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(57) Abstract: Tke disclosed technology relates generally hybrid displays witk pixels tkat include botk inorganic light emitting di

v odes (ILEDs) and organic light emitting diodes (OLEDs). The disclosed technology provides a hybrid display that uses a mixture of

o ILEDs and OLEDs in each pixel. In certain embodiments, each pixel in the hybrid display includes a red ILED, a blue ILED, and a
green OLED. In this instance, the OLED process would not require a high resolution shadow mask, thereby enhancing the manufac -

o turability of OLEDs for larger format displays. Additionally, the OLED process in this example would not require any fine litko -
grapky. Tke OLED subpixel (e.g., green subpixel) can be larger and tke ILEDs can be small (e.g., micro-red and micro-blue ILEDs).
Tke use of small ILEDs allows for otker functions to be added to tke pixel, suck as micro sensors and micro integrated circuits.



M ICRO ASSEM BLED HYBRID DISPLAYS AND LIGHTING ELEM ENTS

PRIORITY APPLICATION

This application claims priority t o and the benefit of U.S. Provisional Patent Application

No. 62/042,093, filed August 26, 2014, titled "Micro Assembled Hybrid ILED-OLED Displays

and Lighting Elements," the content of which is incorporated by reference herein in its

entirety.

FIELD O F THE INVENTION

The present invention relates t o displays including both organic and inorganic light

emitters.

BACKGROUND O F THE INVENTION

Different types of light emitters have different performance characteristics that are

more or less useful in different circumstances or when used in different ways. The various

light-emitting technologies have different characteristics, advantages, and disadvantages.

For example, liquid crystals are simple t o control and have a highly developed and

sophisticated technological infrastructure. Organic light-emitting diodes (organic LEDs) are

area emitters, can be more efficient and flexible, and are demonstrated in a very thin form

factor. Inorganic light-emitting diodes are very efficient and provide relatively saturated

light in an environmentally robust structure. Lasers are also efficient, provide a virtually

monochromatic light, but have a limited viewing angle. None of these technologies,

however, meet all of a display viewer's needs under all circumstances.

The relative benefits of different kinds of inorganic LEDs can vary depending on the

color of the light emitted, the use of the LEDs, and the ambient conditions. For example,

LED efficiency, lifetime, and cost varies depending on the LED brightness, size, and color.

Furthermore, the human visual system is more sensitive t o some colors, for example green,

and less sensitive to others, for example blue.

The relative benefits of ILEDS and OLEDs also vary based on the color of the light

emitted by the light-emitting device. Micro-transfer-printed inorganic LEDs are bright (e.g.,

having intensities from 300 W/cm 2 t o 500 W/cm 2) and enable low power consumption.



However, for example, green ILEDs suffer from the "green gap", a portion of the light

spectrum where the efficiency of green LEDs plummets.

OLEDs are thin, light, flexible, and consume less power than LCD displays.

Additionally, OLEDs are easier t o produce than the liquid crystals used in LCD displays.

However, blue OLEDs have shorter lifetimes and are less efficient than red and green OLEDs.

Similarly, red OLEDs have relatively longer lifetimes but are less efficient than green OLEDs.

Moreover, the manufacturing process for dense arrays of OLEDs is relatively difficult and

expensive. Furthermore, metal screens (fine metal masks) are used during the OLED

manufacturing process t o pattern the emitting materials deposited as layers onto the

display substrate. These metal screens, also known as shadow masks, include rectangular

openings (or apertures) for material deposition. A display (e.g., a 1024 by 768 display) can

include almost eight hundred thousand pixels. Thus, openings in the mask must be created

very precisely. This adds considerable expense to the OLED manufacturing process.

There is a need, therefore, for display structures with improved characteristics and

manufacturing processes.

SUMMARY O F THE INVENTION

The disclosed technology provides a hybrid display with heterogeneous color pixels

disposed on a display substrate. Each heterogeneous color pixel includes a first subpixel that

emits a first color of light from a first light emitter and a second subpixel that emits a second

color of light different from the first color of light from a second light emitter. The first light

emitter is a different size from the second light emitter. Furthermore, the first and second

light emitters can be of different types. In one embodiment, both the first and the second

light emitters are inorganic, for example inorganic light-emitting diodes. In another

embodiment, the first light emitter is inorganic and the second light emitter is organic. In

certain embodiments, the light emitters can be micro assembled.

Light emitters that emit different colors of light have different efficiencies at

different luminance levels. Therefore, in one embodiment, for example for a relatively dim

application such as an indoor application, it can be useful t o provide a relatively smaller light

emitter that is more efficient at low luminance levels than a relatively larger light emitter

that is less efficient at such a low luminance level. In another embodiment, it is useful to

provide a relatively smaller light emitter that is more efficient at high luminance levels than



a relatively larger light emitter that is less efficient at such a high luminance level. In yet

another embodiment, it is useful t o provide colored light emitters having sizes that match

the corresponding color response of the human visual system. A larger response can

correspond t o a smaller emitter and vice versa.

The disclosed technology also provides micro assembled hybrid ILED-OLED displays

and lighting elements. The displays and lighting elements utilize a mixture of ILEDs (e.g.,

micro-inorganic LEDs) and OLEDs. For example, each pixel in a display includes a mixture of

ILEDs and OLEDs such that certain subpixels utilize ILEDs while other subpixels rely on

OLEDs. The ILEDs are assembled utilizing micro-transfer printing techniques as they are too

small (e.g., micro-ILEDs with a width or diameter of 10 µιη t o 50 µιη ), numerous, o r fragile

t o assemble by conventional means. The use of small ILEDs in each pixel leaves additional

space in each pixel for other devices, including larger OLEDs.

Hybrid displays provide an alternative approach that utilizes a mixture of ILEDs and

OLEDs t o optimize color quality, efficiency, and ease of manufacturability. In certain

embodiments, red and blue micro-ILEDs form red and blue subpixels while a green OLED

forms the green subpixel. The process of forming the green OLED does not require a high-

resolution shadow mask which greatly enhances the manufacturability of utilizing OLEDs in

large display formats.

The micro-ILEDs can be prepared on a native substrate and printed t o a destination

display substrate (e.g., a substrate of plastic, metal, glass, or other materials; transparent,

rigid, or flexible materials), thereby obviating the manufacture of the micro-ILEDs on the

destination substrate. This allows for other functions to be added t o the pixel. Additionally,

the OLED subpixel can be larger than the red and blue subpixels.

In certain embodiments, other micro devices, in addition t o ILEDs and OLEDs, can be

placed within each pixel. For example, micro sensing and micro integrated circuits (e.g.,

micro display drivers) can be placed within a pixel. Additionally, redundant micro-ILEDs can

be placed in a pixel. Redundancy can increase the manufacturing yield of displays by

allowing defective ILEDs t o be replaced and/or supplemented by spare ILEDs. Redundant

ILEDs, in certain embodiments, are electrically connected t o the display upon a

determination (e.g., during manufacturing or prior t o distribution of the display) that a

primary ILED is malfunctioning.



The displays can utilize a transparent (e.g., plastic or glass) substrate, and can be

made t o be light and flexible. Because the ILEDs take up a small proportion of the display

area, and because the ILED wiring can be fine and/or transparent, the display itself can be

transparent. The displays can emit light from the front side, the back side, o r both sides.

The display can even have an adhesive layer on one side, producing a decal-like display. The

sparsely integrated ILEDs allow for new functions including micro-sensors, power

harvesting, gesture sensing (both contact and non-contact), image capture, and the like.

The displays can also include micro-transfer-printed (micro-integrated circuits), which

provide CMOS performance and embedded memory (e.g., non-volatile memory).

In certain embodiments, the electronically active components are transferred from a

native substrate (e.g., inorganic semiconductor materials, single crystalline silicon wafers,

silicon-on-insulator wafers, polycrystalline silicon wafers and GaAs wafers, Si (1 1 1), InP,

InAIP, InGaAs, AIGaAs, GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb, and InGaP) t o a

destination substrate (e.g., a non-native substrate used to, for example, form an array of the

active components). The destination substrate can comprise, for example, glass, plastic,

sapphire, metal, or another semiconductor. The transfer can be performed using an

elastomer stamp. The release of the active components is controlled and predictable,

thereby enabling production of the ILED displays described herein using micro transfer

printing techniques. Regarding micro transfer printing, see, for example, U.S. Patent No.

7,982,296, issued July 19, 2011, the content of which is incorporated herein by reference in

its entirety.

In one aspect, the disclosed technology includes a hybrid display, comprising: a

plurality of pixels disposed on a display substrate, each pixel comprising a first subpixel that

emits a first color of light and a second subpixel that emits a second color of light different

from the first color of light, wherein light from the first subpixel is emitted by an inorganic

light emitter and light from the second subpixel is emitted by an organic light emitter.

In certain embodiments, the inorganic light emitter is an inorganic light emitting

diode (iLED) having a native semiconductor substrate separate and distinct from the display

substrate.

In certain embodiments, the native semiconductor substrate of the iLED comprises a

member selected from the group consisting of: an inorganic semiconductor material, single

crystalline silicon wafer, silicon on insulator wafer, polycrystalline silicon wafer and GaAs



wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs, GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb,

and InGaP.

In certain embodiments, the organic light emitter is an organic light-emitting diode

(OLED) disposed on the display substrate.

In certain embodiments, comprising a third subpixel emitting a third color of light

different from the first color and different from the second color, wherein light from the

third subpixel is emitted by an inorganic light emitter.

In certain embodiments, the first subpixel is a red subpixel, the second subpixel is a

green subpixel, and the third subpixel is a blue subpixel.

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 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 thickness from 5 t o 10 microns,

10 t o 50 microns, 50 t o 100 microns, 100 to 200 microns, 200 t o 500 microns, 500 microns

t o 0.5 mm, 0.5 t o 1 mm, 1 mm to 5 mm, 5 mm t o 10 mm, or 10 mm t o 20 mm.

In certain embodiments, the inorganic light emitter has at least one of a width,

length, and height from 2 t o 5 µιη , 5 t o 10 µιη , 10 to 20 µιη , o r 20 t o 50 µιη .

In certain embodiments, the display is an active-matrix display.

In certain embodiments, the display is a passive-matrix display.

In certain embodiments, each pixel comprises a fourth subpixel that emits a forth

color of light.

In certain embodiments, the fourth subpixel is a yellow subpixel.

In certain embodiments, the area of the non-native substrate covered with ILEDs is

no greater than 50%, 40%, 30%, 20%, 10%, 5%, or 3% of the display.

In certain embodiments, each pixel comprises a sensor.

In certain embodiments, the sensor comprises at least one of an infra-red sensor,

temperature sensor, and capacitive sensor.

In certain embodiments, the number of sensors in the plurality of pixels is less than

the number of ILEDs in the plurality of pixels.



In certain embodiments, the number of sensors in the plurality of pixels is equal to or

larger than the number of ILEDs in the plurality of pixels.

In certain embodiments, each pixel comprises a integrated circuit electrically

connected to each subpixel in a respective pixel.

In certain embodiments, the integrated circuits are on the same plane as the light

emitters.

In certain embodiments, each integrated circuit is used t o control different types of

light emitters.

In certain embodiments, each integrated circuit processes signals from sensing

elements.

In certain embodiments, each set of light emitters is driven by a respective

integrated circuit forms an independent sub-display.

In certain embodiments, each integrated circuit is connected t o one or more

integrated antennas.

In certain embodiments, the integrated circuits have built-in redundancy.

In certain embodiments, the display substrate is flexible.

In certain embodiments, the display includes reflective structures covering a least a

portion of the light emitters in each pixel.

In certain embodiments, the reflective structures cover at least a side of the light

emitters in each pixel.

In certain embodiments, at least one of the inorganic light emitters and organic light

emitters comprises at least one material that is substantially transparent t o a specific

wavelength, and the non-native substrate is transparent t o the specific wavelength.

In certain embodiments, the display includes a dielectric material (e.g. silicon oxide

or silicon nitride) covering a side, opposite the display substrate, of at least one of the

inorganic light emitters and organic light emitters.

In certain embodiments, each of the inorganic light emitters has two or more

contacts on a side of the inorganic light emitters opposite the interface between the

inorganic light emitters and the display substrate.

In certain embodiments, the display includes an insulating layer surrounding a

perimeter of at least a portion of the light emitters.



In certain embodiments, the insulating layer comprises: a layer of photo-definable

dielectric (e.g., BCB, polyimide, PBO, epoxy, o r silicone) cross linked except in the regions

above the one or more metal contacts.

In another aspect, the disclosed technology includes a method of micro assembling a

hybrid display having a plurality of pixels, each pixel comprising inorganic light emitting

diodes (ILEDs) and organic light emitting diodes (OLEDs), the method comprising: providing

a plurality of ILEDs; and micro transfer printing the plurality of printable ILEDs onto a display

substrate separate and distinct from the semiconductor substrates of the iLEDs, wherein the

ILEDs are electrically connected following printing onto the non-native substrate; forming

an OLED in each pixel of the hybrid display; and forming a plurality of anodes (e.g., ITO

anode) for a plurality of green OLED on the surface of a display substrate, wherein the

plurality of anodes are formed prior t o micro transfer printing the plurality of ILEDs.

In certain embodiments, forming the OLEDs comprises evaporating OLED layers.

In certain embodiments, the OLED layers are evaporated through a coarse shadow

mask.

In certain embodiments, forming the OLEDs comprises depositing a cathode metal.

In certain embodiments, the cathode metal is deposited through a coarse shadow

mask.

In certain embodiments, the plurality of ILEDs comprise red ILEDS that emit red light

and blue ILEDs that emit blue light.

In certain embodiments, the plurality of OLEDs comprise green OLEDS that emit

green light.

In certain embodiments, each pixel comprises a first, second, and third subpixel, and

the first subpixel comprises at least two red ILEDs, the second subpixel comprises the green

OLED, and the third subpixel comprises at least two blue ILEDs.

In certain embodiments, the second subpixel is larger than the first subpixel and is

larger than the third subpixel.

In certain embodiments, each of the plurality of ILEDs comprises at least one

material that is substantially transparent t o a specific wavelength, and the display substrate

is transparent t o the specific wavelength.



In certain embodiments, each of the OLEDs comprises at least one material that is

substantially transparent to a specific wavelength, and the display substrate is transparent

t o the specific wavelength.

In certain embodiments, a dielectric material (e.g. silicon oxide or silicon nitride)

covers a side, opposite the display substrate, of at least one of the plurality of ILEDs and

OLEDs.

In certain embodiments, each of the ILEDs has two or more contacts on a side of the

ILEDs opposite the interface between the ILED and the display substrate.

In certain embodiments, the method includes, prior t o forming connections t o the

plurality of ILEDs, providing an insulating layer surrounding a perimeter of at least a portion

of the ILEDs.

In certain embodiments, providing an insulating layer surrounding the perimeter of

each of the plurality of ILEDs comprises:

depositing a layer of photo-definable dielectric;

exposing the photoactive dielectric t o light; and

cross linking the photo-definable material except in the regions above the one or

more metal contacts.

In certain embodiments, the method includes transferring a plurality of integrated

circuits t o the display substrate.

In certain embodiments, the method includes electrically connecting each integrated

circuit t o a set of ILEDs.

In certain embodiments, each IC is used to control different types of ILEDs.

In certain embodiments, each IC processes signals from sensing function elements.

In certain embodiments, each IC processes control signals t o functional array

elements.

In certain embodiments, each set of ILEDs driven by a respective integrated circuit

forms an independent sub-display.

In certain embodiments, each integrated circuit is connected t o one or more

integrated antennas.

In certain embodiments, each integrated circuit is connected t o one or more

integrated antennas.

In certain embodiments, the plurality of integrated circuits has built-in redundancy.



In certain embodiments, each of the plurality of integrated circuits contains

embedded memory.

In certain embodiments, the method includes transferring a plurality of sensing

devices t o the display substrate.

In certain embodiments, providing micro assembled sensing devices comprises

providing two or more types of temperature sensing devices.

In certain embodiments, the number of sensing elements is less than the number of

ILEDs in the display.

In certain embodiments, the number of sensing elements is equal t o or larger than

the number of ILEDs in the display.

In certain embodiments, the method includes prior t o printing the ILEDs to the non-

native substrate, exposing the junction perimeter of each ILED diode (e.g., by etching); and

causing regrowth of a high band gap semiconductor (e.g., InGaAIP, InGaN, GaN, AIGaN) on

the exposed junction perimeter, thereby reducing non-radiative recombination in the ILED.

In certain embodiments, the native substrate comprises a member selected from the

group consisting of: an inorganic semiconductor material, single crystalline silicon wafer,

silicon on insulator wafer, polycrystalline silicon wafer and GaAs wafer, Si (1 1 1), InP, InAIP,

InGaAs, AIGaAs, GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb, and InGaP.

In another aspect, the disclosed technology includes a hybrid display, the hybrid

display including a plurality of heterogeneous pixels disposed on a display substrate, each

pixel comprising a first subpixel that emits a first color of light and a second subpixel that

emits a second color of light different from the first color of light, wherein light from the

first subpixel is emitted by a first light emitter and light from the second subpixel is emitted

by a second light emitter having a different size than the first light emitter.

In certain embodiments, the first light emitter is an inorganic light emitter and the

second light emitter is an organic light emitter.

In certain embodiments, the first light emitter is an inorganic light emitter and the

second light emitter is an inorganic light emitter.

In certain embodiments, the native semiconductor substrate of each of the inorganic

light emitters comprises a member selected from the group consisting of: an inorganic

semiconductor material, single crystalline silicon wafer, silicon on insulator wafer,



polycrystalline silicon wafer and GaAs wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs, GaSb,

GaAISb, AlSb, InSb, InGaAISbAs, InAISb, and InGaP.

In certain embodiments, the inorganic light emitters have at least one of a width,

length, and height from 2 to 5 µιη , 5 to 10 µιη , 10 t o 20 µιη , or 20 t o 50 µιη .

In certain embodiments, the display includes a display substrate on which the light

emitters are disposed and wherein the area of the display substrate covered with inorganic

light emitters is no greater than 50%, 40%, 30%, 20%, 10%, 5%, or 3% of the display.

In certain embodiments, the display includes a third light emitter.

In certain embodiments, the third light emitter has a different size than the first light

emitter, a different size than the second light emitter, or a different size than the first light

emitter and the second light emitter.

In certain embodiments, the first light emitter is a red light emitter that emits red

light, the second light emitter is a green light emitter that emits green light, and the third

light emitter is a blue light emitter that emits blue light.

In certain embodiments, the green light emitter is smaller than at least one of the

red light emitter and the blue light emitter.

In certain embodiments, the green light emitter is larger than at least one of the red

light emitter and the blue light emitter.

In certain embodiments, the red light emitter is larger than at least one of the green

light emitter and the blue light emitter.

In certain embodiments, the blue light emitter is larger than at least one of the green

light emitter and the red light emitter.

In certain embodiments, the red light emitter is smaller than at least one of the

green light emitter and the blue light emitter.

In certain embodiments, the first light emitter emits a different hue, tint, or shade of

a color of light than the second light emitter in response to a common control signal; the

first light emitter emits a different brightness than the second light emitter in response t o a

common control signal; the first light emitter has a different efficiency than the second light

emitter; the first light emitter has a different angular distribution of emitted light than the

second light emitter; the first light emitter has a different electronic property or response

than the second light emitter; the first light emitter emits light using a different physical



mechanism than the second light emitter; or the first light emitter has a different physical

structure than the second light emitter.

In certain embodiments, the first light emitter or the second light emitter is an

inorganic light emitter, an organic light emitter, an inorganic light-emitting diode, an organic

light-emitting diode, a laser, a vertical cavity surface emission laser, or an optically pumped

or electrically controlled phosphor, nano-crystal, or quantum dot.

In certain embodiments, the display includes a pixel controller for controlling the

first and second light emitters and wherein the pixel controller comprises a control circuit

that controls the first light emitter differently from the second light emitter.

In certain embodiments, the display includes a display substrate on which the light

emitters are disposed and wherein 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 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 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, 500 microns

t o 0.5 mm, 0.5 t o 1 mm, 1 mm to 5 mm, 5 mm t o 10 mm, or 10 mm t o 20 mm.

In certain embodiments, the display is an active-matrix display.

In certain embodiments, the display is a passive-matrix display.

In certain embodiments, each heterogeneous pixel comprises a fourth sub-pixel that

emits a fourth color of light.

In certain embodiments, the fourth subpixel is a yellow subpixel.

In certain embodiments, each pixel comprises a sensor.

In certain embodiments, the sensor comprises at least one of an infra-red sensor,

temperature sensor, and capacitive sensor.

In certain embodiments, each pixel comprises a integrated circuit electrically

connected t o each subpixel in a respective pixel.

In certain embodiments, the integrated circuits are on the same plane as the light

emitters.

In certain embodiments, each integrated circuit is used t o control different types of

light emitters.



In certai n embodiments, each integrated ci rcuit processes signa ls from sensing

elements.

In certai n embodiments, the integrated circuits have built-in redunda ncy.

In certai n embodiments, the display incl udes reflective structures coveri ng at least a

portion of the light emitters in each pixel .

In certai n embodiments, the reflective structu res cover at least a side of the light

emitters in each pixel.

In certai n embodiments, each of the inorga nic light emitters has two or more

contacts on a side of the inorga nic light emitters opposite the interface between the

inorga nic light emitters and the display substrate.

BRIEF DESCRIPTION O F THE FIGU RES

The foregoing and other objects, aspects, features, and adva ntages of the present

disclosure w i l l become more appa rent and better understood by referring t o the fol lowi n

descri ption t aken in conju nction with the accom panyi ng drawi ngs, in which :

FIG. 1 is an illustration of a typica l prior-a rt pixel used in an LCD display;

FIG. 2 is an i l lustration of an example pixel constructed in accorda nce with an

embodi ment of the present invention; and

FIG . 3 is an ill ustration of an example cross-sectiona l view of a pixel of a hybrid

display according t o an embodi ment of the present invention.

The features and adva ntages of the present disclosu re wil l become more apparent

from the detai led description set forth below when t aken in conjunction with the drawi ngs,

in which like reference cha racters identify correspondi ng elements t hroughout. In the

drawi ngs, like reference num bers genera lly indicate identica l, f unctiona lly simi la r, and/or

structura lly simila r elements.

DETAILED DESCRI PTION O F THE INVENTION

As used herei n the expression "semiconductor element" and "semicond uctor

structure" are used synonymously and broadly refer t o a semiconductor materia l, structure,

device, or component of a device. Semiconductor elements incl ude high-qua lity single

crystal line and polycrysta l line semiconductors, semiconductor materia ls fabricated via high-



temperature processing, doped semiconductor materials, organic and inorganic

semiconductors, and composite semiconductor materials and structures having one or more

additional semiconductor components and/or non-semiconductor components, such as

dielectric layers o r materials and/or conducting layers or materials. Semiconductor

elements include semiconductor devices and device components including, but not limited

to, transistors, photovoltaics including solar cells, diodes, light-emitting diodes, lasers, p-n

junctions, photodiodes, integrated circuits, and sensors. In addition, semiconductor

element can refer t o a part or portion that forms an functional semiconductor device or

product.

"Semiconductor" refers to any material that is a material that is an insulator at a very

low temperature, but which has an appreciable electrical conductivity at temperatures of

about 300 Kelvin. The electrical characteristics of a semiconductor can be modified by the

addition of impurities o r dopants and controlled by the use of electrical fields. In the

present description, use of the term semiconductor is intended t o be consistent with use of

this term in the art of microelectronics and electronic devices. Semiconductors useful in the

present invention can include elemental semiconductors, such as silicon, germanium and

diamond, and compound semiconductors, for example group IV compound semiconductors

such as SiC and SiGe, group lll-V semiconductors such as AlSb, AIAs, Aln, AlP, BN, GaSb,

GaAs, GaN, GaP, InSb, InAs, InN, and InP, group lll-V ternary semiconductors alloys such as

AlxGal-xAs, group ll-VI semiconductors such as CsSe, CdS, CdTe, ZnO, ZnSe, ZnS, and ZnTe,

group l-VII semiconductors CuCI, group IV-VI semiconductors such as PbS, PbTe and SnS,

layer semiconductors such as Pbl 2, M0S2 and GaSe, oxide semiconductors such as CuO and

Cu20 . The term semiconductor includes intrinsic semiconductors and extrinsic

semiconductors that are doped with one or more selected materials, including

semiconductor having p-type doping materials and n-type doping materials, t o provide

beneficial electronic properties useful for a given application or device. The term

semiconductor includes composite materials comprising a mixture of semiconductors

and/or dopants. Specific semiconductor materials useful for in some applications of the

present invention include, but are not limited to, Si, Ge, SiC, AlP, AIAs, AlSb, GaN, GaP, GaAs,

GaSb, InP, InAs, GaSb, InP, InAs, InSb, ZnO, ZnSe, ZnTe, CdS, CdSe, ZnSe, ZnTe, CdS, CdSe,

CdTe, HgS, PbS, PbSe, PbTe, AIGaAs, AllnAs, AllnP, GaAsP, GalnAs, GalnP, AIGaAsSb, AIGalnP,

and GalnAsP. Porous silicon semiconductor materials are useful for applications of the



present invention in the field of sensors and light-emitting materials, such as light-emitting

diodes (LEDs) and solid-state lasers. Impurities of semiconductor materials are atoms,

elements, ions or molecules other than the semiconductor material(s) themselves or any

dopants provided in the semiconductor material. Impurities are undesirable materials

present in semiconductor materials that can negatively impact the electronic properties of

semiconductor materials, and include but are not limited t o oxygen, carbon, and metals

including heavy metals. Heavy-metal impurities include, but are not limited to, the group of

elements between copper and lead on the periodic table, calcium, sodium, and all ions,

compounds and/or complexes thereof.

"Substrate" refers t o a structure or material on which, or in which, a process is (or

has been) conducted, such as patterning, assembly or integration of semiconductor

elements. Substrates include, but are not limited to: (i) a structure upon or in which

semiconductor elements are fabricated (also referred t o as a native substrate); (ii) a device

substrate, for example an electronic device substrate; (iii) a donor substrate having

elements, such as semiconductor elements, for subsequent transfer, assembly or

integration such as a semiconductor wafer; and (iv) a target or destination non-native

substrate for receiving printable structures, such as semiconductor elements. A donor

substrate can be, but is not necessarily, a native substrate.

"Display substrate" as used herein refers to the target substrate (e.g., non-native

destination substrate) for receiving printable structures, such as semiconductor elements.

Examples of display substrate materials include polymer, plastic, resin, polyimide,

polyethylene naphthalate, polyethylene terephthalate, metal, metal foil, glass, flexible glass,

a semiconductor, and sapphire.

The terms "micro" and "micro-device" as used herein refer t o the descriptive size of

certain devices or structures in accordance with embodiments of the invention. As used

herein, the terms "micro" and "micro-device" are meant t o refer t o structures or devices on

the scale of .5 t o 250 µιη . However, it is t o be appreciated that embodiments of the present

invention are not necessarily so limited, and that certain aspects of the embodiments can be

applicable t o larger or smaller size scales.

As used herein, "micro-ILED" refers t o an inorganic light-emitting diode on the scale

of .5 t o 250 µιη . For example, micro-LEDs can have at least one of a width, length, and

height (or two or all three dimensions) from .5 t o 2 µιη , 2 t o 5 µιη , 5 to 10 µιη , 10 t o 20 µιη ,



20 t o 50 µιη, 20 t o 50 µιη , 50 to 100 µιη , or 100 t o 250 µιη . Micro-LEDs emit light when

energized. The color of the light emitted by an LED varies depending upon the structure of

the micro-LED. For example, when energized a red micro-LED emits red light, a green micro-

LED emits green light, a blue micro-LED emits blue light, a yellow micro-LED emits yellow

light, and a cyan micro-LED emits cyan light.

"Printable" relates to materials, structures, device components, or integrated

functional devices that are capable of transfer, assembly, patterning, organizing, or

integrating onto or into substrates without exposure of the substrate to high temperatures

(e.g. at temperatures less than or equal to about 400, 200, or 150 degrees Celsius). In one

embodiment of the present invention, printable materials, elements, device components, or

devices are capable of transfer, assembly, patterning, organizing or integrating onto or into

substrates via solution printing, micro-transfer printing, or dry transfer contact printing.

"Printable semiconductor elements" of the present invention comprise

semiconductor structures that can be assembled or integrated onto substrate surfaces, for

example by using dry transfer contact printing, micro-transfer printing, or solution printing

methods. In one embodiment, printable semiconductor elements of the present invention

are unitary single crystalline, polycrystalline or microcrystalline inorganic semiconductor

structures. In the context of this description, a unitary structure is a monolithic element

having features that are mechanically connected. Semiconductor elements of the present

invention can be undoped or doped, can have a selected spatial distribution of dopants and

can be doped with a plurality of different dopant materials, including p- and n-type dopants.

The present invention includes microstructured printable semiconductor elements having at

least one cross-sectional dimension greater than or equal to about 1 micron and

nanostructured printable semiconductor elements having at least one cross-sectional

dimension less than or equal to about 1 micron. Printable semiconductor elements useful in

many applications comprise elements derived from "top down" processing of high-purity

bulk materials, such as high-purity crystalline semiconductor wafers generated using

conventional high-temperature processing techniques. In one embodiment, printable

semiconductor elements of the present invention comprise composite structures having a

semiconductor operationally connected to at least one additional device component or

structure, such as a conducting layer, dielectric layer, electrode, additional semiconductor

structure, or any combination of these. In one embodiment, printable semiconductor



elements of the present invention comprise stretchable semiconductor elements or

heterogeneous semiconductor elements.

The term "flexible" refers t o the ability of a material, structure, device or device

component t o be reversibly deformed into a curved shape, e.g., without undergoing a

transformation that introduces significant strain, such as strain characterizing the failure

point of a material, structure, device, or device component.

"Plastic" refers t o any synthetic or naturally occurring material or combination of

materials that can be molded or shaped, generally when heated, and hardened into a

desired shape. Exemplary plastics useful in the devices and methods of the present

invention include, but are not limited to, polymers, resins and cellulose derivatives. In the

present description, the term plastic is intended t o include composite plastic materials

comprising one or more plastics with one or more additives, such as structural enhancers,

fillers, fibers, plasticizers, stabilizers or additives which can provide desired chemical or

physical properties.

"Dielectric" and "dielectric material" are used synonymously in the present description and

refer t o a substance that is highly resistant t o a flow of electric current and can be polarized

by an applied electric field. Useful inorganic dielectric materials include, but are not limited

to, Si02, Ta20 5, Ti0 2, Zr0 2, Y20 3, SiN4, STO, BST, PLZT, PMN, and PZT. Organic dielectric

materials can include polymers and resins, including curable polymers having cross-linking

materials, for example cross-linkable in response t o heat or ultra-violet radiation.

"Polymer" refers t o a molecule comprising a plurality of repeating chemical groups,

typically referred to as monomers. Polymers are often characterized by high molecular

masses. Polymers useable in the present invention can be organic polymers or inorganic

polymers and can be in amorphous, semi-amorphous, crystalline or partially crystalline

states. Polymers can comprise monomers having the same chemical composition or can

comprise a plurality of monomers having different chemical compositions, such as a

copolymer. Cross-linked polymers having linked monomer chains are particularly useful for

some applications of the present invention. Polymers useable in the methods, devices and

device components of the present invention include, but are not limited to, plastics,

elastomers, thermoplastic elastomers, elastoplastics, thermostats, thermoplastics and

acrylates. Exemplary polymers include, but are not limited to, acetal polymers,

biodegradable polymers, cellulosic polymers, fluoropolymers, nylons, polyacrylonitrile



polymers, polyamide-imide polymers, polyimides, polyarylates, polybenzimidazole,

polybutylene, polycarbonate, polyesters, polyetherimide, polyethylene, polyethylene

copolymers and modified polyethylenes, polyketones, poly(methyl methacrylate,

polymethylpentene, polyphenylene oxides and polyphenylene sulfides, polyphthalamide,

polypropylene, polyurethanes, styrenic resins, sulphone based resins, vinyl-based resins or

any combinations of these.

"Micro-transfer printing" as used herein refers to systems, methods, and techniques

for the deterministic assembly of micro- and nano-materials, devices, and semiconductor

elements into spatially organized, functional arrangements with two-dimensional and three-

dimensional layouts. It is often difficult to pick up and place ultra-thin or small devices,

however, micro-transfer printing permits the selection and application of these ultra-thin,

fragile, or small devices, such as micro-LEDs, without causing damage t o the devices

themselves. Microstructured stamps (e.g., elastomeric, electrostatic stamps, or hybrid

elastomeric/electrostatic stamps) can be used t o pick up micro devices, transport the micro

devices t o a destination substrate, and print the micro devices onto the destination

substrate. In some embodiments, surface adhesion forces are used to control the selection

and printing of these devices onto the destination substrate. This process can be performed

massively in parallel. The stamps can be designed to transfer a single device or hundreds to

thousands of discrete structures in a single pick-up-and-print operation. For a discussion of

micro-transfer printing generally, see U.S. Patent Nos. 7,622,367 and 8,506,867, each of

which is hereby incorporated by reference in its entirety.

A heterogeneous pixel is a pixel that includes heterogeneous or different first and

second light emitters that are not alike, or are dissimilar, that are different in kind, or are

composed of parts of different kinds, different elements, or constituents. As intended

herein, heterogeneous light emitters are light emitters that are intended to operate or

function differently even when driven with common control signals. For example,

heterogeneous light emitters can operate differently, have different functions, or function

differently. Similar devices that are made and intended to function identically are not

considered heterogeneous devices herein, even if unavoidable and unintended differences

exist between the similar devices. For example, it is known that because of manufacturing

and material tolerances, light-emitting diodes can have unintended slightly different

emission spectra and performance. Devices having variations that are consequences of



imperfect materials or processes are not considered heterogeneous, different, or

operationally different herein, since such variable devices are not intended to operate or

function differently but are rather desired to behave identically. As used herein,

heterogeneous, different, or operationally different light emitters are intended to behave,

function, perform, act, or operate differently. Alternatively or in addition, as used herein

heterogeneous, different, or operationally different light emitters are intended to have

different purposes, aims, uses, or roles in the display of the present invention. Similar

devices that simply emit different colors of light are not considered heterogeneous.

According to embodiments of the present invention, the differences in the first and

second light emitters within a heterogeneous pixel can include any of the following or a

combination thereof:

differences in brightness of the different first and second light emitters in response

t o a common control signal;

differences in size of the different first and second light emitters;

differences in size of the light-emissive area of the different first and second light

emitters;

differences in efficiency of the different first and second light emitters;

differences in the electronic properties or response of the different first and second

light emitters;

differences in the angular distribution of emitted light of the different first and

second light emitters;

differences in the mechanism by which light is emitted by the different first and

second light emitters; or

differences in the physical structure of the different first and second light emitters.

As used herein, a difference in size or light-emissive area means that the first light

emitter has a different physical size or light emitting area than the second light emitter.

As used herein, a difference in brightness means that the first light emitter emits

more or fewer photons than the second light emitter. The difference in brightness can be an

absolute limit in achievable brightness or an absolute limit on the ability to limit brightness

(e.g., a lower limit on the black level). The difference in brightness can also be a difference in

the photons emitted in response to a common control signal.



As used herein, a difference in efficiency means that the first light emitter emits

more or fewer photons than the second light emitter in response t o a common control

signal or power.

As used herein, a difference in angular distribution of emitted light means that the

first light emitter emits light at a wider or narrower range of angles than the second light

emitter. For example, the first light emitter can emit light with a Lambertian distribution and

the second light emitter cannot.

As used herein, a difference in electronic property or response means that the first

light emitter functions differently in an electronic circuit than the second light emitter. For

example, the first light emitter can have a different resistance, capacitance, or breakdown

voltage than the second light emitter. The first light emitter could be a diode and the second

light emitter could not be a diode. Both the first light emitter and the second light emitter

could be diodes but with different turn-on voltages, or could be diodes of different types.

As used herein, a difference in physical mechanism for emitting light means that the

first light emitter uses a different physical property for emitting light than the second light

emitter. For example, the first light emitter could be a light-emitting diode and the second

light emitter could use optically pumped phosphors, or radiation due to heating.

As used herein, a difference in physical structure means that the first light emitter

uses different materials or arrangements of materials for emitting light than the second light

emitter. For example, the first light emitter could be an inorganic light emitter and the

second light emitter could use an organic light emitter. Alternatively, the first light emitter

could be a point light emitter and the second light emitter could be a one dimensional (line)

or two-dimensional (area) emission, for example a diode, filament, cylinder, or plane

segment (e.g., rectangle).

Therefore, in an embodiment of the present invention, a hybrid display includes a

plurality of heterogeneous pixels disposed on a display substrate. Each pixel comprises a

first subpixel that emits a first color of light and a second subpixel that emits a second color

of light different from the first color of light. Light from the first subpixel is emitted by a first

light emitter and light from the second subpixel is emitted by a second light emitter having a

different size than the first light emitter. In an embodiment, the first light emitter is an

inorganic light emitter and the second light emitter is an organic light emitter. Alternatively,



the first light emitter is an inorganic light emitter and the second light emitter is also an

inorganic light emitter.

In a further embodiment of the present invention, the hybrid display includes a third

light emitter. The third light emitter can have a different size than the first light emitter, a

different size than the second light emitter, o r a different size than the first light emitter and

the second light emitter. The first light emitter can be a red light emitter that emits red light,

the second light emitter can be a green light emitter that emits green light, and the third

light emitter can be a blue light emitter that emits blue light.

According to various circumstances, ambient conditions, in particular ambient

illumination, or use, the first, second, and third light emitters can have different sizes. For

example, the green light emitter is smaller than the red light emitter or the blue light

emitter. In an embodiment, this is useful because the human visual system is more

responsive t o green than other colors and therefore a smaller emitter can provide adequate

luminance for green. Moreover, in some technologies, green light emission is more efficient,

for example OLED devices.

In another example, the green light emitter is larger than the red light emitter or the

blue light emitter. In some embodiments, green light emitters are less efficient, o r become

less efficient at higher luminance levels, for example some forms of micro-LEDs suffer from

such issues such as droop. A larger emitter can compensate for a smaller light output.

In another example, the red light emitter is larger than the green light emitter or the

blue light emitter. In some embodiments, red light emitters cannot readily emit large

amounts of light, particularly for small micro LEDs. Thus, a larger red emitter can be

necessary for some applications.

In yet another example, the blue light emitter is larger than the green light emitter

or the red light emitter. The human visual system has a relatively low response t o blue

colors and in some applications a brighter blue light can be preferred. A larger blue emitter

can compensate for a smaller light output.

In another example, the red light emitter is smaller than the green light emitter or

the blue light emitter. In some embodiments, red light emitters have parasitic perimeter

currents and low efficiency at low current density. Smaller red emitters have smaller

perimeter currents than larger red emitters and operate at higher current densities for a

given drive current. As a result, the smaller red emitters in some embodiments operate at



higher efficiencies than larger red emitters. Furthermore, smaller red emitters require

higher voltages t o operate at a given drive current thereby making their voltage of

operation more like blue and green LEDs than larger red emitters.

In embodiments of the present invention, the first light emitter emits a different

hue, tint, or shade of a color of light than the second light emitter in response t o a common

control signal, the first light emitter emits a different brightness than the second light

emitter in response t o a common control signal, the first light emitter has a different

efficiency than the second light emitter, the first light emitter has a different angular

distribution of emitted light than the second light emitter, the first light emitter has a

different electronic property or response than the second light emitter, the first light

emitter emits light using a different physical mechanism than the second light emitter, or

the first light emitter has a different physical structure than the second light emitter.

In some embodiments, the first light emitter or the second light emitter is an

inorganic light emitter, an organic light emitter, an inorganic light-emitting diode, an organic

light-emitting diode, a laser, a vertical cavity surface emission laser, o r an optically pumped

or electrically controlled phosphor, nano-crystal, or quantum dot.

The hybrid display of the present invention can further include a pixel controller for

controlling the first and second light emitters. The pixel controller can have a control circuit

that controls the first light emitter differently from the second light emitter.

The substrate of each of the inorganic light emitters can be a native semiconductor

substrate on or in which the inorganic light emitters are formed, for example a member

selected from the group consisting of: an inorganic semiconductor material, single

crystalline silicon wafer, silicon on insulator wafer, polycrystalline silicon wafer and GaAs

wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs, GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb,

and InGaP. The inorganic light emitters can have at least one of a width, length, and height

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

The light emitters can be disposed on a display substrate. In an embodiment, the

area of the display substrate covered with inorganic light emitters is no greater than 50%,

40%, 30%, 20%, 10%, 5%, or 3% of the display.

The disclosed technology also relates t o hybrid displays with pixels that include both

inorganic light emitting diodes (ILEDs) and organic light emitting diodes (OLEDs). OLEDs are

typically expensive t o manufacture and it is often difficult t o form a small RGB pixel with



OLEDs. However, certain OLEDs are more efficient than ILEDs. For example, green OLEDs

are currently more efficient than their ILED counterparts. The disclosed technology provides

a hybrid display that uses a mixture of ILEDs and OLEDs in each pixel. For example, in

certain embodiments, each pixel in the hybrid display includes a red ILED, a blue ILED, and a

green OLED. In this instance, the OLED process would not require a high-resolution shadow

mask, thereby enhancing the manufacturability of OLEDs for larger formats. Additionally,

the OLED process in this example would not require any fine lithography, typically required

of conventional methods. The OLED subpixel (e.g., green subpixel) can be larger and the

ILEDs can be small (e.g., micro-red and micro-blue ILEDs). The use of small ILEDs allows for

other functions to be added t o the pixel, such as micro sensors and micro integrated

circuits.

The OLEDs can be formed on the display substrate before or after the micro-ILEDs or

other functions are printed t o the display substrate. Microstructured stamps can be used t o

pick up micro devices, transport the micro devices t o the destination, and print the micro

devices onto a display substrate. Surface adhesion forces are used t o control the selection

and printing of these devices onto the display substrate. This process can be performed

massive in parallel. The stamps can be designed t o transfer hundreds t o thousands of

discrete structures in a single pick-up and print operation.

Micro transfer printing also enables parallel assembly of high-performance

semiconductor devices onto virtually any substrate material, including glass, plastics, metals

or other semiconductors. The substrates can be flexible, thereby permitting the production

of flexible electronic devices. Flexible substrates can be integrated in a large number of

configurations, including configurations not possible with brittle silicon-based electronic

devices. Additionally, plastic substrates, for example, are mechanically rugged and can be

used t o provide electronic devices that are less susceptible t o damage or electronic

performance degradation caused by mechanical stress. Thus, these materials can be used

t o fabricate electronic devices by continuous, high-speed, printing techniques capable of

generating electronic devices over large substrate areas at low cost (e.g., roll-to-roll

manufacturing).

Moreover, these micro transfer printing techniques can be used to print

semiconductor devices at temperatures compatible with assembly on plastic polymer

substrates. In addition, semiconductor materials can be printed onto large areas of



substrates thereby enabling continuous, high-speed printing of complex integrated electrical

circuits over large substrate areas. Moreover, fully flexible electronic devices with good

electronic performance in flexed or deformed device orientations can be provided t o enable

a wide range of flexible electronic devices.

FIG. 1 is an illustration of a typical pixel 100 used, for example, in an LCD display. The

pixel 100 includes three subpixels 104, a red subpixel 104a, a green sub pixel 104b, and a

blue subpixel 104c. In a liquid crystal display, a color filter is typically used t o create the

color for each subpixel 104a, 104b, 104c while a backlight is used to illuminate the filters.

The intensity of each subpixel can be controlled through the variation of voltage applied t o

each subpixel such that a wide range of brightness levels (e.g., 256 brightness levels) are

produced by each subpixel 104a, 104b, 104c (e.g., 256 levels of red, 256 levels of green, and

256 levels of blue). In a liquid crystal display, the voltage is applied t o a liquid crystal layer

that twists based on the voltage applied, thereby varying the amount of light from the

backlight that passes through the liquid crystals and thus the color filters for each subpixel

104a, 104b, 104c.

FIG. 2 is an illustration of an example pixel 200 constructed in accordance with the

disclosed technology. In this example, the pixel 200 has a similar size as the pixel 100 shown

in FIG. 1, however, the pixel 200 shown in FIG. 2 is constructed using micro-ILEDs 202a-d

and OLED 204. The micro-ILEDs 202 a-d can be micro transfer printed onto a display

substrate, such as a transparent (including semi-transparent, virtually transparent, and

mostly transparent) and/or flexible substrates. For example, the display substrate can be

plastic, glass, or sapphire.

The display 200 includes micro-transfer printed redundant RGB micro-ILEDs 202a-d

that exhibit low power consumption while still projecting bright light. In certain

embodiments, each primary ILED (e.g., 202a, 202c) includes a redundant, spare ILED (e.g.,

202b, 202d, respectively). In certain embodiments, the sparsely integrated micro-ILEDs 202

a-d allow for new functional devices t o be placed within each pixel, such as micro-sensors

208, power harvest devices, gesture sensors, and image capture devices. Micro-integrated

circuits 206 (e.g., CMOS performance) can be micro-transfer printed t o drive the micro-

ILEDs 202 and OLED 204. The micro-integrated circuits 206 can include embedded memory

(e.g., non-volatile memory). Memory can be used t o display static images without

constantly needing to refresh the display, which saves power. The memory can also store a



look-up table(s) used, for example, t o adjust the output of ILEDs 202 a-d and OLED 204 in

the display. In addition to emitting light from the front of the display 200, the ILEDs 202a-d

and OLED 204 can also emit light from the back side. The display 200 can include an

adhesive layer on one side, producing a decal-like display. The wiring used in the display,

such as the wiring used t o electronically couple the micro-ILEDs 202 a-d, OLED 204, and

sensors 208 t o the integrated circuit 206, can be fine wires or transparent wires.

Micro-assembled sparsely integrated high-performance light emitters 202a-d (micro-

ILEDs), OLED 204, and drivers 206 (micro-drivers) make bright displays that are flexible,

draw less power or occupy only a small fraction of the display plane 210 than comparable

LCD or OLED displays. For example, the present invention can provide a display having a fill

factor of less than 50%, 40%, or 35%. Although the prior-art display of Fig. 1 illustrates three

sub-pixels of the same size, in practice for an OLED display the more-efficient green organic

light emitter can be smaller than the red or blue light emitters. Thus, in further

embodiments of the present invention, the display can have a fill factor less than 30%, less

than 25%, or less than 20% compared t o other LCD or OLED displays. The additional free

space facilitates devices with more function (e.g., micro sensor 208) t o be placed on the

display plane, such as gesture recognition, power harvesting, redundancy, image or light

capture (e.g., optical sensors, photodiodes), infrared sensors (e.g., for gesture sensing, IR

camera), temperature sensors (e.g., ILED temperature feedback t o provide color/brightness

correction), o r wireless data collection or transmission devices. The display can also include

power harvesting devices such as solar cells (collection of light), motion-energy scavenging

(e.g., piezoelectrics), capacitors t o store energy, and/or antennas for harvesting

electromagnetic radiation. The transfer-printed elements interlaced with the display can be

printed at different densities (sparseness) according to the desired function and application.

For example, temperature sensors can be included in every other pixel while an image-

capture device is included in each pixel. Additionally, the small operational area occupied

by the micro-ILEDs allows for construction of transparent displays, multi-mode displays,

redundancy of ILEDs and other devices, and super-bright displays.

FIG. 3 is an illustration of an example cross-sectional view of a pixel 300 of a hybrid

display according to an embodiment of the present invention. In this example the pixel

includes a red micro-ILED 302a, blue micro-ILED 302b, and green OLED 304; however, other

combinations are possible. The devices are on the display substrate 310. The display



substrate 310 can be glass, plastic, sapphire, or other materials. The red micro-ILED 302a

and blue micro-ILED 302b can be micro transfer printed onto the display substrate. This can

be done before or after the OLED 304 is formed. In certain embodiments, this occurs after

the OLED 304 has been partially formed.

In certain embodiments, Indium Tin Oxide (ITO) is deposited or patterned on the

display substrate 310 t o form an anode 306. The micro-LEDs 302 can be micro-assembled

onto the display substrate 310. The red micro-ILED 302a, blue micro-ILED 302b, and green

OLED 304 are electrically connected t o the appropriate driving circuitry by metal wiring 314.

In certain embodiments, a bank layer 312 is deposited over the micro-ILEDs 302 and metal

wirings 314. The OLED layers can be evaporated. The evaporation process can take place

through a coarse shadow mask. The blanket cathode metal 308 is deposited t o form the

OLED 304. The blanket cathode metal 308 can be deposited through a coarse shadow mask.

The OLED 304 can be formed of organometallic chelates (for example, Alq3),

fluorescent and phosphorescent dyes, compounds such as perylene, rubrene, and

quinacridone derivatives, o r conjugated dendrimers. In certain embodiments, the OLED 304

is polymer light-emitting diode that utilizes an electroluminescent conductive polymer. The

polymer can be poly(p-phenylene vinylene) o r plyfluorene. In certain embodiments, the

OLED 304 is a phosphorescent OLED.

In certain embodiments, it is advantageous for the micro assembled display to

include one or more of several colors of micro assembled ILEDs, several different types of

micro assembled IR or temperature sensing devices, micro assembled passive electrical

components, o r micro assembled control or memory elements. In certain embodiments,

the number of sensing elements is less than the number of ILEDs in the display. In certain

embodiments, the number of sensing elements is equal to or larger than the number of

ILEDs.

Having described certain embodiments, it will now become apparent t o one of skill in

the art that other implementations incorporating the concepts of the disclosure can be

used. Therefore, the disclosure should not be limited t o certain implementations, but

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

The various described embodiments of the invention maybe used in conjunction with

one or more other embodiments unless technically incompatible.



Throughout 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, o r 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, o r 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 disclosed technology remains operable. Moreover, two

or more steps or actions can be conducted simultaneously.

Generally, the disclosed technology relates generally hybrid displays with pixels that

include both inorganic light emitting diodes (ILEDs) and organic light emitting diodes

(OLEDs). The disclosed technology provides a hybrid display that uses a mixture of ILEDs

and OLEDs in each pixel. In certain embodiments, each pixel in the hybrid display includes a

red ILED, a blue ILED, and a green OLED. In this instance, the OLED process would not

require a high resolution shadow mask, thereby enhancing the manufacturability of OLEDs

for larger format displays. Additionally, the OLED process in this example would not require

any fine lithography. The OLED subpixel (e.g., green subpixel) can be larger and the ILEDs

can be small (e.g., micro-red and micro-blue ILEDs). The use of small ILEDs allows for other

functions t o be added t o the pixel, such as micro sensors and micro integrated circuits.



CLAIMS:

1. A hybrid display, comprising:

a plurality of pixels disposed on a display substrate, each pixel comprising a first

subpixel that emits a first color of light and a second subpixel that emits a second color of

light different from the first color of light, wherein light from the first subpixel is emitted by

an inorganic light emitter and light from the second subpixel is emitted by an organic light

emitter.

2. The hybrid display of claim 1, wherein the inorganic light emitter is an inorganic light

emitting diode (iLED) having a native semiconductor substrate separate and distinct from

the display substrate.

3. The hybrid display of claim 2, wherein the native semiconductor substrate of the

iLED comprises a member selected from the group consisting of: an inorganic

semiconductor material, single crystalline silicon wafer, silicon on insulator wafer,

polycrystalline silicon wafer and GaAs wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs, GaSb,

GaAISb, AlSb, InSb, InGaAISbAs, InAISb, and InGaP.

4 . The hybrid display of claim 1, wherein the organic light emitter is an organic light-

emitting diode (OLED) disposed on the display substrate.

5 . The hybrid display of any one of the preceding claims, comprising a third subpixel

emitting a third color of light different from the first color and different from the second

color, wherein light from the third subpixel is emitted by an inorganic light emitter.

6. The hybrid display of claim 5, wherein the first subpixel is a red subpixel, the second

subpixel is a green subpixel, and the third subpixel is a blue subpixel.

7 . The hybrid display of any one of the preceding claims, wherein the display substrate

has a transparency greater than or equal t o 50%, 80%, 90%, or 95% for visible light.



8 . The hybrid display of any one of the preceding claims, 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.

9 . The hybrid display of any one of the preceding claims, wherein the display substrate

has a thickness from 5 to 10 microns, 10 t o 50 microns, 50 t o 100 microns, 100 to 200

microns, 200 t o 500 microns, 500 microns t o 0.5 mm, 0.5 to 1 mm, 1 mm t o 5 mm, 5 mm t o

10 mm, or 10 mm t o 20 mm.

10. The hybrid display of any one of the preceding claims, wherein the inorganic light

emitter has at least one of a width, length, and height from 2 t o 5 µιη , 5 t o 10 µιη , 10 t o 20

µιη , or 20 to 50 µιη .

11. The hybrid display of any one of the preceding claims, wherein the display is an

active-matrix display.

12. The hybrid display of any one of the preceding claims, wherein the display is a

passive-matrix display.

13. The hybrid display of any one of the preceding claims, wherein each pixel comprises

a fourth subpixel that emits a forth color of light.

14. The hybrid display of claim 13, wherein the fourth subpixel is a yellow subpixel.

15. The hybrid display of any one of the preceding claims, wherein the area of the non-

native substrate covered with ILEDs is no greater than 50%, 40%, 30%, 20%, 10%, 5%, or 3%

of the display.

16. The hybrid display of any one of the preceding claims, wherein each pixel comprises

a sensor.



17. The hybrid display of claim 16, wherein the sensor comprises at least one of an inf ra

red sensor, temperature sensor, and capacitive sensor.

18. The hybrid display of claim 16 or 17, wherein the number of sensors in the plurality

of pixels is less than the number of ILEDs in the plurality of pixels.

19. The hybrid display of claim 16 or 17, wherein the number of sensors in the plurality

of pixels is equal t o or larger than the number of ILEDs in the plurality of pixels.

20. The hybrid display of any one of the preceding claims, wherein each pixel comprises

a integrated circuit electrically connected to each subpixel in a respective pixel.

21. The hybrid display of claim 20, wherein the integrated circuits are on the same plane

as the light emitters.

22. The hybrid display of claim 21, wherein each integrated circuit is used to control

different types of light emitters.

23. The hybrid display of claim 21 or 22, wherein each integrated circuit processes

signals from sensing elements.

24. The hybrid display of any one of claims 21 t o 23, wherein each set of light emitters is

driven by a respective integrated circuit forms an independent sub-display.

25. The hybrid display of any one of claims 21 t o 24, wherein each integrated circuit is

connected t o one or more integrated antennas.

26. The hybrid display of any one of claims 21 t o 25, wherein the integrated circuits have

built-in redundancy.

27. The hybrid display of any one of the preceding claims, wherein the display substrate

is flexible.



28. The hybrid display of any one of the preceding claims, comprising reflective

structures covering a least a portion of the light emitters in each pixel.

29. The hybrid display of claim 28, wherein the reflective structures cover at least a side

of the light emitters in each pixel.

30. The hybrid display of any one of the preceding claims, wherein at least one of the

inorganic light emitters and organic light emitters comprises at least one material that is

substantially transparent to a specific wavelength, and the non-native substrate is

transparent to the specific wavelength.

31. The hybrid display of any one of the preceding claims, comprising a dielectric

material (e.g. silicon oxide or silicon nitride) covering a side, opposite the display substrate,

of at least one of the inorganic light emitters and organic light emitters.

32. The hybrid display of any one of the preceding claims, wherein each of the inorganic

light emitters has two or more contacts on a side of the inorganic light emitters opposite the

interface between the inorganic light emitters and the display substrate.

33. The hybrid display of any one of the preceding claims, comprising: an insulating layer

surrounding a perimeter of at least a portion of the light emitters.

34. The hybrid display of claim 33, wherein the insulating layer comprises:

a layer of photo-definable dielectric (e.g., BCB, polyimide, PBO, epoxy, or silicone)

cross linked except in the regions above the one or more metal contacts.

35. A method of micro assembling a hybrid display having a plurality of pixels, each pixel

comprising inorganic light emitting diodes (ILEDs) and organic light emitting diodes (OLEDs),

the method comprising:

providing a plurality of ILEDs; and



micro transfer printing the plurality of printable ILEDs onto a display substrate

separate and distinct from the semiconductor substrates of the iLEDs, wherein the ILEDs are

electrically connected following printing onto the non-native substrate; and

forming an OLED in each pixel of the hybrid display; and

forming a plurality of anodes (e.g., ITO anode) for a plurality of green OLED on the

surface of a display substrate, wherein the plurality of anodes are formed prior t o micro

transfer printing the plurality of ILEDs.

36. The method of claim 35, wherein forming the OLEDs comprises evaporating OLED

layers.

37. The method of claim 36, wherein the OLED layers are evaporated through a coarse

shadow mask.

38. The method of any one of claims 35 t o 37, wherein forming the OLEDs comprises

depositing a cathode metal.

39. The method of claim 38, wherein the cathode metal is deposited through a coarse

shadow mask.

40. The method of any one of claims 35 t o 39, wherein the plurality of ILEDs comprise

red ILEDS that emit red light and blue ILEDs that emit blue light.

41. The method of any one of claims 35-40, wherein the plurality of OLEDs comprise

green OLEDS that emit green light.

42. The method of claim 35, wherein each pixel comprises a first, second, and third

subpixel, and the first subpixel comprises at least two red ILEDs, the second subpixel

comprises the green OLED, and the third subpixel comprises at least two blue ILEDs.



43. The method of claim 42, wherein the second subpixel is larger than the first subpixel

and is larger than the third subpixel.

44. The method of any one of claims 35 t o 43, wherein each of the plurality of ILEDs

comprises at least one material that is substantially transparent t o a specific wavelength,

and the display substrate is transparent t o the specific wavelength.

45. The method of any one of claims 35 t o 44, wherein each of the OLEDs comprises at

least one material that is substantially transparent to a specific wavelength, and the display

substrate is transparent to the specific wavelength.

46. The method of any one of claims 35 t o 45, wherein a dielectric material (e.g. silicon

oxide or silicon nitride) covers a side, opposite the display substrate, of at least one of the

plurality of ILEDs and OLEDs.

47. The method of any one of claims 35 t o 46, wherein each of the ILEDs has two or

more contacts on a side of the ILEDs opposite the interface between the ILED and the

display substrate.

48. The method of any one of claims 35 t o 47, comprising, prior t o forming connections

t o the plurality of ILEDs, providing an insulating layer surrounding a perimeter of at least a

portion of the ILEDs.

49. The method of claim 48, wherein providing an insulating layer surrounding the

perimeter of each of the plurality of ILEDs comprises:

depositing a layer of photo-definable dielectric;

exposing the photoactive dielectric t o light; and

cross linking the photo-definable material except in the regions above the one or

more metal contacts.



50. The method of any one of claims 35 t o 49, comprising transferring a plurality of

integrated circuits t o the display substrate.

51. The method of any one of claims 35 t o 50, comprising electrically connecting each

integrated circuit t o a set of ILEDs.

52. The method of claim 51, wherein each IC is used to control different types of ILEDs.

53. The method of claim 51 or 52, wherein each IC processes signals from sensing

function elements.

54. The method of any one of claims 51 t o 53, wherein each IC processes control signals

t o functional array elements.

55. The method of any one of claims 51 t o 54, wherein each set of ILEDs driven by a

respective integrated circuit forms an independent sub-display.

56. The method of any one of claims 50 t o 55, wherein each integrated circuit is

connected t o one or more integrated antennas.

57. The method of any one of claims 50 t o 56, wherein each integrated circuit is

connected t o one or more integrated antennas.

58. The method of any one of claims 50 t o 57, wherein the plurality of integrated circuits

has built-in redundancy.

59. The method of any one of claims 50 t o 58, wherein each of the plurality of integrated

circuits contains embedded memory.

60. The method of any one of claims 35 t o 59, comprising transferring a plurality of

sensing devices t o the display substrate.



61. The method of claim 60, wherein providing micro assembled sensing devices

comprises providing two or more types of temperature sensing devices.

62. The method of claim 60 or 61, wherein the number of sensing elements is less than

the number of ILEDs in the display.

63. The method of any one of claims 60 t o 62, wherein the number of sensing elements

is equal t o or larger than the number of ILEDs in the display.

64. The method of any one of claims 35 t o 63, comprising:

prior t o printing the ILEDs t o the non-native substrate, exposing the junction

perimeter of each ILED diode (e.g., by etching); and

causing regrowth of a high band gap semiconductor (e.g., InGaAIP, InGaN, GaN,

AIGaN) on the exposed junction perimeter, thereby reducing non-radiative recombination in

the ILED.

65. The method of any one of claims 35 t o 64, wherein the native substrate comprises a

member selected from the group consisting of: an inorganic semiconductor material, single

crystalline silicon wafer, silicon on insulator wafer, polycrystalline silicon wafer and GaAs

wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs, GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb,

and InGaP.

66. An inorganic light-emitting diode display created by any one of the methods of

claims 35 t o 65.

67. A hybrid display, comprising:

a plurality of heterogeneous pixels disposed on a display substrate, each pixel

comprising a first subpixel that emits a first color of light and a second subpixel that emits a

second color of light different from the first color of light, wherein light from the first

subpixel is emitted by a first light emitter and light from the second subpixel is emitted by a

second light emitter having a different size than the first light emitter.



68. The hybrid display of claim 67, wherein the first light emitter is an inorganic light

emitter and the second light emitter is an organic light emitter.

69. The hybrid display of claim 67, wherein the first light emitter is an inorganic light

emitter and the second light emitter is an inorganic light emitter.

70. The hybrid display of claim 69, wherein the native semiconductor substrate of each

of the inorganic light emitters comprises a member selected from the group consisting of:

an inorganic semiconductor material, single crystalline silicon wafer, silicon on insulator

wafer, polycrystalline silicon wafer and GaAs wafer, Si (1 1 1), InP, InAIP, InGaAs, AIGaAs,

GaSb, GaAISb, AlSb, InSb, InGaAISbAs, InAISb, and InGaP.

71. The hybrid display of claim 69, wherein the inorganic light emitters have at least one

of a width, length, and height from 2 to 5 µιη , 5 to 10 µιη , 10 t o 20 µιη , or 20 t o 50 µιη .

72. The hybrid display of claim 69, comprising a display substrate on which the light

emitters are disposed and wherein the area of the display substrate covered with inorganic

light emitters is no greater than 50%, 40%, 30%, 20%, 10%, 5%, or 3% of the display.

73. The hybrid display of claim 67, comprising a third light emitter.

74. The hybrid display of claim 73, wherein the third light emitter has a different size

than the first light emitter, a different size than the second light emitter, or a different size

than the first light emitter and the second light emitter.

75. The hybrid display of claim 73, wherein the first light emitter is a red light emitter

that emits red light, the second light emitter is a green light emitter that emits green light,

and the third light emitter is a blue light emitter that emits blue light.

76. The hybrid display of claim 75, wherein the green light emitter is smaller than at

least one of the red light emitter and the blue light emitter.



77. The hybrid display of claim 75, wherein the green light emitter is larger than at least

one of the red light emitter and the blue light emitter.

78. The hybrid display of claim 75, wherein the red light emitter is larger than at least

one of the green light emitter and the blue light emitter.

79. The hybrid display of claim 75, wherein the blue light emitter is larger than at least

one of the green light emitter and the red light emitter.

80. The hybrid display of claim 75, wherein the red light emitter is smaller than at least

one of the green light emitter and the blue light emitter.

81. The hybrid display of claim 67, wherein:

the first light emitter emits a different hue, tint, or shade of a color of light than the

second light emitter in response to a common control signal;

the first light emitter emits a different brightness than the second light emitter in

response to a common control signal;

the first light emitter has a different efficiency than the second light emitter;

the first light emitter has a different angular distribution of emitted light than the

second light emitter;

the first light emitter has a different electronic property or response than the second

light emitter;

the first light emitter emits light using a different physical mechanism than the

second light emitter; or

the first light emitter has a different physical structure than the second light emitter.

82. The hybrid display of claim 67, wherein the first light emitter or the second light

emitter is an inorganic light emitter, an organic light emitter, an inorganic light-emitting



diode, an organic light-emitting diode, a laser, a vertical cavity surface emission laser, or an

optically pumped or electrically controlled phosphor, nano-crystal, or quantum dot.

83. The hybrid display of claim 67, comprising a pixel controller for controlling the first

and second light emitters and wherein the pixel controller comprises a control circuit that

controls the first light emitter differently from the second light emitter.

84. The hybrid display of claim 67, comprising a display substrate on which the light

emitters are disposed and wherein the display substrate has a transparency greater than or

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

85. The hybrid display of claim 67, 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.

86. The hybrid display of claim 84, 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 to 500 microns,

500 microns to 0.5 mm, 0.5 to 1 mm, 1 mm to 5 mm, 5 mm t o 10 mm, or 10 mm to 20 mm.

87. The hybrid display of claim 67, wherein the display is an active-matrix display.

88. The hybrid display of claim 67, wherein the display is a passive-matrix display.

89. The hybrid display of claim 67, wherein each heterogeneous pixel comprises a fourth

sub-pixel that emits a fourth color of light.

90. The hybrid display of claim 89, wherein the fourth subpixel is a yellow subpixel.

91. The hybrid display of claim 67, wherein each pixel comprises a sensor.



92. The hybrid display of claim 91, wherein the sensor comprises at least one of an inf ra

red sensor, temperature sensor, and capacitive sensor.

93. The hybrid display of claim 67, wherein each pixel comprises a integrated circuit

electrically connected to each subpixel in a respective pixel.

94. The hybrid display of claim 93, wherein the integrated circuits are on the same plane

as the light emitters.

95. The hybrid display of claim 94, wherein each integrated circuit is used to control

different types of light emitters.

96. The hybrid display of claim 91 t o 95, wherein each integrated circuit processes

signals from sensing elements.

97. The hybrid display of any one of claims 93 t o 96, wherein the integrated circuits have

built-in redundancy.

98. The hybrid display of claim 67, comprising reflective structures covering at least a

portion of the light emitters in each pixel.

99. The hybrid display of claim 98, wherein the reflective structures cover at least a side

of the light emitters in each pixel.

100. The hybrid display of claim 67, wherein each of the inorganic light emitters has two

or more contacts on a side of the inorganic light emitters opposite the interface between

the inorganic light emitters and the display substrate.
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