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Abstract: Nowadays, micro-LED is considered as a crucial and one of the fastest growing display technol-
ogies in the world as it finds its applications in variety of products from visible light communication applica-
tions to large flat panel displays, virtual reality and wearable displays, televisions and light sources for the
optogenetics and neural interface. Though the prospects are bright, micro-LEDs still face some technologi-
cal problems which needs to be addressed in order to get high volume commercialization, which include im-
proving efficiency of LEDs with longer wavelengths, improving efficiency at low current densities, full col-
or schemes, mass transfer, defects and yield management, repair technology and cost control. In this re-

view we have highlighted the different challenges and their optimum solutions for micro-LEDs.
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1 Introduction

In 1980s after the rapid development of GaN
technology, different optoelectronic and power
electronic applications was developed based on

2 From the time

[II-nitride materials system
when it was first invented in 1992, InGaN based
light emitting diodes (LEDs) have been one of the
most significant and advanced devices among oth-
er applications of Ill-nitride . Ill-nitride based
LEDs are progressively being engaged as an ener-
gy saving solution for general lightening, automo-
bile, signal and backlighting in displays because of
the fact that they are reliable, efficient and have
longer life spam as compared to other traditional
lightening sources such as incandescent and fluo-
rescent bulbs. Change in the format of LEDs from
a standard size of 5X 5mm®* for power LEDs for
lighting and 300 X 300 um* for indicators ' to a
micro-size of ~ 10 — 30 um % has shaped a sub-
field i Ill-nitride and display research and
launched serious efforts in growth of III-nitride de-
vices and products. The development of micro
light emitting diode (micro-LED) is in good prog-
ress but the dimensions of micro-LED are not de-
fined clearly in literature and thus used in different
applications depending on their sizes. We consider
micro-LEDs as LEDs having size less than
100 um for estimation of recent developments in
7 Mi-
cro-LLEDs find their application in visible light

display and communication technologies

communication and near eye displays for virtual re-
ality (VR) and augmented reality (AR) .

Organic light emitting diodes (OLEDs) and liquid
crystal displays (LCDs) are the key contributors
of today’ s mainstream flat panel displays "'
Traditional LCD display suffer from the issues of
low viewing angle, low uniformity, slow response
time and high power consumption when it requires

LED backlit to generate image by emitting a light

through a matrix of liquid crystal. In contrast to
LCDs, OLED displays are self-emissive and can
be switched on and off independently. However,
due to its organic nature, OLEDs has limitations
in brightness and stability. Compared with them,
micro-LEDs displays possess potential advantages
such as low power consumption, high contrast ra-
tio, long lifetime and relatively wide color gamut.
Micro-1LEDs have attracted the attention of large
number of academic researchers, manufactures
and startups because of the prospects of their wide
range of applications. Apart from display applica-
tions, micro-LEDs have been explored to improve
the luminescence efficiency for high-intensity light-
ing inspired by their lower self-heating effect, bet
ter current spreading and high light extraction effi-

U213 Advanced research on Ill-nitride

ciency
LEDs began around 20 years ago' , and en-
hanced efficiencies resulted in succeeding improve-
ments for solid state lighting (SSL). The ad-
vancements include higher input powers, device
designs for higher extraction efficiency, epitaxy
and structural developments, and moving to larger

21 The motivation of this article is to over-

chips'
view the technological developments and to shed
light on challenges for Ill-nitride micro LEDs to
efficient micro-displays and to endorse future re-

search in this area.

2 Bottlenecks and Solutions

Though, there are some technological develop-
ments, but when the chip density increases and
the chip size contract, new technical challenges
arises. To overcome these challenges, new meth-
ods have been developed from the current investi-
gations. In this section we will discuss some ma-
jor challenges and their proposed solutions.

2.1 Epitaxial Growth and Chip Processing

Low defect density, wavelength and drive current
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homogeneity through the wafer are the main re-
quirements for the epitaxial growth of GaN-based
micro-LEDs. To meet the requirements of large
size monolithic mico-displays, there is a need of
large diameter sapphire substrates, which produce
some difficulties because of large thermal and lat-
tice mismatches with the LED epilayer struc-
ture ',
bowing in InGaN/GaN MQWs is the non-unifor-

mity of wafer’ s surface temperature resulting in

The main problem linked with the wafer

the spatially non-uniform distribution of indium
molar fractions. A wavelength variation of 1.8
and 2.5nm can be induced with a temperature
variation of 1 °C in blue and green LEDs respec-

" During device fabrication, wafer crack-

tively'
ing, degradation of device uniformity by dry etch-
ing and other similar processes are also caused by
wafer bowing. To overcome these challenges dif-
ferent solution has been employed, which include
use of thicker substrates, control of coalescence
stage, optimized wafer holding designs, internally
focused laser treatment and the insertion of strain

(18, 19\. Lu et al. have shown

compensation layers
that for 2, 4, and 6 inch wafers the photolumines-
cence (PL) peak wavelength uniformity (with
standard deviation of 2 nm) can be obtained, but
not true for 8-inch wafer as the pocket design needs
to be improved, as shown in figure 1. In another
study, Aida et al. have reported that by using an
internally focused laser processing a reduction of
bowing in GaN on sapphire and silicon substrates
was observed ™. As bowing act in opposite direc-
tion, so to compensate for the strain generated by
GaN/sapphire system a laser induced stress was
applied near the backside of sapphire substrate,
while for GaN/Silicon system stress was implant-
ed near the interface of GaN and Silicon.

Spacing between devices and reduced size of mico-
LEDs can cause problem in chip processing and
thus worsen the device performance. During de-
vice processing, high density of surface defects

causes sidewall effect which leads to degradation

Figure 1 PL peak wavelength uniformity map for 2, 4,
6, and 8 inch wafers with zero edge exclusion.
PL uniformity is very comparable, all around 2
nm in standard deviation except the 8-inch wa-

fer due to non-optimized wafer pocket design

19 Reprinted with permission of Springer Na-

ture, copyright (2010).

in homogeneity, quantum efficiency and electrical

22]

injection in p-GaN "*" The surface defects on
the sidewalls act as non-radiative centers and thus
degrade the quantum efficiency of micro-LLEDs.
When chip size of micro-LEDs reduced from
500 X 500 wm? to 10 X 10 um?*, then a decrease in
external quantum efficiency from ~ 10% to ~5%
has been reported, as shown in figure 2 . The
effect of size reduction on the performance of
LEDs with large perimeter to area ratios is more
noticeable. Thepeak quantum efficiency of less
than 10% or even 1% was reported for LEDs
with dimensions less than 5um . Chen et al.
have stated that a SiO, leakage current confine-
ment layer in pyramidal micro-LEDs can reverse
the leakage current by two orders of magnitude,
and thus improved the light output of micro-LEDs
by 115% . Atomic layer deposition (ALD) of
Si0, for sidewall passivation can reduce the size-
dependent factors on peak EQE of micro-LEDs
[27]. The EQE of 20 X 20 gm® micro-LEDs can
be increased from 24% to 33% with the help of
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ALD passivation. Oliver et al. have improved the
EQE of 10um pixel pitch micro-LEDs from
4.8% to 6.8% and obtained a brightness of 10’
cd/m’by changing the p-contact metal from Ni-
based to Ag-based and mesa etching process for-
mation between p-contact and hybridization pad in-
to a softer plasma .
Hwang et al. that the peak EQEs of 48.6% and

40. 2% can be maintained for a chip size of 100 X

It has been reported by

100 wm” and 10 X 10 um” respectively ™.
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Figure 2 Effect of size reduction on the EQE of GaN-

based micro LEDs

2.2 Full and Hybrid Monolithic Micro-Dis-
plays
Fully monolithic active matrix micro-displays can
be developed by incorporation of individual GaN-
based LED driven by a GaN based transistor for
each pixel, because Ill-nitrides are exceptional ma-
terials for both LEDs and high frequency and high
power transistors. lLau et al. have reported the
fabrication of InGaN/GaN LEDs integrated mono-
lithically with vertical metal oxide field effect tran-
sistor (VMOSFET) drivers ' or AlGaN/GaN
heterojunction field effect transistors (HFETs)
7 by selective growth of HFET or VMOSFET
structures on the LED epilayers as shown in the
figure 3. On the other hand, on top of the ex-
posed n-GaN layer, selective removal of the LED
structure followed by the selective growth of the
metal oxide field effect transistor (MOSFET)

or selective removal of the HFET structure fol-
lowed by the selective growth of the LED struc-
ture on top of the GaN buffer layer have also been
reported . While it has been reported that the
performance of the integrated single LED transis-
tor chip is comparable to discrete LEDs, but by
using this approach the transistors fabrication of

micro-LEDs has not been reported yet .

Figure 3 Optical representation of monolithically integrat-
ed VMOSFET LED device with equivalent cir-
cuit design

ATP publishing, copyright (2016).

Reprinted with permission of

In full monolithic integration there are difficulties
and incompatibility between the micro-LED and
driver IC process, so the hybrid monolithic inte-
gration is the most common approach implement-
ed by the micro-LED display developers. Fabrica-
tion of III- nitride based micro-LLED arrays, manu-
facturing of Si-based CMOS driver matrix, and
then their hybrid integration to allow control of the
LED pixels individually use monolithic hybrid ap-
proach. The hybridization process which has been
extensively developed in III-V/Si photonics for
high performance switching and computing is gen-
erally based on flip-chip bonding technology .
Day et al. have presented the fabrication of a
160 X 120 VGA micro-display with a pixel pitch
of 15 pm by using 6 pm sized indium metal bumps
deposited on micro-LLED pixels as bonder .

Apart from above mentioned monolithic fabrica-

tion processes, it has been reported that the micr-
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LLEDs display can be realized without the need of
mass transfer by using GaN based nanowire micro-
LEDs. A wafer to wafer transfer technology has
also been employed by “Glo-USA Inc” to con-
struct 1. 5" 264 PPI RGB wearable display using
20 pm sized micro-LEDs on a LTPS gas back-
plane, and a 0.7” 1000 PPI RGB display using
10 pm sized micro-LEDs on a CMOS backplane.
2.3 Realization of Full Color Format

Full colors (red, green and blue) for each pixel
are needed for most of the micro-display applica-
tions. In LCD display technology, LED backlight
is used to generate light through a matrix of liquid
crystal ‘light switches’ and color filters creating
the individual subpixels. Whereas in micro-LED
display each subpixel is based on matrix of tiny
light emitters made of micro-LEDs and the bright-
ness of each subpixel can be controlled individual-
ly. However, similar to other hetero junction
based semiconductor structures, III-nitride LEDs
being a monochromatic light sources emit light at
a single color, with its wavelength determined by
the indium content in InGaN/GaN multiple quan-
tum wells (MQWSs). Despite numerous approach-
es to harvest full color micro displays from single
color micro-LEDs, it still remains to be a chal-
lenge for developers.

For a full color format, the most common ap-
proach is to assemble discrete commercial LEDs
with the three different colors to form an array
with each pixel holding red, green, and blue
(RGB) LEDs. In theory, by changing the indium
content in InGaN/GaN MQWs all these three col-
ors can be generated. Unfortunately, large lattice
mismatch between the active InGaN layer and
GaN buffer results in low luminescence efficiency
for InGaN based red and green LEDs. This re-
stricts the progress in developing full-color dis-
plays using GaN family alone. GaP/GaAs based
LEDs can be used to emit red light, but as the size
shrinks it may suffer from even more substantial
drop in EQE . With the peak EQE values of

more than 50% in blue and green, the InGaN
LEDs on polar c-plane orientation have shown ex-
traordinary performances among the three primary
colors. On the other hand, red InGaN LEDs de-
mand more optimizations and improvements in
terms of peak EQE and optical characteris-
tics %,

In order to obtain longer wavelength emission for
InGaN LEDs, several approaches including re-
laxed InGaN pseudo-substrates (InGaNOS) and
semi-polar GaN templates have been developed
for more indium incorporation in active region. To
realize RGB emission by PL, Even et al. has re-
ported a full InGaN heterostructure grown on In-
GaNOS with different lattice constants . Using
InGaNOS technology, 100 X 100 zum® LEDs has
generated a red emission wavelength at 630 nm,
but the maximum EQE was very low . Alterna-
tively, the advantages of semi-polar orientations
including small blue shift in wavelength and low
efficiency drop with increasing current density for
typical optoelectronic devices have been observed

experimentally """
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Figure 4 Optical characteristics of semi-polar (2021)
green LEDs, where (a) peak wavelength and
(b) FWHM curves as a function of current den-
sities . Reprinted with permission of The Ja-
pan Society of Applied Physics,
(2013).

copyright

Zhao et al. has demonstrated a blue shift in wave-
length and narrow FWHM of a semi-polar (2021)
green LEDs fabricated on a free standing semi-po-
lar GaN substrate as shown in figure 4. Free

standing semi-polar GaN substrates ‘prepared by
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hydride vapor phase epitaxy (HVPE) or ammono- @ b ——
 NR4LEDS
thermal growth’ are used for the growth of opto- o 1 T e
10 :::ea;.hl)

electronic devices including LEDs and laser diodes
W9 Conversely, the devices which use bulk
GaN as a substrate are limited by substrate dimen-
sions and are currently too expensive for display

0]

applications ", The optical and electrical proper-

ties of green micro-LLEDs fabricated on semi-polar
(1122) GaN/sapphire templates are reported by Li

et al [41]

. For solid state lightening purposes, Al-
GalnP LEDs are highly energy efficient, so with
the developments towards red InGaN micro-
LEDs, AlGalnP serves as an another material sys-

tem for red emission **’.

Sidewall defects and sur-
face recombination velocity are the key issue with
AlGalnP materials, and because of these prob-
lems their performance drop significantly as the de-

W4 T realize full color

vice dimensions shrinks
displays, besides RGB
LEDs, monolithic blue or UV-A micro-LEDs

with color conversion materials i1s also an attrac-

self-emissive micro-

tive method 49,

Because of the high thermal and chemical stability
and outstanding quantum yield, phosphors have
been frequently used to produce white light for sol-
id state lightening. However, they are typically in
micron scale which is equivalent or larger than the
size of micro-LEDs, so the problems of light scat-
tering and light inhomogeneity need to be over-
come “. In the same way, quantum dots are an
alternative option because of their excellent quan-
tum yield, nanoscale sizes, narrow FWHM and

controllable wavelength emissions """

. By using
nanoring micro-LEDs and CdSe/ZnS red quan-
tum dots Chen et al. have used a hybrid approach
to form RGB pixels on the same substrate™.
Their results displayed maximum wavelength
emissions at 630 nm, 525 nm and 467 nm with
78.2% color gamut overlap of Rec. 2020 as
shown in figure 5.

The problem of low power conversion efficiencies

for green and red emitting LEDs is known as

08

06

Normalized Intensity (a.u.)

300 400 500 600 700 800
Wavelength (nm) al ¥

Figure 5 The optical performance of NR-micro-LEDs
and quantum dots, where (a) is the EL spectra
of RGB colors and (b) color gamut of RGB hy-
brid QD NR micro-LEDs, NTSC, and Rec.
2020 . Reprinted with permission of Optica
Publishing Group, copyright (2019).

7 189 Green gap usually occurs for a

“green gap
display consist of entirely Ill-nitride LEDs. The
green gap can be seen in figure 6 where power con-
version efficiency is plotted against current densi-
ty. With the increase in current densities the pow-
er conversion efficiencies of the LEDs decreases
and with the increasing operating wavelength from
blue to red, the peak efficiency shifts to higher cur-
rent densities. The efficiency of all three colors ul-
timately decreases at higher current densities due
to Auger recombination. In InGaN QWs the
wavelength can be increases by increasing the indi-
um content. This decrease in efficiency by increas-
ing the indium content has many reasons "', A
greater need for an effective blue SSL emitter is a
main reason for the lack of performance for red
and green emitting I1I-nitride LEDs over the last
decade """

Among different solutions for higher efficiency
green and red micro-LLEDs, it is difficult to calcu-
late which solution will ultimately lead to the high-
est efficiency of micro-LEDs display. The use of
AlGaN interlayer in the MQW active layer is a
good approach for higher efficiency longer wave-
length InGaN LEDs which has produced some sig-
nificantly improved efficiencies at green gap wave-

[51, 52]

lengths . This has revealed a record external

efficiencies of ~25% at ~550 nm "* and ~2.5%
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Figure 6 Plot of power conversion efficiency against cur-

rent density for the red, green and blue LEDs

U4 Reprinted with permission of John Wiley

and Sons, copyright (2019).

at ~ 608 nm for green and red emission respective-
ly. Figure 7a shows AlGaN interlayer grown on
top of the InGaN QW. The benefits of interlayer
include the capping of QW to retain indium, strain
compensation to control defect formation, and the
reduction of defects due to high temperature
growth of the GaN barrier. The interlayer com-
pensation for InGaN QW is shown in figure 7b.
The pseudomorphic growth of MQW can be made
possible with interlayer by adjusting the Al compo-
sition and thickness. It can be seen in figure 7c, d
that the variation in strain of MQW with interlayer
thickness is nearly pseudomorphic at an interlayer

thickness of 1 nm ™.

Single digit efficiencies at
longer wavelength specially in red can finally be re-
alized for LEDs with interlayer based MQWs "
Further Optimization of interlayer layer design
As it has

been reported that AlInN can also be used as an in-

could lead to further improvements.

terlayer and the efficiency gain produced is similar
to that of AlGaN interlayer """

2.4 Pixel Yield of the Display

In an RGB full color high definition display
(1920 X 1080 pixels) to preserve the dead pixel
than 5 the yield should be
99.9999% , which is difficult to achieve. During

the fabrication process a dead pixel can appear in

number less

different stages, such as epitaxy, LED ship and

transfer process. For example, during a monolith-

(a) (b) AlGaN

Tensile

GaN barrier 10 nm
Al .Ga, N Interlayer 1-2.1 nm

042 = 0.58

(c) (d)
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Figure 7 a) Schematic cross section of a MQW with
GaN barriers, AlGaN interlayers, and five peri-
ods of InGaN quantum wells. b) 2D ball and

stick representation of different layers. ¢) Inter-

layer thickness versus relaxation plot. d) Power
density versus efficiency plot showing that 1 nm
thick interlayer has the highest efficiency '**
Reprinted with permission of John Wiley and
Sons, copyright (2019).

ic fabrication of micro-LED array by flip chip
bonding, a large number of dead pixels are formed
due to physical disconnection from p-electrode line
triggered by severe bonding failures ™. Apart
from this, the yield of the display can also get re-
duced because of photoresist residue inside the
gaps between LED elements . Without using O,
based plasma ashing step, for arrays with 170 pm
gaps between mesas, the micro-LED element
yield is ~90%, and this yield further drops to
67 % when the gap width is reduced to 6 pm.

Removing the photoresist residue by using plasma
ashing step, the yield can be improved to 100%
and over 95% for 170 pm and 6 pm gap arrays re-
spectively. A repair process is inevitable for a ze-
ro dead defect display, even supposing an ex-
tremely high yield. Increasing the redundancy by
doubling the number of micro-LED element for
each pixel can be a simple solution. However,

the initial defective yield controls the effectiveness
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of the built-in redundancy. If the yield is 99.99%,
then by doubling the number of micro-LED the
number of dead pixels can be reduced from 5000
to 5 pixels in a fully high resolution display, but a
pixel yield of 99. 9% will still keep the number of

) Since, micro-LEDs

dead pixels up to 500
with double number are used, so the cost of the
display will be enhanced greatly. Although some
developers have suggested an individual pixel re-
pair technology, but this approach is expensive
and cannot be applied to displays prepared by
monolithic fabrication.

2.5 Working at Low Current Densities

The required output power of micro-LEDs de-
pends on the display variables such as the screen
luminescence (nits) and pixel density (ppi). For
each color, current densities and efficiencies will
determine this output power. The pixel density de-
creases while increasing the viewing distance,
that’s why the TV display has a lower pixel densi-
ty than a mobile phone. Display environment and
its use determine the screen luminescence, for ex-
ample because of outdoor use, the screen lumines-
cence of a watch is higher than a TV (1 000 nits
versus 500 nits). Here we will discuss the operat-
ing points for displays with pixel density (500 and
1 000 ppi) and having lower values for lumines-
cence (10°- 10" nits) , and micro-displays having
pixel density (2 000 and 5 000 ppi) with higher
values for luminescence (10° - 10° nits). The com-
parison of efficiency for red, green, and blue mi-
cro-LEDs at different current density with a pixel
density of 500 and 1000 ppi shows that the operat-
ing points shifts to a peak efficiency with greater

luminescence

. Red and green subpixels operate
at higher current densities than the blue to over-
come the lower efficiencies.

For short viewing distance micro-displays such as
the AR and VR, the efficiency against the current
density of red, green and blue micro-LEDs at a
pixel density of 2 000 to 5 000 ppi with screen lu-

minescence of 10°, 10 and 10° nits, and die spac-

ing of 1 pm has been observed . An increase in
operating point has been noticed with the increase
in pixel density and luminescence. The motivation
is to reduce the area and LLEDs for a luminaire by
constructing the LEDs which can operate at higher
current densities. Auger recombination is of great
distress in SSL. where the operating current densi-
ties are high, but for micro-LED display and mi-
cro display, the operating points are just above or
below to a peak efficiency and are at much lower
current densities. Consequently, Auger recombi-
nation is not a big problem for micro-LEDs for
both type of displays. The ratio of spontaneous to
defect combination rates have more influence on
the efficiency of micro-LEDs, and for future
gains, increasing this ratio is of great importance.
Having great importance for SSL, defect recombi-
nation should be even a more substantial focus for
micro-LEDs.

Different approaches can be taken to shift the peak
efficiency at the operating points. .. Wang et al.
have reported a higher external quantum efficiency
(18.2%) at extremely low current density (0.5
A cm®) for micro-LEDs based on InGaN quantum
well. They have used Stranski-Krastanov (SK)
and Volmer-Weber (VW) modes to self-assem-
bled InGaN quantum dots by using metal organic

W8 These results suggest

vapor phase epitaxy
that InGaN quantum dots can give an ideal solu-
tion to micro-LEDs for display and VL.C applica-
tions. Reduced current injection area of LEDs is
one of the option, but for micro-LLEDs one could in-
crease the operating current density nearer to peak
efficacy by reducing the area. Patterning off some
of the active layers by using smaller contacts or im-
plantation to create deadened region can also be em~-
ployed to control the total area. Lit area can also be
controlled by using nanowire geometries """, Use
of pulse width modulation (PWM) system is an-
other trick to control the operating point of micro-
LED. By controlling how often an LED is turned

on, PWM is used to manage the luminescence of
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the screen, and one does not have to worry about
shifts of colors with the current as PWM sets the
current and efficiency. Conversely, PWM could
also be used to control the operating points to a
more effective position if one could also increase
the peak current beyond what is necessary for lu-
minance """,

2.6 Mass Transfer

For a full color or flexible micro-LED displays,
mass transfer of micro-LEDs with approximately
perfect yield and selectivity is also a critical chal-
lenge. Because of large quantity of RGB micro-
LEDs and their tiny nature, the present transfer
techniques are difficult to use to realize a cost and
time effective manufacturing process with arduous
pixel control and yield requirements ‘. For
wearable and bioelectronics applications, flexible
and stretchable optoelectronics have gained sub-
stantial research popularity recently, and this re-
quires the transfer of inorganic LEDs onto flexible
substrates ", Unlike OLEDs, rigid substrates
like sapphire and silicon have been used to grow in-
organic LEDs, and thus for flexible application it
requires transfer of LEDs from originally grown

substrates to another substrate "% %"

. Despite the
fact that there exist several substrate removal tech-
niques for different semiconductors, but unlike Al-
GalnAs, InGaN material system lacks the dam-
age free and high selectivity etching methods, and
this adds challenges to remove devices for mass

transfer "%

. Transfer rate is one of the key pa-
rameters to determine the practical usefulness of
different transfer techniques. Laser induced for-
ward transfer (LIFT) , fluidic assembly, elasto-
metric stamp, roll to roll stamping and electrostat-
ic array are some most useful transfer methods.

In laser induced forward transfer (LIFT) process
a laser beam is used to separate the micro-LEDs
from their carrier substrate and then transferred to
a receiver substrate as shown in figure 8 ", This

process also be employed by using a temporary

substrate with a polymer adhesive acting as an in-

terfacial layer, which decomposes when irradiated
with a laser beam. LIFT technology is reported to
allow 1 000 chips to be transferred per laser shot.
It has been reported that a massively parallel laser
enabled transfer technology can have a transfer
rate of 100 million per hour ™',

Mass transfer of LED ships by fluidic assembly
process has also been investigated, in this process
gravity and capillary forces have been used to
drive and capture the micro-LEDs on to the array

of driver ICs ™ ™', Fluids like distilled water, ace-

tone or isopropanol can conduct the self-assembly.

Thin film

X
g

Donor Substrate
Receiver substrate

[70]

Figure 8 Schematic of LIFT off process Reprinted

with permission of Elsevier, copyrigt (2016).

It was reported that by using fluidic assembly
method a transfer rate of 50 million devices per
hour can be obtained ™. Electrostatic array tech-
nology operates in accordance with the electrostat-
ic principle and pick the micro-LEDs by the attrac-

tion of opposite charges ™

. This process uses an
array of electrostatic transfer heads to pick up an
array of micro-LLEDs from a carrier substrate. A
grip pressure is generated with a pull in voltage
from a working circuitry, then by applying transfer
heat from the head, the bonding layer on the re-
ceiver substrate is liquefied. Thus, a micro-LED
is released to the receiver substrate by bonding an
array to a receiving substrate.

In Elastomer stamp micro assembly technology,
native wafer substrates are prepared to supports
the completely formed, organized arrays of micro-
LEDs. Then micro-LLEDs are attached to a soft

elastomer stamp with a high peel velocity. Rate
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dependent adhesion forces of stamp which are con-
trolled by van der Waals interactions are used to
lift the micro-LEDs from native substrate. After
that micro-LLEDs are released from the stamp with
a sufficiently low peel velocity, and then trans-
ferred to a receiving substrate. By this technique a
transfer rate of 1 million per hour can be achieved.

For high speed large area nanoscale patterning, a
continuous roll to roll nanoimprint lithography
(R2RNIL) technique can offer a solution with sig-
nificantly improved output; moreover, in large ar-
ea imprinting the challenges faced by conventional
NIL in maintaining pressure uniformity and suc-
cessful demolding can also be solved with the help
of R2RNIL ™.
and Materials (KIMM) have developed a roll to

[77]

Korean Institute of Machinery
plate transfer process "', by using this technique
micro-LLEDs with chip size and chip thickness less
than 100 pm and 10 pum respectively, can be trans-
ferred. For a flexible, stretchable and lightweight
displays, this technique can provide a transfer rate
up to 10 000 devices per second. Figure 10 shows
the overall configuration of a continuous (a) roll
to roll NIL and (b) roll to plate NIP nanomanufac-
turing process, which involves two steps: (1) the
coating process, in which liquid phase UV-curable
resist material is constantly coated on either flexi-
ble PET or glass substrate by a three step roller
coating system, (2) the imprinting curing pro-
cess, where the coating system is synchronized
with the main imprinting roller to assure uniform
coating thickness.

2.7 Requirements of Device Designs

Highest pixel densities are required for tiny devic-
es with length scale of 10 um. These dimensions
are smaller by an order of magnitude as compared
to that used in standard Ill-nitride LEDs. Simple
lithographic tools can be used to achieve a signifi-
cant (5 pm or above) offsets between mask layers
and tolerances between levels for standard LEDs.
But, more refined lithographic tools are required

for micro-LEDs that will implement other improve-

Stamp

(i) (i)

Receiver

(i) (iv)

Figure 9 Schematic representation of steps involves in
elastomer stamp micro-assembly process. i)
Prepare donor substrate; apply rubber stamp,
ii) quickly peel back stamp with objects at-
tached with it, iii) apply inked stamp to receiv-
ing substrate, and iv) with printing object on re-
ceiver substrate slowly peel back stamp ™. Re-
printed with permission of Springer Nature,
copyright (2005).

Figure 10 Schematics of (a) roll to roll NIL and (b) roll
to plate NIP process. (c) Photograph of 6-
inch capable R2R/R2PNIL apparatus . Re-
printed with permission of American Chemical
Society, Copyright (2009).

ments such as flat and lower defect density wafers.
P. Lietal. demonstrated that the packaged micro-
LEDs show a peak external quantum efficiency
ranged from 2.4% to 2. 6% as the device area re-
duces from 100 X 100 to 20 X 20 pm®"™. These
results show that by using InGaN materials, a very
small size red micro-LEDs with high efficiency can
be obtained. Surface recombination becomes a
problem particularly for devices with smaller size
as one uses traditional layered epitaxial structure

and device fabrication processes "'*. Power conver-



RO 2,5 BT IR E AL 9 1) Micro— LED Bk & S ¥ 78 11

sion efficiency versus current density for a green
LED with a chip of squared shape is shown in fig-
ure 1la. A surface recombination velocity vs =

6 cms' v, =6X 10 cms ' found on m-plane

bare surfaces is the worst case "%/,

(a) 10°
1o i e
102 B~ Sl I .

T L e N
103 e — 4x10°

[ A1
Mz 4x10°

: - 4x10¢
10
10°

LED Power
Conversion Efficiency

T
S

a/V =8x10°1/em
10 s

102

10°|_~

v, (cm/s)
104 ——1* 1x10"

1x10°
1051 1x102
-~=1x10°

LED Power
Conversion Efficiency

108
10+ 10% 102 10" 10° 10" 107
Current Density (A/fcm?)

Figure 11  Plots of current density against power conver-
sion efficiency for green LED with, a) con-
stant v==6 x 10°cm s and variable «,/V =4 X
10" to 4 X 10* em ', and b) constant a,/V =

4% 10* cm ' and Vs= 1, 10, 100, and 1000

(4]

em s'. Reprinted with permission of John

Wiley and Sons, Copyright (2019).

For a micro-LED the device dimensions are very
small so it is important to include surface recombi-

nation rate R,., which can be expressed as R, =

VU where a, is the exposed surface area, V is

the active region volume and w, is the surface re-
combination velocity . Surface recombination

a_\/ V increases from 4 X 10" to 4 X 10*em™ with a

decrease in chip area. This results a significant de-
crease in efficiency at low current densities as
shown in figure 11a. For a green LED with con-

stant length of 5 pum and v, from 1 to

2 X 10*cms”, the external quantum efficiency ver-
sus density is shown in figure 11b. The surface re-
combination needs to be almost nonexistence in mi-
cro-LEDs as the low current density only recov-
ered at v, = 1 cms” in this configuration. Low cou-
pling efficiency of the LED at the view angle 1s an-
other challenge, and this can be overcome if one
could control the micro-LED radiation pattern,
which results in increased total efficiency. Micro-
LEDs would need to be picked and placed into a
package or into a backplane in case of emissive dis-
play, if one follows the traditional LED fabrication

[83]

process As for small LEDs, placement pro-
cess is very challenging, so one option is to find
such pathways to avoid this pick and place method.
To ensure high efficiency operation of micro-
LEDs their device and system challenges need to
be addressed. We will disclose some methods to
solve these challenges which include controlling
the radiation pattern, controlling the surface re-
combination, and use of monolithic growth ap-
proach to avoid pick and place. Etching™*’ and
passivation methods can be used to lower surface

8!

recombination ‘. Alternatively, to block the cur-
rent from the edges of the die, epitaxial growth on
the exposed surface or implantation or oxidation

1 can be used as done in other III-V

techniques
semiconductors. Use of different structures such
as core/shell nanowire configuration is another

¥ In this approach, recombination

possibility
take place near to the top of the nanowire, far
from the exposed QW at the bottom of the wire as
the QW is generally buried in this case ",

Use of photonic crystals with LEDs is one of the
methods to control the radiation pattern to increase
coupling efficiency. The control of emission pat-
tern through scattering can be achieved by placing
a photonic crystal or on top of an LED . LED ar-
eas can be affected by diffraction lengths and their
impact on emission patterns. Nanowires can be
used as an alternative method as they are patterned

]

systematically and also diffracts light “"'. Lastly,
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vertical cavity surface emitting laser can also be an

" As these coherent sources have small

option
emitting apertures, their light can be easily direct-
ed into the viewing angle, and can be arrayed easi-
ly, so they are attractive for displays.

In case of a high luminance and high pixel density
micro display, extremely small devices with side
dimensions of << 10 pm and spacing << 2 pm are
necessary. Assuming the small size of micro-
LEDs, it is beneficial to avoid pick and place meth-
ods. Epitaxial growth of all colors simultaneously
is a one solution. Site controlled growth can be
used to grow all three color successfully, in which
indium incorporation is determined by confinement
. Nanowires structures has also been produced
by using this monolithic approach ™. Alternative-
ly, by using multiple epitaxial steps, selective area
epitaxy can be used to integrate active layers of dif-
ferent colors as it has been used in other III-V
semiconductors to create photonic integrated cir-
cuits . Time will determine the validity of these
difficult growth approaches to produce efficiencies

that can strive with traditional LED structures.

3 Machine Learning for Micro-
LEDs

Theoretical models based on computer simula-
tions can be tested by comparing the calculated re-
sults of experimental measurements. Thus, simu-
lations can help to explain the experimental results
that are difficult to understand. As mathematical
tools always make the reality simpler, so it is well
established that the initial simulation results barely
agree with measurements. Therefore, to find an
agreement between theory and reality a careful
tuning of computer simulations are required ™.
On the other hand, machine learning usually per-
forms statistical analysis on the data collected
from real world as shown in figure 12. This statis-
tical analysis is valuable when the amount of data

is very large and hard to digest.

Simulation
(deductive) Machine
Learning
inducivel

Reality

Figure 12 Computer simulation versus machine learning
3 Reprinted with permission of Springer Na-
ture, Copyright (2021).

From machine learning methods, deep learning is
most popular for the analysis of large amount of
data and it is based on multi layered artificial neu-

ral networks Y.

Large amount of data sets is
needed to train an artificial neural network. Com-
puter simulations based on established theories are
used to collect experimental data as real world da-
ta is difficult to collect because it is insufficient and
scatter. Such physics based machine learning mod-
els are increasingly employed in materials science
! Many semiconductor material systems are dis-
covered and optimized for applications in optoelec-

[96, 97]

tronics Different optoelectronic devices

have been analyzed by using simulation based ma-
chine learning technique ' *".

Machine learning can also be used to improve the
performance of micro-LEDs. Classical approaches
for light emitting surface characterization results in
an underestimation of actual micro-LLED array be-
havior as they cannot distinguish between function-
al and defect pixel. The existence of nonfunctional
micro-LEDs in a micro-LED array creates a prob-
lem in the development process. Noise created by
the defect pixels also cause a problem in the evalu-
ation of design change. Therefore, to overcome
this blurring effect each pixel should be classified
and may not be considered for the final analysis.
Spatially resolved measurements of color/lumi-

nance of single micro-LED and the whole light
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emitting surface are examined as they are essential
for the development of visual insight. However,
the former take lot of time in measurements and
evaluation, and the later undergoes interference
produced by nonfunctional micro-LEDs. Steven
Becker in his article used an unsupervised machine
learning model to perform both of these analysis in
a single measurement. The results shows that a
precise reconstruction of micro-LEDs and more ac-
curate characterization of micro-LED arrays can
be performed by employing a machine learning
technique "',

However, as the current model uses unsupervised
learning (KMeans) , it could act differently on dif-
ferent micro-LLED arrays. Switching to a super-
vised machine learning model (Random Forest)
could support the robustness of the analysis, but
this requires a labeled data set, which is again a
time taking process. This suggest that employ-
ment of measured data increases the validity of ma-
chine learning models for the performance analysis

of micro-LEDs.

4 Conclusion

The display technology has been improved signifi-
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