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An exemplary active-matrix display comprises pixels dis-
posed in a pixel array and pixel micro-controllers disposed
in a controller array on a display substrate. Fach of the pixels
comprises micro-light-emitting elements that emit different
color light. Each of the pixel micro-controllers is electrically
connected to control the micro-light-emitting elements in
each of two or more adjacent pixels in the pixel array. A
spatial separation between pixels is greater than a spatial
separation between the micro-light-emitting elements and is
greater than a size of each of the micro-light-emitting
elements. The micro-light-emitting elements in each of the
pixels are disposed in a common pixel direction orthogonal
to a pixel micro-controller center line an element distance
substantially equal to or greater than one quarter of the
extent of the pixel micro-controller in the common pixel
direction from the center line. The pixel direction for each
pixel controlled by a common pixel micro-controller is
different.




US 2020/0020676 A1

Jan. 16,2020 Sheet 1 of 33

Patent Application Publication

V1 "Old

—n

a1 'o1d -~

e

3 1 i 1
L L i t

S " " “ -V
] H 1 1




Patent Application Publication  Jan. 16,2020 Sheet 2 of 33 US 2020/0020676 A1

FiG. 1B




US 2020/0020676 A1

Jan. 16,2020 Sheet 3 of 33

Patent Application Publication

8¢ ‘9 -~

vc 'SOld

£ OM/,

90€_
80




US 2020/0020676 A1

Jan. 16,2020 Sheet 4 of 33

Patent Application Publication

90¢

g0¢




US 2020/0020676 A1

Jan. 16,2020 Sheet 5 of 33

Patent Application Publication

Ve "Oid




US 2020/0020676 A1

Jan. 16,2020 Sheet 6 of 33

Patent Application Publication

g€ "‘oid .




US 2020/0020676 A1

Jan. 16,2020 Sheet 7 of 33

Patent Application Publication

VP "Old

Om/ ]
ar 'oid -~ 80t e
T 50€
H0€
7z-
%ILS
0t
A
A
v
66 S <




Patent Application Publication  Jan. 16,2020 Sheet 8 of 33 US 2020/0020676 A1

30G
30B



US 2020/0020676 A1

Jan. 16,2020 Sheet 9 of 33

Patent Application Publication

Vs

OJL |




US 2020/0020676 A1

Jan. 16,2020 Sheet 10 of 33

Patent Application Publication

g0¢

0§

80¢

45 'OId

50¢




US 2020/0020676 A1

Jan. 16,2020 Sheet 11 of 33

Patent Application Publication

g5 Otd -~

N

[d4ad

J§ ‘OId

0€ 7™

01—

+
ppeageagrote peqpeget opoeipenng




US 2020/0020676 A1

Jan. 16,2020 Sheet 12 of 33

Patent Application Publication

as ‘oid




Patent Application Publication  Jan. 16,2020 Sheet 13 of 33  US 2020/0020676 A1




Patent Application Publication  Jan. 16,2020 Sheet 14 of 33  US 2020/0020676 A1

30

30B

30G

FIG. 6B

?})R




US 2020/0020676 A1

Jan. 16,2020 Sheet 15 of 33

Patent Application Publication

UN3AD
[043U0)

1

o)
~

USRI Jy AN U YU .

s



Patent Application Publication  Jan. 16,2020 Sheet 16 of 33  US 2020/0020676 A1

99

10

FIG. 8

F .




Patent Application Publication  Jan. 16,2020 Sheet 17 of 33  US 2020/0020676 A1

99
10

FIG. 9




Patent Application Publication  Jan. 16,2020 Sheet 18 of 33  US 2020/0020676 A1

39
10

FiIG. 10




US 2020/0020676 A1

Jan. 16,2020 Sheet 19 of 33

Patent Application Publication

VIT 'OId




US 2020/0020676 A1

Jan. 16,2020 Sheet 20 of 33

Patent Application Publication

dI1 'Oid

i
£
i
t
]

T g .~ lllllllll
50¢ 8O0E oS 0% . ' Ob 0S 0§ ¥oE DOH0¢



Patent Application Publication  Jan. 16,2020 Sheet 21 of 33  US 2020/0020676 A1

FIG. 11C




US 2020/0020676 A1

Jan. 16,2020 Sheet 22 of 33

Patent Application Publication

8cT "Old




US 2020/0020676 A1

Jan. 16,2020 Sheet 23 of 33

Patent Application Publication

JICT ‘Old




US 2020/0020676 A1

Jan. 16,2020 Sheet 24 of 33

Patent Application Publication

0

T

g1 'Old

—]

[43 (4

y !

fiZaiies,

T A L E T LR A LAl L L b L L L i A A LD L b T L LA L L Dl A LA i LAl A L iy L i L Ll A D L L L L Ly A i L L i L LA i e A L A L i Lo C L LA L LA




US 2020/0020676 A1

Jan. 16,2020 Sheet 25 of 33

Patent Application Publication

JET ‘Ol




arl "Oid

0T —

B AT T T, z
Z1 A

US 2020/0020676 A1

Jan. 16,2020 Sheet 26 of 33

Patent Application Publication



US 2020/0020676 A1

Jan. 16,2020 Sheet 27 of 33

Patent Application Publication

IvT ‘Old




Patent Application Publication  Jan. 16,2020 Sheet 28 of 33  US 2020/0020676 A1

FIG. 14E

_(—---

30R 30B

(...

FIG. 14F

22
\
B
w7

—_’/

30

FIG. 14D




US 2020/0020676 A1

Jan. 16,2020 Sheet 29 of 33

Patent Application Publication

VST "Old

P

(44
8sT "Did ‘09

-~

0T

50¢ 40t

013

N

S|

]

PYas

19[j0.3U0D

81— Aeydsiq




US 2020/0020676 A1

Jan. 16,2020 Sheet 30 of 33

Patent Application Publication

g5T 'OIl4

1§74



US 2020/0020676 A1

Jan. 16,2020 Sheet 31 of 33

Patent Application Publication

891 "Old




US 2020/0020676 A1

Jan. 16,2020 Sheet 32 of 33

Patent Application Publication

asrt ‘oid

ILT "OId




Patent Application Publication  Jan. 16,2020 Sheet 33 of 33  US 2020/0020676 A1

™~ o0
' ~ -0 LN
] o ;
) 2 A
} R
OO

7
Z

FiG. 18

- '.. .r_l—_l—.l-'.'..
AANARAARANARR AR RN AN RN
L B 41 ;
N~y T SRSN Y
Ll
LL :
Y
o~ 'l [w]
0 1 = uNw'\s
~ ik »
o : : ~NN
© HE R © N
; 4 \
pa— B




US 2020/0020676 A1l

MICRO-LIGHT-EMITTING-DIODE
DISPLAYS

TECHNICAL FIELD

[0001] The present invention relates generally to micro-
light-emitting diode flat-panel displays and, in some
embodiments, particularly to active-matrix displays.

BACKGROUND

[0002] Flat-panel displays are widely used in a variety of
applications, for example in conjunction with computers, in
portable hand-held devices, and for entertainment devices
such as televisions. Such flat-panel displays typically
employ an array of picture elements (pixels) distributed in
rows and columns on a display substrate in a display area to
display images, graphics, or text. In a color display, each
pixel includes light emitters, transmitters, or reflectors that
control light of different colors, such as red, green, and blue
visible light. For example, liquid crystal displays (LCDs)
employ liquid crystals to block or transmit light from a
backlight behind the liquid crystals and organic light-emit-
ting diode (OLED) displays rely on passing current through
a layer of organic material that glows in response to the
current. Displays using inorganic light emitting diodes (iL-
EDs) are also in widespread use for outdoor signage and
have been demonstrated in a 55-inch television.

[0003] Pixels in a display are often controlled through a
matrix-addressing scheme in which rows of pixels are
connected to a common row-select line and columns of
pixels are connected to a common column-data line. By
enabling a row of pixels and concurrently providing data on
all of the column-data lines, each pixel in the enabled row
of pixels receives data from a corresponding column-data
line at the same time. Each row of pixels is sequentially
enabled to provide data to all of the display pixels. The
row-select lines are typically controlled by a row controller
and the column-data lines by a column controller. In con-
ventional passive-matrix displays, each row emits, trans-
mits, or reflects light sequentially as it is selected. In
conventional active-matrix displays, a pixel control circuit is
provided with each pixel that receives the row-select signals
and column data signals, stores the data, and then controls
the pixel to emit, transmit, or reflect light corresponding to
the data even when the pixel’s row is not selected.

[0004] In flat-panel displays such as LCDs or OLED
displays, the pixel control circuits are provided in thin-film
transistors patterned in a thin layer of amorphous or poly-
crystalline silicon on a display substrate. In LCDs, the pixels
are typically provided in a layer above the thin-film layer
and are as large as possible to provide a high fill factor for
a bright display. In OLED displays, the pixels can be
provided in the same layer as the OLEDs (typically for a
bottom emitter) or are provided in a layer above the thin-film
layer (typically for a top emitter) and are in any case as large
as possible to provide a high fill factor with reduced current
density for a bright display with a good lifetime. In another
approach to providing active-matrix pixel control, pixels are
controlled by micro-integrated circuits transfer printed to the
display substrate.

[0005] Many large-format displays use inorganic light-
emitting diodes (iILEDs) in the display pixels. However,
such iLEDs are typically large (for example having a char-
acteristic dimension of greater than one millimeter) and
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therefore limit the display resolution. Micro-iLEDs are
known that have an area less than 1 mm square, less than 100
microns square, or less than 50 microns square or have an
area small enough that it is not visible to an unaided observer
of the display at a designed viewing distance. U.S. Pat. No.
8,722,458 entitled Optical Systems Fabricated by Printing-
Based Assembly teaches transferring light-emitting, light-
sensing, or light-collecting semiconductor elements from a
wafer substrate to a destination substrate such as a display
substrate.

[0006] Flat-panel displays with improved characteristics
and costs are actively being developed. There is an on-going
need, therefore, for improved image display architectures for
light-emitting diode displays having improved resolution,
fewer or smaller micro-integrated circuits, and higher yields
with reduced material and manufacturing costs.

SUMMARY

[0007] According to certain embodiments of the present
invention, an active-matrix micro-light-emitting-diode dis-
play comprises a display substrate, pixels disposed in a pixel
array on the display substrate, wherein each of the pixels
comprises two or more micro-light-emitting elements that
emit different colors of light, and pixel micro-controllers
disposed in a controller array on the display substrate. Each
of the pixel micro-controllers is electrically connected to and
controls the two or more micro-light-emitting elements in
each of two or more adjacent pixels in the pixel array. In at
least one dimension over the extent of the display substrate,
a spatial separation between pixels in each adjacent pair of
pixels in the pixel array controlled by a common pixel
micro-controller or between adjacent pairs of pixels in the
pixel array controlled by different micro-controllers is
greater than a spatial separation between the micro-light-
emitting elements in at least one of the pixels in the pixel
array and is greater than a size of each of the two or more
micro-light-emitting elements in at least one of the pixels in
the pixel array. All of the two or more micro-light-emitting
elements in each of the pixels are disposed in a common
pixel direction orthogonal to a center line of the pixel
micro-controller an element distance substantially equal to
or greater than one quarter of the extent of the pixel
micro-controller in the pixel direction from the center line
and the pixel direction for each pixel controlled by a
common pixel micro-controller is different. In some
embodiments of the present invention, the at least one
dimension is two dimensions.

[0008] According to certain embodiments of the present
invention, the pixel micro-controllers are digital integrated
circuit controllers.

[0009] Each of the pixels can comprise two micro-light-
emitting elements that each emit a different color of light
from any other micro-light-emitting element in the pixel,
three micro-light-emitting elements that each emit a differ-
ent color of light from any other micro-light-emitting ele-
ment in the pixel, or four micro-light-emitting elements that
each emit a different color of light from any other micro-
light-emitting element in the pixel. Alternatively, in some
embodiments of the present invention, not all of the micro-
light-emitting elements of the two or more micro-light-
emitting elements emit a different color of light. Those
micro-light-emitting elements that emit a same color of light
can have different attributes, such as different efficiencies,
ranges, or luminance.
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[0010] The two or more pixels electrically connected to be
controlled by each of the pixel micro-controllers can com-
prise a first pixel and a second pixel, wherein the first pixel
comprises only two micro-light-emitting elements, wherein
the two micro-light-emitting elements of the first pixel are a
first green micro-light-emitting element that emits green
light and a red micro-light-emitting element that emits red
light and the second pixel comprises only two micro-light-
emitting elements, wherein the two micro-light-emitting
elements of the second pixel are a second green micro-light-
emitting element that emits green light and a blue micro-
light-emitting element that emits blue light.

[0011] According to certain embodiments of the present
invention, the two or more of the pixels are two pixels, are
three pixels, or are four pixels.

[0012] According to certain embodiments of the present
invention, each of the pixel micro-controllers has a substan-
tially rectangular shape with a center and a length greater
than a width over the extent or a surface of the display
substrate, the substantially rectangular shape comprising a
first side opposing a second side in the length direction, the
two or more pixels electrically connected to the pixel
micro-controller comprise a first pixel and a second pixel,
the first pixel is closer to the first side than to the center or
to a point mid-way between the center and the first side, and
the second pixel is closer to the second side than to the center
or to a point mid-way between the center and the second
side.

[0013] According to certain embodiments of the present
invention, each of the pixel micro-controllers has a substan-
tially rectangular shape or a plus shape with a center and a
length and a width over the extent of the display substrate.
The substantially rectangular shape or plus shape comprises
a first side opposing a second side in a first dimension, for
example a length direction, the two or more pixels electri-
cally connected to the pixel micro-controller comprise a first
pixel and a second pixel, the first pixel is closer to the first
side than to the center or to a point mid-way between the
center and the first side, and the second pixel is closer to the
second side than to the center or to a point mid-way between
the center and the second side. The substantially rectangular
shape or plus shape further comprises a third side opposing
a fourth side in a second dimension orthogonal to the first
dimension, for example a width direction, the two or more
pixels further comprise a third pixel and a fourth pixel, the
third pixel is closer to the third side than to the center or to
a point mid-way between the center and the third side, and
the fourth pixel is closer to the fourth side than to the center
or to a point mid-way between the center and the fourth side,
and wherein a distance between the first and second pixels
is substantially the same as a distance between the third and
fourth pixels.

[0014] According to certain embodiments of the present
invention, each of the pixel micro-controllers and the two or
more micro-light-emitting elements of each of the pixels are
disposed directly on or adhered directly to the display
substrate or a layer formed on the display substrate, for
example an adhesive layer or layer of adhesive.

[0015] According to certain embodiments of the present
invention, the micro-light-emitting-diode display comprises
pixel substrates arranged in an array on the display substrate.
For each of the pixels, the two or more micro-light-emitting
elements and the pixel micro-controller electrically con-
nected to control the pixel are disposed directly on or
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adhered directly to the pixel substrate or to a layer formed
on the pixel substrate, such as an adhesive layer or layer of
adhesive. According to certain embodiments of the present
invention, each of the pixel substrates comprises a fractured
or separated tether.

[0016] According to certain embodiments of the present
invention, the two or more micro-light-emitting elements of
each pixel are disposed directly on or adhered directly to the
pixel micro-controller or to a layer formed on the pixel
micro-controller, such as an adhesive layer or layer of
adhesive, that is electrically connected to and controls the
micro-light-emitting elements of the pixel. According to
certain embodiments of the present invention, each of the
pixel micro-controllers comprises a fractured or separated
tether or each of the micro-light-emitting elements com-
prises a broken or separated tether, or both.

[0017] According to certain embodiments of the present
invention, for each of the pixel micro-controllers, the pixel
micro-controller and the two or more micro-light-emitting
elements of the two or more pixels electrically connected to
and controlled by the pixel micro-controller are a pixel unit
and each pixel unit is separated from an adjacent pixel unt
in a separation direction by a distance greater than or equal
to a size of the pixel unit in the separation direction so that
space is provided for a redundant pixel unit location between
the pixel unit and the adjacent pixel unit over the display
substrate in the separation direction.

[0018] According to certain embodiments of the present
invention, for each of the pixel micro-controllers, the pixel
micro-controller and the two or more micro-light-emitting
elements of the two or more pixels electrically connected to
and controlled by the pixel micro-controller are a pixel unit
and the pixel units are closer together than the pixels over
the display substrate in a same direction.

[0019] According to certain embodiments of the present
invention, each of the pixel micro-controllers has an area
over the display substrate that is larger than a combined area
of each micro-light-emitting element of the two or more
pixels electrically connected to and controlled by the pixel
micro-controller. According to certain embodiments of the
present invention, each of the pixel micro-controllers has an
area over the display substrate that is larger than a combined
area of the two or more pixels electrically connected to and
controlled by the pixel micro-controller.

[0020] According to certain embodiments of the present
invention, the pixels each have a non-unitary aspect ratio
and some of the pixels are rotated with respect to others of
the pixels. Each of the micro-light-emitting elements in the
pixels can have a non-unitary aspect ratio and some of the
micro-light-emitting elements in the pixels can be rotated
with respect to others of the micro-light-emitting elements in
the pixels. Each of the pixel micro-controllers and the
micro-light-emitting elements in the pixels electrically con-
nected to and controlled by the micro-controller can have a
non-unitary aspect ratio and at least some of the micro-light-
emitting elements in the pixels or the pixels can be rotated
with respect to the pixel micro-controller.

[0021] According to certain embodiments of the present
invention, the pixels in the array are disposed in aligned
rows and aligned columns. According to certain embodi-
ments of the present invention, the pixels in the array are
disposed in rows and columns and alternating rows are offset
in a row direction or alternating columns are offset in a
column direction, or both.
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[0022] According to certain embodiments of the present
invention, each of the pixel micro-controllers and the pixels
and micro-light-emitting elements in the pixels electrically
connected to and controlled by the pixel micro-controller are
a pixel unit, and the pixels in the pixel array are disposed in
rows and columns, each column of pixels forms a zigzag
pattern, adjacent columns are mirror reflections of each
other, and a distance between pixels in a pixel unit is less
than a distance between pixels in adjacent pixel units in a
same direction.

[0023] According to certain embodiments of the present
invention, for each pixel micro-controller, the two or more
adjacent pixels comprise first and second pixels, and the
micro-light-emitting-diode display comprises contact pads
disposed substantially in a line between the first and second
pixels.

[0024] According to certain embodiments of the present
invention, each pixel micro-controller comprises pixel por-
tions that each exclusively controls a pixel electrically
connected to the pixel micro-controller, and a shared portion
that provides control in common to all of the pixels electri-
cally connected to the pixel micro-controller. The shared
portion can comprise contact pads for receiving or providing
electrical control signals.

[0025] According to certain embodiments of the present
invention, each micro-light-emitting element has at least one
of (i) a width from 2 to 100 pm (e.g., 2 to no more than 5
pm, 5 to no more than 10 um, 10 to no more than 20 pm, 20
to no more than 50 um, or 50 to no more than 100 wm), (ii)
a length from 2 to 250 pm (e.g., 2 to no more than 5 pm, 5
to no more than 10 um, 10 to no more than 20 pm, 20 to no
more than 50 pm, 50 to no more than 100 pm, 100 to no
more than 250 um), and (ii1) a thickness from 2 to 50 pm
(e.g., 2 to no more than 5 pm, 5 to no more than 10 um, 10
to no more than 20 um, or 20 to no more than 50 pm).
[0026] According to certain embodiments of the present
invention, each micro-light-emitting element of the two or
more micro-light-emitting elements in at least one of the two
or more pixels is an inorganic micro-light-emitting diode.
According to certain embodiments of the present invention,
each micro-light-emitting element of the two or more micro-
light-emitting elements in at least one of the two or more
pixels is an organic light-emitting diode. According to
certain embodiments of the present invention, at least one of
the micro-light-emitting elements of the two or more micro-
light-emitting elements in at least one of the two or more
pixels is an inorganic micro-light-emitting diode and at least
one of the micro-light-emitting elements of the two or more
micro-light-emitting elements in the pixel or another pixel
commonly controlled by a pixel micro-controller is an
organic micro-light-emitting diode.

[0027] According to certain embodiments of the present
invention, the pixels each comprise three micro-light-emit-
ting elements, a micro-light-emitting element that is a red
organic micro-light-emitting diode that emits red light, a
micro-light-emitting element that is a green organic micro-
light-emitting diode that emits green light, and a micro-
light-emitting element that is a blue inorganic micro-light-
emitting diode that emits blue light. Each pixel micro-
controller can control a first pixel and a second pixel of the
two or more pixels.

[0028] According to some embodiments of the present
invention, the first pixel can comprise a red organic micro-
light-emitting diode that emits red light and a green organic
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micro-light-emitting diode that emits green light and the
second pixel can comprise a blue inorganic micro-light-
emitting diode that emits blue light and a green organic
micro-light-emitting diode that emits green light. In some
embodiments, the first pixel comprises only two micro-light-
emitting elements, wherein the two micro-light-emitting
elements of the first pixel are the red organic micro-light-
emitting diode and the green organic micro-light-emitting
diode, wherein the second pixel comprises only two micro-
light-emitting elements, wherein the two micro-light-emit-
ting elements of the second pixel are the blue inorganic
micro-light-emitting diode and the green organic micro-
light-emitting diode.

[0029] Certain embodiments of the present invention pro-
vide improved image display architectures for light-emitting
diode displays having improved resolution, fewer or smaller
micro-integrated circuits with reduced material costs, higher
vields with reduced manufacturing costs, and improved
visual quality.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] 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:

[0031] FIG. 1A is a schematic plan view illustrating an
exemplary micro-light-emitting diode display comprising
pixels that each comprise two micro-light-emitting elements
and pixel micro-controllers that each control two pixels in a
configuration providing space for redundant pixels and pixel
micro-controllers, according to illustrative embodiments of
the present invention;

[0032] FIG. 1B is a detail schematic of the exemplary
micro-light-emitting diode display illustrated in FIG. 1A and
according to illustrative embodiments of the present inven-
tion;

[0033] FIG. 2A is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display in a high-
resolution configuration comprising pixels that each com-
prise two micro-light-emitting elements and pixel micro-
controllers that each control two pixels, according to
illustrative embodiments of the present invention;

[0034] FIG. 2B is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 2A
and according to illustrative embodiments of the present
invention;

[0035] FIG. 3A is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display comprising
pixels that each comprise three micro-light-emitting ele-
ments and pixel micro-controllers that each control two
pixels in a configuration providing space for redundant
pixels and pixel micro-controllers, according to illustrative
embodiments of the present invention;

[0036] FIG. 3B is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 3A
and according to illustrative embodiments of the present
invention;

[0037] FIG. 4A is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display in a high-
resolution configuration comprising pixel micro-controllers
that each control two pixels and pixels that each comprise
three micro-light-emitting elements, according to illustrative
embodiments of the present invention;
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[0038] FIG. 4B is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 4A
and according to illustrative embodiments of the present
invention;

[0039] FIG. 5A is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display in a high-
resolution configuration comprising pixel micro-controllers
that each control four pixels and pixels that each comprise
three light-emitting elements disposed at the corners of the
pixel micro-controllers, according to illustrative embodi-
ments of the present invention;

[0040] FIG. 5B is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 5A
and according to illustrative embodiments of the present
invention;

[0041] FIG. 5C is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display in a high-
resolution configuration comprising pixel micro-controllers
that each control four pixels and pixels that each comprise
three light-emitting elements disposed at the edges of the
pixel micro-controllers, according to illustrative embodi-
ments of the present invention;

[0042] FIG. 5D is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 5C
and according to illustrative embodiments of the present
invention;

[0043] FIG. 6A is a schematic plan view illustrating a
micro-light-emitting-diode display in a configuration com-
prising pixels that each comprise three light-emitting ele-
ments and pixel micro-controllers that each control one
pixel, according to illustrative embodiments of the present
invention;

[0044] FIG. 6B is a detail schematic of the micro-light-
emitting-diode display illustrated in FIG. 6A and according
to illustrative embodiments of the present invention;
[0045] FIG. 7 is an electrical schematic illustrating an
exemplary pixel unit in a configuration comprising pixels
that each comprise three light-emitting elements and pixel
micro-controllers that each control two pixels, according to
illustrative embodiments of the present invention;

[0046] FIG. 8 is a schematic plan view illustrating an
exemplary arrangement of pixels in a configuration com-
prising pixels arranged in aligned rows and aligned columns,
according to illustrative embodiments of the present inven-
tion;

[0047] FIG. 9 is a schematic plan view illustrating an
exemplary arrangement of pixels in a configuration com-
prising pixels arranged in alternating offset rows and aligned
columns, according to illustrative embodiments of the pres-
ent invention;

[0048] FIG. 10 is a schematic plan view corresponding to
FIG. 9 with pixel units having a plus-shape indicated,
according to illustrative embodiments of the present inven-
tion;

[0049] FIG. 11A is a schematic plan view illustrating an
exemplary arrangement of pixels in a configuration com-
prising pixels arranged in alternating offset rows and aligned
columns wherein adjacent columns are disposed in a mir-
rored zigzag pattern arrangement, according to illustrative
embodiments of the present invention;

[0050] FIG. 11B is a detail schematic of the exemplary
micro-light-emitting-diode display illustrated in FIG. 11A
and according to illustrative embodiments of the present
invention;
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[0051] FIG. 11C is a schematic plan view illustrating an
exemplary arrangement of pixels using the pixel unit con-
figuration of FIG. 11B, according to illustrative embodi-
ments of the present invention;

[0052] FIG. 12A is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising micro-light-emitting elements and a
pixel micro-controller disposed directly on a display sub-
strate, according to illustrative embodiments of the present
invention;

[0053] FIG. 12B is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising micro-light-emitting elements and a
pixel micro-controller adhered directly to a display substrate
with an adhesive layer, according to illustrative embodi-
ments of the present invention;

[0054] FIG. 12C is a schematic perspective illustrating an
exemplary arrangement of pixels and a pixel micro-control-
ler according to illustrative embodiments of the present
invention in accordance with FIG. 12A;

[0055] FIG. 13A is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising micro-light-emitting elements and the
pixel micro-controller disposed directly on a pixel substrate,
the pixel substrate disposed directly on a display substrate,
according to illustrative embodiments of the present inven-
tion;

[0056] FIG. 13B is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising micro-light-emitting elements and the
pixel micro-controller adhered directly to a pixel substrate
with an adhesive layer, the pixel substrate adhered directly
to a display substrate with an adhesive layer, according to
illustrative embodiments of the present invention;

[0057] FIG. 13C is a schematic perspective illustrating an
exemplary arrangement of pixels and a pixel micro-control-
ler according to illustrative embodiments of the present
invention in accordance with FIG. 13A;

[0058] FIG. 14A is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising micro-light-emitting elements dis-
posed directly on a pixel micro-controller, the pixel micro-
controller disposed directly on a display substrate, according
to illustrative embodiments of the present invention;
[0059] FIG. 14B is a schematic cross section illustrating
an exemplary arrangement of pixels and a pixel micro-
controller comprising  micro-light-emitting  elements
adhered directly to a pixel micro-controller with an adhesive
layer, the pixel micro-controller adhered directly to a display
substrate with an adhesive layer, according to illustrative
embodiments of the present invention;

[0060] FIG. 14C is a schematic perspective illustrating an
exemplary arrangement of pixels and a pixel micro-control-
ler according to illustrative embodiments of the present
invention in accordance with FIG. 14A;

[0061] FIGS. 14D, 14E, and 14F are schematic perspec-
tives corresponding to either of the embodiments of FIGS.
14A and 148 illustrating exemplary arrangements of pixels
according to illustrative embodiments of the present inven-
tion, where FIGS. 14D and 14E illustrate a rectangular pixel
micro-controller and FIG. 14F has a plus-shaped or cross-
shaped pixel micro-controller;

[0062] FIG. 15A is a schematic plan view illustrating an
exemplary active-matrix micro-light-emitting-diode display
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in a configuration comprising pixel micro-controllers that
each control two pixels and pixels that each comprise three
micro-light-emitting elements, together with row, column,
and display controllers, according to illustrative embodi-
ments of the present invention;

[0063] FIG. 15B is an electrical schematic illustrating an
exemplary pixel unit corresponding to FIG. 15A, according
to illustrative embodiments of the present invention;
[0064] FIGS. 16A and 16B illustrate different pixel
arrangements in one dimension on a pixel micro-controller,
according to illustrative embodiments of the present inven-
tion;

[0065] FIGS. 17A-17D illustrate different pixel layouts in
two dimensions on a pixel micro-controller, according to
illustrative embodiments of the present invention; and
[0066] FIG. 18 is a schematic plan view illustrating an
exemplary micro-light-emitting-diode display in a configu-
ration comprising pixel units that each comprise two pixels
and a pixel micro-controller with contact pads provided in a
linear array on the pixel unit to facilitate electrical connec-
tions, according to illustrative embodiments of the present
invention.

[0067] The features and advantages of the present disclo-
sure will become more apparent from the detailed descrip-
tion set forth below when taken in conjunction with the
drawings, in which like reference characters identify corre-
sponding elements throughout. In the drawings, like refer-
ence numbers generally indicate identical, functionally simi-
lar, 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 to permit depiction to scale.

DETAILED DESCRIPTION OF CERTAIN
EMBODIMENTS

[0068] Certain embodiments of the present invention pro-
vide an active-matrix micro-light-emitting-diode display
with pixels and pixel micro-controllers disposed on or over
a display substrate. Pixel micro-controllers control and drive
two or more pixels that each comprise two or more micro-
light-emitting elements, such as inorganic micro-light-emit-
ting diodes. Shared control circuitry reduces a size of the
pixel micro-controller, thereby reducing materials costs and
a display fill factor. Pixels can comprise micro-light-emit-
ting elements that are much smaller than a pixel micro-
controller and can be located close together towards the ends
of a pixel micro-controller. Moreover, micro-light-emitting
elements in a pixel can be much smaller than a pixel spacing
and can be disposed close together, forming small pixels that
are clearly separated, increasing resolution and improving
pixel color integration for the human visual system during
viewing, as well as providing space over a display substrate
for redundant pixels (e.g., without sacrificing resolution).
Pixels (or components thereof, such as light-emitting ele-
ments) can be mounted directly on or adhered directly to a
display substrate, a pixel substrate, or a pixel micro-con-
troller, further increasing resolution and providing space for
redundant pixels and pixel controllers over a display sub-
strate.

[0069] Referring to the schematic plan view of FIG. 1A
and the detail of FIG. 1B, in certain embodiments of the
present invention, an active-matrix micro-light-emitting-
diode display 99 comprises a display substrate 10, pixels 20
disposed in a pixel array on or over the display substrate 10,
and pixel micro-controllers 40 disposed in a controller array

Jan. 16, 2020

on the display substrate 10. Pixels 20 in the pixel array can
be arranged in rows of pixels 20 and columns of pixels 20,
as shown in FIG. 1A. Each pixel 20 comprises two or more
micro-light-emitting elements 30 that emit different colors
of light. Micro-light-emitting elements 30 can each have an
element substrate that is independent, distinct, and separate
from a display substrate 10. Each pixel micro-controller 40
is electrically connected to control two or more micro-light-
emitting elements 30 in each of two or more adjacent pixels
20 in a dimension in the pixel array, for example exclusively
control (e.g., such that all micro-light-emitting elements 30
in a pixel are exclusively connected to one pixel micro-
controller 40). Adjacent pixels 20 in a dimension are pixels
20 that have no intervening pixels 20 between the adjacent
pixels 20 in the direction or dimension.

[0070] In at least one dimension over an extent (e.g.,
surface) of the display substrate 10, (i) a spatial separation
between pixels 20 in each adjacent pair of pixels 20 in the
pixel array controlled by a common pixel micro-controller
40 or between adjacent pairs of pixels 20 in the pixel array
controlled by different pixel micro-controllers 40 is greater
than a spatial separation between micro-light-emitting ele-
ments 30 in at least one pixel 20 in the pixel array, and (ii)
the spatial separation between pixels 20 in each adjacent pair
of pixels 20 in the pixel array controlled by a common pixel
micro-controller 40 or between adjacent pairs of pixels 20 in
the pixel array controlled by different pixel micro-control-
lers 40 is greater than a size of each of two or more
micro-light-emitting elements 30 in at least one pixel 20 in
the pixel array. As used herein, a dimension can be a
direction over an extent of the display substrate 10, for
example a surface of the display substrate 10 on or over
which components (such as micro-light-emitting elements
30 or pixel micro-controllers 40) are disposed. In some
embodiments, a dimension is substantially parallel to one or
more edges of a substrate (e.g., a display substrate 10). In
some embodiments, a dimension is not substantially parallel
to any edge of a substrate (e.g., a display substrate 10). Two
dimensions can be, but are not necessarily, orthogonal.

[0071] With reference still to FIGS. 1A and 1B, in certain
embodiments, all micro-light-emitting elements 30 in each
pixel 20 are disposed in a common pixel direction Pp
orthogonal to a center line C; of a pixel micro-controller 40
and disposed an element distance D, substantially equal to
or greater than one half of the extent or distance of the pixel
micro-controller 40 in pixel direction P, from the center line
C;. A pixel direction P, for each pixel 20 controlled by a
common pixel micro-controller 40 from a center C of
common pixel micro-controller 40 is different. Thus, each
pixel 20 is disposed in a different pixel direction P, from a
center C or center line C; of pixel micro-controller 40 that
controls pixel 20. Micro-light-emitting elements 30 in a
common pixel 20 can be disposed in a common pixel
direction P, from a center C or center line C, of pixel
micro-controller 40 that controls the micro-light-emitting
elements 30 in common pixel 20. In contrast, micro-light-
emitting elements 30 in different pixels 20 controlled by a
common pixel micro-controller 40 will be disposed in
different pixel directions P, from a center C or center line C,
of common pixel micro-controller 40. A center line C; is a
line through the center C of a pixel micro-controller 40, for
example, but not necessarily a line of symmetry for pixel
micro-controller 40. An element distance D, for each micro-
light-emitting element 30 in a pixel 20 can be the same (as
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shown in FIG. 1B) or different (not shown in FIG. 1B but
illustrated, for example, in FIGS. 11B, 15B and discussed
below). In some embodiments, the at least one dimension is
two dimensions, for example two orthogonal dimensions
over an extent of the display substrate 10, such as horizontal
H and vertical V dimensions.

[0072] With reference to the illustrative embodiments of
FIGS. 1A and 1B, each pixel micro-controller 40 controls at
least two pixels 20, for example two pixels 20 comprising a
first pixel 20 and a second pixel 20, each pixel 20 comprising
two micro-light-emitting elements 30. Micro-light-emitting
elements 30 can have a width W and a length L over an
extent of a display substrate 10, for example a surface of
display substrate 10 on or over which components such as
micro-light-emitting elements 30 or pixel micro-controllers
40 are disposed. Micro-light-emitting elements 30 can be
square with an aspect ratio of one so that W equals L or can
have a non-unitary aspect ratio so that the width W and
length L are different. Conventionally, and as used herein,
the longer dimension is referred to arbitrarily as the length
L. In some embodiments, a first pixel 20 comprises only two
micro-light-emitting elements 30: a red micro-light-emitting
element 30R that emits red light and a green micro-light-
emitting element 30G that emits green light. In some
embodiments, a second pixel 20 comprises only two micro-
light-emitting elements 30: a blue micro-light-emitting ele-
ment 30B that emits blue light and a green micro-light-
emitting element 30G that emits green light. (Red, green, or
blue micro-light-emitting elements 30R, 30G, 30B are col-
lectively or generally referred to as micro-light-emitting
elements 30.) Red, green, or blue micro-light-emitting ele-
ments 30R, 30G, 30B in a pixel can be inorganic micro-
light-emitting diodes (WILEDs), organic micro-light-emit-
ting diodes (WOLEDs), or any combination of pILEDs and
LOLED:s.

[0073] According to some embodiments of the present
invention, adjacent pixels 20 in a pixel array are separated
in a dimension by a distance D, and are disposed on a pixel
pitch P. For example, a dimension can be a horizontal
dimension H or a vertical dimension V over display sub-
strate 10. A pixel pitch P is a distance defining the spatial
frequency or repetition distance or spatial rate of pixels 20
in an array of pixels 20 in a direction or dimension. A pixel
20 can have a center or a centroid and a distance P between
the centers or centroids of adjacent pixels 20 in a dimension
can be a pixel pitch P in that dimension. In contrast, the
separation distance between pixels 20 (e.g., pixel separation
Dp) is measured from an edge (e.g., a closest edge for
adjacent pixels 20) of a pixel 20. A pixel pitch P refers
generically to a pixel pitch P, in the horizontal dimension H
or a pixel pitch P, in the vertical dimension V. Adjacent
pixels 20 in a pixel array can be separated by a distance
(pixel spacing D) in both of two orthogonal dimensions (for
example horizontal H and vertical V). A pixel spacing D, in
both of the two orthogonal dimensions (e.g., H and V) can
be the same, for example when horizontal and vertical pixel
pitches P,, and P, are the same and micro-light-emitting
elements 30 are square. In some configurations, pixel spac-
ing Dy, 1s not the same in both dimensions, but pixel pitch P
is the same (P,; equals P,), for example if the micro-light-
emitting elements 30 and pixels 20 are not square but the
pixels 20 have equal pitches in two orthogonal dimensions
(so that P, equals Py, for example, as shown in FIG. 1A).
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[0074] A pixel unit 22A comprises a single pixel micro-
controller 40 together with the pixels 20 and micro-light-
emitting elements 30 electrically connected to and con-
trolled by the single pixel micro-controller 40. In some
embodiments of the present invention, a spatial separation
D, between adjacent pixels 20 electrically connected to and
controlled by a common pixel micro-controller 40 in a
dimension is the same as a spatial separation D, between
adjacent pixels 20 electrically connected to and controlled
by different pixel micro-controllers 40 in the dimension, as
indicated in FIG. 1A. Micro-light-emitting elements 30 in a
pixel 20 are spatially separated by a distance D;, and can be
spatially separated within a pixel 20 in a same direction as
pixels 20 are separated in a pixel unit 22 or are spatially
separated in a different direction, e.g., horizontal and vertical
directions H, V, as also shown in FIG. 1A.

[0075] According to some embodiments of the present
invention, a spatial separation D, between pixels 20 in each
adjacent pair of pixels 20 in a common pixel unit 22 or
between pixels 20 in adjacent different pixel units 22 in at
least one dimension over an extent (e.g.. surface) of a
display substrate 10 is greater than a spatial separation D,
between micro-light-emitting elements 30 in at least one
pixel 20 in the pixel array, in either the same dimension or
a different dimension. A spatial separation D, can be greater
than a size (e.g., width W or length L) of each of two or more
micro-light-emitting elements 30 in at least one pixel 20 in
a pixel array. In some embodiments of the present invention,
a spatial separation D, between adjacent pairs of pixels 20
is greater in a same dimension as the size of the two or more
micro-light-emitting elements 30.

[0076] According to some embodiments of the present
invention, all micro-light-emitting elements 30 in each pixel
20 are disposed in a common pixel direction P, with respect
to pixel micro-controller 40 that controls the pixel 20. The
direction P, is orthogonal to a center line C, of pixel
micro-controller 40. All micro-light-emitting elements 30 in
each pixel 20 are disposed an element distance Dy that is
substantially equal to or greater than one half of an extent
distance of a pixel micro-controller 40 in a pixel direction P,
from a center line C,. Pixel direction P, for each pixel 20
controlled by a common pixel micro-controller 40 is differ-
ent. In some embodiments of the present invention, some of
the pixel directions P, are orthogonal to, or extend in an
opposite direction from, other pixel directions P,. Referring
to the detail of FIG. 1B, a pixel 20A is disposed in a direction
P, an element distance Dy, from center line C; and pixel
20B is disposed in an opposite direction Pp; an element
distance D from center line C;. (Element distance D, and
element distance Dy are collectively referred to as element
distances D.) Element distance D, is equal to element
distance Dgz and both are greater than one quarter of a
length of the pixel micro-controller 40 and greater than one
half of the pixel micro-controller 40 from the center line C;.
By disposing micro-light-emitting elements 30 of each pixel
20 an element distance D greater than one quarter of the
length of pixel micro-controller 40 and greater than one half
of the pixel micro-controller 40 from the center line C,,
micro-light-emitting elements 30 in a pixel 20 are closer to
an edge of pixel micro-controller 40 than to a center C or
center line C,; of the pixel micro-controller 40. The pixel
direction P, of each pixel 20 (pixel direction P, for pixel
20A and pixel direction P, for pixel 20B) is different. In the
exemplary embodiment shown in FIG. 1B, micro-light-
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emitting elements 30 are disposed beyond an edge of pixel
micro-controller 40 from a center C or center line C; of pixel
micro-controller 40, providing greater separation between
pixels 20 in a common pixel unit 22. A greater pixel
separation D, and a smaller micro-light-emitting element
separation D; provides improved color integration for a
human viewer of the pixel 20, so that the separate micro-
light-emitting elements 30 in a common pixel 20 are less
likely to be distinguished by the human visual system of a
viewer (e.g., in certain embodiments, are not distinguish-
able).

[0077] In some embodiments of the present invention, all
micro-light-emitting elements 30 of a pixel 20 are disposed
in a line, as shown in FIG. 1A. The line can be parallel to a
pixel direction P, for the pixel 20 (as shown in FIG. 11B,
discussed below), or the line can extend in a different
direction, for example an orthogonal direction, as shown in
FIG. 1B. In some embodiments of the present invention,
micro-light-emitting elements 30 of a pixel 20 are disposed
in a two-dimensional arrangement, for example at the cor-
ners of a triangle (e.g., as shown in FIG. 15A and discussed
further below).

[0078] A pixel micro-controller 40 can have a length
greater than a width over a display substrate 10 and pixels
20 can be disposed at edges of a pixel micro-controller 40 in
a length direction over an extent (e.g., surface) of the display
substrate 10, for example adjacent to or beyond the edges in
the length direction, as shown in FIG. 1B. As shown in FIG.
1B, pixels 20 can be disposed within the width of the pixel
micro-controller 40 so that the pixels 20 do not extend in the
width direction a distance farther than one half the width of
the pixel micro-controller 40 from a center C or a center line
C; of the pixel micro-controller 40 (e.g., a horizontal center
line C;, not shown in FIG. 1B).

[0079] In some embodiments of the present invention,
pixel micro-controllers 40 are digital integrated circuit con-
trollers that each include (e.g., incorporate) a digital circuit.
Pixel units 22 can comprise contact pads 50 that provide an
electrical contact and electrical connection to the digital
circuits in the pixel micro-controllers 40. Contact pads 50
can be disposed on or be a part of pixel micro-controllers 40
or disposed adjacent to pixel micro-controllers 40 as a part
of pixel units 22.

[0080] According to some embodiments of the present
invention, a display substrate 10 can be any substrate
capable of supporting pixels 20 and pixel micro-controllers
40, for example glass, plastic, ceramic, sapphire, or quartz
substrates. Display substrates 10 found in the display indus-
try, for example as used in liquid crystal displays or organic
light-emitting diode displays are suitable. Display substrates
10 can be rigid or flexible. Generally, a display substrate 10
has a substantially planar surface with a much smaller
thickness. For example, a display substrate 10 can have an
area of 100 cm” to 10 m® and/or a thickness of 1 cm or less,
1 mm or less, 0.7 mm or less, 0.5 mm or less, or less. In
certain embodiments, the extent of a display substrate 10 is
taken over the larger substantially planar surface area on or
over which the pixels 20 and pixel micro-controllers 40 are
disposed.

[0081] Micro-light-emitting elements 30 in pixels 20 can
be any suitable electrically controllable light emitter.
According to some embodiments of the present invention,
micro-light-emitting elements 30 are inorganic micro-light-
emitting diodes (UILEDs), organic micro-light-emitting
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diodes (WOLEDs), or any combination of pILEDs and
nOLEDs. In some embodiments of the present invention,
micro-light-emitting elements 30 are plLEDs formed in
compound semiconductor materials such as GaN or GaAs or
similar materials with doped additives such as, for example,
aluminum or phosphide and having micron-sized dimen-
sions, for example at least one of (i) a width from 2 to 100
um (e.g., 2 to no more than 5 um, 5 to no more than 10 pum,
10 to no more than 20 pm, 20 to no more than 50 pm, or 50
to no more than 100 pm), (i1) a length from 2 to 250 um (e.g.,
2 to no more than 5 pm, 5 to no more than 10 pm, 10 to no
more than 20 pm, 20 to no more than 50 um, 50 to no more
than 100 pum, 100 to no more than 250 pm), and (iii) a
thickness from 2 to 50 um (e.g., 2 to no more than 5 um, 5
to no more than 10 pm, 10 to no more than 20 um, or 20 to
no more than 50 wm). Light-emitting diodes with such
dimensions can be assembled using micro-transfer printing
and can have an element substrate that is independent,
distinct, and separate from a display substrate 10. Suitable
WLEDs can be vertical uILEDs with electrode contacts on
opposite sides of the pILED or horizontal pILEDs with
electrode contacts on a same side of the uILED. In some
embodiments, light-emitting elements 30 such as pILEDs
can be disposed on (e.g., directly on), adhered to, or over a
display substrate 10. According to some embodiments of the
present invention, light-emitting elements 30 such as
WMLEDs are provided and disposed on or over display
substrate 10 as unpackaged semiconductor integrated circuit
devices, enabling smaller pixel unit 22 structures with better
electronic and optical performance at higher resolution and
with superior perceptual quality for active-matrix micro-
light-emitting-diode displays 99.

[0082] Pixel micro-controllers 40 can be any circuit that
controls two or more pixels 20 that each have two or more
micro-light-emitting elements 30. Pixel micro-controllers 40
can be integrated circuits, for example silicon complemen-
tary metal-oxide semiconductors (CMOS), can be mixed-
signal circuits incorporating both digital and analog circuits,
or can be analog circuits, and can also be micron-sized, for
example having dimensions over the extent of a display
substrate 10 (e.g., a length or width) of less than or equal to
100, 80, 60, 40, or 20 microns and/or a thickness of less than
or equal to 40, 20, 15, 10, 8, or 5 microns. Pixel micro-
controllers 40 can be digital integrated circuit controllers, for
example responsive to digital control signals and providing
digital control to the micro-light-emitting elements 30, for
example using temporal pulse width modulation at a con-
stant current. In some embodiments, pixel micro-controllers
40 can be formed in, on (e.g., directly on), adhered to, or
over a display substrate 10, for example in a thin-film
semiconductor layer disposed on the display substrate 10. In
some embodiments, pixel micro-controllers 40 can be
formed in a micro-controller substrate that is separate,
distinct, and independent from a display substrate 10, for
example as an integrated circuit. Such integrated circuits can
be formed in crystalline semiconductor materials that have
a much greater electron mobility and much smaller transis-
tors, providing electronic performance that is much superior
to thin-film electronic devices and enabling much more
complex and capable control of micro-light-emitting ele-
ments 30 in smaller devices. According to some embodi-
ments of the present invention, pixel micro-controllers 40
are provided and disposed on or over a display substrate 10
as unpackaged semiconductor integrated circuit devices,



US 2020/0020676 A1l

enabling smaller pixel unit 22 structures with better elec-
tronic and optical performance at higher resolution and with
superior perceptual quality for active-matrix micro-light-
emitting-diode displays 99.

[0083] Some embodiments of the present invention, with
reference to FIGS. 1A and 1B, have a substantially non-
unitary aspect ratio with a length substantially larger than a
width over a display substrate 10. In some such embodi-
ments, micro-light emitting elements 30 are disposed at the
ends of a pixel micro-controller 40 in the length direction so
that pixel units 22 have a length much greater than a width
so that more space is provided over a display substrate 10
between pixel units 22 in a vertical direction V than in a
horizontal direction H. Since pixel pitch P, in the horizontal
direction is equal to pixel pitch P, in the vertical direction,
each pixel unit 22 is separated from an adjacent pixel unit 22
in a separation direction (e.g., vertical direction V) by a
space greater than or equal to a size of pixel unit 22 in the
separation direction so that space is provided for a redundant
pixel unit location 24 between pixel unit 22 and an adjacent
pixel unit 22 over the display substrate 10 in the separation
direction (e.g., vertical direction V in FIG. 1A). If a pixel
unit 22 fails, a redundant pixel unit 22 can be provided in the
redundant pixel location 24 and electrically connected in
parallel with the failed pixel unit 22 to provide light output
from the redundant pixel unit 22 in place of the failed pixel
unit 22, thus improving manufacturing yields for micro-
light-emitting-diode displays 99. A redundant pixel unit 22
can be provided initially (e.g., prior to determining failure of
a pixel unit 22) or after a failed pixel unit 22 has been
determined. A redundant pixel unit 22 is a pixel unit 22 that
is meant to behave substantially identically to another pixel
unit 22.

[0084] In some embodiments of the present invention,
referring to FIG. 2A and the detail of FIG. 2B, pixel
micro-controllers 40 having a different aspect ratio but
substantially the same area as the exemplary embodiments
illustrated in FIGS. 1A and 1B are disposed on or over a
display substrate 10. The aspect ratio of the different pixel
micro-controller 40 shown in FIGS. 2A and 2B is more
square than a substantially longer aspect ratio of pixel
micro-controllers 40 in FIGS. 1A and 1B, enabling a higher
density of pixel units 22 and a higher-resolution micro-light-
emitting-diode display 99. In some such embodiments, pixel
units 22 are closer together than pixels 20 over a display
substrate 10 in a same direction. For ease in comparison, the
illustrated areas pixel micro-controllers 40 in FIGS. 1A and
1B are substantially the same as the illustrated areas of pixel
micro-controllers 40 in FIGS. 2A and 2B. For clarity, contact
pads 50 in FIGS. 2A and 2B are also the same size as in
FIGS. 1A and 1B, but those knowledgeable in the electronic
layout arts will appreciate that the unused area in pixel units
22 of FIGS. 2A and 2B can be used to increase a size of
contact pads 50 or pixel micro-controllers 40 or even to
permit the use of larger micro-light-emitting elements 30.

[0085] In some such exemplary embodiments as are illus-
trated in FIGS. 1A, 1B, 2A, and 2B, each pixel micro-
controller 40 in a micro-light-emitting-diode display 99 has
a substantially rectangular shape with a center C and a length
greater than a width over an extent (e.g., surface) of a display
substrate 10. The substantially rectangular shape comprises
a first side opposing a second side in the length direction,
where the length is greater than or equal to the width. Two
or more pixels 20 electrically connected to a pixel micro-
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controller 40 can comprise a first pixel 20 and a second pixel
20. First pixel 20 can be closer to the first side than to a point
M mid-way between the center C and the first side, and
second pixel 20 can be closer to the second side than to a
point M mid-way between the center C and the second side.
Locating the first and second pixels 20 closer to the mid-
point M can increase the density and resolution of pixels 20
on or over a display substrate 10.

[0086] According to some embodiments of the present
invention, pixels 20 are relatively small and their micro-
light-emitting elements 30 are spaced close together (D;)
compared to pixel micro-controller 40, pixel pitch P, and
pixel spacing D,. Thus, each pixel micro-controller 40 can
have an area over a display substrate 10 that is larger than
a combined area of each micro-light-emitting element 30 of
the two or more pixels 20 electrically connected to and
controlled by pixel micro-controller 40. Moreover, each
pixel micro-controller 40 can have an area over a display
substrate 10 that is larger than a combined area of the two
or more pixels 20 electrically connected to and controlled by
pixel micro-controller 40, providing relatively smaller pixels
20 with improved visual response for viewers.

[0087] The exemplary embodiments of FIGS. 1A, 1B, 2A,
and 2B comprise two pixels 20 in each pixel unit 22 and two
micro-light-emitting elements 30 in each pixel 20. Accord-
ing to some embodiments of the present invention, each of
the two micro-light-emitting elements 30 in each pixel 20
emit different colors of light. In some embodiments and as
noted above, each pixel micro-controller 40 is electrically
connected to and controls at least a first pixel 20A and a
second pixel 20B. First pixel 20A can comprise a first green
micro-light-emitting element 30G that emits green light and
a red micro-light-emitting element 30R that emits red light
and second pixel 20B can comprise a second green micro-
light-emitting element 30G that emits green light and a blue
micro-light-emitting element 30B that emits blue light.
Since the human visual system perceives high-frequency
luminance primarily with green light and red and blue colors
are not perceived with the same frequency response, two-
color pixels 20, each with a green emitter can provide a
spatially efficient display system with a reduced number of
micro-light emitting elements 30 and an increased number
of pixels 20 and pixel units 22 in micro-light-emitting-diode
displays 99.

[0088] Referring to the exemplary embodiments of FIGS.
3A, 3B, 4A, and 4B, each pixel 20 comprises three micro-
light-emitting elements 30, for example a red micro-light-
emitting element 30R that emits red light, a green micro-
light-emitting element 30G that emits green light, and a blue
micro-light-emitting elements 30B that emits blue light. In
some embodiments, each pixel 20 comprises four micro-
light-emitting elements 30, for example emitting red, green,
blue, and white light respectively, or emitting red, green,
blue, and vellow light respectively, or emitting red, green,
blue, and cyan light respectively. In general, pixels 20 can
comprise any number of micro-light-emitting elements 30.
Micro-light-emitting elements 30 within a pixel 20 can each
emit a different color of light than any others of the micro-
light-emitting elements 30 within a pixel 20. In some
embodiments, some micro-light-emitting elements 30
within a common pixel 20 can emit a same color of light as
another of the micro-light-emitting elements 30 within the
pixel 20, for example to increase light output of a particular
color or to provide redundancy. Those micro-light-emitting



US 2020/0020676 A1l

elements 30 in the common pixel 20 that emit a same color
of light can have different attributes, such as different
efficiencies, ranges, or luminance. For example, a pixel 20 in
a pixel unit 22 can have two green micro-light-emitting
elements 30G that are slightly different in a central fre-
quency of emission, comprise different materials, have dif-
ferent external quantum efficiencies (EQEs), are driven at
different currents, or have different structures, optical reflec-
tors, or optical absorbers, or any combination of these.
[0089] The exemplary embodiment of FIG. 3A and the
detail of FIG. 3B comprises pixels 20 with three micro-
light-emitting elements 30 in each pixel 20 and a pixel
micro-controller 40 with a substantially non-unitary aspect
ratio, corresponding to the illustrative embodiments of
FIGS. 1A and 1B, thereby providing redundant pixel unit
locations 24 between adjacent pixel units 22 in the vertical
dimension V. Similarly, the illustrative embodiments of FIG.
4A and the detail of FIG. 4B are examples of micro-light-
emitting-diode displays 99 with increased resolution, but
without any redundant pixel unit locations 24.

[0090] Theillustrative embodiments of FIGS. 1A, 1B, 2A,
2B and FIGS. 3A, 3B, 4A, 4B all comprise pixel units 22
having two pixels 20 electrically connected to and controlled
by each pixel micro-controller 40. In some embodiments of
the present invention, a pixel micro-controller 40 can control
three or four, or more, pixels 20. Referring to the illustrative
embodiments of FIGS. 5A and 5B, each pixel unit 22
comprises a pixel micro-controller 40 that controls four
pixels 20 with three micro-light-emitting elements 30 each:
a red micro-light-emitting element 30R that emits red light,
a green micro-light-emitting element 30G that emits green
light, and a blue micro-light-emitting element 30B that emits
blue light (totaling twelve micro-light-emitting elements
30). In FIG. 5A and the detail of FIG. 5B, micro-light-
emitting elements 30 are disposed at the corners of a pixel
micro-controller 40. In FIG. 5C and the detail of FIG. 5D,
micro-light-emitting elements 30 are disposed at the sides of
a pixel micro-controller 40. Although the embodiments of
FIGS. 5A, 5B and FIGS. 5C, 5D comprise three micro-light-
emitting elements 30 in each of four pixels 20, in some
embodiments, a pixel 20 in accordance with any four of
these exemplary embodiments could comprise only two
micro-light-emitting elements 30 (e.g., as shown in FIGS.
1A and 1B).

[0091] In the illustrative embodiments of FIGS. 5A, 5B
and FIGS. 5C, 5D, pixel micro-controllers 40 have a rect-
angular and substantially square shape with each pixel 20
disposed adjacent to each of the four corners (FIGS. 5A, 5B)
or sides (FIGS. 5C, 5D) of the pixel micro-controllers 40. In
some embodiments (e.g., as shown in FIG. 14F and dis-
cussed below), pixel micro-controllers 40 are plus-shaped
(having a shape similar to a plus ‘+* sign or character),
cross-shaped, or x-shaped (having a shape similar to an ‘x’
letter or character that is a rotated version of a plus sign
shape) with each pixel 20 disposed adjacent to each of the
four extended portions of the pixel micro-controllers 40
farthest from a center C or center-line C; of the pixel
micro-controllers 40.

[0092] As with certain embodiments comprising pixel
micro-controllers 40 having a non-unitary aspect ratio, in
certain embodiments, the substantially rectangular shape or
plus shape of FIGS. 5A and 5B comprises a first side
opposing a second side in a first dimension (e.g., horizontal
dimension H) and the two or more pixels 20 electrically
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connected to a pixel micro-controller 40 comprise a first
pixel 20 and a second pixel 20. First pixel 20 can be closer
to the first side than to a point M mid-way between a center
C (or center line C;) and the first side. Similarly, second
pixel 20 can be closer to the second side than to a point M
mid-way between a center C (or center line C;) and the
second side.

[0093] Furthermore, a substantially rectangular shape or
plus shape can further comprise a third side opposing a
fourth side in a second dimension orthogonal to the first
dimension (e.g., a vertical dimension V) and two or more
pixels 20 further comprise a third pixel 20 and a fourth pixel
20. The third pixel 20 can be closer to the third side than to
a center C (or center line C,), and the fourth pixel 20 can be
closer to the fourth side than to the center C (or center line
C,). In certain embodiments, first, second, third, and fourth
pixels 20 have an aspect ratio greater than one but, since first
and second pixels 20 are rotated with respect to third and
fourth pixels so that the distance between first and second
pixels 20 is substantially the same as a distance between
third and fourth pixels 20, horizontal pixel pitch P, is
substantially equal to vertical pixel pitch Py.

[0094] As with certain embodiments of the present inven-
tion comprising two pixels 20 in each pixel unit 22, in the
embodiments of FIGS. 5A and 5B, a spatial separation
between pixels 20 for each adjacent pair of pixels 20 in a
pixel array is greater than a spatial separation between
micro-light-emitting elements 30 in at least one pixel 20 in
the pixel array in at least one dimension over the extent of
a display substrate 10. Furthermore, the spatial separation
between pixels 20 in a pixel unit 22 or between pixels 20 in
adjacent pixel units 22 is greater than a size of each of the
two or more micro-light-emitting elements 30 in at least one
pixel 20 in the pixel array. All of the two or more micro-
light-emitting elements 30 in each pixel 20 are disposed in
a common pixel direction P, orthogonal to a center line C,
of pixel micro-controller 40 an element distance Dy sub-
stantially equal to or greater than one quarter of the extent
of pixel micro-controller 40 in pixel direction P, from a
center line C,. Pixel direction P, for each pixel 20 con-
trolled by a common pixel micro-controller 40 is different.
As shown in FIGS. 5A and 5B, the pixel 20 on the left side
of a pixel unit 22 has a pixel direction P,, from a vertical
center line C, that is horizontal to the left, the pixel 20 on the
right side of the pixel unit 22 has a pixel direction P, from
a vertical center line C, that is horizontal to the right, the
pixel 20 on the top side of the pixel unit 22 has a pixel
direction P, from a horizontal center line C; that is vertical
and up (towards the top), and the pixel 20 on the bottom side
of the pixel unit 22 has a pixel direction P, from a horizontal
center line C; that is vertical and down (towards the bottom).
The element distances D, for pixels 20 are substantially the
same magnitude, but each has a different direction Pp,.

[0095] Referring to FIG. 6A and the detail of FIG. 6B, a
micro-light-emitting-diode display comprises pixels 20 in
which independent micro-controllers 41 each control a
single pixel 20 comprising a red micro-light-emitting ele-
ment 30R, a green, micro-light-emitting element 30G, and a
blue micro-light-emitting element 30B. Because the inde-
pendent micro-controllers 41 control only three micro-light-
emitting elements 30 in a single pixel 20, they each require
less circuitry and area than pixel micro-controllers 40 of
FIGS. 1A, 1B, 2A, and 2B, which each drive four micro-
light-emitting elements 30 in two pixels 20, pixel micro-
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controllers 40 of FIGS. 3A, 3B, 4A, and 4B, which each
drive six micro-light-emitting elements 30 in two pixels 20,
or pixel micro-controllers 40 of FIGS. 5A and 5B, which
each drive twelve micro-light-emitting elements 30 in four
pixels 20.

[0096] According to some embodiments of the present
invention, pixel micro-controllers 40 that each drive mul-
tiple pixels 20 each comprising multiple micro-light-emit-
ting elements 30 have a reduced area compared to the
combined area of multiple pixel micro-controllers 40 that
each control a single pixel 20 or micro-light-emitting ele-
ment 30. Thus, in certain embodiments, micro-light-emit-
ting-diode displays 99 with greater pixel density and
increased resolution together with smaller control circuits,
reduced costs, and improved visual color integration are
provided. A digital pixel micro-controller 40 has been
designed, constructed, and put into use that increases in size
by approximately 12% for each additional micro-light-
emitting element 30 to be controlled by the digital pixel
micro-controller 40.

[0097] Thus, in accordance with certain embodiments,
pixel micro-controllers 40 in accordance with the exemplary
embodiments illustrated in FIGS. 1A, 1B, 2A, 2B) that
control two pixels 20 each having two micro-light-emitting
elements 30 require approximately 40% less area than two
micro-controllers 41 illustrated in FIGS. 6A and 6B that
each control only a single pixel 20. Pixel micro-controllers
40 in accordance with the exemplary embodiments illus-
trated in FIGS. 3A, 3B, 4A, 4B that control two pixels 20
each having three micro-light-emitting elements 30 require
approximately 33% less area than two micro-controllers 41.
Pixel micro-controllers 40 in accordance with the exemplary
embodiments illustrated in FIGS. 5A, 5B, 5C, 5D that
control four pixels 20, each having three micro-light-emit-
ting elements 30, require nearly 50% less area than four of
the micro-controllers 41 illustrated in FIGS. 6A and 6B that
each control only a single pixel 20. Because the illustrative
embodiments of FIGS. 1A, 1B and FIGS. 2A, 2B include
four micro-light-emitting elements 30, for clarity the illus-
trated area of pixel micro-controller 40 is increased by
approximately 12% compared to micro-controllers 41 of
FIGS. 6A and 6B that control three micro-light-emitting
elements 30. Similarly, the illustrative embodiments of
FIGS. 3A, 3B and FIGS. 4A, 4B include two pixels 20 with
six micro-light-emitting elements 30 and, for clarity the
illustrated area of pixel micro-controller 40 is increased by
approximately 50% compared to micro-controllers 41 of
FIGS. 6A, 6B. In the same way, pixel micro-controller 40 of
FIGS. 5A and 5B are approximately increased by approxi-
mately 200% so as to illustrate the size increase for pixel
micro-controllers 40 that control four pixels 20 and twelve
micro-light-emitting elements 30.

[0098] According to some embodiments of the present
invention and referring to FIG. 7, a pixel micro-controller 40
can be provided in a digital integrated circuit with mixed-
signal drive circuitry (driver 46) and digital control circuitry
(control circuit 42, memory 44). A single control circuit 42
can be used to control all of the micro-light-emitting ele-
ments 30 electrically connected to the pixel micro-controller
40 (e.g., a red micro-light-emitting element 30R, a green
micro-light-emitting element 30G, and a blue micro-light-
emitting element 30B for each of two pixels 20). A memory
44 can store signals specifying the light output of each
micro-light-emitting element 30. Each of power 56, ground
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58, and control signals such as column data signals 52 and
row control signals 54 for all of the micro-light-emitting
elements 30 electrically connected in common with a pixel
micro-controller 40 can be supplied through contact pads 50.
Thus, the pixel micro-controller 40 comprises pixel portions
that each exclusively controls a pixel 20 electrically con-
nected to the pixel micro-controller 40 (e.g., drivers 46, and
portions of the memory 44), and a shared portion that
provides control in common to all pixels 20 electrically
connected to the pixel micro-controller 40 (e.g., control
circuit 42 and contact pads 50).

[0099] In certain embodiments, in operation, an external
display controller 18 (e.g., as shown in FIG. 15A and
including row controller 16 and column controller 14, dis-
cussed below) provides power 56, ground 58, column data
signals 52, and row control signals 54 through wires 62
formed on a display substrate 10 to contact pads 50. Contact
pads 50 are electrically connected to a pixel micro-controller
40. The pixel micro-controller 40 receives the signals and
stores the column data information in a memory 44 using a
control circuit 42. Once the column data information is
stored, control circuit 42 provide signals to drivers 46 that
drive the respective two or more micro-light-emitting ele-
ments 30 of each pixel 20. Each micro-light-emitting ele-
ment 30 receives a current signal at a desired voltage from
a respective driver 46 and is connected to a ground 58 line
so that a voltage differential is provided across micro-light-
emitting elements 30 and micro-light-emitting elements 30
emit light.

[0100] Certain embodiments of the present invention pro-
vide pixels 20 disposed on or over a display substrate 10 at
various locations and in different configurations. Referring
to FIG. 8, in some embodiments, pixels 20 are distributed in
a strictly regular array with aligned rows and aligned col-
umns of pixels 20 so that all of the rows are spaced a
common distance from an edge of a display substrate 10 and
all of the columns are spaced a common distance from
another edge of the display substrate 10, for example an
edge that is orthogonal to the edge from which the rows are
commonly spaced. Such an arrangement is readily con-
structed in accordance with the embodiments illustrated in
FIGS. 1A, 1B, 2A, 2B, 3A, 3B, 4A, 4B, and 5A, 5B.
[0101] Referring to the exemplary embodiment shown in
FIG. 9, pixels 20 in an array are disposed in rows and
columns and alternating rows are offset in a row direction or
alternating columns are offset in a column direction (not
shown), or both, for example constructed in accordance with
embodiments illustrated in FIGS. 1A, 1B, 2A, 2B, 3A, 3B,
and 4A, 4B (e.g., having similar pixel units). FIG. 10
illustrates an exemplary embodiment comprising offset
alternating rows using plus-shaped pixel micro-controllers
40 (e.g., as illustrated in FIG. 14F). The embodiments of
FIGS. 5C and 5D can have alternating sets of three rows that
are offset from adjacent sets of three rows. The center row
of each set of three has twice the number of pixels 20. This
arrangement, with suitable pixel processing, can provide
increased display resolution.

[0102] Referring to FIG. 11A and the detail of FIG. 11B,
according to some embodiments of the present invention,
pixel micro-controller 40 and micro-light-emitting elements
30 or pixels 20 in a pixel unit 22 are disposed in a line, for
example a line that passes through each of pixel micro-
controller 40 and micro-light-emitting elements 30 or a line
that passes through the center C or centroid of pixel micro-
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controller 40 and micro-light-emitting elements 30 or pixels
20. In some embodiments, contact pads 50, centers of
contact pads 50, or centroids of contact pads 50 are in a same
line. Such an arrangement can have a greater aspect ratio
with further separation and can also be used in a more-sparse
pixel 20 arrangement on a display substrate 10, ultimately
enabling a higher density. Pixels 20 can each comprise two
or three micro-light-emitting elements 30, or more.

[0103] In some embodiments, contact pads 50 are dis-
posed between a pixel micro-controller 40 and micro-light-
emitting elements 30 or between a pixel micro-controller 40
and only some micro-light-emitting elements 30. In some
embodiments, micro-light-emitting elements 30 are between
contact pads 50 and a pixel micro-controller 40, so that
contact pads 50 are at the ends of the pixel micro-controller
40.

[0104] In some embodiments, as shown in FIG. 11A,
alternating pixels 20 in a dimension are spaced further apart,
so that pixels 20 in a common pixel unit 22 are closer
together than pixels 20 in different pixel units 22. In some
such embodiments, pixels 20 in the pixel array are disposed
in rows and columns, each column of pixels 20 forms a
7igzag pattern 26, adjacent columns are mirror reflections of
each other, and a distance D, between pixels 20 in a pixel
unit 22 is less than a distance D, between pixels 20 in
adjacent pixel units 22 in a same dimension. Adjacent pixel
columns that are mirror reflections have pixels 20 that are
alternately closer together and farther apart in each row in
the columns. (The micro-light-emitting elements 30 in pix-
els 20 are not necessarily disposed in a mirrored arrange-
ment but can have the same arrangement in every pixel 20,
regardless of row or offset.)

[0105] Disposing pixel units 22 over a display substrate 10
with a common orientation and contact pads 50 disposed in
a line with pixel micro-controller 40 and micro-light-emit-
ting elements 30 enables a straightforward arrangement of
wires 62 that provide power 56, ground 58, and control
signals (e.g., row control signals 54 and column data signals
52) on or over the display substrate 10 (e.g., as shown in
FIG. 18). In FIG. 18, wires 62 carry power 56, ground 58,
column data signals 52, and row control signals 54 to contact
pads 50 and thence to a pixel micro-controller 40 that
controls the pixels 20. Wires 62 can be arranged in a vertical
parallel arrangement that reduces cross-overs on a display
substrate 10.

[0106] Referring to FIG. 11C, pixel units 22 can be
arranged in different orientations over a display substrate 10.
[0107] Certain embodiments of the present invention can
be constructed using micro-transfer printing. In such tech-
niques, devices or components such as micro-inorganic
light-emitting diodes or pixel micro-controllers 40 are
formed on a native source substrate using photolithographic
methods. The devices are then released from the native
source substrate by removing a sacrificial portion from
beneath each device or component, leaving the devices or
components attached to anchor portions of the native source
substrate with tethers. A stamp then contacts the devices,
breaking or separating the tethers and adhering the devices
to the stamp. The stamp is moved to a destination substrate
and the devices with a broken or separated tether are
contacted to the destination substrate, a layer on the desti-
nation substrate, or an adhesive layer disposed on the
destination substrate. The devices with a broken or separated
tether are adhered to the destination substrate, destination
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substrate layer, or destination substrate adhesive layer, and
the stamp removed. Micro-transfer printing methods can be
employed to make a variety of structures in a corresponding
variety of embodiments.

[0108] Referring to FIG. 12A and according to illustrative
methods in accordance with certain embodiments of the
present invention, each pixel micro-controller 40 and the
two or more micro-light-emitting elements 30 of each of
pixels 20 controlled by the pixel micro-controller 40 are
disposed directly on or adhered directly to a display sub-
strate 10 or a layer formed on the display substrate 10, for
example an adhesive layer. Referring to FIG. 12B, an
adhesive layer 12 is disposed on a display substrate 10 or
layer formed on the display substrate 10 to facilitate adhe-
sion between the display substrate 10 and pixel micro-
controllers 40 and between the display substrate 10 and the
two or more micro-light-emitting elements 30 of each pixel
20. Adhesive layer 12 can be a curable layer that is cured
after the pixel micro-controllers 40 and the two or more
micro-light-emitting elements 30 of each pixel 20 are dis-
posed on (e.g., micro-transfer printed to) adhesive layer 12.
The display substrate 10, pixel micro-controllers 40, and the
two or more micro-light-emitting elements 30 of each pixel
20 can then be photolithographically processed to provide
wires 62 (e.g., as shown in FIG. 12C) to electrically connect
pixel units 22 to a row controller 16 and column controller
14, for example through contact pads 50. Any combination
of pixel micro-controllers 40 and micro-light-emitting ele-
ments 30 can each have a broken or separated tether (e.g., as
shown in FIGS. 13A and 13B). Thus, pixel micro-controllers
40 and inorganic micro-light-emitting elements 30 can be
independent structures that are individually mounted on a
display substrate 10, for example by micro-transfer printing
the independent structures onto the display substrate 10.

[0109] Insome embodiments of the present invention, and
referring to FIGS. 13A, 13B, and 13C, a micro-light-
emitting-diode display 99 comprises pixel substrates 60
arranged in an array on a display substrate 10. According to
some embodiments of the present invention, a pixel sub-
strate 60 can be any substrate capable of supporting pixels
20 and pixel micro-controllers 40, for example glass, plastic,
ceramic, sapphire, quartz, or a semiconductor, such as a
silicon wafer, and is separate, distinct, and independent of a
display substrate 10 or any micro-light-emitting element 30
substrate. A pixel substrate 60 can comprise or be the same
material as is used in a display substrate 10 and, indepen-
dently, can be rigid or flexible. In certain embodiments, a
pixel substrate 60 has a substantially planar surface with a
much smaller thickness. For example, a pixel substrate 60
can have an area of 10 cm? or less and thicknesses in the
range of 1 mm to 0.01 mm, or less.

[0110] For each pixel 20, the two or more micro-light-
emitting elements 30 and pixel micro-controller 40 electri-
cally connected to control pixel 20 are disposed directly on
or adhered directly to a pixel substrate 60 or a layer formed
on pixel substrate 60, for example by micro-transfer printing
from one or more source substrates or wafers to the pixel
substrates 60. In some embodiments, an adhesive layer 12
adheres the two or more micro-light-emitting elements 30 of
each pixel 20 and a pixel micro-controller 40 to a pixel
substrate 60. Pixel substrates 60 can themselves be prepared
on a source wafer or substrate, for example silicon or glass,
with micro-light-emitting elements 30 electrically connected
by wires 62 to pixel micro-controller 40 in a pixel unit 22
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and then micro-transfer printed to a display substrate 10.
Thus, pixel substrates 60 can comprise a broken or separated
tether 64 as well as pixel micro-controller 40 and micro-
light-emitting elements 30 (e.g., as shown in FIGS. 13A and
13B). Thus, pixel micro-controllers 40 and the two or more
micro-light-emitting elements 30 of each pixel 20 can be
disposed directly on or adhered directly to a pixel substrate
60 or adhered to an adhesive layer 12 disposed on the pixel
substrate 60. Likewise, pixel substrate 60 can be disposed
directly on or adhered directly to a display substrate 10 or
adhered to an adhesive layer 12 disposed on a display
substrate 10. Hence, pixel micro-controllers 40 and inor-
ganic micro-light-emitting elements 30 can be independent
structures that are individually mounted on a pixel substrate
60, for example by micro-transfer printing the independent
structures onto the pixel substrate 60.

[0111] In some embodiments of the present invention,
with reference to FIGS. 144, 14B, and 14C, a micro-light-
emitting-diode display 99 comprises two or more micro-
light-emitting elements 30 of each pixel 20 disposed directly
on (FIG. 14A) or adhered directly to pixel micro-controller
40 (F1IG. 14B) or are disposed directly on or adhered directly
to a layer formed on pixel micro-controller 40. In particular,
in some embodiments, an adhesive layer 12 adheres two or
more micro-light-emitting elements 30 of each pixel 20 to a
pixel micro-controller 40. As illustrated in FIGS. 14D, 14E,
and 14F, pixels 20 and micro-light-emitting elements 30 can
be disposed in various locations on or over a pixel micro-
controller 40. FIG. 14D shows pixels 20 disposed near edges
of a rectangular pixel micro-controller 40, FIG. 14E shows
pixels 20 near corners of a rectangular pixel micro-controller
40, and FIG. 14F shows pixels 20 near edges of a plus-
shaped pixel micro-controller 40. In particular, plus-shaped
pixel micro-controllers 40 can closely tile a display substrate
10, increasing display resolution and reducing native source
wafer costs by reducing waste.

[0112] Asillustrated in the Figures, arrangements of pixels
20 comprising micro-light-emitting elements 30 electrically
connected to and controlled by pixel micro-controllers 40
comprising pixel units 22 can be disposed in a variety of
configurations over display substrate 10. According to some
embodiments of the present invention, any combination of
pixel micro-controllers 40, pixel units 22, pixels 20, and
micro-light-emitting elements 30 can have a non-unitary
aspect ratio and a length greater than a width over a display
substrate 10. Furthermore, the orientation of any pixel
micro-controllers 40, pixel units 22, pixels 20, and micro-
light-emitting elements 30 with respect to any other pixel
micro-controllers 40, pixel units 22, pixels 20, and micro-
light-emitting elements 30 can be different. Thus, in some
embodiments of the present invention, some of pixels 20 can
be rotated with respect to others of pixels 20 over or on a
display substrate 10, either within a pixel unit 22 (for
example as shown in FIGS. 5A-5D, 14D, and 14E) or
between pixel units 22 (for example as additionally shown
in FIG. 11C). In some embodiments of the present invention,
at least some of the micro-light-emitting elements 30 in a
pixel 20 are rotated with respect to other micro-light-
emitting elements 30 in the same pixel 20 (for example as
shown in FIGS. 5A-5D) over a display substrate 10. In some
embodiments of the present invention, at least some micro-
light-emitting elements 30 in pixels 20 are rotated with
respect to a pixel micro-controller 40 (for example as shown
in FIGS. 2A-2B, 4A-4B, and 11B) over the display substrate
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10. Two or more devices or components are rotated when the
longest dimensions of the devices or components are not
aligned in the same direction.

[0113] In some embodiments of the present invention,
micro-light-emitting elements 30 within a pixel 20 are
disposed in a line over a display substrate 10 (for example
as shown in FIGS. 1A-4D and FIGS. 11A-14F). In some
other embodiments, micro-light-emitting elements 30 within
a pixel 20 are not disposed in a line over a display substrate
10. Referring to FIG. 15A and the detail of FIG. 15B,
micro-light-emitting elements 30 within a pixel 20 are
disposed at the corners of a triangle over a display substrate
10 (also as shown in FIGS. 5A-5B). Contact pads 50 are
disposed adjacent to the sides of a pixel micro-controller 40
(as in FIG. 5B) and electrical interconnections in a pixel unit
22 circuit are shown with wires 62. Each contact pad 50 is
electrically connected to one of power 56, ground 58, row
control signals 54, and column data signals 52 distributed on
wires 62 on a display substrate 10 from a display controller
18, column controller 14, and row controller 16. (In some
embodiments, column controller 14 and row controller 16
can be considered as a part of a larger display controller 18.)
Contact pads 50 are electrically connected to pixel micro-
controller 40 with wires 62 and micro-light-emitting ele-
ments 30 (e.g., red micro-light-emitting element 30R, green
micro-light-emitting element 30G, and blue micro-light-
emitting element 30B for each pixel 20 in a pixel unit 22).

[0114] According to some embodiments of the present
invention, in pixel units 22 that comprise a substantially
rectangular pixel micro-controller 40 with a center and a
length greater than a width over the extent of the display
substrate 10, each pixel 20 in a pixel unit 22 is disposed
closer to an edge of a pixel micro-controller 40 that controls
the pixel 20 than a mid-point M between the edge and a
center C of the pixel micro-controller 40 or even on a side
of the edge opposite the mid-point M or center C. In some
such arrangements, pixel separation and color integration
are increased, for example, as shown in FIG. 16A (for two
pixels 20 in a pixel unit 22) and FIGS. 17A, 17C (for four
pixels 20 in a pixel unit 22) for any of the configurations
shown in FIGS. 12A-14E. In some embodiments of the
present invention, each pixel 20 in a pixel unit 22 is disposed
closer to a mid-point M between the edge and a center C of
the pixel micro-controller 40, as shown in FIG. 16B (for two
pixels 20 in a pixel unit 22) and FIGS. 17B, 17D (for four
pixels 20 in a pixel unit 22) for any of the configurations
shown in FIGS. 12A-14E. This arrangement has the effect of
reducing the pixel spacing and pixel pitch P and increasing
the resolution. The arrangement of FIG. 16B is particularly
useful for pixel 20 configurations such as those shown in
FIG. 11 A and, in two dimensions, the arrangements of FIGS.
17B and 17D.

[0115] In some embodiments of the present invention,
each micro-light-emitting element 30 of two or more micro-
light-emitting elements 30 in at least one pixel 20 is an
inorganic micro-light-emitting diode, for example all micro-
light-emitting elements 30 in a micro-light-emitting diode
display 99 are inorganic micro-light-emitting diodes. In
some embodiments of the present invention, each micro-
light-emitting element 30 of two or more micro-light-emit-
ting elements 30 in at least one pixel 20 is an organic
light-emitting diode, for example all micro-light-emitting
elements 30 in a micro-light-emitting diode display 99 are
organic micro-light-emitting diodes. In some embodiments
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of the present invention, at least one of the micro-light-
emitting elements 30 of two or more micro-light-emitting
elements 30 in at least one pixel 20 is an inorganic micro-
light-emitting diode and at least one micro-light-emitting
element 30 of two or more micro-light-emitting elements 30
in a pixel 20 or another pixel 20 commonly controlled by a
pixel micro-controller 40 is an organic micro-light-emitting
diode. Thus, a micro-light-emitting-diode display 99 in
accordance with certain embodiments of the present inven-
tion can include both organic and inorganic micro-light-
emitting diodes in any combination. For example, pixels 20
can each comprise three micro-light-emitting elements 30, a
micro-light-emitting element 30 that is a red organic micro-
light-emitting diode that emits red light, a micro-light-
emitting element 30 that is a green organic micro-light-
emitting diode that emits green light, and a micro-light-
emitting element 30 that is a blue inorganic micro-light-
emitting diode that emits blue light.

[0116] In some embodiments, each pixel micro-controller
40 controls two or more pixels 20 comprising a first pixel 20
and a second pixel 20. In some embodiments, a first pixel 20
comprises a red organic micro-light-emitting diode that
emits red light and a green organic micro-light-emitting
diode that emits green light and a second pixel 20 comprises
a blue inorganic micro-light-emitting diode that emits blue
light and a green organic micro-light-emitting diode that
emits green light. In some embodiments, the first pixel 20
comprises only two micro-light-emitting elements 30: the
red organic micro-light-emitting diode and the green organic
micro-light-emitting diode. In some embodiments, the sec-
ond pixel 20 comprises only two micro-light-emitting ele-
ments 30: the green organic micro-light-emitting diode and
the blue inorganic micro-light-emitting diode. In some
embodiments, the first pixel 20 comprises only two micro-
light-emitting elements 30, the red organic micro-light-
emitting diode and the green organic micro-light-emitting
diode, and the second pixel 20 comprises only two micro-
light-emitting elements 30, the green organic micro-light-
emitting diode and the blue inorganic micro-light-emitting
diode.

[0117] According to some embodiments of the present
invention, micro-light-emitting elements 30 can emit light in
a direction away from a display substrate 10 (a top emitter)
and the display substrate 10 can be substantially opaque (for
example less than 50%, 30%, 20%, or 10% transparent to
visible light) or substantially transparent (for example
greater than 50%, 70%, 80%, or 90% transparent to visible
light). In some embodiments of the present invention, micro-
light-emitting elements 30 can emit light in a direction
toward a display substrate 10 (a bottom emitter) and the
display substrate 10 can be substantially transparent (for
example greater than 50%, 70%, 80%, 90%, or 95% trans-
parent to visible light). Likewise, any pixel substrate 60 can
be substantially opaque (for example less than 50%, 30%,
20%, or 10% transparent to visible light) or substantially
transparent (for example greater than 50%, 70%, 80%, 90%,
or 95% transparent to visible light). If visible light is emitted
through a pixel substrate 60 from micro-light-emitting ele-
ments 30, pixel substrates 60 are preferably substantially
transparent (for example greater than 50%, 70%, 80%, 90%,
or 95% transparent to visible light). A display substrate 10
and pixel substrates 60 can be either flexible or rigid.

[0118] In some embodiments of the present invention, a
micro-light-emitting-diode display 99 is a substantially
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single-layer display in which wires 62 (e.g., row control
signals 54, column data signals 52, power 56, and ground 58
wires 62) are disposed substantially in a single layer in, on,
or over a display substrate 10 and pixel units 22 are also
disposed in, on, or over display substrate 10, for example in
or on the same single layer. Where any of wires 62 intersect
on, in, or over display substrate 10, a jumper wire or via
connection can be provided but these jumper wites or
connections represent only a small fraction of the area of
display substrate 10, so that wires 62 are substantially
disposed in a single layer, for example a single patterned
layer of metal lines that provide electrical connections to
pixel units 22. By providing wires 62 in a single layer on, in,
or over a display substrate 10, manufacturing costs and
materials for a micro-light-emitting-diode display 99 can be
substantially reduced (e.g., due to a reduced number of
photolithographic processing steps).

[0119] Certain embodiments of the present invention pro-
vide improved image display architectures for displays (for
example light-emitting diode displays) having improved
resolution, fewer or smaller micro-integrated circuits with
reduced material costs, higher yields with reduced manu-
facturing costs, and improved visual quality.

[0120] Referring again to FIGS. 12C, 13C, 14C, and 15A,
a column controller 14 is electrically connected to each
column data signal 52 wire 62 and is disposed on a display
substrate 10. In some embodiments of the present invention,
a column controller 14 for all of the column data signal 52
wires 62 can be a single integrated circuit, for example
having a single column-controller substrate separate, dis-
tinct, and independent from a display substrate 10, from
pixel micro-controller 40 substrates, from pixel substrates
60, and from micro-light-emitting element 30 substrates in
pixels 20. In some embodiments of the present invention, a
column controller 14 comprises a plurality of column-
controller integrated circuits, each electrically connected to
one or more column data signal 52 wires 62, and each having
a column-controller substrate separate, distinct, and inde-
pendent from a display substrate 10, from micro-light-
emitting element 30 substrates in pixels 20, and from any
other column-driver integrated circuit.

[0121] Referring still to FIGS. 12C, 13C, 14C, and 15A,
similarly, a row controller 16 is electrically connected to
each row control signal 54 wire 62 and is disposed on a
display substrate 10. In some embodiments of the present
invention, a row controller 16 for all of the row control
signal 54 wires 62 can be a single integrated circuit, for
example having a single row-controller substrate separate,
distinct, and independent from a display substrate 10, from
pixel micro-controller 40 substrates, from pixel substrates
60, and from micro-light-emitting element 30 substrates in
pixels 20. In some embodiments of the present invention, a
row controller 16 comprises a plurality of row-controller
integrated circuits, each electrically connected to one or
more row control signal 54 wires 62, and each having a
row-controller substrate separate, distinct, and independent
from a display substrate 10, from pixel substrates 60, from
micro-light-emitting element 30 substrates in pixels 20, and
from any other column-driver integrated circuit.

[0122] According to some embodiments of the present
invention, pixel micro-controllers 40 in pixel units 22 are
electrically connected to and control two or more micro-
light-emitting elements 30 in two or more pixels 20. The
information for driving micro-light-emitting elements 30 of
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two or more pixels 20 can be transmitted through a single
contact pad 50 connected to a single column data signal 52
wire 62. Similarly, row control signals 54 can be transmitted
through a single contact pad 50 connected to a single row
control signal 54 wire 62. Thus, a single column data signal
52 wire 62 can provide information for multiple pixels 20 or
for multiple micro-light-emitting elements 30 in one or more
columns of pixels 20 and a single row control signal 54 wire
62 can provide control for multiple pixels 20 or for multiple
micro-light-emitting elements 30 in one or more rows of
pixels 20. Thus, according to some embodiments of the
present invention. a micro-light-emitting-diode display 99
can have fewer column data signal 52 wires 62 than columns
of pixels 20 or columns of micro-light-emitting elements 30.
Likewise, a micro-light-emitting-diode display 99 can have
fewer row control signal 54 wires 62 than rows of pixels 20
or rows of micro-light-emitting elements 30. In some
embodiments, there are fewer column data signal 52 wires
62 than columns of pixels 20 or columns of micro-light-
emitting elements 30 and fewer row control signal 54 wires
62 than rows of pixels 20 or rows of micro-light-emitting
elements 30, for example as shown in FIG. 15A.

[0123] In some embodiments of an active-matrix micro-
light-emitting-diode display 99, a pixel micro-controller 40
is a micro-integrated circuit, for example comprising a
controller substrate separate, distinct, and independent of
any micro-light-emitting element 30 substrates and display
substrate 10, made using photolithographic methods and
materials found in the integrated circuit industry. Column
data signal 52 wires 62 and row control signal 54 wires 62
(and power 56 and ground 58 wires 62) are electrically
conductive wires, e.g., traces, for conducting electrical
power and signals to pixel units 22 and can be made, for
example, using photolithographic, screen printing, or
printed-circuit board materials and methods on or in the
display substrate 10.

[0124] Inorganic micro-light-emitting diodes can com-
prise a semiconductor diode substrate, for example a com-
pound semiconductor such as GaN, InGaN, GaAs, or other
compound semiconductors useful for inorganic micro-light-
emitting diodes made using photolithographic processes and
materials.

[0125] In some embodiments of the present invention,
each inorganic micro-light-emitting diode has at least one
(e.g., any combination) of (i) a width from 2 to 100 um (e.g.,
2 to no more than 5 pum, 5 to no more than 10 pum, 10 to no
more than 20 pm, 20 to no more than 50 um, or 50 to no
more than 100 um), (ii) a length from 2 to 250 pm (e.g., 2
to no more than 5 um, 5 to no more than 10 pm, 10 to no
more than 20 pum, 20 to no more than 50 pm, 50 to no more
than 100 pm, or 100 to no more than 250 pum), and (iii) a
thickness from 2 to 50 um (e.g., 2 to no more than 5 um, 5
to no more than 10 pm, 10 to no more than 20 pum, or 20 to
no more than 50 pum). U.S. Pat. No. 6,825,559 describes
methods of making micro-transfer-printable inorganic
micro-light-emitting diode, the disclosure of which are
hereby incorporated by reference.

[0126] Any combination of micro-light-emitting elements
30, inorganic or organic micro-light-emitting diodes, row
controllers 16, column controllers 14, pixel micro-control-
lers 40, or pixel substrates 60 can be micro-devices micro-
transfer printed from a native source wafer to a display
substrate 10, another substrate, or to a substrate disposed on
the display substrate 10 such as a pixel substrate 60. Any
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organic or inorganic micro-light-emitting diodes, micro-
light-emitting elements 30, row controllers 16, column con-
trollers 14, pixel micro-controllers 40, or pixel substrates 60
can comprise a broken (e.g., fractured) or separated tether 64
as a consequence of the micro-transfer printing process.

[0127] Furthermore, in some embodiments of the present
invention, a pixel substrate 60 is micro-transfer printed from
a pixel source wafer onto a display substrate 10 and a pixel
substrate 60 comprises a broken (e.g., fractured) or separated
pixel tether 64. A pixel substrate 60 can have at least one of
(1) an area of 10 to no more than 1 square mm (e.g., 10 to
no more than 50 square microns, 50 to no more than 100
square microns, 100 to no more than 500 square microns, or
500 square microns to no more than 1 square mm) and (ii)
a thickness of 1 to no more than 50 microns (e.g., 1 to no
more than 5 microns, 5 to no more than 10 microns, 10 to
no more than 20 microns, or 20 to no more than 50 microns).
Such small pixel substrates 60 can be more readily micro-
transfer printed and constructed using high-resolution pho-
tolithographic techniques. Thus, pixel-substrate wires 62 or
other electrical conductors disposed on the pixel substrates
60 can be formed using, for example, photolithographic
methods and materials and have a small width, can be
disposed closer together, and can have a higher resolution
than wires 62 or other electrical conductors such as row
control signal 54 wires 62 and column data signal 52 wires
62 formed on a display substrate 10, for example by large-
format photolithography, screen printing, or printed-circuit
board construction and assembly techniques. Thus, pixel-
substrate wires 62 on a pixel substrate 60 can be relatively
fine, high-resolution wires 62 and wires 62 on a display
substrate 10 (e.g., row control signal 54 wires 62, column
data signal 52 wires 62, power 56 wires 62, and ground 58
wires 62) can be relatively coarse, low-resolution wires 62
compared to the relatively fine, high-resolution wires 62 on
the pixel substrate 60. Pixel substrate 60 wires 62 can be fine
interconnections, for example having a width of less than 50
um, less than 20 pum, less than 10 um, less than five pm, less
than two pm, or less than one pm. Row control signal 54
wires 62, column data signal 52 wires 62, power 56 wires 62,
and ground 58 wires 62 can include one or more crude
lithography interconnections having a width from 2 pm to 2
mm. Therefore, in some embodiments of the present inven-
tion, high-resolution pixel substrates 60 are individually
mounted on a display substrate 10 and micro-light-emitting
elements 30 and pixel micro-controllers 40 are micro-
devices individually mounted on each high-resolution pixel
substrate 60.

[0128] Row control signal 54 wires 62, column data signal
52 wires 62, power 56 wires 62, and ground 58 wires 62 can
each, separately, comprise metal or metal alloys or trans-
parent metal oxides (for example deposited on the display
substrate 10 or pixel substrate 60 by evaporation or sput-
tering and patterned using photolithographic methods). Row
control signal 54 wires 62, column data signal 52 wires 62,
power 56 wires 62, and ground 58 wires 62 can each,
separately, be disposed on or in a single layer or on or in
multiple (e.g., different) substrate layers of a display sub-
strate 10 or pixel substrate 60 so that they do not electrically
short on a surface of a display substrate 10 or pixel substrate
60. Vias can be provided to make electrical connections
between devices or structures disposed on a display sub-
strate 10 or pixel substrate 60 surface and row control signal
54 wires 62, column data signal 52 wires 62, power 56 wires
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62, and ground 58 wires 62 in a display- or pixel-substrate
layer below a display substrate 10 or a pixel substrate 60
surface.

[0129] Micro-transfer printing has the advantage of
enabling use of a crystalline silicon substrate for a pixel
micro-controller 40 that provides smaller higher-perfor-
mance integrated circuit components than can be made in a
layer of amorphous or polysilicon semiconductor available
on a pixel substrate 60 or a large substrate such as a display
substrate 10. In some embodiments, a display substrate 10
can include material, for example glass or plastic, different
from a material in a semiconductor substrate (e.g., a pixel
micro-controller 40 substrate), for example a semiconductor
material such as silicon or a compound semiconductor. Such
arrangements also have an advantage in that pixels 20 can be
separately tested before they are located on the surface of a
display substrate 10, thus improving yields and reducing
COsts.

[0130] Certain embodiments of the present invention com-
prise micro-light-emitting elements 30 (e.g., inorganic
micro-light-emitting diodes, ulLEDs) that enable a rela-
tively small aperture ratio micro-light-emitting-diode dis-
play 99. In various embodiments, the combined light-emit-
ting area of micro-light-emitting elements 30 or micro-light-
emitting elements 30 themselves is less than or equal to
25%, 10%, 5%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of
the display area or the minimum contiguous convex hull
display area including all micro-light-emitting elements 30
on or over a display substrate 10. For example, uWILLEDs have
been constructed having a planar size of 815 um and area
of 120 pm?. In another example, a 4 kx2 k full color display
can have 4096x2048x3 WILEDs (each having an area of 120
um?) equaling a total uILED area of 3020 mm? A micro-
light-emitting-diode display 99 having a display substrate 10
one meter high by two meters long has an area of two square
meters or 2,000,000 mm?, so that only 3020/2,000,000=0.
15% of the display substrate 10 area is covered with
WLEDs. An exemplary 8 kx4 k display of the same size with
same-sized WILEDs will still have less than 1% of the
display substrate 10 area covered by WILEDs. Larger display
areas or smaller pILEDs will result in smaller percentages.
Thus, relatively small pixels 20 are well suited for use in
displays according to certain embodiments of the present
invention by providing a relatively large amount of free
space in the display area of a display substrate 10.

[0131] In some embodiments of the present invention,
WLEDs have light-emissive areas or a size of less than 10,
20, 50, or 100 square microns. Such pILEDs have the
advantage of a small light-emissive area compared to their
brightness as well as color purity providing highly saturated
display colors and a substantially Lambertian emission
providing a wide viewing angle for a micro-light-emitting-
diode display 99 according to certain embodiments of the
present invention. In various embodiments, a display area of
a display substrate 10 is greater than or equal to eight times,
ten times, twenty times, fifty times, one hundred times, two
hundred times, five hundred times, one thousand, or ten
thousand times the combined light-emissive areas of the
WLEDs or areas of the WILEDs.

[0132] Methods of forming micro-transfer printable struc-
tures are described, for example, in the paper Inorganic
light-emitting diode displays using micro-transfer printing
(Journal of the Society for Information Display, 2017, DOI
#10.1002/351d.610, 1071-0922/17/2510-0610, pages 589-
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609) and U.S. Pat. No. 8,889,485. Micro-transfer printing
using compound micro-assembly structures and methods
can also be used with certain embodiments of the present
invention, for example, as described in U.S. patent applica-
tion Ser. No. 14/822,868, filed Aug. 10, 2015, entitled
Compound Micro-Assembly Strategies and Devices, the
disclosure of which is hereby incorporated by reference in
its entirety. Additional details useful in understanding and
performing certain embodiments of the present invention are
described in U.S. Pat. No. 9,520,537 filed Jun. 18, 2015,
entitled Micro Assembled LED Displays and Lighting Ele-
ments, the disclosure of which is hereby incorporated by
reference in its entirety.

[0133] An array of micro-light-emitting elements 30 or
pixels 20 can define a display area on a display substrate
surface, for example a convex hull area that includes all of
the micro-light-emitting elements 30 or pixels 20, for
example a rectangular display area. The words, “column”
and “row”, as well as “vertical” and “horizontal”, “top” and
“bottom”, “up” and “down”, or “left” and “right” are relative
terms and can be interchanged in reference to different
orientations of a micro-light-emitting-diode display 99 in
accordance with certain embodiments of the present inven-
tion or pixel micro-controllers 40, pixels 20, pixel units 22,
or micro-light-emitting elements 30 according to certain
embodiments of the present invention.

[0134] 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
to different orientations of the layers, elements, and sub-
strates 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. Furthermore, the designations
of “row” or “column” with respect to matrix addressing are
arbitrary and can be exchanged.

[0135] Having described certain embodiments, it will now
become apparent to one of skill in the art that other embodi-
ments 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.

[0136] 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, 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 technol-
ogy that consist essentially of, or consist of, the recited
processing steps.

[0137] 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 in some circumstances can be
conducted simultaneously. The invention has been described
in detail with particular reference to certain embodiments
thereof, but it will be understood that variations and modi-
fications can be effected within the spirit and scope of the
invention.
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PARTS LIST

[0138] C center
[0139] C, center line
[0140] Dy, Dy, Dy element distance
[0141] D, distance between adjacent micro-light-emitting
elements in a pixel
[0142] D, pixel spacing/pixel separation/distance between
adjacent pixels
[0143] D, first distance
[0144] D, second distance
[0145] H horizontal direction
[0146] L micro-light-emitting element length
[0147] M mid-point
[0148] P pixel pitch
[0149] P, P, ,, P,z pixel direction
[0150] P, horizontal pixel pitch
[0151] P, vertical pixel pitch
[0152] V vertical direction
[0153] W micro-light-emitting element width
[0154] 10 display substrate
[0155] 12 adhesive layer
[0156] 14 column controller
[0157] 16 row controller
[0158] 18 display controller
[0159] 20 pixel
[0160] 20A first pixel
[0161] 20B second pixel
[0162] 22 pixel unit
[0163] 24 redundant pixel unit location
[0164] 26 zigzag pattern
[0165] 30 micro-light-emitting element
[0166] 30R red micro-light-emitting element
[0167] 30G green micro-light-emitting element
[0168] 30B blue micro-light-emitting element
[0169] 40 pixel micro-controller
[0170] 41 micro-controller
[0171] 42 control circuit
[0172] 44 memory
[0173] 46 driver
[0174] 50 contact pad
[0175] 52 column data signal
[0176] 54 row control signal
[0177] 56 power
[0178] 58 ground
[0179] 60 pixel substrate
[0180] 62 wire
[0181] 64 tether
[0182] 99 micro-light-emitting-diode display
What is claimed:
1. An active-matrix micro-light-emitting-diode display,
comprising:
a display substrate;
pixels disposed in a pixel array on the display substrate,
wherein each of the pixels comprises two or more
micro-light-emitting elements that emit different colors
of light; and
pixel micro-controllers disposed in a controller array on
the display substrate, wherein each of the pixel micro-
controllers is electrically connected to control the two
or more micro-light-emitting elements in each of two or
more adjacent pixels in the pixel array,
wherein in at least one dimension over the extent of the
display substrate, a spatial separation between pixels in
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each adjacent pair of pixels or between adjacent pairs

of pixels in the pixel array is

(i) greater than a spatial separation between the micro-
light-emitting elements in at least one of the pixels in
the pixel array, and

(ii) greater than a size of each of the two or more
micro-light-emitting elements in at least one of the
pixels in the pixel array, and

wherein all of the two or more micro-light-emitting

elements in each of the pixels are disposed in a com-
mon pixel direction orthogonal to a center line of the
pixel micro-controller an element distance substantially
equal to or greater than one half of the extent of the
pixel micro-controller in the pixel direction from the
center line and the pixel direction for each pixel con-
trolled by a common pixel micro-controller is different.
2. The micro-light-emitting-diode display of claim 1,
wherein the at least one dimension is two dimensions.
3. The micro-light-emitting diode display of claim 1,
wherein the pixel micro-controllers are digital integrated
circuit controllers.
4. The micro-light-emitting-diode display of claim 1,
wherein each of the pixels comprises two micro-light-
emitting elements that each emit a different color of light
from any other micro-light-emitting element in the pixel,
three micro-light-emitting elements that each emit a differ-
ent color of light from any other micro-light-emitting ele-
ment in the pixel, or four micro-light-emitting elements that
each emit a different color of light from any other micro-
light-emitting element in the pixel.
5. The micro-light-emitting-diode display of claim 1,
wherein the two or more pixels comprises a first pixel and
a second pixel,
wherein the first pixel comprises only two micro-light-
emitting elements, wherein the two micro-light-emit-
ting elements of the first pixel are a first green micro-
light-emitting element that emits green light and a red
micro-light-emitting element that emits red light,

wherein the second pixel comprises only two micro-light-
emitting elements, wherein the two micro-light-emit-
ting elements of the second pixel are a second green
micro-light-emitting element that emits green light and
a blue micro-light-emitting element that emits blue
light.

6. The micro-light-emitting-diode display of claim 1,
wherein the two or more pixels are two pixels, are three
pixels, or are four pixels.

7. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers has a substan-
tially rectangular shape with a center and a length greater
than a width over the extent of the display substrate, the
substantially rectangular shape comprising a first side
opposing a second side in the length direction, the two or
more pixels electrically connected to the pixel micro-con-
troller comprise a first pixel and a second pixel, the first pixel
is closer to the first side than to a point mid-way between the
center and the first side, and the second pixel is closer to the
second side than to a point mid-way between the center and
the second side.

8. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers has a substan-
tially rectangular shape or a plus shape with a center and a
length and a width over the extent of the display substrate,
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the substantially rectangular shape or plus shape compris-
ing a first side opposing a second side in a first
dimension, the two or more pixels electrically con-
nected to the pixel micro-controller comprise a first
pixel and a second pixel, the first pixel is closer to the
first side than to a point mid-way between the center
and the first side, and the second pixel is closer to the
second side than to a point mid-way between the center
and the second side, and

the substantially rectangular shape or plus shape further

comprising a third side opposing a fourth side in a
second dimension orthogonal to the first dimension, the
two or more pixels further comprise a third pixel and a
fourth pixel, the third pixel is closer to the third side
than to the center, and the fourth pixel is closer to the
fourth side than to the center, and wherein a distance
between the first and second pixels is substantially the
same as a distance between the third and fourth pixels.

9. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers has a substan-
tially rectangular shape with a center and a length greater
than a width over the extent of the display substrate, the
substantially rectangular shape comprising a first side
opposing a second side in the length direction, the two or
more pixels electrically connected to the pixel micro-con-
troller comprise a first pixel and a second pixel, the first pixel
is closer to a point mid-way between the center and the first
side than to the first side, and the second pixel is closer to
a point mid-way between the center and the second side than
to the second side.

10. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers and the two or
more micro-light-emitting elements of each of the pixels are
disposed directly on or adhered directly to the display
substrate or to a layer formed on the display substrate.

11. The micro-light-emitting-diode display of claim 1,
comprising pixel substrates arranged in an array on the
display substrate, and wherein, for each of the pixels, the
two or more micro-light-emitting elements and the pixel
micro-controller electrically connected to control the pixel
are disposed directly on or adhered directly to the pixel
substrate or to a layer formed on the pixel substrate.

12. The micro-light-emitting-diode display of claim 11,
wherein each of the pixel substrates comprises a fractured or
separated tether.

13. The micro-light-emitting-diode display of claim 1,
wherein the two or more micro-light-emitting elements of
each pixel are disposed directly on or adhered directly to the
pixel micro-controller, or to a layer formed on the pixel
micro-controller, that is electrically connected to and con-
trols the micro-light-emitting elements of the pixel.

14. The micro-light-emitting-diode display of claim 12,
wherein each of the pixel micro-controllers comprises a
fractured or separated tether or each of the two or more
micro-light-emitting elements comprises a broken or sepa-
rated tether, or both.

15. The micro-light-emitting-diode display of claim 1,
wherein, for each of the pixel micro-controllers, the pixel
micro-controller and the two or more micro-light-emitting
elements of the two or more pixels electrically connected to
and controlled by the pixel micro-controller are a pixel unit,
and

wherein each pixel unit is separated from an adjacent

pixel unit in a separation direction by a distance greater
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than or equal to a size of the pixel unit in the separation
direction so that space is provided for a redundant pixel
unit location between the pixel unit and the adjacent
pixel unit over the display substrate in the separation
direction.

16. The micro-light-emitting-diode display of claim 1,
wherein, for each of the pixel micro-controllers, the pixel
micro-controller and the two or more micro-light-emitting
elements of the two or more pixels electrically connected to
and controlled by the pixel micro-controller are a pixel umt
and

wherein the pixel units are closer together than the pixels

over the display substrate in a same direction.

17. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers has an area over
the display substrate that is larger than a combined area of
each micro-light-emitting element of the two or more pixels
electrically connected to and controlled by the pixel micro-
controller.

18. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers has an area over
the display substrate that is larger than a combined area of
the two or more pixels electrically connected to and con-
trolled by the pixel micro-controller.

19. The micro-light-emitting-diode display of claim 1,
wherein the pixels each have a non-unitary aspect ratio and
wherein some of the pixels are rotated with respect to others
of the pixels,

wherein each of the micro-light-emitting elements in the

pixels has a non-unitary aspect ratio and wherein some
of the micro-light-emitting elements in the pixels are
rotated with respect to others of the micro-light-emit-
ting elements in the pixels, or

wherein each of the pixel micro-controllers and the micro-

light-emitting elements in the pixels or the pixels
electrically connected to and controlled by the micro-
controller have a non-unitary aspect ratio and wherein
at least some of the micro-light-emitting elements in
the pixels or the pixels are rotated with respect to the
pixel micro-controller.

20. The micro-light-emitting-diode display of claim 1,
wherein the pixels in the array are disposed in rows and
columns and the rows are aligned and the columns are
aligned, or

wherein the pixels in the array are disposed in rows and

columns and alternating rows are offset in a row
direction or alternating columns are offset in a column
direction, or both.

21. The micro-light-emitting-diode display of claim 1,
wherein each of the pixel micro-controllers and the pixels
and micro-light-emitting elements in the pixels electrically
connected to and controlled by the pixel micro-controller are
a pixel unit, and

wherein the pixels in the pixel array are disposed in rows

and columns, each column of pixels forms a zigzag
pattern, adjacent columns are mirror reflections of each
other, and a distance between pixels in a pixel unit is
less than a distance between pixels in adjacent pixel
units in a same direction.

22. The micro-light-emitting-diode display of claim 1,
wherein, for each pixel micro-controller, the two or more
adjacent pixels comprise first and second pixels, and com-
prising contact pads disposed substantially in a line between
the first and second pixels.
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23. The micro-light-emitting-diode display of claim 1,
wherein each pixel micro-controller comprises pixel pot-
tions that each exclusively controls a pixel electrically
connected to the pixel micro-controller, and a shared portion
that provides control in common to all of the pixels electri-
cally connected to the pixel micro-controller.

24. The micro-light-emitting-diode display of claim 23,
wherein the shared portion comprises contact pads for
receiving or providing electrical control signals.

25. The micro-light-emitting-diode display of claim 1,
wherein each micro-light-emitting element has at least one
of (i) a width from 2 to 100 pm, (ii) a length from 2 to 250
um, and (iii) a thickness from 2 to 50 um.

26. The micro-light-emitting-diode display of claim 1,
wherein each micro-light-emitting element of the two or
more micro-light-emitting elements in at least one of the two
or more pixels is an inorganic micro-light-emitting diode.

27. The micro-light-emitting-diode display of claim 1,
wherein each micro-light-emitting element of the two or
more micro-light-emitting elements in at least one of the two
or more pixels is an organic light-emitting diode.

28. The micro-light-emitting-diode display of claim 1,
wherein at least one of the micro-light-emitting elements of
the two or more micro-light-emitting elements in at least one
of the two or more pixels is an inorganic micro-light-
emitting diode and at least one of the micro-light-emitting
elements of the two or more micro-light-emitting elements
in the one of the two or more pixels or another pixel
commonly controlled by a pixel micro-controller is an
organic micro-light-emitting diode.
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29. The micro-light-emitting-diode display of claim 28,
wherein the pixels each comprise three micro-light-emitting
elements, a micro-light-emitting element that is a red
organic micro-light-emitting diode that emits red light, a
micro-light-emitting element that is a green organic micro-
light-emitting diode that emits green light, and a micro-
light-emitting element that is a blue inorganic micro-light-
emitting diode that emits blue light.

30. The micro-light-emitting-diode display of claim 28,
wherein the two or more pixels comprises a first pixel and
a second pixel of the two or more pixels, wherein the first
pixel comprises a red organic micro-light-emitting diode
that emits red light and a green organic micro-light-emitting
diode that emits green light and wherein the second pixel
comprises a blue inorganic micro-light-emitting diode that
emits blue light and a green organic micro-light-emitting
diode that emits green light.

31. The micro-light-emitting-diode display of claim 30,
wherein the first pixel comprises only two micro-light-
emitting elements, wherein the two micro-light-emitting
elements of the first pixel are the red organic micro-light-
emitting diode and the green organic micro-light-emitting
diode, wherein the second pixel comprises only two micro-
light-emitting elements, wherein the two micro-light-emit-
ting elements of the second pixel are the blue inorganic
micro-light-emitting diode and the green organic micro-
light-emitting diode.
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