickness oflayers of the multilayer
thin film without the interlayer bonding may increase a
brightness of the organic light-emitting diode display panel at
an equal driving voltage applied.

[0158] Light emitted from the organic layer may be radi-
ated in a direction toward the multilayer thin film.

[0159]  As to other embodiment, a method of fabricating an
organic light-emitting diode display panel may comprise
forming an organic layer on a first electrode; forming a mul-
tilayer thin film formed of graphene on the organic layer; and
forming an interlayer bonding between two or more upper
layers of the multilayer thin film by plasma treatment, with
layers without the interlayer bonding forming a second elec-
trode, and the two Or more layers having the interlayer bond-
ing forming an encapsulation layer.

[0160] The forming the multilayer thin film may include
adjusting a number of layers of the multilayer thin film
depending on a design value of at least one selected from
among the group consisting of light transmittance, sheet
resistance, electrical conductivity, and moisture permeability.
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[0161] The forming the second electrode and the encapsu-
lation layer may include determining a thickness of the sec-
ond electrode and a thickness of the encapsulation layer by
adjusting at least one selected from the group consisting of
pressure, temperature, time, and frequency of plasma in the
plasma treatment.

[0162] The plasma may include a hydrogen plasma.
[0163] The forming the multilayer thin film may include
growing a multilayer of the graphene on a catalyst metal layer
and subsequently transferring the multilayer of the graphene
to the organic layer.

[0164] It will be understood that the terms “comprise,”
“include,” “have,” “contain,” and any variations thereof used
herein are intended to cover a non-exclusive inclusion unless
explicitly described to the contrary. Unless otherwise defined,
all terms including technical and scientific terms used herein
have the same meaning as commonly understood by a person
skilled in the art to which this disclosure belongs. It will be
further understood that terms, such as those defined in com-
monly used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the context of
the relevant art and the present disclosure, and will not be
interpreted in an idealized or overly formal sense unless
expressly so defined herein.

[0165] The foregoing descriptions and the accompanying
drawings have been presented in order to explain the certain
principles of the present disclosure. A person skilled in the art
to which the present disclosure relates can make many modi-
fications and variations without departing from the principle
of the disclosure. The foregoing embodiments disclosed
herein shall be interpreted as illustrative only not as limitative
of the principle and scope of the disclosure. It should be
understood that the scope of the invention shall be defined by
the appended Claims and all of their equivalents fall within
the scope of the disclosure.

What is claimed is:

1. An organic light-emitting diode display panel compris-
ing:

a first electrode;

a multilayer thin film; and

an organic layer positioned between the first electrode and

the multilayer thin film,

wherein the multilayer thin film includes a plurality of first

graphene layers and a plurality of second graphene lay-
ers, and

wherein there is an interlayer bonding between the plural-

ity of first graphene layers.

2. The panel of claim 1, wherein the plurality of second
graphene layers are without interlayer bonding therebetween.

3. The panel of claim 1, wherein the plurality of second
graphene layers are positioned between the organic layer and
the plurality of first graphene layers.

4. The panel of claim 1, wherein the plurality of first
graphene layers include a graphene layer of the multilayer
thin film that is the furthest graphene layer from the organic
layer.

5. The panel of claim 1, wherein the interlayer bonding
includes an sp* bond of carbon atoms.

6. The panel of claim 1, wherein the interlayer bonding
includes a diamond-like structure of carbon atoms.

7. The panel of claim 1, wherein

the layers of the plurality of first graphene layers are

bonded by covalent bonds, and
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the layers of the plurality of second graphene layers inter-

act by Van der Waals forces.

8. The panel of claim 1, wherein a sheet resistance of the
plurality of first graphene layers is greater than a sheet resis-
tance of the plurality of second graphene layers.

9. The panel of claim 1, wherein an electrical conductivity
of the plurality of first graphene layers is smaller than an
electrical conductivity of the plurality of second graphene
layers.

10. The panel of claim 1, wherein an interlayer distance of
the plurality of first graphene layers is smaller than an inter-
layer distance of the plurality of second graphene layers.

11. The panel of claim 1, wherein a moisture permeability
of the plurality of first graphene layers is smaller than a
moisture permeability of the plurality of second graphene
layers.

12. The panel of claim 1, wherein a light emitted from the
organic layer is radiated in a direction toward the multilayer
thin film.

13. A method of fabricating an organic light-emitting diode
display panel, the method comprising:

forming a first electrode;

forming a multilayer thin film;

forming an organic layer;

positioning the organic layer between the first electrode

and the multilayer thin film,
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wherein the multilayer thin film includes a plurality of first
graphene layers and a plurality of second graphene lay-
ers; and

forming an interlayer bonding between the plurality of first

graphene layers.

14. The method of claim 13, wherein the forming the
interlayer bonding includes using plasma treatment.

15. The method of claim 14, wherein a plasma in the
plasma treatment includes hydrogen plasma.

16. The method of claim 13, wherein the plurality of sec-
ond graphene layers are positioned between the organic layer
and the plurality of first graphene layers.

17. The method of claim 13, wherein the graphene layers of
the plurality of second graphene layers are without the inter-
layer bonding therebetween.

18. The method of claim 13, wherein the forming the
multilayer thin film includes determining a number of
graphene layers of the multilayer thin film depending on a
design value selected from at least one of light transmittance,
sheet resistance, electrical conductivity, and moisture perme-
ability.

19. The method of claim 13, wherein the forming the
multilayer thin film includes growing a multilayer thin film of
graphene on a catalyst metal layer and subsequently transfer-
ring the multilayer thin film to the organic layer.
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