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(7) ABSTRACT

Methods and apparatus for use in the manufacture of a
display device including pixels. Each pixel includes a plu-
rality of sub-pixels, each sub-pixel configured to provide
light of a given wavelength. The method may include:
performing, using a pick up tool (PUT), a first placement
cycle comprising picking up first light emitting diode (LED)
dies, and placing a first LED die on a substrate of the display
device at a location corresponding to a sub-pixel the display
device. The method further includes performing one or more
subsequent placement cycles comprising picking up a sec-
ond LED die, and placing the second LED die on the
substrate of the display device at a second location corre-
sponding to the sub-pixel of the display device. Multiple first
and second LED dies may be picked and placed during each
placement cycle to populate each pixel of the display device
to provide redundancy of LED dies at each sub-pixel.
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REDUNDANCY IN INORGANIC LIGHT
EMITTING DIODE DISPLAYS

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of priority from
United Kingdom Patent Application No. 1520265.8, titled
“Redundancy in Inorganic Light Emitting Diode Displays,”
filed Nov. 17, 2013, which is incorporated herein by refer-
ence in its entirety.

TECHNICAL FIELD

[0002] The invention relates to LED dies for display
technologies, and displays and methods of manufacture for
displays. Specifically, the invention is related to, but need
not be limited to, micro-LED (UWLED) dies for display
technologies, uLED displays and methods of manufacture
for pLED displays.

BACKGROUND

[0003] Displays are ubiquitous and are a core component
of wearable devices, smart phones, tablets, laptops, desk-
tops, TVs and display systems. Common display technolo-
gies today range from Liquid Crystal Displays (LCDs) to
more recent Organic Light Emitting Diode (OLED) Dis-
plays.

[0004] The display architectures include passive and
active matrix displays depending on whether each pixel is
driven separately or not. Active drive circuitry uses thin film
transistor technology (TFT) where transistors based on
amorphous oxide or polysilicon technology are manufac-
tured on glass panels which may have glass substrate sizes
from first generation displays of around 30 cmx40 cm to the
latest tenth generation displays (known as GEN10) of
around 2.88 mx3.15 m.

[0005] In most portable devices (i.e. battery powered
devices) the display uses a majority of the available battery
power. Additionally, the most common user complaint for
portable devices is insufficient display brightness. To extend
battery life and improve brightness levels it is desirable to
reduce power consumption and produce higher luminance
emission from the light source.

SUMMARY

[0006] Some embodiments include a method for manu-
facturing a display device or element comprising pixels,
each pixel comprising a sub-pixels, each sub-pixel config-
ured to provide light of a given wavelength. The method
may include: performing, using a pick up tool (PUT), a first
placement cycle, and then one or more additional placement
cycles. In multiple placement cycles, multiple LED dies
(e.g. emitting light at a wavelength) can be placed at the
same sub-pixel. The first placement cycle may include
picking up first LED dies, and placing the first LED dies on
a substrate of the display device at locations corresponding
to the pixels of the display device. The first LED dies may
include a first LED die including at least one LED emitter
that is placed at a location corresponding to a sub-pixel of a
pixel.

[0007] The method may further include, performing, using
the PUT, one or more subsequent placement cycles. A
subsequent placement cycle may include picking up second
LED dies, and placing the second LED dies on the substrate
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of the display device at the locations corresponding to the
pixels of the display device. The second LED dies may
include a second LED die including at least one LED emitter
that is placed at a second location corresponding to the
sub-pixel of the pixel.

[0008] In some embodiments, the method comprises
determining a number of subsequent placement cycles based
on a model.

[0009] In some embodiments, the model defines the num-
ber of subsequent placement cycles based on predicted
device yields of a fabrication process for the first LED dies.
[0010] In some embodiments, the model defines the num-
ber of subsequent placement cycles based on one or more of’
a quality of semiconductor used to fabricate the first LED
dies; or the fabrication process used to fabricate the first
LED dies.

[0011] In some embodiments, the model defines the num-
ber of subsequent placement cycles to achieve a predeter-
mined display vield.

[0012] In some embodiments, the method further com-
prises performing a test of the at least one LED emiitter of the
first LED die to determine whether the at least one LED
emitter is functional.

[0013] In some embodiments, the method further com-
prises determining a number of subsequent placement cycles
based on a result of the test.

[0014] In some embodiments, the method further com-
prises repairing or replacing a non-functional LED die based
on a result of the test.

[0015] In some embodiments, the test comprises applying
areverse bias to the at least one LED emitter of the first LED
dies.

[0016] In some embodiments, the first placement cycle
comprises picking up a first array of the first LED dies, and
wherein the first LED dies of the first array are arranged on
the PUT to correspond with the locations corresponding to
the pixels of the display device.

[0017] In some embodiments, the subsequent placement
cycle comprise picking up a second array of the second LED
dies, and wherein the second array is of equal size to the first
array.

[0018] In some embodiments, the method further com-
prises rendering the at least one LED emiitter of the first LED
die non-functional.

[0019] In some embodiments, one of first LED die or the
second LED die is configured to emit light.

[0020] In some embodiments, the other one of the first
LED die or the second LED is configured to operate as a
photo-diode for generating electrical current when light is
incident thereon.

[0021] In some embodiments, the method further com-
prises using the electrical current to charge a battery, such as
the battery of a device that includes the display device.
[0022] In some embodiments, the first and second LED
dies comprise pLED dies, the uL.LED dies each including one
or more LLED emitters.

[0023] In some embodiments, each of the one or more
uLED emitters of a pLED die comprises first and second
electrodes configured to allow current to pass through the
ULED emitter, and wherein the first and second electrodes
are positioned on the same surface of the pLLED die.
[0024] In some embodiments, the first and second elec-
trodes are positioned on a surface of the pLED die opposite
an emission surface.
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[0025] Insome embodiments, the uLED dies each include
a plurality of uLED emitters, each of the plurality of uLED
emitters configured to emit light of substantially the same
wavelength. In some embodiments, the first and second LED
dies comprise pLED dies, a uLED die including ul.ED
emitters. Fach of the nLED emitters of the nLED die
includes a first electrode. The first electrodes of the WL.ED
emitters of the uLED die are connected with a common
second electrode the pLED die.

[0026] Some embodiments may include a display device,
comprising: a substrate; and a micro-LED (ULED) die
attached to the substrate. The uLED may include: a uLED
emitter comprising: a substantially parabolic mesa structure;
a light emitting source within the mesa structure; and a
primary emission surface on a side of the device opposed to
a top of the mesa structure. The ULED die further may
include a first electrode and a second electrode positioned on
a surface of the pLED die.

[0027] Insome embodiments, the surface of the pLED die
is opposite the emission surface.

[0028] In some embodiments, the pLED die includes a
plurality of uLED emitters, wherein a first electrode of each
of the plurality of phLED emiitters is common to the plurality
of uLED emitters

[0029] In some embodiments, the display device may
further include a plurality of pLED dies attached to the
substrate at locations corresponding to a sub-pixel of a pixel
of the display device.

[0030] According to an aspect of the invention, there is
provided a computer program comprising instructions
which, when executed on at least one processor, configures
the at least one processor to perform functionalities as
described herein.

[0031] According to an aspect of the invention, there is
provided a carrier containing a computer program disclosed
herein, wherein the carrier is one of an electronic signal,
optical signal, radio signal, or non-transitory computer read-
able storage medium.

[0032] As used herein, the term LED is considered to
encompass an inorganic LED (ILED). Further, the term
ILED is considered to encompass a uWLED.

[0033] As used herein, the term Pick up Tool (PUT)
encompasses a tool containing a single pick up head or
multiple pick up heads. Each head may be designed to pick
at least one LED die (for example, a WLED or inorganic LED
(ILED)) from a handle layer (also termed a handle carrier
substrate) and place the ILED die onto a final substrate, for
example a display substrate such as a TFT.

[0034] A selective PUT may be a tool containing a single
pick up head or multiple pick up heads. Each head is
individually controllable such that it can be enabled or
disabled to pick at least one ILED die from a handle carrier
substrate selectively. That is, the amount of adherence
applied by a selective PUT may be altered, whereby if the
pick up head is enabled then the ILED die is picked up, and
if the pick up head is disabled then the ILED die is not
picked up. The selective PUT may then be configured to and
place a picked ILED die onto a final substrate such as a TF'T.
A selective PUT may therefore be considered to be pro-
grammable depending on the pick up requirements and is
considered an active PUT.

[0035] A non-selective PUT may be a tool containing a
single pick up head or multiple pick up heads. The non-
selective PUT may be configured to apply a fixed level of
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adherence to any given ILED die. The level of adherence
may not be changed. A non-selective PUT may be designed
to pick according to a predetermined pattern or sequence.
Each head of a non-selective PUT therefore cannot be
individually enabled or disabled to pick a single ILED die
from a handle carrier substrate and place the ILED die onto
a final substrate such as a TFT. A non-selective PUT may
therefore be considered as non-programmable and is con-
sidered a passive PUT.

[0036] A typical ILED Display manufacturing approach
comprises two features: 1) a spatial map across the wafer (or
handle carrier substrate) of Known Good Die (KGD) from
a high yielding wafer, which requires wafer level testing
prior to assembly; and 2) a selective PUT to pick and place
KGD.

[0037] The inventors have appreciated that for an ILED
display manufacture method, the combination of KGD test-
ing at wafer source coupled with a selective PUT is a
significant challenge and not readily achieved. Alternative
strategies are desirable.

[0038] Disclosed herein are methods of ILED display
manufacture. The methods may lead to yield improvement
based on an LED redundancy schemes that take into con-
sideration realistic p\LED wafer starting yields. The methods
may include the use of a non-selective PUT for pick and
place assembly. The methods may include multiple assem-
bly cycles (e.g. pick, place & test) combined with multiple
PLED dies per color per display pixel, and each die con-
taining multiple emitters to give the same effect as a starting
wafer material of high device yield to give higher display
vield. It is noted that a wafer’s device yield relates to the
number of functional devices that a wafer may produce and
can be affected by a number of factors, such as wafer quality
and fabrication methods. Display yield encompasses a mea-
sure of the number of functional LED emitters or pLLED
emitters in a display.

[0039] In exemplary methods, a single assembly station
may undertake an initial assembly cycle (e.g. pick, place &
test) as follows: a transfer printing non-selectable PUT picks
an array of uLED dies from a handle layer. The array of
uULED dies is placed on a display substrate starting, for
example, at one corner. This sequence is repeated with the
pick location on the handle layer moving sequentially to the
next (e.g. adjacent) pLED dies and a placement location
moving to the next (e.g. adjacent) set of locations on the
substrate—the next square in ‘a chess board pattern’, by way
of example. Once the sequence has moved through all the
squares in the chess board pattern for one colour, the same
process is repeated for the other two colors. Once all colors
are completed, a test sequence undertaken (i.e. all uLED dies
are turned on and functionally tested and it is determined
which nLED dies and/or emitters in which pixel locations
are not working. Depending on the yield, a final repair step
is then implemented to repair nonworking pLED dies at
pixel locations. This may involve the removal and replace-
ment, the placement of a redundant chips and/or the deac-
tivation of the bad chips at a repair station.

[0040] In exemplary methods, the overall target for the
PLED wafer yield may be known. The multiple pLED dies
per color per display pixel may be sourced from different
locations of the same handle layer or from different handle
layers. The sequence of pick, place & test may be repeated
until there is a working pLED die of each colour (R, G and
B) in all or nearly all (e.g. 99% or more) of the display pixel
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locations. The pLLED dies may have all contacts on the same
side, and the contacts may be placed down onto the glass,
enabling the pL.ED emitters of each ulLED die to be powered
from the glass substrate immediately after placement. The
methods may be used where the pL.LED wafer has not been
previously tested and a defined number of pLED (single
emitter or multi emitter LED) dies are placed per colour per
pixel.

[0041] When a LED die comprises multiple emitters
instead of a single emitter per LED die, modelling shows
that such multiple emitter dies can significantly reduce the
number of cycles/dies required per pixel to obtain an accept-
able display yield. This can have a significant impact on
wafer material used (number of dies required) and assembly
time (number of assembly cycles).

[0042] In exemplary methods, there is no uLED wafer test
or testing during the assembly cycle, only pick and place.
The probability of each display pixel working is sufficiently
high after the placement of the defined number of phLED dies
per pixel that it is now possible to obtain working products
(displays) with a sufficiently low numbers of defects per
display product that a manufacturing line repair strategy can
be deployed, i.e. the display yield is sufficiently high that it
is considered a ‘manufacturable’ process. This approach will
give an acceptably low number of defects per display
product for small displays, i.e. the cost increase due to
multiple dies per pixel is immaterial for displays of small
pixel numbers such as wearable technologies.

[0043] In some embodiments, subsequent dies (after the
first placement) are single emitter uLED dies. This will
reduce the size of the pLLED dies that are used and reduce the
cost.

[0044] In some embodiments, testing can be introduced
between each pick and place cycle using a selective PUT to
pick out defective pLED die and replace with a working die
from a wafer bank of KGD which has been designated for
repair work.

[0045] In some embodiments, excess emitters are left
enabled to act as solar cells for energy harvesting resulting
in extended battery operation and lifetime.

[0046] In some embodiments, dies have p and n contacts
on the same sides to enable in-process electrical testing.
Known approaches use one contact up and one contact
down. Testing of such dies directly after placement with this
configuration cannot be a full electrical test without further
back processing steps for top contact. Alternatively a dif-
ferent approach may be used, such a fluorescence testing of
the LED.

[0047] In some embodiments, a laser is used to cut the
tracks for any emitter within a die that are placed but are
defective and/or for excess emitters. Multiple but different
numbers of LED emitters per pixel working in parallel may
create image artefacts that will not be acceptable.

[0048] A selectable PUT may also be used to repair a LED
wafer or handle layer to get a “virtual” wafer yield of 100%
before submitting the wafer to the assembly processes
described above.

[0049] A selectable PUT may be used to ‘repair’ defects
on a LED wafer or handle layer to produce LED wafers or
handle layers having a ~100% virtual yield. In addition to an
AOI approach to inspect LEDs, such as pLEDs, (functional,
optical power, beam profile) an additional approach may be
used, such as reverse biasing the LED and shining light onto
it, 1.e. getting it to act as a photodiode, and using the
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behavior of the LED in photodiode mode to predict and
characterize the LEDs parametric performance.

BRIEF DESCRIPTION OF THE DRAWINGS

[0050] FIG. 1 is schematic cross section of a ulLED, in
accordance with one embodiment.

[0051] FIG. 2 is a schematic view of an exemplary pLED
die, in accordance with one embodiment,

[0052] FIG. 3 is a schematic view of an exemplary pLED
die, in accordance with one embodiment.

[0053] FIG. 4 is a schematic view of an exemplary display
device, in accordance with one embodiment.

[0054] FIG. 5 is a schematic view of an exemplary display
device, in accordance with one embodiment.

[0055] FIG. 6 is a section through an exemplary display
device, in accordance with one embodiment.

[0056] FIG. 7 is a plot of light intensity against photo-
power, in accordance with one embodiment.

[0057] FIG. 8 is a flow diagram, in accordance with one
embodiment.

[0058] FIG. 9 is a flow diagram, in accordance with one
embodiment.

[0059] FIG. 10 is a plot of a number of emitters on a die
against yield for a plurality of wafer qualities, in accordance
with one embodiment.

[0060] FIG. 11 is a plot of a number of placement cycles
against a number of defective pixels for a plurality of wafer
qualities, in accordance with one embodiment.

[0061] FIG. 12 is plot of a number of placement cycles
against a fix reduction factor for a plurality of dies having
different numbers of emitters, in accordance with one
embodiment.

[0062] The figures depict embodiments of the present
disclosure for purposes of illustration only. One skilled in
the art will readily recognize from the following description
that alternative embodiments of the structures and methods
illustrated herein may be employed without departing from
the principles, or benefits touted, of the disclosure described
herein.

DETAILED DESCRIPTION

[0063] Inorganic light emitting diode (ILED) displays
may provide superior battery performance and enhanced
brightness. The ILED display is different from the OLED
display. OLED displays pass current through organic or
polymer materials that are sandwiched between two glass
planes to produce light. ILED displays replace organic
materials of OLEDs with a discrete standard LED die
(which is made of inorganic materials) at each pixel of the
display (each pixel consists of three individual Red, Green
and Blue LED dies for color displays).

[0064] Standard (i.e. inorganic) LED devices have been
around for many years and their performance (efficiency,
brightness, reliability and lifetime) has been optimized over
that time as the LED industry has pursued many commercial
opportunities—especially the challenge of developing LED
technology to enable it to replace the standard incandescent
bulbs for general light applications, i.e. inorganic LEDs are
significantly more efficient, bright and reliable than the new
and less developed OLED materials.

[0065] The concept of individually switchable standard
LED dies (R, G & B) at each pixel in a display is well
known. This approach is in widespread use for large infor-
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mation displays. However, to-date it has not been possible to
scale this approach down to smaller displays as it requires
smaller area, for example less than 100 um2, LED devices
which are more challenging to manufacture compared to
standard larger LEDs, which have a planar design, are
inefficient in light direction control and are typically greater
than 0.25 mm?2 in area. Additionally, when using standard
LEDs the assembly of the many millions of pixels needed
for a laptop or smart phone display is not feasible using
standard large area chips and traditional assembly/manufac-
turing techniques such as flip-chip.

[0066] The inventors have further appreciated some chal-
lenges with ILED display manufacture, as set out below.
[0067] State of the art LED wafer manufacturing yields
vary in the industry from 60-90% depending on die size and
performance parameters. Unlike the semiconductor industry,
there has been no motivating market to strive to higher
manufacturing yields equivalent to those of the silicon
device manufacture, which may reach in excess of 98% for
example.

[0068] These low yields by comparison to the silicon
industry has been a primary obstacle to ILED display
developments given the pixel count in displays range from
10s of thousands for wearable displays to 10s of millions for
large area high resolution displays.

[0069] To compound the yield issue, the dimensions of
LED dies required for ILED displays are significantly
smaller in scale compared to standard LED dies for tradi-
tional luminaire/lighting applications. This difference in size
can have a dramatic impact on yield when the size of the
defect is similar in scale to the LED dies. This represents
another significant barrier which must be overcome to
manufacture an ILED image generator.

[0070] High LED wafer yields greater than or equal to
99.99% are ideally required as an input to an ILED display
manufacture process because the display industry takes a
zero tolerance approach to pixel defects in a display. These
LED wafer yield requirements for displays are unrealistic by
today’s standards, but with the correct investment, LED
wafer yields for ILED displays greater than 90% are con-
sidered realistic.

[0071] Assembly methodologies may be factored in to the
manufacturing process of LED display generators to over-
come low LED wafer yields. This can make the production
of ILED displays acceptable to the display industry.
[0072] One approach to overcoming ILED yield problems
is to pre-process (repair) an ILED wafer before using it in an
ILED display assembly process. In such pre-processing
techniques, any defective ILED dies are removed from a
wafer after manufacture and before assembly of a display
driver. The removal of defective ILED dies may be done
using a Known Good Die (KGD) map generated from
pretesting of the ILED wafer, which can be difficult. Defec-
tive ILED dies are removed from the ILED wafer. KGDs
from a further ILED wafer are then picked from the further
wafer and placed in the locations on the ILED wafer from
which the defective ILED dies were removed. It is then
possible to present wafers of a notional 100% vield to an
ILED display assembly station/process. This is a known
process in the Silicon Semiconductor Industry but is con-
sidered another challenge here because of the need for a
Selective Pick up Tool (PUT) to enable the efficient imple-
mentation of this wafer repair strategy. A typical approach to
implementing such a wafer repair strategy would be to use
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anormal PUT (single die pick up tool) to pick up, individu-
ally and sequentially, good dies and replace each bad die on
the ILED wafer. An exemplary method disclosed herein is to
use a PUT with a matrix/array of pick locations to imple-
ment a repair process on a massively parallel scale. In such
methods, the positions should to be determined in the
matrix/array of pick locations on the PUT that need to pick
an ILED die during both cycles of the repair process (i.e. the
removal of defective dies from the original wafer and the
picking of replacement dies from the further wafer). That is,
a selectable PUT is used which is not readily achieved.
[0073] 1t is difficult and possibly not viable to test indi-
vidually each die on an ILED wafer. The following methods
are proposed below to achieve a realistic high yielding ILED
display manufacturing strategy.

[0074] Typically, LED wafers are tested at the end of the
wafer manufacturing process in a LED wafer fab. Addition-
ally, the traditional silicon integrated circuit fabrication
model is wafer level test directly post front end processing.
This allows devices to be inked/binned and sorted into
segmented carriers or trays according to the performance
requirements of the application. Typically these devices
(LED:s or ICs) have dimensions greater than 0.5 mm to 3 mm
on one side. Wafer testing is carried out using automated
wafer test stations where devices are individually probed to
test electrical and optical characteristics. KGD maps are
generated by this process.

[0075] In the approach discussed herein for ILED dis-
plays, the ILED dies are ~5 um to 20 10 um in size. This
means that there will be ~100 million dies on a single 4"
wafer. Given the quantity of devices to be tested and their
size, wafer testing represents a significant challenge and the
economics or practicalities of achieving a normal 100% die
test on a wafer is not possible today. Alternative smart wafer
test approaches have been considered. These include fluo-
rescent imaging of each die on a wafer. However, it is not
clear that, at the die sizes involved, the resolution is suffi-
cient to determine an accurate KGD from its nearest failing
neighbors.

[0076] Automated Optical Inspection (AOI) is a powerful
tool commonly used as part of an integrated test strategy that
ensures costs are kept low by detecting or screening out
defects at various stages in a manufacturing cycle. AOI can
be introduced early in the process to catch defects in the
production process, in particular if faults cost greater to
repair further down the assembly flow. Alternatively, AOI
can be introduced at critical assembly steps to avoid costly
repairs. Typical AOI systems are capable of inspection to
sizes down to 10 pm to 15 um resolution. Higher resolution
means a slower speed of inspection so the resolution choice
is dependent on a best fit to the production process based on
the component size and cycle time.

[0077] For ILED displays, AOI screening may be used to
detect if ILED dies are present or not after placement on a
glass substrate/flat panel. Exemplary ILED displays include
ILEDs with two contacts down onto the substrate/flat panel.
Tt is therefore possible to determine using AOI the assembly
placement yield by detecting an optical contrast where
devices have not been placed.

[0078] Liquid crystal display (LCD) and flat panel display
repair products and strategies exist and are well suited for
isolating circuits, removing top-layer metal and dielectrics
passivation layers on semiconductor devices. Repair, how-
ever, is generally avoided as it can be slow and costly.
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Typically, a repair process can be tolerated at an early stage
adoption of new technology while it commands a premium
but eventually, as the manufacturing yields improve, repair
is undesirable.

[0079] Methods for repair include laser trimming of
microelectronics components to cut tracks or fuse circuitry.
This can be used to create an open circuit device for
example.

[0080] The inventors have appreciated that for ILED dis-
plays to become more commercially viable, one or more of
the above challenges should be solved. A manufacturing
methodology is disclosed herein, which is tailored to the
specific needs of the ILED display industry by overcoming
one or more shortfalls in existing technologies for compli-
cated wafer test methods and selective PUT tool design. For
example, exemplary methods and apparatus comprise a
redundancy scheme deployed using the unique properties of
micro LEDs (uLEDs) for display products ranging from
wearable to larger laptop displays.

[0081] Generally, disclosed herein is a method for manu-
facture of displays. Exemplary displays may be used in
display applications such as wearable display incorporating
LLED:s.

[0082] As used herein, “ul.ED” technology encompasses
micron size ILED devices that directionalize the light output
and maximize the brightness level observed by the user. A
pPLED is disclosed in U.S. Pat. No. 7,518,149 that effectively
delivers directionalized light. As used herein, “directional-
ized light” encompasses collimated and quasi-collimated
light. For example, directionalized light may be light that is
emitted from a light generating region of an ILED and at
least a portion of the emitted light is directed into a beam
having a half angle. This may increase the brightness of the
ILED in the direction of the beam of light.

[0083] A ulED may have a circular cross section, in
which case a diameter of the pLED is typically less 20 pm
A uLED may have a parabolic structure etched directly onto
the ILED die during the wafer processing steps. The para-
bolic structure may comprise a light emitting region of the
uLED and reflects a portion of the generated light to form a
quasi-collimated light beam emerging from the chip.
[0084] FIG. 1 shows an exemplary uLED 100. The pLED
100 is the same or similar to the uLED having high extrac-
tion efficiency and outputting quasi-collimated light because
of a parabolic shape as discussed in U.S. Pat. No. 7,518,149.
A substrate 102 has a semiconductor epitaxial layer 104
located on it. The epitaxial layer 104 is shaped into a mesa
106. An active (or light emitting) layer 108 is enclosed in the
mesa structure 106. The mesa 106 has a truncated top, on a
side opposed to a light transmitting or emitting face 110 of
the uLED 100. The mesa 106 also has a near-parabolic shape
to form a reflective enclosure for light generated within the
uLED 100. The arrows 112 show how light emitted from the
active layer 108 is reflected off the internal walls of the mesa
106 toward the light exiting surface 110 at an angle sufficient
for it to escape the uLED device 100 (i.e. within an angle of
total internal reflection).

[0085] The parabolic shaped structure of the pLED 100
results in a significant increase in the extraction efficiency of
the pLED 100 into low illumination angles when compared
to unshaped or standard LEDs.

[0086] FIGS. 2¢ and 2b show an exemplary pLED die
200. FIG. 2a shows a plan view and FIG. 2b shows a cross
section. The die 200 comprises a single emitter 202 with a
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“p” electrode 204 and an “n” electrode 206 formed on the
same side of the die 200 as a mesa 208. The light is output
from a light emitting surface 210 on the opposite side of the
ULED die 200 to the electrodes. The light is emitted through
the epitaxial layer of the uLLED die 200.

[0087] FIG. 3 shows a perspective view of a uLED die 300
comprising a plurality of emitters 302a and 3025. The single
die 300 of FIG. 3 comprises two uLLEDs. As used herein, the
term “‘single die” encompasses a single and discrete section
of substrate, e.g. a semiconductor substrate, on which semi-
conductor devices are fabricated. The die 300 comprises an
n electrode 304, and a p electrode for each pLED emitter,
such as the p electrodes 3064 and 3065 for the pLED emitter
302a and 3025, respectively.

[0088] The size of the uLED die 300 is larger than the die
200 shown in FIG. 2, as the number of uLED emitters is
increased. However, in the case where multiple emitters are
required and the n and p electrode formations are on the
same side of the chip, the real estate used by the die 300 is
reduced. For example, if two emitters are required, the die
300 represents a real estate saving in excess of 25% com-
pared to two dies 200, which comprise a single emitter.
[0089] An advantage of apparatus disclosed herein is the
interconnect configuration of the dies (i.e. p and n electrodes
on an opposite side to the light emitting side). This configu-
ration allows integrated testing of the dies 300 immediately
after assembly onto a glass (or other transparent material)
panel and before completion of a final display stack assem-
bly. The manufacturing test and repair strategy is therefore
simplified and testing can be integrated into the assembly
process.

[0090] FIG. 4 is a schematic perspective view of a portion
of a pLED display 400. The display 400 comprises a 2x3
matrix of display pixels 402. Each display pixel 402 com-
prises six nLED dies 404. Each die 404 comprises a single
uLED emitter 406 and each display pixel 402 includes two
each of Red, Green and Blue pnLED emitters. The dies 404
are assembled onto a TFT glass panel substrate 408. Elec-
trical tracks 410 are formed on the glass substrate 408
connecting to the p and n electrodes of each of the uLED
dies 404, which are located on the same side of the dies 404
opposite a light emitting surface of the dies 404. In other
exemplary displays, one of the p and n electrodes may be on
a bottom surface of the glass panel (with the TFT circuitry)
and the other of the p and n electrodes may be on a top
surface of the pLED die 404.

[0091] In the exemplary display 400 of FIG. 4, redun-
dancy is provided in each display pixel 402 by including two
single dies 404 per color. A plurality of bonding sites is
available per display pixel 402 (in this case two bonding
sites per color of emitter) which allows, in this example, two
dies per color to be mounted (i.e. each die 404 has a single
emitter 406).

[0092] After the first assembly cycle an integrated test
(such as AOI—as described above) may be undertaken to
detect defective nLEDs, missing pLEDs and contaminated
uLEDs. Such defects may be termed “killer defects”.
[0093] In the example of FIG. 4, six uLED dies form a
display pixel (i.e. 2 dies per color). The dies are typically
mounted over multiple placement cycles.

[0094] FIG. 5 is a schematic perspective view of a portion
of a uLED display 500. In the exemplary display 500, each
pixel 502 comprises a plurality of uLED dies 504 and each
uLED die 504 comprises a plurality of pLED emitters 506.
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[0095] FIG. 6 is a cross section through a portion of a
display 600. The display 600 comprises a plurality of uLED
dies 602 mounted on a glass top layer 604 such that emission
of light is into and through the glass top layer 604. In the
exemplary configuration of FIG. 6, both the p electrodes 606
and the n electrodes 608 are mounted on the same side of
each die 602 and on an opposite face of the die 602 to the
output face. FIG. 6 shows how the uLED dies 602 may be
mounted on TFT layers 610 of the display 600.

[0096] The p electrodes 606 and the n electrodes 608 are
on a lower surface of the dies 602 facing down and in direct
contact with display active circuitry in the TFT layers 610
using suitable bonding layers. Further, the display does not
require patterned bank structures that, in other displays, are
used to form conductive tracks and reflective layers to
directionalize light upwards towards the top glass layer 604.
The display 600 comprises a plurality of pLED dies 602 that
inherently directionalize light output so reflective bank
layers are not necessary. In other arrangements, the contacts
of the uLED dies 602 may be formed on opposite sides of
the die. This restricts final testing until topside passivation
and full electrical interconnections are made. In exemplary
methods and apparatus disclosed herein, the two contacts
606 and 608 are facing down onto the TFT layers 610, which
enables testing prior to any final passivation in the display
final assembly.

[0097] An overview of the traditional AOI approach to
screen assembly failure is described above. In exemplary
methods and apparatus disclosed herein, it is envisaged that
a test is applied whereby each pLED emitter is powered up
(i.e. current is applied across the electrodes of each pLED
emitter) and the AOI is used to check that the pLED is
functional (i.e. light is emitted when current is applied to the
uLED emitter). In an extended method of an AOI test, the
individual pLED emitter’s optical intensity can be measured
and checked to ensure it is above a threshold required for a
specified current. The optical beam profile for each pLED
may also be determined using a ‘camera.’ This may depend
on the distance of the ‘camera’ from the pLED and may
additionally use appropriate optics.

[0098] An alternative or complementary approach to test-
ing the pLED is also disclosed in which each PLED emitter
is reverse biased such that it acts as a photodiode. The
electrical response of the diode is then determined when a
light beam is incident upon it. In this approach, a reverse
leakage behavior will indicate whether the device is func-
tional and may also indicate the likely parametric perfor-
mance of the uLED die.

[0099] The AOI and reverse bias test approaches are
termed “intermediate test” as they are tests that are carried
out during each assembly cycle. SThis is as opposed to
“source test” for frontend wafer level and “final test” at final
functional assembly.

[0100] FIG. 7 shows a plot of the light response in Nano
Watts of a pLED in an arbitrary revers bias setting for
varying light intensities using a white light stereoscope
ring-light with shutter settings to control the light intensity.
In the exemplary measurement of FIG. 7 the reverse bias
was 0.1V. FIG. 7 highlights that while the diode character-
istics of the uLED are not typical, it nevertheless demon-
strates excellent sensitivity to determine an electrical signa-
ture via the active circuitry for the presence of a die.
Additionally, a known predictable behavior of the ILED chip
at a set reverse bias operating point(s) can also provide
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qualitative information as to the diode characteristics of the
device and therefore the likely device performance.

[0101] In an exemplary manufacturing process, a first
single pLED die will be mounted onto a glass substrate in a
specific display pixel location in a single placement cycle.
The first uLED die may be mounted at the same time as a
plurality of pLED dies at other display pixel locations in the
same placement cycle. An intermediate test can then be used
to determine if the first pLED die (and optionally the other
uLED dies placed in the same cycle) is functional. If it is not
functional a second placement cycle will place a second
uLED die in the same pixel location. Again, the second
PLED die may be placed at the same time as a plurality of
other uLED dies placed at other pixel locations where there
is no functional pLED die. This methodology can be
extended and multiple placement cycles can be used to place
additional pLED dies in pixel locations where there is still
not a functional uLED. The above method is possible using
a non-selectable PUT. Once the process is complete for one
of the red, green or blue sub-pixels of a pixel, it is repeated
for the other two pLED colors, noting that each display pixel
location requires, red, green and blue pLEDs.

[0102] Another exemplary manufacturing process may be
used that does not employ a selectable PUT. In such exem-
plary methods, each additional placement cycle will place a
plurality of uLED dies in a plurality of display pixel loca-
tions independent of whether previous pLEDs were func-
tional or not. If there is no selectable PUT, there is no way
to prohibit the picking of pLED dies from a wafer, or the
placing of those uLED dies in each display pixel location on
the glass substrate. A possible disadvantage of such methods
is increased cost due to multiple pLED dies in every display
pixel location. However, advantages may include the
removal of the need for testing of WLED dies and that such
methods are possible when a selective PUT is not available.
[0103] The number of placement cycles in such methods
may be determined by one or both of the following: (1) the
use of intermediate tests to determine if there is a functional
uLED die in every display pixel location to a defined display
vield, which refers to the number of functional pixels in a
display. Once 100% display yield has been reached, no
further placement cycles are required. Alternatively, a high
vield may be tolerated combined with a repair step. The
industry standard display yield is currently 100% functional
red, green and blue emitters, or (2) a probability model
where a defined pLED die redundancy gives an acceptable
probability of a defined display yield. That is, given variable
factors, such as the quality of a semiconductor material and
a number of emitters on a uLED die, a model may be used
to predict the number of placement cycles required to
achieve a high probability of a defined display yield.
[0104] In exemplary methods, an initial, or first, place-
ment cycle comprises picking pLED dies from a first loca-
tion on a wafer and a subsequent uLED die placement cycle
comprises picking pnLED dies from a separate, or second,
location on the wafer or from a different wafer. This may
provide the advantage that the transfer of clustered wafer or
fabrication faults to the display is avoided. Appropriate
algorithms can be implemented in the manufacturing
method to implement this.

[0105] In exemplary methods, defective or excess pLED
emitters in each display pixel may be ‘disconnected’ such
that they are no longer illuminated when the display pixel or
sub-pixel is illuminated. Multiple but different numbers of
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uLED emitters per pixel running in parallel may create
unwanted image artefacts in the display. These may not be
acceptable to users of the display. The disconnection of
LEDs can be achieved using laser trimming or other such
approaches. In exemplary methods, one or more electrical
contacts of defective uLED dies may be passivated, thereby
electrically insulating the electrode to “disconnect’ it.
[0106] In exemplary methods, one or more excess pLED
emitters may remain ‘connected’ such that they are config-
ured to act as a photosensitive device. That is, the excess
PLED emitters may be configured to produce a current when
light is incident on them. These devices may be termed
PLED photodiodes. In such arrangements, stray light that is
not directed by the structure of the pLED emitters in the
display towards the emission surface may be incident on the
uLED photodiodes and the resultant electrical current used
to charge a battery of a device, or for some other purpose.
[0107] Exemplary methods and apparatus relate to using
PLED dies comprising a plurality of pLED emitters, each of
which may be configured to produce one of red, green or
blue light to provide a sub-pixel of a display pixel of a
display. A plurality of uLED emitters per die may reduce the
number of placement cycles required to provide a defined
display yield and may increase the probability of obtaining
a functional inorganic pLED display.

[0108] Exemplary manufacturing methods use multiple
placement cycles comprising, for example, picking, placing
and/or testing of pLED dies and/or emitters. Such placement
cycles may be used to pick, place and/or test multiple uLED
dies per color per display pixel, wherein each pLED die
comprises a plurality of ULED emitters to give higher
display yields. The probability of there being a working
uLED emitter in each sub-pixel of a display pixel is sub-
stantially increased using such methods and this may there-
fore lower numbers of defects and repairs.

[0109] FIG. 8 shows a flow diagram of an exemplary
manufacturing method, a description of which is provided
below. The method may involve a single assembly station
that performs a plurality of placement cycles (e.g. pick,
place & test) and may require no testing of pLED emitters
or dies on the wafer.

[0110] As a first step, nLLED dies are fabricated 800 on a
semiconductor wafer. The pLED dies each comprise a
plurality of pLED emitters of a single color. The color of the
uLED emitters may be one of red, green or blue and may
therefore be used to form a sub-pixel of a display pixel.
[0111] A PUT picks 802 an array of the pLLED dies from
the wafer. Each of the uLED dies in the array is configured
to provide a sub-pixel of a display. The array of pLED dies
is placed 804 on a TFT substrate and may form a matrix, for
example, a square matrix, of pLED dies corresponding pixel
locations on the display. The placement may begin at one
corner of what will become a display. The process of picking
and placing is then repeated 806 until all pixels of the
display have a uLED die forming a sub-pixel of the pixel.
When repeating the pick, the PUT may move the pick
location on the wafer sequentially to a next uLED die and
move the place location to a next matrix of pixels of the
display, which may be adjacent to the first matrix of pixels
in a chess board pattern. As mentioned above, the dies
comprise a plurality of pLED emitters. The use of uLED
emitters allows a plurality of emitters to be fabricated on a
single die. Additionally, and as set out above, the electrical
contacts or electrodes of each die may be on a single face of
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the die. That single face may be opposite a light emitting
surface of the pLED emitters.

[0112] Once the method has repeated steps 802 and 804
until all pixels of the display comprise sub-pixel of one color
(red, green or blue), steps 802-806 are repeated for the
remaining two colors. The result of this is a display com-
prising a plurality of pixels, each pixel comprising a pLED
die of each of red, blue and green. The uLED dies may each
comprise a plurality of uLED emitters.

[0113] ThepLED dies are tested 810 to determine whether
they include at least one functional pLED emitter. The test
may comprise all dies having a current applied to them in
reverse bias and/or forward bias. This may be done for all
sub-pixels of each pixel. It is then determined 812 whether
any of the pLED dies are defective, i.e. do not contain a
functional pLED emitter or has a parametric defect detected
from the diode characteristics, and at which pixel locations.
As exemplary pLLED dies have their electrical contacts all on
one side opposite the light emission surface, this enables the
uLED dies to be powered for testing from the TFT layers
immediately after placement.

[0114] Further pick, place and test cycles are completed
814 until the number of defective pLLED dies (and therefore
pixels) is less than a predetermined threshold. In each
placement cycle a selectable PUT may be used to pick one
or more uLED dies relating to the pixel locations where
there is a pLED die comprising no working unLED emitter.
However, in other methods, alternative methods of selecting
PLED dies to be picked may be used. This method reduces
the number of redundant pLED dies placed on the TFT
layers and the number of placement cycles, both of which
result in cost and time reductions.

[0115] Excess and/or defective pLED emitters may then
be disconnected 816. This may be done by laser trimming to
cut the tracks on any excess or defective emitters/dies to
obtain one functional emitter per sub-pixel per pixel loca-
tion. Passivation may also be used, as described above.
[0116] Optionally, the excess working emitters/dies can be
configured for use as pLLED photodiodes for energy harvest-
ing, whereby these structures act like solar cells and the light
energy reaching them is converted into electrical energy. The
latter energy can then be used to charge the battery of the
device or to drive other elements of a device.

[0117] It is noted that, as described above, the additional
ULED dies picked in subsequent placement cycles after
testing may be sourced from different locations of the same
wafer or from different wafers.

[0118] FIG. 9 shows a further exemplary method that is
described below. Again, there is no requirement for testing
of uLED dies or emitters on the wafer. In addition, the
method of FIG. 9 does not require a selective PUT.

[0119] As in the method of FIG. 8. after uLED dies have
been fabricated 900 on a semiconductor wafer, multiple
assembly and placement cycles 902-908 are undertaken to
produce a display having at least one pLLED die of each of
red, green and blue at each pixel location. In the method of
FIG. 9, the dies may comprise other types of emitter than
ULED emitters, such as standard LED emitters. Further, the
dies used may comprise a single emitter or a plurality of
emitters.

[0120] After all sub-pixels of all pixels have been placed,
there need be no intermediate testing phase, as in FIG. 8.
Instead, steps 902-908 may be repeated one or more times.
The number of times that steps 902-908 are repeated may be
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based on a model, as set out below. In other methods, a test
may be undertaken after one or more placement cycles to
determine whether the number of defective dies/emitters is
below a threshold. If so, the method may be ended. If not,
one or more further placement cycles may be undertaken.
There is no selective replacement of the dies. Rather, a
further die is placed at each pixel location of the display.

[0121] In some exemplary methods, a test may be under-
taken on each sub-pixel color to determine whether the
number of defective dies/emitters of that color is below a
threshold. If so, no further dies of that color are added to the
display in any subsequent placement cycles.

[0122] An effective final test is carried out before stack
assembly functional test 912 (e.g. positive & reverse bias/
AQI) is carried out to determine which LED dies are
working. Defective and/or excess emitters are disconnected
914 using, for example, laser trimming to cut the tracks on
those emitters/dies to obtain one functional emitter per
colour per pixel location. Repair of the remaining defective
emitters/dies is undertaken 916 at a repair station to singly
add a good die to any pixel where there still is not a working
emitter.

[0123] For example, a model may suggest that three
placement cycles will be enough to give a high probability
that the number of defective pixels (the display yield) will be
below a threshold value. Therefore, steps 902-908 are
repeated three times. A test 912 is then carried out and if the
number of defective pixels is below the threshold, the excess
and/or defective emitters are disconnected 914 and a repair
of any remaining defective pixels is undertaken 916. If the
test reveals that the number of defective pixels is above the
threshold, steps 902-908 are repeated one or more times and
the test 912 undertaken again.

[0124] The two exemplary manufacturing schemes is not
an exhaustive list. Further schemes can be proposed within
the scope of the appended claims.

[0125] Exemplary models distribute “killer” defects rang-
ing from point (micro-defects) to larger cluster defects
(macro-defects) across a wafer. The “killer” defects in this
model do not distinguish between physical defects such as
cracks, debris, craters which can be picked up by techniques
such as AOI and parametric defects which are non-visible
defects arising from electrical or optical parameters being
out of specification. Cosmetic defects which do not affect the
device performance are not considered in exemplary mod-
els. The macro and micro defects are randomly generated
across a wafer surface area in the model. The model predicts
the yield for various pLED designs (single and multiple
emitters) and sizes. The model also takes into account the
vield of the assembly process and/or assembly tool.

[0126] One consequence of the proposed multi emitter
uLED die is that the uLED die yield will increase as the
number of emitters per LED die increases wherein a func-
tional uLED die is defined as a pLED die with at least one
functional pLED emitter. The results of the model are shown
in FIG. 10, which is a plot of die yield against the number
of emitters on a die for various wafer qualities. FIG. 10
shows that, in one embodiment the uLED die yield can
increase from 60% to 77% as N (number of LLED emitters
per uLED die) increases from 1 to 3.

[0127] Exemplary models run several placements cycles,
emulating an exemplary manufacturing method, such as

May 18, 2017

those described herein, and predicts the number of non-
functional display pixel defects still remaining after each
placement cycle.

[0128] Exemplary models show how the number of
defects can be reduced by placing multiple uLED dies at
each pixel location. FIG. 11 shows a plot of the average
number of defective pixels against the number of placement
cycles in a method of manufacture. FIG. 11 relates to a
specific embodiment of a wearable display (e.g. 320x320
pixels) and the use of multiple dies per pixel, each die
comprising two pLED emitters. FIG. 11 shows that increas-
ing the number of placement cycles can reduce the number
of non-working display pixels to acceptable levels of below
1 pixel and approaching zero pixels. Such levels of defective
pixels make any repair step shorter and more manageable
within a cost and time effective method of display manu-
facture.

[0129] FIG. 12 shows how the number defective display
pixels remaining in a multiple placement manufacturing
flow can be reduced significantly by increasing the number
of emitters per LED die. The data shows an improvement
(fix reduction factor) from ~9x after two cycles to ~12x for
a three emitter LED die after four pick and place cycles. The
data also shows that a larger number of emitters per LED die
can substantially reduce the number of remaining pixel
defects (i.e. a 3 emitter LED die gives better results than a
2 emitter LED die).

[0130] A computer program may be configured to provide
any of the above described methods. The computer program
may be provided on a computer readable medium. The
computer program may be a computer program product. The
product may comprise a non-transitory computer usable
storage medium. The computer program product may have
computer-readable program code embodied in the medium
that when executed by at least one processor, configures the
processor to perform some or all of the methods.

[0131] Various methods and apparatus are described
herein with reference to block diagrams or flowchart illus-
trations of computer-implemented methods, apparatus (sys-
tems and/or devices) and/or computer program products. It
is understood that a block of the block diagrams and/or
flowchart illustrations, and combinations of blocks in the
block diagrams and/or flowchart illustrations, can be imple-
mented by computer program instructions that are per-
formed by one or more computer circuits. These computer
program instructions may be provided to a processor circuit
of a general purpose computer circuit, special purpose
computer circuit, and/or other programmable data process-
ing circuit to produce a machine, such that the instructions,
which execute via the processor of the computer and/or
other programmable data processing apparatus, transform
and control transistors, values stored in memory locations,
and other hardware components within such circuitry to
implement the functions/acts specified in the block diagrams
and/or flowchart block or blocks, and thereby create means
(functionality) and/or structure for implementing the func-
tions/acts specified in the block diagrams and/or flowchart
block(s).

[0132] Computer program instructions may also be stored
in a computer-readable medium that can direct a computer
or other programmable data processing apparatus to function
in a particular manner, such that the instructions stored in the
computer readable medium produce an article of manufac-
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ture including instructions which implement the functions/
acts specified in the block diagrams and/or flowchart block
or blocks.

[0133] A tangible, non-transitory computer-readable
medium may include an electronic, magnetic, optical, elec-
tromagnetic, or semiconductor data storage system, appara-
tus, or device. More specific examples of the computer-
readable medium would include the following: a portable
computer diskette, a random access memory (RAM) circuit,
a read-only memory (ROM) circuit, an erasable program-
mable read-only memory (EPROM or Flash memory) cir-
cuit, a portable compact disc read-only memory (CD20
ROM), and a portable digital video disc read-only memory
(DVD/Blu-ray).

[0134] The computer program instructions may also be
loaded onto a computer and/or other programmable data
processing apparatus to cause a series of operational steps to
be performed on the computer and/or other programmable
apparatus to produce a computer-implemented process such
that the instructions which execute on the computer or other
programmable apparatus provide steps for implementing the
functions/acts specified in the block diagrams and/or flow-
chart block or blocks.

[0135] Accordingly, the invention may be embodied in
hardware and/or in software (including firmware, resident
software, micro-code, etc.) that runs on a processor, which
may collectively be referred to as “circuitry,” “a module,” or
variants thereof.

[0136] It should also be noted that in some alternate
implementations, the functions/acts noted in the blocks may
occur out of the order noted in the flowcharts. For example,
two blocks shown in succession may in fact be executed
substantially concurrently or the blocks may sometimes be
executed in the reverse order, depending upon the function-
ality/acts involved. Moreover, the functionality of a given
block of the flowcharts and/or block diagrams may be
separated into multiple blocks and/or the functionality of
two or more blocks of the flowcharts and/or block diagrams
may be at least partially integrated. Finally, other blocks may
be added/inserted between the blocks that are illustrated.
[0137] The foregoing description of the embodiments has
been presented for the purpose of illustration; it is not
intended to be exhaustive or to limit the patent rights to the
precise forms disclosed. Persons skilled in the relevant art
can appreciate that many modifications and variations are
possible in light of the above disclosure.

[0138] The language used in the specification has been
principally selected for readability and instructional pur-
poses, and it may not have been selected to delineate or
circumscribe the inventive subject matter. It is therefore
intended that the scope of the patent rights be limited not by
this detailed description, but rather by any claims that issue
on an application based hereon. Accordingly, the disclosure
of the embodiments is intended to be illustrative, but not
limiting, of the scope of the patent rights, which is set forth
in the following claims.

What is claimed is:

1. A method for manufacturing a display device compris-
ing pixels, each pixel comprising sub-pixels, each sub-pixel
configured to provide light of a given wavelength, the
method comprising:

performing, using a pick up tool (PUT), a first placement

cycle comprising:
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picking up first light emitting diode (LED) dies, the first
LED dies including a first LED die including at least
one LED emitter; and

placing the first LED dies on a substrate of the display
device at locations corresponding to the pixels of the
display device, the at least one LED emitter of the
first LED die is placed at a location corresponding to
a sub-pixel of a pixel; and

performing, using the PUT, one or more subsequent

placement cycles, a subsequent placement cycle com-

prising:

picking up second LED dies, the second LED dies
including a second LED die including at least one
second LED emitter; and

placing the second LED dies on the substrate of the
display device at the locations corresponding to the
pixels of the display device, the at least one second
LED emitter is placed at a second location corre-
sponding to the sub-pixel of the pixel.

2. The method according to claim 1, further comprising
determining a number of subsequent placement cycles based
on a model.

3. The method according to claim 2, wherein the model
defines the number of subsequent placement cycles based on
predicted device vields of a fabrication process for the first
LED dies.

4. The method according to claim 2, wherein the model
defines the number of subsequent placement cycles based on
one or more of: a quality of semiconductor used to fabricate
the first LED dies; or the fabrication process used to fabri-
cate the first LED dies.

5. The method according to claim 2, wherein the model
defines the number of subsequent placement cycles to
achieve a predetermined display yield.

6. The method according to claim 1, further comprising
performing a test of the at least one LED emitter of the first
LED die to determine whether the at least one LED emitter
is functional.

7. The method according to claim 6, further comprising
determining a number of subsequent placement cycles based
on a result of the test.

8. The method according to claim 6, further comprising
repairing or replacing a non-functional LED die based on a
result of the test.

9. The method according to claim 6, wherein the test
comprises applying a reverse bias to the at least one LED
emitter of the first LED die.

10. The method according to claim 1, wherein the first
placement cycle comprises picking up a first array of the first
LED dies, and wherein the first LED dies of the first array
are arranged on the PUT to correspond with the locations
corresponding to the pixels of the display device.

11. The method according to claim 10, wherein the
subsequent placement cycle comprise picking up a second
array of the second LED dies, and wherein the second array
is of equal size to the first array.

12. The method according to claim 1, further comprising
rendering the at least one LED emitter of the first LED die
non-functional.

13. The method according to claim 12, wherein one of
first LED die or the second LED die is configured to emit
light.

14. The method according to claim 13, wherein the other
one of the first LED die or the second LED is configured to
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operate as a photo-diode for generating electrical current
when light is incident thereon.

15. The method according to claim 14, further comprising
using the electrical current to charge a battery.

16. The method according to claim 1, wherein the first and
second LED dies comprise uLED dies, the pLLED dies each
including one or more pLED emitters.

17. The method according to claim 16, wherein each of
the one or more pLED emitters of a uLED die comprises first
and second electrodes configured to allow current to pass
through the uLED emitter, and wherein the first and second
electrodes are positioned on the same surface of the pLED
die.

18. The method according to claim 17, wherein the first
and second electrodes are positioned on a surface of the
LLED die opposite an emission surface.

19. The method according to claim 16, wherein the pL.LED
dies each include a plurality of puLED emitters, each of the
plurality of pLED emitters configured to emit light of
substantially the same wavelength.

20. The method according to claim 1, wherein:

the first and second LED dies comprise pLED dies, a

uLED die including uLED emitters;

each of the uLLED emitters of the uLLED die includes a first

electrode; and
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the first electrodes of the pLED emitters of the pLLED die
are connected with a common second electrode the
uLED die.
21. A display device, comprising:
a substrate; and
a micro-LED (uLED) die attached to the substrate, com-
prising:
a uLED emitter comprising:
a substantially parabolic mesa structure;
a light emitting source within the mesa structure; and
a primary emission surface on a side of the device
opposed to a top of the mesa structure, the pLED
die further comprising a first electrode and a
second electrode positioned on a surface of the
uLED die.
22. The display device according to claim 21, wherein the
surface of the pLED die is opposite the emission surface.
23. The display device according to claim 21, wherein the
uLED die includes a plurality of uLED emitters, wherein a
first electrode of each of the plurality of pLED emitters is
common to the plurality of uLED emitters
24. The display device according to claim 23, further
comprising a plurality of p\LLED dies attached to the substrate
at locations corresponding to a sub-pixel of a pixel of the
display device.
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