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DISPLAY WITH INTEGRATED ELECTRODES

PRIORITY APPLICATIONS

Th is application claims priority t o U.S. Patent Application No. 14/878,642, filed October

8, 2015, entitled Display with Integrated Electrodes, the content of which is hereby incorporated

by reference in its entirety.

CROSS REFERENCE TO RELATED APPLICATIONS

Reference is made to commonly assigned U.S. Patent Application No. 14/754,573 filed

June 29, 2015, entitled Small-Aperture-Ratio Display with Electrical Component, U.S. Patent

Application No. 14/823,917, filed August 11, 2015, entitled Printable Component Structure with

Electrical Contact, U.S. Patent Application No. 14/743,981, filed June 18, 2015, entitled Micro

Assembled Micro LED Displays and Lighting Elements, and U.S. Patent Application No.

14/822,868, filed August 10, 2015, entitled Compound Micro-Assembly Strategies and Devices,

the contents of each of wh ich is incorporated by reference herein in its entirety.

FIELD OF THE INVENTION

The present invention relates to an inorganic light-emitting diode d isplay having

integrated electrodes useful for touch sensing.

BACKGROUND OF THE INVENTION

Flat-panel displays are widely used in conjunction with computing devices, in portable

devices, and for entertainment devices such as televisions. Such displays typically employ a

plurality of pixels distributed over a display substrate to display images, graphics, or text. In a

color display, each pixel includes light emitters that emit light of different colors, such as red,

green, and blue. For example, liquid crystal displays (LCDs) employ liquid crystals t o block or

transmit light from a backlight behind the liquid crystals and organic light-emitting diode (OLED)

displays rely on passing current through a layer of organic material that glows in response to the

current.

Many display systems, especially in mobile applications such as tablet computers and

smartphones, include a touchscreen that responds to commands provided by touching the



touchscreen. A variety of touchscreen technologies are known, for example resistive, optical,

acoustic, inductive, and capacitive.

Touchscreens are typically located over a d isplay and use separate substrates and

covers. Such an arrangement adds thickness and weight t o a display system and absorbs light

emitted by the display. In recent years, touchscreen components have been formed on display

components, for example display covers, reducing the thickness and weight of the display

system. U.S. Patent No. 8,243,027 describes a variety of touchscreen structures in a liquid

crystal display having a backlight and color filters. U.S. Patent Application Publication No.

2010/0214247 discloses an array of touch elements including row and column touch electrodes

forming a plurality of two-dimensionally arranged capacitive sensing units in a layer.

In general, touch screens are either single-touch or multi-touch. Single-touch systems

can detect only one touch at a time, for example most resistive touchscreens are of this type.

Such screens are typically simple, fast, robust, easy t o use with a variety of implements, and

inexpensive to control and operate. In contrast, multi-touch touchscreens, for example self-

capacitive or mutual-capacitive touch sensors, can detect multiple touch points on a screen at a

time but are more limited in their touch modalities, for example limited to touches with a

conductive stylus, such as a human finger. Such multi-touch systems use a matrix of touch

sensors and are typically controlled using a sequential matrix scanning tech nique. For example,

a mutual-capacitance touch system includes orthogonal arrays of horizontal and vertical

overlapping electrodes. At every location where the horizontal and vertical electrodes overlap, a

capacitor is formed, providing a capacitive touch sensor. These multiple layers require

corresponding multiple process steps and materials t o manufacture and add thickness to a

display system incorporating touch screens. Furthermore, the process steps can require

expensive high-resolution photolithographic processes over large substrates.

There remains a need, therefore, for alternative simple and robust touchscreen and

display structu res at low cost.

SUMMARY OF THE INVENTION

The present invention provides an inorganic light-emitting diode (iLED) display with

integrated electrodes. The iLEDs form pixels that are located over a d isplay area of a display

surface to form the display and are interconnected in rows by electrical conductors that provide

power, ground, and control signals t o operate the pixels in the display. Row touch electrodes are

disposed in rows over the display surface in the display area between the rows of light emitters.



The row touch electrodes provide at least some of the elements of a touch screen, for example

the row touch electrodes of a projected mutua l-capacitance touch screen. The row touch

electrodes and the electrical conductors can be located in a common plane, reducing the

thickness of a touch screen, since both the row touch electrodes and the iLEDs are formed in

rows in the display area.

In another arrangement of the present invention, an inorganic light-emitting diode

display with integrated electrodes includes a display surface having a display area and a plu ra lity

of spatia lly separated inorganic light-emitting diodes (iLEDs) disposed on the display surface in

the display area. A plurality of row touch electrodes is disposed in rows over the display surface

in the display area between the inorganic light-emitting diodes in a direction parallel t o the

display surface and a plu rality of colu mn touch electrodes are disposed in columns over the

display surface in the display area between the inorganic light-emitting diodes in a direction

pa ra llel t o the display surface. This construction eliminates the need for transparent electrodes

and thereby reduces costs and increases electrode conductivity, improving the operating

frequency of the electrodes and size of the touch screen.

In another embodiment of the present invention, a d isplay with an integrated touch

screen includes an array of light emitters in a display area of a display surface with one or more

sensing elements of a touch screen. The sensing elements are disposed either in a common

plane with the light emitters or disposed on a side of the light emitters opposite the display

surface. Because the sensing elements are not located between a d isplay viewer and the light

emitters, the sensing elements, such as electrodes, do not need to be transparent. Thus, the

electrodes can include opaque, highly conductive materials, for example thick meta l traces

rather than relatively low-conductance metal oxides such as indium tin oxide or spaced-apart

micro-wires. The highly conductive electrodes have a lower capacitance and can be operated at

a higher frequency, enabling faster and larger touch screens with an improved signal-to-noise

ratio.

According to embodiments of the present invention, a low-aperture ratio d isplay

includes inorganic light-emitting diodes light emitters disposed on a display surface, for example

on a display substrate or cover. At least a portion of the area between the light emitters is used

for electrodes, for example row or colu mn touch electrodes. Either or both of the row or column

touch electrodes are in a common plane or on a common surface with the light emitters.

Alternatively, either or both of the row or column touch electrodes are on layers in front of the



light emitters (for example in a d irection orthogonal t o the display surface and toward a display

viewer). In another embodiment, either or both of the row or column touch electrodes are

located on layers behind the light emitter (for example in a direction orthogonal to the display

surface and away from a display viewer). In yet other arrangements, different layers of

electrodes are located in different layers, for example in a layer in front of the display surface

and in a layer common t o the light emitters, in a layer common t o the light emitters and in a

layer behind the display su rface, or in a layer in front of the display surface and in a layer behind

the light emitters.

In any of these embodiments, the electrodes are located between the light emitters in a

direction parallel t o the display surface and therefore do not obscure light emitted from the

light emitters toward a d isplay viewer nor does light emitted from the light emitters have t o

pass through the electrodes. Thus, there is no need for the electrodes t o be transparent and

they can therefore be made of more-conductive materials than are found in devices, such as

touch screens, used with displays and found in the prior art. This structure and the materials

provide the advantages of a wider selection of materials and manufacturing processes and

increased conductivity. The increased conductivity enables larger devices operated at a higher

frequency and with more sensitive or powerful operation since the reduction in electrical

resistance enables greater currents, stronger electro-magnetic fields, and an improved signal-to-

noise ratio for current sensing. Moreover, structures of the present invention can be thinner and

lighter than prior-a rt designs.

In one aspect, the disclosed technology includes a light-emitting diode display with

integrated electrodes, including: a display surface having a display area; a plu ra lity of spatia lly

separated light-emitting diodes (LEDs) disposed in rows on the display surface in the display

area, the light-emitting d iodes in each row of light-emitting diodes electrically connected by

one or more electrical conductors (e.g., light-emitter electrodes or pixel electrodes); and one or

more row touch electrodes disposed in rows over the display surface at least partially in the

display area between rows of inorganic light-emitting diodes, wherein the one or more row

touch electrodes are disposed on the display surface and have a width that is larger than a

length and width (e.g., and height) of the light-emitting diodes.

In certain embodiments, row touch electrodes are not above or below (e.g., in the same

plane) the LEDs in a direction orthogonal t o the display surface.



In certain embodiments, the one or more row touch electrodes extend across the

display area.

In certain embodiments, the plurality of spatially separated LEDs comprise red light

emitters emitting red light, green light emitters emitting green light, and blue light emitters

emitting blue light.

In certain embodiments, the display includes a plurality of pixels, wherein: each pixel

comprises a red light emitter, a green light emitter, and a blue light emitter; and the distance

between any two light emitters in a respective pixel is less than the distance between adjacent

pixels.

In certain embodiments, the one or more row touch electrodes are opaque.

In certain embodiments, the display includes one or more column touch electrodes

disposed over the display surface in the display area, the column touch electrodes extending in a

different direction (e.g., perpendicular) than the row touch electrodes.

In certain embodiments, the LEDs are disposed in columns and the colu mn touch

electrodes are disposed between the columns of LEDs in a direction parallel t o the display

surface.

In certain embodiments, the one or more column touch electrodes are opaque (e.g., not

visually transparent).

In certain embodiments, the row touch electrodes and the column touch electrodes

form a capacitive touch sensor.

In certain embodiments, the row touch electrodes and the column touch electrodes are

at least partially in the same plane.

In certain embodiments, the row touch electrodes and the column touch electrodes are

at least partially on a common surface.

In certain embodiments, the row touch electrodes and the column touch electrodes are

at least partially disposed on the display surface.

In certain embodiments, the display includes a jumper (e.g., a micro-tra nsfer printed

jumper) electrically connecting two portions of a common colu mn electrode.

In certain embodiments, the one or more row touch electrodes are located on a

common plane with the LEDs.

In certain embodiments, the display includes a light-absorbing layer located on a

common layer with the LEDs.



In certain embodiments, the display includes a light-absorbing layer located at least

pa rtially between the one or more row touch electrodes and the display surface or a light-

absorbing layer at least partially on a side of the row electrodes opposite the display surface.

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a width from 2 t o 5 µιη , 5 to 10 µιη , 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a length from 2 t o 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a height from 2 t o 5 µιη, 4 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, a resolution of the display is 120 x 90, 1440 x 1080, 1920 x

1080, 1280 x 720, 3840 x 2160, 7680 x 4320, or 15360 x 8640.

In certain embodiments, the display includes a display substrate.

In certain embodiments, the display substrate has a thickness from 5 t o 10 microns, 10

t o 50 microns, 50 t o 100 microns, 100 t o 200 microns, 200 t o 500 microns, 0.5 t o 1 mm, 1 mm t o

5 mm, 5 mm t o 10 mm, or 10 mm t o 20 mm.

In certain embodiments, the display substrate is a member selected from the group

consisting of polymer, plastic, resin, polyimide, PEN, PET, metal, metal foil, glass, a

semiconductor, and sapphire.

In certain embodiments, the display substrate has a transparency greater than or equal

t o 50%, 80%, 90%, or 95% for visible light.

In certain embodiments, the display substrate has a contiguous d isplay substrate area

that includes the plu rality of light-emitting diodes, each light-emitting diode of the plurality of

light-emitting diodes has a light-emissive area, and the combined light-emissive areas of the

plurality of light-emitting diodes is less than or equal t o one-quarter of the contiguous display

substrate area.

In certain embodiments, combined light-emissive areas of the plurality of light-emitting

diodes is less than or equal to one eighth, one tenth, one twentieth, one fiftieth, one hundredth,

one five-hundredth, one thousandth, one two-thousandth, or one ten-thousandth of the

contiguous display substrate area.

In another aspect, the disclosed technology includes a display with an integrated touch

screen, including: a display surface having a display area; a plurality of spatially separated light

emitters disposed on the display surface in the display area; and a touch screen including one or



more sensing elements, wherein the sensing elements are disposed in a common plane with the

light emitters.

In certain embodiments, the sensing elements are electrodes forming capacitors.

In certain embodiments, the row touch electrodes are orthogonal to the column touch

electrodes and the column touch electrodes or the row touch electrodes include at least two

portions electrically connected by a jumper.

In certain embodiments, the sensing elements are not visually transparent.

In certain embodiments, the display includes a light-absorbing layer located at least

pa rtially in a common layer with the light emitters or at least partia lly in a layer behind the light

emitters in a direction orthogonal to the display surface or at least partially in a layer on a side

of the sensing elements opposite the display surface.

In certain embodiments, the light-absorbing layer includes optical vias in which the light

emitters are disposed.

In certain embodiments, the sensing elements each include one or more sensing

components and all of the sensing components are d isposed in the common plane with the light

emitters.

In certain embodiments, the sensing elements each include one or more sensing

components and all of the sensing components are d isposed on a side of the light emitters

opposite the display surface in a direction orthogonal to the display surface.

In certain embodiments, the sensing elements each include two or more sensing

components and at least one sensing component is disposed in the common plane with the light

emitters and at least one sensing component is disposed on a side of the light emitters opposite

the display surface in a direction orthogonal to the display surface.

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a width from 2 to 5 µιη , 5 to 10 µιη , 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a length from 2 to 5 µιη, 5 to 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a height from 2 to 5 µιη, 4 to 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, a resolution of the display is 120 x 90, 1440 x 1080, 1920 x

1080, 1280 x 720, 3840 x 2160, 7680 x 4320, or 15360 x 8640.

In certain embodiments, the display includes a display substrate.



In certain embodiments, the display substrate has a thickness from 5 t o 10 microns, 10

t o 50 microns, 50 to 100 microns, 100 t o 200 microns, 200 t o 500 microns, 0.5 t o 1 mm, 1 mm t o

5 mm, 5 mm t o 10 mm, or 10 mm t o 20 mm.

In certain embodiments, the display substrate is a member selected from the group

consisting of polymer, plastic, resin, polyimide, PEN, PET, metal, metal foil, glass, a

semiconductor, and sapphire.

In certain embodiments, the display substrate has a transparency greater than or equal

t o 50%, 80%, 90%, or 95% for visible light.

In certain embodiments, the display substrate has a contiguous d isplay substrate area

that includes the plu rality of light-emitting diodes, each light-emitting diode of the plurality of

light-emitting diodes has a light-emissive area, and the combined light-emissive areas of the

plurality of light-emitting diodes is less than or equal t o one-quarter of the contiguous display

substrate area.

In certain embodiments, combined light-emissive areas of the plurality of light-emitting

diodes is less than or equal to one eighth, one tenth, one twentieth, one fiftieth, one hundredth,

one five-hundredth, one thousandth, one two-thousandth, or one ten-thousandth of the

contiguous display substrate area.

In another aspect, the disclosed technology includes a display with an integrated touch

screen, including: a display surface having a display area; a plurality of spatially separated light

emitters disposed on the display surface in the display area that emit light through the display

surface; and a touch screen including one or more sensing elements, wherein the sensing

elements are disposed on a side of the light emitters opposite the display surface.

In certain embodiments, the sensing elements are electrodes forming capacitors.

In certain embodiments, the row touch electrodes are orthogonal t o the column touch

electrodes and the column touch electrodes or the row touch electrodes include at least two

portions electrically connected by a jumper.

In certain embodiments, the sensing elements are not visually transparent.

In certain embodiments, the display includes a light-absorbing layer located at least

pa rtially in a common layer with the light emitters or at least partia lly in a layer behind the light

emitters in a direction orthogonal t o the display surface or at least partially in a layer on a side

of the sensing elements opposite the display surface.



In certain embodiments, the light-absorbing layer includes optical vias in which the light

emitters are disposed.

In certain embodiments, the sensing elements each include one or more sensing

components and all of the sensing components are d isposed in the common plane with the light

emitters.

In certain embodiments, the sensing elements each include one or more sensing

components and all of the sensing components are d isposed on a side of the light emitters

opposite the display surface in a direction orthogonal t o the display surface.

In certain embodiments, the sensing elements each include two or more sensing

components and at least one sensing component is disposed in the common plane with the light

emitters and at least one sensing component is disposed on a side of the light emitters opposite

the display surface in a d irection orthogonal t o the display surface.

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a width from 2 t o 5 µιη , 5 to 10 µιη , 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a length from 2 t o 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a height from 2 t o 5 µιη, 4 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, a resolution of the display is 120 x 90, 1440 x 1080, 1920 x

1080, 1280 x 720, 3840 x 2160, 7680 x 4320, or 15360 x 8640.

In certain embodiments, the display includes a display substrate.

In certain embodiments, the display substrate has a thickness from 5 t o 10 microns, 10

t o 50 microns, 50 to 100 microns, 100 t o 200 microns, 200 t o 500 microns, 0.5 t o 1 mm, 1 mm t o

5 mm, 5 mm t o 10 mm, or 10 mm t o 20 mm.

In certain embodiments, the display substrate is a member selected from the group

consisting of polymer, plastic, resin, polyimide, PEN, PET, metal, metal foil, glass, a

semiconductor, and sapphire.

In certain embodiments, the display substrate has a transparency greater than or equal

t o 50%, 80%, 90%, or 95% for visible light.

In certain embodiments, the display substrate has a contiguous d isplay substrate area

that includes the plu rality of light-emitting diodes, each light-emitting diode of the plurality of

light-emitting diodes has a light-emissive area, and the combined light-emissive areas of the



plurality of light-emitting diodes is less than or equal t o one-quarter of the contiguous display

substrate area.

In certain embodiments, combined light-emissive areas of the plurality of light-emitting

diodes is less than or equal t o one eighth, one tenth, one twentieth, one fiftieth, one hundredth,

one five-hundredth, one thousandth, one two-thousandth, or one ten-thousandth of the

contiguous display substrate area.

In another aspect, the disclosed technology includes an inorganic light-emitting diode

display with integrated electrodes, includ ing: a display surface having a display area; a plurality

of spatia lly separated light-emitting diodes (LEDs) disposed on the display surface in the display

area; a plu ra lity of row touch electrodes disposed in rows over the display surface in the display

area between the light-emitting diodes; and a plurality of column touch electrodes disposed in

columns over the display surface in the display area between the light-emitting diodes in a

direction parallel t o the display surface.

In certain embodiments, the row touch electrodes, the column touch electrodes, or

both the row touch electrodes and the column touch electrodes are opaque.

In certain embodiments, the row touch electrodes, the column touch electrodes, or

both the row touch electrodes and the column touch electrodes are located on a side of the

iLEDs adjacent t o the d isplay surface.

In certain embodiments, the row touch electrodes and the column touch electrodes

comprise a touch screen.

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a width from 2 to 5 µιη , 5 to 10 µιη , 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a length from 2 to 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a height from 2 to 5 µιη, 4 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, a resolution of the display is 120 x 90, 1440 x 1080, 1920 x

1080, 1280 x 720, 3840 x 2160, 7680 x 4320, or 15360 x 8640.

In certain embodiments, the display includes a display substrate.

In certain embodiments, the display substrate has a thickness from 5 to 10 microns, 10

t o 50 microns, 50 to 100 microns, 100 t o 200 microns, 200 to 500 microns, 0.5 to 1 mm, 1 mm to

5 mm, 5 mm to 10 mm, or 10 mm to 20 mm.



In certain embodiments, the display substrate is a member selected from the group

consisting of polymer, plastic, resin, polyimide, PEN, PET, metal, metal foil, glass, a

semiconductor, and sapphire.

In certain embodiments, the display substrate has a transparency greater than or equal

t o 50%, 80%, 90%, or 95% for visible light.

In certain embodiments, the display substrate has a contiguous d isplay substrate area

that includes the plu rality of light-emitting diodes, each light-emitting diode of the plurality of

light-emitting diodes has a light-emissive area, and the combined light-emissive areas of the

plurality of light-emitting diodes is less than or equal t o one-quarter of the contiguous display

substrate area.

In certain embodiments, combined light-emissive areas of the plurality of light-emitting

diodes is less than or equal to one eighth, one tenth, one twentieth, one fiftieth, one hundredth,

one five-hundredth, one thousandth, one two-thousandth, or one ten-thousandth of the

contiguous display substrate area.

In certain embodiments, the display surface is formed on a display substrate or cover.

In certain embodiments, the pixels form a regula r array on the display substrate.

In certain embodiments, each pixel includes a single light emitter.

In certain embodiments, each pixel includes at least three light emitters, each of the at

least three light emitters emitting light of different colors.

In certain embodiments, the display includes a plurality of pixel elements including a

pixel substrate (e.g., separate from the display substrate) on the display substrate and wherein

each of the plurality of light emitters is located on one of the plurality of pixel elements.

In certain embodiments, one or more conductive wires electrically connect two or more

of the pixel elements.

In certain embodiments, the one or more conductive wires conduct signals for

controlling the pixel elements, for conducting power t o the pixel elements, or for providing a

ground reference voltage.

In certain embodiments, the combined light-emissive areas of the light emitters is less

than or equal t o one eighth, one tenth, one twentieth, one fiftieth, one hundredth, one five-

hundredth, one thousandth, one two-thousandth, or one ten-thousandth of the contiguous

display substrate area.



In certain embodiments, the one or more light emitters are formed in or located on the

display substrate.

In certain embodiments, each light emitter is formed on a pixel substrate separate from

the display substrate.

In certain embodiments, the pixel substrate is located on the display substrate.

In certain embodiments, the light emitters emit light through the display substrate.

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a width from 2 to 5 µιη , 5 to 10 µιη , 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a length from 2 to 5 µιη, 5 to 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, each of the plurality of inorganic micro light-emitting diodes

has a height from 2 to 5 µιη, 4 to 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

In certain embodiments, the display substrate is at least one of plastic, glass, and

sapphire.

In certain embodiments, the display substrate is transparent to visible light.

In certain embodiments, the display substrate is at least partially transparent to visible

light.

In certain embodiments, the inorganic light-emitting diode display has no less than 30

percent transparency to visible light (e.g., transparent; e.g., no less than 50%, 80%, 90%, or 95%

transparency to visible light).

In certain embodiments, each pixel includes: a printed pixel element of a plurality of

printed pixel elements disposed on the display substrate, each printed pixel element of the

plurality of printed pixel elements including: a pixel substrate of a plu ra lity of pixel substrates on

which the micro inorganic light-emitting diodes for a respective pixel are disposed, and a fine

interconnection having a width of 100 nm t o 1 µιη electrically connected to the micro inorganic

light-emitting diodes for the respective pixel.

In certain embodiments, the display includes one or more crude lithography

interconnections having a width from 2 µιη t o 2 mm, wherein each crude lithography

interconnection is electrically connected to at least one of the plurality of pixel elements on the

display substrate.

In certain embodiments, the plurality of light emitters includes a plurality of yellow

printed micro inorganic light-emitting diodes that emit yellow light, and wherein each pixel of



the plurality of pixels includes a yellow printed micro inorganic light-emitting diode of the

plurality of yellow printed micro inorganic light-emitting diodes that emit yellow light.

In certain embodiments, the plurality of pixels forms an array on the display substrate.

In certain embodiments, the plurality of light emitters emits light through the d isplay

substrate.

In certain embodiments, the display includes a plurality of active electrical components

disposed on the display substrate, each of said active electrical components electrically

connected to one or more light emitters of a respective pixel.

In certain embodiments, the display includes micro transfer printing a plurality of active

electrical components on the display substrate, and electrically connecting each of said active

electrical components to a respective one or more micro inorganic light-emitting diodes of a

respective pixel.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, aspects, features, and advantages of the present

disclosure will become more apparent and better understood by referring to the following

description taken in conjunction with the accompanying drawings, in which:

Figs. 1-3 are plan views of various embodiments of the present invention;

Figs. 4-11 are cross sections of various embodiments of the present invention having

row and column touch electrodes in a common plane;

Figs. 12 and 13 are plan views of different electrode layers in an embod iment of the

present invention; and

Fig. 14 is a plan view of an embodiment of the present invention with row and column

touch electrodes in a common plane or on a common surface.

The features and advantages of the present disclosure will become more apparent from

the detailed description set forth below when taken in conjunction with the drawings, in which

like reference characters identify corresponding elements throughout. In the drawings, like

reference numbers generally indicate identical, functiona lly similar, and/or structurally similar

elements. The figures are not drawn to scale since the variation in size of various elements in

the Figures is too great t o permit depiction to scale.



DETAILED DESCRIPTION OF THE INVENTION

Referring t o Fig. 1, in an embodiment of the present invention, a light-emitting diode

display 10 with integrated touch electrodes 80 includes a display surface 20 having a display

area 22. The display surface 20 can be a surface of a display substrate 24 and the display area 22

is the portion of the display surface 20 that is used t o electronically display information for

viewing by a display viewer (e.g. display viewer 99, Fig. 4). A plurality of spatially separated light-

emitting diodes (LEDs) 40 is disposed in rows on or in the display surface 20 in the display area

22, for example in a direction parallel t o the display surface 20. The light-emitting diodes 40 can

be organic light-emitting diodes, inorganic light-emitting diodes, or a combination of organic and

inorganic light-emitting diodes. In an embodiment, all of the light-emitting diodes 40 are

inorganic light-emitting diodes. The light-emitting diodes 40 in each row of light-emitting diodes

40 are electrically connected by one or more electrical conductors 70, for example wires. In the

example shown in FIG. 1, the light-emitting diodes 40 in each row are electrically connected by

two electrical conductors 70. The touch electrodes 80 are described as touch electrodes 80

herein t o distinguish them from the electrical conductors 70, which are sometimes known in the

art as light-emitter electrodes or pixel electrodes. One or more row touch electrodes 80 are

disposed in rows over the display surface 20 at least partially in the display area 22 between the

rows of inorganic light-emitting diodes 40, for example in a direction parallel t o the display

surface 20. The one or more row touch electrodes 80 each have a width W that is larger than a

length and width of the light-emitting diodes. As intended herein, each row touch electrode 80

extends along a length over the display surface 20 and has a width W orthogonal t o the length

that is less than the length.

In an embodiment, the light-emitting diodes 40 are inorganic micro-LEDs 40. By

referring t o an LED as a micro-LED 40 is meant that the micro-LED 40 is too small t o be directly

observed or resolved by a display viewer 99 at the designed viewing distance. As used herein,

the micro-LEDs 40 are also inorganic light-emitting diodes (iLEDs) referred t o either as micro-

LEDs 40 or iLEDs 40 or more generally as light emitters 40. The display surface 20 can be the

surface of a display substrate 24, for example made of glass, ceramic, or plastic having opposing

surfaces suitable for photolithographic materials and processes or for micro transfer printing.

Alternatively, the display surface 20 can be the surface of a removable layer on which the micro-

LEDs 40 are disposed and which is subsequently removed from the micro-LEDs 40.



The row touch electrodes 80 can be located on the display surface 20, for example

between the rows of micro-LEDs 40, and can extend across the display area 22, as shown in Fig.

1. Similarly, the electrical conductors 70 can be located on or in the d isplay surface 20, for

example between the micro-LEDs 40 in a row of micro-LEDs, as shown in Fig. 1.

In certain embodiments, the electrical conductors 70, row touch electrodes 80, or both

the electrical conductors 70 and row touch electrodes 80 are located behind the display surface

20 in a direction orthogonal t o the display surface 20 and opposite a viewing side (98, Fig. 4)

from which the display surface 20 is viewed by a display viewer 99. Because the electrical

conductors 70 and/or row touch electrodes 80 are not between a display viewer 99 and the

micro-LEDs 40, light emitted by the micro-LEDs 40 is not obscured, absorbed, o r patterned by

the electrical conductors 70 and/or row touch electrodes 80. Therefore, the electrical

conductors 70 and/or row touch electrodes 80 can be larger, thicker, opaque, and/or have a

much higher conductivity than is available using transparent metal oxides or a metal mesh. As

intended herein, an opaque touch electrode 80 is one that is not visually transparent, for

example having a transparency less than 50%, less than 25%, less than 10%, or less than 1%

transparent t o electromagnetic radiation in the visible spectrum.

In certain embodiments, the electrical conductors 70, row touch electrodes 80, or both

the electrical conductors 70 and the row touch electrodes 80 are patterned metal traces and

have a thickness greater than 0.5 microns, one micron, two microns, five microns, ten microns,

20 microns, or 50 microns. The electrical conductors 70 or row touch electrodes 80, or both, can

be opaque, highly conductive, and arranged in dense configu rations that are large enough t o be

visible t o the human visual system. For example, the electrical conductors 70 and/or row touch

electrodes 80 can have a conductance of less than one ohm per square, less than 0.1 ohms per

square, less than 0.01 ohms per squa re, less than .001 ohms per square, or less than .0001,

.00001, or .000001 ohms per square. Such large, highly conductive electrical conductors 70

and/or row touch electrodes 80 can enhance performance by reducing resistance, for example

by increasing the frequency at which signals can propagate in the electrical conductors 70 and

row touch electrodes 80 and by reducing ohmic losses, thereby improving power efficiency.

Thus, the LED display 10 of the present invention provides superior light emission, visual

appearance, and electrical performance than displays with touch screens of the prior art. The

LED display 10 of the present invention is also useful for larger displays, for example having a

diagonal measurement of 50 cm, 1 m, 2 m, 3 m, 4 m, or larger.



In certain embodiments, the electrical conductors 70, row touch electrodes 80, or both

the electrical conductors 70 and row touch electrodes 80 are or include transparent conductive

oxides such as metal oxides, or metal meshes. Transparent conductive oxides, such as indium tin

oxide or aluminum zinc oxide, can have a transparency greater than 80% t o visible light. As

intended herein, metal mesh electrodes, for example having micro-wires with a width of 20

microns, 10 microns, 5 microns, two microns, or one micron or less when arranged in a mesh

configuration with a fill factor less than 10% (for example with a micro-wire pitch of 50 microns

100 microns, 250 microns, or 500 microns or greater) are considered t o be transparent since the

micro-wires of the mesh are not readily distinguishable by the human visua l system and the

overall transparency t o visible light is 90% or more. In contrast, opaque wires useful in certain

embodiments of the present invention can have a width greater than 10, 20, 50, 100, 500, 1000,

2000, 4000, or 5000 microns. For example, touch screens described herein can include touch

electrodes 80 at a 4 mm pitch.

The controller 50 can be an integrated circuit and can be connected t o the LED display

10 through, for example wires 60 arranged in, or separate from, a bus 62 and can be located

external t o the LED d isplay 10, as shown in Fig. 1. Alternatively, the controller 50 can be located

on a substrate or cover of the LED display 10 outside of the display area 22 (not shown).

The controller 50 can include a controller circuit 52 that provides control signals t o the

LED display 10, as well as power and ground signals. The signals are electrically conducted

through the electrical conductors 70 t o the LEDs, causing them t o emit light. Separately the

control circuit 52 can provide signals t o the touch electrodes 80 t o detect touches on or near the

LED display 10. By sequentially energizing the row touch electrodes 80 and sensing the

capacitance of each of the colu mn touch electrodes (e.g., column touch electrodes 84 in Fig. 3),

or vice versa, touches can be detected.

Du mmy wires 82 (also known in the art as dummy electrodes) similar t o those used in

the touch electrodes 80 but that are electrically isolated from the touch electrodes 80 can be

used between the electrical conductors 70 t o enhance the optical uniformity of the LED display

10 of the present invention. The dummy wires 82 can be made in a common step and with

common materials as the row touch electrodes 80. Alternatively, wires similar t o the electrical

conductors 70 can be used t o provide optical uniformity. In yet another embodiment, the

electrical conductors 70 can also be made in a common step and with common materials as the

row touch electrodes 80 or dummy wires 82.



In certain embodiments as shown in Fig. 2, the plurality of micro-LEDs 40 can include red

micro-LEDs 40R that emit red light, green micro-LEDs 40G that emit green light, and blue micro-

LEDs 40B that emit blue light (collectively micro-LEDs 40). The red, green, and blue micro-LEDs

40R, 40G, 40B can be arranged in any of a variety of ways, for example in rows as shown in Fig. 2

with each red micro-LED 40R between a green micro-LED 40G and a blue micro-LED 40B in a

common row. In certain embodiments, the micro-LEDs 40 are arranged in pixel groups 44, each

of which has one red, one green, and one blue micro-LE D 40R, 40G, 40B forming a pixel. The

micro-LEDs 40 within a pixel group 44 can be spatially separated by a distance Dl that is less

than the distance D2 between the pixel groups 44, thereby enhancing visual color mixing of the

individual pixel groups 44. As shown in Fig. 1, the light emitters 40 form a regular array on the

display surface 20. As shown in Fig. 2, the pixel groups 44 form a regula r array on the display

surface 20. Alternatively, at least some of the pixel groups 44 or light emitters 40 have an

irregular arrangement on the display surface 20 (not shown).

As shown in Fig. 2, each row touch electrode 80 extends along opposite sides of a single

row of micro-LEDs 40 forming a wider row touch electrode 80 having a spatial resolution that is

less than the spatial resolution of the rows of micro-LEDs 40. For example, using these wider

electrodes, the resulting touch screen can be formed with electrodes formed at, for example, a

4 mm pitch, while the light emitters can be d isposed at a pitch of 100 microns. Such a structure

can also be constructed by electrically connecting touch electrodes 80 located on either side of

one or more rows of micro-LEDs 40. For example, two or more touch electrodes 80 shown in

FIG. 1 can be electrically connected to form a structure operationally equivalent t o the structure

shown in Fig. 2. The touch electrodes 80 can be electrically connected outside the display area

22, for example by using low-resolution screen printing processes and materials and employing

multi-level connections (as can be done with the configuration of Fig. 1) or can be electrically

connected within the display area 22. Alternatively, as in Fig. 2, the electrical conductors 70 can

be connected t o a bus 62 on a different side of the display area 22 than the touch electrodes 80,

and the touch electrodes 80 can be electrically connected between the last micro-LEDs 40 in a

row and the edge of the display area 22. In yet another alternative, multiple layers of electrical

connections can be formed in the display area 22 t o electrically connect the touch electrodes 80

in whatever way is desired (not shown). Alternatively, as shown in Fig. 2, a single row touch

electrode 80 can be considered t o be located between multiple rows of iLEDs 40.



Referring next t o Fig. 3, a light-emitting diode display 10 of the present invention can

include one or more column touch electrodes 84 disposed over and in a direction parallel t o the

display surface 20 in the display area 22. The column touch electrodes 84 extend in a different

direction in the display area 22 than the row touch electrodes 80, for example in an orthogonal

direction and can be located between columns of iLEDs in a direction parallel t o the display

surface 20. Thus, neither the row touch electrodes 80 nor the column touch electrodes 84

obscure light emitted from the iLEDs toward a display viewer 99 in a direction that is not parallel

t o the display surface 20. The row and column touch electrodes 80, 84 can overlap t o form

capacitors in a capacitive touch sensor. According t o the present invention, however, and

contrary to the prior art, the one or more column touch electrodes 84 can be similar t o the row

touch electrodes 80, opaque, and not visually transparent so that the capacitors can likewise be

solid and opaque. In an embodiment, the row or column touch electrodes 80, 84, or both, are a

solid metal that is not a mesh and is not a transparent conductive oxide. In Fig. 3, the micro-

LEDs 40 are illustrated as relatively large emitters for clarity. In practice the row and column

touch electrodes 80, 84 are much larger (for example hundreds of microns wide) than the micro-

LEDs 40 (for example ones or tens of microns wide or long).

In one embodiment of the present invention, the row touch electrodes 80 and the

column touch electrodes 84 are at least partially in the same plane or on or in a common

surface, for example as described below with respect t o Fig. 14. The common surface can be the

display surface 20 and can be the same surface as that on which the micro-LEDs 40 are disposed.

In alternative embodiments, the row touch electrodes 80 and the column touch electrodes 84

are in different planes or formed or located on different planes or surfaces. One of the different

planes or surfaces can be the d isplay surface 20 for either the row or column touch electrodes

80, 84. One or both of the different planes or surfaces on which the row or column touch

electrodes 80, 84 are formed or located can be in front of the display surface 20 (e.g., in a

location between a display viewer 99 and the display surface 20) or can be behind the display

surface 20 (e.g., the display surface 20 is located between the row or column touch electrodes

80, 84 and a display viewer 99 in a direction that is not parallel t o the display surface 20).

The cross sections of Figs. 4-11 illustrate a variety of embodiments of the present

invention. The cross sections are taken across cross section line A of Fig. 3, with additional

elements included for illustration (in particular the column touch electrode 84). Referring t o Fig.

4, in an embodiment of the present invention, the display substrate 24 has a display surface 20



on which is d isposed a plurality of spatially separated inorganic light-emitting diodes (i LEDs) in

an array with rows. The electrical conductors 70 electrically connect the micro-LEDs 40 and can

be photolithographically formed after the micro-LEDs 40 are disposed on the display surface 20.

Row touch electrodes 80 are located on the same display surface 20 and are thus in a common

plane and on a common surface with the micro-LEDs 40. An insulating layer 32 is formed on the

display surface 20, the row touch electrodes 80, and the micro-LEDs 40. An array of column

touch electrodes 84 is disposed on the insulating layer 32 behind the row touch electrodes 80 as

viewed by a display viewer 99. The insulating layer 32 allows electromagnetic fields t o permeate

or pass through the light-absorbing insulating layer 32 without being electrically shorted. In

certain embodiments, an optional light-absorbing layer 30 is on the column touch electrodes 84

and the insulating layer 32. (The colu mn touch electrode 84 is illustrated in Fig. 4 but is not

actually in the cross section line A of Fig. 3. As shown in Figs. 4-9, described further below, the

column touch electrodes 84 extend behind and could extend under the micro-LEDs 40 but are

shown between and in front of the micro-LEDs 40 for clarity in Fig. 3.) The light-absorbing layer

30 absorbs ambient light and thereby improves the contrast of the LED display 10.

In certain embodiments as shown in Fig. 6, the insulating layer 32 is light absorbing so

that the light-absorbing layer 30 is at least partly in a common layer or plane with the micro-

LEDs 40, for example on the display surface 20.

Referring t o Fig. 5, the light-absorbing layer 30 is patterned on the display surface 20 so

as t o cover the d isplay surface 20 except in the locations where the micro-LEDs 40 are located

on the display surface 20. In this embodiment, the electrical conductors 70 are

photolithographically formed before the micro-LEDs 40 are disposed on the display surface 20.

The light-absorbing layer 30 is in a common plane with or on a common surface with the micro-

LEDs 40. The row touch electrodes 80 are formed or located on the light-absorbing layer 30. As

intended herein, the row touch electrodes 80 are disposed on the display surface 20 when they

are disposed on the light-absorbing layer 30 between the micro-LEDs 40 in a direction parallel t o

the display surface 20 and the light-absorbing layer 30 is on or in physical contact with the

display surface 20. Alternatively, the portions of the light-absorbing layer 30 between the micro-

LEDs 40 in a direction parallel t o the display surface 20 are a pa rt of the row touch electrodes 80

so that the row touch electrodes 80 are disposed on the display surface 20. The insulating layer

32 (which can be light absorbing) is located on the micro-LEDs 40 and row touch electrodes 80,

and the column touch electrodes 84 are on the insulating layer 32, as in Fig. 4.



Fig. 6 illustrates the case in w h ich the insulating layer 32 is also a light-absorbing layer

30. In Figs. 4-6, light 90 emitted from the micro-LEDs 40 can pass through the display surface 20

and display substrate 24 t o a display viewer 99. In Figs. 4 and 6, the light-absorbing layer 30 is

not patterned. In Fig. 5, the light-absorbing layer 30 is patterned.

As shown in Fig. 7, a light-absorbing layer 30 that is thicker than the light-absorbing

layer 30 of Fig. 5 and that locates the row touch electrodes 80 further from the display surface

than the micro-LEDs 40 can be employed to absorb ambient light. An interlayer dielectric (not

shown) can be used over the light-absorbing layer 30 t o electrically insulate the row touch

electrodes 80 from each other, the electrical conductors 70, and the micro-LEDs 40 if the light-

absorbing layer 30 is electrically conductive or pa rtia lly electrically conductive, for example

having a high resistance (a dielectric layer can also be used in the embodiments of Fig. 4-6).

The embodiments of Figs. 4-7 can be considered t o be bottom-emitting configurations

since the micro-LEDs 40 emit light through the display substrate 24. In the alternative top-

emitter configuration of Fig. 8, the micro-LEDs 40 emit light 90 in a direction opposite the

display substrate 24 toward a display viewer 99. The electrical conductors 70 are formed on the

display surface 20 before the micro-LEDs 40 are disposed on the display surface 20, as in Fig. 5

and in contrast t o Figs. 4, 6, and 7. Electrical connections between the electrical conductors 70

and the micro-LEDs 40, for example with a contact pad, can be made mechanically or with a

reflowable conductive material such as a solder patterned on the contact pad or at least a

portion of the electrical conductors 70. As shown in the top emitter configuration shown in Fig.

9, a plurality of electrical conductors 70 are associated with each micro-LED 40. Although the

electrical conductors 70 are illustrated as between the micro-LEDs 40 and the insulating layer

32, the micro-LEDs 40 are considered t o be disposed on the insulating layer 32. As shown in Figs.

8 and 9, the display surface 20 is the light-emitting surface of the micro-LEDs 40. In an

alternative embodiment and understanding (not shown), the display surface 20 is the surface of

the insulating layer 32.

In various embodiments, the light emitter 40 is at least a part of a structu re that

includes a pixel substrate separate and independent from the display substrate 24 and that can

include multiple light emitters 40 (e.g. red, green, and blue micro-LEDs 40R, 40G, 40B, not

shown) t o form a pixel element 42 that is transfer printed t o the display substrate 24 or a layer

(e.g. insulating layer 32) on the d isplay substrate 24. Such a pixel element 42 can be made using



multi-step transfer or assembly process techniques such as compound micro assembly, for

example as referenced below.

In all of Figs. 4-9, the light-absorbing layer 30 is in the same plane as, on a common

surface with, or behind the micro-LEDs 40 and the display surface 20. Moreover, the column

touch electrode 84 is behind the display surface 20 and the light-emitting micro-LEDs 40. In

certain embodiments as shown in Fig. 10, the column touch electrode 84 is on a side of the light-

emitting micro-LEDs 40 opposite the display substrate 24. The light-absorbing layer 30 is located

on a side of the column touch electrode 84 opposite the light-emitting micro-LEDs 40. Optical

vias 34 formed in the insulating layer 32 and colu mn touch electrode 84 (if they are not already

transparent) and in the light-absorbing layer 30 allow light emitted by the micro-LEDs 40 t o

escape from the LED display 10. In the embodiment of Fig. 11, the light-absorbing layer 30 is

located in a common plane or on a common surface with micro-LEDs 40, the light-a bsorbing

layer 30 is located between the one or more row touch electrodes 80 and the display surface 20,

and the column touch electrode 84 is located on a side of the micro-LEDs 40 opposite the

display substrate 24. In the embodiment of Fig. 11, the row and column touch electrodes 80, 84

are both between a display viewer 99 (in the direction of light emission), and the light-emitting

micro-LEDs 40. Thus, the row touch electrodes 80 are located on a side of the micro-LEDs 40

opposite the display surface 20 in a direction orthogonal t o the display surface 20.

Figs. 12 and 13 are plan views of embodiments of the present invention shown in Figs.

10 and 11 (omitting the light-absorbing layer 30 from the illustrations) that illustrate the row

touch electrodes 80 and micro-LEDs 40 (Fig. 12) and the column touch electrodes 84 and micro-

LEDs 40 (Fig. 13). As shown in Fig. 12, the touch electrodes 80 form row touch electrodes 80 that

substantially cover the display surface 20 except for the optical vias 34 through which light is

emitted by the micro-LEDs 40. As shown in Fig. 12, the colored red, green, and blue micro-LEDs

40R, 40G, 40B are grouped together in pixel groups 44 and emit light through a common optical

via 34. In another embodiment (not shown), each of the red, green, and blue micro-LEDs 40R,

40G, 40B have a separate optical via 34. The micro-iLEDs 40 are d isposed in rows and the row

touch electrodes 80 are disposed between the rows of micro-iLEDs 40. For clarity, Fig. 12 omits

the column touch electrode 84 layer. As shown in Fig. 13, the column touch electrodes 84 form

column touch electrodes 84 that also substantially cover the display surface 20 except for the

optical vias 34 through which light is emitted by the micro-LEDs 40. The micro-iLEDs 40 are

disposed in columns and the column touch electrodes 84 are disposed between the columns of



micro-iLEDs 40. In Fig. 13, the column touch electrodes 84 obscure the row touch electrodes 80

so that the row touch electrodes 80 are not illustrated in Fig. 13. Thus, the row and column

touch electrodes 80, 84 can effectively cover the display surface 20 t o detect touches on or near

the display surface 20 in the display area 22. Optical vias 34 are necessary when either the row

and column touch electrodes 80, 84 are between the light-emitting micro-LEDs 40 and a display

viewer 99 in the direction of light emission. Optical vias 34 are not necessary for any of the row

and column touch electrodes 80, 84 that are not between the light-emitting micro-LEDs 40 and a

display viewer 99 in the direction of light emission.

In the embodiments of Figs. 4-13, the row and colu mn touch electrodes 80, 84 are in

different pla nes or on different surfaces. Referring to Fig. 14, in an alternative embodiment,

both the row and column touch electrodes 80, 84 are in a common plane or on or in a common

surface, for example arranged in an alternating d ia mond pattern. Each diamond of the row

touch electrodes 80 is electrically continuous in the plane or on the surface but, t o avoid

shorting the row and column touch electrodes 80, 84 together, electrical jumpers 86 electrically

connect two portions of a common column touch electrode 84 and provide electrical continuity

t o the column touch electrodes 84. For example, micro transfer printed electrical jumpers are

taught in U.S. Patent Application No. 14/823,917, filed August 11, 2015, entitled Printable

Component Structure with Electrical Contact, which is incorporated in its entirety by reference.

As shown in Fig. 14, the electrical conductors 70 can be located between the rows of touch

electrodes 80 and can have a zig-zag pattern to complement the outline of the row touch

electrodes 80. The light emitters 40 are between the rows of touch electrodes 80 and also form

a row, although, in an embodiment, they could also have a zig-zag disposition.

Accord ing t o a further embodiment of the present invention, a display with an

integrated touch screen includes a display surface 20 having a display area 22. A plurality of

spatially separated light emitters 40 are disposed on the display surface 20 in the display area

22. A touch screen includes one or more sensing elements disposed in a common plane with the

light emitters 40 or on a side of the light emitters 40 opposite the display surface 20. The

sensing elements physically sense touches and physically respond to the presence of a touching

implement as opposed, for example to an analysis circuit. The sensing elements can be

electrodes forming capacitors, for example drive or sense electrodes corresponding to either of

the row or column touch electrodes 80, 84 in a capacitive touch screen. The sensing elements

can include an array of row touch electrodes 80 orthogonal t o an array of touch column touch



electrodes 84. The column touch electrodes 84 each include at least two portions electrically

connected by a jumper 86. In further embodiments, the sensing elements are not visually

transparent. In other embodiments, a light-absorbing layer 30 is located in a common layer with

the light emitters 40 or in a layer behind the light emitters 40 in a direction orthogonal t o the

display surface 20. The light-absorbing layer 30 can include optical vias 34 in which the light

emitters 40 are disposed. In an embodiment, the sensing elements each include one or more

sensing components and all of the sensing components are d isposed in the common plane with

the light emitters 40. For example, a sensing component can be an array of row touch

electrodes 80 or an array of column touch electrodes 84. Alternatively, all of the sensing

components are disposed on a side of the light emitters 40 opposite the display surface 20 in a

direction orthogonal t o the d isplay surface 20, that is behind the display surface 20 from a

viewing direction. In another arrangement, at least one sensing component is disposed in the

common plane with the light emitters 40 and at least one sensing component is disposed on a

side of the light emitters 40 opposite the display surface 20 in a d irection orthogonal t o the

display surface 20, that is behind the display surface 20 from a viewing direction .

In another embodiment of the present invention, a light-emitting diode display 10 with

integrated electrodes includes a display surface 20 having a display area 22. A plu ra lity of

spatially separated light-emitting d iodes (LEDs) 40 are disposed on the display surface 20 in the

display area 22. A plurality of row touch electrodes 80 are disposed in rows over the display

surface 20 in the display area 22 between the inorganic light-emitting d iodes 40 in a direction

pa ra llel t o the display surface 20. A plu ra lity of column touch electrodes 84 are disposed in

columns over the display surface 20 in the display area 22 between the inorganic light-emitting

diodes 40 in a direction parallel t o the display surface 20. In various embodiments, the row

touch electrodes 80, the column touch electrodes 84, o r both the row touch electrodes 80 and

the column touch electrodes 84 are opaque. The row touch electrodes 80, the column touch

electrodes 84, or both the row touch electrodes 80 and the column touch electrodes 84 can be

located on a side of the LEDs 40 adjacent t o the display surface 20 or opposite the display

surface 20 in a direction orthogonal t o the display surface 20. Thus, both the row and column

touch electrodes 80, 84 or either of the row and column touch electrodes 80, 84 can be in a

same plane with the light emitters 40, in front of the light emitters 40, or behind the light

emitters 40 where in front of means between a d isplay viewer 99 and the light emitters 40 and



behind means on an opposite side of the light emitters 40 from a display viewer 99. The row and

column touch electrodes 80, 84 can comprise a touch screen.

In all of these embodiments, because the row and column touch electrodes 80, 84 do

not need t o be transparent, they can be more conductive, carry more current, have a smaller

impedance, and can create larger electromagnetic fields at a higher frequency. They can also be

more sensitive to current and provide an increased signal-to-noise ratio. Therefore, the present

invention enables touch detection with a column touch electrode 84 behind the light-emitting

micro-LEDs 40 or a light-absorbing layer 30 between one or both of the row and column touch

electrodes 80, 84. This enables a simpler structure with fewer layers and improved light

emission and touch detection.

In one embodiment of the present invention, the light-emitting micro-LEDs 40 are

connected in rows and columns and are controlled through row and column drivers providing

matrix addressing of the light emitters 40. In such an embodiment, the electrical conductors 70

can be formed in a different plane or on a different surface than the row or column touch

electrodes 80, 84, or electrical jumpers 86 can be used t o electrically isolate the electrical

conductors 70 from the row and column touch electrodes 80, 84. Such a display can be operated

by providing using the controller 50 t o provide data along column connections (in a column

driver) and row select signals (in a row driver) to store the data (in an active-matrix

configuration) or emit light (in a passive-matrix configuration). At the same time the controller

50 can control the row and column touch electrodes 80, 84 t o detect touches. Either the row or

column touch electrodes 80, 84 can be a drive or sense electrode in a capacitive touch screen.

In an alternative embodiment, the electrical conductors 70 can be formed in a common

plane or on a common surface with either the row or column touch electrodes 80, 84. In such an

embodiment, matrix addressing is difficult. Thus, according to an embodiment of the present

invention, the light emitters 40 in a row are provided in serially connected ch iplets that include

pixel value storage for controlling light output from the light emitters 40, for example using

capacitors in an analog shift register or flip flops in a digital shift register. The shift register is

distributed among the chiplets and data is then shifted through the serial shift registers and,

once loaded, can be used t o control light output from the light emitters 40. Such a display can

be operated by providing using the controller 50 t o serially shift data along row connections to

store the data in each row and then enable the light emitters to emit light. At the same time, the

controller 50 can control the row and column touch electrodes 80, 84 t o detect touches.



The present invention can be constructed using integrated circuit and printed circuit

board methods, materials, and processes. The micro-LEDs 40 can be made using semiconductor

materials, integrated circuit materials and processes, and micro transfer materials and printing

processes. Electrical conductors 70 and micro-wires or transparent metal oxides useful for row

and column touch electrodes 80, 84 can be made using photolithographic processes with metal

or metal oxides, or using metal mesh technologies including conductive inks, imprinting,

printing, electroplating, or inkjet deposition. Controller 50 can be made in an integrated circuit

and connected to the LED display 10 using ribbon cables, flex connectors, and the like or

controller 50 can be located on a display substrate 24 or cover. Display substrates 24 and covers

are available. The micro-LEDs 40 can be disposed on the display substrate 24, insulating layer 32,

or light-absorbing layer 30 using printing methods such as micro transfer printing. Jumpers 86

can also be applied using micro transfer printing.

In various embodiments of the present invention, the micro-LEDs 40 are formed in a

semiconductor substrate using integrated circuit processes. Each micro-LED 40 can have an area

or a light-emissive area of less than 500, 250, 100, or 50 square microns. The micro-LEDs 40 can

be spaced apart in one or two dimensions, for example by 50 microns or more, 100 microns or

more, or 500 microns or more in each dimension over the display area 22. Because micro-LEDs

40 have a relatively small emissive area compared to the display area 22, the emissive fill factor

for the LED d isplay 10 can be very low, for example the area of the micro-LEDs 40 over the

display area 22 is less than or equal t o one-quarter, one eighth, one tenth, one twentieth, one

fiftieth, one hundredth, one five-hundredth, one thousandth, one two-thousandth, or one ten-

thousandth of the display area 22 itself.

The micro-LEDs 40 can have a variety of different sizes or emissive areas. For example,

the micro-LEDs 40 can have a width from 2 to 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, o r 20 to 50 µιη, a

length from 2 to 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη , or 20 to 50 µιη, or a height from 2 to 5 µιη, 4 t o

10 µηη, 10 to 20 µηη, or 20 to 50 µηη .

In some embodiments of the present invention, the light emitters 40 emit light through

the display substrate 24. In other embodiments, the light emitters 40 emit light in a direction

opposite the display substrate 24.

The display substrate 24 can be any conventional substrate such as glass, plastic, or

metal or include such materials. The display substrate 24 can be transparent, for example having

a transmissivity greater than or equal t o 50%, 80%, 90%, or 95% for visible light. The display



substrate 24 usefully has two opposing smooth sides (such as display surface 20) su itable for

material deposition, photolithographic processing, or micro-transfer printing of micro-LEDs. The

display substrate 24 can have a size of a conventional d isplay, for example a rectangle with a

diagonal of a few centimeters to one or more meters and a thickness of 0.1 mm, 0.5 mm, 1 mm,

5 mm, 10 mm, or 20 mm. The light emitters 40 (e.g. micro-LEDs 40) can be provided using

photolithographic integrated circuit processes on semiconductor substrates. The micro-LED

semiconductor substrates are much sma ller than and separate and distinct from the display

substrate 24.

The electrical conductors 70 and row or column touch electrodes 80, 84 can be formed

on the display substrate 24 using photolithographic and display substrate processing techniques,

for example photolithographic processes employing metal or metal oxide deposition using

evaporation or sputtering, curable resin coatings (e.g. SU8), positive or negative photo-resist

coating, radiation (e.g. ultraviolet radiation) exposure through a patterned mask, and etching

methods to form patterned metal structures, vias, insulating layers, and electrical

interconnections. Inkjet and screen-printing deposition processes and materials can be used t o

form patterned conductors or other electrical elements.

Electrical interconnections, or wires, can be fine interconnections, for example having a

width of less than 50 microns, less than 20 microns, less than 10 microns, less than five microns,

less than two microns, or less than one micron, particularly for micro-LEDs 40 in a pixel element

42. Alternatively, wires can include one or more crude lithography interconnections having a

width from 2µιη t o 2mm, wherein each crude lithography interconnection is electrically

connected to at least one of the plurality of light emitters 40 on the display substrate 24.

In an embodiment, the light emitters 40 (e.g. micro-LEDs) are transfer printed to the

display substrate 24 in one or more transfers. For a d iscussion of micro-transfer printing

techniques see, U.S. Patent Nos. 8,722,458, 7,622,367 and 8,506,867, each of which is hereby

incorporated by reference. The transferred light emitters 40 are then interconnected using

similar materials and methods for example with electrical conductors 70 and optionally

including connection pads and other electrical connection structures, to enable the controller 50

to electrically interact with the light emitters 40 to emit light in the LED display 10. In an

alternative process, the transfer or construction of the light emitters 40 is performed before or

after a ll of the electrical conductors 70 are in place. Thus, in embodiments the construction of



the electrical conductors 70 can be performed before the light emitters 40 are printed or after

the light emitters 40 are printed or both.

Elements of the present invention can be constructed in a variety of ways. In a first way,

the micro-LEDs 40 are formed on a source substrate (for example a semiconductor substrate)

using photolithographic methods and then disposed using micro transfer printing onto one or

more substrates, for example display substrate 24, insulating layer 32, or light-absorbing layer

30. The display substrate 24 can be glass, metal, or plastic. The source wafer can be a crysta lline

semiconductor substrate having a much higher circuit performance than thin-film

semiconductor layers formed on a glass, plastic or metal backplane substrate. Any of the micro-

LEDs 40 can be formed in separate semiconductor substrates that are then individua lly located

and interconnected, for example with photolithographically deposited and patterned metal

traces.

The LED display 10 can be formed using micro-transfer techniques. Additional details

useful in understanding and performing aspects of the present invention are described in U.S.

Patent Application No. 14/743,981, filed June 18, 2015, entitled Micro Assembled Micro LED

Displays and Lighting Elements, and U.S. Patent Application Serial No. 14/754,573 filed Ju ne 29,

2015, entitled Sma ll-Aperture-Ratio Display with Electrical Component, the contents of each of

which is hereby incorporated by reference in its entirety. In an additional embodiment, a multi-

step transfer or assembly process is used with pixel elements 42. By employing such a multi-step

transfer or assembly process, increased yields are achieved and thus reduced costs for the

active-matrix touchscreen 5 of the present invention. A discussion of compound micro-

assembly structu res and methods is provided in U.S. Patent Application No. 14/822,868, filed

August 10, 2015, entitled Compound Micro-Assembly Strategies and Devices, whose contents

are included by reference herein in its entirety.

As is understood by those skilled in the art, the terms "over", "under", "above",

"below", "beneath", and "on" are relative terms and can be interchanged in reference t o

different orientations of the layers, elements, and substrates included in the present invention.

For example, a first layer on a second layer, in some embodiments means a first layer directly on

and in contact with a second layer. In other embodiments, a first layer on a second layer can

include another layer there between. In other embodiments, a first layer on a second layer

means a first layer in the second layer (e.g., "on" can mean "in or on"). For example, a top

portion of the second layer is the first layer. In another example, a light emitter formed on a



pixel substrate can be a light emitter formed in a pixel substrate. Moreover, the terms "row"

and "column" can be interchanged since they are defined by the orientation of the display

substrate 24.

Having described certa in embodiments, it will now become apparent to one of skill in

the art that other embodiments incorporating the concepts of the disclosure may be used.

Therefore, the invention should not be limited to the described embodiments, but rather should

be limited only by the spirit and scope of the following claims.

The various described embodiments of the invention may be used in conjunction with

one or more other embodiments unless technica lly incompatible.

Th roughout the description, where apparatus and systems are described as having,

including, or comprising specific components, or where processes and methods are described as

having, including, or comprising specific steps, it is contemplated that, additionally, there are

apparatus, and systems of the disclosed technology that consist essentially of, or consist of, the

recited components, and that there are processes and methods according to the disclosed

technology that consist essentially of, or consist of, the recited processing steps.

It should be understood that the order of steps or order for performing certain action is

immaterial so long as the d isclosed technology remains operable. Moreover, two or more steps

or actions in some circumstances can be conducted simultaneously. The invention has been

described in detail with particula r reference to certain embodiments thereof, but it will be

understood that variations and modifications can be effected within the spirit and scope of the

invention.



PARTS LIST

A cross section

W width

Dl distance

D2 distance

10 light-emitting diode (LED) display with integrated electrode

20 display surface

22 display area

24 display substrate

30 light-absorbing layer

32 insulating layer

34 optical via

40 LED / iLED / micro-LED / light emitter

40 red micro-LED

40G green micro-LED

40B blue micro-LED

42 pixel element

44 pixel group

50 controller

52 control circuit

60 wires

62 bus

70 electrical conductor

80 touch electrode / row touch electrode

82 dummy wires

84 column touch electrode

86 jumper

90 emitted micro-LED light

98 viewing side

99 viewer



CLAIMS:

1. A light-emitting diode display with integrated electrodes, comprising:

a display surface having a display area;

a plurality of spatially separated light-emitting diodes (LEDs) disposed in rows on the

display surface in the d isplay area, the light-emitting diodes in each row of light-emitting diodes

electrically connected by one or more electrical conductors (e.g., light-emitter electrodes or

pixel electrodes); and

one or more row touch electrodes disposed in rows over the display surface at least

pa rtially in the display area between rows of inorganic light-emitting diodes, wherein the one or

more row touch electrodes are disposed on the display surface and have a width that is larger

than a length and width (e.g., and height) of the light-emitting diodes.

2. The display according t o claim 1, wherein row touch electrodes are not above or below

(e.g., in the same plane) the LEDs in a direction orthogonal t o the display surface.

3. The display according t o claim 1 or claim 2, wherein the one or more row touch

electrodes extend across the display area.

4. The display according t o claim 1, claim 2 or claim 3, wherein the plurality of spatially

separated LEDs comprise red light emitters emitting red light, green light emitters emitting

green light, and blue light emitters emitting blue light.

5. The display according t o claim 4, comprising a plurality of pixels, wherein :

each pixel comprises a red light emitter, a green light emitter, and a blue light emitter;

and

the distance between any two light emitters in a respective pixel is less than the

distance between adjacent pixels.

6. The display according t o any one of the preceding cla ims, wherein the one or more row

touch electrodes are opaque.



7. The display according t o any one of the preceding cla ims, comprising one or more

column touch electrodes disposed over the d isplay surface in the display area, the column touch

electrodes extending in a different direction (e.g., perpendicula r) than the row touch electrodes.

8. The display according t o claim 7, wherein the LEDs are disposed in columns and the

column touch electrodes are disposed between the columns of LEDs in a direction parallel t o the

display surface.

9. The display according t o claim 7 or claim 8, wherein the one or more colu mn touch

electrodes are opaque (e.g., not visually transparent).

10. The display according t o any one of claims 7 t o 9, wherein the row touch electrodes and

the column touch electrodes form a capacitive touch sensor.

11. The display according t o any one of claims 7 t o 10, wherein the row touch electrodes

and the column touch electrodes are at least partially in the same plane.

12. The display according t o any one of claims 7 t o 11, wherein the row touch electrodes

and the column touch electrodes are at least partially on a common surface.

13. The display according t o any one of claims 7 t o 12, wherein the row touch electrodes

and the column touch electrodes are at least partially disposed on the display surface.

14. The display according t o claim 10 or claims dependent thereon, comprising a jumper

(e.g., a micro-tra nsfer printed jumper) electrically connecting two portions of a common column

electrode.

15. The display according t o any one of the preceding cla ims, wherein the one or more row

touch electrodes are located on a common plane with the LEDs.

16. The display according t o any one of the preceding cla ims, comprising a light-absorbing

layer located on a common layer with the LEDs.



17. The display according to any one of the preceding cla ims, comprising a light-absorbing

layer located at least partially between the one or more row touch electrodes and the display

surface or a light-absorbing layer at least partially on a side of the row electrodes opposite the

display surface.

18. A display with an integrated touch screen, comprising:

a display surface having a display area;

a plurality of spatially separated light emitters disposed on the display surface in the

display area; and

a touch screen including one or more sensing elements, wherein the sensing elements

are disposed in a common plane with the light emitters.

19. A display with an integrated touch screen, comprising:

a display surface having a display area;

a plurality of spatially separated light emitters disposed on the display surface in the

display area that emit light through the display surface; and

a touch screen including one or more sensing elements, wherein the sensing elements

are disposed on a side of the light emitters opposite the display surface.

20. The display according to claim 18 or claim 19, wherein the sensing elements are

electrodes forming capacitors.

21. The display according to claim 20, wherein the row touch electrodes are orthogonal to

the column touch electrodes and the column touch electrodes or the row touch electrodes

include at least two portions electrically connected by a jumper.

22. The display according to any one of claims 18 t o 21, wherein the sensing elements are

not visually transparent.

23. The display according to any one of claims 18 t o 22, comprising a light-absorbing layer

located at least partially in a common layer with the light emitters or at least partially in a layer



behind the light emitters in a direction orthogonal t o the display surface or at least partially in a

layer on a side of the sensing elements opposite the display surface.

24. The display according to claim 23, wherein the light-absorbing layer includes optical vias

in which the light emitters are disposed.

25. The display according to claim 18 t o 24, wherein the sensing elements each include one

or more sensing components and all of the sensing components are disposed in the common

plane with the light emitters.

26. The display according to any one of claims 18 t o 25, wherein the sensing elements each

include one or more sensing components and all of the sensing components are disposed on a

side of the light emitters opposite the display surface in a direction orthogonal t o the display

surface.

27. The display according to any one of claims 18 t o 26, wherein the sensing elements each

include two or more sensing components and at least one sensing component is disposed in the

common plane with the light emitters and at least one sensing component is disposed on a side

of the light emitters opposite the d isplay surface in a direction orthogonal t o the display surface.

28. An inorganic light-emitting diode display with integrated electrodes, comprising:

a display surface having a display area;

a plurality of spatially separated light-emitting diodes (LEDs) disposed on the display

surface in the display area;

a plurality of row touch electrodes disposed in rows over the display surface in the

display area between the light-emitting diodes; and

a plurality of column touch electrodes disposed in columns over the display surface in

the display area between the light-emitting diodes in a direction parallel t o the display surface.

29. The display according to claim 28, wherein the row touch electrodes, the column touch

electrodes, or both the row touch electrodes and the column touch electrodes are opaque.



30. The display according t o claim 28 or claim 29, wherein the row touch electrodes, the

column touch electrodes, or both the row touch electrodes and the column touch electrodes are

located on a side of the iLEDs adjacent t o the d isplay surface.

31. The display according t o any one of claims 28 t o 30, wherein the row touch electrodes

and the column touch electrodes comprise a touch screen.

32. The display of any one of the preceding claims, wherein each of the plu ra lity of inorganic

micro light-emitting diodes has a width from 2 t o 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50 µιη .

33. The display of any one of the preceding claims, wherein each of the plu ra lity of inorganic

micro light-emitting diodes has a length from 2 t o 5 µιη, 5 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50

µιη .

34. The display of any one of the preceding claims, wherein each of the plu ra lity of inorganic

micro light-emitting diodes has a height from 2 t o 5 µιη, 4 t o 10 µιη, 10 t o 20 µιη, or 20 t o 50

µιη .

35. The display of any one of the preceding claims, wherein a resolution of the display is 120

x 90, 1440 x 1080, 1920 x 1080, 1280 x 720, 3840 x 2160, 7680 x 4320, or 15360 x 8640.

36. The display of any one of the preceding claims, comprising a display substrate.

37. The display of cla im 36, wherein the display substrate has a thickness from 5 t o 10

microns, 10 t o 50 microns, 50 t o 100 microns, 100 t o 200 microns, 200 t o 500 microns, 0.5 t o 1

mm, 1 mm t o 5 mm, 5 mm t o 10 mm, or 10 mm to 20 mm.

38. The display of cla im 36 or 37, wherein the display substrate is a member selected from

the group consisting of polymer, plastic, resin, polyimide, PEN, PET, metal, metal foil, glass, a

semiconductor, and sapphire.

39. The display of any one of claims 36 t o 38, wherein the display substrate has a

transparency greater than or equal t o 50%, 80%, 90%, or 95% for visible light.



40. The display of any one of claims 36 t o 39, wherein the display substrate has a

contiguous display substrate area that includes the plurality of light-emitting diodes, each light-

emitting diode of the plu ra lity of light-emitting diodes has a light-emissive area, and the

combined light-emissive areas of the plurality of light-emitting diodes is less than or equal to

one-quarter of the contiguous display substrate area.

41. The display of claim 40, wherein the combined light-emissive areas of the plu ra lity of

light-emitting diodes is less than or equal to one eighth, one tenth, one twentieth, one fiftieth,

one hundredth, one five-hundredth, one thousandth, one two-thousandth, or one ten-

thousandth of the contiguous display substrate area.
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