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ORGANIC LIGHT-EMITTING DIODE
DISPLAYS WITH REDUCED BORDER AREA

[0001] This application claims the benefit of provisional
patent application No. 62/269,792 filed on Dec. 18, 2015,
which is hereby incorporated by reference herein in its
entirety.

BACKGROUND

[0002] This relates generally to electronic devices with
displays, and, more particularly, to organic light-emitting
diode displays.

[0003] Electronic devices often include displays. Displays
such as organic light-emitting diode displays have pixels
with light-emitting diodes. The light emitting diodes each
have electrodes (i.e., an anode and a cathode). Emissive
material is interposed between the electrodes. During opera-
tion, current passes between the electrodes through the
emissive material, generating light.

[0004] A display panel of an electronic device has an
active display area that is surrounded by an inactive border
region. Circuitry formed in the active area may be protected
using encapsulation material. The encapsulation material
can help prevent moisture from seeping into the active area
of the display. When encapsulation material is used in
forming a display, one or more dam structures have to be
formed in the inactive border area to contain the encapsu-
lation material. Formation of the dam structures can, how-
ever, increase the inactive border area.

[0005] Displays such as organic light-emitting diode dis-
plays may be formed on flexible substrates. Displays with
flexible substrates may be bent. For example, it may be
desirable to bend an edge of a display to hide inactive
display components along the edge of the display from view.
The process of bending a display can create stresses within
the structures of the display. For example, bent metal traces
may become stressed. Stress-induced damage such as cracks
may adversely affect display reliability.

[0006] It would therefore be desirable to be able to provide
improved displays with reduced border area and stress-
relieving features.

SUMMARY

[0007] An organic light-emitting diode display may have
an array of light-emitting diodes that form an array of pixels
in an active area of the display. The array of pixels may be
used to display images for a viewer. Each light-emitting
diode may have a layer of emissive material interposed
between an anode and a cathode. When current is passed
between the anode and the cathode through the emissive
material, the light-emitting diode will emit light.

[0008] Thin-film transistor circuitry may be used to form
pixel circuits that control the current applied through the
light-emitting diode of each pixel. The thin-film transistor
circuitry may include transistors and thin-film capacitors and
may be formed from semiconductor layers, dielectric layers,
and metal layers on a substrate.

[0009] In accordance with an embodiment, a display hav-
ing an active area and an inactive area surrounding the active
area is provided that includes a substrate, a conductive
routing structure formed on the substrate in the inactive area
of the display, encapsulation layers formed over the active
area of the display, a dam structure that contains the encap-
sulation layers within the display and that is formed directly
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over the conductive routing structure, and a passivation
layer that is formed on the conductive routing structure and
below the encapsulation layers. The encapsulation layers
includes a first inorganic layer, a second inorganic layer, and
an organic layer interposed between the first and second
inorganic layers. The passivation layer may cover an outer
edge of the conductive routing structure and may also cover
lateral edges of the conductive routing structure to prevent
edge corrosion during an anode etch.

[0010] In accordance with another embodiment, display
circuitry is provided that includes a substrate, display pixels
formed over the substrate in an active area, where the active
area is surrounded by an inactive area, a first conductor
formed on the substrate in the inactive area, a second
conductor formed over the first conductor, a first planariza-
tion layer formed between the first and second conductors,
a second planarization layer formed on the second conduc-
tor, and a pixel definition layer formed on the second
planarization layer, where the first conductor is shorted to
the second conductor. The first and second conductors may
be configured to carry a power supply voltage such as a
positive power supply voltage.

[0011] In one suitable arrangement, the display circuitry
may also include a third conductor formed on the substrate
in the same layer as the first conductor, a fourth conductor
formed over the third conductor in the same layer as the
second conductor, where the third conductor is shorted to the
fourth conductor. In another suitable arrangement, the fourth
conductor may be formed directly on the third conductor.
[0012] In accordance with another suitable embodiment,
an electronic device display is provided that includes a
flexible substrate, an array of pixels that form an active area
on the flexible substrate, metal traces that extend from the
active area to an inactive area on the flexible substrate across
a bend region on the flexible substrate, encapsulation layers
formed over the array of pixels, additional encapsulation
material formed over the metal traces in the bend region, and
a coating layer formed over the additional encapsulation
material. The encapsulation layers may include a first inor-
ganic encapsulation layer, a second inorganic encapsulation
layer, and an organic encapsulation layer formed between
the first and second encapsulation layers.

[0013] In one configuration, the additional encapsulation
material includes the first inorganic encapsulation layer, the
second inorganic encapsulation layer, and the organic encap-
sulation layer. In another configuration, the additional
encapsulation material includes only the organic encapsula-
tion layer. In yet another configuration, the additional encap-
sulation material includes only the first inorganic encapsu-
lation layer. In yet another suitable configuration, the
additional encapsulation material includes only the first
inorganic encapsulation layer and the organic encapsulation
layer. If desired, a first dam structure may surround the
encapsulation layers, and a second dam structure may sur-
round the additional encapsulation material in the bend
region.

[0014] Further features of the invention, its nature and
various advantages will be more apparent from the accom-
panying drawings and following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a schematic diagram of an illustrative
electronic device having a display in accordance with an
embodiment.
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[0016] FIG. 2 is a top view of an illustrative display in an
electronic device in accordance with an embodiment.
[0017] FIG. 3 is a cross-sectional side view of a portion of
an illustrative organic light-emitting diode display in accor-
dance with an embodiment.

[0018] FIG. 41s perspective view of an illustrative display
with a bent portion in accordance with an embodiment.
[0019] FIG. 5 is a cross-sectional side view of an illustra-
tive display with a bent portion in accordance with an
embodiment.

[0020] FIG. 6 is a cross-sectional side view of a conven-
tional display with encapsulation layers and an associated
dam structure.

[0021] FIG. 7A is a cross-sectional side view of an illus-
trative display with a thin-film transistor (TFT) passivation
layer that covers display border region power routing struc-
tures in accordance with an embodiment.

[0022] FIGS. 7B-7D are cross-sectional side views of
illustrative displays with stacked conductive routing struc-
tures in accordance with multiple embodiments.

[0023] FIG. 7E is a cross-sectional side view of an illus-
trative display with a triple dam configuration for reducing
border width in accordance with an embodiment.

[0024] FIG. 8A is a perspective view of a display border
region power routing line that may be susceptive to edge
corrosion.

[0025] FIG. 8B is a cross-sectional side view showing the
edge corrosion of the display border region power routing
line of FIG. 8A.

[0026] FIG. 8C is a perspective view showing how a TFT
passivation layer may be formed over a display border
region power routing line to help prevent edge corrosion in
accordance with an embodiment.

[0027] FIG. 8D is a cross-sectional side view of the TFT
passivation layer that is formed on the display border region
power routing line of FIG. 8C in accordance with an
embodiment.

[0028] FIG. 9 is a cross-sectional side view of an illustra-
tive bent substrate showing how a neutral stress plane may
be aligned with metal traces on the substrate in accordance
with an embodiment.

[0029] FIG. 10 is a top view of an illustrative display
showing how encapsulation material may be formed over
the active area and over the bent portion in accordance with
an embodiment.

[0030] FIGS. 11A-11F are cross-sectional side views of
illustrative displays with one or more encapsulation adjust-
ment layers for shifting the neutral stress plane in accor-
dance with multiple embodiments.

DETAILED DESCRIPTION

[0031] An illustrative electronic device of the type that
may be provided with a display is shown in FIG. 1. As
shown in FIG. 1, electronic device 10 may have control
circuitry 16. Control circuitry 16 may include storage and
processing circuitry for supporting the operation of device
10. The storage and processing circuitry may include storage
such as hard disk drive storage, nonvolatile memory (e.g.,
flash memory or other electrically-programmable-read-only
memory configured to form a solid state drive), volatile
memory (e.g., static or dynamic random-access-memory),
etc. Processing circuitry in control circuitry 16 may be used
to control the operation of device 10. The processing cir-
cuitry may be based on one or more microprocessors,
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microcontrollers, digital signal processors, baseband proces-
sors, power management units, audio chips, application
specific integrated circuits, etc.

[0032] Input-output circuitry in device 10 such as input-
output devices 12 may be used to allow data to be supplied
to device 10 and to allow data to be provided from device 10
to external devices. Input-output devices 12 may include
buttons, joysticks, scrolling wheels, touch pads, key pads,
keyboards, microphones, speakers, tone generators, vibra-
tors, cameras, sensors, light-emitting diodes and other status
indicators, data ports, etc. A user can control the operation
of device 10 by supplying commands through input-output
devices 12 and may receive status information and other
output from device 10 using the output resources of input-
output devices 12.

[0033] Input-output devices 12 may include one or more
displays such as display 14. Display 14 may be a touch
screen display that includes a touch sensor for gathering
touch input from a user or display 14 may be insensitive to
touch. A touch sensor for display 14 may be based on an
array of capacitive touch sensor electrodes, acoustic touch
sensor structures, resistive touch components, force-based
touch sensor structures, a light-based touch sensor, or other
suitable touch sensor arrangements.

[0034] Control circuitry 16 may be used to run software on
device 10 such as operating system code and applications.
During operation of device 10, the software running on
control circuitry 16 may display images on display 14 using
an array of pixels in display 14.

[0035] Device 10 may be a tablet computer, laptop com-
puter, a desktop computer, a display, a cellular telephone, a
media player, a wristwatch device or other wearable elec-
tronic equipment, or other suitable electronic device.
[0036] Display 14 may be an organic light-emitting diode
display or may be a display based on other types of display
technology. Configurations in which display 14 is an organic
light-emitting diode display are sometimes described herein
as an example. This is, however, merely illustrative. Any
suitable type of display may be used, if desired.

[0037] Display 14 may have a rectangular shape (i.e.,
display 14 may have a rectangular footprint and a rectan-
gular peripheral edge that runs around the rectangular foot-
print) or may have other suitable shapes. Display 14 may be
planar or may have a curved profile.

[0038] A top view of a portion of display 14 is shown in
FIG. 2. As shown in FIG. 2, display 14 may have an array
of pixels 22 formed on substrate 36. Substrate 36 may be
formed from glass, metal, plastic, ceramic, or other substrate
materials. Pixels 22 may receive data signals over signal
paths such as data lines D and may receive one or more
control signals over control signal paths such as horizontal
control lines G (sometimes referred to as gate lines, scan
lines, emission control lines, etc.). There may be any suitable
number of rows and columus of pixels 22 in display 14 (e.g,,
tens or more, hundreds or more, or thousands or more). Each
pixel 22 may have a light-emitting diode 26 that emits light
24 under the control of a pixel control circuit formed from
thin-film transistor circuitry such as thin-film transistors 28
and thin-film capacitors). Thin-film transistors 28 may be
polysilicon thin-film transistors, semiconducting-oxide thin-
film transistors such as indium zinc gallium oxide transis-
tors, or thin-film transistors formed from other semiconduc-
tors. Pixels 22 may contain light-emitting diodes of different
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colors (e.g., red, green, and blue) to provide display 14 with
the ability to display color images.

[0039] Display driver circuitry may be used to control the
operation of pixels 22. The display driver circuitry may be
formed from integrated circuits, thin-film transistor circuits,
or other suitable circuitry. Display driver circuitry 30 of FIG.
2 may contain communications circuitry for communicating
with system control circuitry such as control circuitry 16 of
FIG. 1 over path 32. Path 32 may be formed from traces on
a flexible printed circuit or other cable. During operation, the
control circuitry (e.g., control circuitry 16 of FIG. 1) may
supply circuitry 30 with information on images to be dis-
played on display 14.

[0040] To display the images on display pixels 22, display
driver circuitry 30 may supply image data to data lines D
while issuing clock signals and other control signals to
supporting display driver circuitry such as gate driver cir-
cuitry 34 over path 38. If desired, circuitry 30 may also
supply clock signals and other control signals to gate driver
circuitry on an opposing edge of display 14.

[0041] Gate driver circuitry 34 (sometimes referred to as
horizontal control line control circuitry) may be imple-
mented as part of an integrated circuit and/or may be
implemented using thin-film transistor circuitry. Horizontal
control lines G in display 14 may carry gate line signals
(scan line signals), emission enable control signals, and
other horizontal control signals for controlling the pixels of
each row. There may be any suitable number of horizontal
control signals per row of pixels 22 (e.g., one or more, two
or more, three or more, four or more, etc.).

[0042] The region on display 14 where the display pixels
22 are formed may sometimes be referred to herein as the
active area (AA) 200. The region surrounding the active area
200 wherein peripheral circuitry such as the gate driver
circuitry 34 and the display driver circuitry 30 can be formed
is therefore sometimes referred to as the inactive area (IA)
or the border region. Images can only be displayed to a user
of the device in the active region.

[0043] A cross-sectional side view of an illustrative
organic light-emitting diode display is shown in FIG. 3. As
shown in FIG. 3, display 14 may include a substrate layer
such as substrate layer 36. Substrate 36 may be a planar layer
or a non-planar layer and may be formed from plastic, glass,
ceramic, sapphire, metal, or other suitable materials. In the
example of FIG. 3, substrate 36 may be an organic substrate
formed from polyimide (PI), polyethylene terephthalate
(PET), or polyethylene naphthalate (PEN) (as examples).
The surface of substrate 36 may, if desired, be covered with
one or more buffer layers 37 (e.g., inorganic buffer layers
such as layers of silicon oxide, silicon nitride, etc.). Buffer
layers 37 are sometimes referred to as multi-buffer (MB)
layers.

[0044] Thin-film transistor (TFT) circuitry 48 may be
formed on buffer layers 37. Thin-film transistor circuitry 48
may include transistors, capacitors, and other thin-film struc-
tures. As shown in FIG. 3, a transistor such as transistor 28
may be formed from thin-film semiconductor layer 60 in
thin-film transistor layers 48. Semiconductor layer 60 may
be a polysilicon layer, a semiconducting-oxide layer such as
a layer of indium gallium zinc oxide (IGZO), or other
semiconductor layer. Gate layer 56 may be a conductive
layer such as a metal layer that is separated from semicon-
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ductor layer 60 by an intervening layer of dielectric such as
dielectric 58 (e.g., an inorganic gate insulator layer such as
a layer of silicon oxide).

[0045] Semiconductor layer 60 of transistor 28 may be
contacted by source and drain terminals formed from
source-drain metal layer 52. One or more dielectric layers 54
(e.g., inorganic dielectric layers sometimes referred to as
interlayer dielectric or “ILD” layers) may separate gate
metal layer 56 from source-drain metal layer 52. Source-
drain metal layer 52 may be shorted to anode 42 of light-
emitting diode 26 using a metal via that passes through a
dielectric planarization layer 50. Planarization layer 50 may
be formed from an organic dielectric material such as a
polymer.

[0046] Light-emitting diode 26 may be formed from light-
emitting diode layers 40 on thin-film transistor layers 48.
Each light-emitting diode has a lower electrode and an upper
electrode. In a top emission display, the lower electrode may
be formed from a reflective conductive material such as
patterned metal to help reflect light that is produced by the
light-emitting diode in the upwards direction out of the
display. The upper electrode (sometimes referred to as the
counter electrode) may be formed from a transparent or
semi-transparent conductive layer (e.g., a thin layer of
transparent or semitransparent metal and/or a layer of
indium tin oxide or other transparent conductive material).
This allows the upper electrode to transmit light outwards
that has been produced by emissive material in the diode. In
a bottom emission display, the lower electrode may be
transparent (or semi-transparent) and the upper electrode
may be reflective.

[0047] In configurations in which the anode is the lower
electrode, layers such as a hole injection layer, hole transport
layer, emissive material layer, and electron transport layer
may be formed above the anode and below the upper
electrode, which serves as the cathode for the diode. In
inverted configurations in which the cathode is the lower
electrode, layers such as an electron transport layer, emissive
material layer, hole transport layer, and hole injection layer
may be stacked on top of the cathode and may be covered
with an upper layer that serves as the anode for the diode.
Both electrodes may reflect light.

[0048] In general, display 14 may use a configuration in
which the anode electrode is closer to the display substrate
than the cathode electrode or a configuration in which the
cathode electrode is closer to the display substrate than the
anode electrode. In addition, both bottom emission and top
emission arrangements may be used. Top emission display
configurations in which the anode is located on the bottom
and the cathode is located on the top are sometimes
described herein as an example. This is, however, merely
illustrative. Any suitable display arrangement may be used,
if desired.

[0049] In the illustrative configuration of FIG. 3, display
14 has a top emission configuration and lower electrode 42
is an anode and upper electrode 46 is a cathode. Layers 40
include a patterned metal layer that forms anodes such as
anode 42. Anode 42 is formed within an opening in pixel
definition layer (PDL) 66. Pixel definition layer 66 may be
formed from a patterned photoimageable polymer. In each
light-emitting diode 26, organic emissive material 44 is
interposed between a respective anode 42 and cathode 46.
Anodes 42 may be patterned from a layer of metal on
thin-film transistor layers 48 such as on planarization layer
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50. Cathode 46 may be formed from a common conductive
layer that is deposited on top of pixel definition layer 66.
Cathode 46 is transparent so that light 24 may exit light
emitting diode 26 as current is flowing through emissive
material 44 between anode 42 and cathode 46.

[0050] As described above, display 14 may have an active
area in which pixels 22 form images for viewing by a user
of device 10. The active area may have a rectangular shape.
Inactive portions of display 14 may surround the active area.
For example, signal traces and other support circuitry such
as thin-film display driver circuitry may be formed along
one or more of the four edges of display 14 that run around
the rectangular periphery of display 14 adjacent to the active
area. If desired, one or more display driver integrated
circuits may be mounted to substrate 36 in the inactive
border. For example, a flexible printed circuit on which one
or more display driver integrated circuits have been mounted
using solder may be attached to the border of display 14.
This type of configuration is sometimes referred to as a
chip-on-flex configuration and allows display driver cir-
cuitry to supply signals to the data and gate lines on display
14. Substrate 36 may be a flexible substrate.

[0051] To minimize the amount of the inactive border area
of display 14 that is visible to a user, one or more edges of
display 14 may be bent. As an example, the edge of display
14 to which a display driver circuit is mounted using a
chip-on-flex arrangement may be folded under the active
area of display 14. This helps minimize visible display
borders and reduces the footprint of display 14.

[0052] An illustrative display with a bent edge portion is
shown in FIG. 4. As shown in FIG. 4, display 14 has portion
14A (i.e., aplanar active area portion that contains the active
area of display 14 that is formed by an array of pixels 22),
bent portion 14B, and chip-on-flex portion 14C (i.e., an
inactive display substrate portion to which flexible printed
circuit 76 has been used to mount display driver integrated
circuit 78 to display 14). If desired, connectors, additional
integrated circuits, and/or other components may be
mounted on flexible printed circuit 76. Metal traces 74 may
carry signals between flexible printed circuit 76 and pixels
22 (i.e., metal traces 74 may traverse bent portion 14B of
display 14). As shown in the example of FIG. 4, when bent
portion 14B is bent around bend axis 72, portion 14C is
folded under portion 14A and is therefore hidden from view
by a user such as viewer 80 who is viewing display 14 in
direction 82. FIG. 5 is a cross-sectional side view of a
display of the type shown in FIG. 4 in which inactive edge
portion 14C of display 14 has been bent further underneath
active display portion 14 A by bending display 14 about bend
axis 72 in bend region 14B. Bent portion 14B may generally
be formed on only one side of the display (e.g., at the top
edge, bottom edge, or any other edge without gate drivers).
[0053] It is generally desirable to reduce the inactive area
of display 14. Reductions in the border width are, however,
sometimes limited by the formation of conductive routing
structures and the necessary protection layers over the
conductive routing structures. FIG. 6 is a cross-sectional
side view showing circuitry that is formed in the inactive
area (IA) of a conventional display. As shown in FIG. 6,
positive power supply VDD routing structures 602 and
ground power supply VSS routing structures 604 are formed
on polyimide substrate 600. A planarization layer 606 covers
VDD routing structures 602. An anode layer 610 is formed
on planarization layer 606 and also makes direct contact
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with VSS routing structures 604. A pixel defining layer 608
is formed on planarization layer 608. A cathode layer 612
may be formed on the pixel defining layer 608 and may be
coupled to anode layer 610 through a via formed in the pixel
defining layer 608. An emissive layer (not shown) may be
interposed between anode layer 610 and cathode layer 612
to form a light-emitting diode.

[0054] Region 650 in which VDD routing structures 602
are formed may include organic light-emitting diode struc-
tures, gate driver circuitry formed using thin-film transistors,
and other active circuitry. Region 652 in which VSS routing
structures 604 are formed generally does not include any
active circuitry. Circuitry in regions 650 and 652 have to be
protected by TFT encapsulation layers such as layers 620.
Encapsulation layers 620 include a first inorganic encapsu-
lation layer 622, an organic encapsulation layer 624 formed
on layer 622, and a second inorganic encapsulation layer 626
formed on layer 646. Encapsulation layers 620 formed in
this way prevent moisture from damaging the conductive
circuitry in the inactive border region. The circuitry in
region 650 requires strong encapsulation, whereas the
encapsulation requirement for the circuitry in region 652 is
relatively more lax. Encapsulation layers 620 may still
nevertheless cover routing structures 604.

[0055] Whenever organic encapsulation material 624 is
being formed as part of the display stack-up, a dam structure
630 has to be formed in the inactive area to help contain the
organic encapsulation material 624 (i.e., to help prevent the
organic encapsulation material from leaking out of the
border edge during formation of the encapsulation layers).
Dam structure 630 is typically formed near the edge of the
encapsulation layers 620. In the example of FIG. 6, dam 630
has to be formed at the edge of region 652 to ensure that the
encapsulation layers 620 properly cover the circuitry in
region 652.

[0056] Referring still to FIG. 6, the width of region 650
between the starting edge 680 of the inactive area and edge
682 is represented by distance A. The width between edge
682 and the outer edge 684 of dam 630 is represented by
distance B. The width between edge 684 and the encapsu-
lation margin edge 686 is represented by distance C. Dis-
tance C may represent a margin within which encapsulation
layers 620 may taper off. In general, dam 630 has to be
placed such that the final trailing edge of encapsulation
layers 620 extends past the edge of region 652. The width
between edge 686 and the bend start edge 688 (i.e., the edge
marking the start of bent portion 690) is represented by
distance D. The total width of the inactive area, not factoring
in the bending region, is therefore represented by X, which
is the sum of distances A, B, C, and D.

[0057] Distances C and D are typically fixed manufactur-
ing constraints. Distance B in FIG. 6 is constrained by the
width of region 6352. If B is further reduced by shifting the
position of dam structure 630 towards edge 682, it is
possible that the trailing edge of encapsulation layers 620
will fail to completely cover VSS routing structures 604 and
leave some of the circuitry in region 652 unprotected, which
can lead to undesirable moisture ingress into the display.
[0058] In accordance with an embodiment of the present
invention, an additional TFT passivation layer is introduced
that helps to protect the VSS routing structures, which helps
to relax the requirement on the position of the dam structure
(see, e.g., FIG. 7A). As shown in FIG. 7A, power supply
routing structures 702 and 704 may be formed on substrate
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700. Substrate 700 may be flexible. In one embodiment,
structures 702 may be used to convey positive power supply
voltages while structures are used to convey ground power
supply voltages. In other suitable embodiments, structures
702 may be used to convey ground voltages while structures
704 are used to conveyed positive power supply voltages. A
planarization (PLN) layer 706 may cover routing structures
702. In general, region 750 in which routing structure 702
are formed may also include TFT structures forming gate
drivers and other active circuitry.

[0059] An inorganic passivation layer 712 may be dis-
posed over planarization layer 706 to help passivate any TFT
structures formed in the display. Passivation layer 712 may
also be selectively patterned to provide the desired coverage.
In particular, passivation layer 798' may also be formed
directly on structures 704 to help protect the outer edge of
structures 704 in region 752. Thereafter, anode layer 710
may be formed on planarization layer 706, also making
direct contact with routing structures 704. Pixel definition
layer (PDL) 708 may be formed on planarization layer 708.
A cathode layer 712 may be formed on PDL layer 708 and
may be coupled to anode layer 710 through a via formed in
layer 708. An emissive layer (not shown) may be interposed
between anode layer 710 and cathode layer 712 to form an
organic light-emitting diode (OLED).

[0060] To ensure proper moisture protection for the dis-
play circuitry in the active area (AA) and the active circuits
in region 750, TFT encapsulation layers 720 may be formed.
Encapsulation layers 720 may include a first inorganic
encapsulation layer 722, an organic encapsulation layer 724
(e.g., a polymer layer) formed on layer 622, and a second
inorganic encapsulation layer 726 formed on layer 746. To
help contain the organic polymer material 724 during for-
mation of the encapsulation layers 720, one or more dam
structures 730 may be formed in region 752 (e.g., at least
two dams may be formed, at least three dams may be
formed, etc.).

[0061] Referring still to FIG. 7A, the width of region 750
between the starting edge 780 of the inactive area and edge
782 is represented by distance A. The width between edge
782 and the outer edge 784 of dam 730 is represented by
distance B'. The width between edge 784 and the encapsu-
lation margin edge 786 is represented by distance C. Dis-
tance C may represent a margin within which encapsulation
layers 720 may taper off. The width between edge 786 and
the bend start edge 788 (i.c., the edge marking the start of
bent portion 14B) is represented by distance D. The total
width of the inactive area, not factoring in the bending
region, is therefore represented by X', which is the sum of
distances A, B', C, and D.

[0062] Comparing FIG. TA to 6, distance B' is substan-
tially reduced since the position of dam 730 has been shifted
towards edge 782. As shown in FIG. TA, the position of dam
730 results in encapsulation layers 720 tapering off before
the edge of region 752, but this is acceptable since TFT
passivation layer 798' (e.g., an inorganic layer) is already
protecting the edge of structures 704. The use of inorganic
TFT passivation layer 798', which is the last inorganic layer
formed as part of the TFT structures, therefore reduces
distance B' by allowing dam 730 to be formed away from the
very edge of region 752. The overall width X' of the inactive
border active is therefore reduced in comparison to FIG. 6.
[0063] In accordance with another suitable embodiment,
the width of the inactive border area can also be reduced by
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stacking routing structures 702. As shown in FIG. 7B, the
power supply routing structures in region 750 may be split
into a first conductive layer 702-1 that is formed on substrate
700 and a second conductive layer 702-2 that is formed
above layer 702-1. A first planarization layer 706-1 is
formed between layers 702-1 and 702-2, whereas a second
planarization layer 706-2 is formed between conductive
layer 702-2 and PDL layer 708. Conductive layers 702-1 and
702-2 may be coupled in parallel using one or more via
structures 703 formed through first PLN layer 706-1. By
stacking and coupling metal routing structures 702-1 and
702-2 in parallel, the width A' of region 750 can be halved
(i.e., distance A'in FIG. 7B can be 50% of distance A in FIG.
7A).

[0064] The example of FIG. 7B shows TFT passivation
layers 798' formed on structures 704. This need not be the
case. The techniques of FIGS. 7A and 7B are not mutually
exclusive but may be used independently of one another as
desired (e.g., the example of FIG. 7B need not include layer
798' but in such scenarios, dam 730 may have to be shifted
to the edge of region 752). The encapsulation layers 720 of
FIG. 7A are not shown in FIG. 7B so as to not unnecessarily
obscure the present embodiment.

[0065] The technique of FIG. 7B can also be applied to
region 750. As shown in FIG. 7C, the power supply routing
structures in region 752" may also be split into a first
conductive layer 704-1 that is formed on substrate 700 and
a second conductive layer 704-2 that is formed directly on
layer 702-1. By stacking metal routing structures 704-1 and
704-2 directly on top of each other, the width of region 752'
can be halved (i.e., the width of region 752" in FIG. 7C may
be 50% of the width of region 750 in FIGS. 7A and 7B).
[0066] The example of FIG. 7C shows TFT passivation
layers 798' formed on structures 704-2. This need not be the
case. The techniques of FIGS. 7A and 7C are not mutually
exclusive but may be used independently of one another as
desired (e.g., the example of FIG. 7C need not include layer
798' but in such scenarios, dam 730 may have to be shifted
to the edge of region 752"). The encapsulation layers 720 of
FIG. 7A are not shown in FIG. 7C so as to not unnecessarily
obscure the present embodiment.

[0067] In yet another suitable embodiment, the width of
both regions 750 and 752 can be halved by using the double
planarization layer configuration. As shown in FIG. 7D, first
metal layer 702-1 in region 750 and first metal layer 704-1
in region 752 may be formed on substrate 700. Second metal
layer 702-2 in region 750 and second metal layer 704-2 in
region 752 may be formed over first metal layers 704-1 and
704-2, respectively. First planarization layer 706-1 may be
interposed between layers 702-1 and 702-2 and also between
layers 704-1 and 704-2. Second planarization layer 706-2
may be interposed between layers 702-2 and PDL layer 708
and between layers 704-2 and PDL layer 708.

[0068] One or more conductive vias 703-1 formed through
first PLN layer 706-1 may connect layers 702-1 and 702-2
in parallel, whereas one or more conductive vias 703-2
formed through first PLN layer 706-1 may connect layers
704-1 and 704-2 in parallel. Metal layer 704-2 may be
coupled to anode layer 710 through via 711. Configured in
this way, both regions 750 and 752 may be halved in
comparison with FIG. 7A. In the example of FIG. 7D, one
or more dam structures (e.g., dam structures 730-1, 730-2,
etc.) may be formed beyond region 752 to help contain the
encapsulation material (not shown).
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[0069] In some embodiments, a single dam structure
might not be sufficient to help contain organic material 724.
In such scenarios, more than one dam structure 730 may be
formed in region 752 to help restrict the organic flow (see,
e.g., FIG. TE). As described above, encapsulation layers 720
may be formed over TFT circuitry 751, which may include
gate drivers and other active circuitry in the inactive border
region. In the example of FIG. 7E, a first dam such as dam
structure 730-1 may be formed closest to region 750 to help
restrict the flow of organic material 724, a second dam such
as dam structure 730-2 may be formed adjacent to dam
structure 730-2 to ensure proper containment of organic
material 724, and a third dam such as dam structure 730-3
may be formed at the outer edge of region 752 to help
provide step coverage for conductive routing line 704. Dam
730-3 formed in this way can help smooth out the transition
at the outer edge of conductive routing line 704.

[0070] The width between edge 782 and the outer edge
785 of dam 730-2 is represented by distance B". The width
between edge 785 and the encapsulation margin edge 787 is
represented by distance C. Distance C may represent a
margin within which encapsulation layers 720 may taper off
and may therefore sometimes referred be to as the encap-
sulation margin. The width between edge 787 and bend start
edge 788 (i.e., the edge marking the start of bent portion
14B) is represented by distance D. The total width of the
inactive area, not factoring in the bending region, is there-
fore represented by X", which is the sum of distances A, B",
C, and D.

[0071] Comparing FIG. 7E to FIG. 7A, distance B" may
be slightly greater since two dams are required to contain the
organic flow, effectively shifting out the starting edge of the
encapsulation margin. The absolute value of the encapsula-
tion margin C has not changed from FIG. 6 to FIG. 7 (note
that the distances in FIGS. 6 and 7 are not necessarily drawn
to scale). In FIG. 6, the encapsulation margin begins at the
very edge of region 652. In FIG. 7E, however, the encap-
sulation margin begins at the edge of dam 730-2 and
therefore has some amount of overlap with region 752,
which helps to reduce the total border width. When the
border width is reduced in this way, an upper polarizer film
such as polarizer film 790 may completely cover the edge of
inorganic encapsulation layers 722 and 726. Complete cov-
erage of the inorganic encapsulation layers, which are some-
times prone to cracks due to vibrations or physical impact
when exposed, can help provide improved mechanical
robustness. Although not explicitly shown, the formation of
passivation layer 798' can optionally be applied to the
embodiment of FIG. 7E.

[0072] FIG. 8A is a perspective view showing how a
conductive routing line 704 in region 752 may be suscep-
tible to edge corrosion. As shown in FIG. 8A, anode layer
710 may be formed and patterned on PLN layer 706. Since
conductive structure 704 (sometimes referred to as a
“source-drain” metal) is exposed by PLN layer 706, at least
a portion of structure 704 may be corroded when anode layer
710 is being patterned. For example, to form anode struc-
tures 710, a blanket anode layer may be deposited over PLN
layer 706 and over routing line 704. A mask may then be
used to selectively etch the blanket anode layer so that only
the desired portions remain. Due to the chemical composi-
tion of routing line 704, the etching process may result in
corrosion at the edges of routing line 704, as shown by
shaded region 800 in FIG. 8A.
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[0073] The edge corrosion can be readily observed in FIG.
8B, which shows the cross-sectional view of routing line 704
cut along line 802 and viewed in direction 804 (FIG. 8A).
Routing line 704 may include a first conductive layer 8§10,
a second conductive layer formed on the first conductive
layer 810, and a third conductive layer 814 formed on the
second conductive layer 812. The first and third conductive
layers 810 and 814 may be formed from the same material,
whereas the sandwiched layer 812 may be formed from a
different material than layers 810 and 814. As an example,
layers 810 and 814 may be formed from titanium while
interposing layer 812 is formed from aluminum. This is
merely illustrative. In general, layers 810, 812, and 814 may
be formed from any suitable conductive material.

[0074] As shown in FIG. 8B, layer 812 may be especially
susceptible to the anode etchant material, which can result in
undercut 800 on either edges of routing line 704. This
corrosion can result in a pathway for moisture to permeate
into the device and can lead to electrical failure of the
display panel.

[0075] In an effort to prevent this undesired undercutting
of source-drain metal 704, an etch protection layer such as
protection layer 850 may be deposited over routing line 704
prior to anode formation (see, e.g., FIG. 8C). As shown in
the perspective view of FIG. 8C layer 850 may be formed
over the top and covering the lateral side edges of routing
line 704. In particular, layer 850 may be the same TFT
passivation layer 798' that is formed in connection with
FIGS. 7A-7C.

[0076] FIG. 8D shows a cross-sectional side view of
routing line 704 cut along line 852 and viewed in direction
854 (FIG. 8C). As shown in FIG. 8D, passivation layer 850
(e.g., an inorganic layer) may cover the side edges of
conductive routing line 704. Configured in this way, subse-
quent formation and patterning of the anode layer will not
corrode routing line 704 since material 812 is protected from
the anode etchant by inorganic layer 850. Thus, the TFT
passivation layer may not only cover the outer edge of
routing structures 704 to help reduce the inactive border
width (as shown in FIGS. 7A-7C) but may also cover the
side edges of routing structures 704 to prevent edge corro-
sion during formation and patterning of the anode layer.
[0077] As described above, stresses can be imparted to
display structures in a flexible display when the display is
bent. For example, metal traces such as metal traces 74 of
FIG. 4 that are used to form signal lines that convey signals
between display driver circuitry 78 and pixels 22 may be
subjected to bending stresses in bend region 14B. To mini-
mize bending stress and thereby minimize cracks in metal
traces 74, it may be desirable to align the neutral stress plane
of display 14 in bend region 14B with metal traces 74 or at
least shift the neutral stress plane with respect to metal traces
74.

[0078] In the example of FIG. 9, when a portion of display
14 is bent in region 14B', some layers such as substrate 900
may be subjected to compressive stress and some layers
such as coating layer 904 may be subjected to tensile stress.
Neutral stress plane 910 arises where stress has been elimi-
nated by balancing the compressive stress and tensile stress.
The shape of neutral stress plane 910 may be curved in a
curved portion of display 14 such as portion 14B' of FIG. 9
(i.e., neutral stress plane 910 may have a curved profile).
[0079] The relative thicknesses of substrate 900 and coat-
ing 904 and the relative modulus of elasticity values for
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substrate 900 and coating 904 determine the location of the
neutral stress plane within the layers of bent display region
14B. For example, if the modulus of elasticity of substrate
900 and coating 904 is the same, neutral stress plane 910 can
be aligned with metal traces 902 by ensuring that coating
904 has the same thickness as substrate 900. If, on the other
hand, coating 904 has a modulus of elasticity that is larger
than that of substrate 900, coating 904 need not be as thick
as substrate 900 to balance the compressive and tensile
stresses. Because the thickness of coating 904 can be
selected so that neutral stress plane 910 is aligned with metal
traces 902, layer 904 may sometimes be referred to as a
neutral stress plane adjustment layer. Layer 904 may be
formed from one or more polymer layers or other layers of
material (e.g., organic layer(s), inorganic layer(s), and/or
combinations of organic and inorganic layers). To facilitate
bending and reduce the thickness needed for layer 904, it
may be desirable to thin some or all of substrate 900.
[0080] In accordance with another embodiment of the
present invention, at least some of the TFT encapsulation
layers may be formed in the bent portion to adjust the
placement of the neutral stress plane. FIG. 10 is a top view
of display 14 showing how encapsulation layers 720 may be
formed over the display panel and also how one or more
encapsulation layers 1000 may be formed within bent por-
tion 14B. Encapsulations layers 720 and 1000 may be
formed at the same time. As shown in FIG. 10, dam structure
730 may form a ring at the periphery of encapsulation layers
720 to help contain the organic polymer material within
layers 720. Similarly, dam structure 1002 may also be
formed at the periphery of encapsulation layer(s) 1000.
Configured in this way, encapsulation layer(s) 1000 can
either be used to align the neutral stress plan to metal traces
74 or above metal traces 74 such that traces 74 only
experience conmpressive stress. Metal traces 74 may gener-
ally be able to withstand a higher less of compressive stress
than tensile stress prior to cracking.

[0081] FIG. 11A shows a cross-sectional side view of
encapsulation layers 1000 cut along line 1010 and viewed in
direction 1012 (FIG. 10). As shown in FIG. 11A, metal
traces 74 may be formed on substrate 1100, which may be
integral with substrate 700; a polymer coating layer (some-
times referred to as a cover layer) 1030 may be formed over
metal traces 74; and encapsulation layers 1000 may be
interposed between metal traces 74 and coating layer 1030.
Substrate 110 may be a flexible substrate.

[0082] Encapsulation layers 1000 may include a first inor-
ganic layer 1020, an organic layer 1022, and a second
inorganic layer 1024. Layers 1020, 1022, and 1024 may be
identical in substance and may be formed at the same time
as layers 722, 724, and 726 in FIG. 7A. Formed in this way,
encapsulation layers 1000 may shift the neutral stress plane
to position 1050 such that metal traces 74 lic below the
neutral stress plane and experience compressive stress in
bent portion 14B.

[0083] FIG. 11B show another suitable embodiment in
which only layer 1020 is formed between substrate 1100 and
coating layer 1030 in the bent region. Configured in this
way, the neutral stress plane may be aligned to metal traces
74 at position 1051 so that metal traces 74 experience neither
compressive stress nor tensile stress during bending. FIG.
11C shows yet another suitable embodiment in which only
layers 1020 and 1024 are formed between substrate 1100
and coating layer 1030 in the bent region (e.g., organic layer

Jun. 22,2017

1022 need not be formed in the bent portion). If desired, dam
structure 1002 can be left out if organic layer 1022 is not
formed in the bent portion.

[0084] FIG. 11D shows yet another suitable arrangement
in which only the organic layer 1022 is formed between
substrate 1100 and coating layer 1030 in the bent portion. As
long as organic layer 1022 is formed, one or more ring-
shaped dam structures 1002 should be used to help contain
organic material 1022. Other variations may include forma-
tion of organic layer 1022 and only the second inorganic
layer 1024 (as shown in FIG. 11E) and formation of organic
layer 1022 along with only the first inorganic layer 1020 (as
shown in FIG. 11F). The exemplary configurations of FIGS.
11A-11F are merely illustrative and do not serve to limit the
scope of the present invention. If desired, other layers such
as the TFT passivation layer 798 (FIG. 7A) may optionally
be formed in conjunction with one or more encapsulation
layers 1000 in the bent region to help shift the neutral stress
plane.

[0085] The foregoing is merely illustrative and various
modifications can be made by those skilled in the art without
departing from the scope and spirit of the described embodi-
ments. The foregoing embodiments may be implemented
individually or in any combination.

1. A display having an active area and an inactive area
surrounding the active area, comprising:

a substrate;

a conductive routing structure formed on the substrate in

the inactive area of the display;

encapsulation layers formed over the active area of the
display;

a dam structure that contains the encapsulation layers
within the display and that is formed directly over the
conductive routing structure; and

a passivation layer that protects the conductive routing
structure and that is formed below the encapsulation
layers.

2. The display of claim 1, wherein the encapsulation
layers comprises a first inorganic layer, a second inorganic
layer, and an organic layer interposed between the first and
second inorganic layers.

3. The display of claim 1, wherein the passivation layer
covers an outer edge of the conductive routing structure.

4. The display of claim 3, wherein the passivation layer
covers lateral edges of the conductive routing structure.

5. The display of claim 4, further comprising:

an anode layer formed over the passivation layer; and

a cathode layer formed over the anode layer, wherein the
anode and cathode layers form an organic light-emit-
ting diode.

6. The display of claim 3, wherein the dam structure is
formed away from the outer edge of the conductive routing
structure.

7. The display of claim 1, further comprising:

an anode layer formed over the substrate;

a cathode layer formed over the substrate;

a first conductive structure formed below the cathode
layer in the inactive area;

a second conductive structure formed directly above the
first conductive structure;

a first planarization layer formed between the first and
second conductive structures;
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a via formed through the first planarization layer that
shorts the first conductive structure to the second
conductive structure; and

a second planarization layer formed between the anode
layer and the second conductive structure.

8. The display of claim 7, wherein the passivation layer is

at least partially formed on the second conductive structure.

9. Display circuitry, comprising;

a substrate;

display pixels formed over the substrate in an active area,
wherein the active area is surrounded by an inactive
area;

a first conductor formed on the substrate in the inactive
area;

a second conductor formed over the first conductor;

a first planarization layer formed between the first and
second conductors;

a second planarization layer formed on the second con-
ductor; and

a pixel definition layer formed on the second planarization
layer, wherein the first conductor is shorted to the
second conductor.

10. The display circuitry of claim 9, wherein the first and

second conductors carry a power supply voltage.

11. The display circuitry of claim 10, further comprising:

a third conductor formed on the substrate in the same
layer as the first conductor;

a fourth conductor formed over the third conductor in the
same layer as the second conductor, wherein the third
conductor is shorted to the fourth conductor, and
wherein the third and fourth conductors carry a differ-
ent power supply voltage; and

an anode layer that is connected to the fourth conductor.

12. The display circuitry of claim 9, further comprising:

a third conductor formed on the substrate in the same
layer as the first conductor;

a fourth conductor formed directly on the third conductor;
and

an anode layer that is connected to the fourth conductor.

13. The display circuitry of claim 9, further comprising:

a third conductor formed on the substrate in the same
layer as the first conductor;

encapsulation layers formed over the active ares;
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a dam structure that contains the encapsulation layers
within the active area and that is formed directly over
the third conductor; and

a passivation layer that is formed under the encapsulation
layers and that protects the third conductor.

14. The display circuitry of claim 13, wherein the passi-
vation layer covers both an outer facing edge of the third
conductor and lateral edges of the third conductor.

15. The display circuitry of claim 13, wherein the encap-
sulation layers comprises a first inorganic layer, a second
inorganic layer, and an organic polymer layer sandwiched
between the first and second inorganic layers.

16-22. (canceled)

23. A display having an active area and an inactive area
surrounding the active area, comprising:

a substrate;

a conductive routing structure formed on the substrate in

the inactive area of the display;

encapsulation layers formed over the active area of the
display;

a first dam structure that contains the encapsulation layers
within the display and that is formed directly over the
conductive routing structure;

a second dam structure that covers an outer edge of the
conductive routing structure; and

a third dam structure that helps contain the encapsulation
layers within the display and that is physically inter-
posed between the first and second dam structures.

24. The display of claim 23, further comprising:

a polarizer film formed over the substrate that completely
covers the encapsulation layers.

25. The display of claim 23, further comprising:

a passivation layer that protects the conductive routing
structure and that is formed below the encapsulation
layers and below the first, second, and third dam
structures.

26. The display of claim 23, wherein the encapsulation
layers comprise a first inorganic layer, a second inorganic
layer, and an organic layer interposed between the first and
second inorganic layers

27. The display of claim 23, wherein the conductive
routing structures convey power supply voltages.
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