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= Higher Efficacy

¢ In the case of the conventional LEDs, the ray from the active layer is partially trapped in
transparent sapphire substrate due to being out of an escape cone

¢ The extraction efficiency of Micro LEDs can’t help being increased because of elimination
of the epitaxial template, and also the lower stress of the epi. layer in processing the
separation contributes to the higher efficacy

¢ The micro LEDs are extensively assembled on the PCBs or Backplane, and the lower heat
flux in some area result in the improvement of the thermal effect

< LED > < Micro LED > 1.2
4 |Electrode | Efficacy Electrode ‘%1.{)- ﬁ/IEi(E)ro "
Current Current ~001 =
. \‘ < \ 4 mm g 0_8- . - i ; ;L
Active Layer . S Light - 3 6 o * |
. 02 Light ~ = 0.6 . LIggventlona
mm < % ] 3
o 04 . -
N Heat Epi. te £ = 25x(100x100 pm?)
- émp), =2 - 3
Plate 2 0.2 \ e 500x500 umz
\ 4 . 0-0 '''''''''''''''''
Size 0 5 10 15 20 25 30 35 40 45

W >> Input Power (mW)

Reference : T.Kim, et.al., "High-Effi ciency, Microscale GaN Light-Emitting Diodes and Their Thermal
Properties on Unusual Substrates” small 2012, 8, No.11, 1643~1649 3
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19 M.U)
800

Penetration | Shipments Penetr

Rate (%) (millions) | Rate __

BLU 20 >0
Home Theater 0.1 0.01 13 z
Cinemas 0.06 0.1 6. 20
Digital Signage 0.24 2 2("®
TVs 0 0 7 D
Smartphones 0 0 S
Smartwatches il 5 81 9%
HUD 0 4! :E:
AR/VR/MR 9 1 e
Lightings 0.2 1 1( ;:Z
Lithography 0 fz
3D Printers 0 37 ™

Li-Fi 0 18

micro-LED Wafers Demand Forecast 2018-2027
(Millions Units)

2018 2019 2021 2022 2023 2024 2025 2026 2027

micro-LED Wafers Demand Projection per Application

2018 2019 2020 2021 2023 2024 2025 2026 2027
mBLU mHome Theaters u Digital Cinemas m Digital Signage mTVs
uSmartphones mSmartwatches mHUD BARVR mLighting
m 3D printers mlithography ~ mLiFi

* Reference : n-tech Research Report, Micro-LED Market Opportunities: 2018-2027
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| Applications : Display, Automotive, Lightings

= Core Technologies of Micro LED are compatibly Not only
microminiaturization, but also Integration & Flexibilization for

applications
Cons. /3 £\
Package
PCB
¢ g,
PCB

High Density Integration
Flexibility

Pros. Micro LED

@ N mEEEE 909 mmmEmm
High End PCB / Backplane

Display

Wearable
(AR/VR)

Bio-Medical

Autonomous

Drone / Robot]| 2

Telecom.

Lighting
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* Reference : n-tech Research Report, Micro-LED Market Opportunities: 2018-2027
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[Automotive — Headlamp, Lidar, Sensor] [Bio. / Medical ]

Emergency-Breaking Systemi(BAS) - —~ ' Retina
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N Wound healing
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Smartwatches and
wearables

/Virtual reality

Small &
Medium-

Micro
Oculus
Laptops and

) convertibles
Augmented/Mixed MicrolED TV prototjpe (Sony. CES zo:: 2)

Reality I

Automotive HUD
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[ Christie Velvet : MicroTiles ] [ Mitsubishi 4K ChromaVision ]

1 mm Pitch 0|5}

11
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= Industrial Potential of Large Display in the field of Micro LED Application
¢ New Market : Cinema, Conference, Education, Station, Hospital, Monitoring Room etc.
¢ Conventional passive matrix LED display : Too much power consumption

> New Driving AM Method associated Micro LED (Paris Agreement of Climate)
[PM (Dynamic Driving) Installation (Accumulated) ]

[New]
. EU NA
Lighting | y 589% e
Wea.rab.le Display im&"d-\l Large Asia 2it)(;)thers
Medi-bio. - elibim (AM) °
Automotive

[ Energy Saving Analysis for the adoption of Micro LED and AM Method ]

T & Save (%) PWR (GWh) Saved PWR (GWh)
Ultra Public Display 50 4,837 2,419
Automotive (Including Autonomous) 20 300 171.1
Mobile* 75 91.7 68.8
AR/VR* 75 91 68.2
12
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| AR/MR/VR Market

= ‘263 AR/VR 7|7| A% 165 A= / 90H = ™Y (Near-eye, On-eye Devices)
= High AR (MR) 98 =2 A A|HEHRE0| 7IE =2 A2= 05

= 2l0{2{ & °|2/H}0| 2 : Diabetes (T 'x'H), Glaucoma (=L{%) BL|E

Google (Soli), Microsoft
(interaction software), Vuzix and
Ahteer Labs (eye-worn computers)

Challenges for Commercialization :
gesture recognition, eye-tracking

1. Power Supply (Form factor)
2. Flexiblility (Design-ability)

3. Miniaturization (Integration)
4. Encapsulation (Anti-Moisture)

30,000 -

M VR high <5600 M VR med <$400

M AR low end revenue M AR high end revenue

25,000 -

20,000 -

15,000 -

Market Value (USS million)

10,000 -|

5,000 -

2023

2016 2017

2018 2019 2020 2021 2022 2024

VR low <$200

2025

2026

Market Value (USS$ million)

120 -
100 -

80

1l le I ‘ I

60

40

20

2016

M Diabetes lenses M Glaucoma lenses

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026
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] On-Eye Wearable

KIST = Diabetes Monitoring Google > Glucose Monitoring

—

Sensors, microchannels,
power generators

., Thin-film battery,
’ modules

Contact lens

antenna

Antenna, Power-conversion,
MLED, Energy-storage, Biosensor

14
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| Near-Eye Wearable (AR)

Google Glass Vuzix M100

Dual microphones for audio
capture with noise cancellation

Muitiple control systems,
including manual Control
Buttons —

3D gesture control

OMAP processor running an
Android 4.0 operating sy'stem

Flexable and J
extendable display arm

Full color 16:9 WQVGA display

Epson BT-200 RECON JET Optivent Hololens

—— 5GB internal memory

Micro flash memory
upgradeable to 32GB

Voice navigation with
— custom libraries

Rechargeable & includes
external power pak

Bluetooth 4.0 & Wi-Fi
—— 802 11blgin

Smart Eye Glass

o S

15
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| Near-Eye Wearable

/ Cover Glass a— S8anse
AT Transparent Electrode
- Alignment Layer
Liquid Crystal Layer OLEDOS MicrOLED
Alignment Layer
CMOS with Reflective Layer
PGB/ Control Layer Resolution (PPI) > 6,000 ~ 3,000 15-300 2,000 > 10K
Power consumption 1x 4.7x 0.5x
Cost 100% 1000~200%  Too High
Complete Chipset Readiness @ A X
Virtual Screen Size (FoV) ~90 ~10 X
Display Size 02 ~12 05"~1" pZr=000t <1”
(Eyewear Set Size) (1x) (1x) (NA)
Brightness (light source, nit) 30,000 ~500 30,000 > 50K
Silicon TFT
Drain Contrast Ratio >500 >1,000 21000 > 3K
Screen Door Effect (fill factor %) >91 <30 <<30
n-GaN
Optic Compensation @ X X OK
LED Substrate :
S~ T Technology/Product Readyness Matured Emerging Early

Source : 2017 LEDg& A E 1S AY, 2f2E 3 ZE2 Cj &, IDTECH 2017, Yole Development 2017 16



| Near-Eye Wearable SID 2019

[Plessey Semi._UK]

i )
HIGH

:‘:QLEDTnsEde

o S

—

i :

AR application

0.7" with 8um blue LED
chips on JDC CMOS
backplane

1920 x 1080 resolution

600 dpi bi-color(R/G) uLED
with transferring
technology.

Mono-color : 5000x4000
with a million nits.
Minimum pitch : 2.5um
(mono-chrome)

~ 5,000 PPI Try

17
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| Near-Eye Wearable SID 2019
[Sharp (Japan)]

Gate Driver ‘

(0.38inch)

’ Gamma Circuit ]
[ Source Driver ]

———

1
T-CON H VCC VLS V LED l

[LETI]

AR application
0.38", 1,053 PPI
209,088 sub pixel
1,000 nits

2,000 PPI, Mono-/Full-Color
Hybridization

100K nits

If AR optics efficiency is
10%, brightness of see-
through type display will
be over 10K nits

18



| Near-Eye Wearable SID 2019
[eMargin]

v £ Y
SXGA OLED Microdisplay

Resolution 1280x1024
Pixel 9.64 N
Int -

Micro-OLED
1920 x 1080 FHD
0.66-inch

2,000 nit

3,500 PPI

0.39" - 1920 x 1080 FHD
500 nit
5,644 PPI

19
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| Players

Apple

o

Smart Watch

e, YM
LTPO 7|2 X%}

AU Optronics

ANUO

Automotive

12.1 Q1X| Full-
Color C|AZE 2| 0]

Fluidic A}
) | M
ELUS@ Foxconn Qlz=
-— 5,000 PPI 7j& =
<80 10,000 PPI A&

oF

Mikro Mesa

Rohinni

rohuNNIL. = =

PlayNitride

Lumiode

lumiode

light engines

TVs

50 QIX|0|4k 50
PPI 0| 8}

R2R T A}

=8, A+S*t

Stamp T A}
1,500 PPI

AR/VR
N type TFT H &
GaN Tr. 7}

SONY

Vue

©VueReal

Sony

TVs
20 PPI

Real

AR/VR,
6,000 PPI

PRP Optoelectronics

PRP"::

Plessey Semiconductor

AR/VR,
Pico Projector

AR/VR,

@ olessey Pico Projector

AR/VR
OLED || E Al

Oculus

& oculus InfiniLeD ol

20
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| Players

I

ELECTRONICS

LG Display

@ LG Display

Lumens

LUMENS

Leading the LED Revolution

Aledia

iz

Changelight
o Bz88

oF

o
TVs, DID -
30 PPI, 146", 75" V C|AZ3 0 S uLED ZH&l
The Wall /S/onox 17|_=| y/ IR < scousemconoucror 7l BE XI1SH (*16~)
TVs, PID
IFA 2018 _7,<_E|-|'§§ Nichiti o San'an Optoelectronics k"?.'" *I I_'_I-I xlxﬂx
— LED "'"'l.;-l ~ a2z - = 2l ==
clagaol A ANICHIA - S0 Solpdul.l. 100 um 20| b4
O L
TVs, AR Nitride Semi -
_ itride Semi. gl
1397 Elﬁ?iﬂol Micro Nitride  X}&| A}, Lextar RGB LED
2600 PPI THAY UV uLED 7 AUO X}3| A}
G N S. Glo
a on I N _ GaN LI'_H;QI'OIO‘I ‘ HC Semitek RGB LED
3D GaN LED gJL O  ulED 7% :lL‘ 3 100 um 27| oAt
O L
EH-‘g EI&%E‘"OI Epistar RGB LED Epileds Technologies RGB LED
Z2l/5H8 EPISTAR 100 um 37| &4k ‘ E_PILEDS Foxconn X| 2 EX}

21
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| Roadmap -
6,400

‘ Screen Display J

¥

’ Smart Watch ]

‘ 800

\ Augmented

3,200

1,600

Reality (Low 400
Density)

-

‘ 200

Mixed Reality J

~ (High Density) 100

10

Smart Glass

Smart Glass (AR/M

—
r
i Pico
... % Projector



dELS

| Quality-Cost Factor

< Manufacturing Process >

‘ Epi [ Sapphire (LLO), Silicone (CLO) ' Wafer Size > Cost Reduction,
p!- template for separation method Production Capability, Efficiency

Product Type > Epitaxial Quality,
| Chip Structure, PTP&B Method,

< Repair
] * PTP&B : Pick-Transfer-Place&Bonding
i —
8
JH )
7\ Backplane(AM/PM Driving) -
i LTPS, Oxide-TFT,CMOS, GaN, PCB
) n . Panel Driver
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| Wafer / Epi. Quality-Cost Factor

Area Wafer Bonding Selective Transfer Qua|ity Control
Monolithic Integration Pick&Place Bonding S Single Chamber System
,;\R/MR, HI\PI‘ID, HUD, Ivs. Srgartlphoner Epi. Level Inspection System
twatches, i i i
martwatches arge Lisplay - EL Detection Layer Formation

[ Multi-Chamber System ]

wwwww

-----

probability (%]

5 3858838 82 8

heated substrate

Cumulative

autlet outler
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| Wafer / Epi. Quality-Cost Factor

SID 2018
MOCVD : Veeco

- 6”/8” Wafer (4nm)
- Blue/Red
:80% / 95%
- Defect (0.8 pm) : 95%

MOCVD : Axitron

- 6” Wafer (4nm)

- Blue / Green / Red
:99% / 98% / 99%

- Cassette to Cassette
automation

SID 2019

Cost : Axitron

- 8” Wafer (2.5 nm)
- GaN on Si

- 50X than OLED
- < 1509% -4K, 75"
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| Epi. Template
= Epi. Template for EL Test & Easy Transfer (QMAT)

¢ Multi-layers structure with an functional layer for testability and mass-transferability
» QMAT high quality GaN and GaAs templates can have pre-patterns to define less than 5um LED

die size with street widths of about 1um.

> Reduction of Sidewall Effect > this ultra-fine patterning enhances stress control for epi

growth and will result in better LED performance

P-GaN, MQW Pre-Patterning > Epi.
Layer Transfer > Reverse side of
N-GaN Patterning

GaN growth layer

Bonding layers

LLO ablation & test
enhancement layer

Handle Substrate I

TEM cross-section

LED Device Street width < 10%

FE%E ===

High quality
GaN Layer

Bonding
layer

Handle
Substrate

Transfer Release Layen(s)
Test Enhancement Layer(s)

Handle
Substrate

Reference : Dong Lee, et. al.,
Technology” SID 2019, QMAT, Inc. Santa Clara, CA, Stanford University, Stanford, CA

High quality GaN template hexagonal
nanowire color emission > Side wall
heat (This layer is sandwiched
between heat and energy isolation
Layers) - Reduction of thermal
damage by LLO - Save manufacturing
cost and have all advantage for
testability and mass-transfer. .

Pre-patterned street
SIN/SIO2/Ti masks

Functional layer
T SnNSnOZ’!‘TnmashsI / , \

\ GaN/GaAs GaN/GaAs

S$102
a2

Sapphire/Si sub

“Ultra-Fine High Efficiency MicroLEDs with Testability and Transferability Using Layer-Transfer
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| Pixelization

- ~N [ Vertical uLED ] [ Wafer / Film ]
WRedgped — L
MOW 0
) i THH
EEEEEE ECEOE0
GaAs Electrode/Wafer EEEEEN
| |y |my [N
e N EEEEEE
GaN/InGaN HHHHH- [ Flip-Chip mini-/pLED ] L
- EEEEEE Sapphire (Mini-LED) Selective Transfer™ | ® ™
, SEmEE= N-Gan/-AlGaInP Pick&Place-Bondingg m =
MOW
I R e
- HHH T
e ) SNCEEEEE N-Gan/-AlGalnP
Sapphire/Si N~ HHHH Le sl mEEE
r_(k y) N T el
TFT TFT TFT
J
Sapphire
Backplane Backplane Wafer pi
— T r— T
BoTing OI‘ = — T =T
TFT TFT TFT

Sapphire _ Sapphlre/FiIm
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| Pixelization

= Associated with LLO/CLO Process

© Trench Structure in sapphire substrate

» QD & Nano-Phosphor can be printed or dotted on Blue & Green Micro LEDs based on GaN

» Opaque Si or GaAs epi. substrate should be removed, and then attached film or sapphire substrate

on the red epi. layer with color conversion materials.

ENER LLO
: Eximer

[RGB 7191 3l E&X| 7= ¥4 ]

- 120 pm x 240 ym RGB TFT-pLED 7= 2l
> XCfE C|AZ 0], Emerging Market X]H 28

A-&H/QD CSP (Chip
Scale Package)

S 24|/QD Film
+ MLED-TFT Zx 22l

- ICP / RIEZ X8 £ 7|T EX| HA
LI 2H/QD XM - - - —-—

5|
ClaSdo] 28 oo
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| Pixelization
= 1,053 PPI, 0.38 inch MicroLED+QD

¢ MicroLED display bonded onto silicon driver > Near-eye Display (AR/VR, HMD)

» QD materials were mixed into photo-resist to be used for photolithographic patterning process.
> Inkjet Process : In dispersants, the additives, photoinitiator and curable resin are mixed together to

activate photosensitive performance.

LSwW

T T Table 2. Specification of Silicon Display
Red- Colour Filter Green- Colour Filter E‘R‘d b ‘i__T Eiiu ai Item Specification

0.38 inch

i I Screen size
Pixel density

1,053 ppi1

+ = o i — -y .
Au electrode ! : ‘{1"“}'}“ "h‘“] Resolution

209.088 sub-pixels

(number of dots) (H:352x RGB x V:198)
Under-fill Pixel size 24 x 24 um’
Brightness* 1,000n1ts
[ Gate Driver
: Red (0.620, 0.308)
5|5 Color coordination
a2
S (x.y) in CIE1931 Green (0.208, 0.645)
HIER: Blue (0.146, 0.040)
@ | 9 b
o i v.s. BT2020 63.7%
| I | ‘ ! ! | Color gamut (x,y) v.s. NTSC 85.3%
T-CON e Vs VL
7 ee Mo VIOP v.s. sSRGB 120.5%

conditions.

Reference : Hiroaki Onuma, et. al., “1,053 ppi Full-Color “Silicon Display” based on Micro-LED Technology” SID 2019, Sharp

Corporation

*Driving condition: 165mA, 60 frame/sec and fully lit up
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| Pixelization

= 10 um MicroLED + G/R QDs (ADRC Kyung Hee Univ.)

¢ Negative QD photo-resistor for fine pattern QD CCLs.

» PGMEA is used as main solvent in photo-resistor

> In dispersants, the additives, photoinitiator and curable resin are mixed together to activate
photosensitive performance.

» The QDs CCLs could be patterned down to 10 um pixel size successfully

[>
Glass Glass
1t QD coating / Pre-bake UV exposure

riﬂm—ﬁ'ﬂrﬁ . mEmEm

Ly Glass |:> Glass

11 QD develop / Post-bake 24 QD coating / Pre-hake

i8S
i

(b) (e)

| *_+H.H- [> mm G: AA

UV exposure 274 QD develop / Post-bake

Reference : H.M Kim, et. al., “10 pm Pixel, Quantum-dots Color Conversion Layer for High Resolution and Full Color Active
Matrix Micro-LED Display” SID 2019, ADRC Kyung Hee Univ., TAKOMA Co.,Ltd, HunetPlus Co.,Ltd, ZEUS Co., Ltd, KOPTI
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| Pixelization

= Modified QD (Southern University of Science and Technology in China)

¢ Higher quantum yield up to 60%-70%, and a high optical density over 1.5. Author
» Solving the problems of QD’s solubility in photoresist and its adhesion to the substrate of PET

» The original QDs with emission peaks of 625 nm (FWHM=30 nm, QY=88 %) and 520 nm
(FWHM=50 nm, QY=81 %), respectively, while the peaks change to 629 nm (FWHM=30 nm,
QY=78 %) and 527 nm (FWHM=44 nm, QY=64 %) after modification, respectively.

e W |
- I i
ate -+ soft-baking

Uviight &+ & &+ 4

matr
‘ substr

—*exposure
—*hal f-baking

T W e

—*hard-baking

—*repeat three times

Blue backlight

Average size of obtained QDs (a) 8.9
nm, red QDs; (b) 112 nm, modified

red QDs; (c) 8.0 nm, green QDs and (d)
105 nm, modified green QDs

Reference : X. Bai, et. al., “Flexible Quantum Dot Color Converter Film for Micro-LED Applications ” SID 2019", Southern
University of Science and Technology, Shenzhen Planck Innovation Technologies Co. Ltd., Department of Chemistry.
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| Assembly Technologies

20 80 300 500 1000 3000 5000
Video 4k 55" Smart Smart
Display TV Watch Phone AR/MR/VR /HUD
MPKG/COB Size & Bonding Method

Massively Selective Transfer Pick&Place

Monolithic Integration, Wafer Bonding

[ Selective Transfer Printing ] [ Wafer Bonding ] [ Monolithic Integration ]
Siticon TFT {":"}Transistor
i ’?* —, Surce Gate Drain 1 A AP
SR (| ﬁ"\_ﬁ o) R
5' A irr N InGaN Dielectric f'—" T ——1 T =
. n-GaN I
i 4'_1-—;'._:—'\__ B
t LED Substrate === cmemm——
i iy s LED

Source : Yole Development 2017 Micro LED Displays 32
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Assembly Technologies

Electrostatic Elastomer

UIUC, X-
celeprint,
Semprius,
Cooledge, AUOQ,
CSOT, ITRI

LuxVue—-Apple

Company

Principle RRARRARRARE

';fﬂtlui 23 e el b ek

..........

Electrostatic Van Der Walls

Core Tech. pick up head

Electrostatic
Stamp

Cooledge, AUO

Magnetic/Elect
romagnetic

PlayNitride,
ITRI, Cooledge

“® Fig. 5
A P
Buk g samp | Poston cok
et
[} risrrracs
Seccrwy e /5‘ p— ve—
o Bub rase 5270 +
“ i

Transfer stamp,
Electrostatic
charge

Magnetic
coating on chip

Adhesive Assembly

Nth degree,
Sharp, PSI

Playnitride,

ulLED in a
suspension,
aligned with a
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| Assembly Technologies

. Adhesive stamp (Playnitride, Intel)
. Mechanical transfer (Rohinni)
. Thermo-mechanical laser transfer (Uniqarta, QMAT, 4. Very high precision of placement (within 1 pm)

KOPTI, Hansol) . . . . . .
10. Laser ablation transfer (Optivate, KOPTI, Hansol) 5. Effective (in-situ) inspection/testing methods

. 11. Fluidic self-assembly (Nth degree, Sharp, PSI) y 6. Smart rework, sufficient redundancy scheme

3. Throughputs requirements are Millions dies/s

1. Pick-and-place transfer (Samsung, Sony) 1. Efficient pick up—> selecting chips

2. Electrostatic MEMS (Apple/Luxvue) . . . .
3. Electrostatic stamp (Cooledge, AUO, Vuereal) - placement for various different pixel density
4. Elastomer stamp or roll (X-Celeprint, ITRI, KIMM) 2. Ultra-high transfer yield requirements :

5. Ultrasonic/acoustic roll (Innovasonic) o .

6. Magnetic/electromagnetic stamp (ITRI) 99.9999999%(no dead pixel)

7

8

9

J

Feature/ Mechanical | Elastomeric Laser- Ultrasonic- Fluidic
Technology (pin) stamp assisted | assisted self-
assembly

Success
probability
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| Test & Repair
= Defect & Transfer Yield

¢ Missaligned, Not melt solder/bump for electrical connection
» FHD 99.9% Yield — defect 6,221 ea
» UHD 99.9% Yield — defect 24,883 ea

¢ Chip removal — Residue solder removal — Solder paste by transfer pin — chip placing —
curing by air heat

» 1min. of Repair time — FHD 0.1% fail(4.32 days), UHD 0.1% fail(17.28 days)

@ i o Dunme
d - e .fy- :;:r:z ot ) .
B SEe L N e eee: +
- > @%‘-hc
=.- ™) m L

Wafer Re-array Transfer Substrate Repair/Rework
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| Test & Repair

= Before Transfer Printing, Using Good Die Information
¢ The uncertainty of PL inspection result in the increase of production cost > EL Inspection

¢ The failure may occur on repair process because of removing of small pixel size, rearrange of
good die etc.

¢ The extraction method of well-known good die information can be helpful used in associated

with transfer process
P olMTem} TFT7| T £

(2zlo0lE =7h

=xa
[ TFT B/P - E ] ) 17 S2F Repaira}’d
FHIY S TFT 2
— =
of| | /& HA/ZE nEAA yr ﬁ|\|‘| ti
X om - =
SEAX} LY | m
u}
718 - [ Repair ] \
! ! [EYTANA | P HQEMA | | WHANEE |9 | FETBAZY
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| Test & Repair

%= Integration of in-process EL functional test into the mass-transfer assembly
process flow (Remove Bad Dies & Only Known Good Die Transfer - Repair)

¢ The test concept is to drive each microLED device in a massively parallel fashion without direct
electrical contact to measure the light generation capability of each microLED

¢ EL test response of over 55,000 lateral microLEDs measured in less than 5 seconds resulting from
the injection and measurement of a lateral microLED device array on an EPI growth substrate

[ amPiate " AM-Plate |

For parallel contact
| (THC) Test

with EL Method

EP1 Substrate Donor
& microlED Carmior
Formatcn o Formation y
L J
T
@ MicroLED Donor Formation

Lateral MicroLED l Should support the structure
microlED Cevce A — . . .
bbbty @ Adstonal YLED Testing & KGD Generation Step of MicroLEDs Epi. and Chip

l--.- - e
T [NEE Pixel FREI——

Pre-Process Posl-Process
SesEESs vTeuSesBessBVLilesw 1 None Mass- 1None
sobobooBobt Partially RO S Transfer S e ey . :
MM i | [ || o || it ] Lok Commonization of
ISP UUDO0ODODODEe~svEEer anOde or cathOde ??

h
KGO Tesled Don
ISes0000000C0RETEE = bt Cortact l
7 (ORC, MRC or OMRC) Step(s)

Reference : Francois J. Henley, “Evaluating In-Process Test Compatibility of Proposed Mass-Transfer Technologies to Achieve
Efficient, High-Yield MicroLED Mass-Production, Tesoro Scientific, Inc., Saratoga CA
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| Test & Repair

= Integration of in-process EL functional test into the mass-transfer assembly
process flow (Remove Bad Dies & Only Known Good Die Transfer - Repair)

Mass-Transfer Companies | MicrolLED Bonor Reguired Reguired Throughput Mass- MicrolL.ED KGD-Driven
Jechnology Seloctability | Carrier Tvpe | Ere-Process | Post-Process Transfer Production
Process Flow Compatibility
1 Single Pick & Place Ex. Hoson Yes MRC None None Very Low 1 Compatible
(Active) GS1008H [<0.1MH1 Software Selectable
Display Array Setup
2 Array Pick & Place Xceleprint, No OMRC Reguires KGD Low 2 Less Adaptable (3-step)
Stamp Apple & (3-s8p) Fill Step or KGD (~1-20M/Hr)
(Passive) Others Source Carrier
3 Array Pick & Place Apple Yes MRC KGD Fill Step Low 3 Less Adaptable (2-stap)
Stamp (Luxvue) (2-pass) (2nd pass) (~1-20M/Hr)
(Active)
4 Roll-Roll KiMM No OMRC Remove Bad Reguires KGD Medium-High 2 Less Adaptable (3-step)
(Passive) (3-s79p) DevcesorKGD | Fill Stepor KGD (~10-50M/Hr)
Source Carrier Source Carrier
5 Self-Assambly slux, No ORC Isolate KGD None High 4 Adaptable
(Passive) SelfArray, (2-s8p) Devices (>50-100M/MHr) (KGD Pre-Binning)
NthDegres,
PSICo.
[ Single-Bsam Lasar- V-Technelegy Yes ORC KQGD FIll Step Potentially High 3 Adaptable
Inducad Co, Ltd. (2-pass) (2nd pasa) (>50-100M/Hr?) (2-pass)
Zorward Transfer (LIFT) Direct GaN Decompesition
(Active) Ungroven for Throughput/Yield
7 Amray LassrInduced Cohsrent Ne ORC Remove Bad Regquires KGD Potentially High 2 Less Adaptable
Forward Transfer Urigarta (3-a9p) DevceasorKGD | Fll Stepor KGD (>100MHr) (3-pass & Product-Speciiic
(Passive) Source Carrier Source Carrler Hardware Setup)
8 Single-Beam Laser- Tesoro Yes ORC Neone Reduce/Eliminate Very High 1 Compatible
Assistad Sclentific Inc. 1-pass Device Fill Step (>200-500M/Hr) Softwere Selectable
KGO “on-the-fiy* Sman- possible Display Array Setup
Directed Assambly Assembly (Actve)
Architactura

Table I: Compatibility and Manufacturing Complexity Comparison of Various Mass-Transfer Approaches.
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| Transparent MicroLED Displays
= MicroLEDs on IGZO Oxide TFT Panel (CSOT)

¢ Active matrix mini-LEDs full color display with high transmittance over 60%.

» Achieved over 114% NTSC color gamut with RGB flip chip mini-LEDs (100 um X 200 um)
» The display has a high aperture ratio pixel of about 82%.

» The area ratio of the mini LED chip is just about 6.5% in the pixel, RGB pixel size 0.55mm.

Encapsulation layer

Micro LED

Micro LED Electrode
n ‘ - e material
== ﬁ:?le{ Transparent conductive layer

Glass

Passivation layer
—

Figure 1: The Structure of the 8 inch transparent AM mini-
LEDs panel

Table 1. 8 inch Transparent AM Mini-LED Display
panel measuring Result

Wp/FWHM X y
R 628/15 0.6915 0.3079
G 525/27 0.1965 0.7458
B 470/17 0.1219 0.0804
NTSC( Area) 114.2%
NTSC( Coverage) 99.7%
Transmittance |60.4% (Base on YAG LED Backlight)

mini-LED display RGB spectrum

=
(=1
o
=

80%

Intensity(A.U.)

400 450 500 550 600 650
Wavelength(nm)

Figured: The spectrum of RGB micro-LEDs

700

520

0.800 [\ 540

0.600

—8—NTSC
DCI-P3
Rec 2020

~fi—MiniLED

560

CIEy

0.400

0.200

0.000

Reference : Jack Fan, et. al., “High transparent Active matrix Mini-LED Full Color Display with IGZO TFT Backplane” SID 2019,
Shenzhen China Star Optoelectronics Semiconductor Display Technology Co., Ltd.. Shineon (Beijing)Technology Co., Ltd
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| Transparent MicroLED Displays

[ Playnitride : SID 2019 ] [ TTANMA : SID 2019 ]
Active Matrix 7.56" LTPS, 60% 7.56" full color transparent

720 x 480, 114ppi, 600nits LTPS backplane

5.1” 70PPI
Up to 30,000nit
developing

g Extremely thin (28 um)
and flexible display
. -
¥

N A

Q LEDInside
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| Backlight Unit

= High Quality LCD Display with White Mini-LEDs & MicroLEDs

¢ Mini-LED Light Confinement, Optical Film, Local Dimming Technologies
> Halo effect (light leakage between adjacent black and bright pixels) can be suppressed to
unnoticeable level by optimizing the LCD contrast ratio, number of local dimming zones, LED light
expansion and local light confinement

» Optical microstructure film, local dimming & RGBW algorithm mini LED optical field distribution
and luminous efficiency should improve the performance of HDR display for smartphone

[Local Light Confinement]

% LC panel
7

¥ N ¥ Adhesive layer

“““ ‘ Diffuser

______

\/ \/ \/ \/ Adhesive layer
1 ) Mini-LED
¥y backlight
g=2 #=45 15 A=25
| (a) | 1 T Tley 1o

-
o

Local intensity
bt
o w -
o
o (4] -
o
o w -

21401 2 2101 2 2101 2

xzone ><ZOI’\E XZOHE

Reference : Yuge Huang, et. al.,

POL
side LED F Mini LE
S )

[288/512 Partitioning]

POL POL
Glass Glass
CF CF | T E—
LC it — P C | === ==
Glass Glas:
POL

Table 2. Main parameters of normal IPS LCD and HDR LCD

Display IPS normal LCD | HDR LCD
resolution | 1080%2160 | 1080%2160
size | 5.99 | 5.99
color gamut 86%DCI-P3 | 100% DCI-P3
peak luminance ' 500nits | >800nits
max contrast ratio 2000:1 >20,000:1
partition of local dimming 0 512 : J
| average power consumption W 1.4W .

“Mini-LED Enhanced LCD for High Dynamic Range Displays” SID 2019, College of Optics and

Photonics, University of Central Florida, AU Optronics Corporation, Hsinchu, Taiwan

Binyi Zheng, et. al.,
Co., Ltd

“An Advanced High-Dynamic-Range LCD for Smartphones”, SID 2019, Xiamen Tianma Microelectronics
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| Backlight Unit

= Mini-LEDs for Micro Display (LCoS, AUO)
¢ Active Matrix Driving using LTPS TFT Backplane for 1,000 PPI VR LCD

» Local dimming function and switchable VR modes, high current = better contrast ratio and less
motion blur, brightness Max. 130,000 nits (Normal 12,000 nits)

» Optimization of design for brightness vs. current result in IR Drop by increasing the number of

mini-LEDs

GOA-L
¥

Gate Scanning

Figure 1. A schematic of AM mini-LED backlight of 32x32

LED zones.

AVSS (V)

1.2} = w/oIRdrop measure
« W/ IR drop measure -
10 .
08}
0.6} »
0.4}
02pF . °
L I
o0 =227 - . 3 "
10 100 1000
LED num

Figure 5. Improve of IR drop on AM mini-LED backlights.

LTPS Bonding LED
array [> fo?rz?n [> bonding
process pro cesg process

DriverIC
and FPC

process

wlo ) Action
action Action 1 1+2
Max. Current (mA) 12 730 1200
Max.brightness 10750 g3sos 13045
(nits)
Current Efficiency 9% 128 108

(nit/mA)

Figure 6. A backplane of AM mini-LED with LEDs.

Figure 7. A 1000PPI VR LCD module with AM mini-LED
embedded.

Reference : Yang-En Wu, et. al., “Active Matrix Mini-LED Backlights for 1000PPI VR LCD ” SID 2019, AU Optronics

Corporation, Hsinchu, Taiwan
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| Backlight Unit

Pennsylvania State Univ. CSOT : Smartphone, JDI TIANMA
: Micro Display Automotive, Monitor : Micro Display : Micro Display

- ~ups [
Local Dimming Backlight for VR

Ultra-high Contrast (200,000:1)

T el

® Sharp black color with ultra
# Fine light control by app
& A Direct-lit LED backlight

N contrast

ng 3840 pcs of Mini LED

It N Sy Bl e b e el sgnsl
L ]

Color gamut. NTSC Typ. 95% |
8L Thickness 1.33mm |

L—E’I Japan Display Inc.
4Dt

vt a——_——
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| High Resolution & Active Matrix

= Active Driving - LTPS / Oxide TFT Vs. Micro IC
¢ Automotive Product for High Reliability

SID 2018 SID 2019

- 8" micro-LED Display AUO -12.1", 700 nits

- LTPS TFT B/P

- 169 ppi (chip size : 30um)

- Full-color : Blue LED +
Color conversion mat’l

Sony CLEDIS

- 8 um x 15 um chip, 70 ppi “ 8 - 20 PPI

- micro IC for active matrix
driving

- 5.1” full-color display -1,000 nits

Reference : H.M Kim, et. al., “10 pm Pixel, Quantum-dots Color Conversion Layer for High Resolution and Full Color Active
Matrix Micro-LED Display” SID 2019
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| High Resolution & Active Matrix SID 2019

= Active Driving - LTPS / Oxide TFT Vs. Micro IC
[ITRI]

— 40 PPI, 6 Cm X 10 Cm

— Micro LED on PCB and PIL

— Direct transferring RGB
Micro LED chips to PCB
backplane in volume

/

[NATIONSTAR]

The World's First IGZO-driven "
® AM Micro-LED Display — 3.5” full color transparent.

S Ak M N — IGZO glass backplane with
' active matrix driven
solution.
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| High Resolution & Active Matrix

= Active Driving : LTPS TFT, 200 PPI, 1.8 inch size for HUD or AR

¢ A dot pitch of 127 x 127 pum (200 ppi) by optimizing the layout of LED-mounted pads of each of
RGB according to the pixel size, and also by optimizing the pattem layout of the pixel circuit and
peripheral circuit formed by LTPS in the lower layer of each LED PAD.

Category Item Condition Result Remark
Number of dots 256 x 256 RGB
Dot pitch - 127 x 127 pm 200 ppi
Display spec. Display size - 1.8 inch
Active area - 32.5x32.5mm
Optical device - Micro LED RGB independently emission
) 25 degree C 984 cd/m?
Brightness o
White image
More than
Contrast 25 degree C
1,000,000 : 1
) Gray scale 8 bit full color
Optical spec. . -
. 984 cd/m- 117 NTSC ratio
Micro LED PAD  Micro LED PAD Color reproducibility . .
(Cathode) (Anode) White = D65 88 % Rec.2020 ratio
El E Response time -30 to 80 degree C Less than 1 ms
e o More than
Viewing angle Contrast > 10,000
178 degree
oy TR BERERIAR ) Operating temperature - -30 to 80 degree C
Electronic spec.
Frame rate -30 to 80 degree C 240 Hz
127um

Reference : Sho Nakamitsu, et. al., “High PPI Micro LED Display for Small and Medium Size " SID 2019, Kyocera Corporation,
Yasu, Japan
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| High Resolution & Active Matrix
= Active Driving 2 Micro IC

¢ Carry out selective pick-Transfer-Place and bonding process on high precision
patterned backplane and then the passivation layer is deposited on them

¢ Through the sputtering and photolithography process, the interconnect vias
and traces are selectively formed

X-celeprint

- 5.1” full-color display

- 8 um x 15 um chip, 70 ppi

- micro IC for active matrix driving

- stamp size : 15mm (yield : 99.99%)

Source : X-celeprint patent and papers
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| High Resolution & Active Matrix

%= Active Driving = Micro IC (Sony CLEDIS)
¢ Active matrix driving : Integrating RGB micro LEDs and a micro IC in each pixel

>

The passive-matrix driving in a large scale display system > High current densities,
Impedance mismatching, Cross talks between lines > These issues give rise to limitations

such as resolution, brightness, reliability, and motion picture quality.

ED ell

Ultrafine LED Fine Pixel Pitch

Unit Scalable Display

Perfect Quality
Large Display

Source Driver

Psychophysical Test (Subjects of 12 Persons)

Pitch Requirement for “Seamless”

*

I
. ( n .
Cell: i .{5. Imperceptible o ’I [Acncmal)lc
. ) Picture Qualit
80x120 pixels RG® asignty | e L . icture Quality
Imperceptible

Unit:
320x360 pixels

LED die: ~20 pm

Green
Red
Blue

Table I. Features of Crystal LED display system.

Gate Driver

Brightness 1.000 cd/m*

Pixel Pitch 1.26 mm
Native Color Space 140 % of SRGB (u'v’)

Frame Rate up to 120 fps

Viewing Angle

almost 180 degrees

Reference : Goshi Biwa, et. al.,

-
E 3. Perceptible *

2. Clearly
+ Perceptible

+*
Perfect Aiignmeﬁt

I
|
I
|
|
|
i
|
|
|
|
|
|
|
|

] l 1. Annoying
i‘ BrightLine | Neo S.eam Da ne

Narrower € pitch Alignment (arb. units) > Wider

36 units

“Technologies for the Crystal LED Display System” SID 2019, Sony Corporation, Tokyo, Japan
Sony Semiconductor Solutions Corporation, Kanagawa, Japan
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| High Resolution & Active Matrix

%= Active Driving > CMOS Circuit Substrate likely Micro IC (CEA-LETI)
¢ AM-WLP(Wafer Level PKG) : RGB Chip on a CMOS sub

» Active Matrix Solution - The receiving part is no more a TFT B/P > a simple, low-cost
receiving substrate (Transfer Printing Process, The Kinds of B/P Loss etc.)

» CMOS Driving provide more HDR (High Dynamic Range) than TFT = High Quality Brightness

|‘l microLEDsfabnca(lon] [Transfer | - -
Pitch: 5-10 ym ‘ : Non-lithographic techniques > Low cost
Wgplission : -i - Free of TFT Process - No size limit
Rigid/flexible Material > Freedom of
material

RGB microLED

Fabrication .
Blue LED epiwafer a 2
N el circuit
4 icrol arra)

Blue MicrolED
fabrication

microlEDs
with driving

Red LED epiwafer

Wafer scale | RGS microl Transfer
-0
microLgp | Driving,
sferon sive 60 epowater | on can0s | CrEult
- Integration
Pits h 100- 500 pm
Red LED epiwafer
/ \Blunransier -
/_\ Red transfer pown LECh aphurafir
Green transfer
/’ \ - Substrate

Elementary unit:
[Elementary uni:] RGE microLEDs
All-in-one RGB ~
LEDs on CMOS
Driving =
TFT backplane circuit

Reference : F. Templier, et. al., “A New Approach for Fabricating High-Performance MicroLED Displays, Grenoble Université
Alpes, CEA-LETI, France
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| High Resolution & Active Matrix

Microtube Interconnection (CEA-LETI, 100 ~ 120PPI RGB Solution)
¢ Growth of blue & green Epi. in a silicone wafer (4", 25pumx 25um x S5pum)
> Fabrication of a blue and a green prototype with 40 x 40 pixels, 210 pm pitch on passive matrix.
¢ Passive matrix by using conventional CMOS process on 8" wafers (Tube Structure)
¢ Hybridization > Remove Epi. Sub. > Repeat Green MicroLEDs

N et Hybridization
._ nOm_."m .'""“"". - Underfill > Lift-off
. . A A .
6 ““."“. z ‘ Common Cgthode

L] Sgrel A= SE2 CHT = 5000V 3% 2018 #3101 |
Mag e 2B8KX W= 95 mm T

Before insertion Afher isertion
Top dic | ﬂ ;
JJ;'“—_" Micro-tube U'
Bottom die ' |

Reference Jeannet Bernard, et. al., “MicroLED Displays based on Transfer with Microtubes Interconnections, Grenoble
Université Alpes, CEA-LETI, France



II!’ Conclusion

| Mega Trend : Large Display, Automotive, Micro Display

| Micro LED Cost Reduction
- Next Generation Display, Post—-OLED

| Currently, Mini-LED BLU Market is started
: Mobile > AR/VR > TVs

| Pixel Colorization using QD

- Reduction solution : increase of cost and failure probability for
transfer printing process

51



